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Abstract. A capacitive photopyroelectric tomographic technique to obtain photothermal images of 
cross-sections with subsurface defects of opaque solid samples is reported. Unlike the two-dimensional 
"projection" images obtained by conventional photothermal detection methods, a tomographic scan- 
ning sequence has been used for cross-sectional imaging of subsurface features. Ray-like propagation 
of thermal waves is assumed in reconstructing the images. Resolution of these tomographic images 
with multiple features is investigated. Sensitivity of this reconstruction method to the size and shape 
of a single subsurface defect is also discussed. 

PACS: 07.68, 81.70, 77.70 

Photothermal imaging has emerged as a useful technique 
for nondestructive evaluation (NDE) of subsurface features 
in opaque solids [1, 2] complementary to conventional tech- 
niques such as ultrasonic and X-ray inspection. Due to the 
heavily damped nature of thermal waves, this method is most 
suitable in detecting near-surface defects ranging from few 
micrometers to several millimeters. In thermal wave imaging 
a beam of energy (laser or electron beam), modulated at a 
certain frequency is focused and scanned across the sample 
surface. The resulting periodic heat flow in the material is 
a diffusive process, producing a periodic temperature distri- 
bution which is called a "thermal wave". These waves will 
reflect and scatter from features beneath the surface which 
have different thermal characteristics from their surround- 
ings. The signal detected due to these processes taking place 
at subsurface boundaries is a function of the relative posi- 
tion of the heat source and the detector. Also the amount 
of energy absorbed at the surface is determined by the sur- 
face properties which will vary from point to point on the 
surface. Several different detection methods [2] have been 
used to detect these thermal waves. Each method has its own 
advantages and disadvantages. 

Recently, a pyroelectric instrumentation [3, 4] using poly- 
vinylidene fluoride (PVDF) films electroded on one side 
only, and a remote metal tip capable of sampling the lo- 
cal thermal wave field value in the back of the sample [5] 
has been developed. This permits spatially resolved scans of 
this field. A photothermal image obtained using this method 
has been shown to be better resolved spatially than the same 
image obtained from a spatially integrated detection method 

(PVDF film electroded on both sides) [2, 6]. Since both mod- 
ulated heating source and detector pin are localized, and can 
be scanned independently, it is also possible to perform a 
limited angle tomographic scan using this instrument. Con- 
ventional photothermal images obtained from this and other 
photothermal methods are two-dimensional "projections" of 
subsurface features obtained in a two dimensional raster scan 
without regard to the actual depth position of scatterers. Al- 
though, work has been done in obtaining depth-resolved in- 
formation on subsurface features using an equivalent exper- 
imental technique [7] and Mirage effect scanning [8], these 
techniques have not been tomographically implemented. The 
frequency dependent penetration depth of thermal waves has 
also been utilized for depth profiling of layered [9] and con- 
tinuously inhomogeneous [10] samples. A method which uti- 
lizes the spectral cross-correlation technique to obtain the 
thermal impulse response has been succesfully used [11] to 
image different layers of materials. A time-domain (tran- 
sient) thermal pulse depth profiling technique akin to that 
utilized by Uejima etal. [11] has been used very recently 
and has been called "dynamic thermal tomography" [12]. 
Subsequently, this method combined with an IR camera has 
been used to form thermal wave slice images, which were 
called "tomograms" [13, 14]. 

Numerically searching the temporal peak of the reflected 
thermal waves from subsurface features on a pixel-by-pixel 
basis, these authors obtained a sequence of images of time 
(or depth) slices. This method is capable of revealing defects 
through subsurface slice imaging, only if the subsurface de- 
fects are not overlapping in the direction perpendicular to 
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the surface (the direction of heat propagation), and are em- 
bedded in an otherwise homogeneous material. This is so 
because, the temporal peak of the reflected thermal waves 
depends on the (generally locally varying) thermal diffusiv- 
ity of the material through which the thermal wave diffuses. 
Therefore, the image carries spatially convoluted informa- 
tion from the entire path which has been thermally traversed 
until the observation instant. Due to the fact that no spa- 
tial deconvolution (demultiplexing and reconstruction) takes 
place with "dynamic thermal tomography" and its imaging 
applications, it is not a proper tomographic methodology, 
but rather a very special usage of the word "tomography". It 
is well known that spatial deconvolution is an essential as- 
pect of the various tomographic techniques [15] (e.g., non- 
diffracting sources: X-ray, photon and positron emission; 
and diffracting sources: ultrasonic, microwave, optical etc.). 
Entirely analogous experimental procedures, based on the 
transient thermal response and the construction of thermal 
depth images from the intensity and the delay character- 
istics of the signal at a given instant, have been reported 
without a "tomographic" label [16]: Features appearing at 
a particular instant after the pulse corresponded to defects 
at a specific depth [13, 16]. The very special definition of 
the "dynamic thermal tomography" coined by Vavilov [12] 
and its derivative techniques has been actually discussed by 
the author himself, who has claimed that "it is impossible to 
use the viewing of solids under different space angles as in 
X-ray tomography, but the only solution is to investigate the 
time behavior of the temperature field". This is, indeed, the 
case with Vavilov's and related techniques, and earlier on 
with Uejima etal. 's  methods [11]. As an immediate conse- 
quence of their not being true tomographies, these spatially 
non-demultiplexing methodologies cannot be successful in 
resolving subsurface (defect) structures at different depths 
(z), which otherwise overlap in the (x, y) coordinates. It is 
important to point out that, in this context, the scanning tech- 
nique presented by Busse and Renk [7] is consistent with, 
and can lead to, true thermal wave tomography as it satisfies 
the criterion of the ability to spatially demultiplex the signal. 
On the other hand, the Mirage effect scanning [8] can yield 
a two-dimensional image upon demultiplexing in the (x, y) 
surface plane, which still remains a projection image with 
thermal-diffusion length limited, integrated depth informa- 
tion. Therefore, it is only partially tomographic, related to 
backprojection tomography. 

In a recent paper [17] we reported the preliminary work 
performed towards reconstructing an actual spatially demul- 
tiplexed thermal wave tomographic image using the pyro- 
electric detection instrumentation reported earlier [5]. Ray- 
like propagation of thermal waves was assumed [ 18] in order 
to demonstrate the possibility of thermal wave tomography. 
In [17] we followed the conventional nondiffracting tomo- 
graphic scanning method as in X-ray and positron emis- 
sion tomographies and the solid is viewed under different 
space angles, exactly what was claimed by Vavilov [12] to 
be impossible for thermal waves. Two aluminum samples of 
thickness 2 mm with a subsurface hole of diameter 1 mm and 
0.5 ram, respectively, were used in that experiment. It was 
observed that the position of the smaller hole is more ac- 
curately reproduced in this method of reconstruction. It was 
also observed that increasing modulation frequency tends 

to move the position of the hole towards the front surface 
from its actual position. This has been partially eliminated 
by averaging the two reconstructed images obtained from 
the data collected from both sides of the sample. In this pa- 
per we will continue to use the same reconstruction method 
to image cross-sections with multiple features to study the 
resolution of these images. 

1 Experimental Method 

A complete description of the instrumentation used can be 
found elsewhere [3-5, 17]. This involves a pyrolelectric thin 
film (with only one electroded surface) attached to the back 
surface of the sample where the electroded surface is in con- 
tact with the sample. For spatially resolved measurements 
the back surface electrode of the film is replaced with a 
metal pin of diameter 0.5 mm, so that the local ac electric 
field which is proportional to the ac temperature field at 
the back surface of the sample generated by the modulated 
laser beam (1.0W Nd:YAG (1.06gm) laser focused onto 
the metal sample, beam diameter: 20 gm) may be sampled. 
The signal is synchronously detected by a lock-in amplifier. 
The sample and the pin are mounted on separate microm- 
eter stages driven by stepping motors. Scans across cross- 
sections to be imaged were performed as shown in Fig. 1. 
For each laser position, data were collected at several pin 
positions (27 for the data presented in this paper) along a 
straight line PQ (Fig. lb), which defines the cross-sectional 
plane ( P Q R S  of Fig. la) to be imaged. 

Three circular aluminum samples of thickness 2 mm and 
diameter 15 mm with different subsurface defects were used 
in this experiment. Figure 2a shows the top view and a typ- 

PVDF Film /@ I 
(a) Metal 

Pin 

Focused 
P Laser Beam Q 

(b) 
Fig. 1. a Sample cross-section with the film attached to the back. Cross- 
section to be imaged is PQRS where the laser beam is scanned be- 
tween P and Q, and the pin is scanned between S and R. b Top view 
of  the sample surface showing the scan line PQ 
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Fig. 2a-c. The top view and a typical cross-section (shown at the bottom of each sample) of three circular aluminum samples of thickness 2 mm 
and diameter 15 mm with different fabricated subsurface defects. The points P, Q, R, and S in all three figures represent the same points in Fig. l. 
a Sample no. 1 with two subsurface holes drilled at an angel parallel to the sample surface, b sample no. 2 with two holes drilled at an angle 
crossed at the center of the sample and located at two different depths, and c sample no. 3 with a slanted hole along a diameter of the sample, are 
shown by dashed lines. See text for detailed dimensions 
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Fig. 3a, b. A plot of phase data vs laser/pin position obtained at a 
modulation frequency of 20 Hz from tomographic scans along a line 
as shown in Fig. 2a, b, of a sample no. 1 and b sample no. 2 

ical cross-section of sample no. 1 to be imaged, with two 
subsurface holes of diameter 0.5 mm drilled at an angle of 
6 ° to each other parallel to the sample surface. The axes 
of both holes are at a depth of 0.75 mm from one surface. 
Sample no. 2 has two holes of diameter 0.5 mm at a top-view 
angle of 11.5 ° crossed at the center of the sample and located 
at two different depths as shown in Fig. 2b. The axes of the 
holes are located at a depth of 0.55 mm and 1.45 mm, re- 
spectively, from one surface. To study how our tomographic 
reconstruction method reflects the change in size and shape 
of a subsurface feature, a third sample with a 0.5 mm di- 

ameter slanted hole (sample no. 3, Fig. 2c) was used. Scans 
were made (modulation frequency of 20 Hz) along a line P Q  
(Fig. 2c) through the center of the sample (where P and Q 
are the first and the last laser positions, respectively and S 
and R are the two end points of the pin scan at the back) 
for three different angles 0, so that the shape and size of the 
hole cross-section were different in each scan. 

Figure 3a shows a plot of phase data (laser/pin-position 
vs phase of the signal) obtained at a modulation frequency of 
20 Hz from a tomographic scan along a line 2.8 mm away 
from the edge K of sample no. 1 (Fig. 2a), perpendicular 
to the diameter K L .  Laserposition P and pinposition S in 
Fig. 1 (also in Fig. 2a) refers to the coordinate (0 mm, 0 mm) 
in Fig. 3a. A similar set of data with a modulation frequency 
of 20 Hz obtained from a tomographic scan along a line 
3.65 mm away from the center of sample no. 2 (Fig. 2b), per- 
pendicular to the diameter M N  is shown in Fig. 3b. Since 
the photothermal amplitude data are dominated by the inho- 
mogeneities in the surface reflectance [17, 19], only phase 
data are used in this work. 

2 Reconstruction Method 

A reconstruction algorithm based on ray-like propagation of 
thermal waves in one-dimension: 

T(x ,  t) = To e x p ( - x / # )  cos(~t - x/Iz) (1) 

is used [17]. Here, T is the ac temperature at a distance 
x from the heated surface, To is the temperature input at 
the heated surface, # is the thermal diffusion length, and a~ 
is the modulation angular frequency. Equation (1) is used 
to calculate the average value of the thermal diffusivity, a ,  
given by 

C.d 2 
oe = ~-/.z (2) 



Tomographic Imaging of Subsurface Defects 
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Fig. 4. The cross-section PQRS to be imaged is shown with rays 
joining laser positions and pin positions for a five laser/pin position 
s c a n  

along the lines joining the heated spot and the pin from the 
corresponding data. Each cross-section to be imaged is di- 
vided into rectangular pixels. By averaging over each line, 
values of c~ for each individual pixel are calculated. This 
method is equivalent to the algebraic reconstruction tech- 
nique (ART) used in X-ray tomography [20]. Figure 4 shows 
a cross-section with rays joining laser positions and pin posi- 
tions for a five laser-pin position scan. The value of  c~ (used 
as the imaged quantity) for each pixel is weighed by the 
distance a ray travels across that particular pixel. A normal- 
ized value of  c~ = 2 cm 2 s -1 has been used as the reference 
which corresponds to aluminum with no defects. Limita- 
tions of  this reconstruction method have been discussed in 
[17] under identical experimental  conditions and will not be 
repeated here. 

3 Tomographic Reconstructions and Discussion 

The reconstructed image of the data in Fig. 3a (a~/27r = 
20Hz,  # = 1.2ram, where c~ = 0.9cm2/s) is shown as a 
contour plot in Fig. 5a. In this and other figures to follow, 
background with artifacts [17] of  the image due to edge ef- 
fects of  reconstruction has been suppressed to enhance the 
known features (computer-aided image enhancement). In all 
the tomographic images presented here, actual positions of  
the hole cross-sections are indicated by circles. In Fig. 5a, the 
centers of the holes are 0.75 mm deep and they are 0.78 mm 
apart. Figure 5b shows the reconstructed image of the same 
cross-section obtained from the data collected at the same 
modulation frequency by flipping the sample, so that the 
depth of  the holes is now 1.25 mm. In this image the two 
holes are no longer resolved showing the deterioration of  the 
resolution with increasing depth. In the reconstructed im- 
age (Fig. 5c) of the same cross-section of  Fig. 5b, but from 
80 Hz (/z = 0.6 mm) data the two (deep) holes are resolved, 
showing the expected increase in resolution with frequency. 
These observations are related to the broadening of the im- 
ages due to the diffusive nature of  thermal waves. Increasing 
source-to-scatterer distance (increasing depth) and increas- 
ing thermal diffusion length (decreasing frequency) broaden 
the image width leading to lower spatial resolution and poor 
delineation of subsurface thermal boundaries. This type of 
behavior has been ovserved and extensively studied in con- 
ventional thermal wave imaging [21-23]. In Fig. 5c the po- 
sitions of the holes are not accurately reproduced. The same 
cross-section obtained at 80 Hz by averaging the two images 
at 0 ° and 180 ° (flipped) positions gave improved hole po- 
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Fig. 5. a A contour plot of the reconstructed image from the data in 
Fig. 3a. In this and the other figures to follow, actual positions of the 
hole cross-sections are indicated by thick circles. The centers of the 
holes are 0.75 mm deep and they are 0.78 mm apart, h A contour plot 
of the same cross-section as in a obtained by 180 ° rotation of the 
sample. Here the holes are 1.25 mm deep. c Image of the same cross- 
section as in b reconstructed from the data obtained at a modulation 
frequency of 80 Hz 

sitioning compared to Fig. 5c, as reported earlier [15]. This 
double-side scanning requirement turns out to be very im- 
portant for accurate reconstructions in thermal wave tomog- 
raphy, at least in its ray-optic approximation. 

Figure 6a shows the single-side tomographic reconstruc- 
tion of  a cross-section in sample no. 2, 3.65 mm away from 
the center of  the sample, perpendicular to MN (Fig. 2), ob- 
tained from data taken at 90 Hz. In this cross-section the cen- 
ter of  the shallower hole is 0.55 mm (compared to the hole 
depth of 0.75 mm in sample no. 1) below the surface and has 
moved to the surface in the reconstructed image. Figure 6a 
also shows that the contrast of  the shallower hole is much 
greater than the deeper hole, making the two holes almost 
unresolvable. Figure 6b shows the same cross-section at 
20 Hz (data shown in Fig. 3b). Here the two holes are clearly 
resolved. At  90 Hz the thermal diffusion length of  aluminum 
is about 0.56 mm making the shallower hole stronger scat- 
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Fig. 6. a The reconstructed image from the data obtained at a mod- 
ulation frequency of 90 Hz from a tomographic scan along a line as 
shown in Fig. 2b, top view, 3.65 mm away from the center of sample 
no. 2. The centers of the holes are 0.55 mm and 1.45 mm deep and they 
are separated horizontally by 0.72mm. b Same cross-section as in a 
reconstructed from the data obtained at 20 Hz. c Image of the same 
cross-section as in b obtained at 20 Hz by averaging the two images at 
0 ° and 180 ° rotation of the sample, d Conventional photothermal line 
scan along the same line as in b obtained by scanning the laser and the 
pin together with the pin just below the laser at 20 Hz (squares) and 
90 Hz (crosses) 

terer of  thermal waves. The deeper hole is well  outside 
one diffusion length. At  20Hz  when the diffusion length 
is 1.2 mm both holes are within in reach of  one diffusion 
length, so that scattering from both holes is comparable.  Fig- 
ure 6c shows the cross-section of  Fig. 6b obtained at 20 Hz 
by averaging the two images at 0 ° and 180 ° positions. The 
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Fig. 7. Conventional photothermal line scan along the line PQ (sample 
no. 2) as shown in the cross-section, obtained by scanning the laser and 
the pin together, with the pin just below the laser, at 20 Hz. The two 
holes are horizontally separated by 0.4 mm 

double scan has produced a more accurate positioning of  the 
center of  each hole than the single scan [15], and has yielded 
equal intensity contours from each hole, as expected from 
the identical construction and geometry of  the two holes. 
Figure 6d shows the conventional photothermal line scans 
of  the same cross-section obtained at two different frequen- 
cies by scanning the laser and the pin together with the pin 
just  below the laser spot. This also shows improved spatial 
resolution at lower frequency. 

When the two holes partially overlap in the vertical direc- 
tion or even when the horizontal separation between the two 
holes is zero, conventional two-dimensional  (projectional) 
scanning will not be able to separate the two. Figure 7 
shows such a line scan where the hole centers are sepa- 
rated by 0.4 mm. The reconstructed tomographic image of  
the same cross-section at 20 Hz obtained from the single- 
scan data of  the sample, is shown in Fig. 8a. This barely 
shows the presence of  the deeper hole. When the images 
obtained from both sides are averaged, the positions of  both 
holes are clearly separated and accurately placed (Fig. 8b). 
Although the holes almost overlap vertically, the shortest 
separation between the two hole centers (0.98 mm) is still 
larger than the horizontal separation (0,78 mm) in Fig. 5b. 
Viewing the cross-section from different space angles (to- 
mographic scanning) has enabled us to resolve these subsur- 
face features, a characteristic of  this spatial demultiplexing 
method, not feasible with Vavilov's  "dynamic thermal to- 
mography" [12] and derivative imaging methods [11, 13, 
14, 16]. Comparison between Fig. 5b and Fig. 8b seems to 
indicate that thermal-wave tomographic resolution is higher 
for in-depth superposed features than for lateral features co- 
existing at the same depth, when both geometries are probed 
at low frequencies. 

Reconstructed single-scan images of  different cross- 
sections of the single slanted hole (Fig. 2c) at 0 = 0 °, 65 ° 
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Fig. 8. a Reconstructed tomographic image of the cross-section shown 
in Fig. 7 obtain from single-side scan data at 20Hz. b Same cross- 
section as in a obtained by averaging the two images from both sides 
of the sample (0 ° position and 180 ° rotation) 

and 80 ° are shown in Fig. 9a-c respectively, all drawn to 
the same scale. Although the change in size of the hole 
cross-section is reflected clearly in these tomograms, the 
change in shape is distorted. This distortion is most appar- 
ent in Fig. 9c and is partially due to the lack of adequate 
numbers of scan laser-pin lines to allow substantial ther- 
mal wave propagation outside the hole (i.e. in surrounding 
metal), as the feature size has increased to occupy most 
of the scanned space. Scanning farther away than shown 
in Fig. 9 has resulted in very poor signals due to the large 
laser-pin distances involved, and cannot be utilized as higher 
spatial frequencies to improve the delineation of large sub- 
surface features, at least in the rayoptic approximation. This 
effect must be considered together with trends in all rayop- 
tic reconstructed thermal-wave tomograms to appear elon- 
gated in the direction perpendicular to the cross-sectional 
scan. It is this elongation/distortion which is responsible for 
the inaccurate positioning of single-scan tomograms, such as 
Figs. 5a, c, 6a, b, and 8a. This distortion may be due to the 
significant loss if information from other scattering angles 
outside the pin diameter at each beam-pin position. This in- 
formation scatter loss is due to the highly diffractive nature 
of thermal wave propagation and cannot be accounted for 
in the rayoptic approximation. Proper field inversion based 
on the recently proven Laplace Diffraction Theorem [24] is 
likely necessary in order to enhance the fidelity of the image 
reconstruction. The lack of inversion symmetry in diffrac- 
tive thermal wave propagation is partially compensated by 
the double scan procedure, which averages line integral fea- 
tures lying closer to, and farther than, each surface with 
signals obtained by interchanging source and detector. This 
procedure tends to equalize the relative weights of deep ly- 
ing features when the sample is flipped over (180 ° rotation) 
with those lying close to the front, laserbeam exposed sur- 
face. It is expected that a 90 ° rotation can adequately fill the 
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Fig. 9a---c. Reconstructed single-scan (0 ° rotation only) images of dif- 
ferent cross-sections of  the single slanted hole (sample no. 3, Fig. 2c) 
along the line (P, S) - (Q,  R) in Fig. 2c for 0 = (a) 0, (b) 65, and (e) 
80 degrees 

Laplace wavenumber (spatial frequency) space of the tomo- 
gram [24], so that for rotations at 0, 90, 180, and 270 ° will 
produce well delineated sub-surface images with optimal de- 
gree of reconstruction fidelity. With our present instrumen- 
tation and sample geometries the 90 ° and 270 ° rotations are 
not practical. 

4 Conclusions  

In this report we have examined the spatial resolution of 
cross-sectional images obtained by photothermal tomo- 
graphic scanning. Results from sample no. 1 with two holes 
at the same depth show that the spatial resolution increases 
with increasing modulation frequency and with decreasing 
defect depth, similar to conventional photothermal scanned 
imaging. When the two defects are at different depths, how- 
ever, the capability of depth resolution in tomographic imag- 
ing makes the two defects resolved even if they overlap in 
the vertical direction, a unique feature of the spatial demul- 
tiplexing nature of thermal wave tomography. Due to the 
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heavily damped nature of thermal waves, with the assump- 
tion of ray-like propagation, better results are obtained by 
double scanning following at 180 ° sample rotation and when 
the defects are within one thermal diffusion length. Low- 
frequency scanning, however, results in a loss of resolu- 
tion. To overcome these difficulties, a reconstruction method 
which takes into account the diffractive [24-26] and heavily 
damped nature of thermal waves is required. Results from 
sample no. 3 suggest that to obtain the correct shape of the 
defect, another set of data obtained from directions orthog- 
onal to the present set is needed. 
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