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Abstract  
We present a compact Laser Ultrasonic (LU) receiver based on two-wave mixing in photorefractive 
materials, for simultaneous measurement of the out-of-plane and of the in-plane displacements (2-
component). By taking advantage of recent developments in electronic processing, we achieved a 
compact optical architecture using only a single collecting aperture and a single laser probe beam. 
Complementary to the 2-component detection, we will also present an improved LU source for non-
contact generation of normal-incidence shear waves. Results from characterization of the receiver and the 
generation are shown, and application to defect detection is demonstrated.  
Keywords: Laser ultrasound, shear waves, in-plane displacement, out-of-plane displacements. 
 
1.  Introduction 
 

To date, most Laser Ultrasonic (LU) experiments are based on the detection of the out-
of-plane surface displacement. The in-plane surface displacement also carries valuable 
information, but laser detection of in-plane displacement is not as straightforward as 
out-of-plane detection. Few LU receivers were previously demonstrated for in-plane 
detection [1,2], but they have been limited to laboratory demonstrations and only been 
scarcely used. In-plane detection relies on the detection of light backscattered away 
from the specular reflection. Thus, in-plane detection is only possible for samples with 
optically rough surfaces.  
 

Interferometers with large optical étendue exhibit high sensitivity for inspection on 
optically rough surfaces. The confocal Fabry-Perot (CFP) interferometer and the two-
wave mixing (TWM) interferometer using photorefractive crystal are the two most 
popular large étendue interferometers [3]. High sensitivity is achieved because the 
interferometer is not speckle limited and it can effectively collect a large amount of the 
laser light backscattered from the inspected surface. An optic with high numerical 
aperture collects light coming from various angle of incidences. In a conventional 
interferometer, after processing, the collected light is focused onto a single detector. If 
the interferometer optical axis is positioned at normal incidence of the sample surface, 
then the detected signal corresponds to the out-of-plane displacement.  
 

In this paper, we describe how a single component (out-of-plane) interferometer with 
large optical étendue can be upgraded to a 2-component or 3-component interferometer. 
Indeed, when using collecting optic with high numerical aperture, the in-plane 
information is readily available because of the multiple incidences of the collected light. 
Using the proper optical setup combined with a multi-channel detection scheme, we can 
detect the displacement components corresponding to different directions. After proper 
combination of the different signals we can extract the in-plane and out-of-plane 
displacements.  
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For LU inspection based on shear waves (S-waves) to be effective, we must be able to 
generate S-waves in the direction normal to the surface (on-axis). Unfortunately, 
conventional laser generation of ultrasonic waves, in either thermoelastic or ablation 
regimes, does not efficiently generate S-wave in the direction normal to the surface. In 
this paper, we are also showing an optical arrangement which allows strong 
thermoelastic generation of on-axis S-waves.  The 2-component interferometer is then 
used to characterize this improved S-wave laser source and the potential for LU 
inspection based on S-wave generation / in-plane detection is demonstrated.    
  
2.  Two-component interferometer  
  

In order to achieve high sensitivity, the interferometer must be able to collect as much 
as possible of the back scattered light and to process efficiently the large number of 
collected speckles. One well suited interferometer is the adaptive interferometer based 
on two-wave mixing (TWM) in photorefractive crystal (PRC). Because adaptive 
interferometers are optimized to collect many speckles, they are not limited with the 
single-speckle requirement of “classical” interferometer. High collection efficiency is 
achieved using a high numerical aperture collecting optic. The in-plane information is 
carried out by the speckled beams that are scattered away from the specular reflection 
and an interferometer with a large collecting aperture collects speckle beam 
corresponding to different angle of incidence. It is thus potentially well suited for in-
plane detection.  
 

An important feature of an adaptive interferometer using TWM in PRC, is that multiple 
beams can be independently processed inside the same crystal without cross-talk issue. 
This feature is used to realize a multiplexed interferometer for simultaneous detection of 
multiple beams corresponding to the observation at different viewing angles of the same 
illuminated point. We used the same layout than our commercial interferometer, 
TEMPO [4]. The optical setup was adjusted in order to ensure that the entrance pupil 
(the collecting optic) is imaged on the detector and the single-element detector was 
replaced with a detector array. Each element of the detector array corresponds to a small 
area of the entrance pupil and thus corresponds to light backscattered along well defined 
incidences. Processing of the interference signals, as a function of the back-scattered 
angle, provides simultaneously in-plane and out-of-plane displacements. The collecting 
optic has a high numerical aperture (F/0.75), with a maximum collection angle of 31o. 
The multi-detector is a linear-array with 16 elements. The collected light is focused on 
the linear array using a cylindrical lens. In this configuration, we detect the in-plane 
component along the orientation of the linear array. The orthogonal in-plane component 
is detected by rotating of 90o both the linear detector array and the cylindrical lens.    
 

The light backscattered by the sample may not be uniformly distributed and each 
channel must be normalized before calculating the in-plane and out-of-plane. 
Normalization is achieved using automatic gain controlled (AGC) amplifiers monitoring 
the low frequency signal generated by an internal piezo-mirror in the path of the 
reference beam. After amplitude normalization, the signals are processed by pairs, with 
same incidence angles. For each pair, the two normalized signals are added to generate 
the elementary out-of-plane component and their subtraction gives the elementary in-
plane component. Fig. 1 shows an example of ultrasonic signals detected with the 2-
component interferometer. Fig. 1a and Fig. 1b show the 8 elementary in-plane and out-
of-plane signals, corresponding to the signal shown Fig. 1c. We see that for detector 



  

pairs near on-axis, the in-plane contribution is weak and should not be used for in-plane 
calculation. 
 

 
Figure 1. Example of elementary: A - in-plane and B - out-of-plane signals; and C - the corresponding 

ultrasonic displacements at the output of the 2-component interferometer. The signal is generated by a ½ 
inch diameter piezoelectric transducer bonded to 12mm thick aluminum plate: C - at normal incidence 

and D - with a 45 degree incidence angle. 
 
3.  LU Thermoelastic generation of S-waves 
 
3.1 Principle 
 
In the thermoelastic regime, the localized and rapid absorption of a laser pulse 
establishes thermal gradients into the sample. The thermal gradients are the origin of 
stresses which constitute the acoustic source. For a metal sample with a free surface, the 
rapid heating of the laser pulse induces stresses mostly in directions parallel to the 
surface (Fig. 2a). Because of the source symmetry, the thermal expansion leads to a 
bipolar stress field. If the source symmetry is broken (Fig. 2b), then the dissymmetric 
thermal gradient leads to a quasi unipolar stress field. With this dissymmetric source, S-
waves are generated in the direction normal to the surface, along axis Z (at epicenter). 
Fig. 2c shows a simple arrangement for generating a dissymmetric thermal gradient 
with a very sharp edge and one side and a smooth edge on the other.  For best result, a 
computer generated diffractive element could be used to generate the optimal intensity 
profile. The generation laser (pulsed NdYAG , λ=1.06µm) used for the demonstration is 
highly-multimode and includes some hot spots. Because of the not very smooth beam 
profile, the generation spot shown Fig. 2c still induces a strong temperature gradient of 
the curved tail edge, acting as a secondary (parasitic) ultrasonic source.  The ultrasonic 
“ghost” signal due to the curved tail edge contribution can be easily separated from the 
signal of interest because it different arrival time.  
 

 
Figure 2. Acoustic source formed by: A - a symmetrical illumination (bipolar) and B - an asymmetrical 

illumination (Unipolar); and  C - Setup used for generating  asymmetrical  illumination. 
 
 

3.2 Source directivity 
 
The source directivities calculated for bipolar stresses and for unipolar stress [5] are 
shown Fig. 3, for both P-wave and S-wave. Fig. 4 shows the directivity measured on a 
half-cylinder of aluminum (∅10cm), at 5MHz, for the asymmetrical source shown Fig. 



  

2c and for a line focused, symmetrical source. Both sources were in the thermoelastic 
regime. The P-wave radiation patterns are very similar, with maximum around 60o 
incidence for both sources, the bipolar source being a little more directive. For both 
sources, The S-wave radiation patterns have maximum near 30o incidence. As expected, 
the main difference is at normal incidence, where the unipolar source generates a strong 
S-wave and the bipolar source generates no S-wave. 
 

 
Figure 3. Directivity for S-wave and P-wave calculated assuming: A - Bipolar stress field; B - Unipolar 

stress field.  
 

 
Figure 4. Directivity measured for the symmetrical source (Bipolar) and the asymmetrical source 

(Unipolar) for: A -  P-waves; B - S-waves.  
 

 

3.3 Ultrasonic bulk waveforms in plates 
 
Through-transmission measurements are carried out on aluminum plate, 7.9mm thick. 
The 2-component interferometer described below is used to measure the in-plane and 
out-of-plane displacement over a [1MHz to 20MHz] bandwidth. Fig. 5 shows the three 
components of the surface displacement generated by the asymmetrical source and 
measured at the epicenter (centered on the sharp edge). As expected, we see a strong in-
plane displacement corresponding to the on-axis S-wave arrivals. We used the following 
notation: S - direct transmitted S-wave, P - direct transmitted P-wave, SSS - 1st reflected 
S-wave (3 thicknesses) and SPS - converted wave. The in-plane displacement is mostly 
in the horizontal plane due to the symmetry of the source. The S-wave generated by the 
unipolar source corresponds to the sharp negative pulse (arriving at 2.5µs). The smaller 
and not as sharp positive pulse arriving later (at 2.85µs) corresponds to the parasitic 
effect from the curved tail edge.   
 

Finally, 2-component B-scans are recorded by moving the detection off epicenter (Fig. 
6). The horizontal axis is the time and for each scan position the ultrasonic signal 
amplitude is display as a grey scale. Black color corresponds to negative displacement 
and white color corresponds to positive displacement. E -> indicates the position at 
epicenter. EG -> indicates the position centered on the curved tail edge, responsible for 
the “ghosts”. The in-plane vertical displacement was not recorded because it does not 
carry any valuable information for this configuration.  Fig. 6a and Fig. 6c correspond to 
a line-focused (bipolar) source and Fig. 6c and Fig. 6d correspond to the unipolar 



  

source. The results are well in agreement with the bipolar and unipolar assumptions. For 
the unipolar source, the in-plane displacement direction does not change with the sign of 
the incidence angle. At the opposite, for the bipolar source, the in-plane displacement 
direction depends on the sign of the incidence angle and cancelled out at the epicenter. 
The ghost arrivals for the unipolar source, due to curved tail edge, are clearly visible. 
 

 
Figure 5. The 3 components of the ultrasonic displacements generated by the unipolar source and detected 

at the epicenter, on a 7.9mm thick aluminum plate. 
 

 
Figure 6. In-plane and out-of-plane B-scans after transmission through a 7.9mm thick aluminum plate. 

Out-of-plane displacement for A - Bipolar source and B - Unipolar source. In-plane displacement for C - 
Bipolar source and D - Unipolar source. 

 
4.  Defect detection in aluminum sheet 
 

Analysis of mode conversion of Lamb waves is a very powerful tool for damage 
detection and characterization in plates. At low frequencies only one symmetric mode 
S0 and one antisymmetric mode A0 coexist. The S0 is predominantly an in-plane mode, 
while A0 is mostly out-of-plane. Fig. 7a and Fig 7b show the In-plane and out-of-plane 
displacements detected in a 1mm thin aluminum sheet, with line-focused laser 
generation and propagation distance = 50mm. The signals were low-pass filtered with 
cut-off frequency set at 1MHz, in order to only visualize the S0 and A0 modes. When a 
defect (impact) is introduced, the mode-converted wave caused by the defect is clearly 



  

visible on the in-plane displacement (before the A0 arrival), but not for the out-of-plane 
displacement.  
 

 
Figure 7.  Low-frequency in-plane and out-of-plane displacements measured on a 1mm thin aluminum 

plate: A - and B - without defect; C - and D - with impact defect.     
 
5.  Conclusions 
 

We have presented a compact optical arrangement which takes advantage of the large 
optical étendue of TWM interferometer for measuring simultaneously the out-of-plane 
and in-plane ultrasonic displacements. The measurement accuracy for the in-plane 
displacement increases for collecting optic with higher numerical aperture and with 
increasing number of detector elements used for sampling the collected beam. 
Demonstration of the potential for NDE applications is shown with the detection of 
defect in a thin plate. The defect signature is strongly visible with the in-plane 
component but not with the “conventional” out-of-plane component of the surface 
displacement. Finally, we have also presented an optical arrangement for improved 
thermoelastic generation of shear-waves, generating strong shear waves in the direction 
normal to the sample surface.  Combining this improved thermoelastic generation with 
the compact 2-component interferometer opens up many possibilities for non-
destructive, remote, shear-wave NDE inspection.  
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