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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Tomographie - Vue d'ensemble du programme de l'EACL

par

C.J. Allan, K.A. Keller, L.R. Lupton, T. Taylor et P.D. Tonner

Résumé

La tomographie est un procédé non destructif de formation d'images,
actuellement développé à Chalk River comme instrument industriel pour
engendrer des cartes densitaires, quantitatives et en coupe transversale,
pouvant représenter des objets en trois dimensions. L'image tridimension-
nelle d'un objet à l'état solide ou liquide peut être établie à partir
d'une série de tomogrammes. Bien que les principes de la tomographie aient
été découverts il y a plusieurs décennies, ce n'est que maintenant que ses
applications pratiques, à grande échelle, sont possibles et, ce, grâce au
faible coût de la puissance de calcul actuellement disponible.

Voici les principales applications de la tomographie:

distinguer le détail des geometries complexes, lorsque les autres
procédés non destructifs ne donnent aucun résultat à cause de la
complexité de la géométrie;

détecter/localiser de petits changements de densité ou des défauts
à l'intérieur des objets, comme par exemple la mesure des espaces
vides dans les épaisses parois des cuves, des cavités dues à la
réduction de volume des pièces coulées, etc.;

fournir des données quantitatives pouvant être employées dans les
analyses, par exemple en ce qui concerne les procédés complexes ou
la mécanique des ruptures; et

fournir des données quantitatives objectives pouvant être
employées pour les prises de décision informatisées touchant
l'assurance de la qualité, ce qui réduira et, dans certains cas,
éliminera la subjectivité souvent rencontrée dans les essais non
destructifs.

Le programme de l'EACL est passé en revue et des exemples sont donnés
pour illustrer les possibilités et les limitations de la tomographie.
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ABSTRACT

Tomography is a non-intrusive imaging technique being
developed at CRNL as an industrial tool for generating quantitative
cross-sectional density maps of objects. A three-dimensional image
of the object, be it a solid or a liquid, can be constructed from a
series of such tomographs. While its principles were discovered
decades ago, it is the availability of low cost computing power
that is now making tomography practical for wide-spread use.

Of most interest is tomography's ability to:

- distinguish features within complex geometries where other
NDT techniques fail because of the complexity of the
geometry,

- detect/locate small density changes/defects within objects,
e.g. void fraction measurements within thick-walled vessels,
shrink cavities in castings, etc.,

- provide quantitative data that can be used in analyses, e.g.
of complex processes, or fracture mechanics, and

- provide objective quantitative data that can be used for
(computer-based) quality assurance decisions, thereby reduc-
ing and in some cases eliminating the present subjectivity
often encountered in NDT.

The CRNL program is reviewed and examples are presented to
illustrate the potential and the limitations of the technology.
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LIST OF FIGURE CAPTIONS

Fig. 1: Schematic representation of the model used to simulate
two-phase annular flow in a thick-walled pressure
vessel.

Fig. 2: Profile obtained from a gamma-scan across the model used
to simulate two-phase annular flow in a thick-walled
pressure vessel. Also shown for comparison is the true
density profile.

Fig. 3: Radiographs of the model used to simulate two-phase annu-
lar flow in a thick-walled pressure vessel.

Fig. A: A tomographic reconstruction of a cross-section of the
model used to simulate two-phase annular flow in a thick-
walled pressure vessel. The graphs to the right of and
below the image represent density as a function of posi-
tion along the x and y axes that can be seen super-
imposed on the image.

Fig. 5: Translate-rotate tomographic scanning system
(a) Linear translation of the source and; detector
(b) Typical scanning pattern

Fig. 6: Schematic representation of the tomography test
assembly.

Fig. 7: Photograph of the scanning densitometer that is being
modified for tomography.

Fig. 8: Schematic representation of the tomography system used in
the Monte Carlo model.

Fig. 9: Schematic representation of the geometry used in one test
to verify the Monte Carlo code.

Fig. 10: Tomographic image of a simulated CANDU fuel bundle
mounted in a water filled Lucite cylinder with no sub-
channel voiding, A, and with sub-channel voiding in 1
channel, B, 3 channels, C, and 6 channels, D.

Fig. 11: Images formed by subtracting image 10A from 10B, B, 10A
from IOC, C, and 10A from 10D, D. Also shown for refer-
ence is image 10A, A.

Fig. 12: The difference image, for the case of voiding in six
subchannels, showing the density (in the difference
image) as a function of position along the line passing
through the voids.



Fig. 13: Tomograph of a brass test piece containing holes 0.5,
0.75, 1.0, 1.5, 2.0, 3.0 and 4.0 ram in diameter. The
graphs to the right and below the left-hand image
represent density, as a function of position, along the
axes super-imposed on the image.

Fig. 14: Tomographs of a steel test piece containing cracks
0.025 mm, 0.05 mm, 0.125 mm, 0.25 mm, 0.50 mm, 1.0 mm,
1.78 mm, 2.0 mm and 2.5 mm in width. The upper image was
obtained with a spatial resolution (FWHM of the beam) of
1.0 mm and the lower image with a resolution of 2.0 mm.

Fig. 15: Tomograph of cracks through a sandstone drill core. Two
cracks were visible on one surface of the core while only
one crack was visible on the opposite surface.

Fig. 16: Tomograph of a steel cylinder obtained with resolutions
of 0.9 mm, A, and 1.8 mm, B, but with approximately the
same number of total counts. The noise in the higher
resolution image is about a factor of 3 greater than that
in the lower resolution image.

Fig. 17: Photograph of the simulated pressure vessel used as a
test piece for region-of-interest tomography.

Fig. 18: Tomograph of a test piece mounted in the bore of a simu-
lated pressure vessel, obtained using region-of-interest
tomography.



1. INTRODUCTION

Tomography is a non-intrusive non-destructive testing tech-
nique for generating quantitative cross-sectional density maps of
objects. A three-dimensional image of the object, be it a solid or
a liquid, can be constructed from a series of such tomographs.
While its principles were discovered decades ago, 1 it is the
availability of low cost computing power that is now making tomo-
graphy practical for wide-spread use.

An appreciation of the power of tomography over traditional
densitometry/radiography is seen from the exemple of a simulation
of two-phase annular flow within a thick-walled pressure vessel
(Fig. 1). In a traditional densitometry scan (Fig. 2) or radio-
graph (Fig. 3), the steel walls of the pressure vessel and the
annular flow region are poorly defined. The tomographic recon-
struction, however, presents an accurate cross-sectional density
map that can be presented as an image or graphically (Fig. 4). The
tomograph is obtained by measuring the attenuation of narrow beams
of radiation at a large number of angular positions (Fig. 5) and
reconstructing the image mathematically.

Figures 3 and 4 illustrate a second difference between tomo-
graphy and radiography. In the radiograph, Fig. 3, an image of
the complete vessel is obtained but the image is distorted because
it measures the integrated attenuation of the X-ray beam through
the cross-section of the object. In the tomograph an image of only
one cross-sectional plane through the vessel is obtained, but the
image is an accurate and quantitative mapping of the (electron)
density in that plane. However, as noted above, a three-
dimensional image can be generated from a series of tomographs and
three-dimensional reconstruction algorithms are currently being
developed.2

A technology that offers such detailed information non-
invasively has much to offer both industry and medicine. So far it
is more highly-developed in medicine. The best known application
is X-ray transmission tomography, (computer aided tomography, CAT
or CT) which is used to determine density distributions, and hence
anatomy. Positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) are also used in medicine to
determine the distribution of radioactive tracers and hence to
study metabolism. Imaging using nuclear magnetic resonance (NMR)
is now being developed as a non-invasive medical tool that does not
use ionizing radiation. Yet another tomographic technique is based
on ultrasonics. While the various types of tomography are common
in principle, each field requires distinct expertise.

Tomography includes technologies that are particularly well
matched with the capabilities of Atomic Energy of Canada Limited
(AECL). It is multi-disciplinary and requires skills in

- applied physics and mathematics,
- radiation detection and measurement,
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- radiation transport, shielding and handling,
- complex mechanical design,
- computerized data acquisition and control, and
- digital electronics.

It is because AECL has expertise in all these areas that we were
first attracted to tomography and that we believe that we are in a
unique position in Canada to develop and exploit this technology.
The objective of our program, therefore, is to develop tomography
as an industrial tool for the benefit of Canadian industry, includ-
ing the nuclear industry.

At present we are concentrating effort on photon transmission
tomography. To meet our objectives we are carrying out both a
scientific and a commercial program. In our scientific program we
are performing fundamental and applied R&D so that we are in a
position to

- specify the limits of the technology,
- evaluate the efficacy of using tomography in any given
application, and to

- specify, and as appropriate, design and build state-of-the-
art instrumentation for transmission tomography.

To meet this goal we have developed a thorough understanding of the
physics and mathematics of tomography and have put in place engi-
neering design tools such as

- computer programs for modelling the operation of tomography
systems, and

- test facilities for performing feasibility studies.

The goals of the commercial program are to

- carry out R,D&D for industrial customers,
- perform service inspections, and
- supply tomography instrumentation to industrial customers.

Of the many industrial and research applications envisaged,
tomography has potential in various AECL programs, e.g., for

- the study of multi-phase flow (photon transmission tomo-
graphy),3»4

- the measurement of fission product distributions in fuel
(single photon emission tomography),5

- the detection of voids in containers for spent fuel (fast
neutron transmission tomography), and

- the examination of test fuel non-destructively (neutron
transmission tomography).6

Potential non-nuclear applications include:

- R&D studies of such things as multi-phase flow/mixing,7

casting and extrusion processes,
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- inspection of products such as rocket motors,8 complex
castings and structures, concrete columns and beams, turbine
blades, artillery shells,9 and

- dimensional measurements of the internals of complex objects
and vessels such as castings, moulds, and even rotating
machines.

In these applications tomography can provide precise and detailed
data that has not, heretofore, been possible to obtain.

In the following we summarize the current status of our
program and review the potential and limitations of the technology.

2. TEST FACILITIES AND DESIGN TOOLS

To provide us with a general experimental facility we have
built a first generation translate-rotate test assembly.10 Test
objects are mounted on a turntable that is translated past a colli-
mated beam of radiation (Fig. 6). Because of their covenience, we
have, so far, used sources rather than X-ray generators, a 74 GBq •
(2 Ci) Cs-137 source (Ey = 662 keV) or a 444 GBq (12 Ci) Co-60
source (Ey = 1250 keV). As a rule of thumb, the former source is
suitable for objects equivalent to as much as 8 cm of steel while
the latter is suitable for objects equivalent to as much as 30 cm
of steel. We also have on hand Cd-109 (Ey = 22 keV and 88 keV),
Am-241 (Ey = 60 keV) and Ir-192 (Ey = 310,470, and 600 keV)
sources. The in-slice beam profile is defined by variable i
collimators, fabricated from a tungsten alloy, positioned in front
of the source and the detector. It can be varied from about
0.25 mm to about 2.0 mm full-width half-maximum (FWHM). The axial
beam profile can also be adjusted, in discrete steps, from about
2.5 mm FWHM to about 0.8 mm FWHM. Fixed collimators are used for
larger beam widths.

Motion of the test piece and data acquisition are controlled
using a PDP-11/23 microcomputer. Two modes of operation are
possible; the test object can be moved continuously past the beam
or it can be moved in discrete steps. Shaft angle encoders are
used to monitor the linear and angular positions of the turntable
on which the test piece is mounted. Reconstructions are done using
a filtered back projection algorithm. Filtering of the projection
Is performed using a Computer Design and Applications Inc. MSP-3X
array processor while the back projection is implemented in the
11/23. We typically use a 128 x 128 grid but have also done some
reconstructions with a 256 x 256 array.

The test rig has been used in a number of studies and demon-
strations, e.g. to verify the relationship between image noise,
spatial resolution, and number of photons detected and between
spatial resolution, pixel size, sampling interval, number of pro-
jections, and beam width. Examples are presented in the following
section.
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We are currently building a transportable first generation
scanner in which the source and detector are tianslated past a
stationary object. This scanner is based on a gamma-densitometer* *
supplied to the Energy Research Laboratories of the Canada Centre
for Mineral and Energy Technology (CANMET/ERL). The source
(Cs-137) and detector are mounted on a single slotted plate so that
they can be precisely aligned (see Fig. 7). They can be scanned
horizontally over a distance of about 30 cm and vertically over a
distance of 1 m, with positioning accuracies of better than
±0.025 mm (0.001"). The control and data acquisition system is
based on one developed for a travelling flux detector system.*2»*^
It consists of a pair of LSI-11/23 microcomputers, one acting as a
host and the other as a satellite. The host computer, which runs
under the RT-11 operating system, serves as the operator console
and as a mass storage device. The satellite computer, which runs
under the memory resident RT-11 (MRRT-11) operating system, con-
trols the scanner and collects the data, without the use of a mass
storage devic.••» or system console. The host-computer/operator-
console is located in a remote air conditioned instrument room or
control room while the satellite computer is mounted adjacent to
the scanner. The absence of a mass storage device and system con-
sole means that the satellite computer can be operated in the harsh
environments (up to 50°C, 90% relative humidity) often encountered
in industry.

We have also developed a conceptual design for a wood densi-
tometer with a spatial resolution that is variable from
0.05 x C.5 mm (in-slice x axial) to 0.5 mm x 2 mm. This system,
which incorporates an X-ray source, is also suitable for high-
resolution tomography of small objects, such as fuel pencils.

Recognizing the need for high throughput we are now designing
a prototype multi-detector scanner. To this end we have modified a
Monte Carlo code that we developed to model positron cameras^"* to
enable us to simulate the performance of multi-detector scanners.
For simplicity the detector array is treated in planar geometry
(see Fig. 8).

The program has been designed for execution on a PDP-11/23
computer. Input variables are entered via the video terminal and
include

- detector crystal height, width and length
- detector material (BGO, CsF, Nal or plastic)
- septa thickness
- detector collimator length, width (aperture), and height
- scattering slab thickness, location and material (H20, Al

or Fe)
- source energy
- source collimator fan angle, height and length

All input data are entered in response to prompts displayed on the
video screen.



For each detector the program determines:

- the total number of detected phocons,
- the number of detected photons that did not interact in any

region other than the detectors or septa,
- the number of detected photons that scattered in the scat-

tering slab,
- the number of detected photons that scattered in the

collimators, and
- the number of detected photons that scattered in both the

scattering slab and the collimators.

Although energy thresholds could easily be employed, if
desired, presently all photons that interact in the detectors are
assumed to be detected. Because out-of-plane scatter in the object
being imaged is important in this problem, photon tracking is done
in three dimensions.

The code has shown the importance of inter-collimator penetra-
tion and scattering of photons when dealing with high-energy
photons. In one study, carried out to verify the code, a Cs-137
source was swept past a collimated array of BGO detectors (see
Fig. 9). The output of the central BGO detector was monitored as a
function of source position. As can be seen from the results
presented in Table 1 the collimator design used in the test was not
particularly effective for the 662 keV photons from Cs-137.

To complement the Monte Carlo code we have also developed a
code for predicting the three-dimensional spatial response, i.e.
resolution, of tomography systems- The code has been verified
using our test assembly. This work is described in detail in the
paper "The Spatial Response of Source-Collimator-Detector Systems"
presented by T. Taylor at this conference.

The facilities described above provide us with an excellent
capability for

- demonstrating tomography to industry,
- undertaking feasibility studies to determine the potential

of using tomography in a given application, and for
- designing tomography instrumentation for industry.

3. THE POTENTIAL AND LIMITATION OF INDUSTRIAL TOMOGRAPHY

Our test assembly has been used in a number of studies carried
out to explore the limits of tomography. For example, we have
demonstrated that it is possible to image time-averaged sub-channel
voiding in an electr.fi~.ally heated simulation of a 37-element CANDU
fuel bundle. In this test, the simulated fuel bundle was mounted
in a water-filled lucite cylinder. Density cross-sections were
obtained with stagnant water, (Fig. 10A), and with air bubbled up
through 1,3, and 6 sub-channels, (Figs. 10B, IOC, and 10D respec-
tively). In Fig. 10 air appears white> water is gray and the
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Inconel fuel sheaths are black. As can be seen, several of the
hollow fuel elements contain only air (white interiors) while
others have leaked and filled with water (gray interiors).

The sub-channel voids appear as lighter gray regions, along a
horizontal line passing through the centre of the bundle. Although
virtually invisible in the raw images (Fig. 10), despite the fact
that we have used a thresholding technique to enhance their visi-
bility, their appearance is greatly enhanced by subtracting one
image from another. The subtraction is seen in Fig. 11, which
shows the stagnant water image and the images formed by the differ-
ence between this iraagT and those obtained with sub-channel void-
ing. The voiding appears in wnite, the Intensity b^ing a measure
of the time-averaged void fraction. Also of interest in Fig. 11 is
the appearance of the darker circular region in Figs. 11C and 11D,
which graphically demonstrates the power and value of non-invasive
imaging. This occurred because one fuel-element unintentionally
leaked between scans.

Because we have a quantitative measure of the density distri-
bution it is possible to make a quantitative assessment of the
data. Thus in Fig. 12 a plot of density, as a function of posi-
tion, is shown for the difference image for the case where air was
bubbled up in six of the sub-channels (Figs. 10D and 11D). Four of
the six void regions can clearly be distinguished from the back-
ground noise.

These results illustrate two of the most important advantages
of tomography compared with other non-destructive testing tech-
niques, namely the ability to detect relatively small changes with-
in the interior of complex objects and the ability to make quanti-
tative analyses. In the present case there is virtually no other
non-invasive interrogation technique capable of revealing the
details of sub-channel voiding within this complex geometry.

Two of the key parameters that ne-;d to be defined in any
potential application of tomography are the spatial resolution and
the density (contrast) resolution. The full-width at half-maximum
of the radiation beam establishes one limit on the spatial resolu-
tion. In orincipal the beam width can be made very small and tomo-
graphs (of small objects) have been obtained with a resolution of
20 um.15 In practise, however, the in-plane spatial resolution
will also be limited by the number of pixel elements used in the
tomograph. To fully recover i_he spatial resolution set by the FWHM
of the beam the width of the pixel element should be half the FWHM
of the beam. See, for example, Fig. 13 which shows a tomograph
of a brass test piece containing a series of holes 0.5, 0.75, 1.0,
1.5, 2.0, 3.0 and 4.0 mm in diameter.16 The centre-to-centre
spacings of the holes in the vertical direction are equal to twice
the diameters of the holes. This image was obtained with a FWHM of
1 mm and pixel width of 0.5 mm. As can be seen the 1 mm holes are
resolved, the 2 mm holes are completely separated, the 0.75 mm
holes are partially resolved but the individual 0.5 mm holes cannot
be distinguished.
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Since the number of picture elements increases inversely as
the square of the resolution, there is an upper limit to the
spatial resolution that is set by the available computer memory,
the time available to perform the reconstruction, and/or the time
available to obtain the required data. (The total number of data
samples required to construct an image is proportional to the
number of pixel elements in the image.) Currently a reasonable
upper limit for the image array is around 1024 x 1024 which sets an
upper limit on the spatial resolution of 0.2% of the largest in-
plane dimension of the object. In many situations a considerably
poorer resolution may have to be accepted.

However, one must be careful to distinguish between the abili-
ty to resolve defects and the ability to detect an anomaly or
defect. Because of tomography's ability to image small density
differences, defects much smaller than a pixel element can be
detected. For example, Fig. 14 shows the tomographs of a test
piece consisting of a rectangular block of steel containing cracks
0.025 mm (0.001"), 0.05 mm (0.002"), 0.125 mm (0.005"), 0.25 mm
(0.010"), 0.50 mm (0.020"), 1.0 mm (0.040"), 1.78 mm (0.070"), and
2.5 mm (0.100") in width imaged with spatial resolutions of 1.0 and
2.0 FWHM. (A pixel size of 0.5 mm was used for both images. Even
the smallest crack was detectable. (See Fig. 14.)

A more practical example of this phenomenon is shown in
Fig. 15 which illustrates a pair of cracks in a sandstone drill
core. One tight crack was visible on one surface of the core while
two cracks were visible on the opposite face. The tomograph (ob-
tained in this case with a spatial resolution of 0.5 mm FWHM) re-
veals how these two surface features are connected. An analysis of
the apparent density difference due to the crack can be used to
estimate the crack widths. Assuming that they are air-filled we
estimate that they are 0.1 mm wide.

The ability to detect features smaller than the spatial reso-
lution of a given tomographic image depends on the feature produc-
ing a signal that can be distinguished from the noise in the image.
With proper sampling the noise is largely determined by counting
statistics. Noise (density resolution) and spatial resolution are
not, however, independent. A number of authors have treated this
problem (see e.g., references 17 and 18). The relation between
noise and resolution can be expressed in a variety of forms but in
essence the noise, a^, varies inversely with the square root of
the total number of counts that have passed through the object
being imaged and inversely as the resolution to the 3/2 power.

We have imaged a steel cylinder to illustrate this point (see
Fig. 16). The spatial resolution of the one tomograph, Fig. 16A,
is twice that of the other. While the total number of counts used
to construct the high resolution image is about 20% less than in
the low resolution (the intent was to closely match them) the noise
is a factor of 3.0 worse. The predicted ratio is /T72 (2) 3 / 2 = 3.1.
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Everything else being equal, it ir usually preferable to seek
higher spatial resolution at the expense of noise when imaging
small defects. However, everything else is not equal because to
improve spatial resolution it is necessary to reduce the beam width
(in our case by reducing the apertures of the collimators, for a
multi-detector system by reducing the width of the detectors).
This leads to a decrease in the count rate per measurement and an
increase in the total number of measurements required to scan the
object. In the example discussed above, where we collimated both
the source and the detector, the total number of measurements in-
creased by a factor of 4 (twice the number of projections and twice
the number of rays per projection). At the same time the count
rate decreased by approximately a factor of 4 due to the reduction
in solid angle subtended by the detector and the reduction in
effective source size. Thus, for the same number of total counts
the scan time was increased by a factor of 4 to achieve the factor
of 2 improvement in spatial resolution. With a multi-detector
system the problem of inter-detector/collimator scattering and
penetration also becomes progressively worse (see section II) as
the detector width is decreased so that eventually it is necessary
to separate the detectors, and hence the total counting efficiency
is further reduced.

This problem can be overcome, to some extent, since we have
shown how transmission tomography can be used to obtain a density
map of only one portion of an object, rather than a complete cross-
section.^ This may have important implications in industry since
the amount of data required to image a small region-of-interest in
a large object is much less than that required to image the com-
plete object. (For a given spatial resolution the data require-
ments vary as the area of the image.) As a consequence, the equip-
ment can be simpler and cheaper, the time taken to obtain data can
be shorter and the spatial resolution can be higher.

Thus, for example, in the case of two-phase flow within the
thick-walled pressure vessel discussed earlier, the region of
interest is the bore of the pressure vessel, where the fluids are
located, rather than the vessel itself. Using our version of
region-of-interest (ROI) tomography we have imaged a number of
plastic test pieces placed within the bore of the pressure vessel.
In these tests the pressure vessel was surrounded with fibreglass
insulation 38 mm thick and a heater wire was mounted on the outside
of the vessel under the insulation (see Fig. 17). The image ob-
tained with one test piece is illustrated in Fig. 18. The test
piece consisted of a polyethylene cylinder 38 mm (1.5") in diameter
with cylindrical inserts, 9.5 mm (0.375"") in diameter, of air,
water, lucite, hexane, xylene and graphite. These materials were
chosen since they span the range of linear attenuation coefficients
of interest in one application. Not all the inserts are visible in
the image because of the small differences in density but the meas-
ured values of the attenuation coefficients, obtained using the ROI
tomography technique agree very well with theoretical values ob-
tained using the tables of Storm and Israel, [20] (See Table 2).
By imaging only the region of interest rather than the complete
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vessel, including the insulation, we were able to reduce the scan-
ning time by about a factor of 10 to 20.

One other point worth noting is that the pixel elements on
which the image is constructed really represent volume elements, or
voxels, because of the finite height of the radiation beam. If the
test object is uniform in this direction the attenuation coeffi-
cients obtained from the tomographic reconstruction will be an
accurate mapping of the actual attenuation coefficients. If how-
ever the test object is not uniform in this direction the tomograph
will be distorted. This factor must be taken into account when
considering the suitability of tomography for a given application.

4. CONCLUSION

Tomography is a non-invasive imaging technique now being
developed by Atomic Energy of Canada Limited as an industrial tool.
Although the potential applications are large and varied it will be
most useful for

- distinguishing features within complex geometries where
other NDT techniques fail because of the complexity of the
geometry,

- detecting small density changes within objects, e.g. void
fraction measurements within thick-walled vessels, shrink
cavities in castings, etc.,

- providing quantitative data that can be used in analyses,
e.g. of complex processes or fracture mechanics, and

- providing objective quantitative data that can be used for
(computer-based) quality assurance decisions, thereby reduc-
ing and in some cases eliminating the present subjectivity
often encountered in NDT.

AECL has the fundamental understanding of the physics and
mathematics of tomography, engineering design tools, and the multi-
disciplinary skills to evaluate the appropriateness of using tomo-
graphy in a given application and to design and build industrial
tomography systems.
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TABLE 1

Detector Response as a Function of Source Position for the
Detector/Collimator Array of Figure 9

Source Location Normalized Count Rate
Relative to Active Detector (cm) Experiment Monte Carlo

0

1

2

3

4

5

6

7

1.00

0.86

0.67

0.60

0.56

0.51

0.46

0.42

1.00

0.85

0.69

0.64

0.57

0.51

0.46

0.41



- 13 -

TABLE 2

Comparison of the Measured and Theoretical Attenuation Coefficients
for the Test Piece Imaged Using Region-of-Interest Tomography

Linear Attenuation Coefficient (cm"1)
Material

Air

Hexane

Xylene

Polyethylene

Water

Lucite

Graphite

Measured"

0.000

0.059

0.074

0.084

0.088

0.097

0.131

Predicted

0

0.056

0.074

0.083

0.086

0.099

0.129

+The statistical uncertainties in the measured coefficients are
estimated to vary from ±0.001 cm"1 to +.0016 cm"1.

t+Storm and Israel estimate that the theoretical coefficients are
accurate to about 5%.



- 14 -

STEEL

38.1mm —•")

82.6mm —

Fig. I: Schematic representation of the model used to simulate
two-phase annular flow in a thick-walled pressure vessel.
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Fig. 2: Profile obtained from a gamma-scan across the model
used to simulate two—phase annular flow in a thick-
walled pressure vessel. Also shown for comparison is
the true density profile.
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Fig. 3: Radiographs of the model used to simulate two-phase annular flow
in a thick-walled pressure vessel.
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Fig. 4: A tomographic reconstruction of a cross-section of the
model used to simulate two-phase annular flow in a
thick-walled pressure vessel. The graphs to the right
of and below the image represent density as a function
of position along the x and y axes that can be seen
super-imposed on the image.
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Fig. 5: Translate-rotate tomographic scanning system
(a) Linear translation of the source and detector
(b) Typical scanning pattern.
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Fig. 6: Schematic representation of the tomography test assembly.
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Fig. 7: Photograph of the scanning densitometer that is being
modified for tomography.
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Fig. 8: Schematic representation of the tomography system used
in the Monte Carlo model.
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test to verify the Monte Carlo code.
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Fig. 10: Tomographie image of a simulated CANDU fuel bundle
mounted in a water filled Lucite cylinder with no
sub-channel voiding, A, and with sub-channel voiding
in 1 channel, B, 3 channels, C, and 6 channels, D.
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Fig. 11: Images formed by subtracting image 10A from 10B, B,
10A from IOC, C, and 10A from 10D, D. Also shown for
reference is image 10A, A.
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Fig. 12: The difference image, for the case of voiding in six
sub-channels, showing the density (in the difference
image) as a function of position along the line
passing through the voids.
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Fig. 13: Tomograph of a brass test piece containing holes 0.5,
0.75, 1.0, 1.5, 2.0, 3.0 and 4.0 mm in diameter. The
graphs to the right and below the left-hand image
represent density, as a function of position, along the
axes super-imposed on the image.
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Fig. 14: Tomographs of a steel test piece containing cracks
0.025 mm, 0.05 mm, 0.125 mm, 0.25 mm, 0.50 mm, 1.0 mm,
1.78 mm, 2.0 mm and 2.5 mm in width. The upper image
was obtained with a spatial resolution (FWHM of the
beam) of 1.0 ram and the lower image with a resolution
of 2,0 mm.
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Flg. 15: Tomograph of cracks through a sandstone drill core.
Two cracks were visible on one surface of the core
while only one crack was visible on the opposite
surface.
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Fig. 16: Tomograph of a steel cylinder obtained with resolutions
of 0.9 mm, A, and 1.8 mm, B, but with approximately the
same number of total counts. The noise in the higher
resolution image is about a factor of 3 greater than
that in the lower resolution image.
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Fig. 17: Photograph of the simulated pressure vessel used as a
test piece for region-of-interest tomography.
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Fig. 18: Tomograph of a test piece mounted in the bore of the
simulated pressure vessel, obtained using region-of-
interest tomography.
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