
Abstract 
A method to establish the boundaries of the sensitive volume for a chosen detector to within 

50µm (as specified by Elekta Instruments AB) was investigated and is presented in this 

project. The detector studied was fixed to a positioning system with possibility to move with 

sub micrometer increments, and scanned in a narrow photon field. The detectors used for the 

experiment were silicon diodes and a pair of diamond detectors. The silicon diodes showed 

great promise for future study; two radiotherapy silicon diodes and one electrical component 

silicon diode were used. The electrical component silicon diode produced a surprisingly sharp 

dose profile compared with the medical silicon diodes. The diamond detectors gave no stable 

results at all.  

As a radiation source 60Co proved most feasible, but a diagnostic x-ray source was also tested 

as well as a 99mTc source. These radiation sources were also examined with a modified 

Penelope code, i.e. Monte Carlo simulations. What became very obvious with the Monte 

Carlo simulations was the importance of the lineup, which was never satisfactory.  

To limit the sensitive volume of these detectors to within the desired boundaries showed great 

difficulty and was not achieved in this project.  
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1 Introduction 

Normal treatment of brain tumours involves using a particle accelerator where one therapeutic 
x-ray beam is aimed at the patient being treated, where the beam is shot from several different 
angles to subsequently merge where the lesion is situated. The dose at the intersection point is 
very high and naturally it must be known with great certainty, and this involves also knowing 
the position of the head of the patient. A frame is subsequently attached to the patient head 
according to figure 1.1.  

 
Figure 1.1: The patient scull frame used with stereotactic radio surgery (SRS). 

As an alternative to the above mentioned method, what may be used instead is a specialized 
machine called the gamma knife. This project involves the recently distributed gamma knife 
Perfexion manufactured by Elekta. Here one uses 197 beams of 60Co instead, that are 
distributed in a truncated hemisphere that intersects where the lesion is situated.  

The combined activity of the 60Co sources is approximately 240TBq and they are enclosed in 
a protective iron and lead shield. The 60Co sources are collimated with tungsten collimators of 
different sizes at focus (the patient head) with diameter 4mm, 8mm and 16mm. The radiation 
sources produce a dose rate of about 3.5Gy/min at the centre of a spherical head sized 
calibration phantom. The treatment situation of the LGK Perfexion is illustrated in figure 1.2.  
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Figure 1.2: Illustration of the treatment head of the gamma knife Perfexion. 

The 60Co energy (1.25MeV) implies that the most frequent interaction process will be 
Compton scattering, since the probability of the Photoelectric effect diminishes rapidly with 
increasing energy and Pair production becomes important only for quite large energies.  
Of course the intersection point is as important to know with the gamma knife as for standard 
treatment with linear accelerators. This is currently found by finding the dose profile with a 
semiconducting silicon diode (called S1K) according to figure 1.3.  

 

Though since the silicon diode has unknown sensitive volume boundaries, the dose profile 
will only be known to some degree and film dosimetry has to be used to confirm the exact 
position of the profile. The intersection point is said to be the centre of the FWHM. Film 
dosimetry has been used previously by Elekta with a plastic gafchromic film. The film is 
punctuated in a given coordinate, then the film is analysed and the hole is compared to the 
actual position of the centre of the FWHM. 

 

 

 
Figure 1.3: Above, the diode attached to a circuit board. 

Below, the diode tool, here with two diodes. 

Diode 
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The calibration method used by Elekta for the Perfexion unit at this point involves several 
steps, as mentioned there are both the film dosimetry and the results obtained with the 
semiconductor. Since the machine is going to be used clinically, time should be optimized, 
and film dosimetry is very time ineffective, for example one has to wait to analyse the 
exposed film. What is wanted is to skip film dosimetry and only use one detector with direct 
readout, as e.g. the silicon semiconductor.  

This project is intended as the first step to achieve certainty of the intersection point of the 
SRS beams without involving film dosimetry for the gamma knife Perfexion. To be able to 
avoid film dosimetry one has to limit the boundaries of the sensitive volume of a detector. 
The aim is to contain these within 50µm as specified by Elekta. 
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2 Materials and Methods  

2.1 The Monte Carlo method 

The Monte Carlo code used is a modified version of the Penelope. The PENELOPE (which is 
the acronym for: “PENetration and Energy Loss Of Positrons and Electrons”, photons was 
introduced subsequently) code was first launched 1996 [Brusa et al. 1996] and is continually 
updated, the most recent update is 2005. Electron and positron transport was a first priority in 
the code development. The idea with PENELOPE was to develop a general-purpose Monte 
Carlo code with better event coverage than current codes (in 1988), and backscatter was 
calculated using partial wave data instead of as previously analytical approximate formulas. 
The algorithm uses scattering models that combines numerical tabulated values with 
calculated cross sectional models for different interaction processes and can be used for 
energies ranging from a few hundred eV to almost 1.0 GeV [Salvat et al. 2003]. The transport 
for photons is much easier since their interaction processes can be described by well 
documented methods. The energy loss of a high energy electron per interaction in relation to 
its total energy is very small, and as a consequence electrons can undergo many interactions 
before they can be ignored.  

In order to avoid too heavy calculations for Monte Carlo Simulations (MCS) a so called phase 
space is defined: When a particle with certain pre defined parameters such as energy passes 
through a plane, data of this particle is logged. What is produced is then a file where the 
particle velocity (three coordinates), position (three coordinates) and energy (one coordinate) 
are stored. These “phase space files” grow very fast in size and for the simulations in this 
project 1·108 particles were ejected and produced phase space files of size about 150MByte. If 
the particle has generated secondary particles these are also recorded when they pass the 
plane, the plane is called a phase space surface. The history of any particle outside this 
surface is ignored.  

A phase space can be visualized in such a way that the logged particles are shown with a 
vector displaying its energy and direction, where the length of this vector is proportional to 
the particle energy. The phase space can then be used as a particle source with known particle 
distribution which means that some geometric and physical entities such as the collimator and 
radiation source can be ignored, lessening the workload further. The phase space file have 
been used continuously throughout this project where the position of the logged particles have 
been utilized and incorporated in a histogram where number of particles has been displayed 
relative their position.  

The electrons were followed until their entire energy was deposited.    
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2.2 Radiation sources 

The radiation sources possible to use in the experiments are γ-emitters, diagnostic and 
therapeutic x-ray sources. These are here theoretically examined.  

2.2.1 X-ray source 

X-rays are photons produced from electron bombardment and their characteristics depend on 
their energy; low energy can be used for diagnostic purposes and high energy for radiation 
treatment purposes. Low energy x-rays are in the kV domain and high energy x-rays are in the 
MV domain.  

Variables possible to select by the user for a diagnostic x-ray machine are; the tube charge Q 
[mAs] and the potential between the electrodes U [V]. To decide these variables and predict 
the detector behavior, knowledge about the efficiency (ε) of the detector, the detector area (a) 
and the distance from the source to the detector are required. Equation 2.1 below establishes 
the current produced by the x-ray tube. The photon fluence (Φ) is tabulated for certain 
potentials (U) [Birch et al. 1979]. 
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A is the applied tube current [mA]. 
a is the detector area [mm2]. 
d is the tabulated distance [cm]. 
l is the actual distance [cm]. 
E is the average incident energy 
w is the energy required to create an electron hole pair 
q is the electron charge, 1.6⋅10-19 [C] 
I is the signal displayed on the electrometer [A]. 
ε is the detector efficiency calculated from the absorption of photons in silicon, i.e. how much 
of the incident photon energy that actually is deposited. 

A high signal would require a large number of incident particles since the x-ray field is very 
small and this would imply a large electrode charge (where the electrons that subsequently 
produce photons are produced) which results in high x-ray tube loading. 

The experiments with x-rays were performed at the Karolinska University hospital in Solna, 
courtesy of Lennart Lagerbäck and Suzanne Ivinger. Parameters were calculated using 
equation 2.1: 
 
a = 0.003mm2 
d = 75cm 
l = 50cm 
E/w = 10800 
q = 1.602·10-19 
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I = 100pA 
ε = 0.99  
Φ = 2.29·106 
 
A tube current of about 3.8·1015 mA would be needed for a signal of 100pA.  

The theoretical amount of information carriers is increased with a linear accelerator (compare 
to the value of iη ), since the energy is in the MeV range. There are however several problems 
with a linear accelerator; when the energy is higher, the electron range will increase and thus 
the beam profile will be less sharp. Also, when the energy is increased, practical problems 
like collimator material and radiation protection are factors and the detector efficiency is 
considerably lower.  

2.2.2 γ-emitter 

In comparison to the x-ray produced photons, there are also γ-emitters, e.g. 60Co and 99mTc. 
99mTc is disintegrated from 99Mo and 99mTc is a quite short lived gamma emitter with a half 
life of about 6h and with a 90% probability of emitting a photon of 140keV.  
60Co is a commonly used γ-source, and has been used (and for some application still is used) 
as a radiation treatment and a calibration source.  It is artificially produced from the 
bombardment of 59Co with slow neutrons, the half life of 60Co is 5.26y. The radionuclide 
emits a photon of 1.17MeV and 1.33MeV for each disintegration, though both are almost 
equally possible and 60Co is said to have the emitted energy of 1.25MeV. A γ-emitter avoids 
the high load that is a problem here with the x-ray tube. Also, when using 60Co the energy 
dependence of the detector is avoided since photons with the same energy result in nearly the 
same scatter contribution, i.e. the detector is calibrated for 60Co. 

An advantage with these sources is that they are easy to use since they continuously emit 
radiation isotropically.  

To be able to receive a reliable signal in a narrow field from a γ-emitter, calculations require 
knowledge about the frequency (f) and the activity (A) of the radionuclide. Information about 
the detector area (a) and efficiency (ε) are also needed. Equation 2.2 establishes the current 
produced by the radio nuclide. 
 

24 lqw
EafAI
⋅⋅⋅
⋅⋅⋅⋅

=
π

ε      (2.2) 

 
The product A·f is the number of photons emitted per second; A is the activity of the radio 
nuclide and f is the probability for photon emission. 
 
a is the area of the detecting material in the detector. 
l is the distance source-detector 
q is as previous the electron charge 1.602·10-19C 
I  is the signal displayed on the electrometer 
E is the average incident energy 
w is the energy required to create an electron hole pair 
ε is here the detector efficiency, how much of the incident photon energy actually is converted 
to information carriers, competing with energy converted to e.g. heat. 
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For micrometer fields the activity required would be high and high energy γ-emitters imply 
that the detector efficiency would be low. 

Tests were performed on 99mTc, but theoretical studies proved it not feasible, when using 
figures as follow: 
 
a = 3.6·10-5cm2 
l = 4cm 
f = 88.9% 
q = 1.602·1019 C 
I  = 100pA 
E/w = 3.9·104 
ε = 0.0067 (based on the absorption in silicon) 

Included in formula 2.2, this would result in an activity needed of almost 38.5TBq. A 
technetium solution was obtained from the Karolinska University hospital in Solna, courtesy 
of Cathrine Jonsson, where the experiments also were performed. This substrate had an 
activity of 553MBq, which would yield a current of only 1.4fA, hence no results was 
obtained. 
 



 12 
 

2.3 Detector evaluation 

In this section several detectors are theoretically examined. The detector that should be used 
for this project has to give good response in a narrow photon field, i.e. it requires high 
sensitivity. What also is required is that the detector can be made small so that the spatial 
resolution is high. The readout also has to be fast. All the subsequently presented detectors 
poses these characteristics but to different extent. 

2.3.1 The Liquid Ionization Chamber 

A Liquid Ionization Chamber (LIC) is based on the same principles as a gas-filled ionization 
chamber, but to increase sensitivity and spatial resolution, it is as the name implies filled with 
a dielectric liquid instead of a gas. The liquid used as sensitive media is generally matched to 
give a mass energy-absorption coefficient similar to water; a LIC can be seen in figure 2.1. 

 

The detector sensitivity will not decrease over several years; this gives good calibration 
stability, according to Wickman [1998] better that 1%. The currently only produced chamber 
is built and patent protected by Wickman and Holmström, Elaisee [www.elaisee.se]. Since 
LICs are made according to the same design they show almost no variation in response, 
different detectors are therefore expected to have the same properties [Wickman 1998]. 

2.3.2 The Miniature Scintillator Detector 

Previously, scintillator detectors have been commonly used in high-energy particle and 
nuclear physics, especially in spectroscopy experiments [Knoll, 2000], but the detectors have 
recently also been successfully used in applications with photon beam dosimetry [Létourneau 
et al. 1999]. A miniature scintillator detector is made from plastic and thus very flexible; the 
detector is illustrated in figure 2.2 where it also is displayed with a roller as a comparison. 

 

 
Figure 2.1: Liquid Ionization Chamber. 
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Figure 2.2: The miniature scintillator [Létourneau et al. 1999 ]. 

 

A great problem with scintillating materials is the low fraction of kinetic energy lost by an 
incident particle that is converted to light in the detector; most energy is converted to heat or 
lattice vibrations [Knoll, 2000]. Properties of interest in a scintillating material are; 
transparency for the emitted light and high scintillation efficiency [Knoll 2000 and Beddar et 
al. 1992].  

2.3.3 The Glass Rod Detector 

The Glass Rod Detector (GRD) is based on a principle similar to the scintillation process, but 
instead the process is called RadioPhotoLuminescence. It is a process where a chemical 
compound absorbs an incident photon and then transforms it into a higher energy state, and 
subsequently emits a photon again when it returns to a lower energy state. The linearity in 
dose response has a coefficient of almost one measured in the range 0.5 to 100Gy, though 
above 100Gy the GRD shows a great variability in response [Perks et al. 2005]. By exciting 
the GRD with a pulsed N2 gas laser the RPL centers return to lower energy levels and emit 
light of wavelength 590nm (orange). A schematic picture of a GRD can be seen in figure 2.3 
below. 

 

For more thorough information on the GRD see references [Araki et al. 2003, Araki et al. 
2004 and Perks et al. 2005]  
 

 

 
Figure 2.3: A part of the GRDsystem [Araki et al. 2003]. The readout window is illustrated from where 

information of the deposited dose can be obtained.  

housing
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2.3.4 The MOSFET detector 

A Metal Oxide Semiconductor Field Effect Transistor is constructed as an electric component 
that under certain conditions can function as a radiation detector. Currently there is no 
specialized detector MOSFETs.  
A MOSFET is constructed on a semiconductor and the effective volume is the oxide layer 
built up between the gate and the semiconducting substrate, see figure 2.4. 

 

For detector purposes a voltage is applied at the gate which forces a mirror charge to build up 
in the substrate. When subsequently subjected to ionizing radiation, a change in the induced 
current can be monitored and is proportional to the deposited energy [Bharanidharan 2005]. 
For further information on the MOSFET recommended readings are references. 
[Bharanidharan et al. 2005, Gladstone et al. 2001 and Soubra et al. 1994]. 

2.3.5 The Silicon diode detector 

Another electrical component one can use as a detector is the silicon diode, though the silicon 
diode has in a large extent also been converted to be used as a radiation detector. The 
effective volume here is the sum of what is called “the diffusion length”, which is actually a 
volume    from where charge carriers can contribute to an obtained signal, and the depletion 
region, a volume where no free charge carriers exist, see figure 2.5. 

 

To increase statistics, impurities are introduced in the semi conducting material. These 
impurities either have the ability to donate an electron or accept an electron, so they are either 
of positive type, p-type or negative type, n-type. If the atoms or impurities have the ability to 
accept electrons, the electrons will be trapped and the net information carrier exchange will 

 
Figure 2.5: An illustration of the depletion region and the charge imbalance for the silicon wafer in a 
silicon detector. 

 
 

Figure 2.4: The geometry of a MOSFET detector. 



 15 
 

be positive, so it is called p-doping, and the reversed is true for n-type, donor doping. There 
generally are several intersections between a p-type are and a n-type area, a so called pn-
junction and in figure 2.5 a pn-junction can be seen. 

2.3.6 The Diamond Detector 

Generally, elements in the fourth group of the periodic table of elements are semiconductors. 
The diamond however acts like an insulator in room temperature. Impurities, doping, will 
make the diamond crystal act as a semiconductor, thus features appropriate in application for 
radiation measurement emerge [Oh, 1999]. Though the diamond acts as a semiconductor the 
effective volume of the diamond detector is the entire diamond volume, see figure 2.6. 

 

The energy needed to separate charge carriers is also larger for diamond detectors than for 
e.g. silicon and thus a bias is necessary to apply to effectively separate electrons and holes.  
Diamond can be artificially manufactured and a very successful method is to grow the 
diamond from different materials, CVD. It can be grown from diamond-like material and you 
get polycrystalline CVD (pCVD) or from other diamonds and you get single crystal CVD 
(scCVD). 

2.3.7 Evaluation table  

To make an efficient and simplified decision which detector to actually use a table is 
constructed showing the above briefly discussed detectors vs. different properties. Table 2.1 
is constructed in such a way that the different detectors are compared to the silicon diode 
detector used by Elekta today S1K, (see figure 1.3). This table is somewhat subjective when 
parameters are not extensively specified.  

 
Figure 2.6: Diamond detector information creation process. The black lines 
show the graphite paths. 



 16 
 

 
 
 
 
 

 
 
 

To a large extent the detectors used for this project were the once available, but even though; 
the detectors used are the ones most promising according to this table.  
 
 
 
 
 
 
 

 
Liquid 
Ionization 
Chamber 

Miniature 
scintillator

Glass 
Rod 

MOSFET Radiotherapy 
Si-diode 

Diamond 

Size of 
sensitive 
volume 

- - - + + - 

Direct 
readout = = - = = = 

Energy & 
angular 
dependence 

+ + - - + + 

Life time + + - - = = 
Availability  - - - = - - 
Other 

Low 
efficiency  

Low 
efficiency.  

Needs to 
be 

annealed 
to reset 

Need bias.  
Different types 

Need bias 
and pre-

irradiation. 
Different 

types  

Table 2.1: Detectors mentioned in this investigation, compared with the rectifier silicon diode S1K used by 
Elekta.  The detector characteristic that is better than the silicon diode S1K, is marked with a +, worse – and 
equal =. 
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2.4 Detectors in this project 

What became obvious very early in the project was that all the evaluated detectors would not 
be available due to different reasons. The ones that were available were several silicon 
semiconductors and also some different diamond detectors. 

2.4.1 The Electrical component silicon diode (S1K) 

The first silicon diode investigated is a rectifier diode from Taiwan Semiconductor Company 
called S1K; this is the diode used today for positional calibration of the Leksell Gamma 
Knife® Perfexion™. This silicon diode is not made especially for radiation dosimetry, thus 
its construction and material is not considered for optimizing dosimetric performance nor 
extensively characterized and they are not specified in detailed in the product specification 
sheet as for the medical silicon diodes, see appendix III.  

Characteristics 

Tests previously made by Elekta Instrument AB, show that the S1K has a stable behavior and 
a high output current. The profile measured with the diode shows a good match with the 
theoretical radiological focus, and the diode also shows a good sensitivity. A decrease in 
output current of 8.4% was observed when exposed to 2000Gy [Carlsson, 2006]. 

Sensitive volume 

The sensitive volume is not specified in the product specifications. The silicon wafer has a 
diameter measured to be ≈ 0.8mm and a thickness measured to be ≈ 0.2mm. 

2.4.2 The Stereotactic Field Detector (SFD) 

A silicon diode detector made for radiation dosimetry and optimized for small fields is the Hi 
p-type Stereotactic Field Detector, SFD, from Scanditronix Medical AB, Uppsala, Sweden. 
The detector was borrowed from Scanditronix Medical AB, courtesy of Camilla Rönnqvist. 
According to the specification sheet this detector has a wider energy range compared to other 
commercial radiotherapy detectors. It also has a well defined design. Hi p-type silicon means 
that the n-type side is much more highly doped than the p side, thus the contribution to the 
signal from the holes is negligible.   

According to product specification (see appendix II) the silicon diode has a cylindrical 
sensitive volume with a diameter of 0.6mm and a thickness of 0.06mm. The energy range is  
1-50MV and the field size range is 2-100mm. The upper size limit is due to the low signal 
yield for this detector, for larger field sizes detectors with larger signal yield should be 
chosen. 

Characteristics 

The SFD showed a minimum response of 93% when irradiated at 0° and 180o [McKerracher 
et al. 2002]. When measuring the beam profile with the diode in different orientations a 
displacement of the beam centre has been shown. This is explained by the different amount of 
material and their thickness on the different sides of the silicon chip [Westermark et al. 2000]. 
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Sensitive volume   

The sensitive layer is made by subjecting the silicon wafer over-represented by electrons,  
n-type material, to Boron i.e. Boron functions as acceptor impurity (NA) and will create a  
p-type material with an acceptor concentration of about 1017 cm-3. The Boron layer is  
2-3μm thick. See appendix II. 

2.4.3 The dosimetry Diode P, type 60008 (PTW) 

The silicon diode is developed and manufactured by PTW Freiburg. The diode is designed 
especially for IMRT and stereotactic beams.  

Characteristics 

The PTW dosimetry diode P type 60008 (hereafter called the PTW diode detector) is 
manufactured for dosimetric purposes (as the SFD) and the housing is made with material of 
low atomic number. Experiments previously performed by Elekta Instrument AB show that 
even though the stability of the PTW diode should be a lot better than the commercial rectifier 
silicon diode S1K, the PTW detector did not show any significant improvements with sharper 
profile, stability nor sensitivity [Carlsson, 2006]. 

2.4.4 The pCVD diamond detector 

A pCVD detector was borrowed from MSF at Karolinska Hospital, courtesy of Bartosz 
Górka. The sensitive volume is circular and confined between two silver electrodes, see fig. 
2.7. Silver is chosen because of its properties as a good conductor.  

Efficiency 

The high density of diamond makes it absorb more quanta per unit volume than e.g. the 
silicon detector for a large range of energies, though for each electron/hole pair created in 
diamond 3.6 electron/hole pairs are created for silicon.  

Characteristics 

This diamond detector should be pre-irradiated to about 30Gy. This is because traps exist that 
will trap charge carriers. Naturally traps exist in other semi-conductors as well but due to the 
low signal yield in diamond these traps have to be filled before any measurement can be 
performed [Fowler, 1966].  
To separate the charge carriers a voltage has to be applied between the electrodes [Oh, 1999], 
to create a potential difference in the diamond detector a voltage somewhere around 100V is 
needed. 

Connections 

A wire is connected to the silver electrodes, see fig. 2.7. This wire is a low noise triaxial cable 
manufactured by Suhner. The centre conductor is made of silver alloy, the outer is made from 
copper braid, and the jacket is PVC. Monte Carlo investigation performed by Górka et al. 
(2006) showed that the presence of the electrodes modified a 60Co to 50MV beam with a 
maximum of 2.1% compared to if the electrodes were not present. 
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Sensitive volume 

The sensitive volume is about 0.21mm3. The diamond is enclosed in a plastic Rexolite shield 
and also in a thin aluminum foil for mechanic protection. The low atomic number material 
and the thickness of these shielding materials will not significantly perturb the incident 
radiation quanta. 

 

 

2.4.5 The scCVD diamond detector 

A single crystal CVD, scCVD diamond detector was borrowed from Scanditronix, courtesy of 
Camilla Rönnqvist.  

Characteristics 

The scCVD is grown from other diamonds, and therefore lack graphite pathways. This leads 
to the fact that even though scCVD is similar to the pCVD in many ways especially in 
dosimetric properties, it exceeds pCVD in electrical performance substantially; it is more 
sensitive to electrical signals. This in turn means that scCVD is prone, to a much larger 
extent, to electrical defects as compared to the pCVD, e.g. leakage currents.  
Due to charge carrier traps the pCVD has to be pre-irradiated. These traps are not as frequent 
for scCVD diamond detectors and it is not necessary to pre-irradiate the scCVD as often as 
pCVD [Pernegger 2006 and Rönnqvist 2006]. The Scanditronix diamond detector was 
subjected to leakage currents and could not be used. 

Sensitive volume 

The general volume is cylindrical and confined in the same housing as the SFD Si detector, 
i.e. in a stainless steel container, while the sensitive volume is housed in PVC plastic. It has a 
diameter of 1.26mm and a thickness of 0.32mm [Rönnqvist 2006], i.e. a volume 1.4mm3. 

 
Figure 2.7: To the left the pCVD diamond detector where the effective 
volume is the centre volume, to the right  the plastic container for the 
detector and the connections to the wire. 
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2.5 Finding the sensitive volume of the chosen detectors 

Finding the sensitive volume involves several steps that have to be established with great 
accuracy. The ones used as a first step is the positioning system and a simple collimator. The 
total measuring system involving both the collimator and the positioning system can be found 
in figure 2.8. 
 

 
Figure 2.8: The entire measuring system used for this project, where the stainless steel collimator  

can be seen in the top of the picture as well as a part of the positioning system (in the  
bottom of the picture) with a detector holder mounted on a metallic slab constructed for this project.  

2.5.1 The positioning system 

The positioning system used is the collimator control system used by Elekta with the gamma 
knife Pefexion, hence it is very accurate. It consists of a motor and a rail for the “sled”. It is a 
joint system manufactured in Japan and Germany. It is capable of adjusting position with 
increments of 0.5µm.  

2.5.2 The collimator 

The collimator was manufactured specifically for this project with a very high degree of 
accuracy (details were confidential, but it was manufactured specifically for this project). It is 
made of stainless steel. The entire slab is 10·10cm2 and it is 4cm thick. For subsequent MC 
simulations it is assumed to be made of iron.  
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3 Results and discussion  

Very much data was produced as a part of this project, but only significant data is illustrated 
here. An experimental evaluation of the detectors obtained was also performed with the 
gamma knife 4C at “Sophia-hemmet”, where it was concluded that the diamond detectors did 
not prove feasible.  

3.1 Diagnostic x-rays 

It was difficult to achieve a good lineup since the setup was vertical. Another problem was 
that the radiation source only gave beams with short bursts, i.e. the machine was only active 
for a short time, which led to e.g. the fact that deviations were hard to follow. 
The steel collimator is very well suited for the diagnostic x-ray energy, close to no photons 
penetrate the entire collimator thickness (see figure 3.1A and B). 

 

When performing this experiment, the only detectors that did give any signals were the 
medical radiodosimetry detectors SFD and PTW, and these only responded when they were 
attached to the collimator.  The reason these detectors gave signals while the others didn’t is 
probably due to that the collimator was more successfully lined up with the SFD and the PTW 
detectors than with the pCVD and the S1K.   

A conclusion of the results obtained can be found below: 
 Average signal 

in the narrow 
field [pA] 

Average signal 
outside the 
narrow field [pA] 

Ratio 

PTW 3.57 0.32 9.0% 
SFD 1.89 0.24 12.7% 
S1K 0.0 0.0 nan 

Table 3.1: Results obtained with x-ray measurements. 
 
 
  

 
Figure 3.1 A (left) &B (right). A: A histogram illustration with data from MCS of penetrating particles vs. 
position. The number of particles normalized to the most common position is displayed in percentage along 
the stainless steel collimator.  
B: Phase space illustration with collimator. When this phase space was constructed, the phase space was 
defined to begin at a distance from the collimator of 0.5cm. 
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3.2 Gamma sources 

The gamma source experiments were performed on was the calibration 60Co source at SSI. 
The radioactive substrate was cylindrical with a diameter of 150 mm and 295 mm long. It had 
an activity of 2.5kCi i.e. 94.9TBq. The radioactive source is placed in a Siemens Gammatron 
treatment head and positioned in a horizontal laboratory setup at SSI. The collimator was 
placed in front of the opening window from the Gammatron and the detector in the 
positioning system was placed on the other side of the collimator. The detectors were radiated 
according to figure 3.2 A (left) and B (right) 

 
  
 
 
 

 
Figure 3.3: Profile when scanning the SFD detector. The distance from where the signal 
rises from 20% to 80% is 0.73mm, taken as a mean of the left and right side. The evident  

fluctuations are due to the unstable signal of the amp meter, it is most  
evident for the SFD detector because of the low general signal. The uncertainty  

displayed is the result within ± one standard deviation. 
 

 
 

X

Z
Y

Figure 3.2 A(left) and B (right): How the detectors were subjected to the beam. A, illustrates the setup for the 
PTW and SFD detectors, and B, shows how the S1K detector was irradiated. Generally the detectors were 

moved 2mm perpendicular to the stainless steel collimator and the slit. 

Silicon diode 
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The PTW detector was then tested, the results obtained are presented in figure 3.4. 

 
Figure 3.4: Profile obtained when scanning the PTW detector. The signal  

rises from 20% to 80% in 0.46mm. The uncertainty displayed is as  
previously the result within ± one standard deviation. 

 
 

As a comparison the two medical dosimeters are plotted together in figure 3.5 below. 
 

 
Figure 3.5: Both the data obtained with the SFD and the PTW can be seen in  

this picture, the profiles according to the legend.  
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The S1K diode was moved in the Z direction but was turned with different sides facing the 
beam so that the Z side and the Y side could be measured. The sides facing the beam are 
according to figure 3.2 B. First the Y-side was facing and the profile obtained can be found in 
figure 3.6 below. 

 
Figure 3.6: When the S1K detector is moved with the Y side facing the beam 

this profile is obtained. The distance over where the signal rises from 
 20% to 80% was 0.39mm. The uncertainty displayed is as stated  

above the result within ± one standard deviation. 
 
When instead the Z side was facing the beam the profile obtained is presented in figure 3.7. 

 
Figure 3.7: Profile obtained with data when the S1K is moved with 

the Z side facing the beam. The 20% to 80% distance here is  
0.57mm. The very obvious dip is due to monitoring  

faults when gathering data from the amp meter, the data stream 
was never stable. The uncertainty displayed is as above the result within  

± one standard deviation. 
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The asymmetry observed in both figures (3.6 and 3.7) is due to that more material is 
continuously introduced to the beam, see for example figure 3.2B. The two profiles from the 
S1K are plotted together in figure 3.8. 

 
Figure 3.8: The Y and Z side of the S1K facing the beam  

plotted together as a comparison.  
 

The results are summarized in table 3.2: 
 

Detector Profile width 
PTW 0.46mm 
SFD 0.73mm 

S1K, Y-direction 0.39mm 
S1K, Z-direction 0.57mm 

Table 3.2: A summation of the results from the 60Co measurement,  
the collimator width is 0.05mm, indicating a general increase for the measured width.  

 
The results for the S1K are surprisingly good compared to the radio therapeutic detectors, but 
because of its design, it was mounted on the moving positioning system, and was then 
somewhat closer to the radiation source than the radio therapeutic detectors, and this of 
course increased the fluence for this detector. The displacement that can be seen in figure 3.8 
and 3.5 between the different detectors or the different sides of the S1K detector are due to 
setup errors. The detectors had to be attached to the positioning system by hand thus a small 
error was introduced, therefore the absolute movement and positioning were obtained to a less 
degree than the relative movement.  
Simulations show how ineffective the stainless steel collimator is, see figure 3.9.  
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Figure 3.9: A phase space picture showing the particle distribution behind the  

stainless steel collimator. Here the collimator is not visible. The radiation beam  
is incident from below.  

 
Comparison was made with the profile obtained with the S1K Y-side (figure 3.6) and a 
comparable Monte Carlo Simulation.  

 
Figure 3.10: A comparison between MCS using a 60Co source and experimental results from SSI.  

The entire silicon wafer is defined as the sensitive volume for the MCS. 
 

The simulated profile looks very uneven, and is here seen with the stainless steel collimator 
for comparison. The setup for the MCS is “perfect”, i.e. the collimator as well as the detector 
is perpendicular to the radiation source. 
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To examine the positional accuracy required for the collimator- radiation source line up, the 
tungsten collimator was turned in different angles toward the radiation source, according to 
figure 3.11: 
 

 Source

Collimator

α X

Z

Y

Phase space plane 
 

Figure 3.11: How the tungsten collimator was tilted in the simulations 
to examine the line up importance. 

 
The resultant profile can be found in figure 3.12 where the collimator is tilted 0.06o which 
corresponds to a lineup mistake of only 0.05mm. 

 
Figure 3.12: MCS profile obtained when the collimator is tilted 0.06o. 

 
 
Looking at this picture it is evident that the line up is required to be very accurate in order to 
obtain a reliable profile, e.g. if there is an obvious displacement a less sharp curve would be 
obtained.    
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4 Conclusion 

4.1 Radiation source 

Possible to examine were the diagnostic x-rays, therapeutic x-rays and different gamma 
sources. All these were not deemed feasible, and the only two that proved available and that 
did give any results were one of Karolinska University Hospitals’ diagnostic x-ray machines 
and the calibration 60Co source at SSI. 
The radiation source that gave the most distinct profiles was the 60Co source, and therefore it 
is recommended that if more experiments are to be conducted, this should be the source to 
use.  
Though if this radiation source is to be used, a more effective collimator should be used, 
recommended would be a tungsten collimator. To examine how a tungsten collimator would 
behave simulations were conducted creating a phase space with both a stainless steel 
collimator and a tungsten collimator with the same thickness. The radiation source was a 
“body source”, i.e. opposite to a point source, with the same dimensions as the source used in 
the measurements at SSI. Figure 4.1 A and B below shows the amount of particles that 
entered the plane along 0.2mm, perpendicular to the 0.05mm narrow slit. It is evident that the 
tungsten collimator is more effective than the stainless steel collimator; the yield of SNR, 
defined as the relationship of the mean background value to the mean signal value, for the 
stainless steel collimator and the tungsten collimator absorbs much more than the stainless 
steel collimator. This implies that two fields actually will be present, since the stainless steel 
collimator is not entirely effective, (see figure 4.2). 
 

 
 

 

 

 
 
Figure 4.1 A (left) & B (right): A, MCS with a 60Co source, the left-hand profiles show number of particles 
along the collimator data from a phase space containing a stainless steel collimator. B, MCS with a 60Co 
source, the right-hand profile show number of particles along the collimator data from a phase space 
containing a tungsten collimator. 
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Figure 4.2: One unwanted and one relevant field. 

 
One narrow relevant field and one larger field that only contributes with noise. The noise 
signal from the larger field will have a kind of equilibrium, whereas the signal from the small 
field wont. Out scattered particles will be compensated by in scattered particles with this 
equilibrium, but more particles will scatter out of the smaller field than in, therefore the 
detected signal will not be linear because the more scattering material that will be introduced 
to the beam the same amount of scattering will not be present.  
This is the reason the profile for the simulated stainless steel collimator is very uneven as for 
figure 3.10, and also in the following figure where a stainless steel collimator is compared 
with a tungsten collimator in the Monte Carlo program.  

 
Figure 4.3, MCS: In both cases the S1K detector has been scanned and profiles have been obtained.  

First a normalized profile with the stainless steel collimator is obtained and this is then compared to a  
normalized tungsten collimator profile (both are normalized to their respective maximum value).  

The uneven steel profile makes it uncertain to make any conclusions from this figure but  
it is somewhat evident that the beam profile width is lessened with the tungsten  

collimator (at the 50% signal boundary). The uncertainty displayed is  
the result within ± one standard deviation. 
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4.2 Method 

The method used for this project, where the detector has been scanned in a small slit 
(comparable to a LSF in some degree) has proved useful and is the recommended way to go. 

4.2.1 Obtained Profile 

The obtained profile should be evaluated looking at where the signal rises from, i.e. 20% to 
80%. What is done today is evaluating the obtained profile (which is found with film 
dosimetry) by calculating the FWHM and determining the centre of this. This can be done as 
well here but a very high degree of symmetry would be needed.  

 
Figure 4.4: The very narrow slit present, illustrated with a Phase Space (PS)  

histogram (obtained with MCS) and a profile (also obtained with MCS) which is made in the same  
manor as the experiments, where the S1K has been scanned in this slit with the Y-side facing the beam,  

both obtained using a 60Co source. The entire silicon wafer is defined as the sensitive volume here,  
and this is 0.2mm wide, this can not be determined from this figure 

 
Figure 4.4 shows how a perfect lineup will make the profile narrower, but a 20% to 80% of 
0.05mm is not obtained. A centre of the FWHM can naturally be obtained, but this as 
mentioned requires a very high degree of symmetry.  
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4.2.2 Data treatment 

Filtering was done but only for one detector, a more thorough evaluation of data post 
treatment with polynomial fitting, filtering and convoluting should be performed. When 
filtering the SFD with a Butterworth LP filter the obtained profile can be seen in figure 4.5: 
 

 

 

 

 

 

 

 

 

The final conclusion is that more extensive experiments needs to be conducted in order to 
establish the sought after boundaries of the effective volume of a detector.  

 

 

Figure 4.5 A (left) and B (right): A, the SFD detector filtered with a Butterworth Low Pass filter of second degree.  
B, is the same as figure 3.3 for comparison. 
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7 Appendix 

I. Product specification PTW 
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II. Product specification SFD 
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III. Product specification S1K 
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