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Special collimators used in imaging systems play an important
part in obtaining qualified images to improve diagnosis in medicine. Methods: The primary aim of this study was to compare
resolution between fan beam and parallel beam collimators using Monte Carlo simulation in the shape of cubic holes. Also,
parameters such as geometric efficiency, geometric resolution,
scatter, penetration, and full width at half maximum were studied to compare their special characteristics. Results: The simulation results demonstrated that the geometry efficiency of
a fan beam collimator increased as the angle of the slant hole
increased, and the geometric resolution decreased as the angle
of the slant hole increased, at a distinct distance from a monoenergetic source of g-rays. In contrast, at a distinct angle,
geometric resolution increased as the distance between the
source and the collimator surface increased. For both collimators, scatter and penetration decreased as the distance
increased. These results were in agreement with ADAC company data. Finally, fan beam collimators were found to have
better resolution than parallel beam collimators with a cubic hole
shape in a wire mesh design. Conclusion: Estimation of the fan
beam by parallel beam parameters as cubic holes can be suitable in collimator design to improve resolution and efficiency.
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cusing toward a focal line parallel to the axis of rotation of
the camera (1).
For optimization of collimator design, photon interactions
in g-camera collimators have been simulated by the Monte
Carlo N-particle code (MCNP5) (2–4). In this code, source
geometry, collimators, and detectors need to be defined in
the input file—a cumbersome process (5,6). Recently,
researchers have clinically compared parallel beam and fan
beam collimators and simulated the parallel beam collimator
by this code (7–22). In this study, fan beam parameters were
deliberated by this code.
To improve resolution and efficiency, it is helpful to
model collimators of various hole shapes, edge effects,
septal materials, and geometric configurations. The aim of
this study was to investigate resolution between fan beam
and parallel beam collimators using MCNP5 simulation in
the shape of cubic holes. Also, distinctive parameters such
as geometric efficiency, scatter, penetration, and full width
at half maximum (FWHM) have been compared, with
assessment of the fan beam and parallel beam collimator
responses.
MATERIALS AND METHODS
Computation of Cubic Hole Angles

C

ollimation of low-energy photons, allowing detection
of only those photons propagating in the appropriate direction, plays a key role in obtaining a suitable map in SPECT
imaging. Some collimators, such as the parallel beam and
fan beam types, are widely used in different applications
and for organs centered within the field of view. Therefore,
it is important to study collimator geometric properties to
improve diagnosis in medicine. Fan beam collimators are
a special type of converging collimator with the holes fo-
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In collimator design, static and dynamic parameters are
considered. Static parameters include material and geometry, such as the shape and size of the holes and the degree
of the angle. Dynamic parameters include the position of
the source and the location of the collimator. In this study,
the geometric characteristic of low-energy parallel beam
and fan beam collimators used at ADAC were applied, as
indicated in Table 1 (23). In view of research by Gunter
et al. showing that parallel beam parameters can be chosen
locally for fan beam collimators, we estimated the fan beam
geometric dimensions by parallel beam collimator parameters (24).
The MCNP5 code and Matlab software (MathWorks,
Inc.) were used to simulate collimators with cubic holes as
shown in Figure 1. On the central z-axis, both the fan beam
collimator and the parallel beam collimator have the same
hole length. On the x-axis, as the offset distance changes,
the hole length of the fan beam collimator increases because of the various angles and the hole size.
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TABLE 1
Geometric Characteristics of Parallel Beam and Fan Beam
Collimators
Characteristic

Value

equal distance from the collimator surface. The focal line is
formed by the focal points. Figure 2 represents this objective with dissimilar diameters for 2 holes beside each other
and can be defined as:

Thickness (cm)
Hole size (cm)
Septal width (cm)
Ratio of hole area to septal area

3.28
0.140
0.0152
0.7682

s
r
x
5 rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
f 2x
s2
11 2
x

According to ADAC company data, the focal length of
the fan beam collimator is 50 cm and the slant hole cross
section is variable (23). A simulated collimator was defined
by a cubic region because the unit cell, when replicated,
would produce the desired hole pattern in parallel beam
mode, as indicated in Figure 1A. In fan beam mode, each
hole must be considered, with different angles, hole sizes,
and hole lengths and constant septa in a similar volume.
The cross section of the holes is of a parallelepiped shape,
and the hole angles on the fan beam collimator can be
computed given the geometric parameters. As the angle
increases, the cross section varies according to a row of
holes focused on a point. Also, there is another row of holes
centered on another focal point in the same direction at an

where r is the distance between the wall and center of
a hole, s is the septal thickness, f is the focal line distance,
and x is the variable parameter in any angle of a slant
hole.
Monte Carlo Simulations

Each camera system has a constant intrinsic resolution,
depending on detector thickness, area, and substance
density. This study used a NaI detector with a thickness
of 0.95 cm in a 40 · 54 cm area, and a scintillation camera
with an intrinsic resolution of 0.39 cm was simulated by
MCNP5. Several parameters were evaluated, such as
FWHM, geometric resolution, and geometric efficiency
for 89,600 slant holes and 89,600 cross sections.

FIGURE 1. (A) parallel beam collimator
and (B) fan beam collimator with cubic
holes.
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TABLE 2
Simulated Parallel Beam Effective and Total Resolutions at
Different z Values
Source–collimator surface
distance (cm)
Resolution (cm)

z 5 10

z 5 15

Effective
Total

0.6119
0.7256

0.8314
0.9183

Effective hole length 5 3.189 cm; m 5 22 cm21 for lead at 140
keV and B 5 0.75 cm.

FIGURE 2. Calculation of angles in fan beam collimator, in
which slanted cubic hole has different cross sections.

In fan beam collimator simulation, angles were calculated for 89,600 slant holes in a 40 · 54 · 3.28 cm region
with a septal thickness of 0.0152 cm and various cross
sections, in which the holes focused to a line. Metz et al.
(22) derived a closed algebraic expression to determine the

geometric component of the parallel beam collimators and
found that if penetration is negligible, the spatially geometric component is effectively independent of hole shape for
a given collimator thickness and a given ratio of hole area
to septal area. Table 1 indicates the geometric properties of
the collimators used for the simulation.
The point source, technetium (140 keV), was placed in
air and medium (water phantom) to obtain adequate
scatter, penetration, and point spread. This source was
located at z 5 10 and 15 cm in front of the collimator
surface, and energy spectra with a 20% photopeak window
were obtained (25). In each case, 500 million photons
were detected by the NaI detector.
The phantom was considered a cylinder with a length of
20 cm and a radius of 7 cm to study source depth in tissue.
The depths were assumed to be 2 cm (z 5 10 cm) and 7 cm
(z 5 15 cm), as shown in Figure 3. Meanwhile, for calculation of scatter and penetration, simulations were performed with and without interactions in collimators of the
same sensitivity.

TABLE 3
Calculated Fan Beam Geometric Efficiency (·1025 ) at
Various z Values and Angles
Source–collimator surface
distance (cm)

FIGURE 3. Point source in scatter medium in front of
collimator at z 5 10 cm (A) and z 5 15 cm (B).

Angle (degree)

z 5 10

z 5 15

1.6216
3.2419
4.8595
6.4733
8.0818
9.6839
11.2783
12.8638
14.4393
16.0035
17.5555
19.0942
20.6186
22.1277
23.6206

12.0024
11.9449
11.8497
11.7180
11.5512
11.3510
11.1196
10.8595
10.5732
10.2636
9.9337
9.5864
9.2250
8.8523
8.4715

15.6770
15.6010
15.4770
15.3050
15.0870
14.8260
14.5236
14.1838
13.8099
13.4055
12.9746
12.5211
12.0490
11.5623
11.0648
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TABLE 4
Calculated Fan Beam Effective Resolution at Various
Distances from Collimator Surface
Source–collimator surface
distance (cm)
Angle (degree)

z 5 10

z 5 15

1.6216
3.2419
4.8595
6.4733
8.0818
9.6839
11.2783
12.8638
14.4393
16.0035
17.5555
19.0942
20.6186
22.1277
23.6206

0.4274
0.4279
0.4287
0.4299
0.4315
0.4334
0.4356
0.4382
0.4411
0.4444
0.4480
0.4521
0.4564
0.4612
0.4663

0.5036
0.5042
0.5052
0.5066
0.5084
0.5106
0.5133
0.5163
0.5198
0.5236
0.5279
0.5326
0.5378
0.5434
0.5494

Rc 5

aðle 1z1bÞ
;
le

Eq. 3

where a is hole size, b is distance between the crystal and
the collimator, and z is distance between the source and the
collimator surface. Also, total resolution can be defined as:
Rt 5

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2c 1 R2i :

Eq. 4

The geometric efficiency of the fan beam collimator
(GFB) is expressed as follows (3):
FIGURE 4. (A) Simulated fan beam geometric efficiency lessens
when angle of slant hole is increased. (B) Simulated fan beam
geometric efficiency increases when point source distance from
collimator surface is increased for different us.

TABLE 5
Calculated Fan Beam Total Resolution at Various
Distances from Collimator Surface

Calculation and Assessment of
Collimator Parameters

Source–collimator surface
distance (cm)

The ratio of hole area (Aopen) to septal area (Aunit) can be
defined in the geometric efficiency of the parallel beam
collimator (GPB) as follows:
GPB 5

A



open
4pl2e


Aopen
;
Aunit

Eq. 2

le 5 l 2 2m21

where le is the effective hole length of the collimator and m
is the linear attenuation coefficient of the septal material
(lead) at 140 keV (26,27,1). The effective geometric spatial
resolution (Rc) is described as the FWHM of the intensity
distribution obtained from a point source placed at a distance from the collimator face (2), given by:
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Angle (degree)

z 5 10

z 5 15

1.6216
3.2419
4.8595
6.4733
8.0818
9.6839
11.2783
12.8638
14.4393
16.0035
17.5555
19.0942
20.6186
22.1277
23.6206

0.5152
0.5156
0.5163
0.5173
0.5186
0.5202
0.5221
0.5242
0.5267
0.5294
0.5325
0.5359
0.5395
0.5436
0.5479

0.5636
0.5641
0.5650
0.5663
0.5679
0.5699
0.5722
0.5750
0.5781
0.5816
0.5855
0.5897
0.5944
0.5994
0.6049
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In the fan beam collimator design, the cosu term takes into
account the oblique holes, which are not on the central axis.
Because of the magnification property of the fan beam
collimator, the geometric spatial resolution is given by
(23):
!# 
"

le 1b
aðle 1z1bÞ
1
f 2z
2
· 12
·
: Eq. 6
Rc 5
·
le
cosu
f 1le 1b
f 2z

The total geometric spatial resolution of the fan beam
collimator is given by:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 ﬃ

f
2
z
Rt 5 R2c 1
R2i ;
f 1le 1b

Eq. 7

where intrinsic resolution is the intrinsic spatial resolution
of the camera.
RESULTS

FIGURE 5. (A) Simulated fan beam geometric resolution
decreases when angle of cubic hole is reduced for different
z values. (B) Simulated effective resolution increases when
angle of holes is increased.

GFB 5
l9e

! 
2
 
Aopen
Aopen
f
·
0 # z #f :
·
f 2z
4pl92
Aunit
e

Eq. 5

le
5
cosu

The effective and total resolutions increased when the
distance between the source and the parallel beam collimator increased, as shown in Table 2. The effective and
total resolutions reported by ADAC at a 10-cm distance
for the parallel beam collimator were 0.63 and 0.74 cm,
respectively. These values agree with our results, with
errors of 3.2% and 2.7%, respectively. Also, the geometric
efficiency of the parallel beam collimator and effective hole
length were calculated to be 7.69387E205 and 3.189 cm,
respectively.
The geometric efficiency of a fan beam collimator is
related to angle and distance and, for a distinct angle, could
be increased by increasing the distance, as indicated in
Table 3. Geometric efficiency could also be decreased by
increasing the slant hole angle, as shown in Figure 4.
The effective and total resolutions of a fan beam
collimator with 89,600 holes, for all angles, were calculated
to be 0.59 and 0.68 cm, respectively, at a 10-cm distance.
The reported effective and total resolutions from ADAC
under the same conditions were 0.60 and 0.71 cm, respectively. At a distance of 15 cm, the respective calculated
values were 0.69 and 0.74 cm, as shown in Tables 4 and 5

TABLE 6
Simulated FWHM (cm) for Parallel Beam and Fan Beam Collimators with Cubic Hole While Point Sources
Are Located in Air and Water Phantoms
Source–collimator surface distance (cm)
z 5 10

z 5 15

Collimator

Air

Phantom (2 cm)

Air

Phantom (7 cm)

System parallel beam
Geometric parallel beam
System fan beam
Geometric fan beam

0.80
0.59
0.79
0.58

0.87

0.95
0.86
0.91
0.82

1.22

0.81
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of the parallel beam collimator and results in a better resolution.
Also, the radial point spread functions were simulated in a cubic
shape at a 10-cm distance in air by MCNP5. The fan beam
collimator has better resolution than the parallel beam collimator, as shown in Figure 6A. The FWHM of collimators in the
water phantom was increased because of Compton scattering,
and the resolution was decreased, as indicated in Figure 6B.
Table 7 presents relative differences between the simulated and the reported resolutions at a 10-cm distance from
collimators including 89,600 holes: 6% and 3% for the
parallel beam and fan beam collimators, respectively. Table
8 indicates the scatter and penetration values in air and
water for a 20% photopeak window at various distances.
For both collimators, scatter and penetration decreased as
distance increased. At a distinct distance, scatter and penetration were found to be higher for the fan beam collimator
than for the parallel beam collimator in both air and water
because of the hole shape, geometric pattern, and edge
effect.
DISCUSSION

FIGURE 6. Simulated radial point spread functions for fan
beam and parallel beam with cubic hole shape when point
source is set at z 5 10 cm in air phantom (A) and water
phantom (B). FB 5 fan beam; PB 5 parallel beam; w 5 water.

and Figure 5. The values increased with an increase in the
hole angle at a distinct distance, as well as with an increase
in distance at a distinct angle.
For both collimators, the FWHM using cubic holes was
investigated by radial point spread functions. FWHM increased
as the distance increased, as shown in Table 6. With cubic
holes, the FWHM of the fan beam collimator is less than that

This study investigated the resolution and geometric
efficiency of parallel beam and fan beam collimators with
cubic holes. The spatial resolution of a scintillation camera
stems from a combination of the type of collimator and the
intrinsic resolution characteristics of the crystal and electronic
detection system. When the angle of the hole is changed,
efficiency and resolution are altered, and vice versa. Thus,
collimator parameters are designed with regard to the
necessary trade-off between efficiency and resolution.
Cot et al. (28) indicated the square holes give rise to
sensitivity higher than the hexagonal holes without considering the effective length and efficiency in actual extensive
collimators. In this study, the simulations included all components plus photoelectric and electron x-rays with higher
accuracy (<0.02).
To study the effects of interactions, the simulations
included penetration, Compton and coherent scatter, photoelectric effects, and emission of characteristic lead x-rays.
The programs also included interactions in a NaI scintillation crystal, and backscatter from a compartment representing detector components behind the crystal. The results of
the simulation demonstrated that with an increase in
distance there is a decrease in scatter and penetration. The
fan beam had higher scatter and penetration, and the
parallel beam had lower values, with a 1.04 ratio in air

TABLE 7
Comparison of Simulated FWHM (cm) with Values Reported by ADAC at z 5 10 cm with 89,600 Holes
Parallel beam

42

Fan beam

Resolution

Simulated

Reported

Simulated

Reported

Effective resolution
Total resolution

0.5960.02
0.8060.02

0.63
0.74

0.5860.02
0.7960.02

0.60
0.71
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TABLE 8
Amount of Simulated Penetration and Scatter Percentage
in Air and Water Phantoms Related to Distance from
Collimator Surface
z 5 10 cm

z 5 15 cm

Collimator

Air

Phantom

Air

Phantom

Parallel beam
Fan beam

3.07
3.20

3.25
5.73

1.72
2.15

1.97
3.21

and 1.76 in phantom at z 5 10 cm. Scatter and penetration
depend on the hole shape, geometric pattern, and edge effect. When scatter and penetration are not negligible, the
point spread function will have a long tail, which will not
affect FWHM but can significantly affect the contrast resolution of the collimator. Although system resolution was
higher than geometric resolution, the fan beam, in comparison with the parallel beam with cubic holes, had the lowest
system and geometric resolutions for a distinct distance.
CONCLUSION

This comparison demonstrated that simulated responses
were close to the experimental data provided by ADAC.
Compared with the parallel beam collimator, the fan beam
collimator with a cubic hole shape resulted in a smaller
full width at half maximum and better resolution. Modeling
of collimators can be commercially beneficial to the
manufacturing industry. In addition, modeling can be
clinically relevant in allowing for the design of collimators
with better qualities and features.
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