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Résumé

On a développé et vérifié expérimentalement un code machine qui permet
de modéliser avec précision la réponse spatiale tridimensionnelle d'un
système tomographique comprenant une source radio-isotopique de forme
sphérique ou cylindrique, un nombre arbitraire d'ouvertures rectan-
gulaires et un détecteur ayant la forme d'un parallélépipède rectangle.
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ABSTRACT

A computer code that accurately models the three-dimensional spatial response
of a tomography system consisting of a spherical or cylindrical radioisotopic
source, an arbitrary number of rectangular apertures and a rectangular
parallelepiped detector has been developed and verified experimentally.
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1. INTRODUCTION

The tomographic reconstruction technique implicitly assumes that the projec-
tions correspond to sets of line integrals [1]. However, practical computed
tomography systems incorporate photon beams of finite width and height.
Thus, the projections are, in fact, collections of integrals over three
dimensions. The consequences for the reconstructed image are enormous.
Firstly, the spatial resolution is limited to the full-width at half-maximum
(FWHM) of the beam [2]. Secondly, variations in the beam profile along its
length can give rise to inconsistencies between projections that, in turn,
can cause streak artifacts [2].

It is apparent that a detailed knowledge of the properties of the beams gen-
erated by various source-colliraator-detector geometries is essential to the
design of computed tomography systems. A number of authors [3-9] have
analyzed special cases analytically. However, the most complete analysis to
date [9] was restricted to a uniform source distribution, a single aperture
and a uniform detector sensitivity with the photon trajectories confined to
two dimensions. Many, if not all, of these restrictions are invalid for an
industrial tomography system incorporating a high-energy radioisotopic
source. Therefore, the present study employs a much more general numerical
technique to calculate the characteristics of photon beams.

2. MODEL

The objective of computed tomography is the reconstruction of the linear
attenuation coefficient function, |i(x,y,z), from sets of projections at vari-
ous, scan angles, <j>> and various axial displacements, Z. The projections
generated by a three-dimensional beam of monoenergetic photons correspond to
sets of integrals at various transaxial displacements R (Fig. 1) given by

p(R,<t>,Z) = /// n(x,y,z) K(x,y,z,R,<J>,Z) dx dy dz (1)
— GO

where K(x,y,z,R,4>,Z) is the beam integral kernel. (The formalism adopted
here is a generalization of that introduced by Bracewell and Verly [3,5,9]).
The kernel can be rewritten as

K(x,y,z,R,<f>,Z) = K(x cos (J) + y s in <|> - R,
y cos <j> - x s in <t>,z - Z ,0 ,0 ,0) (2)

assuming that the origin of the (x,y,z) axes is in the scan plane at the
centre of rotation of the tomography system and that the kernel has the same
form for all (R,<|>,Z). (i.e. The beam characteristics do not depend on the
scan position.) The function K(x,y,z,0,0,0), usually referred to as the
spatial response of the beam is given by
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Fig. 1. Scanning geometry.
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where n(xs,zs) is the source flux function, and ra(xcj,z(j) is the detector
sensitivity function. The plane delta functions define rays joining the points
(xs>ys»Es) on the •source to the points (x<j .y^Zçj) on the detector (Fig. 2).
The photons are assumed to follow straight lines from the source to the
detector which is to say .hat scattering is ignored. The rectangle functions
TC(X), that are by definition 1 for |xj < 0.5 and 0 otherwise, eliminate rays
that fail to pass through a collimator of width a and height b located at
y = ya. Additional factors n:(x) are introduced with each additional
aperture.

3. IMPLEMENTATION

Physically, the function K(x,y,z,0,0,0) is the response of a source-
collimator-detector system to a point mass with a linear attenuation coeffi-
cient of unity. The spatial response is simply related to the modulation
transfer function and so provides a useful characterization of a photon
beam.

The model described here has been implemented in FORTRAN. Equation 3 is
evaluated numerically for spherical or cylindrical radioisotopic sources, an
arbitrary number of collimators and a rectangular parallelepiped detector.
Attenuation in the source and the detector is accounted for. Collimator
misalignment effects can be modelled.

Since the edges of the apertures do not, in general, correspond to the edges
of the integration elements, significant quantization errors can occur.
These are usually avoided by making the integration elements exceedingly
small which, of course, leads to excessively long running times. Therefore,
an alternative approach has been adopted. The co-ordinates of the end points
of each ray are randomized within the corresponding integration elements,
generating reliable results in a typical running time of only one hour on a
PDP-11/23 minicomputer.
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Fig. 2. Source-aperture-detector geometry.
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A. VERIFICATION

The direct measurement of the three-dimensional spatial response is physical-
ly impossible. However, by recording the count rate while a narrow axial
slit is moved through the beam in a transaxial plane an approximate measure-
ment of the axially averaged spatial response can be obtained.

Figure 3 compares the measured and calculated responses for a system consist-
ing of a spherical 6.4 x 10 1 0 Bq source of 13^Cs with a diameter of 5.0 mm,
two collimators each 1.6 mm wide by 6.A mm high by 165 mm long and a 50 mm
diameter by 50 mm long cylindrical Nal (Tl) detector. The source-to-detector
distance was 622 mm. The model accurately reproduces the measured response.

As a further verification, the full-width at half-maximum (FWHM) of the
response function was measured at the centre of rotation of the system
described above for various collimator widths. Although there is a slight
but significant tendency for the measured FWHM to be less than the calculated
(Fig. A), the agreement is excellent, considering ^hat any slight misalign-
ment will reduce the measured values.

Count rates can also be calculated by integrating the spatial response over
any axial plane. Although uncertainties in source activity and geometry
cause some difficulty in verifying absolute predictions, trends such as the
variation in count rate with collimator width are well represented (Fig. 5).

5. CONCLUSIONS

A simple model that accurately predicts the spatial response of source-
collimator-detector systems suitable for industrial applications of computed
tomography has been implemented in FORTRAN and verified experimentally. It
has proved to be a useful, if not essential, tool for the design of computed
tomography scanners.

The authors are grateful for many helpful discussions with L.R. Lupton and
N.A. Keller.
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Fig. 3. Axially averaged spatial response. Circles are measured.
Solid lines are calculated.
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Fig. 4. FWHM of the spatial response as a function of collimator
width. Circles are measured. Solid line is calculated.



- 9 -

N

LU
J—
<

a:

ID
o

175

150

125

100

75

50

25

/ °

/ ;

- / o

yf O

r r ^ O ° I I I I I
0.5 1.0 1.5 2.0 2.5

COLLIMATOR WIDTH (mm)
3.0

Fig. 5. Count rate as a function of collimator width. Circles
are measured. Solid line is calculated.
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