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Abstract 

Scattering of high energetic X-ray photons causes artifacts in industrial computed tomography (CT). In 
particular, for MeV photons, the interaction cross-sections for scattering processes dominate those of the 
photoelectric effect. In addition, electron-positron pair formation is enabled. In this paper, the effect of scattering 
processes on the deposited energy in a line detector is examined as a model for a transmission image. To 
distinguish contributions from different interaction processes, Monte Carlo simulations are performed based on 
the GEANT4 framework. This study focuses on simplified models of the system and primitive objects in 
particular boxes to determine the generic behavior of scattered radiation. Our results indicate that with the help 
of detector collimation a reduction of the scattering contribution up to a factor of two can be achieved.  
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1.  Introduction 
 

X-ray Computed Tomography (CT) is a method that enables investigation of a sample’s 
interior structure. Due to the non-destructive nature of the CT imaging technique, it is widely 
applied in the industrial field of failure analysis and quality control. The photon energy limits 
the penetration length and material density of the object that is investigated. For large, dense 
or heavy objects photon energies of more than one mega electron volt (MeV) are needed to 
achieve measurable transmission values. 

The quality of tomographic imaging can be deteriorated by multiple effects such as beam 
hardening (change of the average photon energy upon propagation through the sample) and 
scattered radiation in the object of the CT system. Especially in CT setups operating at an 
energy level above several hundred keV, the contribution of scattered radiation was found to 
be the essential factor affecting the quality of the measurement [1]. The sources of this 
scattered radiation includ Compton interactions, photoelectric absorption and Rayleigh 
scattering. For photon energies above 1 MeV, the interaction cross-section for Compton 
scattering still dominates the cross-sections of all other physical effects, though the physical 
effect of pair production has to be considered as well. This effect describes the interaction of a 
photon with a nucleus or an electron of the atomic shell, which leads to the creation of an 
electron and a positron. Pair production becomes possible in a situation where photon 
energies exceed the sum of the rest energies of both electron and positron, which is given at 
energies above 1.022 MeV.  

We will show the dependency of the described physical interactions, as well as the 
influence the individual parts of a CT setup have on the total amount of scattering at the 
detector. Since scattering interactions as well as pair production are a part of this evaluation 
not only the scattered radiation, but in particular all non-primary radiation will be the focus of 
this examination. To quantify the contributions of the different physical interactions to the 
image quality of the CT setup, we perform Monte-Carlo simulations. A popular framework 
for the execution of a Monte Carlo simulation in the field of particle physics is GEANT4 [3, 
4], this enables us to implement a model of the CT setup and monitor physical interactions. 
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2.  Methods and Configurations 

2.1 Monte-Carlo Simulation Parameters 

To model the CT system, version 4.9.6 of the GEANT4 framework was used. As a data 
basis for the cross-sections of the physical processes, the electromagnetic low energy package 
Penelope (PENetration and Energy LOss of Positrons and Electrons) was employed. The 
simulated system components, as well as the samples were modelled as geometrical 
primitives using material properties from the NIST database on atomic weights and isotope 
compositions [5] provided by GEANT4. The considered physical interactions include the 
photoelectric effect, Compton scattering, pair production and Rayleigh scattering for the 
photons and multiple scattering, ionization, bremsstrahlung and annihilation for the electrons 
and positrons. 

The implemented geometry components of the CT system entail two source collimators, 
different detector collimators and the line detector. The double source collimation consists of 
a tube-shaped tungsten collimator followed by a lead collimation plate placed directly after 
the X-ray source (cf. Fig.1). The detector collimator is made of tungsten as well. The linear 
detector consists of 2880 detector elements, which are composed of scintillator elements of 
cadmium tungstate (CdWO4) with additional spacers of aluminum. A sketch of the linear 
detector is shown in Fig.2. The detailed specifications of the CT system components can be 
found in Table 1. 

 

Figure 1: Schematics of the Collimators. The top row shows the primary and secondary source collimator,  

the bottom row shows the detector collimator. 

 
Figure 2: Schematics of the Line Detector. 



 3 / 9  

The finite sized focal spot of the X-ray source of the CT system is modelled as a disk with 
radius 1mm, which is placed at the source location. The photons are emitted from this disk 
with a direction sampled randomly from a fan-beam isotropic distribution (half angles: 2.5° 
horizontal and 0.5° vertical). The X-ray source of a 6 MeV linear accelerator system is 
polychromatic and can be simulated using a 6 MeV electron beam and the corresponding 
target disk. The resulting X-ray spectrum can be used to sample the energies of the emitted 
photons. We simulated the source spectrum by using a 0.85 mm thick tungsten target and a 
monoenergetic electron beam with an energy of 6 MeV.  

Table 1: CT System components with corresponding specifications 

 Material 

Specification [mm] 
Position 

[mm] Extent (L x W x H) 
[mm] 

Opening S1 
[mm] 

Opening S2 
[mm] 

Source 
Collimator 1 

W 55.1 x 47.6 [35.6, 5.0] 5.0 
Distance to 
source: 3.5 

Source 
Collimator 2 

Pb 355.6 x 203.2 x 40.0 [248.1, 139.2] 5.0 
Distance to 

Collimator 1: 195.4 

Sample Al 100 x α
* 

x 100
 - - 

Center of CT 
System 

Detector 
Collimator 

W 1540 x 200 x 15 1500 [1, 3, 5] 
Directly in front of 
Linear Detector 

Linear 
Detector 

Al, 
CdWO4 

Detector Body: 
1500 x 30 x 10 

2880 Detector Elements: 
0.3 x 30 x 5 

Distance to 
source: 3000 

*
 Sample widths vary from 1 to 300 mm 

For each of the configurations described in the following section, ten simulations of 107 
photon histories were performed, which leads to the direction of 2.5×104 photons to each 
detector channel. Each of these simulations was done with a different seed for the random 
number engine. The combination of the ten runs could be used to estimate the uncertainty of 
the predicted quantities by calculating the standard deviation over the results of the different 
Monte Carlo simulations. 

The photons and their interaction histories are read out and saved at the moment they 
arrive at the detector. Hits on the detector are recorded twice. The first time, a hit is recorded 
whenever a particle enters the detector. This record consists of strip number, total energy and 
the number of undergone Compton scatterings. The second time, the energy deposited by the 
particles inside the detector elements is recorded. This record starts from the moment a 
particle enters the detector and ends when it gets absorbed by or leaves the detector. In this 
second measurement, it is important to notice that the creation of optical photons through 
scintillation processes is not included in the simulation, in order to increase performance. 

2.2 Simulated Configurations 

The task of quantitatively assessing the scattering contributions in the CT system described 
before was split into several different simulation and evaluation tasks. This was done to 
evaluate the influence of the different parts of the CT system on the signal quality in the 
detector. The first simulation entails only the basic CT setup, which includes the source, the 
sample and the detector. The subsequent simulations include the X-ray beam collimation 
systems, starting with only the source collimation and finally, the full collimation system 
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consisting of source and detector collimation. For the detector collimation, different possible 
collimators were evaluated. The difference between the detector collimators consisted in their 
different slit opening widths. All simulations were done with several samples of varying 
widths. A summary of the different simulated CT system configurations can be found in 
Table 2. 

Table 2: Simulated Configurations 

Config. Source Source Collimation Sample Detector Collimator Linear Detector 

1 Yes No Yes No Yes 

2 Yes Yes Yes No Yes 

3 Yes Yes Yes Yes, slit opening 5mm Yes 

4 Yes Yes Yes Yes, slit opening 3mm Yes 

5 Yes Yes Yes Yes, slit opening 1mm Yes 

2.3 Evaluation of the simulations 

The evaluation of the simulation results consists of a basic calculation of the contribution 
of all non-primary radiation components on the detector as well as a detailed assessment of 
the different sources that contributed to the scattering of the radiation and a cross comparison 
between the various simulated configurations from Table 2. Furthermore, the influence of the 
detector geometry on factors such as averaged branching ratio, detection efficiency and cross 
talk between the detector elements was examined. The branching ratio is calculated as the 
averaged ratio of undergone interactions per simulated photon event.  
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The detection efficiency is given as the average energy deposition of primary photons and 
their cascade of secondaries in the detector per simulated event.  
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3.  Simulation Results  

3.1 Source Simulation 

The goal of the first simulation is to create a source spectrum of a linear accelerator. The 
simulation uses a target made of tungsten and a monoenergetic 6 MeV electron beam that is 
shot onto the target. The resulting angular energy distribution of the so created X-ray photons 
is recorded and evaluated.  

Figure 3 shows the energy distributions of the X-ray beam depending on the emission 
angle from the target. However, this angle becomes significant only for angles exceeding 60°. 
For angles of up to 5°, which will be simulated here, no measurable change in the distribution 
could be found.  
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Figure 3: Angle dependence of simulated X-ray photon spectrum. The left plot shows the distribution of the X-ray 

beam with respect to the emission angle, on the right the distribution for small angles is shown in detail. The black 

line in the right plot represents the smoothed energy distribution of the source photon spectrum used for the 

subsequent simulations.  

3.2 Interaction Branching Ratio  

Normally, the branching ratio (cf. Eqn.:1) is a factor that is interesting in the context of 
decay processes. However, it can also be of interest here, since it gives an estimate of the 
number of interactions for each event. The comparison of the branching ratios of the different 
configurations from Table 2 is of particular interest in this case. For the following simulation 
results an aluminum sample of width α = 50 mm according to Table 1 was used. 

Table 3: Histogram of Number of Interactions for all configurations specified in Table 2 

Config. 1 2 3 4 5 

Average branching Ratio 0.4253 1.0778 1.2132 1.2243 1.2354 

Standard Deviation 0.0012 0.0018 0.0014 0.0018 0.0014 

As it can be seen in Table 3, the average branching ratio does not exceed the value of two. 
This means a particle will most likely not undergo more than two scattering processes on its 
way to the detector. Figure 4 shows the histogram of the interaction counts. From here it can 
be deduced, that three or more interactions only occur for configurations including the 
detector collimator. This leads us to the conclusion that in this case, the detector collimator 
itself is the source of most of the occurring particle interactions. 
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Figure 4: Histogram of Number of Interactions for all configurations specified in Table 2. 

3.3 Detection efficiency 

The simulation results of the detection efficiency (cf. Eqn.:2) are listed in Table 3. They 
show that a significant drop in detection efficiency can be found for configurations 4 and 5. 
These configurations describe detector collimation with a 3mm and 1mm slit opening, 
respectively. From configuration 3, where the slit opening of the detector collimator is equal 
to the vertical size of the detector elements, to configuration 5, the detection efficiency drops 
by a factor of about five. 

Table 3: Detection Efficiency 

Configuration 1 2 3 4 5 

Detection efficiency 3.03 e-3 3.00 e-3 3.00 e-3 1.82 e-3 0.61 e-3 

Standard deviation 7.3 e-5 5.0 e-5 5.8 e-5 5.9 e-5 2.2 e-5 

Ratio with respect to configuration 1 (cf. Table 2) 1 0.99 0.99 1.65 4.96 

3.4 Comparison of the amount of non-primary radiation for different samples and 

configurations 

The main goal of this work is to assess the contribution of all non-primary radiation on the 
deposited energy in the detector. To be able to evaluate the influence of the different CT 
system components, such as the collimation, but also the sample itself, the contributions to the 
non-primary radiation of the configurations described in Table 2 will be compared to each 
other. For all of these simulations, the sample will be placed in the center of the CT setup, 
midway between the source and the detector. The basic setup without collimation shows 
levels of non-primaries in the range of 2 to 6 per mille. This configuration also shows a drop 
in the scattering contribution for samples exceeding a diameter of 150 mm. This effect can be 
attributed to self-filtering, that means a part of the scattered radiation will be absorbed by the 
sample itself. The detector collimator with a slit opening of 5mm displays an increased level 
of non-primary radiation, whereas the detector collimator with a slit opening of 1 mm can 
have a positive influence on this contribution at the detector, especially for bigger samples. 
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For samples exceeding a diameter of 50 mm, the detector collimator with 1 mm slit opening 
can lead to an improvement of the primary signal of up to a factor of 2. However, this result 
has to be interpreted in the context of section 3.3, where the detection efficiency showed a 
significant drop for this configuration. 

 
Figure 5: Contribution of non-primary radiation on the detector for different aluminum samples and collimator 

configurations. The second plot is normalized with respect to configuration 1. 

 

3.5 Detailed analysis of non-primary radiation and its distribution on the detector 

In the previous section, a rough estimate of the total amount of non-primaries on the 
detector was examined, but it is important to investigate the radiation on the detector in detail. 
This section will address the detailed composition of the non-primary radiation as well as its 
distribution at the detector. Especially the change in composition and distribution for different 
CT setup configurations is an interesting aspect of this analysis. The relevant sources of 
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scattering in this setting are the Compton effect, pair production, photoelectric absorption and 
the Rayleigh effect.  

Figure 7 shows the simulation result for an aluminum sample of 50 mm width. It can be 
seen that the distribution of non-primary radiation over all detector channels is wider without 
collimation. As expected, the Rayleigh scattering contribution shows up at small angles, while 
Compton Scattering can reach a more extended distribution across the detector channels. This 
result is consistent with the physical model of those interaction processes. A CT setup with 
collimation at source and detector does not only lead to a narrower distribution of the non-
primary radiation, but also shows an increase in non-primary radiation. 

 
Figure 6: Detailed examination of the non-primary radiation for different configurations. 

3.6 Detector element cross-talk  

Scattering within the detector can lead to a spread of the signal over several detector 
elements. This effect was examined using a pencil beam rather than a fan beam setup. The 
pencil beam was directed onto the center element of the linear detector and there was no 
sample or collimator in between source and detector. The spread of the signal can reach up to 
15 detector elements in this configuration. A histogram and a semi-logarithmic plot of this 
effect can be seen in Figure 8. 
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Figure 7: Cross Talk caused by incoming pencil beam. 

4.  Conclusion 

The quantitative effect of non-primary radiation on the signal of a linear detector of a CT 
system has been evaluated using a Monte Carlo simulation. The influence of different system 
components has been investigated and a detailed analysis of the non-primary radiation at the 
detector has been performed. Parameters, such as detection efficiency and detector element 
cross talk, have been calculated. The total amount of non-primary radiation was in the range 
of a few per milles depending on the sample size used. A collimator positioned in front of the 
line detector reduced the contribution of non-primary radiation by up to a factor of two. 
However, at the same time the additional collimator reduced the detection efficiency by a 
factor of 5. This trade-off between detection efficiency and reduction of non-primary 
radiation has to be considered, when choosing the collimation geometry of the CT system. 
Furthermore, adding a collimator did not only change the overall level of non-primary 
radiation, but also influenced the distribution of it. The result was a more narrow distribution 
of non-primary radiation along the detector elements.  

In conclusion, our simulations disfavor any form of detector collimation. In experiments, 
collimation may not be omitted to protect the detection electronics. Thus, a detector 
collimator with a slit opening of 3mm seems to be the best compromise, since it does not 
involve a considerable increase in non-primary radiation, while also keeping the detection 
efficiency at an acceptable level. 
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