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Abstract—A theoretical formulation of the effective point spread
function of a slat collimator on a strip detector has been derived.
The used technique to obtain the geometric transfer function,
which is the Fourier transform of the effective point source image,
is based on the geometric characteristics of a single gap and it
accurately describes the performance of the collimation system
for system analysis. Valuable conclusions resulting from this
geometric transfer function could be made on the sensitivity,
on the spatial resolution, and on the line spread function of the
imaging system. We found that the sensitivity was dependent on
the angle of incidence and on the distance to the detector. The
spatial resolution was constant in a plane at a fixed distance to
the detector and closed analytical expressions were derived for
transaxial line spread profiles. These results were confirmed by
the appropriate Monte Carlo simulations. The presented formu-
lation of the geometric transfer function will be useful with usage
in iterative reconstruction algorithms to incorporate distance
dependent effects.

Index Terms—Effective point spread function, geometric
transfer function, resolution, sensitivity, solstice.

I. INTRODUCTION

THE geometric resolution and sensitivity properties of a
collimator can be described by the so-called effective point

spread function of the collimator. This is the detector response
for a point source averaged over all possible relative gap posi-
tions. This approach does not need the knowledge of the exact
location of the different gaps relative to the position of the point
source. This effective point spread function has already been
described for parallel beam, fan beam, and cone beam collima-
tors [1], [2]. In this paper, we want to apply the same strategy
to deduce the effective point spread function for a strip detector
with a slat collimator. This is the detector configuration for the
solstice detector (Philips), a cadmium zinc telluride (CZT) solid
state detector strip combined with a slat collimator [3]. The con-
cept of the solstice detector consists of a rotating slat collimator
mounted on a strip detector (35 cm 5.6 cm 0.5 cm), made
of CZT, and subdivided into an array of 88 crystals. The col-
limator slats were made of wolfram and lead and have a pitch
of 0.18 cm and a thickness of 0.03 cm. The detector assembly
is spinning to get two-dimensional images and revolves around
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the object for three-dimensional reconstruction. The main pur-
pose of this new design is to improve the resolution versus sensi-
tivity tradeoff by the rotating collimator, coupled to an improved
energy resolution by using the semiconductor detector. Typical
experimental values are 5% energy resolution at 140 keV and a
spatial resolution of 0.5 cm at 10 cm from the detector. The geo-
metric transfer function of its collimator, which is the Fourier
transform of the effective point source image, was analyzed in
Fourier space and we could make some valuable conclusions on
sensitivity and spatial resolution. These findings were verified
using Monte Carlo simulations, by means of Geant4 application
for tomographic emission (GATE) [4]–[7]. A good agreement
between theoretical predictions and Monte Carlo simulation re-
sults was achieved. This derived geometric transfer function can
be interpreted as a description of the average spatial resolution
provided by the geometrically collimated photons when the rel-
ative lateral positions of a source and a stationary collimator are
unspecified or as a description of the directly measurable spa-
tial resolution provided by these photons when the collimator is
moved in a essentailly random way during acquisition [1].

II. FORMALISM

In order to model the detector response of a strip detector
equiped with a slat collimator, we assume a continuous infinite
detector.

Suppose we have a point source at distance from the slat
collimator face (see Fig. 1). We choose the -axis perpendicular
to the collimator plane through the point source. The -axis is
chosen along the strip detector and the -axis perpendicular to
the strip detector, both in the detector plane. The aperture func-
tion of the strip area defined by the gap between two slats can
be written as , giving a value
of 1 for points belonging to the gap area with the center at
position and 0 for other points. Both the aperture
functions and are rectangle functions, respectively given
by and with the width of
the detector strip, the distance between two slats and with

for
for
for .

Radiation coming from the point source and detected by the
gap area with center at position will pass through a corre-
sponding area at the slat collimator face defined by the aperture
function , with

the corresponding aperture center
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Fig. 1. Schematic overview of the strip detector with slat collimator. a(r; r )
is the aperture function at the detector while a (r ; r ) is the aperture function
at the collimator face. The overlap of a(r; r ) and the projection of a (r ; r )
at the detector (a (r; r )) is a measure for the detectability. At site (1) perfect
overlap and maximum detectability is shown while at site (2) partial overlap is
demonstrated.

Fig. 2. Zoom on two neighboring slats to visualize the overlap of the active
detector area and the projection of the aperture function at the collimator face on
that area. The degree of overlap between a(r; r ) and a (r; r ) will determine
the behavior of the detector at that point.

at the collimator face and the intersection
of the line connecting the point source and the detection point

with the front plane of the collimator (Fig. 2). Substitution
yields the following expression for the collimator face aperture
function projected to the detector area:

. The degree of overlap between
and will determine the behavior of the detector

at that point. Maximum overlap will occur for the closest gap to
the point source with center at position .

The photon flux reaching a detection point from a
point source at distance ( ) from the collimator
face is determined by the integration of the number of gap areas
for which the detection point belongs to the intersection of

Fig. 3. Inverse square law for photon fluence. The irradiated surface area
has to be projected perpendicular to the irradiation direction to calculate the
uence=m .

and , integrated over all possible center posi-
tions

(1)

The multiplicative prefactor
consists of which models the detection efficiency
of the detector and of . Hereby is

and

. Due to the inverse square law the
photon fluence at a distance from the point source is
decreased inverse quadratically. Additionally, for oblique
incidences this factor has to be multiplied with to
account for the nonperpendicular position of the irradiated
surface (Fig. 3). Specifying the expressions for and
one now obtains

(2)

We introduce a variable so that expression 2 can
be written as

(3)

If we make the following approximation
(strong collimation by slats) the one-dimensional
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Fourier transform of expression 3 is given by expression (4),
shown at the bottom of the page. If we write in
terms of the apertures function arguments of expression 4

(5)

then the following expression for accordingly re-
sults in expression (6), shown at the bottom of the page. If
is the Fourier transform of the aperture function expression
6 can be written as

(7)

The Fourier transform of a rectangle function is given
by . Substitution of these expressions yields the fol-
lowing result for the detector response of a strip detector with
slat collimator

(8)

For expression 8 reduces to

(9)

III. RESULTS

Multiple statements can be discussed resulting from this
expression. We analyzed spatial resolution, sensitivity, and line
spread functions and verified the results derived from the above
discussed theoretical model by means of accurate Monte Carlo
simulations. For this purpose GATE, a Geant4-based simulation
platform, was used to model the solstice detector geometry (see
Section I for the technical specifications). GATE was designed
as an upper layer for the Geant4 nuclear physics code and was
tuned for use in nuclear medicine, more specifically to fulfill
its role as a simulation platform for PET and SPECT. Thus,
GATE incorporates all Geant4 features including well-validated
physics models, geometry modeling tools, visualization, and
a scripting language for commanding the simulation.

A. Sensitivity

Given expression 8, one obtains for a detection point
being part of the strip detector a dc frequency compo-

nent that is approximately weighted by a factor proportional

to with the angle of incidence
between a ray from the point source and the normal vector to the

detector and with the distance between
point source and detector. This weighting factor determines the
sensitivity for a location in the field of view (FOV) and depends
on the position of the point source relative to the strip detector,
in the plane perpendicular to the detector. As verification a rect-
angular grid of point sources was simulated in the FOV at dif-
ferent distances from the face of the slat collimator and from
the center of the detector strip. The results of these simulations
are listed in Fig. 4. The sensitivity throughout the FOV as a
function of the distance from the face of the collimator and as
function of the distance from the strip detector is plotted. Notice

the dependence ( ) at the
center of the strip detector as calculated from (8). We performed
additional simulations to evaluate the influence of the angle of

(4)

(6)
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Fig. 4. Sensitivity as a function of the distance from the face of the collimator
(Z from 0 to 200 mm) and as function of the distance from the center of the
detector (D from �300 to 300 mm): (a) simulation setup: the grid of point
sources is shown together with the camera, consisting of the CZT detector with
the mounted slats, 50 photon tracks are also plotted as an illustration; (b) results:
sensitivty.

incidence on the sensitivity. We placed 30 point sources on an
arc with an aperture of 90 so that the distance to the detector
stayed constant for each point source. The comparison of simu-
lation results and theoretical calculations is shown in Fig. 5. This
setup, incorporating 30 point sources with a 3 angular separa-
tion placed on an arc, provided the number of detected counts
for each source separately, in order to form the sensitivity vari-
ation. The highest sensitivity was registered for point sources in
front of the detector, while the sensitivity decreases with
for oblique incidences as was theoretically predicted by (8). A
good agreement with the predicted sensitivity behavior is shown
in both discussed figures.

Fig. 5. Comparison simulated versus calculated angular dependency: (a) setup
of the simulation: the spherical grid of point sources is shown together with
the camera, consisting of the CZT detector with the mounted slats, 50 photon
tracks are also plotted as an illustration; (b) results: angular dependency of the
sensitivity.

Fig. 6. Resolution behavior for point sources at a distance of Z = 10 cm from
the face of the slat collimator.

B. Spatial Resolution

Apart from the weighting factor, expression 8 only depends
on or the perpendicular distance between point source and the
collimator surface. Therefore, the resolution behavior of a strip
detector with a slat collimator will only be determined by the
perpendicular distance between source and collimator surface.
To verify this behavior, four separate point sources were placed
in the FOV at a certain distance from the face of the collimator
slats and at varying distance from the center of the detector strip.
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Fig. 7. Comparison of simulated (dashed line) and calculated transaxial profiles of a line source placed in a plane parallel to the collimator surface at (a) 2.5 cm
from the collimator; (b) 5 cm from the collimator; (c) 10 cm from the colimator; (d) 20 cm from the collimator; (e) 30 cm from the colimator; (f) 40 cm from the
collimator. The abscis is expressed in pixels (1.8 mm pitch) which are in this case the 192 gaps of the detector system (34.56 cm) along the x-axis. The line source
is positioned at pixel 95.

The results of these simulations are listed in Fig. 6 where the
resolution behavior for those point sources is shown at a distance
of 10 cm from the face of the slat collimator. It is clear from this
figure that the resolution stays constant, which was predicted by
the theoretical model.

C. Profiles

Since the inverse one-dimensional Fourier transform applied
to expression 8 delivers the line spread function, we are able to
obtain the transaxial profile of a line source in a plane parallel to
the collimator surface at a certain distance from the collimator.
We copied that setup in a simulation by placing line sources at
different distances from the collimator surface and we compared
the resulting simulated profiles with the calculated results as is
shown in Fig. 7. A good agreement is concluded and the trian-
gular profile, resulting from the convolution of two rectangular
functions, is confirmed by the simulations.

IV. DISCUSSION

A theoretical formulation for the effective point spread
function of a slat collimator on a strip detector has been derived.
The idea was originally proposed by Metz et al. in 1980 [1] for
parallel hole collimators and extendend in 1990 by Tsui et al.
for fan and cone beam collimators [2]. The theoretical model
presented in this paper is valid for slat collimators on a strip
detector. We found that the sensitivity depends on the angle of
incidence and on the distance to the detector, while the spatial
resolution of this particular imaging system is constant in a plane
at a fixed distance from the collimator. For both properties as
well as for transaxial profiles of line spread functions we could
calculate closed analytical behavior formulations, derived from
the analytical expression for the geometric transfer function in
the Fourier domain. This theoretical formulation is mostly a
far field model and other effects have to be taken into account
close to the detector as is described in [8]. Fig. 7(a) at 2.5 cm
and Fig. 7(b) at 5 cm from the collimator surface show a
discrepancy between calculation and simulation in the close
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Fig. 8. Comparison of simulated (dashed line) and calculated transaxial
profiles at 5 cm from the collimator for ultrafine setup. The abscis is expressed
in pixels (.18 mm pitch) which are in this case the 1920 gaps of the detector
system (34.56 cm) along the x-axis. The line source is positioned at pixel 959.

field of a large gap detector system, which disappears further
away along the -axis. We investigated this discrepancy by
reducing the gap size with a factor 10 and by increasing the
number of slats by an equal factor 10. Fig. 8 shows the result
at 5 cm from the collimator face. There is a perfect agreement
now between simulation and calculation with that particular
detector setup. This demonstrates that decreasing the gap size
reduces the importance of the factor in expression 3 and
also reduces the importance of the exact gap positions, making
the approximations of this theoretical formulation valid. The
presented formulation of the geometric transfer function will
be useful in iterative reconstruction algorithms in order to
incorporate distance dependent effects. It will be applied in
combination with additional simulation study results which
account for collimator scatter and septal penetration of the
slats, a contribution that only gains importance with higher
energy isotopes.

V. CONCLUSION

A theoretical formulation of the effective point spread func-
tion of a slat collimator on a strip detector has been calculated

and a closed analytical expression has been derived for the
geometric transfer function. The sensitivity and the spatial res-
olution characteristics of the prototype system could be derived
from the theoretical model as well as analytical expressions for
transaxial line spread functions. Those results were intensively
verified using Monte Carlo simulations. The closed analytical
expression for the geometric transfer function will prove its
usefulness when incorporated in an iterative reconstruction
algorithm.
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