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Resumen en Espafiol

ESTIMACION DE LOS PERFILES DE SENAL PRIMARIA Y DISPERSA EN UNA
TOMOGRAFIA COMPUTARIZADA UTILIZANDO GEANT4

Se implement6 un método para obtener las sefiales y perfiles de dispersién de una to-
mografia computarizada de un escaner disponible comercialmente utilizando Geant4,
un kit de herramientas Monte Carlo para el lenguaje de programacién C++, con el que
se cred un c6digo que imita las estructuras mas importantes del escaner, como el filtro
de corbatin, los elementos detectores y la rejilla de anti-dispersiéon. El c6digo permite
colocar un maniqui de agua uniforme de diferentes didmetros en el isocentro del es-
caner, para estudiar la dispersioén generada por el mismo y la atenuacién de la sefial en
la estructura detectora. El algoritmo de caracterizacién de sefiales encuentra la tltima
interaccion del fotén antes de llegar a un elemento de detector y asigna en funcién de
los perfiles de dispersién y el volumen de interaccion.

Las simulaciones sin maniqui muestran una sefal cruzada de entre 1% y 2% de la sefial
total para todas las energias de la fuente de fotones como para las distintas colima-
ciones, la sefial de dispersion de la rejilla es mas baja excepto en los bordes de cada
modulo de deteccion superando la contribucién de las sefiales cruzada y dispersion del
aire, la sefial cruzada es aproximadamente el 0,1% del escaneo al aire (medida con el
corbatin y rejilla pero si el maniqui) en el médulo central y hasta un 2% al alejarse del
centro de la estructura de deteccién.

Las simulaciones con el maniqui presente muestran una atenuacion total en la estruc-
tura de deteccién de hasta el 98% para el maniqui més pequefio y hasta el 99.9% para
el maniqui mas grande. La dispersién maniqui varfa con la energia de la fuente y la
colimacién utilizada, generando hasta un 5% de dispersién con un maniqui de 320mm
didmetro.

Los perfiles de dispersiéon normalizados ayudan a interpretar el efecto de la sefial dis-
persa del maniqui en una proyeccion, las simulaciones con todas las estructuras del es-
caner presentes y simulaciones donde falta el filtro de corbatin y /o rejilla anti-dispersién
muestran la importancia de dichas estructuras al reducir la sefial de dispersiéon. Ademads,
pequefias contribuciones de sefial del las estructuras del escéner y el aire se pueden
identificar y evaluar para ver su impacto en la sefal total.

El cédigo desarrollado imita con éxito la sefial de dispersion de un escaner de tomo-
graffa computarizada y separa las diferentes fuentes de dispersion del maniqui, las es-

tructuras del escaner y el aire.
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Abstract
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Postgraduate Study System

Master Degree

Estimation of Primary and Scatter Signal Profiles in Computer Tomography using
Geant4

by Daniel ARROYO-PORTILLA

A method to obtain the scatter signal profiles from a commercially available computer
tomography scanner, using Geant4 a Monte Carlo toolkit for C++ to create a code that
mimics the most important structures of the scanner, like the bowtie filter, detecting el-
ements and septa. A uniform water phantom with different diameters can be placed at
the isocenter to study the scatter generated and the attenuation of the signal in the de-
tecting structure. The signal characterization algorithm finds the last photon interaction
before reaching a detecting element to assign based on the volume scatter profiles.
Simulations without the phantom show that the crosstalk signal is between 1% and 2%
of the total signal for both source energies and collimations, the septa scatter signal is
lower but at the edges of each detecting module surpassing the bowtie and air signal
contributions, the bowtie signal is about 0.1% of the air scan in the central module and
up to 2% when moving away from the center of the detecting structure.

Simulations with the phantom present show a total attenuation in the detecting struc-
ture of from 2% for the smaller phantom up to 0.14% for the biggest one. Phantom scat-
ter varies with the source energy and collimation, contributing up to 5% with a 320mm
diameter phantom.

Normalized scatter profiles can help to understand the effect of the phantom signal in
a projection, simulations with all the scanner structures present and simulations where
the bowtie and/or anti-scatter grid is missing can show the impact of the structures
when it comes to reducing the scatter signal. Also, small signal contributions from the
scanner structures and the air can be identified and assessed to see the impact on the
total signal.

The code developed successfully mimics the scatter signal of a CT scanner and separates

it into the different scatter sources from the phantom to the scanner structures and air.
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Chapter 1

Introduction

1.1 Introduction

Computed tomography (CT) images are widely used when diagnosing many types of
illness in patients and unlike conventional radiography-planar images, they can display
several slices or axial images of the patient or studied object.

CT images are reconstructed using an algorithm and several projections or a sino-
gram (Willemink and Noél, 2019). Many types of CT scanners can perform this task,
the design and geometry of each scanner will vary depending on the application of the

center, institution, clinic, or hospital.

The proposed methodology is the development of a Monte Carlo code capable of
simulating a single projection of a phantom in a computed tomography (CT) scanner,
taking into account the amount of primary and scattered signals received in the detec-
tors. The CT scanner simulated is one commercially available with dual-energy capabil-
ities, the simulation is coded in C++ programming language with the aid of the Geant4
Monte Carlo toolkit.

The geometry of interest for this work is defined as a fan-beam X-ray source, with a
curved one-dimensional detector array, a bowtie filter, and the anti-scatter grid (ASG),
conventionally known as a third-generation CT scanner (Flohr, 2013). Dual-energy CT
(DECT) are scanners capable of operating with two different energy sources, exploiting
the different attenuation coefficient of matter and achieving a better image quality of
the patient (Forghani, Man, and Gupta, 2017).
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1.2 Innovation and Impact

The septa in the detector elements remove most of the scatter radiation generated by the
phantom and other scanner structures, however, some of these scatter signals still reach
the detecting elements. Studying the scatter components for their different scattering
points, like the scanner bowtie, septa, base or crosstalk, and the air contributions can

help understand better scatter patterns in the detecting structure.

Improving the image quality of CT scanners can be highly beneficial when diag-
nosing patients, for that, is essential to run Monte Carlo simulations that identify the
different types of scatter arriving at the detectors. With several simulations and well
categorized signal is possible to improve iterative reconstruction algorithms when pro-

cessing images.

1.3 Problem Statement

The septa in the detector elements remove most of the scatter radiation, however, some
of the scatter signals still reach the detectors. In particular, scatter from the bowtie and
the forward-directed coherent scatter component makes it past the septa and reaches
the detecting elements, where it is misinterpreted as part of the primary signal.

1.4 Goals

141 Main Goal

Determine the primary and scatter signal profiles in a commercially available computer
tomography (CT) machine using Geant4.

1.4.2 Specific Goals

¢ Develop a Monte Carlo simulation code to simulate the geometry of a CT scanner,

including its detector structure.

* Separate the signal received by the detector elements as primary or scatter, based
on the MC transport output.

¢ Estimate the total and partial scatter radiation that reaches the individual detec-
tors.
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1.5 Background

The fact that sensitive volumes or detector elements cannot differentiate between pri-
mary or scattered photons, raises the importance of measuring the contribution of the
scatter signal via Monte Carlo (MC) simulations (Malusek, Sandborg, and Carlsson,
2008). Simulations performed by Liu et al., 2021 show not only the reduction of the
scatter signal when using an ASG but also the impact of bowtie filter, collimation, and

phantom size.

Most of the scatter contribution is generated in the phantom and it is highly related
to its size, Lazos and Williamson, 2010 showed no significant improvement using ASG
in a cone beam CT when imaging a patient’s head, however imaging the pelvic area the
usage of an ASG show an enhanced improvement in dose and image uniformity leading
to better image quality. The non-linear error induced by the scatter signal measured by
Joseph and Spital, 1982, by measuring the attenuation values with different size phan-
toms, the error induced can lead to cupping, streaks, and CT number inaccuracies. The
usage of an ASG can greatly mitigate the scatter signal in the detector, although will not
reduce it to zero (Kyriakou and Kalender, 2007).

Undoubtedly scatter radiation hurts the image quality and CT images are no excep-
tion to this. A common measure of the scatter radiation is given as the scatter-to-primary
ratio (SPR), where higher values can lead to cupping artifacts and reduction of image
quality (Akbarzadeh et al., 2010). Let’s not forget that photons will behave differently
depending on the energy.

Many types of reconstruction algorithms can be found and most of them will use
two main techniques, known as filtered back projection (FBP) and iterative reconstruc-
tion (IR). Due to its simplicity and fast reconstruction, FBP was the option of choice, but
with the continuous growth of computational power, it is possible now to apply IR in a

short time.

The simulations were performed using a toolkit called Geant4 implemented in the
C++ programming language, the toolkit can simulate the passage of different particles
through matter and can easily manage complex geometries. For this study, the photons
of interest will have an energy range of up to 140keV, which is an operational range
of the toolkit (Agostinelli et al., 2003). One additional extension used, is the materials
developed by Paterno et al., 2018, whose code makes a better approach to molecular
interference effects in X-ray Rayleigh or coherent scattering for the energy range of in-
terest.
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The expected signal obtained in the simulation should behave as real projections
with the correct geometry setup. For example, if a phantom is present during the simu-
lation a reduction of signal is expected in the results, removing the phantom should give
the maximum amount of signal in all elements inside the field-of-view (FOV). However,
results obtained by removing the ASG, which is not an available or easy option to per-
form in real life, give insight into the amount of scatter signal blocked and a higher
amount of signal per element. Previous MC simulations may give us an insight into
the expected results as seen by Wadeson, Morton, and Lionheart, 2010, others using dif-
ferent programming toolkits like Malusek, Sandborg, and Carlsson, 2008 and Darmian
etal., 2011.

Artifact reduction and higher accuracy on material composition are some of the
goals for reconstruction algorithms in CT images. Techniques such as line integral alter-
nating minimization (AM) algorithm (Chen et al., 2016), energy detector for AM algo-
rithm (O’Sullivan, Snyder, and Whiting, 2002) and removing metal bodies by marking
them on the image (Williamson et al., 2002), are effective when improving the image

quality.

The scatter characterization implemented in this project can be used in reconstruc-
tion algorithms that take into account the scatter contribution. O’Sullivan and Benac,
2007 have developed an AM algorithm able to incorporate the number of scatter pho-
tons, coming from several sources including the patient’s body.

Normalized scatter profiles (NSP) and scatter-to-primary ratio (SPR) in CT scanners
have been studied over the years. From experimental setups measuring fluency with
beam blockers under the photon beam (Johns and Yaffe, 1982) or reading the scanner
output using specialized lead beam blockers (Akbarzadeh et al., 2010). Many MC sim-
ulations have been performed (Leliveld et al., 1994, Chen et al., 2007, Engel et al., 2008,
Darmian et al., 2011, Prakash and Boudry, 2017)
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Theoretical Framework

2.1 Interactions of the photons with matter

When it comes to photons interacting with matter in medical physics, there are five
main processes to be considered: Compton effect, photoelectric effect, pair production,
Rayleigh (coherent) scattering, and photonuclear interactions. The probability for each
one to happen is strongly dependent on the energy of the photon and the atomic num-
ber (Z) of the interacting object.

X-ray tubes are used in CT scanners as a source of photons (Behling and Griiner,
2018), they work with different kilovoltages between the cathode and anode to acceler-
ate the electrons, the accelerated electrons impact the target material (anode) and pro-
duce photons via two mechanisms, bremsstrahlung photons created by the slow decel-
eration of electron inside the target and characteristic photons, produced by a decaying
atomic electron occupying a lower empty edge left by a photon hitting an electron. Af-

ter filtering low energies we obtain the spectra of the X-ray source.

Considering that some of the interactions require a minimum photon energy and
that the maximum voltage of the X-ray tube is 140kVp, which sets a maximum possi-
ble photon energy of 140keV, photonuclear and pair production interactions cannot be
present since their minimum interacting energy is in the range of the MeV, 1.022MeV
specifically for pair production.

In Figure 2.1 the plot represents the dominance of interactions that the photon will
undergo as a function of atomic number (Z) and energy (MeV). The line on the left
shows an equal probability of interacting as photoelectric or Compton, similarly, the
line at the right is an equal probability between Compton and pair production. Image
taken from Mott et al. (Mott and Daniel, 2021). Neither the Z number nor the energy
of the photon has a linear dependence on which of the interactions will occur and the
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FIGURE 2.1: Photon interaction dominance in function of the energy and
atomic number.

dominance can be seen in the plot, note that the coherent scattering is missing.

2.2 Mass attenuation coefficients of photons

Before analyzing the probability of a photon for each interaction, we need to estimate
how many mono-energetic photons of a beam will pass through an object of a known
thickness, density, and composition. This can be done by employing the exponential
attenuation shown in Equation 2.1.

— =M (2.1)
Where:

¢ N: Is the number of photons that passed without interacting.

* Np: Is the number of photons before entering the object.

® u: This is the linear attenuation coefficient of the phantom composition and the
corresponding photon energy.

¢ x: Is the thickness or distance traveled through the object.

The units of u are inverse of distance (cm '), the result of dividing # over the mate-

rial density (p) is the mass-attenuation coefficient (3 /p) which is a density-independent
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constant, generally the values of attenuation are commonly tabulated using the nomen-
clature grams per square centimeters (g/cm?). The relation N /N in Equation 2.1 gives
the fraction of photons that did not interact in the object and subtracting it from one

results in the fraction of photons that did interact.

Another property is that each one of the interactions has its mass-attenuation co-
efficient, for photoelectric effect is T/p, incoherent scattering is ¢/p and for Rayleigh
scattering or /p, remember that we are not considering pair production or photonuclear
interactions, the sum of all the individual mass attenuation coefficients gives u/p as ex-

emplified in Equation 2.2.

=—4-+= 2.2)

Figure 2.2 shows the total mass attenuation coefficient for water which is the sum
of Compton, Rayleigh, and photoelectric coefficients. The Compton effect slowly rises

over other effects overcoming them near the 20 keV energy.

Values of mass attenuation coefficient were taken from the National Institute of Stan-
dards and Technology (NIST) web page using the XCOM interface (Hubbell and Seltzer,
2004), in Figure 2.2 we can see all the mass attenuation coefficients for water as a func-
tion of energy in the range from 1keV to 200keV, where both of the axes are in a loga-

rithmic scale.

2.3 Interactions distribution fraction

To determine the type of interaction a photon will undergo, we take each of the individ-
ual mass attenuation coefficients in Equation 2.2 and divide them by 1 /p, this shows
the probability expressed as a fraction for every interaction, in Equation 2.3 is expressed

in each of the fractions for photoelectric, Compton, and Rayleigh respectively.

1=—4+-+2 2.3)
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FIGURE 2.2: Mass attenuation coefficients in function the photon energy
for water.

Since none of the mass attenuation coefficients depends on the number of photons
of the beam, the probabilities remain constant and the path of a single photon can be
determined by employing random numbers to see if the photon will interact at a deter-
mined distance (Step) and if so, with additional random numbers we can determine the
type of interaction. This is the base of what a Monte Carlo simulation does to estimate
the passage of a photon through an object.

24 Types of interactions

2.4.1 Photoelectric effect

The photoelectron which is bound to an atom is launched out of its orbit with a kinetic
energy equal to the energy of the photon minus the energy required to remove him off
the bound (Ep) and the kinetic energy is transferred to the atom is negligible. The dis-
persion angle is relative to the direction of the incoming photon and needs preservation
of the momentum, an electron can be emitted between 0° to 180° as shown in Figure 2.3
with the respective angle distributions as a function of the energy.
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FIGURE 2.3: Relative amount of scattered electrons as a function of the
solid angle for specific energies

Figure 2.3 shows the relative amount of scattered electrons as a function of the solid
angle for specific energies. The curves are not normalized to each other (Attix, 2004,
page 140), looking at the closest curve for the 0.1MeV photon energy we see a peak
close to the 40° solid angle.

24.2 Compton effect

Scattering interactions can be divided into elastic or coherent and inelastic or incoherent.
The Compton effect or incoherent scatter aside from transferring some of the energy
to the atomic electron and ejecting it, the incoming photon will also be scattered, the
fraction of energy given to the electron is found by comparing the cross-section of the
electron (.0) by the energy transferred cross section (.0,) of the electron as expressed in
Equation 2.4.

1 - eOtr
hov o

(2.4)
Where:

e T:is the average kinetic energy of the scattered photon.

hv: is the energy of the incoming photon.

¢01r: is the energy-transfer cross section per electron.corresponding energy.

c0: is the cross section per electron.

In Figure 2.4, is possible to see the increment of energy transferred to the electron
as the energy of the photon decreases, for the energy range of interest which is below
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FIGURE 2.4: Compton’s photon-electron energy fraction distribution in
function of the incident photon energy.

200keV the fraction of energy retained by the photon is about 0.8. On the left axis is the
fraction of energy retained by the photon as a function of the energy, and the right axis
is the energy gained by the electron. (Attix, 2004, page 135)

The scattered electron and photons product of Compton’s effect will have a pre-
ferred angle of dispersion that can be appreciated in Figure 2.5b. Figure 2.5a shows
different angles for the scattered electrons and energies and Figure 2.5b is the relation-
ship of dispersion angles for the photon and electron for a defined energy. Similarly to
the previous interactions, the amount of energy transferred and dispersion angles can
be determined with random numbers and that is the way to implement these interac-
tions on a Monte Carlo code.

Figure 2.5a The vertical axis is the differential cross section from Klein-Nishina (K-N)
vs the angular distribution per unit solid angle, and the solid line is the preferred angle
at different energies (Attix, 2004, page 136). Figure 2.5b Corresponding angles for both,
the photon and the electron at a given energy, the dashed line is for the same dispersion
angle (Attix, 2004, page 129).

2.4.3 Rayleigh effect

The Rayleigh or coherent scatter is the easiest one to explain since no energy from the
incoming photon is transferred to the atom, and the photon is scattered with a slight
change in direction, this change depends on the energy of the photon and can be deter-
mined by viewing the scatter angle distribution for the specific energy and with random
numbers to select the final direction. Several measurements to obtain the photon scat-
tering cross-section in water are taken by Morin, 1982 at different water temperatures.
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FIGURE 2.6: Polar representation for the scattering cross-section for wa-
ter.

1

1

180

Figure 2.6 is the polar representation of the coherent scattering cross-section for wa-
ter shown by Midgley, 2006, where the effect of increasing the photon energy results in
the narrowest scattering angle for the interacting photons. Image taken from Midgley,

2006.

2.5 Electrons traveling in matter

A kinetic electron traveling through matter will slowly reduce its energy until it comes
to a stop, the total stopping power (dT/p * dx) is the sum of two constants: the collision
stopping power is the rate of energy loss per distance unit and is caused by coulomb

interactions that result in ionization and excitation of atoms; and the radiative stopping
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FIGURE 2.7: Stopping power for water at different photon energies.

power that is the rate of energy loss due to atoms and electrons resulting on the emission
of bremsstrahlung photons. All the stopping powers are plots in Figure 2.7 for water
where is possible to see that the contribution of the radiative stopping power is negligi-
ble. Data was obtained using the ESTAR platform on the NIST (Berger et al., 2010).

The lines in Figure 2.7 are the different stopping powers as a function of the en-
ergy. The total stopping power is about the same as the collision stopping power. The
contribution of the radiative stopping is at least 2 orders of magnitude lower than the
collision-stopping power. (Berger et al., 2010)

The projected range is an approximation of the final depth of a charged particle until
rest, for low Z material it is comparable with the continuous slow-down approximation
(CSDA) range, for example, a 150keV electron moving on water with p = 1¢/cm?, the
CSDA range is about 0.3mm, deposing all its kinetic energy along the path. It is possible
to simulate the passage of the electrons if the application requires it, the tortuous path of
electrons and its constant change of direction can be determined using random numbers

and small steps.
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2.6 Monte Carlo approximation and Geant4

The decision-making based on random numbers for photons traveling in the matter, the
type of interaction a photon will undergo, dispersion angles, or similar judgments is
what we call a Monte Carlo simulation. The general topic of interest in medical physics
is the estimation of energy deposed in objects or absorbed dose, the unit of dose is Grey
(Gy) which is equal to energy divided by matter. By simulating several photons and
following their path through a defined geometry and materials, it is possible to obtain
an accurate result of dose. These simulations can be helpful in medical applications,
like dose estimation in internal organs, calibration of equipment, improvement in re-

construction algorithms, and more.

The Monte Carlo toolkit used to perform the simulations is Geant4, the product of
two independent studies one at CERN and the other at KEK in 1993. With the advances
made in modern computing techniques, they improved the original program Geant3,
giving birth to the first collaboration of Geant4 in January 1999 as a free and open toolkit
(Agostinelli et al., 2003).

The diagram follows a bottom-to-top category usage. The key domains determined
in Geant4 for a simulation are geometry and material, particle interaction in matter,
tracking, digitization and management, event and track management, visualization and
visualization management, and user interface. The top of the category diagram is shown
in Figure 2.8, showing the structure and dependencies of each of the processes from top
to bottom. Image taken from Agostinelli et al., 2003.

Laying at the bottom of the diagram in Figure 2.8 is found the Global category
that contains the system of units, constants, and, random numbers. Above Global is
found the Graphical Representation, Geometry, Material, Particle and Intercoms,
the Intercom category act as a communication path for the Geant4 interfaces or between
different modules. Next is found the Track category that follows the particle through
the different steps. Higher up is the Tracking category is used to keep a record of the
different interactions in the sensitive volumes in Digits+Hits, the underneath category
Process contains the physical interactions models. The Run category manages a set of
events sharing the same beam and detector, and the Event category manages the track-
ing. And finally, the Visualization, Readout and, Persistency categories were created

to access the toolkit for different interfaces.

The size of the step is a critical variable for the computational time, in Geant4 the

step is defined taking into account all the physics processes and defining an optimal
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size without compromising the tracking precision.
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Chapter 3

Methodology

A good computed tomography (CT) Monte Carlo (MC) simulation relies on several fac-
tors, starting from the code, computational cost, realistic geometry, accurate photon
source, and so on. This chapter explains each one of the factors and its importance to
the simulation.

Using as a starting point the code developed by Arroyo-Portilla et al., 2021, capa-
ble of imitating the signal of a CT scanner, several improvements will be made to the
code to achieve a more realistic MC simulation. On a general review, this code can run
mono-energetic simulations, with the standard electromagnetic physics list provided by
Geant4 and the option to place a phantom or the anti-scatter grid (ASG), also known as

septa.

3.1 CT scanner geometry

The four main components of a third-generation CT scanner (Flohr, 2013) are the pho-
ton source, bowtie filter, phantom, and detector structure as shown in Figure 3.1. In the
center of the image is found the isocenter of the CT scanner, where the phantom or stud-
ied object is located. At 645mm on top of the isocenter is the source point, represented
with a green cross. The bowtie filter is 19cm below the source and represented with two
blue triangles, since the real shape of this object is proprietary no more information will
be discussed about the geometry. The detecting structure represented as a grey arc is
composed of 51 detecting modules with the ASG or septa, the central module is located

54cm below the isocenter.

3.1.1 Photon source

The tungsten spectra energies (E) to be reproduced are the same used by Evans et al,,
2013 for e = 90kVp and e = 140kV p voltage X-rays tubes, see Figure 3.2 empty squares
and circles spectra curves. To include in the initial code the energy spectra, a Geant4 de-

fault utility called general particle source (GPS) is used, it comes in handy when creating
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FIGURE 3.1: A non-scale CT scanner geometry configuration of the struc-
tures.

different types of sources: choosing between point, planar, or volumetric distributions,
the shape of the source, location, particle momentum, and energy distributions.

To match the desired source for the simulations, an isotropic punctual photon source
is placed 645mm above the isocenter. The field of view (FOV) is the maximum diame-
ter of a circle placed at the isocenter that fits inside the solid lines in Figure 3.1, using
spherical coordinates is defined by the polar angle (¢) between the solid lines, Equation
3.1 is the formula for a defined FOV of diameter d (mm).

d
_n.Ciuy1(__®
¢(d) =2-Sin (2 645 ) (31)

The collimation is the azimuthal angle (), which is the z-axis distance covered at the
isocenter equally distributed between the negative and positive z-axes, Equation 3.2 is

the relation used to obtain the angle for a desired collimation ¢ (mm).

— 9. Tan-1 ¢
O =2 Tan (2-645mm) (32)

To check that the energy of the source photons follows the same energy distribution
of the spectra, a small simulation recording every source photon energy is executed,
once the simulation is finished we recreated the GPS output energy spectrum. All data,
the provided points, and output are normalized to the highest values and displayed in
Figure 3.2. The empty circles and squares are the provided spectrum points and the
solid lines correspond to the output data from the GPS utility. The circles and squares
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FIGURE 3.2: Tungsten spectra for 90kVp and 140kV p energies.

are the provided points to the GPS utility normalized to the highest value for each en-

ergy. The solid lines are the output spectrum for each corresponding energy.

3.1.2 Bowtie

The bowtie filter is a scanner structure designed to flatten the signal in the detecting
elements (Mail et al., 2009), the bowtie is made of Teflon material and is one of the last
structures to be added to the code. The computational cost drastically increases due to
how close it is to the source and that the FOV is completely submerged in this structure,
this means that every source photon will likely pass through this non-air structure. As
mentioned earlier, it is not possible to give more details about the geometry shape, or

dimensions.

3.1.3 Phantom

Phantoms are reference objects designed to perform tests and quality controls in CT
scanners, different phantom geometries, densities, and configurations are scanned to
verify the reliance of the machine. The initial code has a cylindrical water phantom of
21cm diameter and 4cm height without casing, which can limit the scatter generated at

high source collimation numbers.
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FIGURE 3.3: A non-scale image of the geometry of a module with detect-
ing elements, base and septa.

The new water phantom dimensions will change for the final simulations, including
the PMMA casing. The height of the casing is 254mm inches long, with three different
diameters (d): 215.4mm, 270mm, and 320mm. The walls of the casing are 6.35mm thick
for the round section and 25.4mm thick for the top and bottom lids.

3.1.4 Detector

The central detector module is shown in Figure 3.3, and the detector structure (grey arc)
in Figure 3.1 is made of 51 of these modules each one placed along 1185mm radius arc
and equally distributed on a 57° angle, the radius is measured from the center of the arc
to the top surface of the central element, and all the septum are parallel within the same
module and the central blades are the only ones radially parallel to the center of the arc.
Note that the central axis in Figure 3.3 is not aligned to the central septum, but it falls
slightly to the right, on top of the central element, this offset will be implemented later
in the code.

The 16 detecting elements placed on top of the base and between two septa in Figure
3.3 are the scoring volumes in the code. The 15 middle blades are also placed on top of
the base and the two blades septa are the starting and finishing volumes of the module

across the x-axis. The photo-diode base is the starting volume of the photocathode tube
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TABLE 3.1: Detecting module components, dimensions and materials.

Volume Dimensions (mm) Material
X y z
Element 1.25 1.25 14 Gadolinium oxysulfide
Septum 0.08 29 54 Molybdenum
Side Septum  0.04 30 54 Molybdenum
Base 21.2 0.75 1.4 Silicon
(Shefer et al., 2013).

All the materials and dimensions are listed in Table 3.1, the slice thickness or z-
distance of the module in Arroyo-Portilla et al., 2021 code is 1.4mm, but in the new code,
the septa structure will have a 54mm thickness while the rest of the structures remains
the same. The total height of the module is defined by the side blade encapsulating all
the volumes. The elements are counted continuously from the first module on the left

to the last module on the right, thus, the central module element range is from 401 to 416.

The dimensions and material are displayed in Table 3.1, for every geometric struc-
ture inside a module. See Figure 3.3 to see the details of the module.

Considering on the central module that the septa are at least 23 times taller than the
element height and that only the central septum is radially parallel to the source, an
increasing reduction of the signal should be observed in simulations with septa as we

move to elements farthest from the central axis.

The shadow generated at the top surface of each element can be obtained by project-
ing lines from the source that passes through the farthest top edge from the central axis
of each septum, Table 3.2 shows the percentage of surface blocked by each septum on
top of the elements. These projections are the black solid lines in Figure 3.3, all the lines
intersect at the source along with the central axis. Septa transmission at different source

angles has been studied by Bernstein et al., 1983.
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TABLE 3.2: Percentage area blocked on top detecting elements by septum.

Element Shadow area (%) ‘ Element Shadow area (%)

401 18.3 409 0
402 15.7 410 23
403 13.2 411 4.8
404 10.6 412 74
405 8.1 413 10.0
406 55 414 12.5
407 3.0 415 15.1
408 0.4 416 17.6

3.2 Geant4 details

3.2.1 Geant4 physics lists

The physics list in Geant4 plays one of the most important roles in the simulation, this
mandatory class is in charge of the physics models that will rule every particle dur-
ing the MC transport, the particle type and energy are fundamental when choosing the
physics list, let us remember that photons up to 140keV can come out of the source. In
this section two of the physics lists provided by Geant4 will be studied: the standard
(G4EmStandardPhysics) and the Penelope with molecular interference (MI) implemen-
tation (G4EmPenelopePhysics MI).

Consulting the Geant4 physics list guide we can obtain the particle interacting mod-
els for photons. For the standard physics list, the Compton scattering follows the Klein-
Nishina model while photoelectric and Rayleigh effects the Livermore model. On the
other hand, the Penelope physics list in Compton scattering, for energies bellow 20MeV,
uses the Monash University model, photoelectric and Rayleigh effect is the same as the
standard physics list, but with the molecular interference implementation used by Pa-
terno et al., 2018.

A simple simulation set-up, consisting of a mono-energetic punctual pencil beam
aiming in a small 4mm radius water orb, where we can save the first interaction type
and the azimuthal scattering angle of the photons, will let us obtain the scattering pho-
ton distribution for the Compton and Rayleigh effects combined. In Figure 3.4 are the
results of this simulation for 30keV, 50keV, 70keV, and 100keV pencil beams, the MI im-
plementation mostly affects the scattering angles from 0-20 degrees where the Rayleigh
scattering is dominant.
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FIGURE 3.4: Geant4 physics standard physics list comparison against
molecular interference model.

Figure 3.4 is a comparison between the standard physics list and the Penelope with
MI incorporated physics list using 1e? mono-energetic photons. We can observe the
scattering distribution for different photon energies (30keV,50keV, 70keV, and 100keV')
that for angles smaller than 30 degrees the shape of the curves drastically changes for
each physics list.

A separate set of mono-energetic simulations will be done to observe the difference
when changing from the standard physics list to the Penelope with MI physics list, in
Chapter 4 an increase of signal is observed after using the new physics list.

3.3 Signal characterization

An MC transport simulation outputs lots of information, our analog simulation in Geant4
will track a source photon from start to end, using several steps between the different
volumes and interactions, once this photon ceases to exist the toolkit will start transport-
ing every secondary particle from start to end. This is known as a history, and several

of these histories are needed to perform a useful simulation.
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An algorithm that filters and saves the useful information from the MC transport,
and that organizes the energy deposed in the detecting element by primary signal, pri-
mary crosstalk, non-primary-crosstalk (NPC), and other scatter signals profiles orga-
nized by corresponding volume, are shown as a flow chart in Figure 3.5, this algorithm

will be implemented in the code.

This section will explain everything in the flow chart in Figure 3.5, as mentioned
earlier the tracking of a particle is based on several steps, these steps carry information
like the particle type, location, direction, energy, energy transferred to the volume, type
of interaction, tracking number and others. The next list explains every decision node
of the flow chart:

1. Traveling photon?
A photon passing through matter will not depose energy on the volume and can
be safely ignored.

2. Particle on main track?
The main track is the first track and only source photons can be in this track. The
tracking number changes when the source photon dies through photoelectric ab-
sorption or escaping the simulation boundaries, Compton or Rayleigh effects do

not change the tracking number.

3. Particle inside element?
Secondary particles in non-main tracks can be either spawned photons or elec-
trons. Photons can depose energy via Compton or photoelectric effects and elec-
trons by traveling through matter. Only the contribution inside detecting element

volumes is of interest.

4. Photon inside element?
This is an interacting source photon, this photon can interact with one or different
volumes before reaching a detecting element. Every interaction, that can be Comp-
ton, Rayleigh, or photoelectric effect, is saved on memory along with the volume
of occurrence, only the last interaction before reaching the element is saved. This

is later used to assign the deposed energy to the corresponding signal profile.

5. Interacted outside?
The source photon is interacting inside a detecting element, if there is no saved
information of previous interactions, this means that the signal can be primary or
crosstalk from primary photons, otherwise, is signal from other structures of the

scanner or crosstalk from non-primary photons.
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6. First interaction?
Source photons can interact more than once inside the detecting elements, in this
case, only the first interaction and element number are saved. This question occurs
twice in the flow chart, the green diamond decision node is used to check if the
signal is primary and to save the information. The gray rectangle process is just to

save the values.

7. First interacting element?
Similar to the last item, this question is used two times along the flowchart and
serves to check if the signal is crosstalk between the detecting elements or not.
In the blue diamond decision node, the primary signal is if the photon did not
escape the initial detecting element, otherwise, we have a crosstalk signal from
primary events. On the green diamond decision node, if the photon escaped the

first interacting element, the signal is crosstalk from non-primary photons.

8. Update volume?
If this non-primary source photon stays within the first interacting element, the
signal will be assigned using the saved information in the yellow rectangle process
node, resulting in possible signals from the phantom, bowtie, septa, photo-diode
base, or air. Due to a large number of signals, the mixed scatter signal will be the

contribution of non-primary crosstalk, air, base, and septa signals.

The final results store the energy deposed for the total or partial contributions in
every detecting element. The signal can be displayed by volumes, like the phantom,
bowtie filter, or other structures, and also by the type of interaction, Compton, Rayleigh,
or photoelectric. For example, it is possible to display the phantom scatter profile as a
total contribution of the different interactions, as well as display only the Rayleigh effect

coming from it.

3.4 Standard deviation and percentage error

The standard deviation formula used in Arroyo-Portilla et al., 2021 code is the "Textbook
Algorithm" explained by Chan and Lewis, 1979 as expressed in Equation 3.3, where is

found not to be the best algorithm for precise arithmetic problems.

o= p— (3.3)

The new standard deviation formula is the "Two-Pass Algorithm" also studied by
Chan and Lewis, 1979, this algorithm will be computed after finishing the simulation
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with two steps, the first one is computing the mean energy in each detecting element
using Equation 3.4.
n
(ei)
=1
n

! (3.4)

Hi =
Where:
* u;: Is the mean energy in each detecting element i.
* ¢;;: Is the energy contribution for each history j, in detecting element i.

* n: Is the total number of source photons simulated.

Once with the mean energy for each detecting element, the second step of the algo-
rithm is to compute the standard deviation using the formula in Equation 3.5.

1 n
i = n—1 j_zl(eij — yi)z (35)

Where:

e 0;: Is the standard deviation in the detecting element i.
* n: Is the total number of source photons simulated.
* ¢;;: Is the individual energy deposited from each history j, in detecting element i.

* u;: Is the mean energy in a detecting element i.

As expected not all the photons will interact with one detecting element, let’s say
n’ is the number of histories that deposed energy in an element 7, resulting in a range
from 1 to n’ histories. The sum inside Equation 3.5 can be expressed in two energy
contributions, the non-zero histories that interacted with the element i and the rest that

did not contribute. In Equation 3.6, both contributions.

n/

(eij —mi)* =Y (e —wi)*+ Y (0—p)? (3.6)
=1

]

j=1 j=n'+1
To obtain this sum is necessary to save the contribution of each one of the histories

from all the elements and save them in memory. With the mean value already computed

and all the histories available is possible to fulfill this task.

The percentage error is calculated using the formula in Equation 3.7.

100 - J;

3.7
N 67)

Yoerror =
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Chapter 4

Implementation of Monte Carlo code

In this chapter are explained the steps to develop the Geant4 Monte Carlo (MC) code
from the initial version to the last implementation, all the changes are explained in
Chapter 3. The first code starts with a mono-energetic source, a cylindrical water phan-
tom, and the detector structure, the physics list used is (G4EmStandardPhysics()) stan-
dard library provided by Geant4. The idea in making small changes to the code and
testing is to easily find and fix bugs, with the benefit of tracking the results with the

different simulations.

The initial version of the code is a modified version of one of the examples in Geant4’s
example, specifically the exampleB3b designed to simulate a positron emission array, the
base code and the modularization of the detector structure made a good starting point
to develop the first version of the code (Arroyo-Portilla et al., 2021).

The final version of the code has a bowtie placed just under the source, phantom
materials that include molecular interference effects, a full energy spectrum for 90kV p
and 140kVp X-ray tubes, and the capability to characterize the scatter radiation by sav-
ing the last non-element photon interaction and storing the volume and type of process

and crosstalk signals. All these changes to the code are performed in the next sections.

4.1 Change source photon generator

Swapping the source generator of the MC code should not represent a significant change
in the results, but it can be used as a starting point for the next simulations. The general
particle source (GPS) utility included in Geant4 is more practical because the source is
defined after compiling the code while running the simulation. For the set of simula-
tions in this section, the source is defined as a punctual mono-energetic gamma source
placed 645mm above the isocenter, with an isotropic distribution limited by the field of
view (FOV) and collimation explained in Chapter 3.
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TABLE 4.1: Simulations using Geant4 GPS implementation with mono-
energetic sources. Figure 4.1 shows the results.

Simulation Energy (keV) Phantom (mm) Septa

Al no
no -
A2 45 yes
A3 210 no
A4 yes
A5 no
no _
A6 80 yes
A7 210 _no
A8 yes

To replicate the energy deposed in the detecting elements from Arroyo-Portilla et al.,
2021, eight simulations were run for two different source energies and different geom-
etry configurations, Table 4.1 shows the different source energies and geometry set-ups
used in the simulations for 10° source photons each. These are 45keV and 80keV mono-
energetic source simulations, using ¢ = 12mm collimation and g = 284.6mm, a cylindri-
cal 210mm diameter phantom 40mm height placed at the isocenter of the scanner.

In Figure 4.1 are the results of the simulations shown from modules 14 to 36 that
are completely inside the FOV. Air simulations (phantom-less) can be easily identified
in simulations A1, A2, A5, and A6 from Table 4.1, because no significant attenuation of
the signal is observed across the modules, contrary to simulations A3, A4, A7, and A8
with the highest attenuation located on the central module matching the largest phan-
tom distance to be traveled by photons. Also, the energy deposed in simulations using
a 80keV is higher than the analogous simulations with the 45keV energy.

Normalized values of the elements in the central module are tabulated in Tables 4.2
and 4.3 for 45keV and 80keV respectively. Two separate normalizations were done to
show different effects: Central-axis (CAX) normalization divides the energy deposed
in each element by the energy deposed in the 409 element of the A1, A2, A5, and A6
simulations for the corresponding photon energy and septa configuration. Air normal-
ization is obtained by dividing the energy deposed in each element on a simulation with
a phantom present by the corresponding air simulation with the same photon energy
and septa configuration.
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FIGURE 4.1: Raw data using Geant4 GPS implementation with mono-
energetic sources. The key represents the number of the simulation in
Table 4.1.

Continuing with tables 4.2 and 4.3, results for Alc,, and A5c,, shows and uniform
distribution of full signal across the central module, as expected for simulation without
septa, contrary to simulations A2¢,, and A6¢,,, where a decrease between 16% to 18%
is observed on the sides of the module, this reduction in signal is explained in Chapter
3, although results in Table 3.2 are with the small central axis offset the attenuation in
signal is similar. A similar effect can be observed in results A3cny, Adcax, A7cax and

A8cux with a phantom present.

To remove the inconvenient signal reduction effect at the sides of the modules caused
by the septa, the data will be displayed using air normalizations in further charts. Now,
in the Arroyo-Portilla et al., 2021 results, the signal attenuation due to the presence of
the phantom, for the 45keV and 80keV energies simulations in the central module, is
similar to the results obtained in tables 4.2 and 4.3 in air normalizations, giving a start-

ing point for the next implementations of the code in the next sections.
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TABLE 4.2: Normalized values for elements in the central module at
45keV source photon energy.

| Normalization (%)

Element ‘ Air ‘ CAX
‘A3Air Ad iy ‘ Alcay  A2cax A3cax  Adcax

401 0.467 0423 | 100.2 82.62 0468 0.350
402 0478 0410 | 100.5 84.88 0.481 0.348
403 0.486 0.431 | 100.6 87.58 0.489 0.377
404 0475 0420 | 100.3 8992 0476 0377
405 0.474 0.433 | 100.1 9248 0475 0.401
406 0469 0423 | 100.6 9548 0471 0.404
407 0.460 0.399 | 100.3 97.68 0461 0.390
408 0478 0436 | 1004 1004 0.480 0437

409 0490 0426 | 100.0 100.0 0.490 0.426
410 0.482 0.430 | 100.1 9759 0482 0419
411 0469 0412 | 100.6 9533 0472 0.394
412 0476 0.404 | 100.6 92.89 0479 0.375
413 0452 0403 | 100.6 90.30 0.455 0.364
414 0.490 0.439 | 100.6 8775 0493 0.385
415 0467 0412 | 1004 84.83 0.469 0.349
416 0.497 0.451 | 100.2 8253 0498 0.372

4.2 Molecular interference (MI) materials

The physics list importance is explained in Chapter 3, the idea is to change the standard
library to one with better models for low-energy photons. For this, two separate simu-
lations are executed: the first one matches the scatter rings in a scoring screen done by
Paterno et al., 2018; once verified that the physics library works properly we simulate
the CT model.

Images in Figure 4.2 are displayed using 0 to 100keV energy window. Image 4.2a
are the scattering patterns using the standard library, while in image 4.2b the scattering
rings at 8° and 12.5° are present when the Ml is turned on. This experiment is meant to

observe the two scattering rings performed by Paterno et al., 2018.

The MC code can easily modify the geometry configuration, such as the number of
slices, modules, and elements, the experiment setup consists of a detecting screen with
400x400 elements era placed under a 1mm thick hydroxyapatite insert, covered by a
5cm cylindrical breast phantom, a 2mm photon pencil beam above the phantom shots
directly to the small insert. Figure 4.2a is the result using the standard physics library
and in Figure 4.2b the Penelope model with MI activated.
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TABLE 4.3: Normalized values for elements in the central module at
80keV source photon energy.

\ Normalization (%)
Element ‘ Air ‘ CAX
‘ A7 pir - A8uir ‘ Abcpy  Abcax  A7cax A8cax

401 2036 1969 | 98.81 83.16 2.011 1.638
402 2.030 1948 | 100.6 85.65 2.042 1.668
403 2022 1917 | 100.6 88.22 2.033 1.691
404 1.997 1908 | 99.24 90.36 1996 1.724
405 1.993 1900 | 100.2 93.08 1998 1.759
406 2.030 1921 | 100.6 9597 2.043 1.844
407 1954 1.837 | 1003 9792 1960 1.799
408 2035 1942 | 100.5 1004 2.045 1.950

409 2.032 1928 | 100.0 100.0 2.032 1.928
410 1953 1.861 | 100.3 98.01 1958 1.824
411 1965 1.861 | 100.3 9553 1971 1.778
412 1936 1.823 | 100.6 9340 1947 1.703
413 1978 1.850 | 1004 90.70 1986 1.678
414 1968 1.884 | 100.6 8843 1981 1.666
415 2021 1912 | 1004 8557 2.029 1.636
416 2031 1924 | 98.83 83.11 2.007 1.599

Once verified that the change to the Penelope physics lists with MI incorporated is
working properly, we can go back to and use the CT geometry. Another set of eight
simulations was run to check the effect of the new physics library on the CT scanner,
Table 4.4 shows the configuration used on each simulation. These simulations change
the physics list from the standard library to the Penelope model with MI implementa-
tion. The energy used on the source is mono-energetic with a 12mm collimation, a single
phantom diameter size without casing, and the septa structure.

Figure 4.3 is a comparison between the standard physics library against the Penelope
with MI. An increase in signal is observed when using the Penelope with MI model. De-

tailed values for the central element are shown in Table 4.5

The results from simulations listed in Table 4.4 are shown in Figure 4.3, an increase
in signal is observed for both energies, in Figure 3.4 for small scattering angles a re-
duction of intensity is observed when using the MI model, causing the less interaction

occurs inside the phantom and increasing other signals.
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FIGURE 4.2: Geant4 physics lists comparisons between the standard’s
library and Penelope with the MI model using a detecting screen.

TABLE 4.4: Simulations using the Penelope physics list with the MI
model.

Simulation Energy (keV) Phantom (mm) Septa

Bl no
no _
B2 45 yes
B3 210 _no
B4 yes
B5 no
no _
B6 80 yes
B7 210 no

B8 yes
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FIGURE 4.3: Comparison between the standard physics library (Ax 4;,) vs
the Penelope with MI (Bx 4;;).

TABLE 4.5: Intensity comparison in the central element from results in
Figure 4.3.

Element ‘ Signal intensity (%)

| A3air  B3air Adpir Bdair | A74ir B7air A8y B8
409 ‘0.490 0.662 0426 0.612 ‘ 2.032 2196 1928 2115

The increased signal is more prominent near the central axis just below the phantom,
to observe this with more detail Table 4.5 shows the results for the central element (409)
from Figure 4.3.

4.3 X-ray spectrum

The next step is to replace the mono-energetic source with a tungsten energy spectrum,
the energies to be used are 90kVp and 140kVp as shown in Figure 3.2. The photon en-

ergy will be slowly changed from one energy into three different ones with the same
weight.
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TABLE 4.6: Implementation results of tungsten spectra using Geant4’s
GPS utility in the central module. Simulations plot found in Figure 4.4

Simulation Energy Phantom (mm) Septa

C1 35 - 45 - 55 keV

C2 25-45-55keV

C3 35 -45- 65 keV

C4 90 kVp 710 yes
C5 70 -80-90 keV

C6 50 - 80 - 90 keV

c7 70-80-110 keV

C8 140 kVp

In Table 4.6 are found the source and geometry configurations of the eight simula-
tions for the tungsten energy spectra using a 12mm collimation. The source changes
from a mono-energetic photon beam to the full tungsten spectra at 90kVp and 140kV p.
The simulations are made using the Penelope physics lists with the MI implementation.

Table 4.5 contains eight simulations for the implementation of the tungsten ener-
getic spectrum, the idea is to slowly change the mono-energetic sources to the tungsten
spectra while checking that the MC simulation is working correctly. The first step is to
simulate three energies having the same intensity, with the mean energy being 40keV’
and 80keV respectively to the simulations. Next, we will reduce the low-energy pho-
tons or increase the high-energy photons to verify that the simulation reacts to this small
change and finally simulate with the full tungsten spectra.

In the transition from a mono-energetic source to tungsten spectra, dashed lines are
used for the high energies (80keV and 140kVp) and solid lines for the low energies
(45keV and 90kVp). Simulations B4 and B8 are the mono-energetic ones (black lines)
found in Table 4.4, the rest of the simulations are in Table 4.6, with simulations C4 and

C8 using the complete tungsten spectrum (red lines).

In Figure 4.4 we can see the effect of changing the photon energy of the source, simu-
lation B4 is 45keV mono-energetic, and simulation C1 is the same energy with two more
energies close to this one, as a result, these simulations are almost identical. Simulation
C2 picks the 35keV energy and reduces it to 25keV while simulation C3 increases the
high energy from 55keV to 65keV, as expected, simulation C2 has less signal than B4
and C1, while simulation C3 has more signal. Overall when using the full 90kVp tung-
sten spectrum we obtain the highest signal.
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FIGURE 4.4: Implementation of tungsten spectra using Geant4’s GPS util-
ity. Simulations plot found in Table 4.6

We obtained a similar result for simulations B8, C5, C6 and C7, again, B8 and C5 are
almost the same signals, C5 has less signal and C7 has the highest. The difference when
using the 140kV p tungsten spectra over the 90kVp is that simulation C8 got less signal
between the simulation group. This difference can be explained by looking at Figure
3.2 and observing that the area under the curve for the 90kVp is bigger after 45keV and
smaller in the 140kV p before 80keV .

4.4 Scatter Signal Profiles

The last code implementation is to add the scatter signal algorithm shown in Figure
3.5 and compute the standard deviation and percentage error mentioned in Chapter 3.
And, the phantom geometry changes to one with PMMA casing filled with water along
with the 54mm with septa. After the implementations are done, 128 simulations will be
run doing every possible combination shown in Tables 4.7, 4.8, 4.9 and 4.10.
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In Figure 4.5 we are looking at the raw data of a 90kVp simulation, using a FOV of
600mm, 24mm collimation, with the bowtie and septa present and a phantom diame-
ter of 320mm. As shown in Figure 3.5, the crosstalk signal from non-primary events, the

septa signal, the base signal, and the air signal will be added up and shown as one result.

Signal profiles in Figure 4.5 are made using a 90kV p spectra, 600mm FOV, 24mm col-
limation, 320mm phantom diameter with bowtie and septa present. The total signal is
the sum of all the profiles, Cross P. and Cross O. stand for the crosstalk signals the P.
from primary events and O. from non-primary events.

T=P+P +S+A+B+C+C +D 4.1)
Where:

¢ P:Is the primary signal.

P’: Is the scatter from the bowtie filter.

S: Is the scatter from the phantom.

A: Is the scatter from the air.

B: Is the scatter from the photodiode base.

C: Is the crosstalk signal from primary events.

C': Is the crosstalk signal from non-primary events.

D: Is the scatter from the septa structure.
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To finalize this chapter, we show the mean energy, standard deviation, and percent-
age errors in the central element (409) for all the 128 simulations done in this project.
Tables 4.7 and 4.8 contains these values for the 90kV p spectra energy and tables 4.9 and
4.10 for the 140kVp energy.

Looking at the mean energy deposed in Tables 4.7 to 4.10, a clear reduction in signal
is observed when more structures of the scanner appear for each source energy, also
with the presence of the phantom and the increase of their diameter and for higher col-
limation values. This reduction is caused due to the scanner structures that block or
attenuate the photons, but in the case of the collimation, since all the simulations are
made using n = 10'° source particles, the signal is reduced because the same number of
source photons are distributed in a higher surface.

A similar effect can be observed with the standard deviation, this increase can be
caused by several effects, some of them thanks to the beam hardening, reducing the
spectra energy of the photons that can reach the central element and also the septa struc-

ture, that blocks scattered photons coming from the scanner structure of the phantom.

For the percentage error we found the opposite effect, this one increases as the scan-
ner structures of the phantom appear in the simulations. For the 90kV p energy we found
an increase from 0.065% to 5.166% and for the 140kV p energy we found an increase from
0.067% to 3.972%. If we consider that a percentage error of less than 1% is acceptable, we
can increase the number of photons for collimation 6,12, 24mm with a phantom present,
while some 3mm collimation simulation may not require such a large number of source
photons.
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TABLE 4.7: Standard deviation and percentage error for 90kVp (1/2).

Phantom Collimation Bowtie Septa Energy Standard Dev. Error
(mm) (mm) (MeV /photon) (MeV /photon) (%)

no no 1.308e-05 8.528e-04 0.065

3 yes 1.284e-05 8.466e-04 0.066

yes no 1.200e-05 8.180e-04 0.068

yes 1.178e-05 8.120e-04 0.069

no no 6.545e-06 6.033e-04 0.092

6 yes 6.428e-06 5.989¢-04 0.093

yes no 6.009e-06 5.789e-04 0.096

yes 5.898e-06 5.746e-04 0.097

He o 3.274e-06 4267¢-04  0.130

12 yes 3.214e-06 4.235e-04 0.132

yes no 3.008e-06 4.096e-04 0.136

yes 2.950e-06 4.064e-04 0.138

no no 1.643e-06 3.023e-04 0.184

24 yes 1.612e-06 2.999¢-04 0.186

yes no 1.511e-06 2.903e-04 0.192

yes 1.480e-06 2.878e-04 0.195

o no 1.495e-07 9.492e-05 0.635

3 yes 1.433e-07 9.333e-05 0.651

yes no 1.376e-07 9.116e-05 0.663

yes 1.324e-07 8.976e-05 0.678

no no 7.628e-08 6.773e-05 0.888

6 yes 7.180e-08 6.604e-05 0.920

yes no 7.028e-08 6.508e-05 0.926

yes 6.627e-08 6.350e-05 0.958

21o4 o no 3.973e-08 4.876e-05 1.227

12 yes 3.572e-08 4.659¢-05 1.304

yes no 3.634e-08 4.669¢-05 1.285

yes 3.306e-08 4.483e-05 1.356

no no 2.164e-08 3.594e-05 1.661

24 yes 1.798e-08 3.320e-05 1.847

yes no 1.960e-08 3.435e-05 1.752

yes 1.659e-08 3.188e-05 1.922
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TABLE 4.8: Standard deviation and percentage error for 90kVp (2/2).

Phantom Collimation Bowtie Septa Energy Standard Dev. Error
(mm) (mm) (MeV /photon) (MeV /photon) (%)

no no 5.078e-08 5.567e-05 1.096

3 yes 4.760e-08 5.421e-05 1.139

yes no 4.664e-08 5.342e-05 1.145

yes 4.414e-08 5.225e-05 1.184

no no 2.635e-08 3.998e-05 1.517

6 yes 2.388e-08 3.836e-05 1.607

yes no 2.386e-08 3.810e-05 1.597

yes 2.197e-08 3.683e-05 1.676

270 no no 1.434e-08 2.923e-05 2.039

12 yes 1.195e-08 2.707e-05 2.265

yes no 1.266e-08 2.758e-05 2.178

yes 1.095e-08 2.592e-05 2.366

no no 8.260e-09 2.219e-05 2.686

24 yes 6.139e-09 1.952e-05 3.179

yes no 7.214e-09 2.081e-05 2.885

yes 5.637e-09 1.873e-05 3.322

no no 1.941e-08 3.459e-05 1.782

3 yes 1.759e-08 3.322e-05 1.888

yes no 1.735e-08 3.281e-05 1.891

yes 1.618e-08 3.189e-05 1.971

no no 1.004e-08 2.476e-05 2.465

6 yes 8.538e-09 2.312e-05 2.708

yes no 8.740e-09 2.320e-05 2.654

yes 7.791e-09 2.213e-05 2.841

320 no no 5.711e-09 1.849e-05 3.238

12 yes 4.341e-09 1.643e-05 3.785

yes no 4.804e-09 1.705e-05 3.549

yes 3.882e-09 1.556e-05 4.007

no no 3.605e-09 1.456e-05 4.038

24 yes 2.345e-09 1.216e-05 5.184

yes no 2.842e-09 1.309e-05 4.604

yes 2.113e-09 1.154e-05 5.460
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TABLE 4.9: Standard deviation and percentage error for 140kVp (1/2).

Phantom Collimation Bowtie Septa Energy Standard Dev. Error
(mm) (mm) (MeV /photon) (MeV /photon) (%)

no no 1.582e-05 1.071e-03 0.068

3 yes 1.554e-05 1.065e-03 0.069

yes no 1.467e-05 1.033e-03 0.070

yes 1.441e-05 1.028e-03 0.071

no no 7.919e-06 7.574e-04 0.096

6 yes 7.783e-06 7.539%e-04 0.097

yes no 7.349e-06 7.310e-04 0.099

yes 7.219e-06 7.275e-04 0.101

He .m0 395806 5.355¢-04  0.135

12 yes 3.892e-06 5.332e-04 0.137

yes no 3.676e-06 5.171e-04 0.141

yes 3.610e-06 5.146e-04 0.143

no no 1.985e-06 3.793e-04 0.191

24 yes 1.952e-06 3.776e-04 0.193

yes no 1.846e-06 3.664e-04 0.198

yes 1.812e-06 3.646e-04 0.201

o no 2.829e-07 1.527e-04 0.540

3 yes 2.733e-07 1.511e-04 0.553

yes no 2.627e-07 1.475e-04 0.561

yes 2.546e-07 1.460e-04 0.574

no no 1.447e-07 1.091e-04 0.754

6 yes 1.379e-07 1.073e-04 0.778

yes no 1.340e-07 1.052e-04 0.785

yes 1.286e-07 1.037e-04 0.807

21o4 o no 7.458e-08 7.811e-05 1.047

12 yes 6.903e-08 7.603e-05 1.101

yes no 6.894e-08 7.526e-05 1.092

yes 6.421e-08 7.340e-05 1.143

no no 4.011e-08 5.699e-05 1.421

24 yes 3.485e-08 5.402e-05 1.550

yes no 3.688e-08 5.480e-05 1.486

yes 3.227e-08 5.205e-05 1.613
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TABLE 4.10: Standard deviation and percentage error for 140kVp (2/2).

Phantom Collimation Bowtie Septa Energy Standard Dev. Error
(mm) (mm) (MeV /photon) (MeV /photon) (%)

no no 1.071e-07 9.504e-05 0.887

3 yes 1.020e-07 9.351e-05 0917

yes no 9.940e-08 9.171e-05 0.923

yes 9.546e-08 9.053e-05 0.948

no no 5.531e-08 6.807e-05 1.231

6 yes 5.128e-08 6.633e-05 1.293

yes no 5.117e-08 6.563e-05 1.283

yes 4.806e-08 6.424e-05 1.337

270 no no 2.921e-08 4.930e-05 1.688

12 yes 2.586e-08 4.719e-05 1.825

yes no 2.734e-08 4.784e-05 1.750

yes 2.429e-08 4.571e-05 1.882

no no 1.689¢-08 3.715e-05 2.199

24 yes 1.357e-08 3.429e-05 2.526

yes no 1.537e-08 3.569e-05 2.323

yes 1.275e-08 3.324e-05 2.608

no no 4.469e-08 6.191e-05 1.385

3 yes 4.174e-08 6.048e-05 1.449

yes no 4.103e-08 5.946e-05 1.449

yes 3.875e-08 5.836e-05 1.506

no no 2.362e-08 4.479e-05 1.896

6 yes 2.108e-08 4.299e-05 2.039

yes no 2.124e-08 4.267e-05 2.009

yes 1.952¢-08 4.148e-05 2.125

320 no no 1.314e-08 3.304e-05 2514

12 yes 1.071e-08 3.073e-05 2.868

yes no 1.155e-08 3.128e-05 2.708

yes 9.957e-09 2.970e-05 2.983

no no 8.166e-09 2.601e-05 3.186

24 yes 5.965e-09 2.312e-05 3.876

yes no 7.061e-09 2.452e-05 3.473

yes 5.547e-09 2.231e-05 4.021
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Chapter 5

Results

This chapter presents all the results from the simulations shown in Tables 4.7, 4.8, 4.9
and 4.10 using different normalizations to observe different effects and details in the
data. The normalization technique will be explained in each section and subsections of
the chapter. The chapter is divided into two main sections, the first one is called signal
profiles and the idea is to show the small change in signal when removing scanner
structures or placing different phantom sizes at the isocenter, and the second part shows

how the scatter from the phantom is affected by the bowtie and septa structures.

5.1 Signal profiles

This section contains several plots showing the different signal contributions for all
phantom diameter sizes (d), source energies (E) and, source collimations (c). In the
plots, there will be small signal contributions difficult to appreciate when looking in
conjunction with the total or primary signals, sometimes not even a logarithmic scale
can help differentiate these small details, to overcome this issue in Figure 3.5 there is a
flow chart where the air, base, and non-primary-crosstalk (NPC) are combined conform-
ing the mixed signal, following Equation 5.1, this because they are some of the smallest

contributions generated in the simulations.

M=A+B+C (5.1)
Where:
* M: Is the sum of air, base and NPC signals.
e A:Is the scatter from the air.
* B: Is the scatter from the base.

o (':Is the crosstalk signal from non-primary events.
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The total signal received in the detecting elements is the sum of the primary sig-
nal, the scatter from the phantom and all the scatter volumes present in the simulation,

Equation 5.2 shows each one of these contributions.

T=P+P +S+C+D+M (5.2)
Where:
¢ T:Is the total signal.

¢ P:Is the primary signal.

P’: Is the scatter from the bowtie filter.

S: Is the scatter from the phantom.

C: Is the crosstalk signal from primary events.

D: Is the scatter from the septa.
* M: is the mixed contribution defined in Equation 5.1

The normalization of the data in this section is known as an air scan, which is a
scan of the air volume in between the X-ray source and the detecting elements with the
bowtie filter and the septa structures in place, a total of eight simulations are used for
the data normalization show in Table 5.1. Equation 5.4 shows how the normalization is

done for any simulation.

The scatter-to-primary ratio (SPR) is calculated using Equation 5.3 where the contri-
bution of the bowtie filter is considered part of the primary signal. This value is given
only at the central element (409) in which case is the same as a normalized scatter profile
(NSP). Complete plots of NSP are found in Appendix A and for SPR in Appendix B.

S409
SPRyp9 = 100 ¢ ————— 53
409 * Paoo + Plog (5.3)

Where:

* SPR: Is the scatter-to-primary ratio in element 409.

¢ P:Is the primary signal in element 409.

¢ P’:Is the scatter from the bowtie filter in element 409.

¢ S:Is the scatter from the phantom in element 409.
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TABLE 5.1: Set of simulations used for data normalization in the Signal
Profiles chapter section.

Simulation Phantom Bowtie Septa Energy (kVp) Collimation (mm)

F1 c=3
F2 E=90 c=6
F3 c=12
F4 no yes yes c=24
F5 c=3
F6 E =140 c=6
F7 c=12
F8 c=24
R{ =100 = i__ig (5.4)
Where:

* R Is the resulting intensity in an element 7 for a simulation with a specific source

energy E and collimation c.

e X¢¢: Is the signal in element i of the simulation of interest with the same specific

source energy E and collimation c.

* F{¢: Is the normalization signal data from table 5.1, in an element i matching the

same source energy E and collimation c.

The air-scan normalization is done with the bowtie filter and the septa structures in
place, this type of normalization is useful from a more clinical perspective since the air
scan will have 100% of the intensity in every element re-scaling the bowtie and septa

attenuation over the detecting elements.

5.1.1 Signal profiles without phantom

Phantom-less signal profiles allow us to identify the small contribution of the air and
scanner structures, such as back-scatter from the photodiode base, the bowtie filter, or
the crosstalk signals, by taking advantage of the high-intensity signal profiles in the
whole detector structure with less than 1% error as shown in Tables 4.7 and 4.9 in the

central element.



Intensity (%) Intensity (%) Intensity (%)

Intensity (%)

48

Chapter 5. Results

e=140kVp

100 E

10

1

0.1

0.01

WGAARAR

iy

memmm |

100

10

0.1

0.01

..........

100

10

0.1

0.01

100

Total

200 300 400

500 600 700 8000 100 200

Element number

Primary = = =

Crosstalk — Bowtie

300 400 500

Element number

Septa

600 700 800

Mixed ———

FIGURE 5.1: Signal profiles with bowtie, no phantom, with septa. Central

module signal detail in Figure 5.2.

12mm 6mm 3mm

24mm

c:

c:

c:

C:



5.1. Signal profiles 49

The first simulation to show has all the CT scanner structures present and represents
the most realistic representation of an air scan, the data used for the air scan is the same
hence all the values of the total signal are equal to 100% for all the source energies and

collimations, as we can see in Figure 5.1.

Signal profiles in Figure 5.1 are made using both 90kVp and 140kV p tungsten spec-
tra energies (E) arranged by columns, 3mm, 6mm, 12mm and 24mm collimations c (see
Equation 3.2) displayed by row, and a ¢ = 600mm FOV (see Equation 3.1), with the
bowtie and septa structures present. The total signal is the sum of all the profiles, the
crosstalk signal is only from primary events, the bowtie is the scatter coming from the
filter, the septa signal is the scatter from the grid and, the mixed signal is the base, air
and NPC signals as expressed in Equation 5.1. The primary signal is flat and close to
the total signal.

The crosstalk signal shape in Figure 5.1 is flat across the detecting structure with
about the same intensity for all the source energies and collimations staying between
1% and 2% of intensity when looking at the sides of the detecting structure, far from the
center, the signal at collimations higher than ¢ = 6mm starts to look noisy. On a more
local observation, the shape of the crosstalk signal is a small mountain at the center of
each module of the detecting structure.

The septa signal in Figure 5.1 is flat along the detecting structure, this signal is af-
fected by the source energy, where at E = 90kV p the size of the spikes are taller and less
intense than for the E = 140kVp when looking at the same ¢ source collimation value,
also, when increasing the source collimation it is possible to observe an increase in sig-
nal intensity. This increase in signal is caused by more septa volume being under the
source fan beam at the different source collimation values. The large spikes generated
at the edge of each module in the signal are due to the un-focused septum cutting more

source photons and generating more scatter.

The only signal that is not flat in Figure 5.1 across the detecting structure is the
bowtie signal. This signal in the middle of the detecting structure is the same between
source energies when looking at the same collimation number c, at the sides of the struc-
ture, close to elements 100 and 700 the intensity increases at a point where at c = 24mm

value it surpasses the crosstalk signal, also for the E = 90kV p the intensity is higher.

The mixed signal is also mainly flat across the detecting structure in Figure 5.1, with
a slight increase of intensity at the sides near elements 100 and 700, where the signal
becomes noisy. The noise and intensity vary with the source energy and collimation
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number, at ¢ = 3mm collimation and E = 140kVp the shape of the mixed signal is rec-
ognizable in the center of the structure, where we can see small valleys being created at
the center of the modules when changing to E = 90kVp energy the signal has a lower
intensity. The change in intensity at E = 140kV p source energy is slower than for the
E = 90kVp energy when increasing the collimation c at the point that when ¢ = 24mm

the mixed signal difference between energies is lower.

Signal profiles in Figure 5.2 are in the central module for both 90kVp and 140kV p
tungsten spectra energies E, 3mm, 6mm, 12mm and 24mm collimations c (see Equation
3.2) displayed by columns and a g = 600mm FOV (see Equation 3.1), with the bowtie
and septa present. The total signal is the sum of all the profiles, the crosstalk signal is
only from primary events, the bowtie is the scatter coming from the filter, the septa sig-
nal is the scatter coming from the grid and, the mixed signal is the base, air, and NPC
signals.

As mentioned earlier, it is hard to observe small details in the signal profiles when
looking at the whole detecting structure while using a logarithmic scale, Figure 5.2
solves this issue by displaying three different energy ranges and using a liner scale.
The total signal for both energies E and collimations c is always 100% since in Equation
5.4 we are dividing by the same number.

The primary signal in Figure 5.2 is more intense when E = 90kV p than E = 140kV p
across all the collimations ¢, but with the collimation number this signal decreases about
0.2% at E = 90kVp and 0.3% at E = 140kVp in element 409, element 401 decreases more
with 0.4% and 0.6% respectively.

The crosstalk signal has the shape of a small peak mountain and seems to be constant
across the different collimations c, the intensity at element 409 using E = 90kVp is 1.16%
and at E = 140kVp is 1.27% while at element 401 we have 1.02% and 1.10% respectively.
As already may be seen, the crosstalk signal at E = 140kV p is higher than at E = 90kV p.

The scatter from the septa structure in Figure 5.2 appears to be higher at the side
of the module and more intense when E = 140kVp in every collimation ¢, both signals
increase ¢ where at E = 90kVp and ¢ = 3mm to ¢ = 24mm the signal goes from 0.12%
to 0.18%, at E = 140kVp the signals are 0.19% to 0.37% in element 409, element 401 will
have 0.65% 0.88% at 90kVp and 0.91% 1.36% at E = 140kV p. It is important to observe
that the septa signal at the sides of a module has an important contribution, especially
when the collimation is higher than 3mm for E = 140kV p where the septa signal sur-
passes the crosstalk.
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The bowtie signal contribution is low in the central module, as seen in Figure 5.2,
the intensity is about the same for both energies E, but it increases with the collimation
number for ¢ = 3mm and ¢ = 6mm the shape of the signal is mostly flat, at c = 12mm
and c = 24mm the shapes resemble a small valley, the intensity value at element 409 are
0.012%, 0.023%, 0.041% and 0.090% respectively, which seems to duplicate the signal
with ever c increase.

The mixed signal is flat across the module in Figure 5.2, let’s remember that this
signal is the sum of the NPC, base and air signals as expressed in Equation 5.1, it is im-
portant to note that this signal accounts for up to 0.01% of the total signal at E = 140kVp
and ¢ = 24mm. The air signal is the biggest contributor to the mixed signal and the one
responsible for the intensity increase with the collimation number. The base signal,
which is the back-scatter from the photodiode base is more than double at E = 140kV p
when compared to E = 90kVp.

Signal profiles in Figure 5.3 are made using both 90kV p and 140kV p tungsten spec-
tra energies (E) arranged by columns, 3mm, 6mm, 12mm and 24mm collimations c (see
Equation 3.2) displayed by row, and a § = 600mm FOV (see Equation 3.1), with the
bowtie filter and without the septa structure. The total signal is the sum of all the pro-
files, the crosstalk signal is only from primary events, the bowtie is the scatter coming
from the filter, the septa signal is missing and, the mixed signal is the base, air and NPC
signals as expressed in Equation 5.1.

This will have the bowtie filter in place but not the septa structure, when removing
a scanner structure that affects directly the primary signal in the detecting elements, the
expected result will be an increase in signal, this increase above the 100% intensity can
be somehow interpreted as the attenuation intensity of the removed structure. In Figure
5.3 we can see that the total signal now has the form of mountain shapes in between
modules for all spectra energies E and collimations ¢ when comparing to Figure 5.1.

The primary signal is dominant in the total signal and behaves similarly to it.

The crosstalk signal shape in Figure 5.3 forms an up-directed arrow in between the
modules when looking at Figure 5.3, the intensity across the detecting structure is flat
along with the primary signal, since the crosstalk is generated from primary photons
the intensity of the signal does not seem to change for the different collimations c and,

the signal when changing the source energy E seems to equalize the signal.

Figure 5.3 also shows the bowtie signal across the whole elements in the detecting
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structure, the shape of this signal resembles two mountains with a valley in the mid-
dle of the structure similar to Figure 5.1 but with less intensity, and the bowtie signal
increases with the collimation number for the two source energies E, at ¢ = 24mm col-
limation the bowtie filter reaches the crosstalk curve. At E = 90kvP energy the filter
generates more intensity at the sides of the detecting structure while in the middle the
intensity appears to be the same as with 140kV p. This difference in intensity is caused
by the photon source passing through thicker parts of the bowtie filter generating more
scatter while in the middle of the filter, the crossed bowtie material is thin enough to

observe the difference by source energy.

The shape of the mixed signal in Figure 5.3 is almost flat across the detecting struc-
ture, with small elevations at the side elements mimicking the shape of the bowtie sig-
nal, the signal increases with the source collimation c as seen previously at both source
energies E, being the highest contribution at ¢ = 24mm collimation also, the intensity at
the center of the detecting structure appears to be the same. Meanwhile, at a ¢ = 3mm
collimation, the intensity is higher at E = 140kVp than E = 90kVp.

Signal profiles in Figure 5.4 are in the central module for both 90kVp and 140kV p
tungsten spectra energies E, 3mm, 6mm, 12mm and 24mm collimations c (see Equation
3.2) displayed by columns and a g = 600mm FOV (see Equation 3.1), with the bowtie in
place and without the septa structure. The total signal is the sum of all the profiles, the
crosstalk signal is only from primary events, the bowtie is the scatter coming from the
filter, the septa signal is missing and, the mixed signal is the base, air, and NPC signals.

Following the same format as the previous figures, Figure 5.4 shows the deposed
signals in the central module using a linear scale, the total signal using both source en-
ergies E and collimations c is about the same but for the first and last element in the
module, where at the E = 90kVp the intensity is higher. There is a small increase in the
intensity of the total signal with the collimation number, at ¢ = 3mm we have 101.86%
and 101.82% at E = 90kVp and E = 140kVp respectively, and at ¢ = 24mm 102.15%
and 101,91%. The primary signal follows the shape of the total signal as expected in
this case with a primary-to-total ratio of 0.9663 at E = 90kVp energy and 0.9647 at the
E = 140kVp at ¢ = 3mm source collimation.

The difference in primary signal between elements 401 and 409 is about 23% which
is highly related to septa attenuation by the unfocused grid at the external detecting ele-
ments of a module, this percentage is close to one expressed in Table 3.2 where up to an
18% of the top area of an element is blocked by the septum. The total signal in element
409 is close to 1.9% above the 100% intensity that is close to the crosstalk reduction when
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the septa are present.

The crosstalk signal in Figure 5.4 has a different curve shape than in Figure 5.2 tak-
ing the form of a capital "m" and much more intensity, the signal does not seem to be
affected by the collimation c and is a bit lower at E = 90kV p. The crosstalk-to-total ratio
at E = 90kVp and ¢ = 3mm collimation is 0.033 and at E = 140kVp is 0.034 in element
409.

The bowtie signal in the central module is low compared to the total signal in Figure
5.4 the signal increases with the collimation number where at ¢ = 3mm and ¢ = 6mm
source collimations the bowtie-to-total ratios are 0.0004 and 0.0008 respectively with
a difference of more than three orders of magnitude, at 12mm collimation the ratio is
0.0016 matching the mixed component and finally for the 24mm collimation the ratio is
0.003 which still has a very low contribution in the total signal. Also, this signal seems
to be unaffected by the source energy E mainly because high-energy photons will not
likely interact with the Teflon material.

The mixed signal in Figure 5.4 as in is about the same in shape as in Figure 5.2 but
with more intensity, the mixed-to-primary ratios for the c = 3mm, ¢ = 6mm, c = 12mm
and ¢ = 24mm at E = 90kVp source collimations and energy in the central element are
0.0008, 0.0011, 0.0016 and 0.0023 respectively and, for the E = 140kVp 0.0010, 0.0012,
0.0017 and 0.0024. The small difference may be explained by the base scatter generating
more signal at E = 140kV p source energy and more air scatter at E = 90kV p.

The bowtie filter’s purpose is to equalize the signal received in the detecting struc-
ture when a phantom is present, one of the most important properties of its signal is
that the scatter generated can be considered part of the primary signal since it is placed
far away from the detecting elements near the photon source. When looking at the raw
data in Figure 4.5 we can see that before element 200 and after element 600 the signal is
highly attenuated by this structure.

Signal profiles in Figure 5.5 are made using both 90kV p and 140kV p tungsten spec-
tra energies (E) arranged by columns, 3mm, 6mm, 12mm and 24mm collimations c (see
Equation 3.2) displayed by row, and a g = 600mm FOV (see Equation 3.1), without the
bowtie filter and with the septa structure. The total signal is the sum of all the profiles,
the crosstalk signal is only from primary events, the bowtie signal is missing, the septa
signal is the scatter coming from the grid and, the mixed signal is the base, air and NPC

signals as expressed in Equation 5.1.
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In Figure 5.5 the total signal across the whole detecting structure widely changes
from close to the 100% intensity at the center of the detecting structure and up to 1000%
at the sides, at E = 90kVp the intensity is higher than at E = 140kVp. The local val-
leys created by the septa structure attenuating the fan-beam are now missing resulting
in a smoother signal. This change in signal can be interpreted as the attenuation of the

bowtie filter.

The crosstalk signal shape across the detecting structure changes and goes along
with the shape of the primary signal since is generated from primary events in Figure
5.5, the local shape on each module reverts to the previously seen small mountain at the
center of the modules and the intensity is also close to the one seen in Figure 5.1 since
the septs is blocking most of the crosstalk and the bowtie filter is not thick at the center.

The overall intensity of the crosstalk is the same at any energy E and collimation c.

The septa signal is back in Figure 5.5 and just like the crosstalk signal it follows the
shape of the primary signal across the detecting structure, the intensity of the signal
does increase with the source collimation ¢, for example, when at E = 90kVp energy the
septa signal increases from ¢ = 3mm to ¢ = 24mm collimations where the curve starts
touching the crosstalk signal, at 140kV p energy the septa signal is already touching the

crosstalk signal at ¢ = 6mm.

The mixed signal in Figure 5.5 as seen previously is the contribution of the air, base,
and NPC signal, its shape changes to one similar to the crosstalk or primary signals, now
that more fluence is present in the air by removing the bowtie filter, the scatter coming
from the air, which was the highest contributor in this signal, is now higher than in Fig-
ure 5.5. The same behavior is observed, the signal increases with the collimation and at
E = 140kVp in ¢ = 3mm, at ¢ = 24mm they are about the same.

Signal profiles in Figure 5.6 are in the central module for both 90kVp and 140kVp
tungsten spectra energies E, 3mm, 6mm, 12mm and 24mm collimations c (see Equation
3.2) displayed by columns and a ¢ = 600mm FOV (see Equation 3.1), without the bowtie
filter in place and with the septa structure. The total signal is the sum of all the profiles,
the crosstalk signal is only from primary events, the bowtie signal is missing, the septa
signal is the scatter from the grid and, the mixed signal is the base, air, and NPC signals.
Now that the effects of the septa structure are normalized we can see that the attenua-
tion of the bowtie filter in the central element is close to 9% for the 90kV p energy and
by about 8% for the 140kV p.

The primary signal in Figure 5.6 flattens with the use of the septa structure for both
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of the source energies, taking the shape of a dome and breaking the similarity link with
the total signal observed in previous figures, also a decrease in the primary signal is
observed with the source collimation value, at E = 90kV p source energy and ¢ = 3mm
collimation the total to primary ratio is 0.9872 and for the ¢ = 24mm collimation is
0.9865, at E = 140kV p the same values are 0.9850 and 0.9827.

The crosstalk signal shape also changes with the presence of the septa in Figure 5.6,
from the shape of a capital "m" to a small hill in the middle of the module, here part of
the primary signal is blocked by the septa as we move away from the center to the side
of a module, hence less crosstalk will be generated. The septums in between the detect-
ing elements block most of the signal reducing its intensity, the crosstalk-to-total signal
ratio in the central element at E = 90kVp and ¢ = 3mm source energy and collimation
is 0.01150 and at ¢ = 24mm collimation is 0.01129 showing a small decrease propor-
tional to the primary signal, at 140kV p the same corresponding values for ¢ = 3mm and
¢ = 24mm collimations are 0.01268 and 0.01258.

The septa signal generates a depth valley in the middle of the module in Figure
5.6, as discussed previously, the farther from the center of a module the more source
photons are blocked by the septum and more scatter is generated from the septa. The
septa-to-total signal ratio at E = 90kV p source energy using the ¢ = 3mm collimation in
the central element is 0.001110 and in element 401 is 0.006448, at ¢ = 24mm collimation
the ratios are 0.001711 and 0.008818 respectively. When using E = 140kVp energy the
values are 0.001916 and 0.009055 for the ¢ = 3mm collimation and 0.003784 and 0.01331
atc = 24mm. It is important to notice that the septa signal has an important contribution
at the side of the modules and that from E = 140kVp energy at ¢ = 6mm collimation, it
surpasses the crosstalk signal.

The mixed signal whose higher contribution is the scatter coming from the air in
Figure 5.6 has a mixed-to-total ratio at E = 140kV p source energy with and collimation

¢ = 24mm of 0.000910 with more than three orders of magnitude.

Signal profiles in Figure 5.7 are made using both 90kV p and 140kV p tungsten spec-
tra energies (E) arranged by columns, 3mm, 6mm, 12mm and 24mm collimations c (see
Equation 3.2) displayed by row, and a g = 600mm FOV (see Equation 3.1), without the
bowtie filter and the septa structure. The total signal is the sum of all the profiles, the
crosstalk signal is only from primary events, the bowtie signal is missing, the septa sig-
nal is the scatter coming from the grid and, the mixed signal is the base, air and NPC

signals as expressed in Equation 5.1.
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In Figure 5.7 for the 90kVp and 140kVp photon source energies E we found sim-
ulations without a bowtie, phantom, or septa present, it is possible to appreciate the
different effects when increasing the source collimation. Here we can see the effect of

both, the bowtie and septa, structures combined.

The wide change in total signal intensity across the detecting structure in Figure 5.7
of nearly ten times above the 100% intensity is caused by the bowtie filter as seen earlier
in Figure 5.5 but, in addition to this effect it is possible to observe valley left in the mid-
dle of the modules like in Figure 5.3. A higher signal can be seen at E = 90kVp energy
meaning that the attenuation is higher for this energy source.

The primary signal in Figure 5.7 is the highest component of the total signal and
behaves very similarly to it, the second one is the crosstalk signal, which is generated
from primary events, hence the higher intensity of the primary signal the more crosstalk
will be created. The crosstalk signal intensity at E = 90kVp far from the center of the
detecting structure appears to be higher in comparison to E = 140kV p.

The signal that changes the most when increasing the collimation in Figure 5.7 is the
mixed component, this signal increases with the source collimation c for both energies E
starting with a very similar intensity value at ¢ = 3mm collimation up to the ¢ = 24mm
where for E = 90kV p the intensity is higher.

Signal profiles in Figure 5.8 are in the central module for both 90kVp and 140kVp
tungsten spectra energies E, 3mm, 6mm, 12mm and 24mm collimations c (see Equation
3.2) displayed by columns and a ¢ = 600mm FOV (see Equation 3.1), without the bowtie
and septa structures. The total signal is the sum of all the profiles, the crosstalk signal
is only from primary events, the bowtie and septa signals are missing and, the mixed
signal is the base, air, and NPC signals.

Figure 5.8 shows using a linear scale the small signal changes in the central module
separating the total and primary signals from the crosstalk and mixed signals, the bot-
tom row shows each one of the components of the mixed signal.

In Figure 5.8 we see again that the total signal is higher than 110% all over the dif-
ferent collimations and energies, the shape of the curve creates a valley in the central
element (409) starting at 111% to 136% for E = 90kVp energy and 110% to 134% for
E = 140kVp energy. Since both structures, the bowtie filter and the septa, are missing
during the simulation is difficult to observe the attenuation effects of each structure in-
dependently.
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When considering the other signals in Figure 5.8 the intensity represents the atten-
uation value above the 100% mark and helps to observe the effects when the bowtie
filter and septa are missing. The primary signal is about the same in shape and inten-
sity as the total signal because is the biggest contributing signal, the signal range goes
from 107% to 133% at E = 90kVp energy and 106% to 131% using E = 140kVp energy.
The ratio between the primary and total signal in element (409) is close to 0.96 for both
source energies and in element 401 the ratio is 0.98.

The crosstalk signal in Figure 5.8 has almost the same intensity values and curve
shape for both energies E. The capital "m" shape returns since the septa structure is
missing. The signal intensity in element 409 at E = 90kVp is 0.032 and for E = 140kVp

energy.

The mixed signal in Figure 5.8 grows with the source collimation ¢ when looking at
each one of the contributions, the one responsible for this increase is the scatter coming
from the air since more volume is affected by the source at higher c collimations, the
NPC signal also contributes but is an even more negligible value and the base signal
is constant across the different collimations c. The ratio between the total and mixed
signals at c = 24mm collimation in the central element is 0.00083 for E = 90kV p source
energy and 0.00098 for the E = 40kVp energy creating a difference of more than three
degrees of magnitude.

5.1.2 Signal profiles with phantom

All the simulations of the previous section did not have a phantom at the isocenter, al-
though we know what are the effects of the scanner structures. For this section three
different-sized phantoms will be used, the height of the phantom is always 10 inches
but the diameter d varies from 215.4mm, 270mm and 320mm. For these simulations the
same 90kVp and 140kV p energies E will be used and, the 3mm, 6mm, 12mm, and, 24mm
collimation c. With a phantom present, the amount of signal is significantly reduced
and for the larger phantoms, most of the small signal contributions near the central axis
are not appreciable.

Signal profiles in Figure 5.9 are made using both 90kV p and 140kV p tungsten spec-
tra energies (E) arranged by columns, 3mm, 6mm, 12mm and 24mm collimations c (see
Equation 3.2) displayed by row, and a g = 600mm FOV (see Equation 3.1), with the
bowtie filter, the septa structure and a d = 215.4mm phantom at the isocenter. The total
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FIGURE 5.10: Signal profiles with bowtie, 215.4mm phantom and septa in
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signal is the sum of all the profiles, the crosstalk signal is only from primary events, the
bowtie signal is the scatter coming from the filter, the septa signal is the scatter coming
from the grid, the phantom signal is the scatter from the studied object and, the mixed

signal is the base, air and NPC signals as expressed in Equation 5.1.

From the total signal in Figure 5.9, it is evident that the attenuation caused by the
phantom using E = 90kVp energy is higher with about 1% of signal intensity and for
E = 140kVp with a 2% for every source collimation c, also the rest of the non-phantom-
signals reduced in the same manner. The primary signal is still the dominant signal and
is attenuated accordingly with the passing width of the phantom across the detecting

structure.

The phantom’s signal in Figure 5.9 resembles a large crater in the center of the detect-
ing structure with wings at the side. The crater is taller and more profound at E = 90kV p
source energy, in comparison when using E = 140kVp. The wings at E = 140kVp are
noisy but the curve is continuous for E = 90kV p there are some elements without phan-
tom signal. Both signals at different energies E increase with the collimation ¢ where at
c = 24mm it surpasses the crosstalk signal. Overall when using e=140kVp more scatter

that is generated in the phantom reaches the detecting elements.

The crosstalk signal, the septa and the mixed signals have the same module pattern
shape as in the air scan in Figure 5.3 but instead of being flat over the detecting structure

now they follow the attenuation of the primary signal curve with less intensity.

Signal profiles in Figure 5.10 are in the central module for both 90kVp and 140kVp
tungsten spectra energies E, 3mm, 6mm, 12mm and 24mm collimations c (see Equation
3.2) displayed by columns and a g = 600mm FOV (see Equation 3.1), with the bowtie
filter, the septa structure and a d = 215.4mm phantom at the isocenter. The total signal
is the sum of all the profiles, the crosstalk signal is only from primary events, the bowtie
signal is the scatter coming from the filter, the septa signal is the scatter coming from
the grid, the phantom signal is the scatter from the studied object and, the mixed signal

is the base, air and NPC signals as expressed in Equation 5.1.

The almost flat total signals in Figure 5.10 are greatly reduced by the phantom atten-
uation, at E = 90kVp and ¢ = 3mm the intensity is 1.112% and for e=140kp is 1.177%,
but at c = 24mm we have 1.112% and 1.178% respectively, inferring that the intensity at
E = 90kVp is almost constant at every collimation c, but not for E = 140kVp where a

small increase in signal is appreciated.
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All the primary signals decrease with the collimation ¢ in Figure 5.10 and as ex-
pected for E = 90kVp the photon beam is more attenuated by the phantom, to observe
the primary contribution in the total signal, the primary-to-total ratio at E = 90kVp and
c = 3mm is 0.982 and at ¢ = 24mm is 0.965, losing close to 1.7% in signal contribution,
for E = 140kVp we have 0.981 and 0.958 with a 2.3% lose.

The new signal of interest in Figure 5.10 is the phantom which seems to double
the intensity with each increment of the source collimation, at E = 90kVp energy and
c = 3mm, c = 6mm, c = 12mm, ¢ = 24mm collimations the phantom-to-total ratios at
element 409 are 0.0021, 0.0053, 0.0085 to 0.0189, the same effect happens at E = 140kVp
going from 0.0025, 0.0055, 0.0120 to 0.0212. It seems that at E = 90kVp energy less scat-
ter is generated from the phantom.

The scatter-to-primary ratios (see Equation 5.3) in Figure 5.10 using element 409 at
E = 90kVp in collimations ¢ = 3mm, c = 6mm. ¢ = 12mm and ¢ = 24mm are 0.21%,
0.54%, 0.87% and 1.96% respectively and at E = 140kVp we have 0.25%, 0.57%, 1.24%
and 2.21%.

The bowtie signal contribution in the central module is already three orders of mag-
nitude below the total signal in Figure 5.2, the same happens with a d = 215.4mm phan-
tom in Figure 5.10 the total-to-bowtie ratios in element 409 at 90kVp and ¢ = 24mm is
0.00089 and at 140kV p is 0.00099. The bowtie signal is often used as part of the primary
signal, but when compared to the primary signal contribution it may seem negligible,
to look deeper into the bowtie signal contribution a bowtie-to-phantom ratio in element
409 is calculated, at E = 90kVp and collimations ¢ = 3mm, ¢ = 6mm, ¢ = 12mm and
c = 24mm we have 0.068, 0.028, 0.025, 0.047 respectively, and at E = 140kVp the ratios
are 0.063, 0.064, 0.053 and 0.047, we can say that the bowtie signal accounts in between

2%
to 6% percent of the phantom signal.

The crosstalk signal remains the same across collimations ¢ in Figure 5.10 with a
change in intensity by the energy. The crosstalk-to-total ratio at e=90kVp and e=140kVp
is between 1% and 2% which is very close to the signal obtained in Figure 5.2 since the
crosstalk signal is only generated by primary photons and the total signal is mainly pri-

mary signal, the crosstalk contribution should remain the same.

The septa signal shape in Figure 5.10 is similar to the one observed in Figure 5.2.
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The signal at E = 90kVp remains under the crosstalk signal at collimations ¢ = 3mm
and ¢ = 6mm for the other collimation it surpasses the crosstalk signal at the side of the
module, for E = 140kVp the signal is always on top of the crosstalk.

The mixed signal whose highest scatter contributor was the air now has some of
its volume replaced by the phantom, the mixed-to-total ratio in the element is 409 at
E = 90kVp for collimations ¢ = 3mm, ¢ = 6mm, c = 12mm and ¢ = 24mm are 0.0003,
0.0002, 0.0006 and 0.0014, at 140kVp we have 0.0005, 0.0009, 0.0015 and 0.0026, we see
that at high collimation numbers, especially at 140kVp the mixed signal is not longer
with three orders of magnitude difference, which is unexpected due to the loss in air
contribution.

Signal profiles in Figure 5.11 are made using both 90kVp and 140kV p tungsten spec-
tra energies (E) arranged by columns, 3mm, 6mm, 12mm and 24mm collimations c (see
Equation 3.2) displayed by row, and a g = 600mm FOV (see Equation 3.1), with the
bowtie filter, the septa structure and a d = 270mm phantom at the isocenter. The total
signal is the sum of all the profiles, the crosstalk signal is only from primary events, the
bowtie signal is the scatter coming from the filter, the septa signal is the scatter coming
from the grid, the phantom signal is the scatter from the studied object and, the mixed
signal is the base, air and NPC signals as expressed in Equation 5.1.

In Figure 5.11 we can see that the attenuation is higher when using a bigger phan-
tom, now for both energies, the total signal falls below 1%, also the attenuation of the
signal starts at earlier elements on the left side of the detecting structure and later at the
right side. The primary signal is still dominant, following closely the same shape as the
total signal.

For the phantom signal in Figure 5.11, we have a greater crater naturally by using a
larger phantom, the same lack of signal is found at the wings when using E = 90kVp
and for E = 140kVp the signal is noisy. The crater is still taller at e=90kVp than at
e=140kVp and for both energies E, the intensity increases with the collimation ¢, where

at c=12mm the signal is already higher than the crosstalk signal at the central module.

The crosstalk, bowtie, septa and mixed signals in Figure 5.11 behave the same as
with the previous smaller phantom, but with more elements blocked in the detecting
structure and a higher attenuation at the central module. The evolving problem is that
with a thicker phantom, the data below becomes noisier and is more challenging to an-
alyze the data. For example, we can see that some elements in the bowtie filter signal
are not receiving signal at all.
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Signal profiles in Figure 5.12 are in the central module for both 90kVp and 140kV p
tungsten spectra energies E, 3mm, 6mm, 12mm and 24mm collimations c (see Equation
3.2) displayed by columns and a g = 600mm FOV (see Equation 3.1), with the bowtie
filter, the septa structure and a d = 270mm phantom at the isocenter. The total signal is
the sum of all the profiles, the crosstalk signal is only from primary events, the bowtie
signal is the scatter coming from the filter, the septa signal is the scatter coming from
the grid, the phantom signal is the scatter from the studied object and, the mixed signal

is the base, air and NPC signals as expressed in Equation 5.1.

The total signal in Figure 5.12 is about 0.38% for E = 90kVp at all collimations ¢ but
for E = 140kVp the intensity changes from 0.66% to 0.70% for ¢ = 3mm, c = 24mm
respectively. The primary-to-total ratio for E = 90kVp is 0.981 at ¢ = 3mm down to
0.965 at ¢ = 24mm, for E = 140kV p we have 0.977 and 0.944 respectively.

The phantom signal has the same increasing pattern with the collimation ¢ at both
energies E and the intensity at E = 140kVp is higher in Figure 5.12. The phantom-to-
total ratio at E = 90kVp and collimations ¢ = 3mm, ¢ = 6mm, ¢ = 12mm and ¢ = 24mm
are 0.0036, 0.0066, 0.0098 and 0.0205, where the same doubling effect is observed but
the data noise blurs the effect, and for E = 140kVp we have 0.0046, 0.0081, 0.0151 and
0.0299 respectively.

The scatter-to-primary ratios (see Equation 5.3) in Figure 5.12 using element 409 at
E = 90kVp in collimations ¢ = 3mm, ¢ = 6mm. ¢ = 12mm and ¢ = 24mm are 0.37%,
0.67%, 1.01% and 2.13% respectively and at E = 140kVp we have 0.47%, 0.83%, 1.56%
and 3.17%, which are higher than the d = 215.4mm phantom.

The bowtie and mixed signal data is very noisy in Figure 5.12, but either way, the
bowtie-to-total and mixed-to-total ratios will be given. The bowtie-to-total ratio at
E = 90kVp for ¢ = 3mm and ¢ = 6mm are 0.0003 and 0.0005 the rest of the collima-
tions c did not receive any energy from the filter, at E = 140kVp we have 0.0002, 0.0006,
0.0010 and 0.0012 for ¢ = 3mm, ¢ = 6mm, ¢ = 12mm and ¢ = 24mm. For the mixed
signal at E = 90kVp, the ratios are 0.0003, 0.0002, 0.0004 and 0.000 and for E = 140kVp
we have 0.0009, 0.0009, 0.0014 and 0.0029.

Signal profiles in Figure 5.13 are made using both 90kV p and 140kV p tungsten spec-
tra energies (E) arranged by columns, 3mm, 6mm, 12mm and 24mm collimations c (see
Equation 3.2) displayed by row, and a ¢ = 600mm FOV (see Equation 3.1), with the
bowtie filter, the septa structure and a d = 320mm phantom at the isocenter. The total
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signal is the sum of all the profiles, the crosstalk signal is only from primary events, the
bowtie signal is the scatter coming from the filter, the septa signal is the scatter coming
from the grid, the phantom signal is the scatter from the studied object and, the mixed

signal is the base, air and NPC signals as expressed in Equation 5.1.

The total signal when d = 320mm can be seen in Figure 5.13, as expected, the shadow
of the phantom is bigger in the detecting structure and the attenuation on the central
module is even higher than for the previous two phantoms. The signal is close to 0.1%
at E = 90kVp and close to 0.5% for E = 140kVp. The primary signal is the dominant
contributor and behaves just like the total signal also, it is possible to see that the total

and primary signals are getting noisier at collimations ¢ = 12mm and ¢ = 24mm.

The phantom signal has the same shape as in previous Figures, in Figure 5.13 the
crater is wider than for any other phantom and less signal is generated at the wings of
the signal. At E = 90kV p we can see that several spots outside the crater did not receive
a signal from the phantom and at E = 140kVp the signal is noisier than before. The
crater is still taller when E = 90kV p and the intensity increases with the collimation c as
discussed previously for other phantom diameters.

The crosstalk and septa signals in Figure 5.13 behave similarly as in Figure 5.11 but
with a higher attenuation below the phantom. Meanwhile, the bowtie and mixed sig-
nals are heavily affected by the phantom’s effect and some spots in the phantom shadow
have not recorded any interaction.

Signal profiles in Figure 5.14 are in the central module for both 90kVp and 140kVp
tungsten spectra energies E, 3mm, 6mm, 12mm and 24mm collimations c (see Equation
3.2) displayed by columns and a g = 600mm FOV (see Equation 3.1), with the bowtie
filter, the septa structure and a d = 320mm phantom at the isocenter. The total signal is
the sum of all the profiles, the crosstalk signal is only from primary events, the bowtie
signal is the scatter coming from the filter, the septa signal is the scatter coming from
the grid, the phantom signal is the scatter from the studied object and, the mixed signal

is the base, air and NPC signals as expressed in Equation 5.1.

Looking at the total signal in the central module in Figure 5.14, the intensity with
e=90kVp is close to 0.14% and at E = 140kVp lightly increasing with the collimation c
where at ¢ = 3mm, c = 6mm,c = 12mm and ¢ = 24mm we have 0.27%, 0.27%, 0.28% and
0.31% respectively. The primary-to-total ratios at E = 90kV p are 0.98, 0.97, 0.97 and 0.96
respectively and at E = 140kVp we have 0.97, 0.96, 0.95 and 0.93 respectively, which is
a decrease in primary signal with the collimation number.
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The phantom signal in Figure 5.14 has the same intensity-increasing effect with the
collimation ¢ as observed earlier, with higher values for E = 140kV p, the phantom-to-
total ratio at E = 90kVp for c=3mm, c=6mm, c=12mm and c=24mm are 0.0044, 0.0105,
0.0139 and 0.0256 and at E = 140kVp we have 0.0072, 0.0143, 0.0249 and 0.0437.

The scatter-to-primary ratios (see Equation 5.3) in Figure 5.14 using element 409 at
E = 90kVp in collimations ¢ = 3mm, ¢ = 6mm. ¢ = 12mm and ¢ = 24mm are 0.45%,
1.08%, 1.43% and 2.67% respectively and at E = 140kVp we have 0.74%, 1.48%, 2.63%
and 4.71%, which are higher than the d = 215.4mm and d = 270mm phantoms.

Much of the behavior about the crosstalk and septa signals has already been dis-
cussed, it is expected to observe less intensity with a bigger phantom, hence the more
important information to relate is the crosstalk-to-total ratios that at E = 90kVp and
¢ =3mm,c = 6mm, c = 12mm and c = 24mm are 0.013, 0.012, 0.010 and 0.009 respec-
tively, for E = 140kVp we have 0.014, 0.017, 0.014, 0.014 which in all cases account to
about 1% of the total signal. For the mixed-to-total ratios at E = 90kV p, we have 0.0020,
0.0012, 0.0024 and 0.0047 and at e=140kVp they are 0.0034, 0.0050, 0.0106 and 0.0108.

One of the implementations related to the flowchart in Figure 3.5, is the ability of the
code to store the type of photon interaction, whether it is Compton, Rayleigh, or photo-
electric, and separate them into different signal contributions. Since normalized scatter
profiles (NSP) and scatter-to-primary ratios (SPR) are out of the scope of this project the
plot for these profiles is part of the appendices in the document. The NSP are in Ap-
pendix A and the SPR in Appendix B.
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Conclusions and future directions

6.1 Conclusions

The implementations made in the code successfully emulate the scanner structures such
as the bowtie filter and the septa successfully attenuating the X-ray beam and modify-
ing the signal profiles accordingly.

The total signal is separated using the algorithm stated in Figure 3.5 where the differ-
ent signal profiles are stored according to the volume where the photon last interacted
before reaching a detecting element. The signal characterization includes the scatter

from the phantom, each scanner structure, air, and crosstalk signals.

The total and partial contribution of every signal profile has been taken into account
in the simulations done to help understand the impact that each signal profile has in a
static projection, and additional SPR and NSP to measure the scatter generated by the
phantom and how the other signal profile, especially the primary signal, is being af-
fected by it.

Overall we successfully developed a Monte Carlo code using Geant4, capable of
mimicking a third-generetion commercially available CT scanner and categorizing the
different signals into primary and scatter signals.

6.2 Future Directions

In simulations where a phantom is placed a the isocenter, especially for large phantoms,
the data obtained is noisy or even absent and may require more simulated photons to
smooth it out, also, percentage error can be improved, and a new set of simulations, or
extending the current ones may help to solve this issues. A good balance must be found

between computation time and acceptable data.
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In future simulations a complete array in two dimensions can be simulated, to ob-
serve the signal profiles in the z-axis of the scanner and not only in the X — Y plane, see
Figure 3.1, where changes in the crosstalk signal are expected since the septumes are

parallel to the Z coordinate.

The scatter profiles can be used to improve quantitative properties of the image in

reconstruction algorithms, by finding linear errors caused by the scatter signals.
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Appendix A

Normalized Scatter Profiles

A.1 Normalized scatter profiles (NSP)

The normalization used for the NSP is explained in Equation A.1.

S

NSP, =100 % ——
l P409+P409

(A1)
Where:

e NSP;: Is the NSP in element i.

¢ §;: Is the phantom signal in an element 1.

® Pypo: Is the primary signal in element 409.

* Pjyo: Is the bowtie signal in element 409.

Normalized scatter profiles in Figure A.1 for a 215.4mm phantom with both 90kV p
and 140kVp tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and
24mm collimations c (see Equation 3.2) displayed on each octant, and a g = 600mm FOV
(see Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contri-
butions.

Normalized scatter profiles in Figure A.2 for a 215.4mm phantom using both 90kVp and
140kV p tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations ¢ (see Equation 3.2) displayed on each octant, and a g = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Normalized scatter profiles in Figure A.3 for a 270mm phantom using both 90kVp and
140kV p tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations c (see Equation 3.2) displayed on each octant, and a g = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Normalized scatter profiles in Figure A.4 for a 270mm phantom using both 90kV p and
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140kV p tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations c (see Equation 3.2) displayed on each octant, and a g = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Normalized scatter profiles in Figure A.5 for a 320mm phantom using both 90kVp and
140kV p tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations c (see Equation 3.2) displayed on each octant, and a § = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Normalized scatter profiles in Figure A.6 for a 320mm phantom using both 90kVp and
140kVp tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations c (see Equation 3.2) displayed on each octant, and a g = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.
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Appendix B

Scatter-to-primary Ratios

B.1 Scatter-to-primary ratios

The normalization used for the SPR is explained in Equation B.1.

S;
Pl'—l—P{

1

SPR; = 100 * (B.1)

Where:
e SPR;: Is the SPR in element i.
* §;: Is the phantom signal in an element i.
* P;: Is the primary signal in element i.
 P/: Is the bowtie signal in element i.

Scatter-to-primary ratios in Figure A.1 for a 215.4mm phantom with both 90kVp and
140kVp tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations ¢ (see Equation 3.2) displayed on each octant, and a g = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Scatter-to-primary ratios in Figure A.2 for a 215.4mm phantom using both 90kVp and
140kV p tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations ¢ (see Equation 3.2) displayed on each octant, and a ¢ = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Scatter-to-primary ratios in Figure A.3 for a 270mm phantom using both 90kVp and
140kVp tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations c (see Equation 3.2) displayed on each octant, and a g = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Scatter-to-primary ratios in Figure A.4 for a 270mm phantom using both 90kVp and
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140kV p tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations c (see Equation 3.2) displayed on each octant, and a g = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Scatter-to-primary ratios in Figure A.5 for a 320mm phantom using both 90kVp and
140kV p tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations c (see Equation 3.2) displayed on each octant, and a § = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.

Scatter-to-primary ratios in Figure A.6 for a 320mm phantom using both 90kVp and
140kVp tungsten spectra energies e arranged by columns, 3mm, 6mm, 12mm and 24mm
collimations ¢ (see Equation 3.2) displayed on each octant, and a g = 600mm FOV (see
Equation 3.1). The phantom signal is the sum of the Compton and Rayleigh contribu-
tions.
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