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Abstract
Linda Laakkonen
Monte Carlo simulations of spectral properties of clinical photon beams with Geant4
Master’s thesis
Department of Physics, University of Jyväskylä, 2019, 78 pages.
This Master’s Thesis was made in cooperation with Varian Medical Systems Finland.
The main focus of the thesis is on the external photon beam with energy below 15
MeV. The aim of this thesis is to obtain information about the beam edge and the
spectrum of the photon beam, which are difficult to measure in practice because of
the clinical limitations.
The information was obtained by Monte Carlo simulations with a Geant4 application. The effects of user-editable parameters of Geant4 were studied by looking at
the behavior of the penumbra region of an external beam. There were three physics
lists compared and calculated results showed similarity but rather big differences.
After the validation of parameters, particle and energy spectra with three different
targets (tungsten, lead, and a combination of these two) at the isocenter plane were
studied. There were the characteristic peaks of the corresponding element and the
annihilation peak shown in the spectra. These results were consistent with the older
data provided by Varian Medical Systems. The angle dependence of spectra with
tungsten and lead targets was shown to be significant with different angles 0◦ , 5.7◦
and 11.3◦ . The shape of the spectra detected to shift and curvaceousness of the
tail decrease with an increasing angle. Further studies are needed to evaluate these
results.
Keywords: Monte Carlo, Geant4, radiotherapy, photon beam, penumbra, spectrum
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Tiivistelmä
Linda Laakkonen
Monte Carlo -simulaatiot kliinisten fotonikeilojen spektriominaisuuksista Geant4applikaatiolla
Pro gradu -tutkielma
Fysiikan laitos, Jyväskylän yliopisto, 2019, 78 sivua
Tutkielma tehtiin yhteistyössä Varian Medical Systems Finland -yrityksen kanssa.
Tutkielmassa keskityttiin ulkoiseen alle 15 MeV energian säteilylähteseen, jolla tarkoitetaan yleensä sitä, että säteilykeila on tuotettu lineaarikiihdyttimellä. Tutkielman
tavoitteena oli tutkia fotonilähteen puolivarjoa vesifantomissa ja kohtion avulla synnytettyä fotonikeilaa sekä sen spektriä. Simulaatiot pyrkivät kuvaamaan fysikaalista
tilannetta todenmukaisesti ja niistä saatava tieto on käytännössä hyvin vaikea saada
kliinisen ympäristön ja ilmaisimien rajoitteissa. Informaatio on tärkeää sädehoidon
laadunvalvonnalle ja sen suunnittelun kehitykselle.
Tutkielmassa käytettiin apuna Monte Carlo -menetelmään perustuvaa Geant4
simulaatio- ja ohjelmointikirjastoa. Geant4-applikaation eri parametrejä tutkittiin
ulkoisen fotonilähteen puolivarjon määritelmän avulla. Kolmea eri fysiikkakirjastoa
verrattiin ja tulokset olivat samankaltaiset, mutta niissä näkyi myös eroja.
Parametrien validoinnin jälkeen tutkittiin kolmen eri kohtiomateriaalin (volframi, lyijy sekä näiden yhdistelmä) hiukkas- ja energiaspektrejä. Spektreissä näkyi
alkuaineille ominaiset karakteristisen säteilyn piikit sekä voimakas annihilaatiopiikki.
Tulokset olivat samankaltaiset Varian Medical System -yrityksen tarjoaman datan kanssa. Energiaspektrien kulmariippuvuus havaittiin volframi ja lyijy kohtioille
selkeästi kolmella eri kulmalla 0◦ , 5.7◦ ja 11.3◦ . Kulman kasvaessa muutos spektrissä näkyi huipun siirtymisenä matalemmille energioille ja hännän kurvikkuuden
pienentymisenä. Kyseiset tulokset vaativat lisätutkimuksia.
Avainsanat: Monte Carlo, Geant4, sädehoito, fotonilähde, puolivarjo, spektri
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1

Introduction

Radiation therapy or radiotherapy is an increasingly accurate and effective treatment
for cancer especially because of continuous technological improvement. The intention
of the radiotherapy is to destroy cancer tumor by depositing high-energy radiation on
the cancerous tissue. The main goal is to irradiate growing cancer cells so that they
are permanently damaged, while simultaneously save surrounding healthy tissues as
much as possible to reduce toxicity. A growing cancer cell is in an optimal target
for radiation because it is dividing rapidly as it grows, increasing radiation damage
effects. [1]
The decision to treat with radiation therapy needs a plan of how the treatment
will be made. The plan contains accurately modeled effects of radiation, i.e., the dose
distribution. Dose is a quantity which is used as a surrogate for clinical effects in
this context. Dose modelling uses special algorithms called ’dose calculation algorithms’ which are constantly being improved and updated. Current dose calculation
algorithms can give very detailed information, and they are performed individually
for every treatment plan. Accurate dose calculation is the final phase of radiation
treatment planning process.
In dose calculation, one of the most important goals is to deliver the maximum
dose to the tumour while minimizing dose to surrounding healthy tissues [2]. These
are the goals for the optimization part of the treatment planning process. There, a
fast dose calculation is an essential tool to quickly evaluate dose metrics to guide the
optimization.
X-rays were discovered and explained by William Conrad Röntgen in 1895 [3].
X-rays are part of electromagnetic energy spectrum, generally called photons. In
the x-ray energy range, photons are indirectly ionizing particles, meaning that the
particles only release secondary particles – mainly electrons – which then produce
energy deposition through direct interactions. [2, 4, 5] In this thesis the focus is on
an external beam of photons with x-ray energies. The word external refers to the
location of the radiation source: in external beams the radiation source is outside of
the patient being treated.
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Dose calculation algorithms need to be validated against measurements. Simulations can be used to obtain information that is very difficult or impossible to
measure experimentally, for instance, detailed measurements in a patient, or the
energy distribution of the beam. In those cases, accurate simulations can sometimes
be substituted for measurements.
The main focus is in this thesis is on Monte Carlo simulations which make it
possible to get detailed information about each particle and its interaction history.
Generally in radiation therapy, the use of the Monte Carlo technique has increased.
Different applications now include treatment source modeling, imaging process
simulations, and patient dose calculations. The large number of applications shows
the usefulness and success of Monte Carlo method as an instrument and it’s already
proven to be appropriate in medical physics simulations. [6–9] In addition, there
are developments and many experiments ongoing about agreement between Monte
Carlo and experimental dose distributions, for example, "Monte Carlo simulation
and experimental evaluation of dose distributions produced by a 6 MV medical linear
accelerator" by O E Durán-Nava et al. (2019) [10].
The more detailed aim of this thesis is to study the effects of user-editable parameters in a Monte Carlo package by looking at the behavior in the penumbra region
of an external beam. After suitable parametrization has been selected, information
is extracted for various aspects of external beam photon spectra, for selected target
materials. Results are compared to other studies. The study of the spectrum is extremely important for quality control and to improve the dose modeling for treatment
planning. Studies were performed with Geant4 Monte Carlo package. The reason for
this choice was the availability, wide user base, readily available validations of the
toolkit, and previous Varian Medical Systems history with it.
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2

Theoretical background

In this thesis the focus is around photon beam with energy below 15 MeV. This
limitation is done mainly because of the medical perspective of the thesis. By
narrowing the subject, the main properties and interactions are presented and
furthermore there are numerous physics processes to consider.

2.1

The external photon beam

In radiation therapy photons are produced by a linear accelerator (linac). Linacs
use high-frequency electromagnetic waves to accelerate electrons to high energies
through a vacuum tube. The electron beam is incident on a target which is usually a
high-Z material. The high-energy electron beam interacts with the target so that
photons are produced. [11]

Figure 1. A block diagram of medical linear accelerator (linac) with bending
magnet
A block diagram of medical linac with a bending magnet is in Figure 1. The power
supply feeds direct current (DC) power to the modulator, which has a pulse-forming
network, and a switch tube (hydrogen thyratron). It produces high-voltage pulses
which are delivered to a magnetron or klystron and simultaneously to the electron
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gun. The magnetron and klystron are both devices for producing microwaves. Pulsed
microwaves travel through the waveguide system into the accelerator tube. The
electron gun produces an electron beam which is a narrow pencil beam and has a
precise kinetic energy. The beam is accelerated in the accelerator tube with the pulsed
microwaves. After this, the electron beam needs to be pointed on the treatment head
direction. Bending magnets are used to change the direction of the beam. Finally, the
electron beam collides into the target and produces photons which continue traveling
primarily in the forward direction. The energy of electrons gets converted into a
full spectrum of photon energies because of a continuum of interactions between
electrons and the target material. The maximum energy of the spectrum corresponds
the energy of the incident electron energy. The particle distribution has roughly a
Gaussian shape in the direction of the electron beam. [11]
The main function of the treatment head is to produce, focus and monitor
the beam. Besides the target there are an optional flattening filter, ion chamber,
collimator, light localizer system contained, and for electron beam the scattering foil
in the treatment head. A schematic diagram of the treatment head is in Figure 2.
The main components are represented in the figure, but their shapes, positions and
sizes do not correspond with reality or the model in the simulations.

Figure 2. Components of the treatment head
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The circular primary collimator narrows and shapes the x-ray beam right after
target. On the next step, the narrowed beam travels through the flattening filter
which makes the beam intensity uniform across the field. The flattening filter is
usually made of high-Z material such as lead, tungsten, or a combination of those.
In some cases, especially when the beam will be later modulated by a multi-leaf
collimator, the flattening filter is not used and the beam profile is left forward-peaked
at this stage. After the flattening filter the beam is monitored in with ion chambers.
There can be many ion chambers or just a single ion chamber with several plates,
and these create the dose monitoring chambers. The monitoring system provides
information about the dose rate, integrated dose, and the symmetry and flatness
of the beam. The impact of the monitoring system is designed to be as small as
possible, so the data from it would describe the beam as well as possible. With the
optional collimator, for example the multi-leaf collimator (MLC), the geometry of
the beam can be shaped to a suitable form. [5] All of the components, which are
used to modify the outcoming beam, can be called beam-shaping devices.
The treatment head is built into the top part of a so-called gantry. The gantry of
an radiotherapy machine moves the treatment head around a patient delivering the
beam at a desired angle. The isocenter is a point of intersection of the collimator
axis and the axis of rotation of the gantry. The x-ray beam exits the treatment head
properly shaped and towards traveling through the isocenter. [5] The isocenter plane
is a plane perpendicular to the beam direction axis and going through the isocenter.

2.2

Cross section and attenuation

In nuclear physics, cross section is term that describes the probability of interactions between matter and particle. Interactions take place in different environments
depending on the type of the radiation, as well as on the density, and also on the
atoms in the matter. The cross section of photon interactions with the atoms of an
attenuator depends on the energy of the photon and on the atomic number Z of the
attenuator [4]. The cross section (σ) can be defined for all interactions theoretically
or experimentally. The unit is m2 but usually barn (b =10−28 m2 ) is used. The cross
section is an important concept because it defines interaction probabilities for all
types of interactions with mathematical perspective rigor. Cross section values are
universally comparable. [5]
As the photon beam goes through matter and interacts with it, the intensity
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of the beam attenuates. The exponential attenuation law for monoenergetic and
parallel photon beam is
I(x) = I0 e−µ(hν,Z)x/ρ ,

(1)

where I is the attenuated intensity, I0 is an incident intensity, x is the thickness of
the homogeneous material, ρ is the density of material, and µ is called the linear
attenuation coefficient, which depends on photon energy hν and the attenuator atomic
number Z.[4, 5] The minus sign indicates that the number of photons decreases
with increasing thickness of the absorber. The linear attenuation coefficient is a
material property, which depends on the number of protons and the wavelength of
used gamma rays. Because x-rays are polyenergetic, attenuation of a clinical x-ray
beam cannot be accurately modeled by Eq. 1. If the beam energy is polyenergetic,
the linear attenuation coefficient is not a constant value but rather varies with beam

Figure 3. Attenuation coefficient as a function of photon energy in water (H2 O).
Total attenuation (black), Rayleigh scattering (yellow), Compton scattering
(blue), Photoelectric effect (violet), Pair production in nuclear field (green) and
Pair production in electric field (red). The data for this figure was obtained from
[12].
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attenuation due to the changes in the energy spectra as the beam passes through
an attenuating material. Then, the attenuation of the intensity must be integrated
over the energy spectrum. [13] Similarly, if the material is not homogeneous, the
attenuation of the intensity must be integrated over the thickness of the material.
The attenuation coefficient is related to the total cross section. Figure 3 shows
the attenuation coefficient as a function of photon energy in water. The figure is
created with "XCOM: Photon cross sections database," which can be used to calculate
photon cross sections for scattering, photoelectric absorption, and pair production.
The total cross section is the sum of the four individual coefficients, described in
the next chapter. In the figure different interactions become significant in different
energy regions. For example, pair production will be significant with energies greater
than 10 MeV and photoelectric absorption is significant at energies below 20 keV [4].
Equation 1 can be rewritten
µ
ln(I0 /I)
=
ρ
x

(2)

to demonstrate how the linear attenuation coefficient can be determined from
measured intensity data. The fraction µ/ρ can be further written as
µ
= σtotal /uA,
ρ

(3)

where u is the atomic mass unit and A is the atom number of the relative atomic mass
of the target element [14]. The total attenuation coefficient is the sum of individual
coefficient for each principal photon interaction processes
N
µ X
wi σ i ,
=
ρ i=1

(4)

where wi is the fraction by weight of the ith atomic constituent. (See Ref. [5], Sec 1)
[4, 14, 15]

2.3

Photon interactions

Photon interacts with matter, and energy is transferred between them. Uncharged
particles such as photons and neutrons, are indirectly ionizing radiation because
they liberate directly ionizing particles from matter. There are four main interaction
processes between photons and matter: photoelectric effect, Compton scattering,
Rayleigh scattering, and pair production. These interactions have the largest cross
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Figure 4. Photon interactions with matter [16] (edited)
sections in clinical energy regions, and that is why they are considered to be the
main interaction processes in this thesis.
The fifth interaction process is photodisintegration, which only occurs at the
energies higher than 10 MeV. In this process, photons interact with atomic nuclei.
The interaction can lead to a nuclear reaction but usually leads to the emission of
neutrons. [4, 5] The four main interactions are described in Figure 4. The parameter
E is particle energy, θ is the angle between secondary and colliding particle, and Ui
is the electron binding energy.

2.3.1

Photoelectric effect

Photoelectric effect, or photoelectric absorption, is a phenomenon where a photon
is absorbed by an atomic electron. At the same time, the atom ejects one of the
outermost shell electrons. The difference between the photon energy (E = hν) and
the binding energy of the electron (Ui ) is given to the liberated electron (Ee ). The
emitted electron is called a photoelectron. Interactions can take place with electrons
in the K, L, M, or N shells. The photoelectron leaves the atom in an excited state
with a vacancy in the shell. The vacancy can be filled by an outer orbital electron
with the emission of characteristic x-rays, the process of emissions of characteristic
x-rays is called fluorescence. [5] The effect was first described by Einstein in his
Nobel prize-winning work. The photoelectric effect reveals the quantum mechanical
nature of light [17–19].
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There is a small probability that the energy from the characteristic x-ray is
transferred to another electron, which in turn leaves the atom. This ejected electron
is called the Auger electron, and process is called Auger emission process. The
probability of production of Auger electrons decrease as the atomic number increase.
The cross-section of the photoelectric effect depends on the atomic number of the
material and on the energy of photons. [5] All in all the photoelectric effect mainly
produces x-ray fluorescence and occasionally Auger electrons.
2.3.2

Compton effect

The Compton effect, or Compton scattering, was discovered by Arthur H. Compton
in 1922 [18, 20–22]. It is an incoherent scattering phenomenon and the result of the
dualistic nature of electromagnetic radiation. Also in this case, the incident photon
interacts with an atomic electron. It releases part of its energy to the "free" electron,
which means that the energy of the photon is decreased. In this interaction the
electron is emitted because of the amount of energy it receives. [5] The basic theory
was formulated by Klein and Nishina (1929) [14, 23] and it has been confirmed
experimentally. The relation between photon deflection and energy loss for Compton
scattering is determined from conservation of energy and momentum,
1
E0
=
,
E
1 + (E/mc2 )(1 − cosθ)

(5)

where E and E 0 are the energies of the photon before and after the scattering, mc2 is
the electron rest energy, and θ is photon scattering angle [23]. Substituting E = hν0
and E 0 = hν and multiplying both sides by E gives the equation
hν =

hν0
1 + (hν0 /me c2 )(1 − cosθ)

(6)

which is known as the Compton scattering formula [18, 20]. The Klein-Nishina
formula gives the differential scattering cross section, i.e., determining the probability
for Compton scattering at an angle θ. For unpolarized photons the Klein-Nishina
angular distribution function per steradian of solid angle Ω is
dσKN (θ)
1
k 2 (1 − cosθ)2
= re2 [1 + k(1 − cosθ)]−2 × [1 + cos2 θ +
],
dΩ
2
1 + k(1 − cosθ)

(7)

where k is the reciprocal of the incident photon Compton wavelength (k = hv/me c2 )
[23]. Integrating the differential cross section over all angles gives the total KleinNishina cross section as an approximation to the Compton effect.
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2.3.3

Rayleigh scattering

In Rayleigh scattering photon scatters by bound atomic electrons without losing
energy, i.e., the energies of the incident and scattered photons are the same. The
direction of photon changes, but there is no excitation or ionization of the target
atoms. The process usually occurs at low energies and for materials with high atomic
number. The total cross section of Rayleigh scattering can be calculated using the
atomic differential cross section and Born approximation [24]. Rayleigh scattering
is coherent because of the photon experiences interference effects between adjacent
scattering sites. The charge distribution of all atomic electrons must be considered,
which can be done approximately with an atomic form factor F (q,Z). The form
factor is based on the Thomas-Fermi or other models of the atom, and its square
gives the probability that a recoil momentum (q) is taken up by the atomic number
(Z) electrons of an atom without absorbing any energy. The differential Rayleigh
scattering cross section for unpolarized photons combines the form factor probability
and the Klein-Nishina formula,
1
dσR (θ)
= re2 (1 + cos2 θ) × F (q,Z)2 ,
dΩ
2

(8)

where the assumption k − k0 = 0 is made and the momentum transfer q is defined
as [23]
q=
2.3.4

q

k02 + k 2 − 2k0 kcosθ ≈ 2ksin(θ/2).

(9)

Pair production

Pair production or gamma conversion is a process where a photon interacts strongly
with the electromagnetic field of a nucleus. The photon gives up all its energy and
disappears when at the same time an electron-positron pair of corresponding energy
appears. The photon may interact by pair production only if the energy of the photon
is greater than 1.022 MeV. [5, 18, 25]
The pair production reaction is γ + M → M + me + me + Q, where M is the
mass of the nucleus and Q is the reaction value. With the conservation of energy
and momentum, it can be shown that threshold energy for pair production in the
field of the nucleus [25]
E0pair '

2me c2
(M c2 ) = 2me c2 = 1.022M eV.
M c2

(10)
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And the kinetic energy available for the pair is
Ek = hν − E0pair .

(11)

Triplet production is a case in which the interaction take place in the field of
an atomic electron and for photons of energy in excess of 4me c2 = 2.044M eV . The
result is an electron-positron pair, and an electron. The threshold energy however is
four times electron rest energy because of momentum and energy conservation. [14,
25]
The cross section of pair production have been presented by several authors and
groups. The cross section of pair production is
κ = κn + κe ,

(12)

where κn is the cross section in the field of a nucleus and κe is the cross section in the
field of electron [23]. In the field of a nucleus the cross section κn is approximately
proportional to the square of the target-particle charge and in the field of electron
κe for a neutral atom with Z electrons is proportional to Z. Therefore the ratio of
cross sections is [23, 25]
1
κe
' .
(13)
κn
Z
The total cross section can be reconstructed from tables provided by different sources
and approximations.

2.4

Electron interactions

The main difference between photon and electron interactions is that electrons
are charged particles and have a specific mass. Charged particles lose energy in a
continuous way as they propagate through matter. Interactions are mainly inelastic
collisions that cause ionization and excitation of atoms where the total kinetic energy
is not conserved. In an inelastic collision, a secondary electron can be produced
when an atom is ionized or moved to an excited state. Elastic collisions are called
Coulomb scattering. The scattered particle’s direction is modified by the Coulomb
forces, but the kinetic energy of the system is conserved. It occurs usually due to
atomic electrons, but elastic scattering from nuclei also takes place, and is called
Rutherford scattering. Rutherford scattering occurs relatively rarely because the size
of the nuclei is so small compared to the size of the atom. [4, 5]
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Inelastic interactions between the nucleus and the charged particle results in
radiative loss of energy, bremsstrahlung. Charged particle’s speed is changing rapidly
(decelerated or accelerated) by Coulomb force of the nucleus which produces electromagnetic radiation. The lost of kinetic energy is transferred to the production of a
photon. In addition, charged particles may interact through nuclear reactions and
produce, for instance, neutrons, but those mechanism are out of the scope of this
thesis. [5]
A slowly moving positron can recombine with one of the free moving electrons in
its vicinity to create two photons. This interaction is called positron annihilation.
The photons are propelled in opposite directions and they both have energy equal to
the rest mass of the positron and electron (0.511 MeV). [5]
The main charged particle interactions with matter are described in Figure 5.
The parameter E is the incident particle energy, θ is the angle between the secondary
and colliding particle, W is the ionization/excitation energy of the atom, and Ui is
the electron binding energy.

Figure 5. Electron or positron interactions with matter [16]
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2.5

X-ray energy spectrum

Photons produced in a linac have a distribution of energies because the electrons
collide and interact differently with the target. The energy distribution for the
bremsstrahlung photons is continuous and there are characteristic peaks in the
spectrum, characteristic to the critical absorption energies of the target. Without
filtration of the beam the mathematical equation of the spectrum is given by Kramer’s
approximation:
IE = A × Z(Em − E),

(14)

where IE is the intensity of the beam, A is a constant, Z is the atomic number of
the target, and Em is the maximum photon energy. This equation gives a straight
line which cuts the x-axis on the point where photons energy is maximum and,
accordingly, the bremsstrahlung energy same as the incident electron beam energy.
The filtration modifies the shape of the spectrum. The filter absorbs lowerenergy components of the beam and effectively enriches the beam with high-energy
photons.[5] In addition, the alternating tube voltage and multiple bremsstrahlung
interactions shape the spectrum so that a typical spectral distribution with filtration
is like in Figure 6.

Figure 6. Typical energy spectrum with filtration
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2.6

Absorbed dose, kerma, and fluence

The quantity absorbed dose has been defined to describe and measure the effects
of ionizing radiation. The dose is defined as the mean energy imparted by ionizing
radiation to material and the SI unit is the gray (Gy), one gray correspond to 1 J/kg:
dE
.
(15)
dm
In the early days of radiotherapy, the dose wasn’t defined as the physical impact
D=

on the irradiated matter, but in pharmacological sense quantifying the amount of
radiation given [2].
The kinetic energy released per unit mass (KERMA) has same unit as the dose
(Gy) and, as the name implies, it is defined as the mean energy transferred from the
indirectly ionizing radiation to charged particles (electrons) in the medium dEtr per
unit mass dm:
dEtr
.
dm
It can be divided to the collision and the radiation parts. [4, 5]
K=

(16)

The particle fluence Θ is defined as the number of particles dN entering to an
imaginary sphere of cross-sectional area da
Θ=

dN
.
da

(17)

The energy fluence Φ can be defined in similar way as the sum of energies of all
photons dEf l entering the sphere,
Φ=

dEf l
.
da

(18)

In case of a monoenergetic photon beam, the particle fluence is related to the energy
fluence:
dN
E = ΘE.
(19)
da
For polyenergetic beams, the fluences are replaced by a spectrum of fluences. [4]
Φ=
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2.6.1

Dose-to-medium or dose-to-water

While dose as such is a well defined quantity, there are still two main ways that
different ’doses’ in common use: the dose-to-water Dw and the dose-to-medium Dm .
Current clinical experience is based upon measurements that report the dose-to-water
values. In dosimetry, the measured value is the charge produced in air when the
beam enters the ionization chamber. The response is then converted to dose to some
assumed material, typically water. The assumption that the body is mainly water
is a good approximation, but not quite accurate enough, because of different types
of tissues and their varying densities in the body. This gives rise to the concept
dose-to-water, which is widely used e.g., in calibrations of treatment machines.
In Monte Carlo algorithms the physical dose, or dose-to-medium, is computed
by default. The dose-to-medium value is a physical quantity which describes the
energy transferred to a mass element. It is computed to the medium contained in the
dose voxel, a three-dimensional calculation matrix unit. The medium can contain
materials found in the body or in any arbitrary material.
In order to compare the doses Dw and Dm , a method to convert between dose-tomedium and dose-to-water is required, and is often readily available in the Monte
Carlo algorithms. There are many cases when both doses are desired, since both are
appropriate: one for to compare to traditional measurements and clinical practice,
and one to look at the real, physical dose. [26]

2.6.2

Penumbra

Penumbra describes a dose transition region near the borders of the beam. The dose
falls off rapidly at the geometric beam edge and, ideally, the edge is sharp. There are
however three types phenomena that widen a real penumbra: geometric, transmission
and physical. They are all responsible for rounding and softening the edge. The first
two are linac properties, but the physical penumbra is inherent.
The geometric penumbra is a component of the dose attributed to the finite
dimensions of the source. It’s width is proportional to the diameter of the electron
beam. The penumbra area increases when the source-to-surface distance (SSD) and
the depth increase. The transmission penumbra is a small component of the dose
due to variable transmission of beam through nondivergent collimator edge. The
physical penumbra is further widens the penumbra by lateral transport of scattered
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electrons in the tissue. [5] The ICRU has recommended that the physical penumbra
is determined by the lateral width of isodose levels 20-80%, which is also used in
this work. [4] A remarkable field of the dose calculation is aiming to reach proper
accuracy. Therefore, nowadays there are penumbra reduction techniques presented
in the articles on the field [27].
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3

Methods

3.1

Introduction to Monte Carlo technique

A "Monte Carlo method" is a numerical method which uses random number sampling
to solve a mathematical problem. Monte Carlo can be used to solve different problems
on wide range of fields, including medical physics simulations. There, it provides a
solution to the transport equation by processing particles randomly and repeatedly.
Stochastic sampling method was well known before the automatic calculating
machines. The first Monte Carlo-like method author was Comte de Buffon in 1777,
who tried to find out the outcome of an experiment, where needles were tossed onto
a ruled sheet of paper. From the experiment he wanted to determine the probability
of the needle crossing one of the drawn lines. [9]
In simulations, the method is based on the assumption, that the random number
generator is perfect and unbiased. If this condition does not fulfill, the simulated
distribution is also biased. However, it is impossible to generate truly "random
numbers" with computer programs, because the outputs are always predictable.
Therefore, algorithmically produced "random numbers" are called "pseudorandom
numbers". Proper pseudorandom numbers are at least sufficiently independent and
uncorrelated. [9] Generally, the same sequence of pseudorandom numbers produce
the same result.

3.2

Monte Carlo modeling of external photon beams in radiotherapy

Historically, Monte Carlo techniques in simplified photon beams were reported in
the 1970s. Monte Carlo simulations are an extremely powerful tool for modeling
and analyzing external photon beams. In radiotherapy, interaction between external
beam particles and material/tissue is of statistical nature, and all interactions have
their own probability to occur (cross sections).
In a typical Monte Carlo simulation, the trajectory of a particle is divided into
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segments. In principle, one should use the size of the segment as small as possible,
but because of the rapidly increasing computing time and finite accuracy one must
make compromises. One example of a tracked particle history is schematically shown
in Figure 7. The primary particle p enters in the world geometry from the particle
source, and the distances and types of interactions are sampled based on the cross
sections in the corresponding medium. The secondary particles are determined using
differential cross sections and the corresponding probability distribution. [9]

Figure 7. Example of an incident particle history with Compton interactions
and pair production. Photon p is described as black lines and secondary particles
(e− and e+ ) are described as grey lines.
The data can be recorded into a phase-space file (phsp-file). The phase space is a
full set of particle properties, so that the simulation can be continued later by reading
in the phase-space information. In radiotherapy simulations, phsp-file records the
particle energy, type, position, direction and statistical weight. The user can define,
for example, a plane, so that all these properties are stored when a particle passed
through that plane. Every particle in the phsp should be scored in a way that it’s
recorded only once. From the phsp-file, it is easy to get information, e.g., about the
intensity distribution and the energy spectrum.
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With the generated phase space distribution, the stages of the simulation can be
divided into separate parts. The user is able to record and restart the simulation
from different stages. This is one of the advantages of the Monte Carlo method. [2]

3.3

Introduction to Geant4

There are multiple Monte Carlo codes available, including Geant4. Geant4 is a
radiation transport simulation toolkit, where the cross section of a particle can be
presented as a combination of probability distributions. It is a flexible software
package, which allows a user to make her/his own application. Geant4 provides
different modules, interfaces, and components, so that simulations of the passage of
particles through matter are accurate and easy to design. In general, the toolkit user
can define a geometrical model, different elements and particles, necessary physics,
and modify or extend the above-mentioned parts. [28]
Geant4 was originally started in 1993 by two studies independently at CERN in
Switzerland, and KEK in Japan. These groups wanted to improve the existing Geant3
program. The two groups merged, and the resulting project was called RD44, in
which over 100 scientists and engineers from over 40 institutes worldwide collaborated
together. The main goal of the RD44 was to construct a simulation program based
on object-oriented technology. The first complete simulation program was published
in December 1998. After the publishing the Geant4 Collaboration continued the
development and they provide maintenance, documentation and user support. The
reasons why Geant4 is still a competitive simulation program include: it’s careful
design adapting modern computation techniques, the wide user base, and the choice
of using C++ as a programming language. [28]
The source code of Geant4 is massive and complex, and explaining it’s full
functionality is beyond the scope of this thesis. The focus is on the photon beam
simulations so the features of these simulations are explained, but further discussion
about the functionality of Geant4 is dismissed.
Categories are the basic building block in Geant4. There are 17 upper categories,
managing major components of the software. They are relatively independently
developed, and they depend on each other in well-defined, hierarchical way. All
categories depend on the category called the Global, which covers the system of units,
constants, numeric and handing of random numbers. A few categories are listed in
Table 1. [28]
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Table 1. The categories of the Geant4 toolkit
Intercoms

Processes

Readout

Particle

Material

Digits + Hits

Persistency

Run

Graphic Reps

Tracking

Geant4

Track

Geometry

Event

Interfaces

Visualization

The toolkit uses Monte Carlo methods in sampling to model the interactions
when a particle travels in the world volume. The world is the largest physical volume
which represents the experimental area, and fully contains all other components. In
Geant4.10.5 Physics Reference Manual provided by Geant4 Collaboration the basic
formalism is shortly outlined and now provided in this chapter. The Geant4 toolkit
utilizes a combination of the composition and the rejection Monte Carlo methods.
The sampling method for x from the interval [x1 ,x2 ] from the distribution f (x) and
the normalized probability density function can be written as
f (x) =

N
X

Ni fi (x)gi (x),

(20)

i=1

where fi (x) are normalized density functions on [x1 ,x2 ] and gi (x) ∈ [0,1]. The sampling
is executed in the following way
1. Selection of a random integer i ∈ 1,2,...,N with probability proportional to Ni
2. Selection of a value x0 ∈ fi (x)
3. Calculating the rejection function gi (x0 ) and accepting x = x0 with probability
gi (x0 )
4. If x0 is rejected, then return to step 1.
In practice, the method have shown out to be unbiased and uncorrelated. The
average number of attempts can be calculated and it is

P

i

Ni . If the distribution is

not normalized, the mean number must be divided by the normalization constant.[29]
Generally, in Geant4 applications, the user specifies the choice of physics models
and settings in a piece of C++ code called “physics list”. In this thesis, the main
physics processes are electromagnetic. Therefore, the focus is on these processes.
Geant4 electromagnetic packages include the following processes: multiple scattering,
ionization, Bremsstrahlung, positron annihilation, photoelectric effect, Compton
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and Rayleigh scattering, pair production, synchrotron and transition radiation,
Cherenkov effect, refraction, reflection, absorption, scintillation, fluorescence, and
Auger electrons emission. The packages are specialized according to the particle type
or the energy range of the processes they cover. [30] The description of interactions is
based on Geant4 10.5 Physics Reference Manual [29]. The manual has more detailed
information about the physics.
Physics lists can be user’s own customized lists or provided by Geant4. The
variety of physics models and many adjustable settings within each model leads to
dilemma that any group in the field can use its own homemade physics lists, which
may or may not be properly validated. The difference in electromagnetic processes
between physics lists is mainly in the cross section data.
For Geant4 electromagnetic processes, the total cross section is frequently calculated by interpolation as follows:
log(σ(E)) =

log(σ1 ) log(E2 /E) + log(σ2 ) log(E/E1 )
,
log(E2 /E1 )

(21)

where E is the actual energy, E1 and E2 are, respectively, the closest lower and
higher energy points for which data σ1 and σ2 are available. For some other processes
interpolation method is chosen depending on cross section shape [29].
Additionally, there are multiple different simulation toolkits in the field. The
choice of using Geant4 in this thesis was made because it is validated and also
because of its effectiveness and functionality, the wide user base and the Varian
Medical Systems history with it. In addition, Geant4 has many advantages, such as
enabling a user to tailor simulation components and to address the accuracy needs,
adaptation and performance. Details concerning simulations are presented in the
next chapter.

3.4

Geant4 Radiotherapy with photon beam - Geant4 application

The simulations in this thesis are based on an application code which is the property
of Varian Medical Systems. As proprietary information of Varian, the source code is
not published. The application was designed for the extraction of dose distributions
for simple geometric tests. The application was modified and, for instance, the
code for writing a phase space file was added. The programming of phsp-file write
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functionality was based on "Phase-space database for external beam radiotherapy" by
IAEA NAPC Nuclear Data Section, IAEA NAHU Dosimetry and Medical Radiation
Physics Section [31]. The phsp-files can also be written from multithreaded simulation.
The Geant4 application for simulating an external photon beam needs the definition of the geometry, the particle source, the physical processes included, the
hits and trace of particles (detectors), the materials, and the user interface (UI).
These are defined in the code, but they can be modified by the user. The interface
consists of an input file and different output files, in which events are registered and
calculated in a scoring mesh. The scoring mesh can be defined in the input file. The
output file constructs coordinates and doses in Grays (Gy) in each voxel. In the
UI, the user defines multi-threading options, the initial seed for the random engine,
the particle source and the scoring mesh. The user can also change the number of
simulated particles.
3.4.1

Cut-off value

It would be accurate to simulate all secondary and beyond secondary particles and
their trajectories from physics perspective but, in practice, it’s not efficient. The
user has to set an energy cut off to eliminate particles that aren’t significant and
haven’t got enough energy to interact. The cut-off value can be defined as energy or
as length of the step. In the application, the cut value is defined as 0.05 mm which
is appropriate for medical physics [32]. The cut-off value is set for x-rays, electrons,
positrons and protons. Secondary particles which have step size less than 0.05 mm
are cut off, and won’t affect the simulation anymore.
3.4.2

Materials in the application

In applications, materials can be defined with the NIST database or the user can
define her/his own material. The main difference is the definition of density and the
mean ionization and/or excitation energy. The materials used in simulations were
air, water, tungsten, and lead. The background material air and the target materials
(tungsten and lead) were made by using G4NistMaterialBuilder.
The phantom material water was defined as a molecule based on elements hydrogen
(H) and oxygen (O). Density of water molecules is 1.0 g/cm3 and the mean excitation
energy is 68.999 eV. It constructs 88.8106% oxygen and 0.111894% hydrogen. It
could also be defined by using G4NistMaterialBuilder as compound, but the mean
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excitation energy of "G4_WATER" is 78 eV [33]. Sabin et al. (2013) further described
that "The conclusion is that while the mean excitation energy is well-defined and
can consistently be determined theoretically, values of the mean excitation energy
extracted from experiment are not well-defined. Rather, they depend significantly on
the assumptions made concerning the method of extraction of the mean excitation
energy from, typically, a stopping power or range measurement. Thus, if high accuracy
water, air are needed for calculation of dose-depth curves for radiation therapy as
opposed to direct measurement, both the ansatz equation and parameters used to
obtain the experimental mean excitation energy by fitting to experimental data need
to be specified when reporting the experimental mean excitation energy." [34]
3.4.3

Main physics processes in the application

The validation of physics list is important and has been taken into account in the
simulations. In this thesis, there are three main suitable physics lists for the external
photon beam simulations: TOPAS (G4 Standard option 4), Livermore and Penelope.
Table 2 presents the physics list’s packages for the main photon interaction processes
for simulations.
The first is called "TOPAS", which provides a default physics list that has
been carefully validated for clinical proton beam simulations at Massachusetts
General Hospital. The most important package included in TOPAS is G4 Standard
option 4 (g4emstandard_opt4), which has the best set of electromagnetic physics
models selected from the low energy and standard packages. Other five packages
are "g4hphy_QGSP_BIC_HP", "g4decay", "g4ionbinarycascade", "g4helastic_HP",
and "g4stopping" [32]. TOPAS (G4 Standard Option 4) includes precise descriptions
of ionization, bremsstrahlung, pair production, and other charged particles and
gamma interactions with media. The models assume that the atomic electrons are
quasi free, which means that the electron binding energy is neglected, except for the
photoelectric effect. [29], [32]
The second physics list is is called Livermore, a low energy electromagnetic package suitable for photons. It is made on top of the G4 Standard option 3 by substitution
of different models for photons and electrons [29]. The set of models based on a
parametrised approach exploits evaluated data libraries (EPDL97 [35], EEDL [36]
and EADL [37]); which are used to calculate cross sections and to sample the final
state [30].
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Table 2. The main photon interaction processes in a few G4 Physic packages
TOPAS (G4 Standard Option 4)

Livermore

Penelope

Rayleigh scattering

Livermore

Livermore

Penelope

Photoelectric effect

Livermore

Livermore

Penelope

Compton scattering

the Monash University model

Livermore

Penelope

Pair production

Penelope

BetheHeitler5D

Penelope

The third physics list is called Penelope (PENetration and Energy LOss of Positrons and Electrons). The Penelope code combines numerical databases and analytical models for different interaction mechanisms. It have been specifically developed
for Monte Carlo simulations. The physics list is made on top of electromagnetic option 3 by substitution of models from Penelope-2008 set of models. Physics processes
are described more detail in "PENELOPE-2008: A Code System for Monte Carlo
Simulation of Electron and Photon Transport"[38].
Difference between gamma processes in the physics packages is shown in Table
2. TOPAS (G4 Standard option 4) and Livermore both handle photoelectric effect
and Rayleigh scattering by the same Livermore model. The Livermore model for
the Rayleigh scattering process is determined from the data described in equation
(22). Effective sampling of final state uses the following algorithm: the first atom is
selected randomly according to the cross section and cos(θ), and the azimuthal angle
is sampled uniformly. The coherent scattered photon angle θ is sampled according to
the distribution obtained from multiplying the Rayleigh formula with the square of
Hubble’s form factor
Φ(E,θ) = [1 + cos2 (θ)]sin(θ) × F 2 (q,Z),

(22)

where Φ is angular distribution of coherently scattered photons, F (q,Z) is form
factor, and q = 2Esin(θ/2) is the momentum transfer. This method is proposed by
D.E. Cullen. [39]
In Livermore model for the photoelectric effect the cross sections are tabulated
up to 5 keV. Above 5 keV the Electron Photon Interaction Cross Section library [40]
provides cross sections parameterized in two energy intervals
σ(E) =

a1
a2
a3
a4
a5
a6
+ 2 + 3 + 4 + 5 + 6,
E
E
E
E
E
E

(23)
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and the sub-shell is sampled according to the relative cross-sections of all sub-shells.
The PENELOPE uses the EPDL data base [35] and XCOM program [12] for
the total cross sections of photoelectric effect. The data for the scaled atomic
bremsstrahlung cross sections and total integrated radiative cross sections of electrons
are based on "Bremsstrahlung energy spectra from electrons with kinetic energy 1
keV–10 GeV incident on screened nuclei and orbital electrons of neutral atoms with
Z=1–100 "[41]. [42]
The main difference of G4 Standard option 4 and Livermore is the definition
of Compton scattering. The Livermore Compton scattering is based on Ribbenfors’
theoretical framework [21, 43]. In the Livermore model the total cross section
is determined from equation (5) in Sec.2.3.2. In their final state generation the
Livermore-based models describe the scattered photon distribution using a scattering
function given by Cullen [39]. G4 Standard option 4 uses low energy model for
Compton scattering by Monash University. This scattering model uses a two-body
fully relativistic 3D scattering framework to ensure the conservation of energy and
momentum [44–46]. J.M.C. Brown et. al. propose in the their article "MULECS:
The Monash University Low Energy Compton scattering package" that the model
has been shown to be a potential replacement for Ribberfors’ Compton scattering
framework. The related physics is discussed in detail in their article [45].
All physics packages use a similar definition for pair production. The physics is
based on Bethe-Heitler formulation [47]. The five-dimensional Bethe-Heitler gamma
conversion is an updated model, which generates 5-dimensional differential cross
sections. In the Livermore model the total cross section of the pair production process
is determined from the EPDL97 data [35]. Using the Bethe-Heitler cross sections and
Coulomb correction, the secondary particles energies are sampled. The fraction of
the photon energy carried by one particle of the pair is determined using composition
and rejection Monte Carlo methods. The polar angles and the momentum is defined
by assuming the electron and the positron have a symmetric angular distribution.
It is randomly selected which particle in pair is the positron/electron. TOPAS (G4
Standard option 4) uses model based on the PENELOPE code. The PENELOPE
code provides pair production model where the total cross section is determined from
"XCOM: Photon cross sections on a personal computer" by M. J. Berger and J.H.
Hubbell [48].

36

3.5

Sources of inaccuracy

As a statistical technique, a Monte Carlo simulations will have always inaccuracies
in form of statistical uncertainty. If a simulation of x is repeated N times, then the
estimated value for x is the arithmetic mean value of all simulations xi :
x=

N
1 X
xi ,
N i=1

(24)

the more simulations are done, the more accurate is the outcome. The standard
deviation δ of an individual result xi can be expressed like
δx =

v
u
u
t

v
u

N
N
u 1
X
1 X
1
(xi − x)2 = t
x2i −
x2 ,
N − 1 i=1
N − 1 i=1
N −1

!

(25)

and the standard deviation of the mean value is [4, 49]
δx
δx = √ .
N

(26)

The mean dose per event in a voxel can be written as
D=N×

N
N
X
1 X
di
di =
N i=1
i=1

(27)

where di is the dose deposit related to event number i and N is number of simulated
particles. The uncertainty is now determined to be standard deviation, because dose
distribution can be assumed to be a normal distribution, and proportional to number
of simulated particles:
δd = N × δd = N

v
u
u
u
×t

1
×
N

N
N
1 X
1 X
d2i −
di
N − 1 i=1
N − 1 i=1

!



!2 

(28)

When number of simulated particles increase, then
δd =

v
u
!
u X
u N 2
t
d −
i

i=1

1
N

N
X

!2

di

,

(29)

i=1

because of the approximation N − 1 ≈ N . The statistical nature of the Monte Carlo
method reveals that the square root of the number of simulated particles is inversely
proportional to the relation between the uncertainty of dose and the dose. The
simulation time is also proportional to the number of particles and the efficiency is
inversely proportional to a product of the total CPU time and the variance of the
dose. [50]
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3.5.1

The user choices

Besides choosing the physics parameters, there are also many other options for the
user to choose before running a simulation. The simulation time is proportional to the
number of events, the phantom size, the cross sectional beam area, and the energy.
In the application’s user interface, there were multiple values available to change:
the size and shape of the scoring mesh and the beam, the size of bins/calculation
voxels, the geometry of the simulation, the random seed, and the number of simulated
particles. In addition, the application was available to modification, so that the user
was able to change the source code. In the source code, typical changes were the
selection of the physics list, the materials and the cut value: by modifying values,
the user is able to change the simulation completely. In the end, choices optimize
the simulation time and accuracy. If the changes are defined poorly, the results may
be distort.
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4

Simulations

The simulations are always ideal and made for the purpose to give insight for further
development work. If there are enough particles for statistics, the plots of analysis
are independent of the number of simulated particles. Therefore, it is more efficient
to simulate only necessarily amount of particles for significant statistics.

4.1

The penumbra region of photon beam with different
physics list

The aim of the photon beam simulations were to obtain calculated results of the
penumbra and compare three physics lists (TOPAS, Livermore, Penelope) to each
other. All of the simulations used same type of beam and same type of scoring.
Monoenergetic and parallel photon beam with 100 million x-rays were simulated.
The beam type was a square plane of size 10 x 10 cm2 . The simulated energies were
1,2,3...,15 MeV because, in practice, nominal energies above 15 MV are unusual in
clinical practice. The schematic geometry of the simulations is shown in Figure 8.
The phantom was a box filled with water (H2 O) with a size of 40 x 40 x 40 cm3 .
The mean excitation energy of the water was 68.999 eV. The background material
around the phantom was NIST air with density of 0.001 205 g/cm3 . The particle
source was set on top of the phantom as in Figure 8. The beam was uniformly
distributed and parallel, which means that all photons travelled on the positive
z-direction. The score mesh was a box inside of the phantom with the size 20 x 20 x
40 cm3 . It was divided into bins in which the calculation took place. The number of
segments on x-direction was 10, y-direction 400 and z-direction 100. Therefore, a
calculation voxel was a rectangle with a size of 2 x 0.05 x 0.4 cm3 . A large voxel size
minimizes the statistical uncertainty, but decreases location-specific accuracy. The
output file had information about the location of the voxel and the dose calculated
in the voxel.
The simulations were carried using Geant4 10.5 on a Windows 10 Enterprise
running on a 2.6 GHz Intel Xeon(R) CPU E5-2640 v3. The maximum logical cores
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Figure 8. A figure of the schematic geometry of the photon beam simulations.
The SSD was 100 cm and the phantom was 40 x 40 x 40 cm3 .

32 were used. One simulated energy took approximately 2 hours for TOPAS and
Livermore and all energies took 27 hours. A full set of Penelope simulations took
approximately 75 hours.
After the simulations, the data was analyzed with a Python script. The data was
extracted from the voxels. The penumbra was calculated as the distance between 20
percent and 80 percent dose points on a transverse beam profile calculated around
the maximum dose depth in the phantom. The maximum dose depth point was
calculated from a depth dose curve with function fitting. The fitted function is a
Butterworth filter, which uses a second order filter with cut-off frequency of ωc = 0.4.
The size of the penumbra was interpolated from the beam profile with cubic function.
The goal was to achieve conformability between the data and the function and get
interpolated points between the bins. The bins on the x-axis were averaged, so that
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there was the same number of bins on both side of the center line on the z-direction.
The sizes of penumbras were plotted as a function of energy.
An example of a dose profile on y-axis as a function of relative dose is plotted in
Figure 9. There one can see the region where the dose falls off rapidly at the beam
edge. The size of penumbra would be defined as the distance between the two red
lines on the x-axis. The lines are at 20% and 80% of the relative dose. The example is
produced with 10 MeV photon beam and the beam size is the same as in simulations.
The error analysis gives some estimation of the uncertainty of simulations. Usually
in Geant4, using the same random number generator seed doesn’t change the result,
so the estimate for the uncertainty can be found simulating different seeds. In further
analysis for TOPAS, 10 different initial seeds were simulated for energies 1 MeV
and 15 MeV. These energies are the extremes of the simulation energy scale. The
confidence interval is the difference between maximum and minimum simulated
values divided by 2. The confidence interval was set to half of the width because
of the assumption that the distribution is the normal distribution. It describes the
uncertainty of the simulation within the extreme points.

Figure 9. An example of dose profile with 10 MeV energy. The size of the
penumbra would be defined as the distance between the red lines on the y-axis.

42

4.2

Spectral properties with different target materials

The aim of simulations with an electron beam and a target were to obtain information
about the energy distribution at the isocenter plane. The target was added to the
application and the electron beam type was set to a circle plane. The parallel
electron beam had a radius of 0.5 mm and the incident energy of 6.00 MeV was used.
Electrons produced by the general particle source were collided into the target when
the simulation started. The size of the target was a cylinder with a radius of 2 mm
and thickness of 1 mm. These values are of the same order of magnitude as in a real
linear accelerator, but do not correspond to any particular real-world target. In the
target simulations, TOPAS (G4 Standard option 4) physics list was selected.

Figure 10. A figure of the geometry of the target simulations. The SSD was
100 cm and the phase space plane was perpendicular to the z-axis.
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The target materials were tungsten (NIST G4_W), lead (NIST G4_Pb) and
combination of these so that 1/3 were lead and 2/3 were tungsten. The density of
materials were 19.30 g/cm3 for tungsten and 11.35 g/cm3 for lead. The combination
had density of 16.65 g/cm3 , which was calculated by weighed average of abovementioned densities. The schematic geometry of the simulations is shown in Figure
10.
The simulations were carried without the phantom. The world volume was a
rectangle with a size of 200 x 200 x 300 cm3 . The simulations with different targets
were made separately at the isocenter plane. Data was recorded to a binary file when
a particle travels through the phsp-plane. The target simulations were carried out
using Geant4 10.5 on a Windows 2016 Standard running on a 2.1 GHz Intel Xeon(R)
Gold 6152 CPU with 4 processors and 88 physical cores. A simulation run carried
500 million particles and the simulation time for one run was approximately one
hour.
After the simulations, the data was analyzed with a Python script. Because of
the huge size of the binary file, the file was parsed into pieces and analyzed piece by
piece with multiprocessing. The spectrum of photons was plotted as a histogram by
collecting photons traveling on the positive z-direction. Additionally, the intensity
distribution of photons was plotted as a function of radius with 8 × 500 million =
4 × 109 simulated particles.
For angle dependence, the simulations with tungsten target were carried out
with 100 × 500 million = 50 × 109 particles and with 47.5 × 109 particles for lead.
The number of simulated particles increased considerably on account of need for
desirable statistics. The analysis was made as before, but only tungsten and lead
targets were considered. Photons were collected with adding a new condition which
counts photons traveling to the positive z-direction inside an annulus with radius
r + ∆r at the isocenter plane. The energy spectrum was plotted as a line histogram.
Line histograms with different radii (0 cm, 10 cm and 20 cm) were plotted on the
same figure. The angle can be calculated with respect to the radius of the ring as
θ = tan−1 (r/SSD). Therefore, 0 cm ≈ 0◦ , 10 cm ≈ 5.7◦ and 20 cm ≈ 11.3◦ . The
intensity is proportional to the area of an annulus, which must be normalized away:
rdata =

r
Aannulus

=

r
r
=
.
π((r + ∆r)2 − r2 )
π(2r∆r + ∆r2 )

(30)

In addition, the radius can be scaled to the isocenter plane accordingly the relation
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rIC
zIC
=
,
r
z

(31)

where rIC is the radius in isocenter plane, z is the length on z-axis and zIC is usually
the SSD [4]. In the simulations this isn’t necessarily, because the phsp-plane is at
the isocenter plane.
A few values were calculated from the energy spectra. The expectation value of
the mean energy was calculated by dividing the expectation value of the energy by
the integral of the histogram [51].
< E >=

Z E0

f (E)EdE/

0

Z E0

f (E)dE.

(32)

0

The integral is obtained by using the trapezoidal rule. In addition, the standard
deviation was calculated as in Eq. 28.

4.3

Validation of the application

All computed results require comparison with validated measurements. Therefore,
the validation of the application was made. In the validation, the physics lists was
selected to be TOPAS (G4 Standard option 4) and the spectra comparison was made
with the tungsten target spectrum, which is called ’original data’ in the validation
part of the simulations.
At first, the mass attenuation coefficients for energies 1 - 10 MeV were calculated
from a photon beam simulation with the phantom. There were 10 million simulated
particles. The beam was a square plane with a size of a face of 1 mm, SSD was
100 cm, and the scoring mesh was a rectangle box with size of 0.1 x 0.1 x 40 cm3
inside the phantom. The simulations were carried using Geant4 10.5 on a Windows
10 Enterprise running on a 2.6 GHz Intel Xeon(R) CPU E5-2640 v3 with 32 logical
cores. The simulation time was around 10 minutes. The calculation voxel had size of
0.1 x 0.1 x 0.2 cm and it had information about the dose and the location. The dose
depth curve was determined from data and the tail part fitted with an exponential
function according to the definition of the attenuation coefficient (see Eq. 2).
The second step was a Varian-provided spectrum, compared to the original data
at the central line with radius of 1 cm. The spectrum provided by Varian had 6.5 MeV
incident electron energy and it was produced with Virtual linac without flattening
filter (Flattening Filter Free, FFF). The original data had 50 × 109 incident electrons
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with energy of 6.0 MeV. So we also ran a simulation with 6.5 MeV incident energy
and 500 million simulated electrons. This simulation was similar to the original
tungsten target simulation but the central line radius was set to 3 cm because of
fewer simulated particles. The spectra were determined as a function of energy.
The third step was sensitivity analysis with a Gaussian beam distribution (σ = 5%)
and a different electron beam energy (Eincident + 5% = 6.3 MeV). There were 500
million incident electrons and again the radius at isocenter plane was set to 3 cm.
The spectra were compared again to the original data at central line with radius of 1
cm.
The final step was the comparison with 6 MeV incident beam FFF spectrum
data from article published by Brualla, L. et al. (2019) [52]. The article provided the
spectra in digital form and the data is available in the PRIMO project web site. In
the article a 5.85 MeV incident beam was used and the simulations were ran using
the FakeBeam empirical geometry described by Rodriguez et al. [53]. Therefore, we
ran a simulation with 5.85 MeV incident energy. The resulting spectra were compared
to the original data.
All simulated spectra are produced similarly as in Sec. 4.2 and normalized with
the area. The area was integrated from the histogram. The energy spectra were
plotted as a function of energy to emphasize the differences.
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5

Results

5.1

The penumbra region of photon beam as a function of
energy with different physics list

Three physics lists are compared in Figure 11. The sizes of penumbras were plotted
as a function of energy. The sizes were investigated for depths of 4 cm, 9 cm, and 14
cm in the phantom.
All three physics lists show similarities, but also considerable differences. At the
surface of the phantom, the penumbra region can be considered sharp, because only
the geometric penumbra component is affecting. The geometric component is due

Figure 11. Comparing the penumbra sizes of three different physics lists: TOPAS
(x), Livermore (·) and Penelope (+) at depths 4 cm (black), 9 cm (blue), and
14 cm (red)
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to the finite source size. The penumbra size grows as a function of depth due to
the in-phantom scattering interactions. The size increases as the energy and the
depth increases because high energy particles go through multiple interactions and
scatter in the medium more likely. With increasing energy, the increased range of the
secondary electrons decreases the sharpness of the beam at depths. The simulations
of the penumbra were made without collimators but the beam was set to be uniformly
distributed, finite size and parallel.
More detailed differences between TOPAS-Livermore and TOPAS-Penelope penumbra sizes are plotted in appendix A in Fig. 30. The differences are distributed
evenly around zero and below 0.03 cm in all depths, while there seems to be no
systematic difference between the physics lists. The residual random difference can
be attributed to the analytic fitting process which is sensitive to the Monte Carlo
noise. The physics lists themselves also have differences at low energies, most likely
this has a minor effect to the results. The growth of penumbra size saturates as the

Figure 12. TOPAS physics list: the sizes of penumbras at dose maximum depth
(black), two times (blue), and three times dose maximum depth (red) defined
for each energy, and the confidence interval for energies 1 MeV and 15 MeV.
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energy or the depth increases, so the definition of the penumbra will become unclear
or unobtainable due to the fitting process becoming unstable. Additionally, the range
of photons and secondary particles is finite.
In Figure 12, only the TOPAS physics list is visualized. The size of penumbra
is plotted as a function of energy at dose maximum depth and two or three times
the dose maximum depth. The statistics were better at dose maximum planes. The
dose maximum is individually determined for each energy from dose depth curves.
In addition, the size of penumbra is plotted with energies below 1 MeV. Below 1
MeV the penumbra size continues to decrease until the point where photons do not
have enough energy to interact. The uncertainty was calculated for 1 MeV and 15
MeV energies, by changing the initial random seed and calculating the distribution
of penumbra widths. The distribution of values with the same energy was assumed
to be gaussian. The confidence interval represents a high probability interval. The
interval is set to half of the width of calculated results. The average of the penumbra
size with the confidence interval for 1 MeV was (0.099 ± 0.004) cm and for 15 MeV
was (0.796 ± 0.012) cm, as one can see in Figure 12.

5.2
5.2.1

Electron beam with tungsten (W) target
Particle spectrum, energy spectrum, and intensity distribution

The particle spectrum with tungsten target is plotted in Figure 13. The spectrum is
continuous because individual electrons in the beam experience different microscopic
interactions, mainly bremsstrahlung. Exiting photons have energies between zero
and the incident electron energy 6 MeV. There is a larger photon distribution at low
energies below 1 MeV because most of the interactions between electrons and the
target create low energy photons. There are no flattening filter or other filtration
components to eliminate those low energy photons, so they remain as a wide peak
component in the particle spectrum. Approximately 45% of the incident beam
particles are converted to photons for the whole solid angle.
The spectrum has an expected shape, which is similar to the literature [54–56]
etc. In Figure 13, more details are shown for 0-1 MeV range of the spectrum. In that
figure, there are a few narrow peaks in the spectrum. The peak at energy around 5969 keV is characteristic (K-shell edge) radiation of tungsten. This can be found and
confirmed from the NIST X-Ray Transition Energies as well as from studies about
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Figure 13. On the top is the particle spectrum and in the bottom the same
spectrum zoomed 0-1 MeV. Both spectra are produced with tungsten target at
the isocenter plane. The energy is on the x-axis and the particle density on the
y-axis. The bin size of the x-axis is 0.5 keV.
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Figure 14. Energy spectrum with tungsten target at the isocenter plane

computation of bremsstrahlung X-ray spectra [54, 57]. There are also characteristic
X-rays from tungsten also between approximately 8 and 11 keV (L-shell edge) [54].
The very sharp peak at energy around 511 keV originates from positron annihilation:
in the collision between the beam and the target positrons are produced, and when
a positron slows down it can recombine with a free moving electron in its vicinity to
give rise to two annihilation photons with energies of 511 keV. Significant yield of
annihilation radiation is only a concern with high-Z materials.
Figure 14 also shows the same spectrum for a tungsten target, but as an energy
spectrum: the number of particles is multiplied by the bin energy. This way the
energy spectrum becomes more linearly decreasing, in line with the Kramer’s rule
(Eq. (14)). There is however some deviation from linear: there is a clear dip in the
mid-energy region. This effect is also seen with a lead target, see Fig. 19.
The intensity distribution as a function of radius is plotted in Figure 15. Only
photons which travel to positive z-direction were considered. Most photons are
located around the center, and the intensity decreases rapidly as the distance from
the origin increases. Note that this beam has no flattening filter, so that the behavior
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Figure 15. Intensity distribution with tungsten target at the isocenter plane as
a function of radius. The bin size of the x-axis is 0.01 cm.
is expected. The histogram has bin size of 0.01 cm. The maximum distance with the
world volume of 200 x 200 x 300 cm3 is at the point where the radius is approximately
141 cm. This can be seen in Fig. 14: there is an edge approximately at r = 100 cm
which is due to the edge of the rectangle world volume. The radial intensity seems
to be flat around the center-line.

5.2.2

Angular dependence of energy spectrum

We studied also photons traveling to positive z-direction with radii 0+1cm (≈ 0◦ ),
10+1cm (≈ 5.7◦ ) and 20+1 (≈ 11.3◦ ) at the isocenter plane. In Figure 16, the three
different energy spectra are plotted. The intensity is proportional to the distance from
the central axis, but the area of the annulus is bigger when the distance increases. In
the analysis, this was taken into account by normalizing the curves with the number
of photons traveling through the area of the annulus. There is more uncertainty
closer to the central axis because of poor statistics due to the smaller area size of
the annulus.
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Figure 16. The angle dependence of the energy spectra with tungsten target
with angles 0◦ (blue), 5.7◦ (orange) and 11.3◦ (green) at the isocenter plane and
a bin size of 5 keV

Figure 17. The angle dependence of the energy spectra with tungsten target
with angles 0◦ (blue), 5.7◦ (orange) and 11.3◦ (green) between energies 0-1 MeV

54

There is an obvious angle dependence in the spectra although the shapes of spectra
are similar. Increasing the distance from the central axis shifts the maximum point of
the spectrum to the left at lower energies, and at higher energies the curve becomes
smoother. With larger angle, the scattered photons have lost more energy compared
to photons at the central axis. The characteristics peaks and the annihilation peak
are shown to be independent of the angle. Figure 17, zooming into the area of 0-1
MeV of Fig. 16, shows the peaks more clearly.
The expectation values, variance and standard deviation of the mean energy
for different angles are tabulated in Table 3. The values are reasonable. The effect
of the angle dependence of the spectra is significant, the expectation value of the
energy decreases as the angle increases. This indicates that there are relatively more
lower energy photons compared to smaller angle as analyzed from the figures. The
uncertainty decreases as the angle and the area of annulus increases. On the other
hand, if there were more filtration (flattening filter etc.), the expectation energy
would increase because the filtration cuts off mainly lower energies.
Table 3. The expectation values, variance and standard deviation of the energy
for different angles with tungsten (W)
The expectation value

Variance

Uncertainty

of energy <E>[MeV]

< E 2 > − < E >2 [MeV2 ]

δ [MeV]

1.212

1.349

0.006

5.7

1.1704

1.2954

0.0013

11.3◦

1.116

1.210

0.0011

Angle
0◦
◦

5.3
5.3.1

Electron beam with lead (Pb) target
Particle spectrum, energy spectrum, and intensity distribution

The particle spectrum with lead target is plotted in Figure 18. The characteristic
peaks for lead are now between 72-88 keV (K-shell edge) and between 9-13 keV
(L-shell edge), as can be confirmed from NIST X-Ray Transition Energies [57]. The
intensity of these peaks is relatively higher compared to the tungsten target peaks.
The peak at around 511 keV is again originated from annihilation photons.
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Figure 18. On the top is the particle spectrum and in the bottom the same
spectrum zoomed 0-1 MeV. Both spectra are produced with lead target at the
isocenter plane. The bin size of the x-axis is 0.5 keV.
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Figure 19. Energy spectrum with lead target at the isocenter plane

Figure 20. Intensity distribution with lead target at the isocenter plane. The
bin size of the x-axis is 0.01 cm.
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For the whole solid angle, approximately 44% of the incident beam particles are
converted to photons, the same amount as with the tungsten target. In Figure 19 we
show the energy spectrum with lead target. The bump between energies 2.5-6 MeV
seems to be clearer compared to the tungsten target. Here, in particular, one can
see that the spectra depend considerably on the atomic number (Z) of the target
material.
In Figure 20, the intensity distribution is plotted as a function of radius. The
distribution looks identical compared to Figure 15 with the tungsten target, with
the same features.
5.3.2

Angular dependence of energy spectrum

The energy spectra with lead target and angles 0◦ , 5.7◦ and 11.3◦ are plotted in
Figure 21. Again, the characteristic features are similar to those with the tungsten
target. The angle dependence is clear with both materials. In Figure 22, zoomed
to 0-1 MeV, the peaks are relatively higher compared to the tungsten target. The
expectation values, variance and standard deviation of the mean energy for different
angles are tabulated in Table 4. The same decreasing of the expectation value and
uncertainty is exposed.
Table 4. The expectation values, variance and standard deviation of the energy
for different angles with lead (Pb)
Angle

The expectation value

Variance
2

2

Uncertainty
2

of energy <E>[MeV]

< E > − < E > [MeV ]

δ [MeV]

0◦

1.170

1.375

0.006

5.7◦

1.1293

1.3283

0.0013

11.3◦

1.076

1.2514

0.0011
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Figure 21. The angle dependence of the energy spectra with lead target with
angles 0◦ (blue), 5.7◦ (orange) and 11.3◦ (green) at the isocenter plane

Figure 22. The angle dependence of the energy spectra with lead target with
angles 0◦ (blue), 5.7◦ (orange) and 11.3◦ (green) between energies 0-1 MeV
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5.4

Electron beam with tungsten-lead -mixture (W/Pb) target

5.4.1

Particle spectrum, energy spectrum, and intensity distribution

The third particle spectrum with tungsten-lead mixture target is plotted in Figure
23. The mixture consists of 1/3 of lead and 2/3 of tungsten and the density of
the mixture was defined by the weighed average of lead and tungsten densities.
The peak at around 511 keV originates from annihilation photons and there are
multiple peaks below 100 keV. The peaks around 69 keV, 88 keV and 10 keV are
merged characteristic peaks from tungsten and lead. These features seem to be due
to combination of above-mentioned tungsten and lead. In this simulation the number
of incident beam particles divided by the number of photons is approximately 49%
for the whole solid angle. The energy spectrum is plotted in Figure 24. The bump
between energies 2.5-5 MeV seems to be almost the same as for the tungsten target.
The intensity distribution as a function of radius is plotted in Figure 25. The
distribution is identical to previous intensity distributions. So in this thesis, the
target material has a negligible effect to the intensity distribution.
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Figure 23. On the top is the particle spectrum and in the bottom the same
spectrum zoomed 0-1 MeV. Both spectra are produced with tungsten-lead mixture
target at the isocenter plane. The bin size of the x-axis is 0.5 keV.
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Figure 24. Energy spectrum with tungsten-lead mixture target at the isocenter
plane

Figure 25. Intensity distribution with tungsten-lead mixture target at the
isocenter plane. The bin size of the x-axis is 0.01 cm.
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5.5

Validation results

At first, the attenuation coefficient values by simulation were compared to NIST:
X-Ray Mass Attenuation Coefficients [33] with liquid water. In Figure 26, the calculations show good agreement with values provided by NIST. The minor differences
might be explained by inexact definitions of the materials, the exponential fit, or
statistical noise.

Figure 26. The mass attenuation coefficient as a function of energy for water.
NIST (line) and simulation (·) values compared.
The second step was comparing the simulation data with tungsten target (’original
data’) to Varian provided data (FFF). Also, a simulation with 6.5 MeV incident
electron energy was made, because Varian provided data has this incident electron
energy, and the shape of spectra depend considerably on it. The energy spectrum
with 6.5 MeV is compared in Figure 27. The spectra resemble each other, and possible
differences originate from differences in simulation geometry or/and the shape and
distribution of the beam. The result is a bit confusing because the simulation geometry
is a significant simplification of the treatment head. It is shown that in the central
axis the spectra are almost identical. The shape of the original 6 MeV spectrum is
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Figure 27. The simulation data (black) compared to Varian 6.5 MeV (FFF)
-spectrum (blue) and 6.5 MeV incident energy -spectrum (green).

similar, but due to the energy difference in the incident energy, there are more lower
energy photons.
Some results from spectrum sensitivity analysis are plotted in Figure 28. It
demonstrates how the spectrum changes with typical variations in electron beam
energy and energy spread: adding Gaussian distribution (σ = 5%) in the incident
beam energy mostly changes spectrum at low energies, below 2 MeV. The intensity
of the low energies slightly drops compared to uniform distribution of the beam with
a sharp 6.0 MeV incident energy. With increased incident electron energy (5%), the
effects are much stronger, as one might expect. This indicates that the spectra is
mostly sensitive to the mean energy, not so much to the energy spread.
The Primo project provided data, 5.85 MeV and 6.5 MeV incident energies,
and the original 6.0 MeV simulation spectra are plotted in Figure 29. There are
considerable differences between the spectra due to different simulation parameters.
For instance, the article says that the spectra are for 10 x 10 cm2 field and particles
from the whole field are recorded. So the article used different treatment head
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Figure 28. The simulation data (black) compared to a spectrum with Gaussian
source distribution (yellow) and a spectrum with 6.3 MeV incident electron
energy (violet).

Figure 29. The simulation data (black) compared to Primo project provided
spectrum (red) [52] and spectra with 5.85 MeV (violet) and 6.5 MeV incident
electron energy (green)
.

65

components, including the collimator, to define the field size. In the simulations, the
particles were recorded in a small central region with radius of 1 cm and only the
target button was simulated. The environment, geometry and components differ, but
both describe the spectrum of unflattened 6 MeV photon beam. Explicit reasons
for differences remain open and the explanation is beyond the scope of this thesis.
This would need a very specific analysis and should be considered in the future.
Considering statistical uncertainties and differences in the simulation setups, the
spectra show enough to show close enough uniformity.
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6

Conclusions

In this thesis, a Geant4 based Monte Carlo simulation framework was built into
Varian Medical Systems company Windows server environment. The system was
validated against previously conducted Monte Carlo simulations, and left operational
for continuation studies, for example, for realistic target button simulations. In the
validation work various physics list options were studied and compared to each
other, and photon spectrum sensitivity against typical variations in linear accelerator
parameters was investigated. With the validated system, photon spectra were studied
in more detail using a representative, but not strictly realistic target button geometry:
directional dependence was studied, as well as dependence on the target material.
For example, the directional studies suggest that this dependency might need explicit
modeling in dose calculation algorithms even for unflattened beams.
The penumbra region describes the edge of the beam and the sharpness of the
treatment area. For a dose calculation algorithm, it is a feature that needs to be
modelled accurately. There is always an inherent component in penumbra, but the
penumbra due to linac properties can be reduced to sharpen the edge of the dose. In
this thesis, the sizes of penumbra with the photon beam were studied as a function
of energy. The penumbras were determined with different physics lists (TOPAS
(Standard option 4), Livermore and Penelope) around the dose maximum depths.
The results obtained with different physics lists were comparable, but there were
some rather big differences.
An important parameter in the delivery of a highly conformal dose to the medium
is the determination of the energy spectra emitted from the radiation target. The
energy spectra were calculated with three different target materials: tungsten, lead,
and a combination of these two. The results were consistent with older data provided
by Varian Medical Systems. Characteristic peaks and the annihilation peak were
also observed in the spectra, as expected. The relative intensities of the peaks were
high because the target material was defined as a pure element, and the surrounding
structures were not modelled. The spectrums dependency on the atomic number (Z)
of the target material was clearly observed. The spectrum with the target of mixture
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of tungsten and lead has an expected combination of tungsten and lead spectra. The
elemental peaks with relative intensity are present in the spectrum, and in general
the spectrum features can be interpolated from the two elemental spectra.
In many current dose calculation algorithms the angle dependence of the raw
energy spectrum (emitted from the target) is assumed to be small, and therefore not
modelled. However, the simulations show that there is clear angle dependence in the
spectra, and perhaps modeling needs to be reconsidered. The shapes of the spectra
were calculated at angles 0◦ , 5.7◦ , and 11.3◦ , and they were distinct as the angle
increases, the maximum point of the spectra shifts to smaller energies and the tail of
the spectra smooths down. As one might expect, the energies are smaller when the
distance from the central axis increases due to the direction changes because of the
probability of the interaction increases.
The validation was made piece by piece and the application was shown to
conform with other sources. The shown sensitivity of spectra challenges the validation
because, as we noticed, a small difference, for instance in the mean energy, may
create significant differences to the shapes of the spectra. Of course, there is some
uncertainty from sampling, user choices, and selection of models.
In a real medical linear accelerator, there would be more objects after the target,
including cooling assembly, because most of the energy of incident electrons is
transformed into heat. The next step could be continuing the simulation further
by adding components or to study, for instance, the effects of the cooling assembly
on the spectra. Additionally, it could be possible to study electron and neutron
contamination of photon beam. Generally, by improving the performance and accuracy
of the simulations the field of studies would become more validated and efficient.
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A

The difference between TOPAS-Livermore and
TOPAS-Penelope

The difference of the penumbra sizes between TOPAS-Livermore and TOPASPenelope plotted in Figure 30. The difference distributions seem uniform around
zero at different depths 4 cm, 9 cm and 14 cm.
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Figure 30. The difference between penumbra values TOPAS and Livermore
(top) and TOPAS and Penelope (bottom) at 4 cm (black), 9 cm (blue) and 14
cm (red).

