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Abstract
Laser-ultrasonics as well as photoacoustic imaging use optically generated acoustic waves detected at the
sample surface to image its interior. In laser-ultrasonics, a laser pulse is absorbed at the sample surface
generating an ultrasound pulse that propagates into the sample, is reflected at internal structures, and is
detected at the surface. In photoacoustic imaging, the source of the ultrasound wave is the investigated
structure inside of an optical semitransparent sample itself. The goal in photoacoustic imaging is to
recover the spatial distribution of absorbed energy density inside the sample from the acoustic pressure
signals measured outside the sample (photoacoustic inverse problem). Fourier reconstruction is based on
the decomposition into plane waves and is a fast and efficient method used in photoacoustic imaging.
Interpolation is needed when signal Fourier components are mapped to source Fourier components. We
have shown that the synthetic aperture focusing technique (SAFT) in frequency domain, which needs no
interpolation, and the Fourier reconstruction method are mathematically equivalent if the step size of the
spatial discretization goes to zero. Both imaging methods are compared using simulated data and
measurement data acquired with our interferometer set-up.
Keywords: Laser ultrasound, photoacoustic imaging, frequency domain, Fourier reconstruction, synthetic
aperture focusing technique (SAFT)

1. Introduction
Depending on where the conversion of optical into acoustic energy takes place,
photoacoustic and laser ultrasound imaging modalities are distinguished. In
Photoacoustic Imaging the source of ultrasound waves is the investigated structure
inside of an optical semitransparent sample itself. The waves are generated by heating
of light-absorbing structures within the object after illumination with a short laser pulse.
If the laser pulse duration is shorter than the period of time that an acoustic wave needs
to traverse such an absorbing structure (“stress confinement”) and if the thermal
conductivity can be neglected during pulse time (“thermal confinement”), the thermal
expansion leads to an efficient generation of a sound wave. This wave carries
information about size, location and optical properties of the structure to the surface of
the object where it is detected by broadband acoustic detectors. As described in the
Introduction, for short laser pulses thermal waves can be neglected and only acoustic
waves are used for imaging. This technique has been intensively investigated in the
recent years [1].
The success of photoacoustic methods in biomedical imaging is based on the high
optical contrast of some tissue constituents, such as blood vessels, compared to the
surrounding tissue. Due to the strong light scattering in tissue, purely optical methods
can only generate high resolution images of tissue to a depth where the light becomes
diffuse (the diffusion length). Photoacoustic Imaging, on the other hand, uses the

coupling of the diffusely distributed optical energy into ultrasound waves, which
propagate with only minimal scattering and allows therefore the generation of high
contrast and high resolution images from areas beyond the light diffusion length.
Two modes of image formation exist in Photoacoustic Imaging, depending on the
characteristics of the ultrasound detectors. Unfocused detectors with wide acceptance
angle measuring signals from different directions around the object are used to
reconstruct images with tomographic algorithms (PAT) or a focused detector is scanned
across the surface of the object and the received signals are treated similar to amplitude
scans in conventional ultrasound imaging (PAM).
In Laser Ultrasonics, a laser pulse is absorbed at the surface of the sample under
investigation generating an ultrasound pulse that propagates into the sample. Waves
reflected at structures with acoustic mismatch to the surrounding material or waves
passing the sample are measured e.g. with a piezoelectric detector or by utilizing an
optical, usually interferometric, technique. This method is therefore closely related to
conventional ultrasound imaging, but takes advantage of the broad bandwidth of lasergenerated ultrasound waves. Because objects can be inspected completely contact-free,
the laser ultrasound technique has found widespread applications in materials testing. It
has been suggested to modify the laser ultrasound technique for low absorbing samples
by using an absorbing target near the tissue surface for ultrasound generation [2,3].
Table 1. Photoacoustic Imaging versus Laser Ultrasonics

Photoacoustic
Imaging
Laser Ultrasonics

Optical absorption of sample
Varying absorption
coefficient determines
contrast
High absorption, therefore
acoustic wave is generated at
the sample surface

Acoustic impedance of sample
Assumed to be constant (at
least in most publications)
Contrast is determined by the
varying acoustic impedance

In Photoacoustic Imaging it is assumed that the acoustic wave is generated inside the
sample by thermoelastic expansion. In Laser Ultrasonics it is assumed that the pulse of
electromagnetic radiation is absorbed at the surface of the sample and imaging is
performed in pulse-echo mode like in conventional ultrasound imaging. The
propagation of this acoustic wave will be influenced by acoustic heterogeneities, e.g.
reflection on interfaces in the sample. Photoacoustic Imaging and Laser Ultrasonics are
two special cases in this generalized frame (see Table 1). The information gained by
both methods is complementary [4,5,6] and thus the combination is more accurate than
using just one method.

2. Frequency domain and F-SAFT reconstruction
A point like detector measures signals from all parts of
the illuminated volume. The measured pressure signal
at the detector at given time t is the integral over the
surface of a sphere with radius ct if the sound velocity c
is constant. The detection surface is the surface formed
by the receiver array or the surface over which a single
receiver is scanned during signal acquisition (Figure 1).
For image reconstruction tomographical methods like
spherical back-projection can be used. In the case of
point like detectors, only for spherical, cylindrical, and
planar detection surfaces exact inversion formulas have
been reported: either in the frequency-domain
[7,8,9,10] or in the time-domain [11,12,13].

c·t
detection
surface detector

Short laser pulses absorbed in a semitransparent object
generate an initial pressure distribution p0 (r ) = Γ ⋅W (r )
proportional to the volumetric density W (r ) of the
locally absorbed electromagnetic energy and the
Grüneisen-parameter Γ . The induced pressure field at
position r and time t is denoted by p (r, t ) and solves
the inhomogeneous wave equation with a temporal Dirac delta function as source term
[14]:
Figure 1. The detection surface is
the surface formed by the receiver
array of point like detectors or the
surface over which a single
receiver is scanned during signal
acquisition.
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where ∆ is the Laplacian operator with respect to the r coordinates and c is the sound

velocity. The inverse photoacoustic problem is to reconstruct the initial pressure
distribution p0 from a set of data p (rS , t ) measured with detectors at positions rS on a
detection surface S outside the object (Figure 1). The forward problem, the calculation
of the pressure wave from the initial pressure distribution, can be solved using the
Green’s function [15] in free space leading to the Poisson integral
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The first integral in Eq. (2) is a surface integral over a sphere with radius ct and center
rS ; it can be transformed into an integral over the solid angle, where dΩ = dS (ct ) 2 is
the solid angle element with respect to the center rS .
One image reconstruction method for a planar detection surface is the Fourier
reconstruction, which is based on the decomposition into plane waves. It is a fast and
efficient method used in photoacoustic imaging [14, 8]. In this section we show that this
Fourier reconstruction and the synthetic aperture focusing technique (SAFT) in
frequency domain (F-SAFT) are mathematically equivalent if the step size of the spatial
discretization goes to zero. For simplicity the following equations are given in two
dimensions (2D) – the 3D equations follow straight forward:

(
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The measurements p(x,y=const.,t) at a line with constant y can be spatially Fourier
transformed (variable x) and Cosinus transformed in time – this gives the auxiliary
function A(kx,x,ω):
ik y
A(k x , y , ω ) ≡ ∫∫ p ( x, y , t ) cos(ωt ) e −ik x x e y dxdt
(4)
Using relation (3) the frequency ω can be replaced by the space frequency ky, which
leads to the desired Fourier transform P(kx, ky):
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Here we use that the initial pressure distribution is confined in the half space with y>0
and therefore P (k x , k y < 0) = 0 .

Figure 2. Schematic of the laserultrasonic inspection technique
collecting a 2-D array of
ultrasonic signals at the sample
surface for its use with SAFT
[16]. In Photoacoustic Imaging,
the acoustic wave is directly
generated at the inclusion C and
has to propagate only one way
from the inclusion to the detection
point at the surface (M1, M2, …).

The frequency domain reconstruction is exact, if the
scan length along the x-axis is infinite (e.g. the whole
line y=0). Then from the measured p(x,y=0,t) the
auxiliary function A can be calculated, eq. (5) can be
used (with y=0) to calculate P (k x , k y ) , and the inverse
Fourier transform gives the initial pressure distribution
p0 .

The F-SAFT algorithm has been applied to Laser
Ultrasonics [16] and the imaging problem is the same
as for Photoacoustic Imaging. Only the sound speed in
Laser Ultrasonics has to be divided by a factor of two
because the wave is generated at the sample surface,
propagates to the image point (where e.g. the sample
contains an inclusion), and again back to the surface,
where it is detected. In Photoacoustic Imaging, the
acoustic wave is directly generated at an inclusion and has to propagate only one way
from the inclusion to the detection point at the surface (Figure 2). The F-SAFT
algorithm can be also directly derived from eq. (5):
+ iyk
A(k x , y , ω ) = e y A(k x , y = 0, ω )
(6)
The transformed field A is back-propagated to any depth y using eq. (6). Also the FSAFT algorithm gives only an exact reconstruction if the scan length along the x-axis is
infinite. Both reconstruction algorithms are sketched in Figure 3.
To test both reconstruction methods with a finite scan length and a finite number of
detection points (N=300) we performed the following simulation. The source in this 2D
simulation is a Gaussian shaped peak.
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p(x,y=0,t)

p0(x,y)

p(x,y=0,t)

p0(x,y)

ω = c k x2 + k y2
FT
P=

A(kx,ω)

4c 2 k y

ω

ω
FT ⋅ exp(iy ( ) 2 − k x2 )

-1

FT

A

A(kx,y=0,ω)

c

FT-1, t=0
A(kx,y,ω)

P(kx,ky)

Figure 3. left: Frequency domain; right: F-SAFT reconstruction.

The reconstruction using the finite scan data along the x-axis is shown in Figure 4a and
4b together with the corresponding 2D spectrum in Figure 4c. It can be clearly seen that
the resolution in x direction is worse than in y direction. This is a result of the missing
information in frequency space, where a large wedge shaped area near the kx axis
contains no data.
(a)

(b)

(c)

Figure 4. (a) Frequency domain, (b) F-SAFT
reconstruction , (c) together with the
corresponding 2D spectrum.

For frequency-domain reconstruction with discrete
data points interpolation is needed when signal
Fourier components are mapped to source Fourier
components according to eq. (5) (see Figure 5). This
interpolation can be avoided using nonequidistant fast
Fourier transform (NFFT) or the artifacts caused by
this interpolation can be minimized using a truncated
regularized inverse k-space interpolation, as recently
shown by Jaeger et al. [17]. F-SAFT needs no such
interpolation, therefore those artifacts are reduced.
Therefore more calculation time is needed (inverse FT
is needed for every depth y).

3. L – reconstruction
In order to fill the frequency space with the missing
data either the scan line along the x-axis has to be
extended considerably, or a second scan perpendicular
to the first one, along the y-axis can be used. The
reconstruction resulting from the second scan is
shown in Figure 6c, its Fourier transform in Figure 6d.
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Figure 5. Frequency domain
reconstruction: for discrete data
points interpolation is needed
when signal Fourier components
are mapped to source Fourier
components according to eq. (5).
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Figure 6. Simulated PAT: (a) Reconstruction using data in Fig. 4, (b) amplitude of the Fourier transform of the
reconstructed image. (c) Reconstruction from a scan along the y-axis at x = 0, (d) corresponding Fourier transform.
(e) L-reconstruction obtained by adding the images in (a) and (c). (f) Fourier transform of the L-reconstruction.

It can be seen that the information in frequency space of the two perpendicular scans is
complementary. The simplest way to complete the data is therefore just to add the two
Fourier transforms. This addition can be as well carried out in real space, resulting in
the reconstruction that is seen in Figure 6e. The reconstructed image of the sphere has

(f)

equally good resolution in all directions. Moreover, the artifacts in the reconstructions
of the individual scans, such as arcs outside the sphere and negative values (black areas
in (a) and (c)), have cancelled out each other in the combined reconstruction. The
improvement of the reconstruction is correlated with the filling of the frequency
domain, as can be seen in Figure 6f. Because the motion of the detector line has the
shape of an “L” we will refer to this algorithm as “L-reconstruction”.

4. Conclusions
Frequency domain and F-SAFT reconstruction both suffer from limited view. The
simplest way to improve frequency domain and F-SAFT reconstruction was to add two
images arising from two orthogonal linear scans. The rationale for this step was the
observation that in frequency space the information of the two scans appeared to be
complementary. Another obvious reason why the combined image must have higher
quality is the larger detection view.
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