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Abstract 
This paper presents SimCT a simulation tool that is able to predict results of X-ray imaging techniques like radiography and 
computed tomography. Every modelling step from the generation of X-ray radiation to the finally acquired image is addressed 
by the tool and described in this paper. SimCT can support users of X-ray imaging devices, engineers of such devices and 
software developers during their daily work by predicting realistic or artefact free results. Additionally, this tool for numerical 
simulations can support the selection of optimised scan parameters for a specific task. 
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1  Introduction 
Tools that perform numerical simulations of X-ray imaging like SimCT help users of X-ray imaging devices to get a better 
understanding for consequences of physical effects that are relevant for their application. Engineers and developers of X-ray 
devices use numerical simulations as essential tool during the design and prototyping phase of new imaging systems and 
software developer can use virtually acquired data for testing reconstruction algorithms, artefact correction methods as wells as 
any kind of image processing to improve or evaluate X-ray images. 
Besides that, SimCT provides procedures to optimise the image quality by automatically determining suitable scan parameters 
for a user-defined scan task to minimise influences of noise, image blur as well as artefacts. 

2  Modelling of X-ray imaging 
The modelling process has to cover the generation of X-rays and their interactions with the specimen as well as the detector. 
Following chapters describe these processes in detail. 

2.2 X-ray sources 
SimCT provides an analytical model that describes the generation of X-ray in an X-ray tube published by H. Ebel et al. [1], 
which is able to calculate polychromatic spectra consisting of Bremsstrahlung and characteristic radiation for reflexion target 
geometries. Selectable parameters are (i) target material, (ii) angle between target and electron beam φ, (iii) angle between 
target and X-ray exit angle ε, (iv) acceleration voltage and (v) anode current. The analytical model is adjusted and verified by 
experiments performed on an electron microscope for different target angles and acceleration voltages. 
Besides that, spectra determined by measurements or Monte-Carlo Simulations in the form of tables (photons per energy 
channel) can be used as X-ray source. Furthermore, those X-ray spectra can be filtered by plates of arbitrary materials and 
thicknesses to modify the shape of this spectra. An example generated by [1] is shown in Figure 1. 

 
Figure 1: Calculated X-ray tube spectra for 180kV, 200μA, Ω=1.77E-08, ∆E=1 keV, target material tungsten, φ=30°, ε=20°, filter plates Cu 
0.25 mm and 0.5 mm. 
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The focal spot of the X-ray source that emits X-rays has a finite size and typically shows a dependence on multiple operation 
parameter. SimCT uses convolution kernels or modulation transfer functions (MTF) to model the geometrical blur induced by 
the focal spot for different operation states of the X-ray source. The issue of focal spot drifts is covered in chapter 2.5. 

2.2 Interactions of X-rays with matter 
X-rays used for industrial inspections have typically energies in the range from 5 to 600 keV. In this energy range the most 
relevant effects for the interaction between X-ray photons and matter are photoelectric absorption, Compton and Rayleigh 
scattering. The probability for a type of interaction between photon and atom is described by cross sections [2] and linear 
attenuation coefficients. The total mass attenuation coefficient µ(E)/ρ of an element with atomic number Z is given by the sum 
of the relevant mass attenuation coefficients (Equation 1), where ρ is the density of the matter and E is the energy of the 
incident photon: 
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SimCT uses elemental cross sections and differential cross sections published by Brunneti et al. [2]. Figure 2 shows exemplary 
the linear attenuation coefficients µ(E) of aluminium (atomic number Z=13, density ρ=2.694 g/cm³) and copper (Z=29, 
ρ=8.94 g/cm³) typically given in cm-1. This figure depicts that the photoelectric effect dominates for low energies and materials 
with high atomic numbers. Contrary, Compton scattering dominates at high energies and low atomic numbers. The probability 
for Rayleigh scattering is highest at low energies and low atomic numbers. 
 

 
Figure 2: Linear attenuation coefficients of aluminium (Z=13, ρ=2.694 g/cm³) and copper (Z=29, ρ=8.94 g/cm³). 

 
Mass attenuation coefficients of a mixture of elements or chemical compounds can be obtained by the mixture rule [3] 
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where wi is the fraction by weight of the ith element. 
The X-ray absorption along a virtual ray path from the source, through an object made of homogenous material, towards a 
detector pixel can be described by Lambert-Beer’s law for polychromatic radiation (Equation 3). Along the ray, i different 
materials may contribute to the absorption with their mass attenuation coefficient µ(E)/ρ and j fractions of penetration lengths 
di,j. N0(E) is the number of X-ray photons emitted by the X-ray source at energy E in an energy range of ΔE. The detected 
intensity I0 before (Equation 4) and I(r) after the absorption (Equation 3) is a photon count if the detection efficiency D(E) 
corresponds to a single-photon counting detector. For indirect converting integrating detectors, I(r) is typically given in grey 
values and D(E) corresponds to the deposited energy in a detector pixel. Details on the detection efficiency can be found in 
chapter 2.3. 

 


 max

min

)(

0 )()()(
E

EE

d
Eµ

i j
i,j

ieEDENrI
         (3) 

 

 max

min

)()(00

E

EE

EDENI           (4) 



6th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2016) 

www.3dct.at  3 

The attenuation lengths along primary X-rays are calculated by a ray-caster from the source through the virtual specimen 
towards the detector. Several virtual rays have to be analysed per pixel, to achieve oversampling of the X-ray intensity within 
one pixel. 
Artificial specimens are represented by a surface models and assigned materials defined by mass-weighted molecular formulas 
plus density values. Supported surface types are simple geometries, internally defined by mathematical equation (cuboid, 
cylinder, cone, ellipsoids, etc.), triangle meshes [4] as well as intersections of both these surface types. Some specimen 
examples are shown in Figure 3. 
 

 
Figure 3 shows 3D-renderings of virtual datasets created by numerical simulations of X-ray computed tomography. 

 
So far, Equation 1and 3 take only the absorption part of scattering into account. The simulation tool offers the opportunity to 
consider intensities of first order scatter effects within the inspected specimen. Several approximations are done to reduce the 
calculation effort for radiation scattered by the specimen [5,6]. 
Total intensities I that can be detected by an X-ray detector are the sum of primary (Equation 3 and 4) Ip and scattered 
radiation Is: 

sp III             (5) 

The complete simulation process chain is implemented in C++ by additionally using the NVidia toolkit CUDA [5]. 
 

2.3 X-ray detectors 
Basic description of the previous chapter 2.2 are also relevant for the interactions of X-rays with the detector. The probability 
of detecting a photon with an energy E is described by detection efficiencies D(E). SimCT provides several efficiencies that 
are mainly determined by experiments using real X-ray imaging devices. A basic idea of estimating detection efficiencies or 
spectra has been published by Sidky et al. [8]. The assumption is that either the detection efficiency of the used detector or the 
spectra of the used X-ray source is known. 
We used a modified approach that solves the optimisation problem with less free parameters than proposed in [8]. One 
parameter per energy channel lead to non-realistic results, when the efficiency is estimated up to energies of 225 keV in 
combination with common micro-focus X-ray tubes. The optimisation procedure starts at an initial guess of the detection 
efficiency. Figure 4 shows the experimentally determined efficiency of a Perkin Elmer XRD 1620 AN14 scintillating flat-panel 
detector, which is theoretically only valid in combination with the X-ray source modelled by [1] and used during the 
determination. Experimentally determined efficiencies finally allow users of the SimCT tool to estimate realistic intensities, 
noise levels (chapter 2.4) and signal-to-noise ratios for selected X-ray source and detector parameter. 
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Figure 4: Experimentally determined detection efficiency of a Perkin Elmer XRD 1620 AN14. 

 
Additionally, the image quality of X-ray detectors suffer from internal scatter effects that reduce the image sharpness. For 
example, indirect converting detectors are prone to scatter of light within the scintillator and X-rays that are scattered into the 
scintillator originating from objects in the environment of the X-ray imaging device other than the specimen. These scatter 
effects strongly depend on the detector type and used X-ray parameter. 
The reduction of image sharpness can be modelled by modulations transfer functions, for example determined by a Slanted-
Edge-Method proposed in ISO 12233 or modifications of that. Besides the consideration of MTF based unsharpness, the 
SimCT tool provides the opportunity to induce additional intensities to the virtually acquired images similar to Equation 5. 

2.4 Image noise 
The main source of image noise is photon noise, which is Poisson distributed and can be approximated by Gaussian distributed 
random variables with a variance that depends on the mean photon count. If an integrating detector is used additional Gaussian 
distributed noise σG is added, originating from the dark current noise of the pixel’s photo diodes or more general electronic 
noise. Photon counting detectors typically do not suffer from this additional source of noise. Equation 6 shows a noise model 
for a Perkin Elmer XRD 1620 AN14, where I is the detected intensity given in greyvalues, σG is the standard deviation and K is 
a parameter, experimentally determined for several image acquisition parameter (e.g., detector gain, integration time, detected 
spectrum, etc.). The parameter K is typically in the range of 1 to 5 and σG in the range of 2 to 20. In theory K=1 and σG=0 for 
photon counting detectors. 
 

K

I 2
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This means, finally Gaussian distributed noise is added to every pixel’s grey value using a random number generator [9], 
where Equations like Equation 6 model the mixture of Poisson and Gaussian distributed noise in real X-ray image. 

2.5 Acquisition geometry and motion blur 
Besides X-ray radiography, SimCT is capable of simulating CT scans with circular trajectories, which is today’s most common 
trajectory. The reconstruction method used within this tool is the filtered back-projection algorithm published by 
Feldkamp et al. [10]. 
X-ray computed tomography (XCT) devices are typically assembled with high precision and accuracy. Nevertheless, some 
static misalignment errors remain. SimCT allows to define the following static position and rotation misalignments: (i) source 
position (x,y,z), (ii) rotary stage (x,y,z,α,く,け) and detector position (x,y,z,α,く,け). 
Additionally, the source position can be defined as a function of the scan time to allow the consideration of focal spot drifts. 
Further, the radial and axial runout as well as wobbling and rotation angle errors of rotary stages that depend on the rotation 
angle can be considered. 

2.6 Batch mode and random parameters 
When a series of simulations is needed, SimCT provides a Batch-Mode, which allows to queue-up any number of predefined 
simulations. This is of use, for the optimisation of scan parameters that maximise the image quality or to investigate the 
influence of those parameters on acquired images. Several methods support the user by automatically selecting suitable scan 
parameters for the specified inspection task. 
Supplementary, the tool can stochastically select parameters (e.g. acceleration voltage, current, specimen clamping, …) based 
on distribution functions per simulation run to consider parameter uncertainties. 
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3 Applications examples and results 
This chapter presents an exemplary comparison between a simulated and a real XCT scan as well as applications, where 
numerical simulations provide benefits to developers or users of X-ray imaging devices. Shown scans are done on a RayScan 
250E cone beam XCT device that consists of a Viscom 225 kV micro-focus tube XT9225-D and a Perkin Elmer flat panel 
detector XRD 1620 AN14 (2048x2048 pixels, pixel size 200 µm). Besides this device, SimCT would be also useable to 
generate realistic virtual XCT images of a Carl Zeiss Metrotom 1500. 

3.1 Comparison of simulated and real XCT scan 
Figure 5 shows the comparison of experimentally acquired slice images and its virtual pendant. The specimen under test is an 
aluminium system profile with 40x40 mm. Both slice images depict severe influences of beam-hardening in the same manner, 
for the selected scan parameter. 
 

         
Figure 5: (a) triangle mesh of the real work part, (b) shows a real and (c) simulated slice of a scanned 40x40 aluminium profile, acquired with 
100 kV, 500 µA, 1x1000ms, Gain 16, 1300 projections, source-object-distance 352.510 mm, source-detector-distance 1519.126 mm 

3.2 Optimisation of scan parameter for global and local image features 
Series of numerical simulations, in combination with a selected image quality measure, can be used for the task specific 
selection of X-ray parameter. Histogram-based measures [11,12] can provide a global quality measure for the acquired XCT 
image, whereas a locally defined contrast-to-noise ratio (CNR) can optimise the image quality locally. If metrology is of 
interest, a dedicated quality criterion published by Schönfeld et al. [13] can be used. 
This work presents the optimisation of X-ray parameter for the inspection of a multi-material part, where the transition 
between the inner aluminium core (diameter dAl=30 mm) and the surrounding Polyoxymethylen (POM, dPOM=60 mm) is of  
 

    
Figure 6: (a) Slice image of a multi-material test phantom made of steel plastics and aluminium to demonstrate the optimisation of scan 
parameters using numerical simulations and CNR based image quality measure for the distinction of plastics and aluminium. On the right (b) 
shows grey value profiles of the best and worst selectable X-ray parameter at the marked region. 
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interest (Figure 5a). Further, the aluminium and plastics is surrounded by 2 mm thick steel. For this kind of application local 
CNR values are chosen as quality criterion. The regions of interest used for the calculation of the grey value contrast between 
POM and Al as well as the standard deviation in POM are visualised in Figure 5a. The inspection should be done on the 
Rayscan 250E XCT device at a voxel size of 60 µm and a maximal total exposure time of 90 min with 1440 projections. 
Acceleration voltages between 150 and 210 kV in steps of 30 kV are tested in combination with either Copper filter plates 
0/0.5/1.0/1.5 mm or Tin filter plates 0.5/1.0/1.5 mm. Tube current, detector integration time and averaging are selected 
automatically by the SimCT tool to assure negligible geometrical blur while using up to 90 min per scan. 
Figure 5b depicts the worst (green profile) and best selection (red profile) of parameter to optimise the CNRPOM,Al between 
plastics and aluminium. Best results are achieved with 210 kV, 408 µA, Cu 0.5 mm, and 2x1000ms. Note that, beam-hardening 
is only suppressed to a certain degree with this set of parameters. Scans that are done with the highest absorbing filter 
Sn 1.5 mm would lead to the lowest CNRPOM,Al values, due to strong noise. This means extensive hardening of the spectra is 
not beneficial for the inspection of the transition aluminium to plastics, although the cupping artefacts could be significantly 
reduced. Figure 5b near pixel 1045 shows the different magnitudes of cupping-artefacts in steel achievable by the X-ray 
parameters. 

3.3 Application of SimCT for software development 
SimCT is able to provide realistic XCT images for a given specimen as well as XCT images without artefacts, wherewith a 
ground-truth for the development of artefact correction methods or segmentation methods is available since the geometry is 
exactly known. Figure 7 shows exemplary simulated datasets for the development of segmentation methods for pores and 
fibres. 
 

    
Figure 7: SimCT provides virtual datasets plus ground-truth for the development of (a) evaluation methods for fibre reinforces materials or 
segmentation methods by providing realistic virtual data (b) as well as reference data without disturbing artefacts (c). 
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