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Abstract 

We present a laser ultrasonics setup for the adaptive shaping of light and sound fields. Many laser ultrasonics 
applications rely on non-Gaussian intensity distributions for the generation of acoustic modes like narrowband 
surface acoustic waves or convergent sound fields. Commonly, gratings, axicons and other fixed optical 
elements are used to this ends, so that adjustments require the switching or moving of components in the setup 
and fast and flexible changes are impossible. In this paper we demonstrate how this problem can be solved using 
a micro-electro-mechanical-systems-(MEMS)-based piston-type spatial light modulator while simultaneously 
compensating for the often ill-defined beam profiles of high-power multimode pulsed lasers. We apply this 
adaptive laser ultrasonics setup to the focusing of shear waves in aluminum which is promising for fast scanning 
flaw detection with high signal-to-noise-ration (SNR) without moving elements.  
 
Keywords: Spatial light modulators, Phase retrieval, Adaptive optics, Laser induced ultrasonics, Sound field 
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1.  Introduction 
 
In non-destructive testing, many laser ultrasonics inspection methods require special 
distributions of the ultrasound-generating light intensity, e.g. for the generation of narrowband 
surface acoustic waves by grating structures which can be achieved using crossing laser 
beams, lenticular lens arrays or masks [1]. The use of ring-shaped intensity distributions 
generated by axicons is also quite common for the generation of convergent sound fields [2]. 
Adjustments to these systems require switching between different components or the moving 
of optical elements, which is time-consuming, inaccurate and generally inflexible. A more 
convenient method of shaping the excitation laser is by using a spatial light modulator, which 
enables the generation of arbitrary intensity distributions so that the laser ultrasonics setup can 
quickly be adapted to the needs. In this paper we are using a phase-only piston micro mirror 
device with 48000 elements for the spatial shaping of the excitation as well as for the 
compensation of the ill-defined input laser beam of a frequency-doubled multimode pulsed 
Nd:YAG laser. Furthermore, we demonstrate the focusing of shear waves in a 3 mm thick 
aluminum sample by adaptively shaping the excitation into rings with varying diameter. 
 

2.  Generation of arbitrary excitation beams 

 

2.1 Setup 

 

The setup used for our experiments is displayed in figure 1 and consists of light from a pulsed 
Nd:YAG laser with 5 ns pulse duration, 70 mJ pulse energy and a repetition rate of 15 Hz 
being directed on a micro-mirror device fabricated by the Fraunhofer Institute for Photonic 
Micro Systems in Dresden, Germany. The modulator allows for pattern update rates of 
250 Hz and achieves phase-only modulation by varying the optical path length at each of the 
48000 pixels via a piston stroke, making this device inherently insensitive to the polarization 
of the light impinging on it. From the modulator the modulated light is directed onto the 3 mm 
thick aluminum sample or, via a beam sampler, onto a CCD camera located at the same 
distance from the modulator. (A 400 mm lens can be easily put into the camera’s beam path if 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

20
79

7



required by the beam shaping.) The half and quarter 
wave plates as well as the polarizing beam splitter 
ensure a maximum throughput of modulated light. 
The laser-generated ultrasound is detected at the back 
of the sample using a Polytec OFV 503 laser 
vibrometer with a frequency limit of 24 MHz. 

 

2.2 Beam shaping using phase retrieval 

 

The overall optical system can, in simple terms, be described by the algebraic equation 

0' HUU =  with 'U and 0U  being the laser field impinging on the sample and the unmodulated 

excitation laser, respectively while H describes the light propagation in the system. Knowing 
the desired output, one could simply invert H and calculate the required input to the system to 
achieve this. However, this requires the simultaneous modulation of both phase and amplitude 
of the input and is often impractical due to the experimental effort and loss of energy. We 
have therefore chosen the common approach of phase-only modulation which is almost as 
efficient in terms of diffraction and more efficient in terms of energy. The phase patterns for 
phase-only modulation can be calculated by the Gerchberg-Saxton algorithm [3] and the 
multitude of variants derived from it. In our work, we used this iterative phase retrieval 
algorithm for the calculation of phase patterns since it is quickly implemented, well 
documented and converges in a timely fashion. Figure 2 shows examples of the excitation 
laser being shaped into rings of 1 mm, 2 mm and 4 mm in diameter using this technique. 

 
Figure 2: Examples of the shaped excitation laser's intensity distribution. The ring diameters are 1 mm (left), 

2 mm (middle) and 4 mm (right). 
 

2.3 Compensation for arbitrary input 

 

The phase retrieval introduced in 2.2 requires information about the desired intensity 
distribution as well as the input intensity distribution. Often, a homogeneous illumination is 
assumed. This can be achieved by greatly expanding the beam impinging on the modulator 
which can be undesirable for various reasons: On one hand a high percentage of the incoming 
light gets lost since it does not hit the modulator surface, on the other hand simple expanding 
of the beam may not produce a homogeneous illumination when high-power multimode lasers 
with unclean beam profiles are used. In this case, the phase and intensity distribution of the 
laser beam on the modulator has to be determined. This can be done using a Hartmann-Shack 
wavefront sensor or by holography. However, the former offers only a low spatial resolution 
and the latter is experimentally quite challenging since only phase differences can be 
measured. Furthermore, both techniques require the alignment of the resulting data with the 
individual modulator pixels which is not easily done. We therefore use a further step of phase 
retrieval for the determination of phase and intensity on the modulator which was suggested 

Figure 1: Laser ultrasonics setup using a micro-mirror device for 
phase-only beam shaping. PBS…polarizing beam splitter; 
S…aluminum sample; M…mirror; LV…Laser Vibrometer 



in [4]. For this, several arbitrary phase masks are displayed with the modulator and the 
resulting modulated beam is recorded with the CCD camera. We used sinusoidal phase 
patterns for the reconstruction as we found this to greatly improve convergence. This 
complementary information from modulator and camera is again put into the Gerchberg-
Saxton algorithm and the phase and intensity on the modulator are thus reconstructed. Since 
only a camera is needed for this approach, it is experimentally quite simple and offers the 
benefit of the reconstructed data being readily aligned with the modulator, so that it can easily 
be incorporated into the phase retrieval described in 2.2. Furthermore, the reconstructed phase 
can be used to compensate for aberrations in the setup since the Gerchberg-Saxton algorithm 
assumes an unaberrated optical system. Figure 3 depicts the reconstructed information with 
the clearly visible multimode beam profile and phase aligned with the pixel grid of the 
modulator. 

 
Figure 3: Intensity (left) and phase distribution (right) of the Q-switched excitation laser reconstructed for the 

modulator plane and aligned with the modulator grid using the Gerchberg-Saxton algorithm. 

 

3.  Focusing of shear waves in aluminum 
 

To increase signal-to-noise-ratio for non-destructive testing one can exploit the directivity of 
shear waves generated in the thermoelastic regime. As depicted in figure 4, the ultrasound 
directivity of a point source mainly consists of two lobes at an angle which is dependent on 
the material’s Poisson ratio and has been measured to be 30° in aluminum [1]. Superposing 
the sound fields of two point sources results in an ultrasound focus at a depth depending on 
the distance between the excitation spots and the Poisson ration which we assume to be fixed. 
Therefore, changing the distance between the excitation points will result in an ultrasound 
focus at different depths. In 2 dimensions this results in point sources positioned on a ring and 
allows the excitation with larger pulse energies since the energy is spread to a wider area. 
Usually this experiment can be performed using an axicon. Changing the ring radius, 
however, not only requires the slow shifting of the axicon but is also susceptible to shifting 
the center of the ring and to uncertainties in the adjustment of ring diameter and width. 

 

Figure 4: Principle of focusing thermoelastically 
generated shear waves. A laser-generated point source 
exhibits an angled ultrasound directivity with the 
angle depending on the material's Poisson ratio. The 
sound fields of point sources situated on a ring overlap 
in a common volume to create a focus. 

 
We used our setup depicted in figure 1 to generate ring-shaped excitation beams with a width 
of 250 µm and diameters ranging from 1 mm to 10 mm to scan an ultrasound focus through a 
3 mm thick aluminum sample. The pulse energy was set to 880 µJ which results in fluences 
ranging from 0.012 J/cm2 to 0.15 J/cm2. Since no elements are moved, all rings have a 
common center point and well-defined diameter and width with positioning uncertainties 



arising only from the pointing stability of the laser, which was found to be of negligible 
influence in our setup. 
We observed the focused ultrasound field at the back of the aluminum sample at the center of 
the excitation ring. The maximum displacement normalized to the fluence in dependence of 
the excitation ring diameter is displayed in figure 5.to the left. We observed a maximum in 
ultrasound amplitude for a ring diameter of 4 mm, which corresponds to a directivity angle of 
34° and thus agrees well with values reported in literature. Furthermore, we were able to 
observe a width of the generated focus of 1.6 mm at most as depicted in figure 5 to the right. 

 
Figure 5: Left: Maximum ultrasound amplitude observed at the back of the aluminum sample in dependence of 
the excitation ring diameter. A maximum is observed for a diameter of 4 mm (directivity angle of 30°). Right: 

Using a line scan a focus width of at most 1.6 mm could be observed. 
 

4.  Conclusion and outlook 
 
We presented a flexible laser ultrasonics setup which uses a micro mirror spatial light 
modulator for the generation of arbitrary spatially modulated excitation patterns while 
simultaneously compensating for arbitrary input intensity and phase distributions by using 
two separate steps of phase retrieval. We demonstrated the capabilities of this method by 
focusing shear waves to a focus of 1.6 mm in an aluminum sample without the need of 
moving optical elements which is promising for a fast high-resolution material inspection 
with adaptive lateral and depth scanning. The ability to form almost any intensity distribution 
allows for the fusion of different ultrasonic measurements requiring different sound fields into 
one device including the investigation of biological tissue. 
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