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ABSTRACT 

A photoacoustic (PA) imaging apparatus using a laser line-focus beam (LFB) was designed to perform rapid inspection 
and photoacoustic tomographic (PAT) imaging of surface and undersurface defects. 2D-PAT imaging of surface and 
undersurface defects was demonstrated based on a formulation similar to the X-ray tomography. The obtained PAT 
images represented forward-projected PA signals collected along the LFB. The reconstructed images were in close 
agreement with those obtained from laser point-focus beam (PFB) PA imaging. We achieved rapid non-destructive in- 
spection of a surface-simulated defect using a LFB. The reconstructed PA image of the undersurface defect was consis- 
tent with that obtained by a plane-thermal wave diffraction model. 
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1. Introduction 

The photoacoustic microscope (PAM) is a useful tool for 
non-destructive imaging [1-3] and quantitative measure- 
ments [4] of surface defects in solid specimens. Previ- 
ously, the use of a line-focus laser beam for inspecting 
welded metal plates by photoacoustic (PA) imaging was 
proposed [5]. The advantages of quick inspection by a 
line focus beam (LFB) were previously demonstrated in 
photothermal reflection [6]. 

The invention of X-ray computed tomography (CT) [7] 
introduced the inverse problem [8] to imaging. It has 
been applied in photoacoustic imaging as thermal-wave 
or photoacoustic tomography (PAT) through the 1990s 
and early 2000s using a point-focus laser beam by sev- 
eral groups [9-14]. The PAT technique was developed 
primarily for time-domain 3D imaging in liquids [15-17], 
such as in medicine [18]. A general theory for PAT [19] 
and a review paper on the PAT inverse problem [20] 
have been published. However, tomographic algorithms 
for surfaces perpendicular to the direction of laser beam 
propagation have not been investigated until now. 

Recently, we found an equivalence between X-ray CT 

and 2D-PAT using a LFB [21,22]. Here we formulate the 
PAT theory for surface and undersurface defects simu- 
lated on a plane metal specimen from a fundamental 
viewpoint [23]. Measurements using a LFB can shorten 
the inspection time while keeping the resolution similar 
to that of a point-focus beam. In addition, pattern match- 
ing can be performed to compare with a known image of 
the defect. We studied PAT imaging of surface and un- 
der surface defects with LFB laser irradiation theoreti- 
cally, performed it experimentally, and then created a 
reconstruction. Finally, we compared the reconstructed 
image of an undersurface defect with that obtained in a 
conventional PA imaging system using a point-focus 
laser beam. 

2. Basic Principles 

2.1. Surface Defect Imaging with LFB and Its  
Equivalence to X-Ray Computed  
Tomography (CT) 

For both light and X-rays, Lambert-Beer’s law 

 0 expI I  L                   (1) 

holds, where L, α, 0I  and I are the specimen length and *Corresponding author. 
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absorption coefficient, and radiation incident and trans- 
mitted intensities, respectively. If we divide the absorp- 
tion distribution along the path into small cells, the total 
absorption along the line is the sum of the absorption 
coefficients. This is the basic principle of X-ray CT. 

In X-ray CT [7], the distribution of the X-ray absorp- 
tion coefficient  , f x y  is related to a measured quan- 
tity, called the “forward projection” (also called the 
“Radon transform” [7,13]). This is defined as the sum of 
absorption coefficients along the propagation line. It is a 
function of the inclination angle θ and scanning step X 
along an axis inclined from the X-axis, as shown in Fig- 
ure 1. 

     , cos sin d dg X f x y x y X x       y   (2) 

The 1D Fourier transform of the forward projection is 
defined as 

   ,F w g X    F             (3) 

where the parameter w is the 1D Fourier transform of the 
forward scanned step X. The distribution of the X-ray 
absorption coefficient  , f x y  is reconstructed from 

 

   
π

0

,

, exp i2π cos sin d d

f x y

F w w w x y w  





   

 
  


 

(4) 

This process, which recovers the original distribution, 
is called the “inverse Radon transform” [7,24]. 

In photoacoustic spectroscopy, the PA signal in 
opaque solids (including metals) is generally propor- 
tional to the product of the absorption coefficient α of the 
specimen (assuming that the surface defect is an equiva- 
lent surface absorber) and laser intensity I0, and in- 
versely proportional to the modulation frequency f. Then, 
the obtained signal for the PAT, in which the laser LFB 
is focused on the specimen surface and the PA signal is 
forward-projected over the specimen surface along a 
LFB, is 

 

   0

,

, cos sin d
LFB

V X

I
dx y x y X x

f



       y
   (5) 

where summation is along the LFB. 
In photoacoustic imaging, it is known that the obtained 

PA amplitude and phase images  ,A X  and  , X   
led together as a form of (6) [1,25], therefore the  

PA amplitude and phase images  ,A X  and  , X   
 from the PAT measurement are related to the 

forward projection (2) as 
obtained

    , exp i , g X A X X               (6) 

There is no need to take the logarithm of the output 
X-ray intensity as in X-ray CT. The obtained set of PA 
amplitude and phase signals itself is a forward projection. 
The equivalence between 2D-PAT and X-ray CT is 
shown schematically in Figure 2. 

2.2. Undersurface PAT Imaging 

In photoacoustic (PA) imaging of undersurface defects, 
periodic thermal diffusion in a solid should be considered. 
It is governed by the Green’s function Equation [1] 

    2 2; ;G G       r r r r r r         (7) 

where the complex parameter σ is defined in terms of the 
thermal conductivity σ, density ρ, heat capacity c, and 
modulation frequency f as 

2

2 i2π 1 icf
 

 
   

 
             (8) 

where μ is the thermal diffusion length. The Green’s 
function in free space is the spherical wave with complex 
wave number σ 

 
exp

; .
4π

G
    



r r
r r

r r
           (9) 

When a condenser microphone is used as the detector 
in undersurface imaging, it will collect all sounds gener- 
ated over the whole specimen surface by the thermal 
wave diffracted at the undersurface defect. By the recip- 
rocal property of the Green’s function 

   ; ;G G , r r r r  

In photoacoustic (PA) imaging with a condenser mi- 
crophone by a point-source laser beam is equivalent to 
single-point detection of the plane thermal wave gener- 
ated from the whole surface that is diffracted from the 
undersurface defect [2]. 

Hence PA imaging with LFB excitation and condenser 
microphone detection is equivalent to collecting the PA 
signal along a laser beam line, which is generated by a 
diffracted plane thermal wave at the undersurface defect 
located at a depth δ. As a result, the detected PA signal 
generated by LFB laser irradiation is described by (see 
Equation (10) below):  are coup

 

   
   

   
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Figure 1. The forward projection process. 
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Figure 2. Equivalence between 2D PAT and X-ray CT. 
 
where X and θ are the step position and inclination angle, 
respectively. In Equation (10), integration is performed 
along all  ,x y  points on the LFB. A plane wave di

ction formula [26] along all  ,
f- 

afr x y  points on the LFB. 



A plane wave diffraction formula [26] is assumed in the 
derivation of (10). 

We rewrite (10) as 

  , , d d
LFB

V X f x y x y              (11) 

The function  ,f x
tegral in the bracket 

y  
in (

is defined as the second term 
in 10) 

 

   

   

2 2 2

2 2

ex x x y y

2
Defect_aperture

,

p
d d

f x y

x y
x x y y





          
    

(12) 

It represents the complex PA image, obtained using a
point-focus laser beam. Its summation along a LFB is the 
PAT image. 

Comparison of (11) with (5) for surface defects sh
th

e inverse-Radon transform algorithm [7]. 

3. Experimental Setup 

The basic experimental set up is shown in Fi
hardware and software for the photo acoustic micro- 
scope (PAM) is similar to that described elsewhere [27]. 
A

- 

o- 

 
 

 

ows 
at the PAT image of the undersurface defect with a 

LFB is back-projected and reconstructed as a PA image 
corresponding to that obtained with a point focus beam 
using the sam

gure 3. The 

 second harmonic green laser beam (532 nm) of a 
LD-pumped YAG laser was expanded and focused on a 
specimen by concave-convex and cylindrical lenses, re- 
spectively. Mechanical rotating and stepping stages, con- 
trolled by a computer, were used to rotate and translate 

en surface for rapid inspecthe laser beam on the specim
tion and CT scanning. 

The control software for the laser was written using 
LabVIEWTM (National Instruments). The laser angle was 
set to 90˚ for inspection in the vertical and horizontal (2 
scans) or 45˚ for inspection in the vertical, horizontal and 
extra two diagonal directions (4 scans). 

The specimen was prepared using an aluminum plate 
with a thickness of 2 mm. A commercial paint with a 
radiative coefficient of 0.94 was sprayed on the alumi 
num plate in the shape of a cross as the blackbody ab- 
sorber. The lengths and widths of each arm of the cross 
were 4 mm, to modulate the absorption coefficient on the 
specimen surface. A 32.5 × 32.5 mm2 aluminum plate of 
thickness 2.0 mm was used as the metal specimen. At the 
center of its lower surface, a slit-shaped, 1.7 mm deep 
groove of area 18 × 2 mm2 was added, to make a 
small-depth shallow undersurface defect with a thickness 
of 0.3 mm depth. The surface and undersurface speci- 
mens are shown in Figures 4(a) and (b), respectively. 

Because the blackbody paint absorbed the laser beam 
at the surface, the simulated surface defect became a 
near-ideal surface line heat source. As shown in la-ser- 
generated ultrasound studies [28,29], a fundamental fre- 
quency doubled YAG laser is reflected more than 90% at 
the aluminum metal surface, with the remaining 10% 
absorbed by the surface. We therefore also assumed that 
a line heat source was generated in the undersurface de- 
fect case. Thus, a surface line heat source existed for 
both surface and undersurface defects, and CT alg
rithms along the specimen surface were valid. 
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Figure 3. Basic experimental set up. 
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Figure 4. (a) Simulated surface defect; (b) Simulated un- 
der surface defect. 

4. Experimental Results and Discussions 

4.1. Rapid Inspection Using LFB 

In the non-destructive evaluation (NDE) of undersurface 
defects or specimens such as welded plates, PA measure 
ment by a laser LFB can provide macroscopic i
mation on the  internal status of the specimen quicker 
than that by a PFB [10]. During rapid pattern-matching 
inspection by a LFB that scans in the horizontal and 
vertical only, the measure t time for 65 steps was 1 

rward-projected image with 65 steps 
along 65 directions was 4 min, 37 s (277 s). Thus, about 

mp- 

d for the PAM 

(169 s). The times needed for PAT and PAM measure- 

quencies for surface and 
un

 The modulation frequencies for 
rface defect measurements were 

urements for corresponding resolution. 
(a) PAT; (b) PAM. nfor- 

men
min, 22 s (82 s). In comparison, the time needed to 
acquire a PAT fo

a three-fold more rapid inspection was achieved co
ared with the PAT inspection. 

For comparison, the time require
measurement using a 65 × 65-step scan is 1 h, 16 min, 39 
s (4599 s). The measurement time was thus about 56 
times that needed for the PA LFB. Even with diagonal 
scans added, the time needed for 4 (vertical, horizontal 
and two diagonal) scans with 65 steps was 2 min, 49 s 

ments at different resolutions are summarized in Table 1. 

4.2. PAT Operation 

In the PAT measurements for the simulated surface and 
undersurface specimens, the power and size of the laser 
beam on the specimen was 30 mW and 25 mm at 650 µm, 
respectively. The modulation fre

dersurface defect measurements were 390 and 30 Hz, 
respectively. The measured area was 27 × 27, while the 
reconstructed area was 18 × 18 mm2. The rotation and 
translation steps were 1.8˚ (π/100) and 270 µm (27 
mm/100), respectively. The measurement time was 87 
min. The laser beam was uniform to within 5%. 

To compare the image resolution, a point-focus laser 
beam with a power and spot size of 80 mW and 30 µm, 
respectively, was used.
the surface and undersu
the same as for the PAT measurements. The resolution 
was 100 × 100 pixels, which was set equal to that of the 
PAT measurement. 

The translation steps were 270 µm (27 mm/100) in 
both the x and y directions. The measurement time in this 
case was 135 min. 

4.2.1. Surface Defect Imaging Using PAT 
PAT measurements were performed and the obtained PA 
amplitude image obtained as a function of step X (or- 
dinate) and inclination angle (abscissa), as shown in 
Figure 5. When the inclination angle was zero (at 90 and 
180˚), signals were maximum at the center (X = 0), as 
expected. However, when θ = 45˚, the PA signal had two 
peaks. This occurred because the LFB overlap was 
maximal when it coincided on the diagonals of two 
adjacent cross arms. 
 
Table 1. Times needed for PAT measurements for resolu- 
tion combination (translation steps versus angle steps) and 
those of PAM meas

(a) 

Resolution (X) 
 

65 100 

2 82 s 107 s 

4 169 s 211 s 

65 2677 s  
Resolution (Y) 

100  5197 s 

(b) 

Resolution (X-Y) 
 

65 100 

65 4599 s  

100  7259 s 
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Figure 5. Obtained tomographic amplitude image for simulated surface defect, f = 390 Hz, P = 30 mW. 
 

We reconstructed the absorption distribution by cal- 
culating the 1D Fourier transform of the forward pro- 
jection and step X with respect to the variable X, using (7) 
and (8), and then calculating the inverse Fourier trans- 
form (9) using the MATLAB software. Previously, the 
backward projection procedure (table lookup, inter- 
polation a
erformed manually using the standard inverse-Radon 

T 
A

 experiment, changing the 
thermal diffusion length (see Equation (8)) and modu-  

nd summation over the angle θ) had been 
9

p
transform.15) We used the inverse-Radon transform 
software included in the “Image Processing Toolbox” of 
MATLAB for image reconstruction, and the utility soft- 
ware “Origin” to plot the calculated data. The recon- 
structed image is shown in Figure 6. For comparison, we 
also performed PAM measurements with a point-focus 
laser beam. The result is shown in Figure 7. 

The shape of the reconstructed image is similar to the 
original absorption distribution (cross). However, the 
resolution of the reconstructed image is lower than that 
of the PAM image. Making the laser beam distribution 
uniform and improving the reconstruction software are 
problems for future research. 

4.2.2. Undersurface Defect Imaging with PA
mplitude and phase images obtained by PAT of 

simulated undersurface defects measured at 30 Hz are 
shown in Figures 8(a) and (b), respectively. The recon- 
structed or backward-projected amplitude and phase 
images are shown in Figures 9(a) and (b), respectively.  

In the undersurface defect
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Figure 6. Reconstructed image. Measured area: 27 × 27 
mm/calculated area: 18 × 18 mm. 
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Figure 7. Photoacoustic amplitude image for simulated sur- 
face defects obtained using a PFB with the same apparatus, 
f = 390 Hz, P = 80 mW. 
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lation frequency for a fixed distance between the surface 
nd top of undersurface defect corresponded to changing 

the optical wavelength, but not the slit size or distance 
from the diffraction slit to the observation point. 

The simulation was performed by dividing the slit- 
shaped undersurface defect into 73 × 9 points. It was 
assumed that spherical waves were emitted towards the 
detection surface from each point. Simulated amplitude 
and phase images are shown in Figures 10(a) and (b), 
respectively. The reconstructed images agreed with the 
simulated images calculated by the method described 
above. 

For comparison, we performed conventional PAM 
imaging of the undersurface defect using a point-focus 

in Figures 11(a) and (b), respect- 

a

laser beam at a modulation frequency of 30 Hz. The 
PAM amplitude and phase images of the specimen were 
taken. They are shown 
tively. 

5. Conclusion 

In conclusion, we have designed and constructed an PA 
apparatus with a LFB which can work both PAT imaging 
apparatus and a rapid inspection tool with a limited 
number of scanning for the surface and undersurface 
defects. We present a unified theoretical formulation of  
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Figure 9. Reconstructed (a) amplitude (upper) and (b) 
phase (lower) images. 
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Figure 8. (a) Obtained tomographic amplitude (upper) and 
(b) Phase (lower) images for simulated undersurface defect, 
f = 30 Hz, P = 30 mW. 

 
(b) 

Figure 10. (a) Simulated amplitude (upper) and (b) phase 
(lower) images. 
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Figure 11. (a) Photoacoustic amplitude image for laser 
simulated undersurface defect obtained using a point-focus 
beam and the same apparatus (upper); (b) Corresponding 
phase image (lower) for f = 30 Hz, P = 80 mW. 
 
PAT with LFB for both simulated surface and under- 
surface defects. Performing PAT experiments for the 
defects, it was found that the reconstructed images had 
high fidelity in terms of the apparatus and a rapi
spection tool with a limited number of scanning for the
surface and undersurface defects. We present a unified 
theoretical formulation of PAT with LFB for both simu- 
lated surface and undersurface defects. Performing 
experiments for the defects, it was found that the re- 
constructed images had hi s of the ab- 
sorption distribution and defect shape. They also agreed
closely with measurements performed using a p
focus PAM and images calculated using an optical m
for thermal wave diffraction. 
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