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Abstract 

A study is shown which is performed to enhance an existing deterministic X-ray simulation method for non-

destructive testing applications by including the effect of pair production and annihilation. Therefore, a Monte 

Carlo simulation tool was used to perform parameter studies. Several materials from polyvinyl chloride to lead 

and of different lengths were simulated with 10
9
 monoenergetic photons per simulation run. These were used to 

quantify and evaluate the radial distribution of scattered photons for each length, material and energy as a func-

tion of the scattering angle. The results indicate that the radiation originating from the electron-positron-

annihilation and thus from the pair generation is one major contributor to the total deposited energy only for 

certain angular ranges whereas for other angles Compton is by far the leading scattering effect. Furthermore, the 

results indicate that the electron-positron-annihilation radiation is negligible for most imaging tasks and thus 

unimportant for deterministic scattering simulations. 

 

Keywords: Modelling and Simulation, Simulation, Scattering, MeV sources, high energy X-rays, X-ray imag-

ing, non-destructive testing (NDT) 

 

1.  Introduction 

 
In recent years, linear accelerators (linacs) were employed as new sources for non-destructive 

testing (NDT) and X-ray imaging [1]. These sources generate radiation with photon energies 

up to several MeV. They are used to investigate materials and components, which are not suf-

ficiently X-ray transparent to standard X-ray sources in modern NDT. Therefore linacs are 

developed for including large-scale inspection tasks e.g. scanning steel or nickel-based com-

ponents. Because of the use of photon energies above 1.022 MeV, pair production and there-

fore also pair annihilation play an increasingly important role, besides Rayleigh and Compton 

X-ray scattering, which are believed to degrade the overall image quality. Modelling X-ray 

scattering quantitatively is done by means of Monte Carlo simulations where several physical 

scattering processes can be examined separately. A major drawback of Monte Carlo simula-

tions is the extensive expenditure of computation time. To overcome this issue, deterministic 

X-ray simulations are developed to provide a fast and cheap estimation of the high-energy X-

ray image quality. In this work, a study is shown which was performed to enhance an existing 

deterministic X-ray simulation tool Scorpius XLab
®
 for NDT application by including the 

effect of pair production and annihilation, which is not treated by current state-of-the-art sim-

ulation tools [2–7]. Therefore, a simple setup geometry consisting of a pencil beam source, a 

rod shaped object and an ideal detector was modelled by ROSI, a Monte Carlo simulation tool 

to separate and examine the involved physical effects. Within the setup, multiple materials of 

different atomic numbers from polyvinyl chloride (PVC), aluminum, C56 steel to lead at var-

ious lengths were investigated. A number of 10
9
 monoenergetic photons per simulation run 

were used to quantify and evaluate the distribution of the scattered photons for each length, 

material and energy as a function of the scattering angle. 
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This work is divided into three parts: the first one is a summary of the theory necessary for 

this work within the second part the simulation setup and the methods used to analyze the data 

are explained.  The last section shows the conclusion that can be drawn from this study. 

 

2. Theory 

 
The following interactions between X-rays and material could take place: 

Rayleigh (coherent) scattering: It describes the interaction of a photon with the complete at-

om, by exciting all the electrons in the scattering atom and letting them radiating in phase. 

This results in the emission of a photon with the same energy as the incoming one but with a 

slightly different direction. 

Compton (incoherent) scattering: The photon interacts with one of the free (valence) electrons 

of the atom. Considering the conservation of energy 

��� = ��� + ��	…………………………..…………… (1) 

and momentum, a part of the energy of the incident photon (���) is given to the electron 

(��	). Resulting in an energy of the scattered photon: 
��� =

��

��
���

�������
	(�����(�))

. ………………………….………… (2) 

where �  is the rest mass of an electron, !	the scattering angle and " 	is the vacuum speed of 

light. The lowest energy results for backscattered photons (! = 180°). 
The photoelectric absorption: An inner shell electron is ejected by an incident photon, which 

is absorbed. The inner shell electron has now the kinetic energy of the incident photon minus 

the binding energy of the corresponding shell. 

Pair production: The photon interaction with the nucleus results in electron-positron pair gen-

eration with at least twice the rest energy of an electron (511 keV). The photon contributes, 

according to the mass-energy equivalent, a part of its energy to the newly created particles. 

The remaining energy is given to the latter as kinetic energy. When the positron has lost near-

ly all its kinetic energy, it recombines with an electron. Both particles are annihilated and two 

511 keV photons at an angle of 180° to each other are emitted. This event is called electron-

positron-annihilation. 

Bremsstrahlung: It is generated when electrons are decelerated by a nucleus creating a broad 

continuous spectrum of X-rays. 

 

3. Methods 

 
This part describes the simulation setup and the methods used to analyze the data. All the data 

presented in this work is the result of simulations done with ROSI (acronym of “Roentgen 

Simulation” which means X-ray simulation in German), which is an object-oriented and par-

allel computing Monte-Carlo simulation tool for X-ray imaging developed by J. Giersch and 

J. Durst [8–10]. 

 

3.1 Simulation setup 

 

A sketch of the complete setup is shown in fig. 1 with all important parameters. 

The pencil beam generated by the source is monochromatic and can be set to different discrete 

energies. The source is located 200 mm in front of the origin of the simulation coordinate sys-

tem. 



The object, a rod with a diameter of 2 mm and of variable length '	from 0.1 to 100.0 mm and 

material, is placed centered at the origin and can be expanded symmetrically along the beam 

direction. 

The detector is spherical with an inner radius of 1000 mm. The sphere divides the angles phi 

(azimuthal) and theta (polar) into equiangular quarter of a degree pieces resulting in 1440x720 

detection bins. 

The detector is virtual, which means it does not interact. The detector counts the incident pho-

tons per pixel and separate the following effects: photo effect, Compton and Rayleigh scatter-

ing, positron annihilation and bremsstrahlung as its origin. Furthermore, the energy of the 

photon hitting the detector is recorded. 

Finally, it has to be mentioned that the simulated world is completely evacuated with the ex-

ception of the object, which is the only thing that interacts in the complete setup. 

3.2 Simulation and Analysis 

 

For each incident photon, generated in the source, the path and interaction tree and of its chil-

dren is recorded. When a child particle (photon, electron or positron) is created, all interaction 

processes occurred so far are assigned to the child. For example, the incident photon under-

goes a Compton effect, then both the scattered photon and the ejected electron are counted as 

Compton. The ejected electron causes subsequently bremsstrahlung radiation and emits a pho-

ton. This secondary photon now has the bremsstrahlung flag as well as the Compton flag. 

When the photon hits the detector, it will result in three detections: First, the photons energy 

is counted for Compton, secondly it is counted for bremsstrahlung and at last, it is taken into 

account for total deposited energy plot. All effects are only evaluated once, equivalent to, this 

scattering effect has occurred, but not the effect has occurred n-times. 

The plots that are shown next are created as follows: 

1. The signal from not interacted photons is removed 

2. The sum over the total energy is calculated 

3. Each bin of every scattering effect is divided by the calculated total energy 

Figure 1: The simulation setup used in this work. All given distances are from center to center. SOD is the 

source object distance, l the length of the object and the inner radius of the detector sphere is 1000 mm. 



4. The two dimensional angular energy plots are reduced to a radial deposited energy 

plot 

5. Each data point is divided by the sine of corresponding polar angle theta to correct the 

differences in counting rate per differential surface area on the sphere 

6. In the final step, the data is plotted logarithmically in order to give a better differentia-

tion of the covered effects 

 

These steps are applied to each plot that was calculated by Monte Carlo simulation. These 

plots are shown in the next section. 

 

Table 1: List of parameter scans performed during the simulation. The bold lengths are 

illustrated in section 4 to represent its category. 

Parameters Values Physical object and source parameters 

Energy in MeV 0.1; 0.4; 1.0; 1.1; 3.0; 6.0 Length = 100.0 mm; Material = Pb 

Length in mm 0.1; 0.2; 0.5; 1.0; 2.0; 5.0; 10.0; 

20.0; 50.0; 100.0 

Energy = 3.0 MeV; Material = Pb 

Material Al; PVC; FeC; Pb Energy = 3.0 MeV; Length = 100.0 mm  

 

4. Results and discussion 

 
This section shows the data of one length, one energy and one material with parameters listed 

in Table 1. For each simulation 10
9
 photons were used these were a good tradeoff between 

calculation time and statistical uncertainty. The figures show for each effect the logarithmic 

plot of the energy divided by the total deposited energy vs. the scattering angle in degree. In 

the following subsections, the three mentioned parameter scans are discussed. The vertical 

line in the plots is at 90° so everything beyond is backscattering. 

 

4.1 Energy 

 

During the energy scan, the sample length was kept constant at 100.0 mm and as material lead 

was chosen. For 100 keV the major contribution of the total energy (dark blue) is the photo 

effect (green), followed by the coherent scattering (light blue). The fraction of incoherent 

scattering (red) is nearly one and a half orders of magnitude and the bremsstrahlung (yellow, 

see Fig. 2 a)) 2.5 order of magnitude smaller than the photo effect. In forward direction, one 

can see that the photons are strongly absorbed in the lead. The dip at 90° is due to the geome-

try of the object, the rod has less material perpendicular to the beam direction because it has a 

diameter of 2.0 mm. We additionally suppose that most of the backscattering takes place in 

the first few mm of the rod so that the secondary radiation can leave the rod instead of being 

reabsorbed.  

The photo effect becomes less prominent for the 400 keV photons (Fig. 2 b)). There the most 

important scattering effect for the broad spectrum of scattering angles, despite for small ones, 

is the incoherent scattering. For small angles, coherent scattering is the leading effect. The 

steps in the Rayleigh scattering plot are supposed to originate from insufficient interpolation 

of the angular distribution in the material data files for high energies, indicated by missing 

these effects at lower energies. This stepping artefacts decrease to smaller angles with increas-

ing photon energies (compare Fig. 2 c-f)). Since the bremsstrahlung is a second order process, 

(at least one other interaction has taken place in advance) most of the radiation is absorbed 

within the material because the energy of the photons is much lower. 



For the next two figures, the energy is one below the insertion of the pair production (Fig. 2 

c)) and one above (Fig. 2 d)). Disregarding the stepping issue of the Rayleigh scattering, the 

curves of the simulated effects are all very similar, despite the pretty much isotropic electron-

positron-annihilation radiation, which sets in above 1.022 MeV. The strong attenuation at 

small angles is, as pointed out earlier, due to the rod shaped object and its high density. 

Because the photons energy increase (Fig. 2 e), f)), the Rayleigh and Compton parts gets more 

and more concentrated in the forward direction. Pair generation and thus the electron-

positron-annihilation occurs more often, the bremsstrahlung, as secondary radiation, as al-

ready explained, further increases and almost all backscattered photons originate from it at 6.0 

MeV. 

Figure 2: The logarithm of the energy divided by the total deposited energy vs. the scattering angle in degree 

is shown for different photon energies, namely 0.1, 0.4, 1.0, 1.1, 3.0 and 6.0 MeV (a-f). The object used, was 

lead with a length of 100.0 mm. The different figures show the influence of the energy to all the studied ef-

fects: photo effect (green), Compton (red) and Rayleigh (light blue) scattering, annihilation radiation (purple), 

bremsstrahlung (yellow) and the total deposited energy (dark blue). The black line at 90° separates the scatter-

ing in forward direction from the backscattering. 



 

 

 

 

4.2 Length 

 

For the length scan, the energy was set constant to 3.0 MeV and lead was chosen as material. 

We selected four figures out of ten, each representing a certain scope of length variation. The 

plots in fig. 3 correspond to 0.2, 2.0, 20.0 and 100.0 mm length.  

At very small angles, the deposited energy is mostly collected of the coherent and incoherent 

scattering (Fig. 3 a)). The coherent scattering rapidly loses significance with increasing scat-

tering angle while the Compton scattering is responsible for most of the detected photons, but 

decreases from approximately10
-2

 to 10
-4

. The annihilation radiation energy is distributed isot-

ropous. Photo effect and bremsstrahlung have similar trends, but the photo effect is nearly 

three times smaller. The clearly noticeable photon noise on this figure is due to the overall 

small number of scattered photons. Since 0.2 mm lead is no real obstacle for photons with an 

energy of 3 MeV, most of the emitted photons are dumped into in the center beam. The small 

dip at 90° in all curves but Rayleigh are due to the rod shaped geometry of the object, since 

the material perpendicular to the beam direction is thicker than in beam direction at this angle. 

Figure 3: Length scan over 0.2, 2.0, 20.0 and 100.0 mm (a-d) to show the influence of the length to the differ-

ent studied effects. For this scan the energy was kept constant at 3.0 MeV and the material shown is lead. The 

colour scheme is the same as described in the caption of fig. 2. 



With a length of 2.0 mm, the noise (seen in Fig. 3 b)) becomes smaller with increasing length. 

Since the contribution of the electron-positron-annihilation gets larger, the influence of 

Compton at large angles is reduced. Due to more interactions in total, the amount of brems-

strahlung has grown and it will continue to grow a bit further as the material becomes longer. 

The attenuation caused by the length of the rod (small respectively large angles) becomes 

visible and even more concise as the rod gets longer (Fig. 3 c), d)). 

 

4.3 Material 

 

Figure 4 shows various materials, the low density material PVC ([C)H*Cl]n), aluminum, C56 

steel (FeC) and the high density material lead all at 3 MeV photon energy and a rod length of 

100.0 mm. The photo effect as well as the annihilation radiation are isotropic and have no 

visible attenuation in neither forward nor in backward direction for PVC. The Rayleigh scat-

tering is strongly accumulated towards the center beam, apart from that, the contribution to 

the total deposited energy is negligible (see Fig. 4 a)). 

The Rayleigh radiation is even more accumulated towards the center beam for aluminum, 

only the negligible part of the curve can be seen. The photo effect as well as the annihilation 

Figure 4:  Scan over different materials from PVC a) over aluminium b) and C56 steel c) to lead d). For this 

scan the energy was kept constant at 3.0 MeV and the length was set to 100.0 mm. The colour scheme is the 

same as described in the caption of Fig. 2. 



radiation are approximately isotropic. The Compton effect is contributing the most and the 

bremsstrahlung follows with one hundredth to one tenth of its energy (see Fig. 4 b)). 

For steel, the Rayleigh peak has broadened and it declines slower over the angle compared to 

the two previous materials. The annihilation radiation stays isotropic, despite the damping at 

the slopes. Compton scattering is still the dominating effect at smaller angles but since Comp-

ton photons loose more energy at higher scattering angles, the contribution of the annihilation 

radiation increases (see Fig. 4 c)). 

For lead, the Rayleigh peak, in comparison to aluminum and PVC, has broadened further. The 

Compton line drops from 2x10
-2

 to approximately 6x10
-5

 large angles, which is about five 

times smaller than the electron-positron-annihilation radiation at that point. The contribution 

of annihilation radiation is greater compared to steel and isotropic despite close to the fringes 

(see Fig. 4 d)).  

 

5. Conclusion 

 
Up to the present day, only Monte Carlo simulations are able to describe multiple scattering 

and the effects in the MeV regime, so in this work some preliminary scattering studies are 

shown to enhance an existing deterministic simulation software. Hence, we have simulated 

and shown the influence of energy, length and material of five different scattering processes: 

Photo effect, Compton and Rayleigh scattering, electron-positron-annihilation radiation and 

bremsstrahlung. 

The energy scan shows the changes in the different separated effects with increasing energy. 

We have shown that with increasing energy, the amount of electron positron pairs increases 

and that the Compton effect is getting more pronounced. 

The length scan shows that with increasing length the contribution of photons that originate 

from electron-positron-annihilation rises and its distribution is nearly isotropous. 

The material scan shows that Compton scattering is the effect with the most influence. While 

for light density materials Compton is the most important effect for the complete angular 

range, for the high density materials it only has importance in forward direction. Despite be-

ing the effect with the lowest total cross section, the Rayleigh scattering has a significant con-

tribution for very small angles at high energies. This is relevant for most experimental imag-

ing purposes, since there, only small angles are important because most detectors only have a 

field of view about ± 10°. All other effects are, depending on the application around one to 

three orders of magnitude smaller and thus for a deterministic scattering model of miner im-

portance. Even for a more challenging task, high energy and dense material, the pair genera-

tion is one order of magnitude smaller than the Compton effect. 
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