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Abstract 

 

Laser based ultrasound is a technique where a short pulsed laser is used to generate 

ultrasound and optical interferometry is used in order to detect the signal. Since both 

generation and detection of ultrasound is based on optical means, the technique is 

broadband, non-contact, and couplant free, suitable for large stand-off distances, 

inspection of components of complex geometries and hazardous environments. A data 

collection method (Full Matrix Capture) developed for ultrasonic arrays, is used for data 

collected using laser based ultrasound. In this method, a signal is captured from every 

possible transmitter–receiver array element combination. After the data capture, the 

imaging is done in post processing using the Total Focusing Method, in which the beam 

is focused, in both transmission and reception, on every pixel in the image to achieve 

improved defect detectability and very high spatial resolution. For the first time in laser 

ultrasonics, the beamforming and steering of the ultrasound is done during the post 

processing. In this way, a synthesised 1-D laser induced ultrasonic array operates, in 

post processing, as a phased array without the need of complicated optical setups, 

optical fibres or use of multiple laser beams. This work presents results from a non 

destructive laser ultrasonic inspection of aluminium samples with side drilled holes and 

slots at depths varying between 5 and 20mm from the surface. 

 

1.  Introduction 
 

Laser ultrasonics is a technique where lasers are used for the generation and detection of 

ultrasound instead of the conventional piezoelectric transducers
(1,2)

. The light of a 

pulsed laser is focused onto the surface of the component to be tested and is absorbed. 

In metals, the absorption of light happens at the electromagnetic skin depth, which is of 

the order of a few nm. Thermal diffusion further buries the source to a total of around 

one micron deep
 (3,4)

. The absorbed light heats up the irradiated component causing it to 

expand rapidly, at times that are compared to the rise time of the laser pulse 
(nanoseconds duration)

(5)
. This fast, thermo-elastic expansion is the source of the 

generated ultrasonic wave. The wave then travels through the component and is 

detected optically, usually by some type of laser interferometer
(6)

. Laser ultrasonics has 

several advantages over conventional ultrasonic methods: it is a non contact and 

couplant free technique, making it suitable for places with limited access
(7)

, hazardous 
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environments
(8)

 and inspection of geometrically complex components
(9)

. It is also a 

broadband technique and all modes of ultrasonic waves (e.g. longitudinal, shear, surface 

waves) are excited. 

 

The use of ultrasonic phased arrays has had a major impact on science, medicine and 

society, since their first appearance in the late ‘60s.  During the last decade, there has 

been a rapid increase in the use of ultransonic arrays for NDT inspection. A 

conventional ultrasonic array is made of several ultrasonic transducer elements which 

can be addressed individually to transmit and receive ultrasonic signals. A phased array 

can control the directivity and focus of the ultrasound by varying the time delay 

between the firings of the array elements. The benefits of phased arrays are increased 

image quality and flexibility regarding the range of different inspections (e.g. plane, 

focused, steered) that can be done from a single location of the array. Two methods of 

phased arrays using laser ultrasonics have been proposed to the authors knowledge: 

using a single laser source with multiple optic delays and using multiple laser sources. 

The first method uses a single laser source which is then split and delivered to the target 

following a range of optical delay paths to achieve the desired time delay. This can be 

achieved by using multiple optical fibres of variable length
(10-14)

, or a White cell optical 

delay cavity system
(15)

. The second method uses an array of laser cavities, fired at the 

desired time delay
(16-18)

.  The disadvantage of using optical fibres for delivery of high-

energy laser pulses is that the amount of energy delivered must be limited to a level that 

the fibre can withstand. Using a White cell optical delay cavity requires a complicated 

optical setup. In addition, the maximum number of elements of the phased array in both 

these configurations is limited by the amount of energy that a single laser source can 

deliver: the maximum number of phased array elements that has been achieved using a 

single laser source is 10 (White cell). The main disadvantage of using multiple laser 

sources is the cost of the system, and a second disadvantage is the portability of such a 

system. The maximum number of elements of a phased array achieved with a system of 

multiple laser sources is 16. 

 

An alternative philosophy to array imaging is to perform the imaging in post processing. 

Previous authors have used the synthetic aperture focusing technique with laser 

ultrasonics to improve detectability and enhance images
(19,20)

, mainly in the destructive, 

ablation regime. The present paper demonstrates array imaging in post processing by 

obtaining the full matrix of all possible transmitter receiver combinations in the array, at 

the non-destructive, thermoelastic regime. This data acquisition method is known as the 

Full Matrix Capture (FMC)
(21, 22)

. A major benefit of this method is that now a whole 

range of imaging algorithms is possible to be applied to the same data set, in post 

processing. For laser ultrasonics in particular, the advantage is that array configurations 

can now be synthesised without the need of complicated optical setups, optical fibres or 

use of multiple laser beams and without being limited by the physical constraints (e.g. 

restrictions on the number of array elements) that come with these setups.  

 

This paper presents laser induced ultrasonic phased arrays based in the post processing 

of the full matrix using the total focusing method (TFM) imaging algorithm. Section 2 

presents the background of the laser ultrasonic generation and detection mechanism at 

the non-destructive, thermoelastic regime, as well as the theory of the FMC and the 

TFM algoritm, adapted for laser ultrasonics. Section 3 presents the experimental setup 
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and experimental results from aluminium samples with side drilled holes and slots at 

depths ranging from 5 to 20mm from the surface. Section 4 presents a discussion of the 

technique, the benefits, its limitations and how to overcome them. Finally, section 5 

presents the conclusions. 

  

2.  Background 
 

2.1 Laser based ultrasound 

Ultrasound is generated when the light emitted by a pulsed laser is absorbed by the 

material. In the low laser power thermoelastic regime there is no damage of the material 

and the process is non-destructive. The laser beam incident to the sample locally heats 

its surface and causes it to expand rapidly at times that are comparable to the rise time 

of the laser pulse which—for the cases considered here—is in the order of 10 ns. As the 

laser energy is absorbed in a layer much thinner than the ultrasonic wavelength (a few 

nanometres in aluminium), the bandwidth of the generated wave depends on the 

temporal characteristics of the laser pulse and is broadband. Longitudinal, shear and 

surface acoustic waves are generated. For a point source centre of expansion, the 

angular dependence of the amplitude of the longitudinal and the shear waves are given 

respectively by 
(5)

: 

𝐴(𝜃) =
sin 𝜃 sin 2𝜃 (𝑘2 − sin2 𝜃)1 2⁄

2 sin 𝜃 sin 2𝜃 (𝑘2 − sin2 𝜃)1 2⁄ + (𝑘2 − 2sin2 𝜃)2
       (1) 

𝐵(𝜃) =
sin 𝜃 cos 2𝜃

cos2 2𝜃 + 2 sin 𝜃 sin 2𝜃 (𝑘−2 − sin2 𝜃)1 2 ⁄     (2) 

 where θ is the observation angle with respect to the surface normal and k=cL/cT, with cL 

and cT the acoustic velocities of the longitudinal and the shear wave respectively. It has 

been shown
(23)

 that the directivities of the longitudinal and shear waves for a line source 

are the same as those for a point source. In the case of aluminium, the directivity pattern 

of the longitudinal waves
(17)

 has its maximum at θ= 64
o
 and for shear waves

(23,17)
 the 

maximum is at θ=30
o
.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

 

2.2 Full matrix capture and total focusing method (TFM) 

 

The full matrix capture is a data acquisition method developed for conventional 

ultrasonic arrays. In this method, the waveform from every possible combination of 

transducer/receiver of an n element array is captured and forms an n × n matrix, the full 

matrix. The data set can then be post processed with a range of imaging algorithms, 

including the Total Focusing Method (TFM). In TFM, the first step is to discretise the 

target region (in the x, z plane) into a grid. The signals from all elements in the array are 

then summed to synthesise a focus at every point in the grid
(21)

. The intensity of the 

image, I(x,z) at any point in the scan is given by 
(21)

: 

𝐼(𝑥, 𝑧) = | ∑ ℎ𝑡𝑥,𝑟𝑥 (
√(𝑥𝑡𝑥 − 𝑥)2 + 𝑧2 + √(𝑥𝑟𝑥 − 𝑥) + 𝑧2

𝑐𝑎𝑐
)

𝑓𝑜𝑟 𝑎𝑙𝑙 𝑡𝑥,𝑟𝑥

|       (3) 

htx,rx(t) is the data set of the time-domain signals which ae Hilbert transforms of the 

experimentally obtained time-domain signals containing real and imaginary components 

in quadrature. xtx and xrx are defined in figure 2  and cac is the acoustic velocity. TFM is 
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an algorithm that can only be performed using FMC. It has been shown
(21)

 that the TFM 

gives significantly improved resolution and signal-to-noise (SNR) compared to swept 

aperture plane and focused B-scans. In addition, the TFM image extends beyond the 

edge of the array, increasing the probability of locating defects in these locations. On 

the contrary, the B-scans viewable area is dependent on the number of elements used in 

the array. The TFM has also been shown to be a robust algorithm for a variety of 

defects, when compared to other widely used algorithms such as the Phase Contrast 

Imaging and the Spatial Compounding Imaging
(24)

. 

 

3.  Experimental results 
 

 

3.1 Experimental setup                                                                                                                                                                                  

 

Two aluminium samples were used in this study. The first one (sample 1, see figure 1 

(a)) was a 90 x 20 x 50 mm block with four side drilled holes of 1.2mm diameter at 

depths 5, 8, 10 and 12mm from the surface. The second one (sample 2, see figure 1 (b)) 

was a 90  x 20 x 50 mm block with five side drilled slots of 1 mm length and 0.3mm 

width at various orientations. 

    
          (a)              (b) 

Figure 1: Photos of samples 1 (a) and sample 2 (b). Sample 1 has through holes and sample 2 has through slots of 

orientations ranging from 0o-60o. The red rectangle shows the holes detected in the TFM image. 

 

The generation laser was a Nd:YAG pulsed laser with pulse rise time of 8ns and 

1064nm wavelength. Its repetition rate was 1kHz and the average power 300mW, as 

measured in front of the sample, corresponding to 300mJ per pulse. The laser beam was 

focused by means of a cylindrical lens, to a line of 10mm height and 0.05mm width. 

The incidence angle was 25
o
 with respect to the normal to the sample surface. 

Aluminium reflects 93% of the incident laser energy and only 7% is absorbed
(25)

. A 

Polytech vibrometer (OFV-534 head with OFV-5000 controller) was used to detect the 

ultrasonic signal, which was measuring the out-of-plane displacement. The light of the 

633nm HeNe laser that it uses was focused to a 0.04mm diameter spot and was aligned 

with the middle of the generation line source with an angle of incidence 0
o
 with respect 

to the normal. The experimental setup is depicted in figure 2.  
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          (a)              (b) 

Figure 2: Experimental setup, side view (a) and top view (b). The scan was parallel to the x axis, on the xy plane, 

while the defects were parallel to the y-axis. (b) 
 

During the data acquisition for the FMC, a 1-D array was synthesised. In the case of 

sample 1, it was a 89 element array with element spacing of 155µm and in the case of 

sample 2, it was a 161 element array with element spacing of 155µm. To synthesise the 

array in each case, the generation laser beam remained stationary throughout the 

experiment while the detection laser and the sample were scanned in turns. The 

detection laser was scanned across all consecutive element positions, while the 

generation laser remained focused at one position. Then the sample was moved to 

another element position, consequently the generation laser now irradiated another 

element position and the detection laser was scanned again across all element positions 

(figure 2). The bandwidth of the vibrometer was DC to 20MHz and there was no 

additional electronic filtering applied to the captured waveforms. Each captured 

waveform was averaged 500 times. 

 

 

3.2 Results 

 

Digital filtering was applied during the data post processing. The filters applied had 

central frequency of 5MHz, 8MHz or 10MHz and a 100%  bandwidth, at -40dB, as 

specified in each case. The shear wave was chosen to image the defects as the 

contribution of the longitudinal wave is small in the thermoelastic regime, in metals. 

The shear wave velocity of 3100m/s was used in equ. (3). The directivity of the shear 

wave shows a max. at 30
o
 and there was enough out-of-plane component to be detected 

by the vibrometer. The surface acoustic wave was present in all data and can be seen at 

the TFM images at the surface. 

 

Figure 3 (a) shows the TFM image from sample 1. Four defects are very well resolved, 

at depths 5mm (at x=13mm from the centre of the array), 8mm (at x=-14mm from the 

centre of the array), 10mm (at x=-10mm from the centre of the array) and 12mm (at x=-

6mm from the centre of the array). A fifth defect is just above the noise level at the far 

left of the image at depth 5mm (at x=17mm from the centre of the array). The B-scan 

composed of the same filtered data is shown in figure 3 (b). Only one defect can be seen 

just above the noise level. All the other defects were outside the 14mm wide aperture of 

the array. 
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Figure 4 shows the TFM image from sample 2. Five defects can be seen with high 

spatial resolution. Figure 5 shows a close up on the 45
o
 angled slot of sample 2, using 

digital filters of 5, 8 and 10MHz central frequency. The defect can be easily identified 

in figure 5 (a) and (b) and it is barely above the noise level in (c). The defect is better 

spatially resolved in figure 5 (b) but there is a drop in the SNR by 7dB compared to 

figure 5 (a). The dimensions of the defect as measured from figure 5 (a) are 

length=2.9mm and width=0.9mm, from figure 5 (b) are length=2.3mm and 

width=0.6mm and from figure 5 (c) are length=2mm and width=0.4mm.  

 

 
(a) 

 
(b) 

Figure 3: (a) TFM image of sample 1 using a 89 element array and 500 averages. A filter of 10MHz was applied in 

post processing. The dynamic range of the image is 30dB. (b) B-scan using the same data as in (a), with dynamic 
range of 15dB. The arrow shows the presence of the side drilled hole at 12mm. 

 

array aperture 

Surface acoustic wave 
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Figure 4: TFM image of sample 2 using a 161 element array and 500 averages. A filter of 8MHz was applied in post 

processing. The directivity of the slots is noted. The dynamic range of the image is 20dB. 

 

 

 
 

             (a)               (b)            (c) 
Figure 5: Detail of the TFM images showing the 45o angled slot of sample 2 using digital filter of centre frequency 

(a) 5MHz (b) 8MHz and (c) 10MHz. The dynamic range of all images is 20dB. 

 

4.  Discussion  

 
Comparing figure 3 (a) and (b), there is an increase to SNR by 20dB when the TFM is 

used on the same data set. There is also a dramatic increase in spatial resolution of the 

detected defect. Another benefit of using the TFM is that defects located outside the 

array’s aperture can be imaged, as it can be seen in all TFM images. 

 

It is possible to perform the post process analysis in a range of frequencies, taking 

advantage of the broadband ultrasonic signals generated by laser ultrasonics. For the 

generation laser used in this study, the ultrasonic bandwidth extends from DC to 

40MHz. However, the bandwidth of the detection system used (up to 20MHz) sets the 

upper limit. The choice of frequency for the digital filter used can be adjusted to the 

expected defects’ size, the depth and the material properties. Figure 5 shows the post 

processing of the same set of data: an initial analysis at low frequencies would detect 

the defects and an analysis at higher frequencies would help to characterise them. 

 

A limitation of the FMC is the need to acquire n x n signals. The procedure becomes 

even more time consuming when averaging of multiple signals is needed. This was the 

0
o
 15

o
 30

o
 45

o
 60

o
 

array aperture 
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case in the work presented here, as laser ultrasonic generation at the thermoelastic 

regime generally produces weak signals. Several improvements are proposed that can 

address this issue: (a) A laser source with higher repetition rate could be used to 

generate the ultrasound. A 1kHz repetition rate laser was used in this study, however a 

laser with repetition rate of 10kHz is just as portable and commercially available and 

could be used to accelerate data collection by ten times. (b) A faster oscilloscope would 

also improve the speed (currently using a scope with 1GHz sampling rate). (c) Lower 

the number of averages in the recorded signal. At a first glance, this could be achieved 

by increasing the generation power. However, the choice of working at the non-

destructive, thermoelastic regime sets restrictions in this case. The second option is to 

increase the detection power and sensitivity and this can be achieved by using a 

different interferometer. Another option that would reduce the number of averages is to 

modulate the spatial intensity distribution of the generation laser beam, using Hadamard 

multiplexing, which has been shown to improve the SNR
(26)

. (d) Increase the array step 

and consequently the number of elements in the array. As an example, a subset of the 

data set collected from sample 1, was taken, corresponding to an array step of 310µm 

(compared to155µm of the results shown in figure 3 (a)) and a 45 element array. The 

resulting TFM image is shown in figure 6. Comparison of the two figures shows a drop 

in SNR by 5 dBs, however, the four main defects detected in figure 3, ranging in depth 

from 5 to 12mm, can all be easily detected. Considering the decrease in acquisition time 

by a factor of 2 and processing time by a factor of 30, the benefits are greater than the 

effect on defect detectability. 

 

 
Figure 6: TFM image of subset of data for sample 1 corresponding to array step of 310µm and 45 element array. A 

filter of 10MHz was applied in post processing. The dynamic range of the image is 30dB. 

 

3.  Conclusions 

 
The results presented here give the first experimental demonstration of the benefits of 

using the FMC data acquisition method and the TFM as a post processing algorithm in 

laser ultrasonics. The beamforming and steering of the ultrasound is done during the 

post processing resulting in a laser induced phased array with significantly improved 

spatial resolution and defect detectability. The technique is non-contact and non-

destructive. The system can be easily fibre coupled to access difficult to reach places, 

and can accommodate complex geometries. The lasers themselves are relatively small 

and portable. The use of optics makes the array elements easy to manipulate: change 

spot size and scan. The FMC allows post processing in a range of different algorithms. 
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In this study, the same data set has been used to perform a B-scan and a TFM image. 

Comparison of the results has shown that the TFM allows the detection of defects 

outside the array aperture and improves the spatial resolution and SNR. 
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