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Abstract

This paper gives a brief description of a filter back projection (FBP) and Algebraic Re-
construction techniques (ART), which are used for reconstruction of projected data obtained
from transmission measurements. Both techniques are tested by reconstructing a simulated
object, showing that the FBP technique yields images with better resolution and higher con-
trast, thus resulting in more accurate information than obtained by ART.

Experimental data has been obtained for unheated and heated ordinary and heavy concrete
samples by transmission measurements using a thermal neutron beam emitted from the
spallation neutron source SINQ at PSI, Switzerland. The data are used to reconstruct the
images of the examined samples using the FBP technique with different filter functions, in-
cluding the Shepp Logan filter function produces images of higher contract, more smoothing
and slightly better resolution than those obtained using the absolute filter function. Based on
these images the samples were investigated for water content, cracks, homogeneity, etc.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The method of computerized tomography (CT) for providing three dimensional
information about the internal structure and the elemental distribution within the
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investigated object has proven itself as a versatile technique for non-destructive
testing of materials of prime importance in nuclear and general industries (Schatz
et al., 1989). Neutrons are attenuated by interactions with the nuclei of the atoms
contrary to photons, which interact mainly with the shell electrons. Accordingly, the
neutron CT-images will show different information compared with X-ray or gamma-
ray tomography, where neutron imaging gives information on nearby elements in the
periodic table and different isotopes of the same element due to the irregular values
of neutron attenuation coefficient.

For most elements, neutrons with energy £ > 0.1 MeV will have cross section
smaller than thermal neutrons, especially for heavy atoms. Therefore, fast neutrons
are very useful for examining large metallic objects. The fast neutron cross section of
hydrogen is about 1 b, approximately one order of magnitude larger than the cor-
responding X-ray cross section. Compound materials containing metals and plastics
are ideal objects for fast neutron tomography, and small differences in hydrogen
concentrations can be detected. Also, in the energy range from about 1 eV to 0.5
MeV, many atoms show sharp resonance in the cross sections. Therefore with ap-
propriately filtered neutron beams, a selective search for special materials is possible.
For example silicon has an anomalous by large cross section at 143 keV and could
lead to some CT-research applications in geology and petrology.

However thermal neutrons are used to investigate ceramic materials, the de-
tection of corrosion products and to examine the water content of some mate-
rials. Also, thermal neutron tomography may be used to examine small samples
containing hydrogen-like aluminum and its corrosion products (Pfister et al.,
1992; Ali, 1998).

2. Basic concepts

The image reconstruction techniques use the measured projection data as input to
calculate the density distribution of the desired cross section of the investigated
sample as output. Accordingly, the two dimensional image of the desired cross
section can be obtained. The applicable reconstruction techniques are divided into
three categories, first back-projection reconstruction, second by iterative recon-
struction, and third by analytical reconstruction. Filtered Back Projection (FBP)
technique will be introduced as an example of the back-projection reconstruction
technique; however, the Algabric Reconstruction Technique (ART) technique will be
introduced as an example of an iterative reconstruction technique. A brief discussion
of the FBP and ART is given below.

2.1. Filtered back projection technique

The FBP image reconstruction technique is used in most commercial medical
scanners and has proved to be extremely accurate and amenable to fast implemen-
tation. This technique can be given a rather straightforward intuitive rationale be-
cause each projection represents a nearly independent measurement of the object.
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This is not obvious in the space domain but if the Fourier transform is found of the
projection at each angle then it follows easily by the Fourier Slice Theorem (Avinash
and Malcolm, 1999). The projections are nearly independent because the only
common information in the Fourier transform of the two projections at different
angles is the dc term, which has been constructed at zero frequency, thus the Fourier
transformer expresses the average of all projections i.e

F(0) :le [ T h@d, (1)

where F(0) is the Fourier transform of projection data at zero frequency, Py(¢) is the
projection data at certain angle 0, N is the number of transmission and ¢ is the
transmission value.

The FBP algorithm can be summarized as follows;

First, the measured projection data at different angles (equiangular steps) have to
be obtained; the Fourier transform of the projection data has to be estimated by the
following Fourier form;

F(w) :% /_:O Py(t) exp {— i?\[—nwt}dt7 (2)

where F(w) is the Fourier transform of projection data at frequency w.

This Fourier transform data will be filtered with the absolute function |w| or with
the Shepp Logan function (Shepp and Logan, 1974) |w| * (sin(w)/w), and the
obtained data will be back projected to have the distribution of the linear attenua-
tion coefficients.

The Fourier transform method is fast and easy to be implemented, but for op-
timum performance, equiangular projections over 180° are needed. This method was
applied in the computer code for neutron CT image reconstruction and various filter
functions can be used depending on the structures to be visualized in the CT-image
(Avinash and Malcolm, 1999).

2.2. Algebraic reconstruction technique

An entirely different approach for tomographic imaging consists of assuming that
the cross section consists of an array of unknowns and the setting up algebraic
equations for the unknowns in terms of the measured projection data. Although
conceptually this approach is much simpler than the transform-based methods, for
medical applications at least 1% density resolution is required which cannot be
obtained by ART technique, thus it lacks the accuracy in density resolution and the
speed of implementation. However, there are situations where it is not possible to
measure a large number of projections, or the projections are not uniformly dis-
tributed over 180°, both these conditions are being necessary for the transform-based
techniques to produce results with an accuracy acceptable for medical imaging.

All algebraic reconstruction technique methods are iterative procedures. That is,
first starting with an initial guess for the image function u(i, j) for each pixel (7, j) of
the reconstructed image,
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u(i,j) =constant; i=1,...,N j=1,...,N. (3)

The projection data through the reconstructed image are calculated for a certain
angle 0, using the relation;

Peatcutatea(0) = / u(i,j)dl; L path of the incident ray. 4)
L

Comparison between the calculated and measured projection data has been made,

and the difference between them is calculated by

AP(0) = Pacutated (0) — Preasured (0) ®

The image function for each pixel will be modified depending on the difference Ap
between the calculated and measured projection,

M = gy + (a,« * Ap,-/Zaf), (6)

where k is the number of iteration, a; is the area of ith pixel and > @? is the sum-
mation of square area of all pixels within the ray.

Egs. (3)-(5) are repeated until the difference between the calculated and measured
projections can be neglect.

3. Experimental details
3.1. Experimental arrangement

Small samples of diameter 5 cm of ordinary and heavy concretes are scanned at
the thermal neutron radiography station NEUTRA at the Paul Scherrer Institute,
Switzerland. As illustrated in Fig. 1, the radiography station consists of three main
components: the inner collimator which is fixed inside the target block shielding
(including the main shutter), the outer collimator which is an evacuated divergent
aluminum tube and the working room which is shielded with concrete blocks. The
radiography station NEUTRA uses one of the four twin-beam lines for thermal
neutrons at SINQ. The thermal neutron spectrum is mainly determined by the
moderator (heavy water), the position where the beam tube nozzle looks into the
moderator tank and the bismuth crystal placed in the beam line for gamma back-
ground reduction. The NEUTRA is 13.131 m apart from the target center, so it is
suitable for routine use because of its high collimation ratio, large beam diameter
and the amount of free space for sample handling. The outer collimator is of 40 cm,
diameter, but the active diameter is of 25 cm, which associated with nearly constant
flux.

Fig. 2 shows the NEUTRA at SINQ facility at that interim position which
consists of these three main components:

e The shielding support with a vertical channel for guiding downward and upward
movement of the samples.
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Fig. 1. General layout of the NEUTRA facility at a thermal beam line of the spallation neutron source
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Fig. 2. Radiography station NEUTRA in use for investigations of highly activated samples.

space room for the sample and the detector holder.

The upper steel shielding block with a penetration for the neutron beam, and

The transport cask which is made of lead shielding of about 20 cm thickness and

stainless steel walls. This cask is also used for the remote positioning of the sam-
ples in the beam and for height and angular movements (Lehmann et al., 2001).
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3.2. Detection system

The detector is one of the main components for the setup for experimental neu-
tron radiography. The thermal neutrons that pass through the sample are recorded
by a CCD-camera system. The basic principle of the detector is the combination of
the CCD-camera with a neutron-sensitive scintillator screen (see Fig. 3). The light
from the screen is reflected to the camera by a mirror and focused on the CCD-chip
by a special lens. The CCD-camera has the highest dynamic range, very good line-
arity and reproducibility, but its spatial resolution is limited. Using a video and fast
CCD-cameras it is possible to achieve the best dynamic resolution for real-time
imaging but the dynamic range is limited (Pleinert et al., 1997).

3.3. Concrete samples under investigation

Unheated and heated samples of ordinary concrete (p = 2.3 gm/cm?) and heavy
hematite concrete (p = 2.9 gm/cm?) of 5 cm, diameter have been investigated. The
samples have been prepared at the Institute fur Radiochemie, TU Munchen. Both
ordinary and heavy concretes are scanned and then heated at 110 °C for 7.5 h and
then heated at 200 °C for 15 h.

3.4. Scanning procedure

The unheated and heated ordinary and heavy concrete samples are scanned using
thermal neutron emitted from the SINQ facility, The sample was scanned using 200
projections, 0.9° angular step, 255 transmissions, 0.04 mm transmission step (de-
pending on the CCD camera resolution) and of 1 s per projection time.

neutron beam

l l l object

szintillator
CCD camera

mirror

lighttight box lens

control
unit

+

DIGITAL IMAGE

Fig. 3. Basic setup of the type of detector based on the combination of a scintillator screen and a CCD-
camera.
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4. Results and discussion

The FBP and ART techniques are first tested with simulated object to determine
the accuracy, sharpness, resolution. .. etc. to compare and choose the best of them
for application for real measured sample. The simulated object examined consists of
a disc of high-density material, with five holes, filled with rods of different densities.
Details are given in Table 1. The reconstruction area is 7 cm x 7 cm.

The FBP technique was first applied without a filtered function, then with the
absolute filter function, and finally by the Shepp Logan filter function thus showing
the effect of using the different filter function with this technique. Second, the ART
technique was applied as an iteration technique and the accuracy was determined to
compare between the FBP technique and ART technique.

The reconstructed image of the simulated object using the back projection tech-
nique with fast Fourier transformer without filtering is shown in Fig. 4. On the right
side of the image the gray scale starts from low densities (dark gray) to high densities
(light gray), it must be noted that the density is relative to each other. The displayed
image shows that the attenuation coefficient has the highest value at the center of the
object and decreases on moving towards the periphery. The image also shows that

Table 1
Geometrical and attenuation parameters of the investigated simulator
Element name Center coordinates Diameter Attenuation coefficient
x-Coordinate y-Coordinate (cm)
Main disc 0.00 0.00 4 0.7
Rode # 1 -1.50 0.00 0.2 -0.6
Rode # 2 -1.00 0.00 0.4 -0.5
Rode # 3 00.00 0.00 0.6 -0.4
Rode # 4 1.00 0.00 0.4 -0.3
Rode # 5 1.50 0.00 0.2 -0.2
NRC Inshas
- 2649.
1989.
1330.
670.
10.

— 5 mm

Fig. 4. Image of simulated object with back projection without filtering.
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Fig. 5. Image of simulated object reconstructed by FBP with absolute filter function.
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Fig. 6. Image of simulated object reconstructed by FBP with Shepp Logan filter function.

holes number 1, 2, 3, 4 and 5 are blurred, the dimension of all holes is not correct
measured and the gray scale is over estimated.

The reconstructed image of the simulated object from the FBP technique with fast
Fourier transformer using the absolute filter function is shown in Fig. 5. The dis-
played image shows that the examined object has a homogeneous density, the rods
number 1, 2, 3 and 4 can be seen very clearly, with a uniform and correct dimension.
This image also shows that the color of the rods matches well with the rod’s density,
which was assumed. Moreover, the image indicates that the smallest rod number 5 is
shown clearly, i.e., the use of the absolute function give a sharper image with pre-
cisely defined edges.

The reconstructed image of the simulated object by the FBP technique with fast
Fourier transformer using the Shepp Logan filter function is shown in Fig. 6. The
object is of homogeneous density, the rods number 1, 2, 3 and 4 are shown clearly
and the dimension is uniform and correct. This image also shows that the color of
the rods matches well with the rod’s density, which was assumed. However the rod
number 5 is blurred. This can be attributed to the smoothing of the Shepp Logan
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Fig. 7. Image of simulated object reconstructed by ART.
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Fig. 8. The accuracy curve during the iteration process.

filter function, which is effective in the high frequency range. This effect of the
smoothing can be shown clearly in small sharp edges.

The reconstructed image of the simulated object by the ART technique is shown
in Fig. 7. This image indicates that, the examined object is of homogeneous density
and all rods have the same attenuation coefficient. The observed attenuation coef-
ficients for the disc and the embedded rods have lower values than the actual ones.
This could be attributed to that the used normalization factor is not the proper one.
It should be mentioned that the same observed attenuation coefficient for all the rods
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indicates that the ART technique has no ability to distinguish between materials of
close by densities, but it can differentiate between rods of different diameter where
the 2 mm diameter one is shown clearly. The reconstructed image also indicates that,
some artifacts are clearly shown at the right top and the left down corners of the
reconstructed area. The increasing of the number of iterations may decrease these
artifacts. The dimension of the object and the rods is uniform and correct. This can
be attributed to the bad density resolution and accepted spatial resolution of the
ART technique.

Fig. 8 shows the accuracy of the reconstructed image, during the 12780 iterations.
The accuracy is calculated using the standard deviation of AP(0).

The profile of the curve is repeated each 180 iterations, and the standard deviation
of the error decreases gradually during the iteration. It should be mentioned that the
main disadvantage of this technique is the large computational time (355 h on PIII
500 MHz Personal computer) because of its iterative nature.

NRC Inshas
- 834.0

628.0

422.0

216.0

10.0

—— 10 mm

Fig. 9. Thermal neutron image for unheated ordinary concrete sample by using Shepp Logan filter
function.

NRC Inshas

- 689.0
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349.5

179.8

10.0
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Fig. 10. Thermal neutron image for heated ordinary concrete sample by using Shepp Logan filter func-
tion.
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Fig. 11. Thermal neutron image for unheated heavy concrete sample by using Shepp Logan filter function.
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Fig. 12. Thermal neutron image for heated heavy concrete sample by using Shepp Logan filter function.

Figs. 9-12 show the reconstructed images of the unheated and heated concrete
samples with Fourier method using Shepp Logan filter function. The displayed
images show that the effect of heating tends to decrease the water content of the
sample, and therefore the heated samples show lower attenuation coefficient than the
unheated one. Creaks of about 0.5 mm can be seen clearly for the heated samples
(especially in case of ordinary concrete samples) due to the effect of the heating
process. Moreover, images also show that, the examined samples are homogeneous,
this means that, the coarse aggregate is of small size and has been mixed well.
Moreover, the images are very sharp, that the sample is seen to be consists of lines
and the resolution of the images is in the range of 0.45 mm and therefore small
details can be seen.

For comparison between absolute and Shepp Logan filter functions, images of the
same cross sections will be reconstructed by using absolute filter function. Figs. 13
and 14 show the unheated and heated ordinary concrete images reconstructed by
FBP using the absolute filter function. The effect of the heating process can be seen
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Fig. 13. Thermal neutron image for unheated ordinary concrete sample by using absolute filter function.
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Fig. 14. Thermal neutron image for heated ordinary concrete sample by using absolute filter function.

NRC Inshas
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Fig. 15. Thermal neutron image for unheated heavy concrete sample by using absolute filter function.

clearly, where the heated sample shows a lower attenuation coefficient than the
unheated one. Cracks of about 5 mm can be seen clearly in the heated sample as a
result. Figs. 15 and 16 show the images of the unheated and heated heavy concrete
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Fig. 16. Thermal neutron image for heated heavy concrete sample by using absolute filter function.

filtered by absolute filter function. Also, the effect of the heat process can be seen
clearly where the heated sample has a lower attenuation coefficient than the unheated
one. The image in Fig. 16 shows that a small high density spot (light gray spot) at the
left top corner can be seen due to the presence of a hematite coarse aggregate. It was
seen that the images which have been produced by Shepp Logan filter function has
the same resolution as that produced by the absolute filter function. Moreover, the
image produced by using Shepp Logan filter function is of higher contrast than that
produced using absolute filter function, due to the smoothing of high frequency
values in the case of the Shepp Logan filter function.

5. Conclusion

1. The FBP and ART techniques can be successfully used to produce a two-dimen-
sional image from the transmission data.

2. The image produced by the ART technique has poor density resolution, accept-
able spatial resolution, large computational time.

3. The images produced by FBP using a Shepp Logan filter function has a higher con-
trast, and more smoothing than that produced using the absolute filter function.

4. Imaging by thermal neutrons gives more precise information on the water content
of the examined samples. This is due to the high scattering cross section of neu-
trons with hydrogen at thermal neutron energy.

5. The filtered back project technique has the ability to show the homogeneity and
cracks within small samples.

6. The displayed images for heated samples indicate that the rate of water loss is
more pronounced in case of ordinary concrete especially at the sample periphery.
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