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Abstract.  Low-power laser generated ultrasounds are lately gaining importance in the research 

world, thanks to the possibility of investigating a mechanical component structural integrity 

through a non-contact and Non-Destructive Testing (NDT) procedure. The ultrasounds are, 

however, very low in amplitude, making it necessary to use pre-processing and post-processing 

operations on the signals to detect them. The cross-correlation technique is used in this work, 

meaning that a random signal must be used as laser input. For this purpose, a highly random and 

simple-to-create code called T sequence, capable of enhancing the ultrasound detectability, is 

introduced (not previously available at the state of the art). Several important parameters which 

characterize the T sequence can influence the process: the number of pulses 𝑁𝑝𝑢𝑙𝑠𝑒𝑠 , the pulse 

duration δ and the distance between pulses 𝑑𝑝𝑢𝑙𝑠𝑒𝑠. A Finite Element FE model of a 3 mm steel 

disk has been initially developed to analytically study the longitudinal ultrasound generation 

mechanism and the obtainable outputs. Later, experimental tests have shown that the T sequence 

is highly flexible for ultrasound detection purposes, making it optimal to use high 𝑁𝑝𝑢𝑙𝑠𝑒𝑠 and δ 

but low 𝑑𝑝𝑢𝑙𝑠𝑒𝑠 . In the end, apart from describing all phenomena that arise in the low-power laser 

generation process, the results of this study are also important for setting up an effective NDT 

procedure using this technology. 

1.  INTRODUCTION 

 

Ultrasounds (USs) are commonly used in the Non-Destructive-Testing (NDT) field to investigate upon 

the structural integrity of materials [1,2]. The more utilized instruments for this kind of inspection are 

narrow band, piezoelectric probes which need the contact with the inspected object to be guaranteed. 

Non-contact applications use high-power pulsed lasers as a source of elastic waves [3-6], mainly in order 

to allow an on-line inspection [7]. These waves are generated by the material expansion and contraction 

due to the laser quick heating and the subsequent sudden cooling. The ultrasonic generated frequencies 

reach hundreds of MHz, since the laser pulse is typically few nanoseconds long. In order to carry on a 

definitely NDT procedure while obtaining the highest ultrasonic amplitude possible, the power density 

is usually kept close to the material’s ablative threshold (around 20 𝑀𝑊/𝑐𝑚2 for steel [3]). The 

ultrasonic amplitudes thus generated, often higher in comparison to the piezoelectric probes ones, make 

the US detection easy without particular signal manipulations. In some other cases, post-processing 

techniques can be used, the most recent ones featuring cross-correlation [8] and Laser Nonlinear Wave 

Modulation Spectroscopy (LNWMS) [9].  

http://creativecommons.org/licenses/by/3.0
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Pulsed lasers, such as Nd:YAG, are extremely expensive and  particularly bulky; in addition, pulsed 

lasers spread the energy in a wide range of frequencies, and thus a large energy amount is outside of the 

receiving probe band too. Recent advances in low-power Continuous Wave (CW) laser diodes 

technology, which is very important in the medical research field, opened the path to NDT procedures 

which can guarantee the integrity of the materials, even low melting point ones as composites, making 

use of a simple, small and low-cost testing layout.  

Low-power CW laser diodes have some disadvantages, the main one being a low Signal-to-Noise 

Ratio (SNR) in the generated US due to the low power used. In order to enhance the SNR, particular 

modulation sequences are usually employed, which have 2 principal features: 

• the sequence consists of a large amount of pulses, since one single pulse cannot generate an ultrasonic 

oscillation detectable by the instruments (less than 1 pm [10]); 

• the sequence is extremely random to accurately characterize the US in Time-Of-Flight (TOF) and 

Peak-to-Peak (PtP) terms using cross-correlation techniques [11,12]. 

Low-power laser US are generated feeding (driving) the diode with TTL signals, especially Pseudo-

Noise (PN) or pseudo-random sequences [10-15], consisting of several pulses with different lengths. PN 

codes have a perfectly centred auto-correlation, because of their high randomness characteristic; 

however, even if this can be an advantage considering only the cross-correlation post-processing 

purpose, pulses with different durations generate an US with different frequency content [16]. 

The purpose of this study is to analyse low-power laser generated USs from the thermo-elastic and 

experimental point of view, considering longitudinal waves propagation inside a 3 mm steel disk. Finite 

Element (FE) models allow to indagate the features of low-power laser US as can be done in those cases 

in which high power lasers are used [17-19]. FE analysis does not cover the experimental practice, where 

a high number of pulses and high randomness in the TTLs driving the laser are necessary [15, 20]: an 

optimum in SNR can be reached adjusting parameters directly connected to the ultrasonic PtP value and 

the input sequence’s randomness.  

PN codes are not flexible because, once their length has been set, there is no way to change the 

sequence. For this reason, a new highly random sequence has been created, called T-sequence (T stands 

for “Train of pulses”). It is not present at the state of the art and it gives the researchers the possibility 

to change as many TTL’s parameters as possible.  

It will be shown that a proper choice of the influencing parameters can lead to the detection of the 

US even without using PN codes, which many past studies considered as a basis. The change in the T-

sequence’s fundamental parameters will be analysed; the best combination of these parameters will be 

the one which allows to increase SNR the most. Even if the results of a testing campaign (and of FE 

simulations) on a 3 mm thick steel disk are reported, results relatively close to these can be achieved for 

a 20 mm thick disk; because of this and other arising phenomena that will be described, it can be assessed 

that resonances inside the specimen are not always important but only in some particular circumstances. 

2.  MATERIAL AND EXPERIMENTAL METHOD 

2.1.  Material 

The experimental layout, visible in figure 1, consists of: 

• a modulable CW laser diode (TOPTICA iBeam Smart 640 S, 3B class) with a power of 150 mW 

and wavelength equal to 639 nm; 

• a 75 mm focal length spherical lens with reflectivity coefficient R≅0.5%; 

• 2 steel disks– with 3 mm and 20 mm thickness- are considered throughout the study (the 20 mm 

one is shown in the picture); 

• a broadband (from 100 kHz to 1 MHz) Brüel & Kjær acoustic probe attached to the steel disk’s 

surface which is opposite to the one irradiated by the laser. 

The obtainable focus for the laser was measured by means of a CMOS sensor and resulted in a 30 

μm beam waist. The power density is equal to 0.02 𝑀𝑊/𝑐𝑚2 in this configuration, being under the 

material’s ablative threshold [3]. 
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Figure 1. Experimental layout used in the testing procedure. 

2.2.  T sequence 

The US detection in this kind of application mostly depends on signal post-processing techniques: in 

this context, the cross-correlation algorithm was chosen because of its versatility and use in many 

other studies on the topic [10-13]. Its application can be effective only if highly random signals are 

used as laser inputs [15]: the most widely used sequences for this application are PN codes [10-14]. 

PN codes are extremely random but the thermo-elastic effect is not optimized, because of the 

difference in each laser pulse length. This is evident considering that they were created for spreading 

the spectrum in a system [16].  

In the ultrasonic field, piezoelectric contact or air-coupled narrow band probes are commonly 

employed, meaning that a spread spectrum is inefficient for this NDT purpose. PN codes (e.g. Golay 

codes and M sequences [10,14]) have a precise order in ON/OFF lengths too, so that the only 

sequences’ parameters that can be modified are the length in terms of point and the length in terms of 

time [15].   

To conjugate the necessity of having an output narrow band and a flexible input sequence, a 

particular sequence was created which is not present in other studies at the state of the art: the T 

sequence (where T stands for “Train of pulses”). Basically, the T sequence is a signal which possesses 

equal ON lengths for all pulses, while OFF lengths are created randomly. Every time a T sequence is 

created through this algorithm, the result can be different. The T sequence in fact represents a category 

of signals, rather than a single sequence. 

The first 50 points of a 6500 points long T sequence are shown in figure 2a. The randomness of the 

T sequence is visualized through the histogram in figure 2b, where the OFF lengths statistical 

frequency 𝑝(𝑂𝐹𝐹) has a trend comparable to the distribution for the white noise (flat histogram). 

While PN codes possess an autocorrelation perfectly “centred” (different from 0 only at point 0), the T 

sequence’s auto-correlation (figure 2c) has a minimum adjacent to the maximum. The T sequence, so, 

is random but also less performing in respect to the PN codes from a randomness point of view. In the 

next paragraphs, only the cases where this particular T sequence is applied are considered, if not 

differently specified. 
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Figure 2. Portion of the T-sequence (a); its randomness is highlighted through the OFF lengths statistical frequency 

𝒑(𝑶𝑭𝑭) (b) and part of the related auto-correlation (c). 

2.3.  Method 

As a reference, figure 3 shows the steps taken to carry out the testing campaign. First of all, the T-

sequence’s parameters must be chosen (a); the sequence is generated through a programmable pulse 

generator (b) and imposed to the laser. The input sequence and the output response to the laser 

excitation, in which the US is hidden, are displayed on an oscilloscope. The instrument then applies a 

defined number of ensemble averages on these two interesting signals, in order to partially mitigate the 

noise influence (c). The probe output is amplified of 60 dB. After these two signals acquisition, the 

cross-correlation operation (d) is applied between them [8,11,12], and the ultrasonic TOF and PtP can 

be evaluated from the cross-correlation output (e). 

 

 
 

Figure 3. Flow chart regarding the procedure. 

Even if SNR can be calculated through a large variety of methods [4,5,8,10,11], it is always 

represented by the formula:  

(a) (b) 

(c) 

(d) 

(e) 

a) b) 

c) 
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𝑆𝑁𝑅 =
𝑌𝑠𝑖𝑔𝑛𝑎𝑙

𝑌𝑛𝑜𝑖𝑠𝑒
, 

where 𝑌𝑠𝑖𝑔𝑛𝑎𝑙 is a generic quantity which considers only the portion of acquired signal interested by 

the US after the cross-correlation application, while the same applies for the noise with 𝑌𝑛𝑜𝑖𝑠𝑒. The 

noise is coherent with the generated US, which makes the cross-correlation technique more efficient 

than other time-frequency methods like Wavelet Transforms [20]. A simple formulation has been 

considered: 

𝑌𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑚𝑎𝑥(𝑠𝑖𝑔𝑛𝑎𝑙) − 𝑚𝑖𝑛(𝑠𝑖𝑔𝑛𝑎𝑙) = 𝑃𝑡𝑃𝑈𝑆 , 

𝑌𝑛𝑜𝑖𝑠𝑒 = 𝑚𝑎𝑥(𝑛𝑜𝑖𝑠𝑒) − 𝑚𝑖𝑛(𝑛𝑜𝑖𝑠𝑒) = 𝑃𝑡𝑃𝑛𝑜𝑖𝑠𝑒 . 

𝑃𝑡𝑃𝑈𝑆 is calculated on the cross-correlation portion interested by the US and 𝑃𝑡𝑃𝑛𝑜𝑖𝑠𝑒 on the cross-

correlation remaining part. 

3.  FINITE ELEMENT CHARACTERIZATION 

 

In order to properly study the ultrasonic waves propagation inside a steel disk, a FE analysis regarding 

the thermo-elastic effect has been carried out through COMSOL© Multiphysics. The laser effect on the 

material is simulated by a thermal pulse on the disk surface. As the thermal pulse duration is varied, the 

resulting oscillation’s key-features are highlighted.  

The pulse duration in the FE analysis will be called δ from now on. Referring to similar works [17-

19] which consider high power laser sources, a 2D axisymmetric model has been created (represented 

in figure 4), allowing to analyse a 3 mm thick revolution solid model without meshing its complete 

shape. The region close to the axis is the most defined in the r and z directions, with 5 μm wide elements: 

a particularly high accuracy is needed here, the ipocentre, because of the presence of the laser irradiation 

with a 15 μm spot radius (the experimentally measured beam-waist). The peripheral one, on the other 

hand, is coarser and made up of 150 μm wide elements: at the edge, a fixed-end constraint is imposed, 

as in the experimental layout (disk fixed in respect to a L-shape bar). In the z direction, dimensions vary 

linearly with the increasing distance. These sizes allowed to minimize the calculation time. 

 

 
 
Figure 4. Mesh of the revolution solid with r=20000 μm and z=3000 μm. Along the axis, the laser spot irradiation area 

(ipocentre) and the epicentre can be seen. A fixed-end constraint is imposed at the edge of the steel disk.  
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A thermo-elastic coupling for this kind of application is necessary. Above, all letters in bold 

indicate vectors. The software initially resolves the transient heat-exchange problem through the 

Fourier equation: 

𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝐮∇T = ∇(k∇T) + Q 

where T is the temperature, t the time, Q is the heat flux (Gaussian profile on the spot), 𝜌, 𝑐𝑝 and k are 

the material’s density, heat capacity at constant pressure and thermal conductivity, respectively. After 

the determination of temperature distribution in the solid, a generic structural strain 휀 is calculated as: 

휀 = 𝛼(𝑇 − 𝑇𝑟𝑒𝑓) 

where 𝛼 is the material’s linear expansion coefficient and 𝑇𝑟𝑒𝑓 the reference temperature (293 K). The 

structural mechanics equations used to find the displacement vector u (which represents the elastic 

waves in the sample) are: 

𝜌
𝜕2𝒖

𝜕𝑡2
− ∇𝝈 = 𝑭𝒗, 𝝈 = 𝑺, 

𝑺 − 𝑺𝟎 = 𝑪: (𝜺 − 𝜺𝟎), 

𝜺 =
1

2
[(∇𝐮)T + ∇𝐮], 

where C is the elasticity tensor, ‘:’ represents the double dot product, 𝜺 is the strain tensor, 𝜺𝟎 its 

initial value (0), σ the stress tensor and 𝑭𝒗 the volume forces vector. In order to obtain a wave 

propagation which is congruent with the real one, it is necessary [17] to use: 

𝑡𝑚𝑎𝑥
𝑠 =

1

180𝑓𝑑
                ,           𝑙𝑚𝑎𝑥

𝑒 =
𝜆𝑚𝑖𝑛

12
 

where 𝑡𝑚𝑎𝑥
𝑠  is the maximum simulation time-step, 𝑓𝑑 represents the design frequency (the maximum 

frequency of interest), 𝑙𝑚𝑎𝑥
𝑒  is the maximum length for the finite elements and 𝜆𝑚𝑖𝑛 the minimum 

ultrasonic wavelength; the latter can be calculated using the minimum speed for the various wave 

modes 𝑣𝑚𝑖𝑛: 

𝜆𝑚𝑖𝑛 =
𝑣𝑚𝑖𝑛

𝑓𝑑
. 

Choosing a 𝑓𝑑 value equal to 1 MHz (which is the maximum perceived frequency for the broadband 

probe), the resulting maximum allowed time-step results in 𝑡𝑚𝑎𝑥
𝑠 = 5.5 𝑛𝑠 and then 𝑡𝑠 has been set to 

5 ns. Since shear waves are the slowest (3100 m/s for steel), 𝑙𝑚𝑎𝑥
𝑒 ≅ 234 𝜇𝑚 and thus the longest 

element is 200 μm. Only longitudinal waves (L waves) have been studied in this work despite the 

necessity to represent shear waves. 

Ultrasonic probes are sensitive to pressure variations for waves which propagate inside the 

material; at the exterior, a global displacement is generated with frequency modulations over it. The 

displacement curves obtained through FE simulations have been filtered considering a low cut-off 

frequency equal to 100 kHz, so only modulations with frequencies which are inside the probe band are 

displayed. As can be seen in figure 5 for the epicentre (the disk’s opposite point to laser spot), a single 

laser pulse with a δ equal to 400-800 ns can lead to a first oscillation with high amplitude and a second 

one which is yet evident. On the other hand, 1200 or 1600 ns long pulses can generate a first 

oscillation, but there is not a second one. An increase in the oscillation can be highlighted while δ 

increases, but the maximum oscillation is of the order of 0.1 𝑝𝑚. The arrow indicates the ultrasonic 

time of flight: 

𝑇𝑂𝐹 =
𝑏

𝑣𝑙
≅

0.003 𝑚

6000
𝑚
𝑠

= 500 𝑛𝑠 
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where b is the thickness of the disk (the ultrasonic path) and 𝑣𝑙 the longitudinal wave speed (average 

value for common steel). In the graph, the point where the displacement slope begins demonstrates a 

good agreement with the calculated TOF value. 

 

 
 

Figure 5. Axial displacement (L wave) at the epicentre as a function of δ (400, 800, 1200, 1600 ns in duration). 

A modal analysis has been carried out to find the resonances of the constrained system, resulting in 

the epicentre maximum displacement for a load frequency of around 300 kHz.  

The displacements’ frequencies of interest (probe band 0.1-1 MHz) are shown in figure 6. Fast 

Fourier Transform FFT coefficients are presented as a function of δ, without the zero-frequency term 

and normalized with respect to the maximum value for the various durations. As can be seen, the 

normalized coefficients shift towards the low frequencies with increasing δ: the longer the heating 

period, the lower the value of high frequencies coefficients and vice versa. The change in FFT 

coefficients for different frequencies as the pulse duration varies means that resonance effects only 

partially arise due to the thermo-elastic excitation.  

 

  
 

Figure 6. FFT normalized coefficients as a function of frequency and pulse length δ. 

In figure 7, the period of the generated US is shown as a function of δ; tracing a 𝑃 = 𝛿 straight 

line, it can be shown that the generated ultrasonic wave has a period which is more than double the 

heating duration δ. In addition to this, 𝑃 greatly increases as the δ value rises. So, for example, to 
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create an ultrasonic oscillation period under 2000 ns (US complete sinusoid), a heating period of 1000 

ns is not sufficient (laser ON length only). 

 

   
 

Figure 7. The ultrasonic period P as a function of the pulse length δ. 

Multiple pulses are commonly used in experimental testing to increase the amplitude of the 

generated displacement and to apply post-processing SNR enhancing techniques (i.e. the cross-

correlation) [10-12]. As an example, the influence of 3 pulses on the epicentre displacements is shown 

in figure 8. The pulse durations δ are all the same and equal to 800 ns, but the relative distances are 

3200 ns. The TOFs are indicated, as in the single pulse case, with an arrow: the first and third 

calculated TOFs coincide with the reported ones; the second, though, differs from it: referring to 

figure 6, an existing oscillation is present in correspondence of this TOF for a single pulse, thus the 

second generated US interfere with it. If the relative distance between pulses is adequately chosen (i.e. 

reheating at the minimum of an oscillation), no amplification nor decrease in the displacement is 

produced, but the US is generated approximately in the same way for every laser pulse. 

 

 
 

Figure 8. Displacement at the epicentre for a 3 pulses excitation (δ=800 ns). 

For the considered 3 pulses excitation, the ultrasonic frequencies generated are reported in figure 9 

(not normalized). It can be seen, comparing this curve to the 𝛿 = 800 𝑛𝑠 one in figure 5, a narrowing 

of the band around 300 kHz, which is also the steel disk resonance frequency.  



9

1234567890

XXIV A.I.VE.LA. Annual Meeting IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 882 (2017) 012013  doi :10.1088/1742-6596/882/1/012013

 

 

 

 

 

 

 

 
 

Figure 9. FFT normalized coefficients for a 3 pulses excitation (δ=800 ns) as a function of frequency. 

The FE analysis has demonstrated that, effectively, generating a high number of pulses does not 

increase the oscillations amplitude: preliminarily, it can be assessed that the experimental need to use a 

high number of pulses is due to post-processing purposes and not for the amplification of oscillations. 

The use of 3 pulses allows to obtain oscillations around 0.05 𝑝𝑚. If the distance between pulses is 

adequately imposed, a non-interference condition can be reached between them, thus generating USs 

with the same characteristics (in particular the main frequency). For the chosen example, though, the 

main frequency obtained correspond to the resonance one, implying that many conditions regarding 

different values of δ and distance between pulses should be considered to determine if resonance 

conditions arise in every case. Simulating them all is not a practical choice. In addition, it was not 

possible to simulate entire sequences with hundreds or thousands of pulses with HIGHs and LOWs 

random distribution because of the low time-step, meaning that the influence of interactions between 

many ultrasounds could not be fully investigated. For all these reasons, the importance of parameters 

like the pulses lengths, the relative distance between pulses and their number is then determined 

through experimentation. 

4.  RESULTS 

 

Experimental tests were carried out to establish how the SNR is influenced by the change in some T 

sequence parameters. SNR represents how much higher the ultrasonic amplitude is in respect to the 

noise, thus highlighting how much the US is evident after a post-processing (cross-correlation) 

procedure.   

As displayed in figure 8, the FEM analysis allowed to preliminarily study USs generated through 3, 

800 ns long and 3200 ns spaced in time laser pulses. To characterize low-power laser generated US, 

thus, 3 main parameters must be studied: 

1. δ: pulses duration; 

2. 𝑁𝑝𝑢𝑙𝑠𝑒𝑠: number of pulses contained in the T sequence; 

3. 𝑑𝑝𝑢𝑙𝑠𝑒𝑠: relative mean distance between pulses. 

Several T sequences with different randomness have been generated and studied: the number of 

LOW levels between pulses ranged between 1 and 5 points for each sequence, but the random spacing 

was always different for each run. The use of different sequences led though to the same results: 

hereinafter, thus, only the results for one T sequence will be reported without losing generality.  
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4.1.  Pulse length δ 

 

The pulse length δ determines how much the specimen is heated: the more the heating period, the 

more the displacement amplitude (but not necessarily the oscillation). As can be seen in figure 10, the 

SNR increases as δ rises. A T sequence consisting of 2000 pulses has been chosen as a reference. For 

the highest values of δ, an asymptotic behaviour can be highlighted, probably because the generated 

US main frequency moves away from the probe band (under 100 kHz). This phenomenon mainly 

depends on the material characteristics. 

 

 
 

Figure 10. SNR for the T sequence as a function of δ. 

Since the change in the ultrasonic frequencies can greatly affect SNR, it is necessary to analyse the 

frequency composition of the ultrasonic signal resulting from a δ long laser excitation.  Figure 11 

shows the Fourier coefficients’ values corresponding to frequencies between 0 Hz and 1 MHz as a 

function of δ. Low values of δ imply the US generation with a main frequency band (dark in the 

figure) with some modulations (more clear and next to it), capable of covering almost the entire probe 

frequency band; as δ raises, the ultrasonic frequencies reduce, with a band which is very narrow for 

𝛿 = 2000 𝑛𝑠: this is perfectly in line with FE simulations for a single pulse.  

The ultrasonic main frequencies for 𝛿 = 2000 𝑛𝑠 are extremely close to the lower limit of the band 

probe, justifying the SNR asymptotic behaviour shown in figure 10. Points in the graphs with 

amplitude values above 2 can be approximately fitted with a linear trend: it can be an important 

feature for studies like NDT or material characterization where the suitable ultrasonic frequency 

choice has a great impact. The frequency composition obtained from the FE model when multiple 

pulses are used (figure 9) is very similar to the one obtained experimentally. The decrease in the main 

frequency as δ rises suggests, though, that the correspondence with the resonance frequency is not 

applicable for all δ values. The resonance, thus, influences only partially the generated US frequency. 
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Figure 11. Frequencies and related Fourier coefficients at various δ. 

In the end, the use of a high δ is recommended to maximise the SNR, but always keeping in mind 

that a very high value of this parameter can generate ultrasonic frequencies out of the probe band. If 

ultrasonic probes with an inferior lower band limit are available (20 kHz), δ can be further increased. 

4.2.  Number of pulses 𝑁𝑝𝑢𝑙𝑠𝑒𝑠 

 

As previously mentioned, the number of pulses is the main parameter which can lead to ultrasonic 

individuation in real testing campaigns, since a single pulse creates oscillations which are not 

detectable (tenth of pm). The influence of the pulses number 𝑁𝑝𝑢𝑙𝑠𝑒𝑠 on the SNR is shown in figure 

12, with an imposed δ value equal to 800 ns. The T sequence application allows to obtain a SNR 

which tends to increase as 𝑁𝑝𝑢𝑙𝑠𝑒𝑠  raises: this increase is not quick, coherently with FE simulations 

(figure 8). In fact, the number of pulses is not that important since USs with the same amplitude and 

frequency are generated at each laser pulse; the increase is mainly due to a major effectiveness of the 

cross-correlation operation when a large amount of pulses is applied. So, a high number of pulses is 

desirable to obtain a high SNR. It is however important to underline that the inspected time window 

widens if many pulses must be used, so also this facet must be considered. 

 

 
 

Figure 12. SNR as a function of the number of pulses 𝑵𝒑𝒖𝒍𝒔𝒆𝒔 with δ equal to 800 ns (inspected time window 8 ms 

long). 
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4.3.  Distance between pulses 𝑑𝑝𝑢𝑙𝑠𝑒𝑠 

 

Another topic which could not be investigated through a FE approach is the influence of the relative 

distances 𝑑𝑝𝑢𝑙𝑠𝑒𝑠 for a high number of pulses. Because of the sequences randomness which is 

necessary to obtain only one and easily characterizable peak in the cross-correlation [15], 𝑑𝑝𝑢𝑙𝑠𝑒𝑠 

represents a mean distance between pulses. 

Considering 𝑁𝑝𝑢𝑙𝑠𝑒𝑠 = 2000 and 𝛿 = 800 𝑛𝑠, the trend of SNR is shown in figure 13. An absolute 

minimum is present around 𝑑𝑝𝑢𝑙𝑠𝑒𝑠 = 10 𝜇𝑠: this is mainly due to the interference between ultrasonic 

waves generated and reflected at the epicentre (same phase and frequency) caused by the low 

specimen thickness; a successive minimum (but with a higher SNR) indicates another ultrasonic 

interference, but between the generated US and the one which has been reflected twice. SNR is high 

when 𝒅𝒑𝒖𝒍𝒔𝒆𝒔 is low, meaning that generated and reflected waves do not have the same phase (no 

ultrasonic interaction). The graph suggests that using pulses relatively close to each other can give 

better results from a SNR maximization perspective.  
 

 
 

Figure 13. SNR as a function of the mean distance between pulses 𝒅𝒑𝒖𝒍𝒔𝒆𝒔, considering 𝛅 = 𝟖𝟎𝟎 𝐧𝐬. 

5.  CONCLUSIONS 

 

A FEM analysis has been carried out to highlight the main characteristics of low-power laser 

generated US. Some important parameters’ influence was studied preliminarily, as for the pulse length 

and the application of multiple pulses. Data regarding the generated US show: 1) the low 

displacements entity, even for high heating period, 2) the decrease in high-frequencies components 

inside the displacement itself. The FE analysis also showed that a large amount of pulses (with same 

length) used in testing campaigns increases the number of ultrasonic oscillations generated but not 

their amplitude, leading to a more easily detectable peak when post-processing techniques (i.e. cross-

correlation) are applied. 

Starting from the FE results, experimental procedures were applied to highlight the importance of 

the parameters considered in simulations. Highly random codes are meant to be used as input of the 

laser modulated diode, to improve the efficiency of the cross-correlation post-processing technique. 

So, a family of sequences called T sequence (which is not present at the state of the art) has been 

created.  

The results of the application of one particular T sequence are reported for every important 

parameter considered: 
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1) δ - The pulse length varies the generated US in two different ways, i.e. changing the US 

amplitude and frequency content. An increase in δ increases the thermal oscillation and so it 

allows to obtain a high SNR in general too. However, it is true if the US frequency band is 

entirely inside the probe band. So, while the carried-out analysis has made use of a broad-band 

probe which is near the ultrasonic lowest frequency (20 kHz), the use of probes with an 

inferior lower band limit can lead to an increase in SNR if higher δ are used. 

2) 𝑁𝑝𝑢𝑙𝑠𝑒𝑠- A very high number of pulses implies a wider inspected time window. Apart from 

this, high values of this variable are necessary in order to detect the ultrasound and are 

recommended to obtain good SNRs.  

3) 𝑑𝑝𝑢𝑙𝑠𝑒𝑠- The T sequence allows to obtain a maximum in SNR when 𝑑𝑝𝑢𝑙𝑠𝑒𝑠 is very low, while 

an increase creates a minimum in SNR because of the interference between counter-phase 

generated and reflected ultrasonic waves; the point where the minimum is found depends on 

the geometrical and thermo-elastic features of the inspected object. 

In conclusion, the FE analysis allowed to adequately comprehend the US thermo-elastic generation 

phenomenon inside the material. The successive experimentation expanded the study and the 

phenomenon comprehension evaluating the influence of other parameters through which the CW laser 

is modulated. The features of the generated US are defined once the parameters defining the input T 

sequence are chosen and imposed. In the end, the T sequence which allows to obtain the highest SNR 

is the one with the highest values of 𝑁𝑝𝑢𝑙𝑠𝑒𝑠 and δ (with ultrasonic frequency inside the probe band) 

and with the lowest 𝑑𝑝𝑢𝑙𝑠𝑒𝑠.  

Since input PN codes’ influence has not been considered, future studies will take on a comparison 

between their use and the T sequence one. In addition, only longitudinal waves have been investigated 

so other works will naturally deal with low-power laser generated surface US and their characteristics. 
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