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Abstract: Medical imaging and the health care industry in general is a very important subject for our wellbeing. 

Simulating medical systems is very challenging but provides us with a foundation to test quickly new ideas and 

new technologies. Monte Carlo is the most useful tool to manage to emulate such procedures especially particles 

passage via matter. In the digital revolution that describes the era we are going through open source software has 

become increasingly popular and almost all major software industries are using open source software tools. In this 

work we are examining the EGSnrcmp ecosystem to simulate CT x-ray production, beam collimation, phase space 

file scoring of particles and dose scoring in personalized voxel phantoms generated from CT scanning 

examinations. We manage to evaluate our geometrical model with the theoretical values found in the literature. 

Also we found information not easily obtainable for CT scanning systems and we were able to perform simulations 

in order to determine how much radiation exposure can thin layers of suitable metals reduce in terms of dose. We 

found that more that 50 percent of radiation exposure has been reduced in modern CT examinations and the 

percentage can go even higher with research for new materials and operational procedures. 
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I.  INTRODUCTION 

The discovery of x-rays in 1895 by Wilhelm Konrad Roentgen led us to the era of new Technological 

accomplishments and in our time we use x-rays for various of applications, especially in Medicine. We use x-rays 

for medical procedures such as mammography [1], CT scans [2], basic radiography [3], radiotherapy [4], etc. 

Nonetheless x-rays are used in various, every day operations other than medical imaging such as cargo scanning 

[5] and security scanning [6]. The most critical component of those systems is the x-ray tube which is the component 

that produces the x-rays. In order to be able to design an algorithm to do the production of x-rays we need to 

simulate the bombardment of high velocity electrons, driven into a target producing photons related to the target's 

material. In this paper we are more focused in CT x-ray tubes which operate at energies of 80-150 keV [7]. The 

most common anode-target material that is being used for such examination is Tungsten [8]. The production of 

electrons by a heated filament after being driven and reached at the target, results in the emission of bremsstrahlung 
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and the production of distinctive x-rays [9]. To filter out the low bremsstrahlung radiation [10] and control the 

radiation exposure [11] by photon absorption [12], thin layers of metals with high atomic mass are used as filters 

[13]. This experimentation has showed that the exposure to the patient during an exam can be reduced [14] and has 

led the industry of diagnostic medicine to research suitable materials [15].  

As for the target material, most common is tungsten because of characteristics such as, high atomic mass and 

melting point. Thin layers of aluminium and copper are used to filter out the low energy photons which don't 

contribute to the picture contrast for clinical analysis but add more exposure to the skin and organs of a patient. In 

order to observe what is going on in a simple CT examination and see how much does the filtering of 

Bremsstrahlung radiation using thin layers of filtration affects a patient in terms of dose, is challenging.  

Numerous medical procedures are performed each day all around the world, and huge amounts of data are 

produced. In order to manage this information and have a common ground on how to store and exchange these data 

in the most flexible and secure way IT professionals developed the Digital Imaging and Communications in 

Medicine DICOM protocol. DICOM deals with image compression, image interpolation, image reconstruction, 

media files, data encryption and much more [16]. In our case we use DICOM CT images, which stores data in voxel 

arrays with Hounsfield units-HU values. In this work we manage to obtain such 3D images and convert them in 3D 

voxelized phantom. The transformation is simple as each original voxel with HU value from the DICOM image 

was converted to a voxel with a material and density value in order to score dose, as photons are passing via it.   

These system is complicated and require very precise analytical models in order to manage simulating them 

effectively, because as the complexity of the geometrical components increase so the simulated schema is hard to 

determine. Monte Carlo approach is the key to effectively simulate such systems. By using stochastic approaches 

for deterministic problems, like the passage of particles through matter, Monte Carlo provides solutions which can't 

be easily found and sometimes not even possible with analytical models.  

 Numerous Monte Carlo software are developed over the years [17] such as, EGSnrcmp [18], FLUKA [19], 

SimSet [20], PENELOPE [21], MCNP [22], SIMIND [23], Geant4 [24], GATE [25], GAMOS [26], TOPAS [27], 

etc. In our research we chose EGSnrcmp to simulate the x-rays generation, beam collimation and calculate dose in 

anthropomorphic voxelized phantoms for personalized dosimetry. It is a software that is very mature with over 65 

years of existence [28]. EGSnrcmp is a very well-known general-purpose Monte Carlo code with thousands of 

publications, also it is an open source software and that makes it the best candidate to perform x-ray tube simulations 

for medical imaging and learn more about these procedures as one can open the source code and understand in great 

detail the processes that are involved. 

II. MATERIALS AND METHODS 

Monte Carlo calculations were performed with the usage of EGSnrcmp series of routines, namely the 

BEAMnrc, DOSxyznrc and ctcreate. We generated pegs4data files that corresponds to the materials inside a 

geometrical space and contain useful information for each material we use, such as cross-sectional data in a pre-

processed form so that the EGS's ecosystem can consume. The energy transfer thresholds AE and AP were set at 

512 keV and 1 keV, respectively, while the cut-off energies ECUT and PCUT were set to 660 keV and 105 keV. 

We have 4 separate processes for our experimentation. The first process is a BEAMnrc run to recreate the generation 

of bremsstrahlung photons and score particles in a phase space file. For this process we utilized directional 

bremsstrahlung splitting for the reduction of variance which reduce our computational time by 30 times [29] and 

also the statistical weights are being stored. We describe our geometry with the components XTUBE and SLABS. 

The SLABS create several rectangular components with varying thicknesses to act as filters and the scoring plane. 

We run two simulations, the first one with air acting as filter and the second one with 0.25cm aluminium plus 

0.02cm copper as filters. The thickness of the anode-target was set to 1cm in the Z direction and it consists of 

tungsten (W) at the angle of 22o, underneath the XTUBE component we specify a 20cmx20cm vacuum rectangle 

with 2cm thickness on the Z axis, followed by a 20cmx20cm air gap with 2cm thickness on the Z axis, and finally, 

a 20cmx20cm rectangle with the filters. Finally, the last slab component, the scoring plane was placed. Figure 1 

depicts the X-Z projection of our 3D geometry, the red component is the x-ray tube, the grey is vacuum, the green 

is air, the orange is aluminium and the purple is copper. 
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Figure 1. BEAMnrc  3D geometry for x-ray generation simulation, projection on the X-Z axis. 

The second process was a BEAMnrc process run, which was performed to collimate the beam produced by the 

first process and clean the statistical weights of the scoring phase space file. The geometry of this BEAMnrc run 

had 3 components namely SLABS, CONS3R and SLABS at the end. The first SLAB was a rectangle 20cmx20cm 

with thickness 1cm in the z direction which was a gap of air. The CONS3R component was the primary collimator, 

it describes a truncated stack of cones with 2 points to define a cone geometry, the first point has R1=2.5cm and 

the second point has R2=5.5cm, the thickness of this component was 5cm in the z direction. The material we used 

for this cone was stainless steel and inside the cone the vacuum material was used. The last component was a 

20cmx20cm rectangle SLAB with 45cm in the z direction and at the end the scoring plane was set. Figure 2 depicts 

the X-Z projection of the process 3D geometry, the yellow is air, the blue is stainless steel, and the grey is vacuum. 
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Figure 2. BEAMnrc  3D geometry beam collimation simulation, projection on the X-Z axis. 

The third process was to create an egs-phantom from CT DICOM (dcm) file. We used the ctcreate [30] process 

from the EGSnrc ecosystem. We obtained a dicom image file of chest CT of a unanimous patient [31], figure 3 

depicts a slice from the original dicom file, this file contains 512x512x259 = 67,895,296 voxels, with voxel size 

0.1cm,0.1cm,0.1cm in the x,y,z directions respectively, containing HU values.  
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Figure 3. Original Dicom image file from patient CT examination. 

With the help of ctcreate process we manage to convert the original image into an egs-phantom file. The egs-

phantom consists of 125x125x128 = 2,000,000 voxels with resolution of 0.4cm,0.4cm,0.2 cm in the x,y,z directions 

respectively. The process needed to reduce the voxel size and resolution in order to create a voxel by voxel geometry 

which then could be used to score dose values. The egs-phantom produced will act as the 3D scoring plane, so it 

can’t have the same sharpness as the original image. Figure 4 depicts a slice from the egs-phantom which was 

visualized by dosxyz_show[32]. 

 

Figure 4. Egs-phantom image file created by ctcreate. 

With the use of the default CT ramp, provided by the ctcreate process, we manage to assign each new voxel to 

a corresponding material and density, the default ramp uses 4 materials AIR, LUNG, TISSUE and BONE. Each 
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material was identified according to the HU value found inside the CT image file and the procedure was to set a 

lower and upper bounds for the HU unit inside the original image and assign density values and numerical value 

from 1-4 for each of the 4 materials the process was using. Figure 5 depicts the default ramp process for converting 

HU values to material and density values.  

 

Figure 5. Diagram of how the default ramp transforms HU values to densities and materials [33]. 

The last process was to simulate a CT procedure by using the phase space file of the collimated beam and score 

dose values in the voxelized geometry. The DOSxyz was utilized in order to simulate the procedure. Figure 6 show 

the simulations process chart. 

 

Figure 6. Simulation process chart. 

For all simulation the EGSnrc physics parameters that were used are, the algorithm EXACT for crossing the 

boundaries, the method PRESTA-II used for the step of each electron particle. The spin effects option of the electron 

was set on. The Koch-Motz distribution was utilized for the bremsstrahlung angular sampling, to calculate the 

bremsstrahlung photons’ emission angle. The NRC cross sections database for bremsstrahlung was selected, bound 

Compton scattering was enabled. The Koch-Motz pair angular sampling was selected. The pair cross sections NRC 

database was utilized, the sampling for angular Photoelectron was turned on, we took into account the scattering 
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due to the Rayleigh phenomena. We also took into account the relaxations of the Atom by switching the option to 

on and for the photon cross-sections the xcom database was chosen. For the first BEAMnrc simulation the type of 

electron beam source used was the parallel circular beam with an incident from the side at a 90o degree angle 

between X-Y axis and the other angles between the X-Z and Y-Z axis were set to 0, so the beam is hitting the target 

in parallel. The beam source radius was set to 0.02cm and the kinetic energy has been established at 100 keV. For 

the second BEAMnrc simulation we used the phase space file produced by the first BEAMnrc simulation. For the 

DOSxyz simulation we utilized the phase space file produced by the second BEAMnrc simulation as source and 

we set the phase space source to be used from multiple directions in a 360o radius with 25cm distance from the 

isocenter, in order to irradiate all of the egs-phantom.  

 Depending on the materials and the starting particles, each simulation took around 8-12 hours to complete in 

order for the outcome to be of extremely high quality and the uncertainties to be minimized. From all our phase 

space files we extracted useful information using BEAMDP [34] application and presented the spectral distributions 

and scatter plots generated via xmgrace software [35]. 

III. RESULTS AND DISCUSSION 

 Our first result is the generated Spectral Distributions of the target material Tungsten (W) for two scenarios, the 

first one is for air acting as filter and the second one with aluminium and copper as filters. For the case of air as 

filter 40x106 initial particles were used and the phase space file scored 39,172,272 particles, as for the aluminium 

plus copper filters 240x106 initial particles were used and the phase space file scored 37,780,172 particles. These 

values were used in order to have as much as possible the same size phase space files from the two simulation and 

also have low values of uncertainty, because when we put aluminium and popper a large number of photons were 

absorbed and never pass to the scoring plane, so we used 6 times more initial particles. As it can be seen in figure 

7 the x-ray characteristic for the tungsten (W) [36] such as Ka1=0.057MeV, Ka2=0.059MeV, Kb1=0.067MeV, 

Kb2=0.069Mev and La,b,c=0.012MeV can be seen clearly. Also the filtration of aluminium and copper cut a large 

number of photons which do not contribute to the image contrast for clinical analysis but left as thin as possible the 

Ka1 and Ka2 characteristic x-rays to pass which this characteristic x-rays are responsible for the image contrast and 

are used from the CT detectors. 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

Figure 7. Tungsten (W) with anode angle 22o Spectral Distributions using filters of Air and Al+Cu. 
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 In figures 8-9 we are presenting the beam scatter plots with and without collimation, in figure 8 we see that 

most of the beam is concentrated almost at the center of the 20cmx20cm plane, but after the beam has been 

collimated in is distributed evenly on the 20cmx20cm plane, which can be seen in figure 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Beam’s Scatter plot without collimation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Beam’s Scatter plot with collimation. 
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 After simulating the CT procedure with the collimated beam incident from multiple direction at a full circle 

360o across the x-y plane, parallel to the z direction, we manage to score dose in our egs-phantom. In figures 10-13 

we are showing the depth dose profiles for the skin exposure, the lung exposure, the heart exposure and the spine 

bone exposure for the cases of air acting as filter and aluminium plus copper as filters. We can clearly see the scored 

dose for the cases of filtering the beam with aluminium plus copper is reduced and a patient is revising less radiation 

exposure in their skin, bones and organs. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Depth dose comparison Profile for the Skin of a patient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Depth dose comparison Profile for the Lungs of a patient. 
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Figure 12. Depth dose comparison Profile for the Heart of a patient. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Depth dose comparison Profile for the Spinal Bone of a patient. 

 

 We have calculated the mean dose per photon values in Gy for the organs examined and in table I we present 

the results among with the uncertainties. As we can see in table I by using thin layers of aluminium plus copper to 

filter the low energy bremsstrahlung we can reduce the exposure by 88.2% in the skin, 53.2% in the lungs, 50.9% 

in the heart and 50.5% in the spinal bone. 

TABLE I.  MEAN DOSE PER PHOTON OF EXPOSURE ORGANS 

Organ Mean Dose per photon/Gy (AIR) Mean Dose per photon/Gy (Al+Cu) Percentage Reduction 

Skin 6.21*10-20 ± 0.05*10-20 7.30*10-21± 0.05*10-20 88.2% 

Lung 7.56*10-21± 0.04*10-20 3.54*10-21± 0.04*10-20 53.2% 

Heart 6.19*10-21± 0.04*10-20 3.04*10-21± 0.04*10-20 50.9% 

Spinal Bone 1.51*10-20± 0.01*10-20 7.48*10-21± 0.01*10-20 50.5% 
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IV. CONCLUSSION 

 The CT medical imaging industry avoids to share information of the x-ray tubes and useful information of their 

products as they don't want rivals to obtain these information, hence making it very challenging to perform Monte 

Carlo simulation of such systems. After long research we manage to obtain information such as the anode-target 

material, anode angle, collimator material and distance from the source and we were able to build a suitable 

geometrical model to simulate effectively x-ray generation. EGSnrcmp ecosystem is very suitable for simulating 

effectively bremsstrahlung photon creation, beam collimation and dose scoring, as well as creating voxelized 

geometries from personalized CT examinations. We were able to validate our simulated model of beam creation 

with the theoretical values and also score dosimetry quantities in personalized voxelized phantom. Also we manage 

to show that by filtering x-rays we can have less exposure per examination which is very important. Of course 

without the knowledge that was provided by this Open Source software we would never be able to do such 

experimentations. Monte Carlo is a very useful tool for the Medical industry and can answer questions regarding 

radiation very quickly and efficiently. Large organization of the medical industry are performing such simulations 

and the amount of time and costs such procedures are saving is astonishing and in the future we are going to be able 

to build better equipment for our health-care and test ideas for new technologies much faster. 
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