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Abstract 

During the last 
decades radiotherapy 
has made major 
improvements in 
accuracy and 
individualization of 
the treatment 
techniques.  
In this project the 
thickness of a tungsten 
filter has been 
optimized using both 
simulations and 
experiments in order to further reduce the uncertainty in the dose given to the patient. With 
the filter, a dosage with less uncertainty can be obtained and less electrons will strike the 
patient which means less skin damage. In the simulations a program called PENELOPE, has 
been used which uses Monte Carlo methods for electron and photons transports. The 
empirical experiment has been done on real Linear Accelerators.    

 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

During the last decades radiotherapy has made major improvements in 
accuracy and individualization of the treatment techniques.  
In this project the thickness of a tungsten filter has been optimized using 
both simulations and experiments in order to further reduce the uncertainty 
in the dose given to the patient. With the filter, a dosage with less 
uncertainty can be obtained and less electrons will strike the patient which 
means less skin damage. In the simulations a program called PENELOPE, 
has been used which uses Monte Carlo methods for electron and photons 
transports. The experiment has been done on real Linear Accelerators.    



       Populärvetenskaplig sammanfattning 

Ett sätt att bota cancer är genom strålbehandling där tumörer strålas med fotoner som skapats 
i en linjäraccelerator. Högteknologiska företag arbetar idag med att utveckla tekniken för att 
förbättra verifikationen av den levererade dosen. Ett problem är att strålningsdosen levererad 
till patienten vid strålövervakning m.h.a en påhängd transmissionsdetektor kan vara svår att 
mäta då sekundära elektroner i fotonstrålen ger upphov till mätvärden som inte direkt går att 
relatera till den fotonstrålning som faktiskt transmitteras genom detektorn.  

Ett sätt att förbättra övervakningen (eng. monitoring), är att låta strålen passera genom ett  
filter. Filtret tar bort elektronkontaminering ur strålen samtidigt som nya elektroner i 
reproducerbar mängd frigörs ur filtermaterialet som bidrar till en större detektorsignal. I detta 
projekt har tjockleken på ett sådant filter optimerats. Eftersom volfram har högt atomnummer 
innebär det att elektronerna på dess utgångssida får en hög spridningsvinkel och därmed 
missar de flesta patienten, vilket resulterar i minskad strålbelastning på patientens hud.  
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1 Introduction 

1.1 Background  

In radiotherapy the main goal is to sterilize cells as efficiently as possible while managing a minimal 
impact on the surrounding healthy cells. Today the most common type of radiation used in 
radiotherapy is high energetic photons. When the photons interact with tissue a cascade of 
interactions are induced: Compton scattering, pair production and photoelectric effect. It is crucial to 
know the current incident fluence of photons, and the shape of the beam, since these determine the 
dose distribution to the patient. A built-in monitor on the linear accelerator (linac) yields a signal 
proportional to the photon fluence through it, but does not give any information about the field 
shape. The idea of an add-on monitor downstream of the collimator is to further ensure that the 
patients get treated according to the dose and field prescriptions so that errors are avoided [1]. A 
problem for add-on monitors is that not only photons but also contaminant electrons present in the 
beam generate a signal. Electrons get released when photons interact with different components 
upstream of the monitor. However, these electrons do not affect the dose to the tumor, since they do 
not reach further than a few millimeters into the patient. As a result an issue with the verification 
arises due to the monitor signal containing components from both photons and contaminant 
electrons. By inserting a filter in the monitor the idea is that the signal will get proportional to the 
photon fluence.  

1.2 Objective 

The objective of this work was to optimize the thickness of a tungsten filter to prevent contaminant 
electrons from reaching the detector in dose-measurements, and to reduce the level of scattered 
electrons reaching the patient. If the filter is too thick then fewer photons will pass through the filter, 
due to the exponential attenuation of the photon fluence leading to a lower dosage. However, if the 
filter is too thin, contaminant electrons will still pass through. This leads to an optimization problem 
were the quest is to find the optimal thickness of the filter. To do this two different approaches will 
be used, measurements on the linear accelerator (linac) and Monte Carlo based simulations for 
particle transport with the PENELOPE. One purpose of the project was to compare results from 
measurements with simulations done with PENELOPE. With the help of this software and 
measurements on the linac, the optimal thickness of the filter will be determined.  

1.3 Radiotherapy 

The main treatments that are used today to cure cancer are: chemotherapy, radiotherapy and surgery. 
In chemotherapy the use of cytostatic drugs inhibits the mitosis (cell division) process but also 
healthy tissue such as hair cells, bone marrow etc. get affected [2]. 
Surgery is also an effective way of removing solid tumors, if it is located in an accessible area. A 
commonly used method out of these three is the radiation treatment, however, a combination of these 
three methods is also a very common approach. 
Radiation therapy is collation name for different treatments, that all uses ionized radiation such as: 
brachytherapy, proton therapy, photon therapy etc. 
Photon therapy is the radiation modality dealt with in this project.  
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1.3.1 Treatment Planning  

The first step in using photon therapy is to localize the tumor. This can be done with different 
methods, but the one usually used is computed tomography (CT) imaging. Once the tumor is located 
it needs to be classified according to the TNM standard, which define the size (T), the spread (N) and 
the presence of metastasis (M). This then gives a picture of the tumor but to be sure that the right 
dosage reaches the tumor, a definition of three volumes is used. CTV is the clinical target volume, 
basically the volume of the tumor. However, a systematic error may lay inside the CTV, depending 
on how well the picture from the CT scan represents the target. To make sure that the tumor tissue is 
covered the volume ITV is introduced. ITV is the internal target volume, which is the volume where 
the tumor with high probability is fully contained. To make sure that the dose gets to the CTV 
another volume outside the ITV is created, PTV planned target volume which is treated with the 
prescribed dose [3].  

When the volumes are defined the treatment planning can take place during which the shape, 
direction and amount of radiation the beams should be delivered with are set. When all of this is 
done the patient can finally be irradiated. 

 

Figure 1. Different target volumes [4]. 
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2 Theory 

2.1 Photon and Electron Interactions  

In this section the necessary theory is given for the most common interactions, which are 
implemented in the simulation program PENELOPE. 
An uncharged particle such as a photon or neutron has a certain probability to pass through a thick 
medium without any interaction. Charged particle such as an electron has very short mean free path 
between its interactions. Due to their high number of interactions, the charged particles are harder to 
simulate [5].  
Determination of interaction cross sections requires detailed calculations based on quantum 
electrodynamics theory which is beyond the scope of this report, but the necessary data are 
embedded into the PENELOPE code system. 

2.1.1 The Photoelectric Effect  

In the photoelectric effect (P.E) an incident photon with energy E is absorbed by an atom. The 
energy E that is absorbed is then used to release an electron, which gets a kinetic energy equal to the 
difference between the energy, E, and the binding energy, U. This results in an ionized atom and a 
free electron, which can interact with other atoms.  

A florescence photon, see Figure 2, is released when an electron from a higher energy state, jumps 
down and fills the vacancy in an inner shell. When this happens the electron goes from a higher 
energy state to a lower by emitting radiation.  

Figure 2. The photoelectric effect [6]. Where E 
represents the incident photon energy and Ee is 
the emitted electron energy and Ui is the 
characteristic ionisation energy, where i 
corresponds to the shell number. 
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2.1.2 Compton Scattering 

Compton scattering usually occurs when a photon interacts with an electron from the outer shell. 
This electron is usually considered free in space to simplify the equations. In the collision the photon 
is scattered and the energy it has lost is transferred as kinetic energy to the electron. [6]. 

2.1.3 Pair Production  

Pair production is the process where an elementary particle and its antiparticle are released in space, 
due to an absorbing process in which a photon disappears. Usually an electron-positron pair is 
released. The minimum photon energy needed for such an interaction is given by E0=2mec2=1.022 
MeV (mec2=511 keV, rest energy for electron), which is if the electron-positron pair is not in motion 
after the interaction. This is usually not the case. It is more common that the electron-positron pair is 
ejected. For this case the energy conservation is given by: 

                                                       −+ ++== TTcmhvE e
2

0 2                                                        (1)  

Where the kinetic energies for the electron and positron are given by T+ + T- respectively [6].  

  

Figure 3. The Compton effect [6]. Where E is the 
incident photon energy and E’ is the new photon 
energy and Ee is the emitted electron energy. 

Figure 4. Pair production interaction [6]. Where E+ and 
E- are the emitted energies given by the incident photon 
energy E. 
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2.2 Fluence 

The fluence φ is defined as the number of particles dN that passes through a given area dA. The unit 
is usually m-2 or cm-2 [7] 

                       ϕ = dN
dA

 [cm−2 ]                                            

2.2.1 Energy Fluence  

For a monoenergetic photon field with photons of energy E, the energy fluence ψ is defined through 
[7]: 

                                                            ψ = E dN
dA

= Eϕ  [eV/cm2 ]                                                    (3) 

2.3 Dose   

 Radiation dose is defined as the energy absorbed per certain mass element define through:  

                                                           D = d ∈
dm
 [J/kg]                                                                       (4) 

The unit is Gray, where 1 Gray is equivalent to 1 J/kg [8]. To be able to compare some of the 
simulated measurements with theoretical solutions, the following equation calculates the KERMA, 
i.e. the Kenetic Energy per mass that is, via photon interactions, transferred into kinetic energy of the 
electrons per energy fluence at the surface Psi0 for a monoenergetic photon beam 

                                                        D
ψ 0

= ( s
s + z

)2 µen

ρ
e
−µ
ρ
ρz
 [cm2 /g]                                                 (5) 

where s is the distance from the source to the medium surface, and µen/ρ is the mass energy 
absorption coefficient for a specific medium, µ/ρ is the mass attenuation coefficient for the same 
specific medium, ρ is the density of the medium, z is the photon penetration depth into the medium, 
the absorption coefficient determines how far the radiation can penetrate a target before it is 
absorbed[9], the attenuation coefficient shows the magnitude of how easily a medium can be 
penetrated by radiation. If the attenuation coefficient is large the beam will lose its energy fast in 
relation to the depth of z and the opposite will occur for a small attenuation coefficient. 

2.4 Tallies 

In PENELOPE different tallies are used to generate specific sets of data such as: dose, fluence, 
energy spectra and many more. The main tallies that will be used in this project are: tally voxels dose 
distribution, tally spatial dose distribution and the tally fluence spectrum. The tally dose distribution 
is given in the units; [eV/(g*particles)]. The tally fluence spectrum is given in units of 
[particles*cm/eV]. 

2.5 Voxel 

A voxel is a three-dimensional, boxe-shape volume element, i.e. the three dimensional equivalent to 
a pixel in two dimensions. The voxels can be used to hold values for dose, fluence etc. However, in 
PENELOPE the dose is the only quantity that can be voxelized, without explicit modifications of the 
source code, which forced certain workarounds.  

      (2)  
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2.6 Exponential Attenuation of Particles  

Section 2.4 discusses the tally dose and fluency and that they are given with respect to the number of 
histories (particles) that the program simulates. The loss of particles for a spectrum can be calculated 
through [10]: 

                                                    

∫

∫
−

= max

min

max

min

)(

E

E
E

E

E

Ex

E

dE

dEe
C

ψ

ψ ρ
µρ

       

C gives how large fraction that are transmitted, x is the thickness of the absorbing medium and ρ the 
density of that medium, ψE is the energy fluency from section 2.2.1 differential in energy E. 

2.7 Linac  

A linac delivers high-speed electrons used to produce photons through bremsstrahlung interactions in 
a high atomic number target. To produce the high energy electrons the linear accelerator uses a drift 
tube. The photon beam passes through several components such as a collimator, filter, etc. to achieve 
the right form. The machine is mounted in a gantry, as shown in Figure 5 that can rotate 360° in 
order to radiate from all angles, the center of rotation is called the isocenter, which is an important 
point of reference for directing the beams towards the tumor 

 

          (6) 

Figure 5. Linear accelerator without the external 
monitor 
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2.7.1 Multileaf Collimator  

The treatment beam is shaped by collimators to fit the PTV. The collimators consist of several 
individual “leaves” of a material with a high atomic number, usually tungsten, selected for its high 
attenuation coefficient. The leaves are mounted in two opposite banks facing each other. Each leaf 
can move independently to block the incoming photons.  
The most common shape for a leaf is to have the edge closest to the beam rounded. The leafs of the 
machine in this project have a height of 9.277 cm with sides that are tilted at an angle of θ ≈1.54° 
and the length of 30 cm. The width is 0.15 cm at the top and 0.2 cm at the bottom. For PENELOPE 
calculations the rounded edge was created by placing a sphere at the position 16.45 cm on the x-axis 
in figure 7 and 9.277/2+0.04 cm on the z-axis. The sphere is then cut so that all is left is the rounded 
edge that sticks out from the block at the end, shown in figure 7 [11] 

  

 

 

 

 

 

 

                                                         (a)                                                             (b)  

When photons interact with the collimator material it will emit contaminant electrons, as illustrated 
in Figure 8. The released electrons appear as the red arrows and the photons as the yellow arrows. 
The figure shows that after passing through the monitor (orange plate) the photons are the only ones 
left. This is what would happen in an ideal case if the filter did not produce any contamination of its 

Figure 6. Approximate shape of the bremsstrahlung energy fluence spectra.  

Figure 7 (a), (b).  
a) Two collimators from the side. Shapes the incoming beam.  
b) One collimator seen from behind.  
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own. In reality electrons released from the filter will also be emitted but proportional to the photon 
fluence as section 2.9 will later show. Furthermore there will be scattered electrons upstream the 
leaves, due to photon interaction with other components above, which not is considered in figure 8. 
The initial direction of the released electrons can be calculated from the Klein-Nishina equation, but 
further multiple scattering in the medium will cause the directions to be more diffused.  

 

 

 

 

 

 

2.8 Delta4 Discovery Monitor   

The monitor Delta4 Discovery is currently under development by Scandidos AB. The monitor is 
attached separately to the head of the linac and it is designed to capture photon fluence data 
downstream of the multileaf collimator. Since photons have a low probability of interacting with 
matter this leads to most of the photons only passing right through the monitor without interaction.  
Hence, any presence of contaminant electrons can have a large impact on the signal. Therefore the 
signal from the monitor may not be directly proportional to the amounts of photons that pass through 
it. However, if the amount of the electrons were proportional to the photon flunce then the signal 
would be proportional to the photon fluence. 
The monitor itself is covered by a carbon fiber shell. Inside the carbon cover four different mediums 
exist; air, PCB, globetop and silicon. The model that will be implemented in PENELOPE will be 
slightly different from the one used for the measurements. The Delta4 discovery monitor consists of 
4,040 diodes, which generates a signal when the particles are passes by. Each diode has an area of 
1*1mm2 and is placed according to figure 9 [1].  

 

 

 

 

 

 

 

 

Figure 8. Simplified picture of the electron 
contamination (red arrows) from only the 
collimator (blue square) when it is being 
hit by photons (yellow arrows). 

Figure 9. Simplified model of the monitor (not 4,040 diodes just 110). The monitor in reality consists of 
4,040 diodes, as can be seen as the small boxes. @detector means the distance measured at the monitor 
while @iso means the distance measured at the isocenter. 
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   Source  

2.8.1 Monitor Setup  

The following section will describe the setup of the monitor used for the simulations. All the sizes 
that can be seen in figure 10 correspond to the exact dimensions of the monitor used except the 
silicon and globetop. In reality the silicon with a thickness of 0.01cm is embedded within the 
globetop. Each medium consists of thin layers in the simulation with a width of 22.7 cm.   

 

 

 

 

 

 

 

The following materials were used in the monitor  

1.   Carbon: These layers are there to hold the structure together.  
2.   Air: Not any other purpose than to serve as a slot for the filter to be inserted. 
3.   PCB: The printed circuit board is used to measure the signal. It consists of a material 
      called FR-4, which to the most part, are made up of plastic coverage with a woven glass-
      fiber inside.  
4.   Silicon (Si): Serving as the actual detector, which will be voxelized, were each voxel has 
      the size: 1mm*1mm*0.1mm (0.1 thickness of the plate). 
5.   Globetop: Mainly consisting of epoxy. 

Figure 11 shows how the position of the monitor is related to the positions of the source and the 
collimator.  

  

Figure 10. The monitor consist of 5 different mediums when the filter not is inserted; carbon, air, pcb, globetop 
and Si. The figure shows where the tungsten plate is inserted in order to filtrate the contamination. The total 
thickness of the monitor is 1.7 cm. 

Figure 11. This is a picture of the source, collimator and the monitor. The 
monitor is in the bottom of the figure. Above it is the collimator, which acts as a 
beam director, and at the top the source is placed.   
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2.9 High Density Filter  

The tungsten-plate in the monitor above the detector as in figure 10 acts as a filter that absorbs 
electrons stemming from the upstream part of the treatment head, but also releasing new electrons 
from photon interactions in the filter itself. If the filter is too thick a high amount of photons will not 
pass through, reducing dose at the patient. The filter works effectively as an amplifier of the monitor 
signal. Since the filter is inserted next to the monitor the amount of the emitted electrons is not 
affected by collimator settings. This causes the signal measured at the monitor to be proportional to 
the photons fluence. 
When the filter is inserted for thin tungsten layers one should expect a build up (increase in the 
signal). This is due to the gain that the filter makes, which should raise the measured dose of the 
monitor. When the filter thicker the signal should start to go down due to increased photon 
attenuation.  
It can be shown that media that consist of high atomic numbers spread electrons more effectively 
than media of low atomic numbers. Since the filter is tungsten, the atomic number 74 is considered 
high. This should then give a slightly lower dose at the patient skin even though the filter actually 
increases the amounts of electrons exiting it. This effect could have been analyzed, but due to limits 
it is not futher investigated in this work [12].  

 

 

Figure 12. Simplified model of how the signal generated by electrons get proportional to the 
photons that interact with the filter. The effect of the filter is seen from the right picture, where 
all electrons hits the detector and the left is without the filter where the electrons can miss the 
detector causing a misleading signal.  



Method                                                                                                                                                 11 

3 Methods 

The following section first describes the setup of the PENELOPE program v.2008 distributed by the 
nuclear energy agency (NEA) for the three different parts of the project (verifying the simulations 
with theory, measurements on the linac and MC simulation) 

3.1 Monte Carlo Simulations 

The MC method is a computational algorithm that uses random sampling. Particularly for simulation 
of photons following general steps are followed: 

1.   First pick a primary particle (photons or electrons) with initial kinetic energy E, initial 
       position (x,y,z) in space and initial direction of flight.     
2.   Then straight-line transport to the next particle interaction or medium.  
3.   If the straight-line transport hits a new medium then go to step 2 to evaluate a new path.                   
      If the particle reaches the end of the geometry then go to step 1 and generate a new 
      primary particle. 
4.   At the interaction site determine the interaction type: pair production, Compton scattering 
      and photoelectric effect for photons, and hard or soft collision for electrons (Klein-
      Nishina) according to section 2.1. This will determine the energy and direction of flight, 
      for the secondary particle.  
5.   Repeat processes 2-6 for all particles that are to be generated.    

For the energies used in radiation therapy, around 0.005MeV-7 MeV, an electron undergoes about 
106 interactions before being absorbed. To reduce the computation time these discrete events can be 
divided into larger quasi-events. This condensed technique is used for particle transports, instead of 
an event-by-event interaction. The differences the techniques are shown in figure 13 [5]. 

 

 

 

 

3.2 PENELOPE and PenEasy Package 

PENELOPE is written in Fortran that has to be compiled, a main program called PenEasy is used, 
described in section 3.2. To be able to do a simulation one need to setup [13]: 

• Geometry file .geo  
• Material data file or files .mat 
• Input file .in 
• Executable file .exe    

3.2.1 Geometry File .geo 

The geometry is made up by surfaces. These can be set into larger formations, modules. To view the 
geometry a viewing-program called Gview can be used.  

  

Figure 13. The condensed technique in black and the event-by-
event technique in red 
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3.2.2 Material Data File or Files .mat 

The material file contains the information to a certain medium in the geometry file. A geometry that 
consists of different mediums has one material file for each medium. The material files needs to be 
created according chapter 6 in PENELOPE 2008 [13]. 

3.2.3 Input File .in 

The input file contains all initial values and general information needed for the simulation. The file 
consists of five main setups that need to be done, in order to simulate.  

1.  First the number of particles (histories) to simulate for needs to be defined. The more 
      particles the better, since the resolution will get higher due to less uncertainty.  
2.  Secondly, the type of source has to be set and if it should be either monoenergetic or 
      polyenergetic. The angle from which the photons should be emitted from the source has 
      to be defined.  
3.  Thirdly, the geometry are linked together with the material and a number of parameters 
      that controls the energy absorption in the materials and particle transports can be set. If 
      the geometry should be voxelized that should be defined here.  
4.  Fourthly the parameters in the tallies that will be measured needs to be set.  

3.2.4 Executable File.exe  

The executable (exe) file runs all the routines that are needed for the simulation, which is controlled 
by the input file.  

3.3 Uppmax  

Some of the simulations were done in the high-performance computer center Uppmax. Specifically 
the computer cluster called Tintin was used which is composed of 2560 cores. Improving the CPU 
speed [histories/s], which made the simulations faster. The system is accessible via Internet and can 
therefore be run from any computer.  

3.4 Verifying the Simulations with Theory 

A water phantom irradiated with photons was used to verify that the simulations give reasonable 
results. The idea is that the results from the different tallies should be transformed into a unit that can 
be compared with equation 5 from section 2.3. In Figure 14 the setup can be seen.  

 

 

 

 

 

 

Figure 14. A point source at a distance of 1 meter above the water phantom. The point source radiates 
photons in a cone formed structure toward the water phantom. The yellow area is where the photons strike 
the water. 
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3.4.1 Input-File  

In the input-file a monoenergenic point source at 3 MeV is used and the number of histories set to 
5 ∗ 10!". The source should be located 1 meter from the surface of the water phantom. The water-
material should be linked to the body, which describes the box according to section 3.2.3 table 3. The 
tallies that are scored in the water phantom are the following: spatial dose distribution, fluency track 
length, particle current spectrum. 

3.4.2 Simulated Calculations of Dose per Fluency for the Water Phantom 

The units used by the tally dose distribution is [eV/(g*particles)]. In order to achieve the units as for 
dose per fluence [cm2/g], section 2.3 equation 5, the energy fluence and the dose are calculated in the 
water phanom at differents depths 

                                   

ψ = E dN
dA
 [eV/cm2 ]

D = dose [eV/(g*histories)] (dose given from tally)
D
ψ
*(histories) [cm2 /g]

 

This calculation together with the theoretical calculation of the KERMA in section 3.4.3, leads to 
two sets of data that can be compared whether to see if the simulations are correct.      

1.1.1 Theoretical Calculations of KERMA per Fluency for the Water Phantom 

The following data were used into equation 5 as to compare the simulation results normalized 
according to equation 7 [14] [15] with calculated KERMA. 

 

 

 

 

3.5 Measurements on the Linac  

A set of measurements were done as to find the ideal thickness of the filter. The monitor that was 
used in the measurements was a prototype where some of the diodes where not working. As a result, 
some of the areas of the monitor were excluded, since it would otherwise yielded a wrong signal. 
The signal obtained was given as a relative unit, which Scandidos have chosen to call “ADU” 

                    (7) 

     (8) 

Figure 15. A linac with the monitor attached at the head of 
it, in addition to figure 1. The monitor can be seen as the 
black “puck” at the head of the monitor. 

µen,water@3MeV

ρ
= 0.03969 [cm2 /g] ( mass attenuation coeffcient for water)

µwater@3MeV

ρ
= 0.02281 [cm2 /g] (mass energy absorption coefficient for water)

ρwater@21°C = 0.99802 [g/cm3] (Density of water at sea level and 21°C)
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A calibration was done in order to see that the monitor measured at the right frequency, and to find 
the non functioning diodes. 

 The measurements done are given in table 1 in which one leaf, positioned in or out the field, was 
used to probe the influence from a leaf. 

Table 1.  Measurement on the linac 

Measurement: Linac setup: 
1 Without leaf and without filter 
2 Without leaf and with filter 
3 With leaf and with filter 
4 With leaf and without filter 

      

• Measurement 1: 

The first measurement made was to see how the signal looked without any collimator impact.  

• Measurement 2-3: 

The second measurement that was done was made with 15 different thicknesses of the filter. Since 
the filter thickness was to explored thin plates of wolfram approximately 0.145 mm each were 
inserted. The thickness of each plate are given as the mean value of the thicknesses at the center at 
each edge of each plate. The different filter thicknesses that was tested for is given in table 2 

       Table 2. Different filter thicknesses of the tungsten plate 

              

 

 

 

 

 

 

 

 

 

 

Measurements with 
filter: 

Filter 
thicknesses:  

1 0.145 mm 
2 0.284 mm 
3 0.424 mm 
4 0.534 mm 
5 0.654 mm 
6 0.768 mm 
7 0.875 mm 
8 1.013 mm 
9 1.142 mm 
10 1.277 mm 
11 1.407 mm 
12 1.537 mm 
13 1.664 mm  
14 1.764 mm 
15 1.870 mm 
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A way of analyzing if the filter works is to compare measurement 2 with measurement 3 and use 
the relative difference between these. The relative difference is given in percent by: 

(Measurement 3 – Measurement 2)*100/Measurement 2 

If this is around zero it means that the contamination from the scattered electrons are gone. This 
comparison will be shown in the results. 

• Measurement 4: 

The fourth measurement was made so that one could compare it with measurement 1. From this 
the idea is to analyze what influence on the contamination a single leaf gives.  

(b) 

Figure 16 (b). The filter is inserted into the monitor.  

(a) 

Figure 16 (a). The tungsten-plate that were used.  

Figure 17.  The basic setup for the measurements that 
was done in the PENELOPE. One can see the non-
monogenic source as the yellow dot. The yellow arrows 
should represent the photons and the red 
contamination from the leaf. The blue figure is the leaf 
from the side, z-x axis according to section 2.7.1 figure 7 
(a), and the rectangular at the top is the monitor. 
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3.6 Monte Carlo Simulation  

This section will describe the simulations that were done to verify the measurements.  

The basic setup for the geometry consists of two parts, the monitor and the leaf. The monitor is 
constructed with the same materials as in section 2.8.1, figure 10. The leaf is constructed as in 
section 2.7.1 figure 7 (a)-(b). The two parts are then placed as in figure 11.  

The silicon plate at the monitor was voxalized into 51,529 voxels, each with a size of 0.1*0.1 cm2 as 
in section 2.8. To be able to process this data and compare it to the measurements the number of 
voxels need to be in the same order. Therefore a filtration model was used to downsample 51,529 
voxels into around 4,040 voxels. The reason for the high number of voxels in the simulation is to 
have a high resolution as a base and then change to whatever most appropriate for the analysis.  

Since we used a very simplified model of the treatment head with no sources for contaminant 
electrons present upstream of the collimator, we introduced a copper (Cu) plate, to act as a source of 
contaminant electrons. The Cu plate was added 12 cm from the source. The thickness of the Cu was 
chosen such that: (density of Cu)* thickness=2 g/cm2 to ensure buildup of electrons where the 
density is 8.96 g/cm3. This gives a thickness of 2.23 mm, the plate covers the same area as the 
monitor (22.7*22.7cm2). Table 3 shows what simulations were made in the end 

Table 3. The simulations that was done in PENELOPE 

 

 

 

 

 

 

 

Simulation Set up in PENELOPE 
1   Without Cu and filter, with leaf 
2   Without Cu and filter, without leaf 
3   With Cu at 12 cm, without filter, with leaf 
4   With Cu at 12 cm, without filter, without leaf 
5   With Cu at 12 cm filter 0.7 mm, with leaf 
6   Without Cu with filter 0.7 mm without leaf 
7   With Cu at 52.3 cm, without filter and leaf 
8   With Cu at 52.3 cm, with filter 0.7 mm without leaf 
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4 Results  

This section will show results from three different parts of the project (Verifying the MC simulations 
with theory, measurements on the linac and MC simulation).  

4.1      Result from Verifying the Simulations with Theory 

The goal in this experiment was to see that the MC simulations and the theoretical calculations were 
consistent with each other. The MC simulations were done with a water phantom and the dose was 
scored in different levels of the water phantom. The comparison between the MC simulated values 
and the theoretical KERMA values are shown in Figure 18.  

 

From Figure 18 it is evident that the simulated is similar to the KERMA at depths beyond the 
buildup depth.  

In Figure 19 the dose at different depths can be seen. The particles from the point source were 
emitted in random directions within a specific defined angle, which gave rise to a cone formed 
pathway. The area where the photons have penetrated the water phantom should be circle-formed in 
2D with an increasing diameter as a function of the when the depth. One can see 6 curves that show 
the dose given at a specific depth and a fix position on the y-axis.  

Figure 18. Comparison of the dose per fluency as a function of depth in the water phantom for MC-simulated 
values (blue) and theoretical values (red). 
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In Figure 19 one can first see lateral dose profiles at different depths. The width of the dose profile 
increases with depth as expected  

Figure 20 (a) and (b), a graph of the photon and electron spectrum for different energies that strikes 
the water phantom are shown. The method for the setup can be found in section 3.    

 

 

 

 

 

  

 

 

 

 

 

A high peak at 3MeV can be seen in the photon spectrum followed by two smaller peaks closer to 
zero. In the electron spectrum the graph starts at around 3MeV and then increasing when the energies 
gets lower.  

In summary PENELOPE seems to give results as expected with simple theory.  

4.2 Result from Measurements at the Linac 

Figure 22 shows the measured signal at the detector for different thicknesses of the tungsten filter. 
This was done in order to see if the filter worked as expected from theory section 2.9. Figure 22 (a) 
shows how the signal from a section of diodes changes when the filter thickness is increased.  

Figure 20 (b). Electron spectrum. It 
can be seen that most of the electrons 
have energy less than 3 MeV. 

 

        (a)                                                           (b) 

Figure 19. Dose as a function of distance along the x-axis for different depths in the water 
phantom. The width increases with depth due to the beam divergence. 

Figure 20 (a). Photon spectrum. The highest 
peak can be seen around 3 MeV 
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(a) 

                (a)                                                                       (b) 

 

 

Figure 21.Change in signal as a function of filter thickness. 
(a) The build up region seems to be until 0.284 mm and after that the signal starts to go down. 
(b), this figure shows the same thing as figure 29 (a) but here the scale for the measured signal starts from zero. 

In Figure 21(a) it can be seen that signal first increases for the lower filter thicknesses. After the 
second filter at 0.284mm the signal starts to decrease. This is qualitatively what one should expect 
given the theory in section 2.9. First the signal increases which is due to the extra electrons that are 
released from the filter. But when the filter gets thicker the prior electrons from upstream of the filter 
are stopped and the incoming photons also gets attenuated. This leads to that the upstream 
contamination disappears more and more, as the filter gets thicker. In Figure 21 (b) it can be seen 
that the amplification is very small.  

In Figure 22 shows the signal from measurements with and without leaf. The setup can be found in 
section 3.5, measurement 1 and measurement 4. 

 

  

Figure 22. This figure shows the signal difference between without leaf and filter against with leaf and 
without filter. The blue valley is where the leaf is inserted and therefore the signal decreases due to that the 
lateral sides of the leaf blocks the contamination from the upstream of the collimator. 
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In Figure 22 it can be seen that the signal gets lower when the leaf is inserted. The interpretation of 
this is that the leaf has blocked electron contamination from locations upstream of the collimator. 
The relative difference between the red and the blue curve near the edge is around 2.5%. 

Figure 23 shows the relative difference (in percentage) between measurements with and without leaf 
when all different thicknesses of the tungsten filter were inserted. The setup is found in section 3.5, 
measurement 2 and measurements 3.  

 

 

 

 

 

 

 

 

 

 

Figure 23 shows the percentage in relative difference between measurements with and without leaf 
when the tungsten filter is inserted. Data are given as at a line of diodes in the monitor. It can be seen 
that the contamination still influence the monitor after the filter was inserted. The first filter and the 
last are marked as blue, where the first one has a relative difference of approximately -1.3% and the 
last around -0.5%. It can be seen that the relative difference decreases when the filter thickness 
increases, which means that the contamination decreases. However it can be seen that it does not 
appear to happen that much after the first four filter thicknesses (0.145mm, 0.284mm,0.424mm and 
0.534mm). for higher thicknesses the signal seems to be fairly constant  

Figure 24 shows 2D, contour, plots over the relative difference between measurements with and 
without leaf for four different thicknesses of the tungsten filter. The figures show a 5 percent scale in 
relative difference and a matching color scheme. Blue color means big relative difference and red 
means no relative difference. The setup is found in section 3.5, measurement 2 and measurements 3. 

  

Figure 23. This figure shows the relative difference between; with leaf and filter and without leaf and 
with filter. The first (0.145mm) and the last 1.870mm are marked blue in the figure. The rest in 
between are red in chronological order where the thinnest 0.145mm is at around -1.3%.  
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Contourf graphs over the relative error for different tungsten thicknesses: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 24 four different 2D-plots over the relative difference between measurements with and 
without leaf are shown for four different thicknesses of the filter. What one want to see is that the red 
area should move closer to where the leaf is located (blue area) when the filter thickness is increased, 
meaning less relative reduction of the signal. When the filter thickness was almost tripled to 1.870 
mm (Figure 24 (d)) almost no difference can be seen relative to 0.654 mm (Figure 24 (c)). 

  
(b)   

(a) 

  
(c) 

Figure 24 (a)-(d). A 2D plot over a 5% color scale of the relative difference between measurement with and without 
leaf. 

(a) For the thinnest layer (0.145 mm) a clear reduction of the signal is noticed due to leaf blocking of                           
      up streams coming contamination.  
(b) For a thickness of 0.543 mm the reduction around the leaf has decreased which can be seen                           
      because the yellow area have decreased from figure 31(a) 
(c)  For a thickness of 0.654 mm the yellow and the orange area have decreased which means less                   
      contaminated electrons  
(d)  For a thickness of 1.870 mm the presence of electrons apparently were almost the same as for the 0.654 mm. For  
       stopping electrons from passing through the filter no more than 0.654mm tungsten seems to be required.   
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Figure 25 shows three different plots that compare the effect by the leaf with and without the filter. 
The setup is found in section 3.5, measurement 1, measurement 3 and measurement 4.   

 

 

 

 

 

 

 

 

 

 

          
In Figure 25 it can be seen that when only the leaf was inserted the signal decreased. A gain in 
signal, around 10 percent, can be seen when the filter was inserted, as expected from section 2.9. The 
idea is then that this result should be more or less the same as in the MC simulation for around the 
same filter thickness.  

4.3 Results from MC Simulations   

The following section will show the result for the Monte Carlo-simulations. 

4.3.1 Filtration model 

The filtration model that was used for the simulations is created in matlab and down samples 12 
voxels into 1 voxel. 

 

(a)                                                                          (b) 

 

 

Figure 26. Picture (a) and (b) shows the effect of the filtration that has been used. The data is taken from 
one simulation where the z-axis shows the dose [eV/g], and the x and y has dimension in [mm]. 

(a). Unfiltered data that is obtained from one simulation.  

(b.) The filtered data that is obtained from one simulation.  

 

 

 

Figure 25. The figure shows how measurement 3, 4 and 1 from section 3.5 looks when normalized to 
measurement 1. The blue curve is from measurement 3 where the filter thickness is 0.654 mm. The red curve 
shows data from measurement 4 and the green is measurement 1. One can see how a gain of the signal is given 
when the filter is inserted. 
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Figure 26 (a)-(b) shows the dosage (eV/g) per photon given by the tally voxel dose distribution. The 
dose is homogeneous within a circle due to the beam shape cone. Close to the x-axis the dose is 
lower, this is due to the presence of leaf. The noice clearly shows that the number of voxels is too 
high in Figure 26 (a). In Figure 26  (b) it can be seen that the filtration model has decreased the noise 
significantly. This filtration model will be used on all simulations, in order to get a monitor as 
identical as possible to Scandidos. 

4.3.2 Simulation 1-2, with leaf and without leaf  

In Figure 27 the differences between the geometry with the leaf and the geometry without the leaf 
are compared.  

 

 

 

 

 

 

 

 

 

 

The blue curve has a valley in the middle, which is a result from the leaf. On the edges, at the side of 
the leaf, the dose is about the same, but hard to see due to the noise. The result is then that still no 
contribution of the contamination can be seen probably due to poor statistic. Therefore figure 30 will 
show the relative difference, which is taken for all the lines on the monitor. This is done by taking a 
mean of each line, and then taking the relative difference of all the means to see if it is due to poor 
statistic.  

4.3.3 Simulation 1-2, with leaf and without leaf relative difference  

 

 

 

 

 

 

 

Figure 27. This figure shows the variation in dose a long one line in the y-axis. In these 
measurements one curve is with the leaf (blue curve) and the other without the leaf (red curve). 
Both of the lines have about the same structure in the edges, but the blue curve, containing the 
leaf, has ha peak downwards in the middle. 

Figure 28. The relative difference between with leaf and without leaf. One can see that 
the difference seems to be around +-2%. 
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From Figure 28 it seems like the relative difference is around +-2 %. This difference was 2.5% in the 
measurements but that also contains contamination from upstream of the collimator leaves. This 
means that the leaf itself did not contribute with enough contamination 109 

4.3.4 Simulation 1-2, with leaf and without leaf with 3 ∗ 10! histories 

In Figure 29 one can see the same plot as in Figure 27 but with 109 histories instead of 3 ∗ 10! in 
order to reduce noise and increase precision. This simulation was done to lower the noise in order to 
see if it was possible to resolve any contamination from the leaf. Due to the high amount of histories 
uppmax, section 3.3, was used in order to get the simulation done within 24 hours. The geometry 
with the leaf was simulated with 3 ∗ 10! photons and the geometry without the leaf was left as it was 
with 3 ∗ 10! histories. The reason to have a lower amount of histories without the leaf is because  
one expect a homogeneus distribution of dose. Results are shown in Figure 29. However, no 
difference between the curves can be seen. The conclusion is that the irradiated leaf itself did no 
release that much electron contamination.  

4.3.5 Simulations 3-5, with combinations of Cu-plate, filter and leaf 

In Figure 30 a Cu-plate have also been inserted to create contamination above the leaf, it is placed 12 
cm from the point source and 51 cm from the detector for all the three curves. Three graphs are 
plotted to study the effect of the filter and the leaf. The reason for plotting this way is due to the 
noise, which otherwise gets too high in 2D plot of the monitor. These 3 simulations were normalized 
to the curve that only contained the Cu-plate (green curve in figure 30). This was done to be able to 
compare it with the same plot from the real measurements, figure 26. Compensated for the 
attenuation of the Cu-plate 

  

Figure 29. This figure shows the red curve, which is a mean approximation from the red curve in 
Figure 27 with 𝟑 ∗ 𝟏𝟎𝟔 simulated histories. The blue curve is given by 3*109 simulated histories. 
One can see that the noise has decreased but still no difference can be seen. 
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All three lines have about the same structure in the edges. But the blue and the red curves have a 
valley in the middle, which comes from the leaf. The blue and the red curves have the same 
structure, but the blue curve is amplified with about 30-35%. This is what should be expected given 
theory section 2.9 but the question is if it is as high on the real measurements? The red and the green 
curve still can not be separated as in Figure 30 this means that the leaf did not significantly change 
the pattern of electron contamination released by the Cu-plate 

4.3.6 Simulation 2-6, with/without filter without Cu 

In Figure 31 simulations with and without filter is shown. This to see the effect that the filter is doing 
on the signal. 

From Figure 31 it can be seen that the insert of the filter increases the dose with approximately 30.55 
eV/g per photon. 

  

Figure 30. This figure shows simulation 3-5 in section 3.5 normalized to simulation 4 (green 
curve) all with Cu plate. The green curve is without filter and leaf and the red curve is with 
leaf and without filter. The red and the green curve have the same structure as in figure 29. 
The blue curve shows with leaf and filter, and one can clearly see that a gain is given when 
the filter is inserted.  

Figure 31. The amplification given by the filter. The blue curve is without the filter and the 
green is with the filter. It can clearly be seen that an amplification occurs when the filter is 
inserted as expected given theory section 2.9. 
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4.3.7 Simulation 2-7, with and without Cu-plate without filter and leaf on both. 

In Figure 32 the Cu plate is lowered to -11 cm. This is to see the change in pattern of electron 
contamination.  

 

 

 

 

 

 

 

 

The Cu-plate contribute to the dose with about 24.37 eV/g per photon. The Cu-plate gives the curve 
a rounded shape with a maximum in the middle.  

4.3.8 Simulation 7-8, with/without filter with Cu plate 

In Figure 33 a simulation both with copper but with and without the filter is plotted. This is to see if 
the filter works or not. If the filter works the gain with Cu plate and with filter should be the same as 
just with the filter and without Cu-plate, as in figure 31, around 84 eV/g per photon 

From Figure 33 one can obtain that the filter seems to work. This is seen since the gain on the pink 
curve is at 84.3 eV/g per photon. This can also be seen directly from the plot sin the peak value from 
the red curve is gone in the pink curve which means that the contamination is gone. 

 

Figure 32. This figure shows the amplification due to the contamination from the Cu plate. 
The red curve is with Cu plate and the blue is without Cu plate. The gain from the Cu plate is 
around 24.37 eV/g per photon, a rounded shape can also be seen on the red curve. 

Figure 33. two simulations both with a Cu-plate, but one with the filter (pink) and one 
without the filter (red). Both simulations were done with 𝟑 ∗ 𝟏𝟎𝟔 histories. The red curve 
seems to lay around 78.64 eV/g per photon and the pink one at 84.30 eV/g per photon. 
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5 Discussion  

The following section will discuss all the results from all three tasks. The last section will focus on a 
comparison between the MC simulations and the measurements on the linac.  

5.1 Verifying the Simulations with Theroy 

In Figure 18 the theoretical values and the simulated values are compared. The build-up region at 
low depths for the simulated (blue) curve, do not exist in the theoretical (red) curve given from 
equation 5 in section 2.3. This is because the theoretical curve is only valid after particle equilibrium, 
which starts at the highest peak on the simulated curve where the number of absorbed particles is 
approximately equal to the emitted amount of particles. Therefore it seems likely that the Penelope-
program is coherent with the theory.  

In Figure 19 it can be confirmed that the point source yield particles within a certain opening angle. 
The widths of the curves are increasing at deeper depths, which are expected because the diameter of 
the particle-cone increases at further distances from the point source, see Figure 14. 

In these simulations a monoenergentic source of 3MeV was used. In Figure 20 (a) the highest peak 
in the photon spectrum is at 3MeV. It can also be seen from this Figure 20 (a) that photons with 
lower energy also occur. These are from scattering. In Figure 20 (b) the electron spectrum starts with 
energy less than 3MeV and then the fluence starts to go up. This is expected since no electron can 
have a higher energy than the initial energy of the photons. Therefore the conclusion is that the 
PENELOPE simulation works and it can now be used to solve the main task, finding the perfect 
filter thickness. This subtask was crucial in order to see if the program worked and acted as expected. 

5.2 Measurements on the Linac 

The dots in Figure 21(a) represent mean value from one line along the monitor, which is the same for 
all the 15 filters. As expected according to section 2.9 there is a build up region as as for a water 
phantom. It can also be seen that the signal starts to decrease when the filter gets thicker, because the 
filter absorbs more photons. Although the data are for along a line only, the plots in Figure 25does 
not include any abnormal pattern, hence a single line should be representative  

The leaf modifies the dose such that the signal is decreased close to the leaf.  

The relative difference between measurements with filter and with and without leaf is shown in 
Figure 23. The idea was that the relative difference should go to zero when the filter thickness is 
sufficient. For thicknesses between 0.654 mm-0.765 mm the absolute value of the relative 
differences decreases, whereas for higher thickness values the dose seems to stay fairly constant. 
This result corresponds with the conclusion from Figure 21(b). That means that thicknesses around 
0.654 mm- 0,765 mm removes the contamination from the upstream of the filter leaving only 
electrons that were created inside the filter by primary photons, see section 2.9, Figure 12.  

The same conclusions can be drawn from the 2D Figure 24 (a)-(d). It can be seen that the red area is 
increasing when the filter thickness is increasing. This means that the filter works, however, from 
0.654 mm-1.870 mm the color map dos not change. This means that sufficient filter thickness is 
reached at around 0.654 mm-0.765 mm.  

As seen in Figure 25, the filter also effectively acts as a signal amplifier. This was according to 
theory section 2.9 where the filter also works as an amplifier. Because of tungsten’s high atomic 
number this may not imply a higher skin dose to the patient since high atomic number media 
increase the angular scattering of the electrons leading to less electrons reaching the patient. Further 
investigations into this subject was not manageable within the time limit of the project.  
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5.3 MC Simulations 

The expected result was that a field containing a leaf should give a higher dose close to the leaf, than 
without any leaf due to increased contamination from the leaf. Even after the filtration model from 
section 4.3.1 is applied a difference between the curves in Figure 27is hard to see.  

The statistical error from these simulations are +-2%, obtained from Figure 28, which is within the 
measurement uncertainty. To make sure this reasoning was correct a simulation with 3 ∗ 10! 
particles were made, seen in Figure 29. This simulation was only made for the geometry with the leaf 
(blue curve), since geometry without the leaf is expected to have a uniform distribution of particles 
and a mean value over a sufficiently large area can be taken. In figure 29 the difference between 
these curves cannot be seen, reason for this is most likely due to that the leaf did not contribute with 
enough contamination in order to be notice. This could be due to the point source that differed from a 
real source.  

The source used was a point source and since the sides of the leafs are aligned with the direction of 
the photons, they cannot impact into the leaf and release electrons. In reality there is a spread out 
source which would have caused hits and electron release from the sides. 

As the single point source beam contrary to a real beam did not contained any electron 
contamination from sources upstream of the leafs, a copper plate was introduced as a source of 
electron contamination. Figure 32 showed normalized curves to simulation 4 as in Figure 25 but with 
the Cu plate inserted at 12 cm from the source.  

 When the Cu-plate was moved down, contamination from the Cu plate was seen as in Figure 32, 
with approximately a gain of 18.08 eV/g per photon in relation to the curve without the Cu-plate (red 
curve). The curve also show a decrease at the beam edge due to diffusion of electrons out from the 
beam a shape.  

The effect by the filter is shown in Figure 31. The dose from the simulation without the filter is 
around 54.27eV/g per photon, and the gain when the filter inserted is approximately 30.55 eV/g per 
photon. The idea was then to see what the gain would look like when both a filter and a Cu plate 
were inserted as in Figure 33. If the filter where to work then the dose should be around  
54.27+30.55≈84.82 eV/g per photon, which means basically as in Figure 31. If that happens then the 
electron contamination from the Cu plate is absorbed. From Figure 33one can see that the dose is at 
around 84.30 eV/g per photon confirming that the filter should work as intended. 

5.4 Verify MC Simulations with Measurements on the linac  

In order to more in detail study the behavior of electron contamination a more detailed model of the 
beam source and the treatment head must be used. Unfortunately programming this into 
PENELOPE, was not possible in the short amount of time that was given.  
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6 Conclusion  

The simulations are good enough to see that the same filter thickness is achieved as in the real 
measurement, which was 0.7 mm. However, in order to get exactly the same outcome with the 
simulations, a much more detailed model is needed for the geometry (point source). Furthermore one 
could have obtained a better comparison if more specific tallies would have been available, for 
instance energy fluence. The uncertainty is also a factor that can be decreased by simulating more 
primary photons, however at the cost of considerable longer computation times.   
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