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Abstract
The aim of this work is to characterize the beam of the 60Co therapy unit “Siemens
Gammatron 1”, used at the Swedish Radiation Protection Authority (SSI) to calibrate
therapy level ionization chambers. SSI wants to know the spectra in the laboratory’s
reference points and a verified, virtual model of the 60Co unit to be able to compare
current and future experiments to Monte Carlo simulations.
EGSnrc is a code for performing Monte Carlo simulations. By using BEAMnrc, which is
an additional package that simplifies the building process of a geometry in the EGS-code,
the whole Gammatron at SSI was defined virtually. In this work virtual models for two
experimental setups were built: the Gammatron irradiating in air to simulate the airkerma calibration geometry and the Gammatron irradiating a water phantom similar to
that used for the absorbed dose to water calibrations.
The simulations are divided into two different substeps: one for the fixed part of the
Gammatron and one for the variable part to be able to study different entities and to
shorten simulation times.
The virtual geometries are verified by comparing Monte Carlo results with
measurements. When it was verified that the virtual geometries were to be trusted, they
were used to generate the Gammatron photon spectra in air and water with different field
sizes and at different depths. The contributions to the photon spectra from different
regions in the Gammatron were also collected. This is something that is easy to achieve
with Monte Carlo calculations, but difficult to obtain with ordinary detectors in real life
measurements.
The results from this work give SSI knowledge of the photon spectra in their reference
points for calibrations in air and in water phantom. The first step of the virtual model
(fixed part of Gammatron) can be used for future experimental setups at SSI.
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1 Introduction
The Swedish Radiation Protection Authority (SSI) offers calibrations for instruments
used in radiation therapy, diagnostic x-rays and for radiation protection purposes at
different radiation qualities. Highest accuracy is required in calibrations of instruments
used in radiation therapy. SSI has an old 60Co radiation therapy unit (Siemens
Gammatron 1), which is used to calibrate radiotherapy ionization chambers for the
quantities absorbed dose to water and air kerma.
The aim of this thesis is to characterize the beam of the 60Co therapy unit at SSI. SSI
wants a verified, virtual model of the 60Co unit to be able to compare current and future
experimental setups to Monte Carlo simulations.
Knowledge of the spectra in the laboratory’s reference points is also valuable.
Information of the spectra can be obtained from detailed Monte Carlo simulations of the
therapy unit and its geometric setups. The activity of the 60Co therapy unit is too high to
obtain such spectra from measurements.
Mora et al (1999) modeled a 60Co treatment head in detail and this solved some earlier
problems with bad agreement between simulations and measurements. A similar 60Co
unit belonging to an American standard lab was modelled by Smilowitz et al. (2002) and
recently some pure Monte Carlo investigations have been presented (Sichani and
Sohrabpour, 2004),(Miró et al. 2005). The SSI unit is loaded with a source similar to the
ones used in these studies, however the treatment head, a Siemens Gammatron 1, is much
older and of a different design.
To define the geometry of the Gammatron 1 and to make the Monte Carlo calculations
the program BEAMnrc (Rogers and Kawrakow, 2005) was used. BEAMnrc in turn use
EGSnrc (Kawrakow and Rogers, 2003) for the Monte Carlo transport.
Two experimental setups were modeled: the Gammatron irradiating in air (air-geometry)
to simulate the air-kerma calibration geometry and the Gammatron irradiating a water
phantom (water-geometry) similar to that used for the absorbed dose to water
calibrations. For BEAMnrc to be able to make the Monte Carlo calculations, a virtual
replica of the 60Co-unit was created based on the obtained information from the
blueprints about the treatment head (Hultberg et al. 1959) and the source capsule (Pigeon,
2005). The MC-simulation will generate a so-called phase space file, containing
information about the particles crossing the phase space plane. Some of the stored
information concerns the position, the charge, the directions and the energies of the
particles. In BEAMnrc it is possible to study the contribution to the field from different
regions thanks to a option called “Latch number”. With this option set, the history of
interactions for each particle is stored in the phase-space file. When the histories of the
scored secondary photons are available it is easy to investigate in which regions they
have interacted. This is a very powerful tool and the strength lies in that this information
is impossible to obtain from measurements.
To verify the accuracy of the simulation, comparisons between Monte Carlo and
experimental results were performed. Most of the experimental measurements were
conducted earlier at the laboratory but some were initiated for this work.
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Lateral Monte Carlo and experimental profiles in air and water at the calibration points
were normalized and compared. The Monte Carlo and experimental depth dose curves
were also normalized and compared to verify the simulation.
Also compared were the simulated and experimental “kerma output factors”
(Ki/K10x10cm2), which depict the air kerma in the calibration point (SSD=100.025 cm) for
different field sizes i normalized to that of the reference field size (10x10 cm 2).
Comparisons were also performed on the kerma to dose ratio (K10x10cm2/ Dw,5cm) to verify
the accuracy of the simulations.

2 Methods
This section describes the principal features of the BEAMnrc and EGSnrc code that were
applied, the transport parameters, the used variance reduction techniques, the different
stages of the simulation and how these stages were constructed.

2.1 The Monte Carlo code
BEAMnrc (Rogers, Faddegon et al. 1995), (Rogers and Kawrakow, 2005) is a Monte
Carlo code based on EGSnrc (Kawrakow and Rogers, 2003) for the radiation transport.
BEAMnrc is a package of codes for building accelerator geometries and for evaluating
the results of simulations through those geometries. The geometry of the accelerator to be
simulated is built up from a series of predefined “component modules“ (CMs). The CMs
are designed to aid in the creation of certain geometries and some examples of CM names
are slabs, jaws, etc. The CMs are not all restricted to cylindrical geometry and each
individual CM occupies a horizontal outer slab or cylinder at right angles to the beam
axis (CMs cannot overlap each other). The code can produce a so called phase space file
of the beam at specified scoring planes in the model, these planes are to be placed at the
back of an already defined CM and the planes have to be perpendicular to the centralaxis. A phase space file contains full information (charge, energy, position and direction)
about the particles crossing the scoring plane. BEAMnrc also offers a variety of radiation
sources (point source, source that emits radiation isotropically over a specified volume,
phase space file as source etc) and some so called variance reduction techniques to speed
up the calculations. BEAMnrc offers the users previews of the geometry for verification.
Included in the package are also codes for analyzing the phase space files in various
ways. One way is to apply a “Latch-number” (from 1-23) to the regions in the geometry.
When a particle is interacting in a latch marked region the “Latch-number” will be stored
and linked to that particle in the phase space file. The stored information can then be used
for understanding in which regions of the geometry that the particles have interacted and
their energies can also be observed. The Latch-numbers are also inherited by the
secondary photons and electrons giving each particle its specific history. Thanks to the
phase space file and the Latch-numbers it is easy to extract spectra and other kinds of
distributions. To extract the information from the phase space file a program called
BEAMdp (Beam Data Processor, (Ma and Rogers, 2004)), was used.
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A Component module (CM) is an already specified geometry, for example a mirror,
except its dimensions has to be defined by the user. When choosing a CM the user should
be advised that it includes certain geometric restrictions. For example, a mirror can’t be
spherical. This could be seen as a “logical” restriction, but there are also some geometric
restrictions that for the not so experienced user could be interpreted as not so obvious.
Angle restrictions and layer thickness restrictions for the mirror are only two examples of
these restrictions. Another restriction for the CM’s is that it’s not possible to model a CM
inside another CM. These kinds of restrictions are taken into account when the CM’s in
this work were defined, see chapter 2.5.

2.2 Available geometry information
The virtual geometry of the treatment head, source capsule and the experimental setups
were constructed by choosing suitable CMs based on the knowledge of the actual
geometry of these entities.
2.2.1 Siemens Gammatron 1
Blueprints of the treatment head Siemens Gammatron 1 were obtained from Hultberg et
al. (1959). Norman Brogden at International Radiation Services, who is performing the
source-exchange service on the unit, verified that these drawing were the correct ones.
From the same reference the information about the materials present in the unit was
obtained.
The blueprints of the Gammatron 1 are shown in Figure 1. By measuring with a slidecalliper on the blueprints all the necessary distances for creating a virtual model of the
Gammatron were obtained. These real distances and dimensions were calculated with
Equation 1, which was derived from the fact that 0.81 cm on the slide-calliper
represented 50 mm in the picture.

y realdistance [mm] x measured [cm]
50 ⋅ x measured
=
⇒ y realdistance [mm] =
50 mm
0.81cm
0.81
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Figure 1: A) shows the Gammatron from the view-angle perpendicular to z and y, referred to in the text as
the y-direction. B) shows the Gammatron from the view-angle perpendicular to z and x, referred to in the
text as the x-direction. These blueprints were scanned from Hultberg et al. (1959).

It was realized that the real thickness of the adjustable collimator differed slightly from
the blueprints, hence the true thickness was used when creating the virtual model.
Siemens-Elema AB placed a 0.25 mm steel plate inside the Gammatron between the
source and the beam opening in 1974 as details of depleted uranium close to the 60Cosource under certain circumstances could coronate. The exact coordinates for the steel
plate is not known, hence the steel plate was positioned immediately below the drawer in
the z-direction, during the simulations. Uranium details were present in the drawer used
for the source at that time, but there is no uranium in the present drawer, only a steel
enhanced tungsten alloy, according to Brogden (2005).
The mirror inside the unit is of an unusual V-shape (see Figure 13) and no CM that could
construct such geometry was found. The mirror was therefore modelled as a slab. The
materials and thickness of the mirror was also unknown and had to be assumed. It was
therefore assumed that the mirror was constructed as a standard mirror with a 0.091 cm
thick glass-slab with a silver layer of 0.009 cm attached to it.
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z

A PMMA-window is placed on hinges on the outside of the Gammatron, see Figure 2.
The main objective for placing a PMMA-window on the outside is to attenuate any
contaminating secondary electrons and at the same time affect the photon beam as little
as possible.

Figure 2: Photograph taken of Siemens Gammatron 1 at the SSI-standard laboratory.

2.2.2 Source capsule
The source is a 1.5 cm diameter standard 60Co-source of type C-146 with serial no S5010 manufactured by MDS Nordion. It is a cylindrical 60Co-source encapsulated inside
two stainless steel capsules. The 60Co-source consist of small 60Co pellets that are loosely
packed together in the shape of a small cylinder, see Figure 9. Although the source
consists of small pellets, the active material was modeled as if it was homogeneously
distributed throughout the cylinder. To correct for this approximation another density
than the natural one was used, see section 2.5.1.3. Furthermore isotropic emission of
photons with energies from a bare 60Co spectrum supplied by BEAMnrc was initiated
throughout the homogeneous cobalt material.
2.2.3 Materials
When a geometry is defined in BEAMnrc, the materials in it have to be specified. In
BEAMnrc it is possible to choose materials from a list. But the materials in the list did
not match the materials in Gammatron 1. A program called Pegs4 (Kawrakow and
Rogers, 2003) was therefore used to define the present materials in the therapy unit. The
cross-sections for the materials are derived by Pegs4 when the materials are defined. The
materials and compounds were created as illustrated in Table 1.
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Mixture
Element
Dry air
C
ρ=1.2048·10-3g/cm3
N
O
Ar

Z
6
7
8
18

A
12.011
14.007
15.999
39.948

Fraction by weight
1.24·10-4
0.7552
0.2318
1.283·10-2
Fraction by weight
0.95
0.05

Mixture
Tungsten alloy
ρ =17.2 g/cm3

Element
W
Fe

Z
74
26

A
183.85
55.847

Element
Cobalt pellets
ρ =5.78 g/cm3

Element
Co

Z
27

A
58.933

Mixture
Steel
ρ =8.06 g/cm3

Element
C
Si
Cr
Mn
Fe
Ni

Z
6
14
24
25
26
28

A
12.011
28.088
51.998
54.938
55.847
58.71

Fraction by weight
0.001
0.007
0.18
0.01
0.712
0.09

Compound
Water
ρ =1.0 g/cm3

Element
H
O

Z
1
8

A
1.008
15.999

Number per molecule
2
1

Mixture
Glass
ρ =1.18 g/cm3

Element
B
O
Na
Al
Si
K

Z
5
8
11
13
14
19

A
10.811
15.999
22.99
26.982
28.088
39.102

Fraction by weight
0.0401
0.5396
0.0282
0.0116
0.3772
0.0033

Element
Silver
ρ =10.5 g/cm3

Element
Ag

Z
47

A
107.87

Compound
PMMA
ρ =1.19 g/cm3

Element
H
C
O

Z
1
6
8

A
1.008
12.011
15.999

Fraction by weight
0.080538
0.599848
0.319614

Table 1: Materials used for defining the virtual Gammatron 1.
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2.3 Simulation structure
When all the necessary distances were obtained it had to be decided which Component
Modules (CM’s) to be used for defining each individual part of the Gammatron. The
available CM’s include some individual restrictions, hence it took thorough consideration
when modeling the Gammatron in a efficient and suitable way. To make the Monte Carlo
calculations faster the Gammatron is divided into two steps, “Step one” and “Step two”,
similar to what was done by Mora et al (1999). By doing so the fixed “Step one” doesn’t
have to be re-simulated each time that field sizes in “Step two” are changed. Step one is
simulated to generate a phase-space file, which is used as an input file in Step two.
Two different setups are simulated in Step two, “air geometry” and “water phantom
geometry”. In the air geometry a phase-space file is scored behind an air slab and in the
water geometry case the phase-space is scored behind a “pyramid” of water. These phasespace files are thereafter viewed to reveal information about the mean-energies vs.
position, profiles and fluence vs. energy. This is explained in more detail in chapter 3.
Depth dose curves are also obtained from the water phantom geometry case in Step two,
but without having to generate a new phase-space file first. Instead the depth dose curves
are calculated with BEAMnrc directly. This is discussed further in section 3.4.
2.3.1 LATCH-Number:
The LATCH variable, associated to each photon and particle in a simulation, is a 32-bit
variable used to store the history of the particles. The bits in the LATCH variable are
designed as follows:
bit 0

This bit will be set to 1 if a bremsstrahlung of a positron annihilation
occurs in the history. Otherwise the bit will be set to 0.

bit 1-23

These bits are used to track in which corresponding regions of the
Gammatron, that the particle has interacted. The regions in the therapy
unit are all assigned with a LATCH-number between 1-23.

bit 24-28

These bits are used to store the region in which a secondary particle is
created, but if it is a primary-photon these bits will all be set to 0.

bit 29-30

These two bits stores the charge of a particle.

bit 31

This bit will be set to 1 if the particle has crossed the scoring plane more
than once.
Some of the bits from 1-23 were assigned to different regions in the Gammatron in order
to pinpoint where the scored photons originate. Figure 3 shows how the LATCH numbers
were assigned.
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Figure 3: Illustrates how the LATCH-numbers used in the simulations were set.

When the Latch numbers are set, a bit filter can be used to discriminate or accept certain
photons, see section 3.6.
2.3.2 Simulation step one: fixed geometry of the treatment head
This step represents the fixed part of the treatment head i.e. everything down to the
adjustable collimator is fixed during all simulations. This part was modelled with the first
7 CM’s, which are described in detail in chapter 2.5. A BEAMnrc preview picture of the
geometry of Step one is shown in Figure 4. The result from Step one is a phase-space file
scored at the back of CM 7, relative to the source. The photons with their individual
histories are stored in the phase-space file and since it is used as a source in the second
step all the information is passed on to Step two. Step one ends in the same plane as Step
two begins.
When a geometry is created in BEAMnrc a reference point is automatically defined by
the program. This reference point represents the origo of the defined geometry. The
reference point for Step one is called “Step one reference point” and it is placed at
(xˆ, yˆ , zˆ ) = ( x, y,0) , which is at a distance of 20.955 cm from bottom of the 60Co source,
see Figure 4.
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Figure 4: Illustration of Step one and the CM’s 1-7 that define step one. The figure was obtained from the
preview option in BEAMnrc, but the text that describes each individual region is added by the author.
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2.3.3 Step two: air geometry
This step was used to simulate three different field sizes to calculate beam profiles, mean
energies, air-kerma values per incident particle, kerma-output factors and spectra in the
calibration point free in air.
The main task for this step is to generate a phase space file that resembles the field
created by the 60Co-source in the real Gammatron at the calibration distance. The four
CMs (CM 8, CM 9, CM 10 and CM 11) that define this step are illustrated in Figure 5.
When Step two is created a new reference point is automatically defined, “Step two
reference point” where Z = 0 cm correspond to Ẑ = 43.88 cm in the old reference
system.
The phase-space file from Step one is used as a source in this step and it is placed in the
“Step two reference point” = (x,y,0). Thereby the “Step two reference point” = (x,y,0) has
to be viewed upon as if it continues where Step one left of in ( xˆ , yˆ , zˆ ) = ( x, y ,43.88031) .
This new reference point is situated 0.247 cm in front of where the adjustable collimator
(CM 8) begins.
The reason for modelling an air slab (CM 11) at the end in this step is that a scoring plane
can only be placed at the back of a defined CM.
The air slab in this step is placed at a distance of 99.025 cm from the 60Co-source. The
thickness of the air slab is 1 cm, placing the back of the air slab and the scoring plane at a
distance of 100.025 cm from the bottom of the source capsule. The air slab consists of the
same material (dry air) as the surrounding air and will therefore have the same affect on
the energy deposition in this region as the surrounding air.
The distance from the bottom of the assembled steel plate to the scoring plane is exactly
100 cm in the model. The position of the SSI reference point relative the source is not
fully clear so a potential shift of 0.025 cm was considered as not that important.
The generated phase-space files in this step are named and saved and represent the
generated photons from the investigated field sizes 5x5, 10x10 and 20x20 cm2. The total
length of this step is 77.09969 cm, which creates a distance of 100.025 cm from the 60Cosource in Step one, see equation 2.
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Figure 5: The modulated geometry of Step two. The Z-coordinates represents the distance from the “Step
two reference point”. The figure is copied from the preview option in BEAMnrc.
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Equation 2 describes the distance from the 60Co-source as a function of the z-coordinate
in “Step two reference system”.

(

SSD = Z Step two + Zˆ (end ) Step one − Zˆ ( source) Step one − Zˆ (0) Step one

)

Where Zˆ (end ) Step one = 43.880 cm, Zˆ ( source) Step one = 20.955 , Zˆ (0) Step one = 0 and Z Step two
is the variable.
SSD = Z Step two + 43.880 − (20.955 − 0 )
SSD = Z Step two + 22.925

(2)

With BEAMdp, which is used for analyzing phase space files, the on-axis spectral
distributions, energy fluence, fluence vs. position and the mean energy distributions for
the three field sizes were extracted from the phase-space files. Since the Latch-numbers
were stored in the phase-space files, it was possible to look at the contribution from
different CMs, see also section 3.6.
2.3.4 Step two: water phantom geometry
The only geometric difference between the air geometry and the water phantom geometry
is that this step includes a water phantom. Hence it is possible to apply Equation 2 for this
step.
This simulation step is used to calculate the depth dose curve to be compared with
experiments, but also to score the mean-energies vs. position, profiles, fluence vs. energy
and spectra with contributions from different CM’s at 5 and 17 cm depth in the water
phantom. To achieve this, two different virtual setups have to be used. The CM
“Chamber as phantom” is used to score the depth dose curves, this is explained in section
2.3.4.2 and to score particles in the scoring plane at the depth 5 and 17 cm a CM of type
“Pyramids” is used, this is explained in section 2.3.4.1.
In both virtual setups the water phantom is included but not with exactly the same
geometry, hence they are explained separately in the following two chapters.
2.3.4.1 Water phantom to score spectra

These Monte Carlo simulated steps are used to place the scoring planes inside the water
phantom at the water equivalent depths of 5 and 17 cm. The scoring plane is placed at the
back of the pyramid (CM 12) consisting of water. The CMs that are included in this step
are illustrated in Figure 6A and 6B. The CMs are individually explained in more detail in
chapter 2.5. The same principles as when creating the air slab in the air geometry case is
followed in this step, but this time a pyramid of water is used for attaching the scoring
plane. This step ends with the water slab behind the scoring plane (CM 13) at Z =
102.075 cm.
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Figure 6A and 6B: The water phantom consists of two slabs and one pyramid. The photons were scored
behind the pyramid of water “CM 12”, whose thickness was varied to collect the distributions at A) 5 and
B) 17 cm depth. These figures were copied from the preview option in BEAMnrc. The last interval on the Zaxis is shortened in order to obtain smaller figures.
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2.3.4.2 Water phantom to score depth dose curve

The scored depth dose curve in this step is to be compared with a measured depth dose
curve. In this step CM 11 represents the whole water phantom with the wall included, see
Figure 7. The CM “Chamber as phantom” in this step is modelled in order to score the
central-axis depth dose curve, see section 2.5.9.1 for more details. By comparing Figure
6A and 6B to Figure 7 it is obvious that the phantom wall is modelled differently for the
two. The modelled phantom wall for scoring the depth dose curve is more realistic than
the wall modelled in Figure 6A and 6B. The reason for this is that it was easier to model
it in a more correct way when the “Chamber as phantom” was used to represent the water
phantom, see also section 2.5.9.1.
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Figure 7: Water phantom defined by the use of the CM called Chamber as phantom. The photons are
scored in the water with the help of scoring regions, which are illustrated in Figure 20. The figure is copied
from the preview option in BEAMnrc, but the text and arrows are added to the figure in paint in order to
facilitate the understanding of the virtual geometry.
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2.4 Monte Carlo transport parameters and variance reduction
2.4.1 Electron and Photon transport parameters
EGSnrc contains updated cross-sections for accurate photon and electron transport,
(Kawrakow and Rogers 2003). The following Electron and Photon transport parameters
are global and were set in BEAMnrc.
•

Photon transport cutoff (PCUT) =AP=0,01 MeV
This threshold was used in all the CM’s in the simulations. This will result in
that photons with energies below 0.01 MeV will be terminated and all of its
energy will be totally absorbed in the present medium.

•

Pair angular sampling=Simple
Was set to default, which is the simplest model to determine the angle
between the electron and positron during pairproduction. It was set to
“Simple” since details of the electron and positron tracks are of less interest in
this work.

•

Bound Compton scattering=ON
This option corrects for the Klein-Nishina cross-section assumption that the
Compton-electron is not bound during the interaction. This option is included
during the simulations because the photon energies are relatively low.

•

Rayleigh scattering=ON
This option is used to simulate when photons are scattered from interacting
with a atomic nucleus without loosing energy. This is more relevant for
energies under 100 keV.

•

Atomic Relaxation=OFF
This option is used to consider which process the atom undergoes to return to
its ground state, when lacking an electron from a photoelectric effect or a
Compton interaction. It would have been better if this option was turned on
and it would result in characteristic x-rays around 80 keV for the steel
enhanced tungsten alloy.

•

Photoelectron angular sampling=OFF
This option estimates the angular distribution of photoelectrons after a
photoelectrical effect. Details of these tracks are of no interest in this work,
hence this option is not used during the simulations.

•

Electron transport cutoff (ECUT) =AE = 0.611 MeV, which is the minimum
total energy that an electron have to contain when leaving a present medium
in order to not be terminated.
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•
•
•
•
•
•
•
•
•
•

Bremsstrahlung cross sections=BH *)
Bremsstrahlung angular sampling=Simple*)
Spin effects=ON*)
Electron Impact Ionization=0*)
Maximum electron step [cm]=5.0*)
Maximum fractional energy loss/step=0.25*)
Maximum 1st elastic moment/step=0.5*)
Boundary crossing algorithm=PRESTA-I*)
Skin depth for boundary crossing=0*)
Electrons-step algorithm=PRESTA-II*)

2.4.2 Variance reduction techniques:
Range rejection is used for the charged particles to save some computing time during the
simulation. Simulating a charged particle is more complex and time consuming than
simulating a photon. The program calculates the range for a charged particle and if the
particle can’t escape the present region with energy larger than the cutoff energy
(ECUTRR) the history of the particle is terminated and all its energy is deposited in the
current region. The ECUTRR is the range rejection cutoff energy, which can vary for
each region depending on what is set by the user. In this work a parameter called
“IREJCT_GLOBAL” was set to option 2 (“On with set ECUTRR”), which results in that
different ECUTRR’s can be set for each region. By choosing option 2 for the
IREJCT_GLOBAL also defines how the ECUTRR should work during the simulation. It
will be defined as follow “If the range corresponding to the energy ECUTRR is less than
the perpendicular distance to the nearest region boundary, the history is terminated and
energy is deposited in the current region”, (Rogers and Kawrakow, 2005). Only for the
Tungsten material in the region above the source and in the drawer was the ECUTRR set
to 1.811 MeV (i.e. a kinetic energy of 1.3 MeV) because of the large distance from the
scoring planes. Otherwise the ECUTRR-variable for each individual CM, was set as the
Global electron cutoff energy (ECUT=0,6 MeV, including the electron rest mass energy
0.511 MeV). The time for simulating “Step one” is 154.2 hours with this setup of
parameters for 1.2.1010 simulated primary photons. When “Step two” was simulated the
computing time was 2 hours, since 1.0.108 particles were simulated. The global photon
cutoff energy (PCUT) was set to 0.01 MeV for all CM’s in the simulations.
When Range rejection is used it introduces an approximation into the simulation when
terminating the history of a charged particle by absorbing all of its energy in the current
region. The assumption made is that no bremsstrahlung photons leave the absorbing
region. To minimize the inaccuracies resulting from this approximation the user can use
an input parameter called “ESAVE_GLOBAL”, which defines the maximum charged
particle energy for considering range rejection. This parameter was set to 0.8 MeV, which
makes sure that the range rejection is not preformed on particles above this energy.

*)

These choices are default and not changed since they relate to bremsstrahlung production and electron
transport, which are not the main topic of this work.
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Other variance reduction techniques that were available during the construction of the
virtual Gammatron were the Photon forcing, Bremsstrahlung photon splitting and
Russian roulette, (Rogers and Kawrakow, 2005). These options were all set to default
(0=none) during these simulations.

2.5 Detailed description of the modelled Component modules
In this section the choice of CM’s will be described in great detail and in chronologic
order. First the stationary part (Step one) will be described, thereafter follow the air and
water geometries modelled in Step two.
2.5.1 Region above the source, the source itself and the region below the source:
The first CM in Step one (CM 1) in Figure 4, represents the largest and the most complex
part in the whole Gammatron. By observing Figure 4 it is easy to realize, that CM 1
defines two regions at the same time. These regions are “The region above the source”
and “The housing layer”. Furthermore centrally placed inside “The housing layer” are
“The capsules” and “The source region”. Because of the complexity of CM 1, the regions
are explained individually in order to facilitate the understanding of how this CM was
modelled. But the reader is advised to keep in mind that they were modelled as one unit.
To define these regions the CM “Flatfilt” was used, since it is relatively easy to use when
complex geometry’s of this kind have to be defined, see “Flatfilt” in section A.1.1 in the
Appendix. Using the CM “Flatfilt” will result in a cylindrical source, cylindrical
capsules, cylindrical housing layer and a cylindrical region above the source. The fact
that “The housing layer” and everything inside it becomes symmetrical and cylindrical
when using the “Flatfilt” is exactly what we tried to achieve since everything in this layer
is of that kind in the real Gammatron. But the fact that the Tungsten shield (The region
above the source) becomes cylindrical is an approximation since the real Tungsten shield
is spherically shaped, compare Figure 1 and 4. The approximation with some additional
material on top of the virtual replica should not affect the results since the additional
Tungsten is placed at a distance >> the mean free path of the photons emitted from the
source. Another reason for why this approximation should be valid is that the additional
material is situated in the upper corners and above the source. The interactions that take
place in these upper corners in the region above the source should not have any affect on
the beam in the forward direction.
2.5.1.1 Region above the source

The region above the source is made of a Steel enhanced Tungsten alloy, see Table 1. In
other Gammatrons the alloy can consist of some depleted uranium but this is not the case
for our Gammatron. The task for the region above the source is to absorb the photons
emitted from the source as much as possible. This is why this region is refereed to as a
Tungsten shield.
2.5.1.2 Housing layer

This layer includes the source capsule and the drawer. The drawer is made of the same
Tungsten alloy as the rest of the Gammatron. The drawer is assumed to fit perfectly in the
housing layer i.e. no air in the chinks around the drawer. This means that the housing
layer could be modeled as a uniformed cylinder with the encapsulated source centrally
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placed inside the cylinder. When the source is to be exchanged for renewal, the drawer
with the old source is pulled out from the treatment-head with a big mechanical device
mounted on the side of Gammatron. This mechanical device then inserts another drawer
carrying the new source installed inside of it. By modelling the housing layer with the
CM “Flatfilt” the geometry of the encapsulated source and the surrounding housing layer
becomes cylindrical. This result is exactly what was tried to be established, since this is
how the region looks like in the real Gammatron.

Figure 8: Illustration of the housing layer and the drawer in the Gammatron.

2.5.1.3 Capsule and the source region

The encapsulated source inside the housing layer is defined as four cylindrical layers, see
Figure 10. The source is a 1.5 cm diameter standard cylindrical 60Co-source of type C146, encapsulated inside two stainless steel capsules, see Figure 9. The 60Co is sealed
inside one inner and one outer capsule for security precautions in case one of them is
damaged and start to leak. The capsules are sealed by the use of active fusion welds
between the capsule walls and the shielding discs.
The 60Co material consists of small 60Co pellets that are loosely packed together in the
shape of a small cylinder, see Figure 9. Although the source consists of small pellets, the
active material was modeled as if it was uniformly distributed throughout the small
cylinder. To correct for this approximation another density than the real was used. The
standard density for 60Co is 8.9·103 kg/m-3 but the reduced ρ=5.88·103 kg/m-3 was used to
account for the loose packing (Mora et al. 1999). BEAMnrc doesn’t recognize the Cobalt
material as radioactive in this stage. To get BEAMnrc to recognize the region as
radioactive the emitted photons from the 60Co energy spectrum are uniformly distributed
inside the source region. For BEAMnrc this means that the energy spectrum originates
from that region and that it is uniformly distributed inside this region.
On top of the cobalt pellets but inside the capsule there’s a region that consist of many
different layers and materials. This region consists of two stainless steel caps, three
magnetic stainless steel spacers and two Tungsten shielding discs, see Figure 9. The
information about the thicknesses of these layers was nowhere to be found. The reason
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for the difficulties finding exact blueprints of the encapsulated source, lies in the 60Cosource producing company’s best interest of keeping there constructions a secret. But by
having personal contact with Colette Pigeon-Jolicoeur at MDS Nordion some information
about the source was obtained. It was told that the records at MDS Nordion indicated that
the active length of the source was roughly 2.95 cm (1.16 in.). The source drawing
indicates a total length of 3.05 cm (1.2 in.) creating a thickness of the spacers that is 10
mm (.39 in.). The material of stainless steel is in our case no. 416. More information
could not be provided at that time, since it was proprietary of MDS Nordion. But the
correct thicknesses of the spacers are still uncertain since the thicknesses vary depending
on the activity of the source.

Figure 9: Scanned picture of the THERATRON Source Type C-146 (Colette Pigeon-Jolicoeur MDSNordion, 2005).

Since it was impossible to obtain the dimensions for all the individual layers inside the
capsule, but also to simplify the modulation, these layers were modeled as one uniform
layer of steel (see Figure 10). This approximation also makes the Monte Carlo
calculations faster because it reduces the number of layers in “Layer 2” from seven to
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only one. The interactions above the source are also of less importance since the scoring
planes that are studied lies in the forward direction. It is therefore more important to
model more accurate and with as few approximations as possible in the forward direction
between the scoring plane and the source.

Figure 10: Detailed description of each individual layer in the Tungsten-shield, Drawer, Housing layer
and Source, which are modeled with CM 1. Where the modelled thicknesses are as follows Layer 1 =
17.136, Layer 2 = 0.72, Layer 3 = 2.95, Layer 4 = 0.089 and Layer 5 = 0.06 cm

2.5.2 Steel plate
This CM depicts the steel plate that was placed inside the Gammatron in-between the
source and the beam opening by Siemens-Elema AB in October 1974. The document
from Siemens-Elema AB did not say the exact coordinates for the steel plate. It only said
that they hade discovered that uranium details close to the 60Co-source, under certain
circumstances could coronate. This could lead to contamination due to produced uranium
oxide.
The assembled steel plate is 0.25 mm thick, which will affect the radiation from the
source by reducing it with approximately 1%, (Siemens-Elema AB, 1974).
The assembled steel plate was modeled in BEAMnrc with a slab immediately after the
source capsule, see CM 2 in Figure 4.
The exact placement of the plate is not considered to be that important, the important
thing is that the reduction of fluence at the calibration distance is considered. And a small
shift in distance between the steel plate and the source is not expected to affect the
fluence at 1 meter.
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2.5.3 Primary collimators
The primary collimator is made of the same Tungsten alloy as the rest of the Gammatron,
see Table 1. These collimators are not adjustable. They can only move between two
positions, closed and opened. The source in Gammatron 1 is fixed and the primary
collimator is shut to prevent the radiation from escaping. This is the reason for the zigzag
pattern in the x̂ , ẑ -plane, see Figure 1B, 4 and 11. When the edges of the collimator are
formed like this the probability of a photon escaping the closed Gammatron in the
forward direction decreases in comparison with vertical collimator edges.
The primary collimator was modelled by using the CM “pyramids”. The reason for this
choice is that the pyramid was the only CM that could model the zigzag pattern in the x̂ direction and the vertical surfaces in the ŷ -direction at the same time. An illustration of
how the primary collimator (CM 3) was modeled is shown in Figure 4 and Figure 11.

Figure 11: Figures obtained by using the preview option in BEAMnrc and are used to illustrate the
primary collimator(CM 3) in the x and y-direction.

2.5.4 Region surrounding the mirror
Since it was impossible to model a mirror inside another CM, which is explained more in
section 2.5.4.2, the region surrounding the mirror was divided into three regions. These
regions are “The region above the mirror” (CM 4), “The mirror” (CM 5) and “The region
below the mirror” (CM 6), see Figure 4.
2.5.4.1 Region above the mirror

The region above the mirror is constructed using the CM “jaws”. The material is the same
tungsten alloy as the rest of the Gammatron. In the blueprints (Figure 1) it is evident that
this region consists of the alloy in the x̂ -direction and of air in the ŷ -direction. An
illustration of how this region was modeled is presented in Figure 12.
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Figure 12: Copied images from the preview option in BEAMnrc depicting the geometry for the region
above the mirror (CM 4) in the x and y-direction.

2.5.4.2 Mirror

The mirror consists of two mirrors that intercepts and creates a V-shaped mirror as shown
in Figure 13, which is an enlargement of Figure 1A.

Figure 13: Blueprint over the mirror inside the Gammatron

No CM that could construct this geometry was found in the program. The mirror was
therefore modeled with the CM called slabs. The slab consists of two layers that are
illustrated in Figure 14.

Figure 14: Illustrates how the virtual mirror was modelled. Layer b is made of glass and layer c is a thin
silver layer, see Table 1 for full element information.
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The mirror was placed at 41.30 cm from “the old reference point”. The possibility to use
a slab and to position it at a relative arbitrary distance from the reference plane is due to
the same reason as for the accepted displacement of the steel plate discussed earlier in
section 2.5.2. I.e. the exact position of the mirror is not that important since the interest
only lies in creating a realistic fluence reduction in this region. The virtual mirror was
placed close to the corner where the two real mirrors meet.
The point where the real mirrors overlap with the central axis is exposed to the highest
concentration of both primary and secondary photons since it is in the centre of the field
and thereby get contribution from all angles. By placing the virtual mirror close to the
point of intersection it assures that most of the interactions in the virtual mirror occur in
the same ẑ -coordinate as for the real mirror.
2.5.4.3 Region below the mirror

By observing Figure 4 it can be realized that the region below the mirror (CM 6) could be
seen as an extension of CM 4. CM 6 consists of the same alloy in the x̂ -direction and of
the same dry-air in the ŷ -direction. The simulated geometry of CM 6 is illustrated in
Figure 15 and in Figure 4.

Figure 15: The geometry in x and y-direction for the region behind the mirror. This figure is obtained from
the preview option in BEAMnrc.

2.5.5 Upper-shell of the external collimator:
The upper-shell of the external collimator is the last CM in Step one. The material of the
shell is Steel, see Table 1. The shell was modelled with the CM “Pyramids”, see
Appendix. In Figure 4 the upper-shell is illustrated as CM 7. A more detailed illustration
of this CM can be viewed in Figure 16.
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Figure 16: The geometry in the x and y-direction for the external collimator shell. The figure is copied from
the preview option in BEAMnrc.

2.5.6 CM’s that define Step two
The following CM’s are present in Step two and are described in detail and in
chronological order.
2.5.6.1 Adjustable collimators

This is the first CM in Step two and it depicts the adjustable collimator. The adjustable
collimator could be measured from the outside of the Gammatron, with a slide-calliper.
The collimator consists of the same Tungsten-alloy as the rest of the Gammatron and is
modelled with the CM “pyramids”.
The adjustable collimator is the only CM in the geometry that was varied and by doing so
different field sizes were obtained. The collimator was set in three different positions to
yield the field sizes 5x5, 10x10 and 20x20 cm2 at SSD = 100.025 cm. To create the
specified fields the adjustable collimator was set as the values given in the 5th column in
Table 2. The positions for the adjustable collimator were calculated with Equation 3,
which is derived from Figure 17.
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Figure 17: The setup for calculating the appropriate distances between the openings of the collimator.

xi
y
y ⋅ 28,77231
= i ⇒ xi = i
28,77231 100
100

(3)

Where yi is the half width of field size i.
The unknown parameter in Equation 3 is the distance xi. The values for yi are the half
widths of the field sizes 5x5, 10x10 and 20x20. The results when using Equation 3 are
presented in Table 2.

i

Field size
[cm2]

Half width
yi [cm]

xi [cm]

i=1

5x5

2.5

0.71930775

Distance between
the opening of the
adjustable
collimator [cm]
1.4386 ≈ 1.44

i=2

10x10

5

1.4386

2.877 ≈ 2.875

20x20
10
2.8777
5.754 ≈5.75
Table 2: The tabulated values in column 5 represent the positions in which the collimator was set to create
the three investigated field sizes
i=3

The three fields were created both virtually and in practice. The calculated distances in
Table 2 were used in both the Monte Carlo simulation and in the experimental
measurements.
The opening for the field size 5x5 cm2 in Table 2 was difficult to reproduce in practice
because the precision when positioning the adjustable collimator is not that good. Instead
of the half-width x1 = 1.4386 cm the value x1 = 1.44 cm was used when positioning the
collimator for measurements. The same half-width x1 = 1.44 cm was therefore used when
modelling the virtual 5x5 cm2 field.
When making the experimental measurements for the reference field 10x10 cm2 an Alheel with thickness 2.875 cm was used. The same setup was therefore used for the virtual
modulation of the 10x10 cm2 field.
2.5.6.2 Shell below the adjustable collimator:

The second CM in Step two is the shell below the adjustable collimator. This CM
consists of steel (see Table 1). The objective for this shell is to protect the mechanism of
the adjustable collimator from dirt. It is modelled here since it may contribute with
scattered photons.
2.5.6.3 PMMA-window:

The third CM in Step two is a thin PMMA-window that is placed and fixed on hinges on
the outside of the adjustable collimator shell. The PMMA-window is illustrated as CM 10
in Figure 5, 6A, 6B and 7. The PMMA is presented in Table 1. The thickness of the
window is 0.191 cm. The main objective for placing a PMMA-window on the outside of
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the shell is to attenuate contaminating secondary electrons and at the same time affect the
photon fluence as little as possible. PMMA-slabs are often used for this purpose in
therapy units.
2.5.7 CM to score spectra for the air geometry
The CM 11 described in this section is only used in the air geometry case to score spectra
and it is the last CM in Step two air geometry, see Figure 5. This CM represents a 1 cm
thick air slab that start in z = 76.09969 cm. The only reason for modelling this CM is that
it’s necessary when creating the phase space file at the back of the air-slab. The material
in the slab is identical to that of the surrounding air. The scoring plane at the back of the
air-slab coincides with the SSI reference distance for air-kerma calibration.
2.5.8 CM’s to score spectra for the water phantom geometry:
The CM’s that are explained here are used in Step two to score spectra in the water
phantom geometry.
2.5.8.1 PMMA-wall:

The Gammatron at SSI is mounted so that it irradiates the phantom from the side, hence
the beam must pass through the PMMA-wall. The real phantom wall is carved out from
the inside of the phantom to reduce the amount of PMMA in the region where the beam
enters, see Figure 18.

Figure 18: Layer A is 0.393 cm thick and Layer B is 1.4 cm thick, the layers were measured with an
electronic slide calliper. The carved out square in the centre of the phantom wall has a half width of 10.6
cm. The carved out volume will be filled with water.

The reason for carving out a region is to reduce the amount of irradiated PMMA. The
difference in density between PMMA and water was considered in order to be sure that
the scoring planes were placed at the water equivalent depths 5 and 17 cm. The density of
PMMA is 1.19 g/cm3 and 0.393 cm of PMMA will therefore represent 0.47 cm of water.
This knowledge is used when calculating the positions for the scoring planes.
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To define the PMMA-wall as it is illustrated in Figure 18, many different combinations
of CM’s were tried. It was decided that the PMMA-wall only should be modeled by one
PMMA-slab with the thickness 0.393 cm. I.e. only Layer A in Figure 18 is modeled when
scoring the spectra for the water geometry in Step two. The approximation that is made
when modeling the whole phantom wall as Layer A, should not be that big since the
incident field on the wall is smaller then the carved out region. This means that most of
the incident photons only experience Layer A anyway.
2.5.8.2 Pyramid of water to carry scoring plane:

The pyramid is situated behind the phantom wall. An air slab was automatically created
between the phantom wall and the pyramid by BEAMnrc when the simulation was run.
This is due to another restriction that says that two CM’s have to be separated with an air
gap of at least 0.01 cm. Many combinations with different CM’s were tried when trying
to avoid the automatic creation of this new air gap, without any result. The lacking water
of 0.01 cm would attenuate the photon fluence with 0.07% for energies around 1 MeV.
Personnel from the SSI lab were consulted and they approved that this small difference
was acceptable.
When BEAMnrc interact by automatically creating the air gap between the CM’s it does
so without moving the CM’s out of their positions. When the air slab is created it is
created so that the first 0.01 cm from the pyramid is replaced with the additional air slab.
The position of the pyramid is thereby not moved and since the scoring plan is fixed on
the back of the pyramid it will not be moved out of its z-location.
When the setup for the first calibration point (5 cm) is created the pyramid begins at Z =
72.47 cm and ends in Z = 77.00 cm. This creates a pyramid thickness of 4.53 cm placing
the scoring plane at the water equivalent depth 5 cm, since the PMMA-wall represents
the additional 0.47 cm of water.
When the setup for the second calibration point (17 cm) is simulated the pyramid begins
at Z = 72.47 cm and ends at Z = 89.00 cm. This creates a pyramid with a thickness of
16.53 cm placing its scoring plane at a water equivalent depth of 17 cm, since the
PMMA-wall represents the additional 0.47 cm of water.
2.5.8.3 Water slab behind the scoring plane:

This CM represents the water that is present behind the scoring plane. This is the last CM
in the step where the water geometry is simulated to score spectra from the phase space
files. In the case were the calibration point 5 cm is simulated the water slab (CM 13) is
25.071 cm thick and in the case for the calibration point 17 cm the water slab (CM 13) is
13.071 cm thick. This will in both cases create a total thickness of the water phantom that
is 30 cm, with the front PMMA-wall included. In the real phantom there is also a
PMMA-wall at the back of the phantom. This back-wall is not modeled in the simulated
version of the phantom. The reason for this is that the back-wall is at such a large
distance from the calibration points that the backscatter from it can be neglected. The
sidewalls of the phantom are not modelled and reason for this is that they are at such a
large distance from the central-axis. The contribution to the regions close to the centralaxis from the sidewalls can therefore be neglected.
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2.5.9 CM to score the depth dose curve in the water phantom geometry:
To score the depth dose the CM “Chamber as phantom” is used to model the water
phantom.
The Chamber as phantom is used for its ability to score and calculate the absorbed mean
dose in small voxels at different depths in the phantom.
2.5.9.1 Chamber as phantom:

When the virtual water phantom is modelled with CM 11 “Chamber as phantom” the wall
with its carved out region is modelled without any approximation. However, the outer
dimension geometry of the “Chamber as phantom” is cylindrical and it will result in a
cylindrical water phantom, see Figure 19.

Figure 19: Illustrate how the phantom-wall was simulated with the “Chamber as phantom” to score depth
dose curves. Layer A is 0.393 cm thick and Layer B is 1.4 cm thick and the carved out region in the centre
of the phantom wall has a radius of 10.6 cm. The carved out volume was filled with water.

The radius of the carved out region is 10.6 cm, since the half width of the squared carved
out region in the real phantom wall is 10.6 cm. It is obvious that the simulated phantom
wall is not identical to the real phantom wall. The carved out region was only included in
this CM because it was possible and because it was so easy.
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Figure 20: Illustration of how the chamber as phantom was constructed from the same view angle, with
and without the scoring zones. Both preview pictures were obtained from the preview option in BEAMnrc.

On the left hand side in Figure 20 it is easy to see the final result of the modulated carved
out region. The scoring-zones are cylindrical with a radius of 1 cm and a thickness of 0.5
cm. The absorbed doses in these small cylinders are calculated and saved in an output file
by BEAMnrc, see chapter 3.4.
Chapter 3.4 also explains how the contributions to the depth dose distribution are
obtained with a bit filter and the “Chamber as phantom”.
The dose values and the contributions are plotted vs. the corresponding water depth in the
water phantom, see chapter 4.5.
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3 Scored quantities
This section describes how the scored quantities were collected and calculated. Most of
the quantities in this section are calculated and compared to experimental results in order
to verify the accuracy of the simulations. If the scored quantities agree with
measurements the MC-calculated quantities that are not measurable can also be trusted.
The lateral MC-profiles from the simulations are calculated and compared with the lateral
experimental profiles in order to verify the virtual model. To do so the relative MCenergy fluence were compared to the relative experimental currents. To bee able to
compare these relative quantities the mass energy absorption coefficients for air and
water have to be constant over the profile, see chapter 4.1.1.
The mean energies over the profiles are derived to investigate if the mass energy
absorption coefficients are constant over the profile, see chapter 4.2.
The kerma output factor and the depth dose curve are derived for the same reason as for
calculating the profiles, to verify that the simulations are correct.
The MC-calculated kerma to dose ratio (Kair,MC/DW,MC) is compared with the
experimental kerma to dose ratio (Kair,exp/DW,exp). These ratios are compared to
investigate how well the simulations of the air and water geometry resemble the reality.

3.1 Lateral profiles
The program called BEAMdp (Beam Data Processor) (Ma and Rogers, 2004) was used to
derive the profiles in air and water from the phase space files obtained from the Monte
Carlo simulations along the x and the y-axis.
The profiles were scored in air at the SSI-calibration point (SSD=100 cm) and at the
water equivalent depths 5 and 17 cm.
The x-axis in the simulation corresponds to the vertical plane in the laboratory system
and the y-axis corresponds to the horizontal plane, see Figure 21.

Figure 21: The directions in which the profiles were scored.
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To be able to plot the profiles the information first has to be extracted from the phasespace files. It is for this extraction that BEAMdp is used. In this program there is an
option called “Energyfluence vs position from phasespace data”. This option collects the
energy fluence in small rectangles along either the x-axis or the y-axis, depending on
what is specified by the user. The energy fluence is delivered by BEAMdp as
[MeV/(cm-2ּindicent particle)]. A general illustration of how the rectangles are defined is
shown in Figure 22.

Figure 22: General description of how the information in a phase space file is collected by defining the
rectangular regions in which the information is extracted. This illustration was copied from the help topic
in BEAMdp.

A profile in the x-direction indicates that the rectangles are lined up side by side along the
x-axis. 200 rectangles were used in all the MC-profile calculations. The distance Ymax Ymin = 2 cm was used for the profile calculations in the x-direction, and similarly for the
profiles in the y-direction. In this way the calculation will correspond to a small rectangle
that is swept in the investigated direction with a half-width of 1 cm perpendicular to the
investigated direction. This half-width is used to resemble the ionization chamber
(Farmer NE 2571 s/n 2597, with a height of around 2 cm) that was used in the
experimental measurements.

3.2 Mean energy crossing the scoring plane
The mean energies are calculated in order to investigate if the approximation made, when
comparing the relative MC-energy fluence with the measured relative currents, is
acceptable or not. An option in BEAMdp called “Mean energy vs. position” was used to
calculate the mean energies [MeV/incident particle] in each rectangle over the profile
crossing the scoring plane at the calibration distances, but only for the x-direction. Two
hundred rectangles were used in the same way as before. If the mean energy doesn’t
differ that much in the observed region the μρen won’t either, since it is energy dependent.

( )

This should be a good indicator of why the profile comparisons are valid. This is
discussed in more detail in chapter 4.2 and in section 4.1.1. BEAMdp delivers the mean
energy in [MeV/incident particle] for each rectangle.
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3.3 Kerma output factor
The kerma output factor ( Routput ) is calculated for the same reason as for calculating the
profiles and the depth dose curves, i.e. to verify that the simulations are correct. The
kerma output factor is defined as the ratio of the output in air for a given field to that for a
reference field, ((Khan 1984)). This is expressed in Equation 4.
⎛ K ⎞
(4)
Routput (i ) = ⎜ i ⎟
⎜K ⎟
⎝ ref ⎠
where the air-kerma value Ki for each field size i is given by Equation 5.
The reference field is that used for calibration, i.e. Kref = K10x10 cm2
1, 5 MeV

1
Ki =
Ψ E ,i
1 − g 0, 01∫MeV

where

(

μ en ( E )
ρ

(

μ en ( E )
ρ

) dE

(5)

) are the mass energy-absorption coefficients and 1/(1-g)=1.0032 converts

from collision kerma to total kerma (Rogers, 1992) and ΨE ,i is the differential distribution
of the central-axis photon energy fluence for a field size i. The kerma output factors were
calculated for the fields 5x5 cm2 and 20x20 cm2 in air, with the information obtained
from the generated phase-space files in Step two for the air geometry.
When the energy fluence is extracted with BEAMdp the energy-window has to be
defined. In this work the spectra were collected from 0.01-1.5 MeV and 200 energy-bins
were used. The energy fluence is scored in a region with a radius of 1 cm around the
central-axis. With this setup BEAMdp generates an output-file with two hundred energy
fluence, one for each energy-bin. The unit of each discrete Ψ(Ej) therefore becomes
[MeV/(cm2 · incident particle · MeV]. Since the energy fluence is obtained as two
hundred discrete points Equ. 5 has to be replaced with its discrete version, Equ. 6.
200

K i = 1,0032∑ ΨE ,i ( E j )
j =1

μ en (S j )
ΔE j
ρ

where ΔE j = E j − E j −1 and S j = E j −
Where the

μ en ( S j )
ρ

(6)

ΔE j
2

(7)

were obtained by logarithmic interpolation of the values in (Hubbell and

Seltzer, 1995) for the energies from Equation 7.
Because the kerma output factors are ratios without any unit, the Monte Carlo and the
experimental ratios can be compared.
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3.4 Depth dose distribution
To calculate the depth dose curve the scored doses at different depths in the modulated
water phantom were given directly by the BEAMnrc output file. The scoring-zones are
small cylinders with a radius of 1 cm and a height of 0.5 cm, see Figure 20. When
BEAMnrc calculates a dose for a scoring zone, it is the mean dose for the scoring zone
that is calculated. This mean dose is then plotted vs. the depth in which the half-height of
the cylinder is situated. The MC-calculated and experimental depth dose curves are
normalized to the dose in the calibration point (5 cm) when they are compared in chapter
4.5.
A bit filter was used (in BEAMnrc) to obtain the contributions to the depth dose curves.
The used bit filter will include all photons that somewhere on their path have interacted
within the contributing medium. This means that the photons that are included when
calculating a contribution depth dose curve, may have interacted before and after the
contributing CM, but they are only included if they at least once have interacted within
the contributing CM. This bit filter is equal to Filter B used in BEAMdp, see chapter 3.6,
but they are not constructed in the same manner. The regions with corresponding bits (123) were described earlier in section 2.3.1, see Figure 3.

3.5 Kerma to dose ratio
The MC air-kerma to absorbed dose ratio in the calibration point 5 cm for the reference
field (10x10 cm2) was calculated and compared to experiments. These ratios are
calculated as:
K10 x10
(8)
Dw, 5 cm
Where K10 x10 is the air-kerma value extracted with BEAMdp and calculated with Equation
5 for the field size10x10 cm2 at SSD=100.025 cm. D w, 5 cm is the absorbed dose to water
at 5 cm depth with the field size 10x10 cm2.
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3.6 How to obtain different spectra
The spectra were derived using BEAMdp, which extracts the necessary information from
different locations on the phase space files. The investigated spectra were scored at areas
of different shapes and sizes. Central-axis spectra were derived considering an area
around it with a radius of 1 cm for different field sizes in air and water at the depths 5 and
17 cm. In the air geometry, spectra were also scored for a disc with an expanding radius.
Spectra for an expanding ring about the Z-axis were also collected. When all these
different spectra were extracted, different bit filters were used in order to only allow
specific particles. In this way it was possible to illustrate the contributions from different
regions in the Gammatron.
Since all regions in the simulation are marked with a LATCH-number between 1-23 it is
easy to only extract the photons that have interacted in a certain region. In BEAMdp there
is an option called “LATCH option”, which works like a bit filter. With this filter the user
can choose the bits that are allowed to pass and the ones that are to be rejected. In this
work two kinds of filters were created for each investigated region. The filters were
created as follows:
Filter A
This filter allows all photons that only have interacted in a region marked
with LATCH-number X (where X can be any number between 1-23
depending on the region being studied). This means that the extracted
photons, when using this filter, may have interacted before and in the
investigated region (X) but not after.
Filter B

This filter allows all photons that somewhere on their path have interacted
in a region marked with LATCH-number X (where X can be any number
between 1-23 depending on the investigated region). This means that
when this filter is used the collected photons have interacted in the
investigated region and some of them may have interacted before and after
the investigated region.
The spectra obtained by using these filters are presented in chapter 4.6.
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4 Results and Discussion
4.1 Lateral beam profiles in air and water
The MC-profiles are compared to the experimental profiles in air and water at 5 cm
depth. There was no information available from experimental profiles at 17 cm depth to
be compared with the MC-water profiles, which are presented alone in Figure 27 and 28
in section 4.1.2.
4.1.1 Lateral beam profiles in air
The experimental profiles were derived earlier at SSI by collecting the currents with a
thimble type ion chamber (Farmer NE 2571 s/n 2597). The chamber was fixed to a tripod
on the table. The chamber was placed vertically for the horizontal scan and horizontal for
the vertical scan. The measured currents are proportional to the experimental air-kerma
rate through the relationship is K& air ,exp = N K , air ⋅ I Meas , where NK,air is the air-kerma
calibration factor for the ionization chamber used and IMeas are the measured currents.
When the experimental profile is normalized to the central axis air-kerma the NK,air will
disappear, hence the profile can be expressed as the relative measured currents. The same
principle is applied for the measured water profiles, but with a calibration factor (ND,w)
that converts from currents to absorbed dose.
The MC-profile is derived by using each of the obtained energy fluence from the two
hundred rectangles used in BEAMdp, chapter 3.1.
The MC-air kerma for a certain rectangle s can be expressed as:
s
s
s
μ en ( E s )
K air
ρ )air , where ψ air , MC is the MC-energy fluence in air for
, MC = 1.0032 ⋅ψ air , MC ⋅ (
rectangle s and the

(

μ en ( E s )

)

ρ air

is the mass energy absorption coefficient for the mean

energy in rectangle s and 1.0032 converts from collision kerma to total kerma.
It is shown in chapter 4.2 that the mean energy is relatively constant for the two hundred
rectangles, hence the same will be true for the (μen ( Es ) ρ )air . When the MC-profiles are
normalized to the on axis air kerma value, the factor 1.0032(μ en ( Es ) ρ )air disappears, hence

the MC-profiles can be expressed as the relative energy fluence. The same principle is
applied when deriving the water profiles. Except that the constant 1.0032 is not included
when calculating water profiles, hence it is the absorbed dose that is calculated.
Figure 23 and 24 compares the experimental and MC-profiles in air at SSD=100 cm for
the x and y-directions.
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Vertical air profile 100 cm from the source
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Figure 23: The MC-theoretical profile and the measured profile in air at SSI calibration distance, xdirection.
Horisontal air profile 100 cm from the source
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Figure 24: The measured and MC-profile in air at SSI calibration distance (SSD=100 cm) in the ydirection.

By comparing the interpolated full width half maximum (FWHM) in the figures, an
estimation of the agreement is obtained. In Figure 23 the MC-FWHM =10,25 cm and the
experimental FWHM =9,92 cm, which indicates a deviation of 3.2%.
In Figure 24 the MC-FWHM =10,38 cm and the experimental FWHM =9,93 cm, which
represents a deviation of 4.3%.
After the simulations were finished it came to our knowledge that the Al-heel
accidentally was constructed somewhat smaller than intended. Since this was not
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accounted for in the simulations, part of the deviations in the FWHM is probably due to
that a larger field than the true one was simulated.
4.1.2 Lateral profiles in water at 5 and 17 cm in the water phantom.
The same principles, as the ones in section 4.1.1, are applied when deriving the
experimental and MC-water profiles in this section. Figure 25 and 26 compare the MCprofiles with the experimental profiles at the water equivalent depth 5 cm in the y and xdirections respectively. Figure 27 and 28 shows the MC-profiles at 17 cm (experimental
profiles weren’t available).

Horisontal water profile at 5 cm depth
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Figure 25: The MC-profile and the measured profile in water at 5 cm depth in the y-direction.
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Vertical water profile at 5 cm depth
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Figure 26: The MC-profile and the measured profile in water at 5 cm in the x-direction.

In Figure 25 the MC-FWHM =10,46 cm and the experimental FWHM =10.04 cm, which
is a difference of 4%.
No measured value (Imeas) is available below 60% in Figure 26 in the - x̂ direction, hence
the interpolated full width at 60% maximum (FW60M) is derived. In Figure 26 the MCFW60M =9,79 cm and the experimental FW60M =9,38 cm, which is a difference of
4.2%.
It is evident in Figure 25 but especially in Figure 26 that the plateau in the measurements
is shorter than the MC-plateau. This effect could, since the MC-profile is more
symmetrical than the measured profile, be caused by the fact that the ionization chamber
is fixed inside the water phantom, which is the one that is moved during the experiment.
When the experiment is performed in this way, scattered photons from the stem of the
ion-chamber will contribute by increasing the signals scored on the - x̂ side in the vertical
profile. When the vertical profile in Figure 26 is normalized to the signal in x=0, the
relative signals on the + x̂ side decrease more than the ones on the - x̂ side, since they have
less contribution from the stem.
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Horisontal MC-profile in water at the depth 17 cm
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Figure 27: The MC-profile in water at17 cm in the y-direction.

Vertical MC-profile in water at the depth 17 cm
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Figure 28: The MC-profile in water at17 cm in the x-direction.

Figure 27 and 28 shows that the plateau fluctuates more at 17 cm depth than at 5 cm
depth. The fluctuations are caused by poorer statistics.
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4.2 Mean energy crossing the scoring plane
4.2.1 Mean energies in each rectangle over the profiles in the air geometry
Mean energy for the three fields in air at SSD=100 cm
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Figure 29: This figure illustrates how the mean energy is distributed for the three fields 5x5, 10x10 and
20x20 cm2.

The mean energy ( E ) in the plateaus fluctuate around 0.01 MeV in Figure 29 and this
observation is used to investigate how much the (μen ( Es ) ρ )air for E around 1 MeV will vary.
For

(μ

en (1MeV

)

)

ρ air

= 0.0279 cm2/g and for

(μ

en (1.01MeV )

)

ρ air

= 0.0278 cm2/g. The difference

between these two is less then 0.4 %, hence it can be assumed that the

(

μ en ( E s )

)

ρ air

used in

the calculations is constant. This holds for all three field sizes.
In Figure 29 it is easy to se that the mean energy of the smallest field (5x5) is highest,
thereafter follows 10x10 and the largest field (20x20) has the lowest mean energy,
showing that more scattered photons with lower energies are included for larger fields.
The horns in the curves are caused by the collimator effect from the adjustable
collimator. The collimator will serve as a source that generates more scattered photons
with increasing field size, caused by the increased visible area of the collimator for the
photons to interact with. These photons are also more forward directed than the scattered
photons scored in the center of the field. The horns in Figure 29 is the result of that the
photons scattered in small angles contain higher energies than photons scattered in large
angles toward the centre of the field.
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When the adjustable collimator is widened, more photons will be able to transmit through
the collimator and thereby widen the transmission penumbra. This explains why the
penumbras in the curves widen with increasing field size. The statistical uncertainties in
mean energy on the central axis for the curves 5x5, 10x10 and 20x20 cm2 are 0.3%,
0.29% and 0.23% respectively, since the statistics is greater for larger field sizes.
4.2.2 Mean energies in each rectangle over the profiles in the water geometry
Mean energies generated in water, with field size 10x10 cm^2
at SSD=100 cm
1,080
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0,980
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Energy [MeV]
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Figure 30: Mean-energy profiles in water at 5 and 17 cm depth in the x-direction for the field size 10x10
cm2.

The fluctuations in Figure 30 are around 0.01 MeV and this observation is used to
investigate how much the (μ en ( Es ) ρ )water will vary for energies around 0.9 MeV. When the

photon energy is 0.9 MeV the (μen ( 0.9 MeV ) ρ )water = 0.0315 cm2/g and for the photon energy

0.91 MeV the (μen ( 0.91MeV ) ρ )water = 0.03145 cm2/g. The difference between these two values

is less then 0.16 %, hence it can be assumed that (μ en ( Es ) ρ )water is constant when calculating
the MC-water profiles in section 4.1.2. This holds for both depths.
By comparing Figure 29 and 30 it is clear that the horns in the later are smeared out since
the high energetic photons in the horns are scattered more frequently in water and thereby
decreasing the mean energy in the horns. The same effect causes the horns in the 17 cm
mean energy curve to be more smeared out than the horns in the 5 cm mean energy curve
in Figure 30.
The theory tells us that when the collimator is fixed the penumbra increases with distance
from the source. This explains why the penumbra in the curve at the depth 17 cm is wider

46

than the penumbra of the curve at 5 cm in Figure 30. The penumbra could also be
increase due to scattered photons in the additional water. In Figure 30 the statistical
uncertainties in mean energy on the central axis for the curve at 5 cm is 0.38% and 0.6%
for the curve at 17 cm. The mean energy fluctiations are smaller in Figure 29 than in
Figure 30. This is caused by the fact that poorer statistics is obtained when the fluence in
water is reduced by the larger attenuation coefficient than in air.

4.3 Kerma output factor
MC-kerma output-factors as derived by Eq. (6) are compared to experimental values in
Table 3.
Kerma output
factor

Kerma output factor

K5x5 /K10x10

K20x20 /K10x10

MC-calculations
1.87E-07±0.22% 1.99E-07±0.22% 2.08E-07±0.22%
[eV/gּincident particle]

0.9400±0.003

1.0458±0.003

Ion chamber current [pA] 821.492±0.15% 874.37±0.10% 914.083±0.15%

0.9395±0.002

1.0454±0.002

0.05%

0.03%

Air-kerma
Field size

K5x5

K10x10

K20x20

Deviation in percentage

Table 3: Kerma output factors and the deviation in percentage between the MC-calculations and the
experimental kerma output factors.

The spherical ionization chamber used during the measurements is an Exradin model A2
s/n 377 with a volume of 3 cm3.
The experimental uncertainty in air kerma is valid at one standard deviation confidence
interval and represents the uncertainty in the measured currents. The error in the kerma
output factors are the mean error obtained from the propagation of error formula. In
Table 3 it is evident that the difference between the MC-output factor and the measured
output factor is less then 0.05 % for the K5x5/K10x10 and less then 0.03 % for the
K20x20/K10x10. The agreement between MC and experimental output factors are within the
determined uncertainties.

4.4 Kerma to dose ratio
Another comparison that can be made, in addition to the kerma output factors is the ratio
between Kair(ref) and Dw(ref). SSI has accurately determined values of absolute dose and
air-kerma in the SSI-reference points. Table 4 shows this comparison and the agreement
is within the uncertainties and better than 0.6 %. The uncertainty in the experimental
values are at one standard deviation and include both the uncertainties in the measured
currents and the calibration factors (obtained from the primary standard laboratory).
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Monte Carlo and measured kerma to dose ratios for the field size 10x10 cm2
Monte Carlo calculations

Measurements

MC-kerma

MC-dose

Measured air-kerma

Measured-dose

K10x10

Dw, depth 5 cm

K10x10

Dw, depth 5 cm

3.16146E-17±1.3%
[Gy/incident particle]

6.5317 ± 0.8%
[mGy/s]

6.5148 ± 1%
[mGy/s]

1.99E-01
[eV/(gּincident particle)]
3.18745E-17± 0.22 %
[Gy/incident particle]

MC-K10x10/Dw, depth 5 cm

Measured-K10x10/Dw, depth 5 cm

1.0082±0.013

1.0026±0.013
Deviation in percentage
0.56 %

Table 4: The Monte Carlo calculated K10x10/D10x10 ratio compared with measured K10x10/D10x10 ratio and the
deviation in percentage.

The MC-kerma value in Table 4 is obtained from Table 3. The MC-dose value in Table 4
is obtained by using the data for Figure 31 (before they were normalized) to calculate the
dose per incident particle at the water equivalent depth 5 cm.
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4.5 Depth dose
Figure 31 shows the relative depth dose curve obtained from experiments and MCcalculations.
Depth dose curve in water

Dose normalized at 5 cm depth
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MC-calculated depth dose norm.
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Experimentally measured depth
dose norm. at 5 cm

0,80
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0,20
0,00
0
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10

15

20
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Figure 31: MC-calculated total depth dose curve and the experimentally obtained depth dose curve.

The experimentally measured doses are determined with an uncertainty of 0.1% (for a
confidence interval of one standard deviation) while the statistical error in the Monte
Carlo simulations are less than 1.5 % before 10 cm depth and less than 2.5 % at greater
depths. In Figure 31, the two compared depth dose curves coincide within the
uncertainties indicating that the virtual model in water is constructed correct.
Figures 32A show depth dose distribution obtained from MC-calculations, with
BEAMnrc. The figure illustrates the contributions from six different regions inside the
Gammatron and the total depth dose, which depicts the contribution from all CM’s. The
statistical uncertainty in the individual contributions is higher (up to 20% for the lowest
contributors). The statistical errors can be reduced by increasing the number of histories.
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Total depth dose and contribution curves
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Figure 32A: Illustrates the MC-calculated total depth dose and six different contributions to it.

A bit filter was used to illustrate the contribution from the presented CM’s. The filter was
created directly in BEAMnrc and it was set as Filter B in section 3.6. This means that the
contribution in Figure 32A and 32B represent the photons that somewhere on their path
have interacted within the investigated CM. It is evident in Figure 32 that the contribution
to the dose is larger from the regions close to the active source, since the fluence is
greatest in this region. Another reason for the high contributions from these regions is
that the photons that interact in these regions have no additional CM’s on their path down
to the water phantom, except for the thin mirror. The build-up region is not illustrated in
Figure 31, 32A and 32 B, since it is of no interest for SSI and because it was impossible
to place the superficial scoring zones inside the PMMA-wall for collecting the necessary
information.
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Figure 32B: MC-calculated total depth dose and six different contributions to it.
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Figure 32B shows that the fluctuation increases with depth due to less particles reaching
these depth resulting in higher statistical errors. It is also evident that most of the dose
comes from the tungsten shield, drawer and the source capsule and that the influence
from the collimator system is low.

4.6 Five different spectra obtained from the simulations
Different kinds of spectra are presented in this chapter. Bit filters were used for extracting
the exclusive information with the available “LATCH-option” in BEAMdp. The spectra
were scored in air at the SSD=100 cm and in the water phantom at 5 and 17 cm depth.
When the spectra are divided into individual contributions from different parts of the
Gammatron, the statistical uncertainty can be rather high for the lowest contributing
parts.
4.6.1 The on axis energy spectra for the three field sizes in the air geometry
The on-axis energy spectra shown in Figure 33 are calculated in the air geometry for a
disc with radius 1 cm around the central axis. The energy spectra from 5x5, 10x10 and
20x20 cm2 are shown in the figure.
On-axis energy spectra
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Fluence/incident particle [1/cm^2]
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Figure 33: The total energy spectra in air for all three field sizes scored in an area perpendicular to and on
the Z-axis with a radius of 1 cm.

The fluence for the two greatest fields are almost the same for energies below the 511
keV peak, but they diverge from the smallest field 5x5 cm2. This is due to the collimator
effect, when the field size is increased more collimator area is available for the photons to
scatter in. This effect becomes more evident between the two greatest fields for higher
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energies. At the energies around 1 MeV it is clearly evident that the fluence of scattered
photons increases with field size. The energy-spectra resembles the energy-spectra for a
60
Co-source presented by Mora et al. (1999). The statistical uncertainties for the fluence
per incident paricle in the spectrum’s individual energy bins are higher than for the total
fluence. For the energy bins around 1 MeV the uncertainties in fluence for the fields 5x5,
10x10 and 20x20 are 4,8%, 4,3% and 3,8% respectively. These are statistical errors,
calculated by BEAMdp, since the biggest field obtains the smallest fluctuations.

4.6.2 Contributions to the on-axis energy spectra
4.6.2.1 Photons scattered before but not after the investigated CM

When these spectra were calculated a bit filter (Filter A in chapter 3.6), that accepts the
photons that have interacted before and in the investigated CM, is used. Furthermore the
bit filter only accepts the photons that have free passage after the specific CM.
Contribution curves when using bit Filter A
for the field size 5x5 cm^2 in air
Fluence/incident particle [ 1/cm^2 ]
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Figure 34: The on-axis contribution to the energy spectrum of photons reaching the scoring plane in a disc
with the area = (1cm)2π for the field size 5x5 cm2. This contribution is defined as photons that have
interacted in a CM but then have free passage all the way to the scoring plane.

Figure 34 shows that the contribution from the source and capsule region is very close to
the total fluence. The contribution from the collimator system is clearly less significant,
but the contribution from the adjustable collimator is more evident than the contribution
from the primary collimator. The fluence from the adjustable collimator is much higher
for energies around 1.15 and 1.3 MeV due to that the photons from the adjustable
collimator are more forward directed resulting in higher energies. The small contribution
from the primary collimator is due to that the adjustable collimator was positioned so
closely together resulting in that only a few scattered photons from the primary
collimator managed to escape. The statistical uncertainties in fluence per incident particle
around the energy bins at 1 MeV are 4.8% for the total fluence curve and 50% for the
52

adjustable collimator contribution curve. These are statistical errors calculated by
BEAMdp.
Contribution curves when using bit Filter A
for the field size 10x10 cm^2 in air
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Figure 35: The on-axis contribution to the energy spectrum of photons reaching the scoring plane in a disc
with the area = (1cm)2π for the field size 10x10 cm2. This contribution is defined as photons that have
interacted in a CM but then have free passage all the way to the scoring plane.

In Figure 35 the difference between the source region component and the total fluence
start to increase indicating that the fluence from the collimator system has increased with
increasing field size due to the collimator effect. More photons from the primary
collimator have now obtained free passage resulting in a higher contribution from the
primary collimator than from the adjustable collimator. But at energies above 1.15 MeV
the contribution from the adjustable collimator is greater then for the primary collimator.
This is due to the more forward directed photons with higher energies that are scattered
from the adjustable collimator. The fluence from the tungsten shield is increasing with
field size to be practically equal to the source region contribution for energies from 0.40.9 MeV. For the energy bins around 1 MeV the uncertainties in fluence per incident
particle are 4.3% for the total fluence curve and 70% for the adjustable collimator
contribution curve.

53

Contribution curves when using bit Filter A
for the field size 20x20 cm^2 in air
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Figure 36: The on-axis contribution to the energy spectrum of photons reaching the scoring plane in a disc
with the area = (1cm)2π for the field size 20x20 cm2. This contribution is defined as photons that have
interacted in a CM but then have free passage all the way to the scoring plane.

In Figure 36 the fluence from the primary collimator has increased to the same level as
the contribution from the from the source region. The contribution from the primary
collimator is now much higher than the contribution from the adjustable collimator,
except for the photons with energies above 1.25 MeV where the contribution from the
adjustable collimator is greater. For the energy bins around 1 MeV the uncertainties in
fluence per incident particle are 3.7% for the total fluence curve and 50% for the
adjustable collimator contribution curve. Since the errors are statistical they can be
reduced by increasing the number of simulated particles.
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4.6.2.2 Photons scattered before and after the investigated CM

Contribution curves when using bit Filter B
for the field size 5x5 cm^2 in air
Fluence/incident particle [ 1/cm^2 ]

3,01E-06

From W-shield and drawer
From source and capsule

2,51E-06
From primary collimator
From adjusteble collimator

2,01E-06
Total fluence

1,51E-06

1,01E-06

5,10E-07

1,00E-08
0

0,2

0,4

0,6

0,8

1

1,2

1,4

Energy [MeV]
Figure 37: The on-axis (radius=1cm) energy spectrum of photons reaching the scoring plane for the field
size 5x5. The contribution is defined as the contribution for the photons that somewhere on their path
towards the scoring plane have interacted within the specific CM.

Figure 37 resembles Figure 34 except from the increased peak at 0.22 MeV. The small
difference between these two figures indicates that the two definitions of the contribution
mostly influence the contribution curve from the Tungsten shield and drawer.
For the energy bins around 1 MeV the uncertainties in fluence per incident particle are
4.8% for the total fluence curve and 50% for the adjustable collimator contribution curve.
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Contribution curves when using bit Filter B
for the field size 10x10 cm^2 in air

Fluence/incident particle [ 1/cm^2 ]

5,00E-06

4,00E-06

From W-shield and
drawer
From source and
capsule
From primary collimator

3,00E-06

From adjusteble
collimator
Total fluence

2,00E-06

1,00E-06

0,00E+00

0

0,2

0,4

0,6

0,8

1

1,2

1,4

Energy [MeV]
Figure 38: The on-axis (radius=1cm) energy spectrum of photons reaching the scoring plane for the field
size 10x10. The contribution is defined as the contribution for the photons that somewhere on their path
towards the scoring plane have interacted within the specific CM.

By comparing Figure 38 with Figure 35 it is evident that the backscatter peak at 0.22
MeV is greater for Figure 38, especially for the tungsten shield and drawer. The same can
be realized by comparing Figure 39 with Figure 36. These observations indicates that the
contribution from the Tungsten shield and the drawer is influenced more than from the
other regions depending on which definition for the contribution that is used. For the
energy bins around 1 MeV the uncertainties in fluence per incident particle (in Figure 38)
are 4.3% for the total fluence curve and 70% for the adjustable collimator contribution
curve.
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Contribution curves when using bit Filter B
for the field size 20x20 cm^2 in air

Fluence/incident particle [ 1/cm^2 ]

6,00E-06

From W-shield and drawer

5,00E-06

From source and capsule
From primary collimator
From adjusteble collimator

4,00E-06

Total fluence

3,00E-06

2,00E-06

1,00E-06

1,00E-09

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

Energy [MeV]
Figure 39: The on-axis (radius=1cm) energy spectrum of photons reaching the scoring plane for the field
size 20x20. The contribution is defined as the contribution for the photons that somewhere on their path
towards the scoring plane have interacted within the specific CM.

Around the same energy bins in Figure 39 the uncertainties in fluence per incident
particle are 3.7% for the total fluence curve and 50% for the adjustable collimator
contribution curve.
4.6.3 The on-axis spectra for different areas
Total secondary photon spectra for expanding area around
the Z-axis for field size 10x10 cm^2
Radius=1 cm

5,01E-06
Fluence/incident particle [ 1/cm^2 ]

Radius 2 cm
Radius=3 cm

4,01E-06

Radius= 4 cm
Radius=5 cm

3,01E-06

Radius=6 cm
Radius=7 cm

2,01E-06

Radius=8 cm
Radius=9 cm

1,01E-06

Radius=10 cm

1,00E-08
0

0,2

0,4

0,6

0,8

1

1,2

Energy [MeV]

Figure 40: Spectra for the field size 10x10 cm2 with different areas around the Z-axis.
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It is evident from Figure 40 that the fluence per incident particle is decreasing with the
expanding disc area. This is due to that the real fluence is higher close to the central axis,
which delivers better statistics. In Figure 40 and 41 the uncertainties in fluence per
incident particle are 4.3% for the area with radius 1 cm and 0.68% for the area with
radius 10 cm. The fluctuation is smaller for the large areas because more photons are
scored in these areas and thereby improving the statistic.
Both primery and secondery photons for expanding area
around the Z-axis for field size 10x10 cm^2
1,00E-03

Fluence/incident particle [1/cm^2]

Radius=1 cm
Radius=2 cm

1,00E-04
Radius=3 cm
Radius=4 cm
Radius=5 cm

1,00E-05
Radius=6 cm
Radius=7 cm
Radius=8 cm

1,00E-06
Radius=9 cm
Radius=10 cm

1,00E-07

1,00E-08
0

0,2

0,4

0,6

0,8
1
Energy [MeV]

1,2

1,4

Figure 41: Spectra’s for the field size 10x10 cm2 with different areas around the Z-axis.
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4.6.4 Spectra scored at an expanding ring area
Secondary photons spectra for a expanding ring area
5,00E-06
Fluence/incident particle [1/cm^2]

Ring from 0-1 cm
Ring form 1-2 cm

4,00E-06

Ring from 2-3 cm
Ring form 3-4 cm
Ring from 4-5 cm

3,00E-06

2,00E-06

1,00E-06

0,00E+00
0

0,2

0,4

0,6

0,8

1

1,2

1,4

Energy [MeV]

Figure 42: Spectra for secondary photons in rings at different distances from the Z-axis for the field size
10x10 cm2

The statistic fluctuations decrease with ring size since the scoring area is greater. An
indication of an increase in secondary photons around 1 MeV can be seen in Figure 42,
but it is hard to determine if it is true, due to the high fluctuations in the smaller rings.
The smallest ring (radius from 0-1 cm) has a fluctuation of 4.3% in fluence per incident
particle at the energy bin 1 MeV. At the same energy bin the error in fluence per incident
particle is 1.66% for the largest ring (radius from 4-5 cm).
4.5.5 Spectra scored in the water phantom
The fluence spectra in water phantom at 5 and 17 cm are presented below in Figure 43
and 44. In Figure 43 the statistical uncertainties in fluence per incident particle described
around the energy 1MeV for the disc area with radius 1 cm is 4.1% and for the disc area
with radius 2 cm it is 2 %. The larger area can score more photons which results in better
statistics. The knowledge of these spectra is of interest for SSI and can for example be of
value in future measurements with different detectors in these points in the water
phantom.

59

Total photon spectra at the depth 5 cm

With radius 1 cm
With radius 2 cm

Fluence/incident particle [1/cm^2]

1,00E-03

1,00E-04

1,00E-05

1,00E-06

1,00E-07
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0,4

0,6

0,8

1

1,2

1,4

1,6

Energy [MeV]
Figure 43: Total photon spectra with field size 10x10 cm2 in water at 5 cm depth scored in two different
disc areas.

Total photon spectra at depth 17 cm
1,00E-03

Fluence per incident particle [1/cm^2]

With radius 1cm
With radius 2cm
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Figure 44: Total photon spectra with field size 10x10 cm2 in water at 17 cm depth scored in two different
disc areas.
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In Figure 44 the statistical uncertainties in fluence per incident particle described around
the energy 1MeV for the disc area with radius 1 cm is 5% and for the disc area with
radius 2 cm it is 2.5 %. These fluctuations are larger than the ones obtained at the depth 5
cm. This is due to the fact that more photons are attenuated in the additional water,
resulting in poorer statistic at 17 cm.
Total photon spectra scored at an disc area with radius 1 cm in water
at 5 and 17 cm depth
Fluence per incident particle [1/cm^2]

1,00E-03

5 cm depth
17 cm depth
1,00E-04

1,00E-05

1,00E-06

1,00E-07
0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

Energy [MeV]

Figure 45: Comparison of the spectra in figure 43 and 44, whom are the total photon spectra scored at 5
and 17 cm in water on a disc area with a radius of 1 cm.

Figure 45 shows that the number of primary photons decreases with increasing depth and
that the relative number of low energetic photons in the backscatter peak is increased
with increasing depth. It is also easy to see that the fluence per incident particle of
secondary photons decreases with increasing depth.
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5 Conclusions
A virtual model of the SSI 60Co unit “Gammatron 1” has been built using the Monte
Carlo package BEAMnrc. Simulations were performed for the Gammatron irradiating an
air-geometry and a water phantom geometry, representing the geometries used for airkerma and absorbed dose to water calibrations at SSI, respectively. A number of
comparisons between simulated and experimental results were made to verify the virtual
model.
The agreement in the kerma to dose ratio and the kerma-output factors between the
Monte Carlo calculations and experiments indicates that the simulations of the
Gammatron for the air and water geometries were correct.
The FWHM of the compared profiles in air and water deviates less than 4.3%, which is
rather high. These deviations are probably mostly affected by the fact that a larger field
than the true field was simulated.
The low variation in mean energy with distance from the central-axis verified that the
approximations made when comparing the relative MC-energy fluence with the relative
currents were of minor importance. The agreement between the normalized Monte Carlo
and experimental depth dose curves indicate that the water geometry was modeled
correctly.
These satisfactory comparisons between simulations and experiments showed that the
virtual model is simulated correctly and thus also can be used to derive quantities that
cannot be obtained from measurements such as the energy spectra and information on
how the different parts of the system scatter the primary photons.
This work gives SSI information about the energy spectra in their air and water
calibration points, which can be of value e.g. when measuring with various detectors
there. It has also been shown how the different parts of the Gammatron collimation
system affect the 60Co beam and that the behavior of the Gammatron collimation system
is similar to that of more modern 60Co units. The virtual model of the Gammatron can
also be used to perform Monte Carlo simulations of future experiments at SSI.
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Appendix
A.1 The CM’s that were used in BEAMnrc
In this Chapter the CM’s that were used for modulating the Gammatron 1 are presented.
All the Figures are copied right out of the help topic in the program BEAMnrc. In the
figures there’s an explanation of which parameters that has to be set in order for the
specific CM to work properly in the simulations. This Chapter only explains which CM’s
that were used and there available input parameters. For a more detailed description of
which dimensions that were given to the CM’s the reader is advised to read chapter 2.5
Detailed description of the modeled CM’s.
A.1.1 Flatfilt

Figure Flatfilt: Explains the geometry of the CM=Flatfilt.

This CM was used to model the region above the source, the source it self and the region
behind the source.
A.1.2 Slabs

Figure Slabs: Explains the geometry of the CM=Slabs.
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This CM was used to model the steel plate, the mirror, the Plexiglas window and the air
slab in Step one.
A.1.3 Pyramids

Figure Pyramids: Explains the geometry of the CM=Pyramids.

A.1.4 Jaws
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Figure Jaws: Explains the geometry of the CM=Jaws

A.1.5 Chamber as phantom

Figure Chamber: Explains the geometry of the CM=Chamber.
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