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RESUME

La radiothérapie guidée par résonance magnétique promet une administration de
dose plus précise que les techniques conventionnelles puisqu’elle permet une vi-
sualisation en temps réel des structures internes avant et pendant le traitement.
Cependant, la dosimétrie doit étre réalisée en présence de champs magnétiques.
Alors que le champ magnétique n’affecte pas le transport des particules neutres,
il affecte le transport des particules chargées secondaires en raison de la force de
Lorentz, qui modifie le champ de rayonnement et la réponse de dose du détecteur.
Cette these vise a comprendre 'effet du champ magnétique sur la réponse de dose
du détecteur, a la caractériser et a fournir des facteurs de correction de qualité
prenant en compte I'impact du champ magnétique.

Dans le premier article, quatre chambres d’ionisation a petite cavité ont été
caractérisées via des simulations de Monte Carlo et des mesures expérimentales. 1l
a ¢té constaté que le champ magnétique accentuait tous les détails géométriques.
Une description précise du volume sensible effectif est cruciale dans les simulations.
De plus, la géométrie modélisée doit étre aussi proche que possible de la géométrie
réelle, y compris les couches d’air internes. Des facteurs de correction de qualité
tenant compte du champ magnétique et de son incertitude du budget d’incertitude
sont présentés pour différentes configurations.

Le deuxieme article a évalué 'effet du champ magnétique sur les facteurs de
perturbation de cing détecteurs a petite cavité, dont trois détecteurs a petite cavité
et deux détecteurs a semi-conducteurs. Les facteurs de perturbation des composants
structurels, les facteurs de moyenne de densité et de volume ont été déterminés pour
différentes tailles de champ et orientations. De plus, des facteurs de correction de
qualité ont été calculés dans les mémes conditions. Les résultats montrent que le
champ magnétique a un impact significatif sur le facteur de perturbation de la
densité dans les chambres d’ionisation. En revanche, son impact est plus prononcé
dans les composants structurels des détecteurs semi-conducteurs.

L’objectif du troisieme article était de fournir plus d’informations sur la com-
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préhension de la relation dose-réponse des détecteurs dans les champs magnétiques
via des calculs de spectres de fluence électronique. La fluence des électrons diffé-
rentiel en énergie dans la cavité du détecteur peut étre fortement modifiée dans
les champs magnétiques, et les perturbations de fluence sont généralement plus
évidentes pour les électrons de faible énergie. Ces calculs ont montré 'interaction
entre plusieurs facteurs qui rendent les effets de perturbation imprévisibles dans le
faisceau de photons couplé aux champs magnétiques : 1) orientation du détecteur
et du champ magnétique, 2) taille et forme de la cavité, 3) composants structurels,

4) couche d’air entre le détecteur et le milieu et leur asymétrie, et 5) I’énergie.

mots clés: Radiotherapie, champs magnétiques, simulations Monte
Carlo, dosimétrie de référence, chambre d’ionisation, petits champs,
fluence électronique, facteurs de correction de qualité, facteurs de per-

turbation, volume mort



ABSTRACT

Magnetic resonance-guided radiation therapy promises more accurate dose de-
livery than conventional techniques by allowing real-time visualization of internal
structures before and during treatment. However, the dosimetry must be per-
formed in the presence of magnetic fields. While the magnetic field does not affect
the transport of uncharged particles, it affects the transport of secondary charged
particles due to the Lorentz force, which modifies the radiation field and the detec-
tor dose response. This thesis aims to understand the effect of the magnetic field
on detector dose response, characterize it, and provide quality correction factors
accounting for the impact of the magnetic field.

In the first article, four small-cavity ionization chambers were characterized
via Monte Carlo simulations and experimental measurements. It was found that
the magnetic field emphasized all the geometrical details. An accurate description
of the effective sensitive volume is crucial in the simulations. Also, the modelled
geometry must be as close as possible to the actual geometry, including the internal
air layers. Quality correction factors accounting for the magnetic field and its
uncertainty budget uncertainty are presented for different configurations.

The second article evaluated the magnetic field effect on perturbation factors
of five small volume detectors, including three ionization chambers and two solid-
state detectors. The perturbation factors from extracameral components, density
and volume averaging factors were determined for different field sizes and orien-
tation setups. Additionally, quality correction factors were calculated in the same
conditions. Results show that the magnetic field significantly impacts the density
perturbation factor in the ionization chambers. In contrast, its impact is more
pronounced in the extracameral components in the solid-state detectors.

The purpose of the third article was to provide more insight into the under-
standing of detector dose-response in magnetic fields via calculations of electron
fluence spectra. The electron fluence differential in energy in the detector cavity

can be severely modified in magnetic fields, and fluence perturbations are generally
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more evident for low-energy electrons. These calculations showed the interplay be-
tween multiple factors that make the perturbation effects unpredictable in photon
beams coupled to magnetic fields: 1) detector and magnetic field orientation, 2)
cavity size and shape, 3) extracameral components, 4) air gaps and their asymme-

try, and 5) energy.

Keywords: Radiotherapy, magnetic fields, Monte Carlo simulations,
reference dosimetry, ionization chamber, small fields, electron fluence,

quality correction factors, perturbation factors, dead volume
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CHAPTER 1

INTRODUCTION

1.1 Background

1.1.1 Motivation

Cancer is a leading cause of death worldwide; almost ten million deaths related
to cancer occurred in 2020 [I]. In Canada, cancer is the leading cause of death,
accounting for 29.6% of all deaths [2]. Radiation therapy (RT) is an essential tool
in cancer treatment; approximately 50% of all cancer patients receive it during
their course of treatment. RT contributes to 40% of curative treatments for cancer

world-wide [3].

1.1.2 The context of radiation therapy

RT uses high doses of ionizing radiation to kill cancer cells. In the human body,
ionizing radiation can be deposited directly into the DNA or into a critical cellular
component, killing or damaging the cell at different levels. The radiation can also
indirectly interact with the body by ionizing the water molecules and producing
free radicals. These are highly reactive and can damage cellular components, or
they can produce additional free radicals. The human body is mostly water; hence
indirect interactions are the most probable [4].

In RT, the radiation beam can be delivered internally or externally to the
cancer lesion. In internal RT, such as brachytherapy, the radiation is delivered by
radioactive sources placed inside the body. In external RT, the radiation beams
are produced by an external machine and delivered to the patient. The most
common used forms of radiation are X-rays, -rays and high-energy (4 MeV -25
MeV) electron beams, but other particles such as protons or heavy ions are also
used. External RT treatments are one of the common clinical approach [3, [5].

The use of radiation in medicine began shortly after the discovery of x-rays in



1895 [6] and of radioactivity in 1896 [7]. External RT began with superficial and
orthovoltage therapy with x-ray tubes [8]. In the early 1950s, megavoltage (MV)
photon beams began to be used with the development of clinical linear accelerators
(linac) and with the introduction of cobalt-60 teletherapy machines which emit
gamma rays of 1.17 and 1.33 MeV [8, [9]. The design of linacs has evolved and
improved since they first appear. In modern linacs, electrons are accelerated with
radio frequency electromagnetic waves and strike a target of high-Z material to
produce a spectrum of x-ray energies [10]. Each linac has a unique radiation beam
with a specific energy spectrum.

In the last three decades, technological advances in RT aim to deliver the radi-
ation more accurately and conformal to the cancer lesion sparing as much healthy
tissue as possible. Among the most relevant are: 1) intensity-modulated radiation
therapy (IMRT), where dose varies inside the radiation field, 2) stereotactic radi-
ation therapy (SRT) and stereotactic body radiation therapy (SBRT) treatments
which are very conformal to the lesion target and have a steep dose gradient outside
the target, 3) particle beam therapy, particularly proton therapy, where there is a
significant reduction in the radiation dose to the healthy tissue [11], and 4) image-
guided radiation therapy (IGRT) where the integration of imaging systems to the
radiation device allows better control, accuracy and precision of dose delivery [12].

IGRT treatments track variations in the shape, position, and movement of
the target volume, allowing the adaptation of treatment plans to these variations.
Magnetic resonance imaging (MRI) has been used for a long time in RT. MRI has
excellent soft-tissue contrast without delivering any radiation dose to the patient.
In the last decade, several designs integrating MRI systems to linacs (MRI-linacs)
have been developed [13], 14} [15, 16, (17, [18]. This thesis focuses on this technology,

specifically on the effect of the magnetic field on dose distribution and measurement.

1.1.3 Magnetic resonance imaging-guided radiation therapy

Currently, there are two MRI-linac systems commercially available, the MRIdian®

from ViewRay (ViewRay Inc., Oakwood, USA) and the Unity® from Elekta (Elekta



Instrument AB Stockholm, Sweden). In these systems, the magnetic field is always
perpendicular to the irradiation beam, as illustrated on the left of figure[I.1]. Other
prototypes, so-called in-line systems, where the beam is parallel to the magnetic
field, are under research by the Australian Magnetic Resonance Imaging-linac pro-
gram [I7] and the MagnetTx Aurora ® by the University of Alberta [I8]. The
devices are shown in figure [I.2] Part of this research project was performed using
the Elekta Unity MRI-Linac; thus, this device is described in more detail. The

in-line systems are beyond the scope of this thesis.

a Perpendicular configuration b In-line configuration

Figure 1.1 — The two configurations of MRI-linac devices: a) The radiation
beam is perpendicular to the magnetic field, corresponding to Elekta Unity® and
Viewray MRIdian® configuration. b) The radiation beam is parallel to the
magnetic field, corresponding to the Australian Magnetic Resonance
Imaging-linac program and the MagnetTx Aurora® by the University of Alberta.
Figure taken from reference [19].

The first commercially available device was Viewray’s MRIdian, consisting of
a 0.35 T MR scanner surrounded by a ring-gantry with three equidistant °Co
sources, each head is equipped with independent doubly focused multileaf colli-
mators [I5]. The first patient was treated in 2014 at Washington University [16].
In the latest version of the MRIdian, the °Co sources were replaced by 6 MV
flattening-filter-free (FFF) linac [21].

The first clinical MRI-linac prototype was developed by a collaboration be-



MagnetT,
Oncology Solutions

" Aurora RT”

Figure 1.2 — (a) Elekta’s 1.5 T Unity® system at University Medical Centre in
Utrecht, The Netherlands. (b) The Australian MRI-linac, (left) supine positioning
and (right) standing positioning that is possible with this open system. (c) The
Aurora-RT® system at the University of Alberta. (d) Viewray’s MRIdian® system
at Washington University in St Louis, USA. Figure taken from reference [20].

tween the University Medical Center Utrecht, Elekta, and Philips (Koninklijke
Philips N.V., Amsterdam, Netherlands) [22, [13]. In 2017, the first-in-man study
was performed on the prototype combining a 1.5 T MRI scanner with a 7 MV FFF
linear accelerator [I4]. This prototype evolved into the Elekta Unity MRI-linac,
released for clinical use in 2018. The first patient was treated in the same year at
the University Medical Center Utrecht [23].

The integration of an MRI with a linac poses many technological challenges.
The main technical difficulty is the magnetic interaction between the two systems:
the MRI components scatter and attenuate the beam and the magnetic field changes

the trajectory of the secondary electrons while the metal components of the linac



perturb the magnetic field homogeneity inside the MRI [24, 25]. These difficulties
were overcome by adopting the active shielding method of the magnet. The active
shielding provides a low magnetic field in a toroid around the magnet where the
sensitive linac components are placed. The linac is mounted on a gantry ring
surrounding the 1.5 T magnet, as illustrated in figure [25, 26]. The radiation
beam travels through a homogeneous part of the cryostat free of super-conducting
coils [26]. Additionally, a radio-frequency cage is integrated into the MR scanner

to isolate it from the linac interference [27].

Magnetron

Waveguide

1.5T wide-bore
MRI

Multileaf
collimator

Treatment
beam

Figure 1.3 — Schematic diagram of the Unity MRI-linac, taken from reference

2.

1.1.4 TImpact of the magnetic field on reference dosimetry

RT relies on accurate dose delivery to the target volume; an overall accuracy
of 5%-7% in dose delivery at the 95% confidence level is recommended [5, 28].
In particular, the combined uncertainty for ionization chamber reference dosime-
try in external beam radiotherapy is between 1.6% and 2.6% with k=1 [29]. To
achieve this, linacs are calibrated to deliver a specific dose under standard condi-

tions following accepted dosimetry protocols or Code of Practice (CoP). National



and international organizations issue these protocols, so standard procedures are
adopted nationally, regionally or globally. This allows reliable comparison of refer-
ence dosimetry data and outcomes of RT treatments between different institutions
[30].

In the reference dosimetry protocols, the absorbed dose is determined at a
reference point in a phantom (usually made of water) irradiated by a beam of
quality, @), under specific reference conditions. Examples of reference conditions
are the reference point 10 cm depth, the source-to-surface distance (SSD) equal
to 100 cm and a 10 x 10 cm? field. Radiation dosimeters provide a reading,
M, proportional to the dose deposited by the radiation beam in the dosimeter’s
sensitive volume [30]. Tonization chambers are the preferred reference radiation
dosimeter in RT. For external RT with high-energy photon beams, two of the most
important protocols for clinical reference dosimetry are: one from the task group
TG-51 [31), 32] from the American Association of Physicists in Medicine (AAPM),
commonly referred to as TG-51, and the Technical Reports Series No. 398, or
TRS-398, [33] from the International Atomic Energy Agency (IAEA).

In MRI-linacs, the magnetic field is always present, which impacts the reference
dosimetry measurements. The magnetic field does not affect the photon beam, nor
does it impact the photon-matter interactions in the energy range of interest [34].
However, the secondary charged particles produced by the photon beam are affected
by it, and their trajectories are impacted by the Lorentz force. Figure depicts
electrons travelling through water in the absence and presence of a magnetic field.
This affects the radiation field and the detector dose response, introducing some
differences from conventional reference dosimetry.

The magnetic field introduces significant effects on the reference field, such as
the compression of the build-up region, asymmetry in the penumbra and in dose
profiles, among others explained in more detail in section [2.3.3.2l One important
effect is the so-called electron return effect (ERE) which occurs in interfaces be-
tween high and low-density media, for instance, water-air interfaces. Depending

on the strength of the magnetic field and on the energy of the secondary electrons,
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(a) 0T (b) 15T

Figure 1.4 — Electron trajectories in water in the absence and presence of a
magnetic field, taken from simulations of a 6 MeV pencil photon beam irradiating
water performed in the user code egs_chamber (EGSnrc).

they can return from the low-density medium to the high-density region and de-
posit their energy there, creating a high dose region at the end of the high-density
region [13].

The detector response is impacted by the magnetic field. Situations that gener-
ally are neglected in conventional dosimetry become an issue in magnetic fields.
First, detector orientation with respect to the magnetic field is relevant since
charged particles are deflected towards different components of the detector, per-
turbing the detector response differently [35]. Secondly, small air gaps surrounding
the detector could also potentially impact the detector response in magnetic fields
[36l, 37, [38]. Finally, Monte Carlo (MC) simulations of detector response are also
impacted by the magnetic field; a higher level of detail and precision is required
for the detector geometry model, including an accurate definition of the active
sensitive volume [39, [40, [41].

Currently, there are no available reference dosimetry protocols for the MRI-
linacs, although there is a global effort with several groups working towards this

goal. This thesis contributes to that effort.



1.2 Objectives

This thesis is composed of three articles, the objectives of each article are pre-
sented in the following. In the first article, the impact of the magnetic field on

small-cavity response was studied. Objectives were as follows:

1. To characterize small-cavity detector response in the presence of magnetic
fields using four commercial small-cavity ionization chambers in two config-

urations, using Monte Carlo simulations and experimental measurements.

2. To calculate quality correction factors, k¢, accounting for the effect of the

magnetic field.

3. To provide a detailed uncertainty budget for kg, .

The second article studies the interplay of the magnetic field effect on detector
dose response and the effect of reducing the irradiation field size in these conditions.

The specific objectives of this article were:

1. To provide physical insights on the effects of magnetic fields on detector

response in different irradiation field sizes.

2. To calculate perturbation factors and quality correction factors of several
detectors irradiated by beams of multiple field sizes in the presence of mag-

netic fields.

3. To determine the conditions that minimize perturbations on detector re-

sponse.

The third article explains the underlying physics behind the magnetic field
effect on detector response by calculating the electron fluence rather than the dose

in different detectors. Objectives of this article were:

1. To study the behaviour of electron spectra and restrictions of Fano’s theorem

in the presence of magnetic fields

2. To characterize the variations in electron spectra in the presence of magnetic

fields in six detectors in different irradiation conditions.



1.3 Structure of the thesis

In chapter two, the theory relevant to reference dosimetry in the presence of
magnetic fields is presented. The first article entitled “small-cavity chamber dose
response in megavoltage photon beams coupled to magnetic field” is introduced
in chapter three and presented in chapter four. Additionally, in chapter three,
supplementary calculations for the uncertainty budget are also explained. The
second article entitled “Detector perturbation and quality correction factors in
magnetic resonance-guided radiation therapy small photon beams” is introduced
in chapter five and presented in chapter six. The third article entitled “Monte
Carlo investigation of electron fluence perturbation in MR-guided radiotherapy
beams using six commercial radiation detectors” is introduced in chapter seven
and presented in chapter eight. Finally, the conclusions of the thesis are presented

in chapter nine.



CHAPTER 2
THEORY

2.1 Radiation transport

2.1.1 Interactions of particles with matter

As particles travel through matter, they interact with the atomic electrons and
nuclei of the medium. Neutral particles, such as photons, rarely interact with mat-
ter, whereas charged particles interact with almost every atom along its path, losing
energy or changing direction in each interaction [42] [30]. In photon-matter interac-
tions, in the RT energy range, photons indirectly deposit their energy through four
photon-matter interaction processes: pair production, incoherent (Compton) and
coherent (Rayleigh) scattering, and the photoelectric effect, explained in section
[2.1.1.1] These interactions produce secondary charged particles such as electrons
and positrons. As these secondary charged particles traverse matter, they lose en-
ergy via inelastic collisions with atomic electrons or by radiation processes [42, 30].

In section [2.1.1.2] the electron-matter interactions are explained in detail.

2.1.1.1 Photon interactions with matter

The likelihood of the different processes through which a photon interacts with
matter depends on the initial photon energy and on the atomic number (Z) of the
absorbing medium. In external RT, the energies of interest are between 10 keV
and 25 MeV [30] where the dominant photon-matter interactions are photoelectric
absorption at lower energies, the Compton scattering at intermediate energies and
pair production at higher energies, as shown in figure [42, 130].

A low-energy photon can also interact with the medium via Rayleigh or coherent
scattering in which the whole atom elastically scatters the incident photon. Thus,
there is no energy transferred, no ionization, nor excitation of the atom, and this is

why this process is not relevant in RT. Rayleigh scattering occurs more frequently
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at lower energies and in high-7Z materials.
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Figure 2.1 — The relative importance of the three principal interactions of
photons with matter as a function of the medium atomic number and photon
energy. Taken from reference [30].

Photoelectric effect

An incident photon with energy hv interacts with an inner atomic shell electron
with binding energy Ej, this interaction can only occur if hv > Ej. The photon is
absorbed, the electron gains the photon energy and is ejected with a kinetic energy
of T'= hv — Ej, as illustrated in . The photoelectric effect cross section, oy,
strongly depends on the atomic number and on the energy of the incident photon.
The proportionality to these factors is given by: opp o %, where m = 3.5 and

n =4 for low Z materials, and n = 4.8 for high 7 [42, [30].

Compton scattering

Compton scattering occurs when an incident photon with initial energy hv
collides with an atomic electron. This electron is considered free, i.e. its binding
energy is negligible compared to the projectile’s kinetic energy. After the collision,
the electron scatters at angle ¢ with kinetic energy 7', and the photon scatters

at an angle 0 with a lower energy hi/, as shown in figure 2.2bl Due to energy
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Figure 2.2 — An incident photon with hv energy interacts with the medium
mainly via three interaction process: photoelectric effect, Compton scattering and
pair production.

conservation, the energy transferred to the electron is:

hv
14+ (1 —cosh)

Mmec?

T=hv—ht =hv—

(2.1)

with me is the electron mass. The right part of equation is obtained with
the conservation of momentum in the parallel and perpendicular components.
Backscattering of the photon and forward scattering of the electron, i.e. 0 =7

and ¢ = 0, results in the maximal energy transferred to the electron:

hv
1+ 2hv

Mec2

Tinax = hv — (2.2)

In general, electrons can only scatter in the forward hemisphere, i.e. —7/2 <
¢ <7/2, in a Compton event. For low-energy photons (~0.01 MeV), the electron
receives practically no energy, the photon energy remains almost the same (hv ~
hv)’, and the photon scatters in the forward direction [30].

The probability that a Compton interaction occurs was first approximated by
Thomson, as : oy, = (8772) /3 =6.65x 1072° cm? /e~ [42]. This value is independent
of the energy, and it is only a good approximation for low photon energies (< 0.01

MeV). In 1929, Klein and Nishina improved Thomson’s cross-section by applying
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Dirac’s relativistic theory. In the Klein-Nishina (KN) treatment, the electrons are
assumed to be unbound and at rest. Hence, the KN cross-section is independent

of the atomic number [30].

Pair production

The photon interacts with the electromagnetic field of the atomic nucleus. It
is completely absorbed, releasing all of its energy (hv), and an electron-positron
pair is produced with kinetic energies T~ and T, respectively, as illustrated in
figure [2.2d The pair production process can only occur if the photon energy is at
least 2mec? = 1.022 MeV. The electron and the positron do not necessarily receive
equal kinetic energy; the average kinetic energy is T' = (hv — 1.022 MeV) /2. The
pair production cross-section per atom oy, is proportional to Z 2 and independent
of the photon energy [42] [30].

It is also possible but less probable that the photon interacts with the force
field of an atomic electron. In such a way that the atomic electron acquires signif-
icant kinetic energy and is ejected along with the created positron-electron pair,

this process is called “triplet production”. The photon energy threshold for this
interaction is 2.044 MeV [42] 30].

2.1.1.2 Interactions of charged particles with matter

As charged particles traverse matter, there are Coulomb interactions between
them and the atoms, atomic electrons or atomic nuclei. This leads to the loss
of their energy and to changes in their direction. The medium gains its en-
ergy as atoms become ionized or excited. There are two basic interaction pro-
cesses of charged particles with matter: collisions and radiative processes such as
bremsstrahlung and positron annihilation [42) [30].

In external RT, electrons are the primary charged particle of interest. Contrary
to photons, which interact relatively infrequently with atoms, electrons interact

with almost every atom along its pathway, losing energy almost continuously. This
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lead to a theory for electron energy loss known as the continuous-slowing-down

approximation (CSDA) [42] 30].

Electronic collisions

In a classical approach, electronic collisions can be characterized by the impact
parameter, b, which is the closest perpendicular distance between the electron path
and the atom center. Electronic collisions can be classified into different types, such
as elastic or inelastic, by directly comparing the impact parameter and the atomic

radius, 74, as shown in figure [30].

Incident ——»

electron / Ejected electron
_ JUETERLR .. LT @<, (valence shell)
Incident ',‘ Y ’,' *N
. N
electron ;. | b . \
[y .
1
.“ :'.\ ". :
’ . s
b<r, N 't o b>r, N4 .
. - A *
1 PO *
A) Elastic interaction B) Inelastic soft collision
Incident -- . .
o — LemT T T, Ejected electron o =
electron ,* /. . . .
K N, ord-ray Incident . ~
b K *.(inner shell) electron M ‘-
. 1
: '. by —~—_
: ' ,
'\ :; 3 ;,\
A .
b . . Fa “o b < r, . Fa '*:
\‘ . " * . “l
C) Inelastic hard collision D) Inelastic radiative interaction

Figure 2.3 — Diagram the main types of interactions of charged particles with
an atom, depending on the impact parameter, b, relative to the atomic radius, r,.
(a) elastic interaction, (b) inelastic soft collision, (c¢) Inelastic hard collision and
(d) inelastic radiative interaction. Taken from reference [30)].

Elastic collisions occur when b < 74, the electron mainly interacts with the
nucleus, and it is deflected by the nucleus electric field without losing energy (or
rather losing a negligible amount of energy). Elastic collisions are the dominant
mechanism of electron scattering, especially in high-Z media. The elastic scattering

cross-section is proportional to Z2 of the media [30].
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Inelastic soft collisions occur if b > r,, then a Coulomb interaction occurs be-
tween the electron and the atom. The electron transfers a small amount of energy
(~ eV) to the atom, which becomes either excited or ionized. Inelastic soft colli-
sions are the more probable and thus most common inelastic collision. Even if the
energy transfer is minimal per interaction, globally, they account for half of the
energy transferred to the medium [30].

Inelastic hard collisions, also known as knock-on collision, occur when b & r,.
The incident electron collides with an atomic electron, and the latter is ejected from
the atomic shell, gaining a considerable amount of kinetic energy. The ejected
electron, known as a 0 ray or as a knock-on electron, usually follows a different
trajectory than the primary electron, it is worth noting that the primary and
secondary electron are indistinguishable. Inelastic hard collisions are less probable
and less frequent than soft ones. However, the energy transferred in each hard
collision is much larger; hence the energy lost by soft and hard inelastic collisions

is comparable [30].

Radiative interactions

When the incident electron interacts with the external field of the nucleus, most
of the interactions result in an elastic collision. However, 2-3% of the interactions
result in an inelastic radiative process in which an x-ray is emitted. The incident
electron slows down abruptly, giving up all or a fraction of its total kinetic energy.
This phenomenon is called braking radiation or bremsstrahlung. This process is
relevant for high Z materials and high energies (> 10 MeV). The cross-section of
this interaction is proportional to Z2. Hence, for low Z materials and energies below
10 MeV, this interaction has a low probability. The emitted photon is energetic
enough to travel several centimetres, probably escaping the medium of interest and
depositing its energy elsewhere [30), [42].

Another radiative process is in-flight annihilation. This process can only oc-
cur when a positron is present, and it collides with an electron coming to rest

creating two annihilation photons. The kinetic energy is distributed between the
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annihilation photons [30, 42].

Stopping power

In each electron-matter interaction, only a minor fraction of the incident elec-
tron energy is transferred to the surrounding medium. The CSDA is a convenient
way to account for the transferred energy in multiple interactions by considering a
gradual energy loss [42]. The electronic stopping power is the average rate at which

electrons lose energy along their path [43]. The mass electronic stopping power is

defined as:

Se dE Z Wmax _ do
— —Ny W ——dW, 2.3
o pdx A Wim  dW (23)

where (Z/A)Ny is the number of electrons per unit mass in the medium, W is the
energy transferred to the medium and do/dW is the cross-section, differential in
this energy transfer, per atomic electron for inelastic collisions.

For electrons, the mass electronic stopping power is derived from the Bethe

theory using the Mgller cross section for hard collisions and it is given by [30], 43]:

2
In (E> +In(1+7/2)+F~ (1) —4(5) _QC(Z@ ,

1 0 Z
; = 27r? cMeC —NAB2
(2.4)

where 7 is the classical electron radius, ¢ is the speed of light in vacuum, g =v/c
is electron speed in units of ¢, F is the kinetic energy of the electron, I is the mean
excitation energy of a medium, known as I-value, 7 = E/m.c? is the ratio of the
kinetic energy to its rest energy, 6(3) is the density-effect correction factor, C(35)/Z

is the shell correction factor and F~ is defined as:
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F(r)=(1-p5% 1+T;—(2T+1)1n2 : (2.5)

The energy spent in collision interactions is transferred to the medium while en-
ergy spent in radiative interactions is usually carried away from the neighbourhood
of the interaction by photons [43] [10, 30]. The mass stopping power can be divided
according to the process of energy loss in collision stopping power and radiative

stopping power, as shown in equation

dr dr dr
[ () + () . (2.6)
pdx pdzx col pdx rad

If delta rays resulting from hard collisions are energetic enough to carry their
energy away from the primary track, the electronic stopping power overestimates
the local energy deposition, especially in small volumes. The restricted stopping
power is the average energy loss per unit pathlength from interaction events in
which the energy transferred to secondary electrons is smaller than a chosen cut-

off value A [43], and is defined as:

A A do
Sa(E,8) = SN /W W, (2.7)

where the A value is chosen accordingly to the required spatial resolution.

2.1.2 Radiation transport equation
2.1.2.1 Definitions

Number of particles Considering a source of particles incident in a medium,
the number of particles at the position 7, at time ¢, with momentum p; is denoted

by N(7,p,t). The total number of particles at time ¢ is given by:
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_ 3 R TR
N(t)= /led r[m dQ/O pn(7,p,t)dp, (2.8)

where n(7,p,t) is the particle number density defined as the number of particles of

the same kind per unit volume, energy and solid angle.

Flux The flux or fluence rate, f , is defined as the number of particles per area
perpendicular to the particle direction per unit time. The mathematical definition

is:

FF.pit) = n(7p,t) x v (2.9)
where v is the velocity. The flux units are cm™2 s~ st~ 'MeV !

Fluence The fluence, f;, is the number of particles type ¢ at position 7 with
momentum p, per area perpendicular to the particle direction 4, per unit energy,

per unit solid angle dt = sinfdfd¢. It has unit of cm~2sr~'MeV 1. It is illustrated

dA

Figure 2.4 — Diagram illustrating the fluence, f;, in the solid angle, df).
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The fluence spectrum, F', considers the particles coming from all directions and

is defined as:

F(7.5) :Awf(F,ﬁ)dQ. (2.10)

2.1.2.2 Radiation transport equation

The radiation transport equation or Boltzmann transport equation (BTE) de-
scribes the conservation of the number of particles in a volume by balancing the loss
and gain of particles. Considering a volume, V', with a spatial particle distribution,
n(7,p,t), the transport of particles can be described by the continuity equation. If
there are no external sources and no interactions, the continuity equation is written

as:
—0. (2.11)

expanding the derivative of this equation:

dn  On Ondr Ondy Ondz Ondp, Ondp, Ondp.
ke . Rl <

dt 0t Oxdt Oydt 0Ozdt Op, dt Op, dt ~ Op, dt
dn On dr = dp =

since there are no external forces, then dp/dt = 0. Using the equation , the left

side of the continuity equation becomes:

dn 0 f - (f

dn 190f . = .
=t of (2.14)

<y

<

with @ the unit vector in the direction of the particle momentum.

Considering a case with an external particle source, two terms must be added
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to the continuity equation, one representing the primary particles coming from
the source S(7,p,t), and an interaction term, I{f;7} representing the production
of secondary particles in a medium with mass density p. Then, the continuity

equation becomes:

WS+ (2.15)

Combining equations and [2.15] the radiation transport equation becomes:

of S . : :
I a = pls I, (2.16)

then integrating the Boltzmann radiation transport equation over time, gives:
a-Vf=plS+I{f7}]. (2.17)

In the following section, this equation is modified to account for the presence

of an external force - the Lorentz force.

2.1.3 Radiation transport in the presence of an external magnetic field

The presence of an external magnetic field changes the transport of charged par-
ticles and their energy deposition. Charged particles are subjected to the Lorentz

force, F 7, if there is no electric field, it is given by
Fr, =q[vx B], (2.18)

with ¢ = —e for electrons and q = +e for positrons, e the elementary electric charge
(1.602176634x1071Y C), ¥ the particle velocity and B the magnetic field. Note
that the Lorentz force is determined only by the velocity component perpendicular
to the magnetic field and it is zero if the vectors are parallels.

If an electron travels in vacuum, there is no energy loss, but there is a change

in its direction [44]. Then, the electron spirals around the magnetic field lines



21

following a circular orbit with a gyration radius, ry, as shown in figure [2.5]

Figure 2.5 — In vacuum, the electron trajectory follows a circular trajectory due
to the Lorentz force

Since the magnetic field acts like a centripetal force [44], defining « as the angle
between the magnetic field and the electron velocity, and using 3 = |9] /¢, then the

gyration radius is given by [26]

_Etot ﬁ sina

— o 2.19
9= e B (2.19)

where FEiq is the total energy of the electron and ¢ the speed of light. When the
electron moves completely perpendicular to the magnetic field, i.e., a = 90°, the
electron moves in a circular orbit as shown in figure [2.5| and the gyration radius is

given by

:Etotﬁ
ec|B|

g (2.20)

Magnetic forces do no work, so they cannot speed or slow down the charged
particles [44]. An electron travelling in a medium collides or interacts with atoms
and electrons, losing energy according to the CSDA. As its energy decreases, the

gyration radius becomes smaller and modifies the circular trajectory into a conical
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spring, as illustrated in figure [2.6

v

S|

v

v

Figure 2.6 — In a medium, as the electron loses energy due to interaction with
the medium, the electron path describes a spiral with decreasing radius due to
the Lorentz force

The transport of charged particles is affected by the magnetic field. In sec-
tion the Boltzmann transport equation was derived assuming no external
forces which is no longer valid due to the presence of the Lorentz force. Taking it
into account and considering no electric field, the continuity equation (eq.

becomes:

dn _ o OF
dt ot Ot

<t

n+q[(Tx B)]-Vpn. (2.21)
Using the relationship n = f /v, the previous equation becomes:
— =4 a-V,f+qaxB)-V,f (2.22)

Considering an external particle source and combining equations and [2.22]

the time-dependent Boltzmann transport in the presence of a magnetic field is:

P+ = a9, aix B)- T, (2.23)
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For an external magnetic field B constant over time, the time-independent

Boltzmann transport equation, i.e. equation , can be written as [45]:
@V, f = plS+I{f;7}] +q(ax B)-Vyf, (2.24)

Noting that, just as for equation m, the term 9f JvOt vanishes as its initial
and final value is zero, i.e. at the beginning and end of the irradiation. Equation

has no analytical solution, and Monte Carlo methods can be used to solve it.

2.2 Monte Carlo method for radiation transport

The Monte Carlo method is a statistical approach to solve integro-differential
equations [46]. A physical problem is modelled in a system of equations for a quan-
tity of interest. Then, this quantity is expressed as a parameter (an expectation
value, usually the mean) of a distribution [47]. A sampling algorithm generates a
random sample from the probability distribution and random numbers. Next, es-
timators for the parameter and its uncertainty are derived. Finally, the parameter
of interest and its uncertainty are determined from the random sample distribution
[47]. The uncertainty or confidence interval corresponds to the width of the sam-
ple distribution. The level of statistical uncertainty depends on the sample size;
the larger the sample, the smaller is the uncertainty [47, B0]. In medical physics,
there are several applications of Monte Carlo techniques, for instance, radiation

transport, treatment planning, and detector dose-response characterization.

2.2.1 Simulation of radiation transport

In Monte Carlo simulations, particles are generated by a source; they travel
through the medium and interact with it according to a probability distribution
given by the total interaction cross-section [4§]. As they interact, they produce
secondary particles that are also transported. Particle transport finishes when
most of their energy is absorbed by the medium or until the particle escapes the

geometry of interest [4§]. Each primary particle corresponds to a case or “history”.
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The number of histories determines the statistical uncertainty of the quantity of
interest [48].

Particles are transported via two techniques: analog transport and condensed
history (CH). In the first, every interaction event is explicitly simulated, primarily
used for photon transport. For electrons, it is computationally inefficient to simu-
late every single event due to the high number of interactions [49]. For instance,
an electron of 1 MeV typically will undergo ~ 10° interactions before losing its
kinetic energy [42]. Hence, the transport simulation of one electron would require
an extremely long calculation time. To avoid this, Berger [50] introduced the CH
method, where a large number of events are grouped into a single step. This is
feasible because most electron-matter interactions are either elastic (no energy loss)
or inelastic, in which only a tiny amount of energy is lost and transferred to the
medium. Furthermore, the changes in electron direction and scattering angles are
generally small [51].

The step size of the particle pathlength is carefully chosen by minimizing the
step number while maintaining a step size small enough to be adequate in the vol-
ume boundaries and to minimize angular deflection and energy loss [50]. There are
two types of schemes: class I, where the collisions are grouped using a specific path-
length or energy loss, and class II, where collisions with small energy losses and
deflections are grouped, and occasional catastrophic collisions with considerable
loss of energy are treated separately by conventional random sampling accord-
ing to single-scattering cross-sections [50]. Class IT is the most common since it
allows catastrophic processes above an energy threshold such as bremsstrahlung
production or hard inelastic collisions, where energy is deposited far away from the

primary track, and avoids dose overestimation especially in smaller volumes [48].

2.2.2 Radiation transport in magnetic fields

Among the Monte Carlo codes allowing charged particle transport in magnetic
fields are PENELOPE, MCNP5, GEANT4 and EGSnrc. In particular, in EGSnrc
[48], this transport is performed following the approach of Bielajew [52]. To explain
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this approach, first, the equation of motion of a charged particle in vacuum in the
presence of an external magnetic field is derived in section [2.2.2.1] and then its

implementation into the Monte Carlo algorithm is described in section [2.2.2.2]

2.2.2.1 Equations of motion in vacuum in magnetic fields

—

In the case of relativistic motion, using p= m~yv, ¥ = fc and 7= (1 — B)*l/ 2,

the force can be written as

[ 3 2.25
[ M] (2.25)

—me |*85 5415

[ . dB - dﬁ]

making B = pu, where 4 is the direction unit vector, and making the inner product

F- B34, then

F-pa=me| 0% g0 pa 202 ga ]
:mC: 63d6 8 (ﬁu) ]
o :7363d5 (dﬂA da )u] (2.26)
—mcv-ﬁ (7757 +1)
/3

taking df/dt from equation and inserting it in equation m
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R F - dg
F= 3 L+ —
£l :BQ,&L"&_,_/Y@ (2.27)
me me dt
g 1 on 2
L[ a(ia)

using the relation ds = (ds/dt)dt = (¢f)dt, where ds is the differential pathlength
associated to time dt, then

- :mlw [F- g (F-a)), (2.28)

changing B’ = f4 and taking the inner product with @
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therefore, the equation of motion of a charged particle subjected to the Lorentz

force is given by

dA ]_ — — — —
e - [q(E—i—cﬁﬁ X B)—1 (q(E+cﬁu x B) ﬁ)]
ds  myB2c? (2.32)
dﬁ q — “ — R - ‘
7 :W {E—l—cﬁux B—u(E u)} ,
for the case of no electric field, the equation of motion in vacuum is
d q .=

2.2.2.2 Implementation of an external magnetic field in Monte Carlo

codes

Since there is no analytical solution of the Boltzmann transport equation in the
presence of an external magnetic field, Bielajew proposed the superimposition of
the transport in the magnetic field to the field-free case in the context of CH, as
illustrated in figure 2.7, This imposes restrictions in the charged particle step, it
must be short enough so that there is small energy loss and minimal change in the
step direction [53]. In the Monte Carlo code, EGSnrc [48], the new direction of

motion is given by

AT = Adiyed + Ao, (2.34)

where Atlyeq is the angular deflection due to elastic and inelastic scattering (in the
field-free case) and Atiey, is the angular deflection due to the electromagnetic field.

When there is no electric field, from equation [2.33] Atley, is defined as
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Ay, = [cBoily x B, (2.35)

q-s
myc2 33
with s the step path length and i the initial direction of motion. The final particle

position is

— — — S — —
Tt em = To+uos+§(Aumed+Auem), (2.36)

where 77 is the initial particle position.

.rf, em

9 :
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Figure 2.7 — Illustration of the CH step in EGSnrec.

The Monte Carlo simulations of particle transport in an electromagnetic field
are slower than the field-free case. This limitation was overcome by Malkov and
Rogers [54] by implementing an adaptive integration method in the transport al-
gorithm method, where a one-point integration method (1-PI) is combined with a
three-point integration method (3-PI). The 1-PI technique is used in the original
EGSnrc algorithm under three assumptions complying with Bielajew approach:
1) small energy loss, 2) constant magnetic field, and 3) minimal change in the
step direction. The 3-PI is used to account for energy loss and scattering, i.e.,
weakening assumptions 1 and 3 per step. This method is computationally slower,
but it is more accurate than the 1-PI technique. The choice of the integration
method depends on the step size: for the smaller step sizes, i.e. |Atiey = 0.05], the

1-PI is chosen, and for larger step sizes, |Atenm = 0.2], the 3-PI. This method is
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implemented in the enhanced electromagnetic field macro in EGSnrc used in the

simulations of this thesis.

2.2.3 Fano test

The Fano theorem [55] states that if a uniform source of uncharged particles
irradiates an infinite medium with uniform atomic properties, then the secondary
charged particle fluence is also uniform and independent of the density of the
medium, as well as of the density variations from point to point [30]. In math-
ematical terms, since the fluence is constant, i.e. ﬁr f =0, the left hand of the

Boltzmann radiation transport equation (eq. [2.17)), becomes

0=plS+I{f;m}; (2.37)

this equation is independent of the mass density.

Smyth et al [56] were the first to propose the reproduction of Fano conditions
in Monte Carlo simulations to validate against a known theoretical value, to test
the self-consistency of the radiation transport algorithm. In a Fano test, charged
particle equilibrium (CPE) is created in an artificial experiment consisting of a
cavity inside a phantom; the cavity material has the same atomic properties (i.e.,
cross-sections) as the phantom material but with different densities. The degree
of agreement between the Fano test simulations and the analytical value is often
referred to as the accuracy of the code [30, [67]. Historically, a 0.1% level of accuracy
has been reached for cobalt and electrons beams with EGSnrc [58], 59, [60], and with
PENELOPE [61].

2.2.3.1 Fano test in the presence of magnetic fields

Bouchard and Bielajew [45] demonstrated that in presence of a magnetic field,

Fano’s theorem is no longer valid. Under CPE conditions, v, f =0, then the
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transport equation in magnetic fields (eq. [2.24)) becomes
0=p[S+I{f;7}]+a(@x B)-V,f, (2.38)

which is dependent of the density. In subsequent articles, Bouchard et al [57]
and de Pooter et al [62] identified two special conditions where Fano’s theorem is

applicable in the presence of any magnetic field:

1. If the source is isotropic and spatially uniform. In this case, there are no
restrictions on the magnetic field since it was proven that ¢(@ x é) : ﬁp f=0

for any field, resulting in the conventional transport equation.

2. If the source is spatially uniform sources and the magnetic field scales with

the mass density, i.e. B= pém. In this case, the transport equation becomes

0=S+I{f;7}+q(@x Bp) -V, (2.39)

which is independent of density.

These special conditions can be applied to benchmark the Monte Carlo simu-

lations in the presence of magnetic fields.

2.3 Radiation dosimetry

2.3.1 Radiation detectors

A radiation detector or dosimeter provides a reading M that is, ideally, propor-
tional to the absorbed dose in the detector sensitive volume, Dge;. However, most
detectors exhibit a degree of non-linearity between M and Dge over a dose range

[30, 63]. Among the desired properties of a dosimeter in RT are [30], 63]:

1. Signal (light, charge, temperature rise, among others) proportional to the

absorbed dose.

2. High spatial resolution - the smaller the sensitive volume, the higher is the

spatial resolution.
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3. Reproducibility or precision, i.e. small standard deviation in a set of mea-

surements.

4. Stability with time, some detectors deteriorate with time because of storage

conditions (temperature changes, humidity, light, etc.).

5. Portability to facilitate the regular measurements required for the linac qual-

ity assurance and calibration procedures.

The choice of detectors depends on the conditions of measurements. In RT,
ionization chambers are by far the most widely used because of their repeatability,
stability, linearity and portability [30]. Solid-states detectors are also commonly
used for small photon beams dosimetry that are usually between 4 x 4 cm? and

0.3 x 0.3 cm? [64] [65].

2.3.1.1 Ionization chambers

An ionization chamber is a gas-filled detector, usually air, designed to collect
the ion-pairs created by the interaction of the radiation with the air cavity [30, 63].
There are several types of ionization chambers, such as the free-air chambers used
in primary standard laboratories to measure air kinetic energy released per unit
mass (kerma), parallel-plate chambers used at lower photon energy and in electron
beams, and cavity chambers used widely in reference dosimetry [30, 63]. In this
thesis, only cavity chambers types are used.

A cavity chamber and its essential components are illustrated in figure 2.8
When a chamber is irradiated with a photon beam, the secondary electrons ionize
the air in the cavity, creating a number of electron-ion pairs proportional to the
energy deposited. The electrons are accelerated towards the anode and the ions to
the cathode by an electric potential - typically between 200 V to 400 V - applied to
the chamber wall or to the collector, depending on the model [30,[63]. These charges
are collected by the central electrode connected to an electrometer. The measured
current is proportional to the sensitive volume and to the radiation dose [30, 63].

Ionization chambers should be calibrated regularly in a standard laboratory and
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submitted to quality control test to ensure their optimal operation [30, [63].

\ +— PMMA wall

Central

electrode
«—— Graphite wall

<—— Air-filled cavity

Guard 1

electrode %

Figure 2.8 — Example of a cavity ionization chamber: micro-CT image of
semiflex PTW31010. The main components are indicated: central and guard
electrodes, air-filled cavity, graphite and PMMA wall.

3
b

Among the cavity chambers, there are different types, models, and sizes. For
instance, there are three types of wall shapes: spherical, cylindrical and thimble.
They have axial symmetry with respect to the rotation of the central electrode.
Although, there can be an intra-type variation due to manufacturing imperfections

and mechanical tolerances, leading to chamber response sensitive to orientation.

2.3.1.2 Solid-state detectors

There is a wide variety of solid-state detectors: thermoluminescence dosimeters,
scintillators, semiconductor diodes, diamond detectors, among others [30]. In this
work, the two detectors of interest are a silicon diode and a diamond detector. In
the following, their operation is briefly explained.

The silicon diode consists of an n-type (excess of electrons) silicon layer and a
p-type (excess of holes) silicon layer. These layers create a depletion region since
electrons diffuse to the p-type layer and holes to the n-type layer, as shown in
figure The incident radiation generates electron-hole pairs in the depletion
layer, electrons moving towards the p-type region generates a current proportional

to the incident radiation that is measured by an electrometer [30)].
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Depletion region

Figure 2.9 — Schematic of a p-n junction in a diode. Electrons generated by the
radiation in the depletion region move towards the positive region, creating a
current proportional to the incident radiation.

Silicon diodes have a small sensitive volume (< 0.2 mm?), making them ideal for
small field dosimetry. However, silicon diodes present some limitations: they show
a degree of angular dependence due to their design and materials, they over-respond
to low-energy photons, and they have a limited lifetime [30].

The diamond detector has a similar detection principle as the silicon diode.
Diamonds are natural semiconductors; their intrinsic impurities (boron, nitrogen,
aluminum, and others) make them natural p-type or n-type diodes. The incident
radiation creates electron-hole pairs that move towards their corresponding region,
and the generated proportional current is measured by an electrometer [30].

Diamond detector sensitive volumes can be very small (~ 0.004 mm?) and since
they are also composed of low-Z materials, they are attractive detectors for small
field dosimetry. They have high sensitivity and their response is quasi-independent

of energy, direction, and temperature [30].

2.3.1.3 Cavity theory

The ionization chamber signal is proportional to the mean absorbed dose in
the detector sensitive volume, Dgei. In radiation dosimetry, the detector can be
considered a cavity of a certain material, usually air for the ionization chambers,
inside a uniform medium of interest, usually water. The presence of the detector

perturbs the mean absorbed dose to medium because it has different atomic com-
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position and density than the medium. Cavity theory provides a link between D et
and the unperturbed absorbed dose to medium D,,.q, by determining the factor

Jmed, det, @ defined as

Dijed
fmed, det, Q — ( Dme > ) (240)
det 7 Q

where () is the beam quality. In general, there is no analytical method to calculate
Dget or Diyeq hence Monte Carlo calculations are used to determine fied, det, Q-
Under CPE, the absorbed dose to medium is related to charged particle fluence

in the medium f.

Dot 2 [ 1(8) [S GI;E)] ax, (2.41)

where is the unrestricted mass electronic stopping power for the

[Sel(E)}
P Imed
medium and f.(E) is the differential electron fluence in the medium.

Bragg-Gray cavity theory

Considering a homogeneous medium containing a cavity of low-density mate-
rial and irradiated by a photon beam, the Bragg-Gray cavity theory imposes two

conditions:

1. The cavity must be small relative to the electron ranges, in such a way that

the electron fluence is not perturbed.

2. The absorbed dose in the cavity is deposited entirely by the charged particles

crossing it and not created from a photon interaction inside the cavity.

Then, inserting equation [2.41]in the relationship [2.40] under Bragg-Gray condi-
tions, that is [fe(E)]aet = [fe(E)]med, gives
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Dyea 3" el B)lmea [*57] | dE

_ med (242)
Daget fOEmaI [fe (E)]med [Selp(E) } det dE

Jimed, det, @ =

The Bragg-Gray theory is limited as it assumes a local energy deposition of all

electrons and does not consider the energy loss by the delta rays [30].

Spencer-Attix cavity theory

Spencer and Attix [66] improved the Bragg-Gray cavity theory by considering
the total electron fluence incident on the cavity (and not only the primary as before)
and by using the restricted stopping power with cut-off energy, A, related to the
cavity size. In RT, A =~ 10— 15 keV is enough energy for electrons to cross the air
cavities of standard ionization chambers [30].

An additional term was added later on by Nahum [67] to account for the energy
deposition as the electron energy drops from A to 0 - the so-called track end term.

The full expression of the Spencer-Attix cavity theory for the dose to a detector is

Sel<A>

dE + [ £ (A))med l Let A (2.43)

det

where {LAT(E)}d . is the mass electronic stopping power restricted to losses smaller
€

than A. In the Spencer-Attix theory the factor fg given by equation becomes

fAEma:L’ [fetOt(E)]med {LA(E) ] -

p
fAEmam [fEOUE) | med {LA;EE) } det

dE + [féOt(A)]med [Sel(A)
0B+ [ () [13]

fmed, det, Q —
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2.3.2 Reference dosimetry protocols
2.3.2.1 Standard reference dosimetry protocols

Dosimetry protocols and code of practice provide uniform procedures for beam
calibration to ensure the accurate delivery of the prescribed dose. They follow
a general formalism, first for the calibration of the ionization chamber and the
beam calibration after. The AAPM has established standard protocols for beam
calibration since the early 1960s. In 1983, task group 21 (TG-21) published an
absorbed dose protocol [68] using an ionization chamber calibrated with air kerma
calibration factor in a %°Co beam considering the perturbation factors introduced
by the detector.

Another standard protocol from AAPM was published in 1999, the TG-51 [31].
It is based on an absorbed dose to water calibration factor for the ionization cham-
ber. This allows an easier user implementation by avoiding the calculation of
theoretical dosimetry factors to convert to absorbed dose to water and a signifi-
cant improvement in uncertainty reduction [10]. In the following, this protocol for
megavoltage photon beams is described.

Ionization chambers are calibrated in terms of absorbed dose to water in a
reference 9°Co beam in a primary standards laboratory or in a secondary standards
dosimetry laboratory. At the standards laboratory, a calibration coefficient Ngig"
is determined in reference conditions by comparing the chamber reading, M, to the
known value of the absorbed dose of the reference beam. The calibration coefficient

is defined as

60
D Co
Np&o = e (2.45)

60
where N Dgo has units of Gy/C, M is the electrometer reading in Coulombs, cor-
rected for pressure, temperature, humidity, ion recombination, polarity, and elec-

trometer calibration effects. According to the reference conditions of the TG-51,
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the detector is placed at 10 cm depth, with a source-to-surface distance (SSD) of

100 cm and an irradiation field of 10 x 10 cm? at the surface, as shown in figure

2. 101
Standards laboratory Hospital
%0Co
Different

beam quality

SSD SSD
o0 d 100 em

x kg
10 x 10 cm?2 10 x 10 cm?2
10cm
10cm
® [ J
60
D 'Co
OCo _ W 60,
ND,W - M DwQ = MkQND,CpZ)

Figure 2.10 — Schematic of general formalism for reference dosimetry. On the
left, the calibration of an ionization chamber in a standards laboratory, where the
calibration coefficient is determined. On the right, the calibration of a clinical
beam with a different beam quality. Both absorbed dose to water measurements
are performed under the same reference conditions, using the SSD set up in this
case.

In the clinical linacs, the beam quality is usually different than that of the stan-
dards laboratory. In the TG-51, the beam quality is specified by the photon beam
percentage depth dose (PDD) at 10 cm depth, or %dd(10),, in a 10 x 10 cm? field
at the surface with SSD=100 cm, the experimental setup is shown in figure [2.10}
It is worth noting that %dd(10), only corresponds to the photon component, i.e.,
the effects of electron contamination in the beam are excluded. This is particularly
important for photon beams with higher energies (>10 MeV) where the electron
contamination must be reduced using a 1 mm lead foil placed about 50 ¢m from

the surface phantom while measuring the %dd(10),. For the smaller beam ener-
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gies, the lead foil is not necessary and the %dd(10), measurements are performed
in the open beam. The %dd(10), is related to the beam quality correction factor,
kg, accounting for the variation of absorbed-dose to water between the calibration

beam and the beam of interest. The absorbed dose to water is defined as:

DY = MkoNp e, (2.46)

with M the fully corrected charge reading defined as

M = PionPTPPelechoeraW7 (2'47>

with M;ay the raw measurement of the charge [C] and correction factors defined
below:

e Prp is the temperature-pressure correction factor which accounts for varia-

tion of air mass inside the chamber due to environmental, i.e., temperature

and pressure conditions with respect to the standards laboratory conditions.

It is defined as

273247 101.3
27324220 P

Prp (2.48)

with P the room pressure and T" the water temperature - the chamber should
be in thermal equilibrium with the water

e P, corrects for incomplete ion collection because of opposite charges re-
combination or due to saturation of the chamber [5]. For pulsed beams,
where the linear form of the saturation curve is valid (i.e. Pon <1.05), the

factor is approximated by

1—VH/VL
JME, =V VL'

Pion(VH> = MH (2.49)

raw
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with Vi the normal operating voltage, V7 the reduced voltage (usually,
Vi /2), and Mgv/VL the corresponding raw charge measurements.

o P is the electrometer calibration factor. Pgec = 1.00 if the chamber and
electrometer are calibrated together.

e P, corrects for polarity effects, i.e. under identical irradiation conditions
the ionization chamber could give different readings for potentials of opposite
polarity. This can be caused by distortions of the electric field inside the
sensitive volume or by differences in mobility between positive and negative
ions, or by Compton currents which are the radiation induced currents in

the chamber structural components [5]. The mathematical definition is

M+W_M_W
Ppol = ra2]\/[—mwra’ (2-50)

with M=

aw the raw charge measurement when £ charge is collected.

2.3.2.2 Nonstandard reference dosimetry protocols

In some new RT techniques, beams are referred to as nonstandard because
they do not fulfill the reference conditions of the standard absorbed dose protocols.
In these beams, dosimetry errors can be considerably larger than in conventional
beams [69]. In 2008, the TAEA, in collaboration with AAPM, proposed a new
formalism [69] for the dosimetry of nonstandard beams, which includes a new

correction factor. The protocol considers two routes traceable to a broad beam:

1. For small static-field dosimetry in which the conventional reference con-
ditions cannot be established, an intermediate reference field known as

machine-specfic reference (msr) field is introduced.

2. In composite-field dosimetry, i.e. combination of small fields forming an
overall field with an extended area or volume or 4D delivery sequence [30],
an intermediate reference field known as plan-class specific reference (pcsr)
field is introduced. The pcsr field must be closer to patient-specific field,

and provide a uniform dose over a region large enough to cover a reference
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detector.

In the first route, illustrated on the left side of figure 2.11], the absorbed dose
to water at the reference depth in a beam of quality Qs is given by

D/l_);mST

S&msr

msr fmST’fre g
- Mémsr ND7w7Q0 kQ»QO kast d J (251)

where Mé’;ssrr is the charge reading in the msr field corrected for the influence
quantities as in the protocol TG-51, Np ., ¢, is the calibration coefficient in terms
of absorbed dose to water for an ionization chamber at a reference beam quality (),
usually measured in a in a 10 x 10 cm? field, kqg.,q, is the beam quality correction
factor for the differences between the reference beam quality at the standards lab-
oratory and the beam quality @ of the conventional reference field, and kg::;%ef
is the correction factor for the difference between the conditions of field size, ge-
ometry, phantom material compared to beam quality of the conventional reference
field and the machine-specific reference field [69].

The factor kg:f;fgef accounts for the difference between the responses of an

ionization chamber in the fields f,.; and fis- and is given by

fmsr fmsr
fmST7fref . Dw,Qmsr/M msr
kg = TV v (2.52)
Do /Mg

In the second route, illustrated on the right side of figure 2.11], a pesr field is
used. The absorbed dose to water Dipggcsr at the reference depth in a beam of

quality Qpcsr and reference field fyes- is given by

fpcsr o fpcsr

Jpesryfref
Dwancsr - MQpcsrNDvvaOkQ7QOkapcsr,Q ) <253)

the factor kq,..,,q is defined as in equation but with a pesr field instead of a
mrs field.

Currently, there are no dosimetry protocols or CoP available for reference
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Figure 2.11 — Schematic overview of the dosimetry of 1) small static field with
reference to a msr field on the left, and 2) nonstandard composite fields with
reference to a plan-class specific reference field. Modified from reference [69)].

dosimetry in the presence of a magnetic field. It has been suggested that ide-
ally, these protocols could be developed as an add-on to the existing dosimetry
protocols or CoP for conventional linacs [26]. A review of reference dosimetry in

the presence of magnetic fields is described in the following section.

2.3.3 Towards reference dosimetry in the presence of magnetic fields

Before stating the general formalism for reference dosimetry in magnetic fields,

different aspects of the magnetic field effect on dose measurements are described.

2.3.3.1 MRI-Linac design

Reference conditions, typically a 10 x 10 cm? at the isocenter or at the surface
and an SSD setup between 90 and 110 cm [3I], cannot be achieved in the com-
mercially available MRI-Linacs. In the Elekta Unity® MRI-linac, the bore is 70
cm wide, and the source-to-isocenter distance (SID) is 143.5 cm. Similarly, in the
ViewRay MRIdian® device, the width of the bore is 70 cm, and the SID is 105 cm

for the linac version and 90 cm for the °Co version[26).
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2.3.3.2 Effect of the magnetic field on the irradiation beam

The impact of the magnetic field on the irradiation beam depends on the config-
uration between them, as shown in figure There is a more significant impact
when the magnetic field is perpendicular to the photon beam than when they are
parallel [35]. In the calibrations of the MRI-linac, the beam is perpendicular to the

magnetic field.

No magnetic

o Beam parallel to Beam perpendicular
field

magnetic field to magnetic field

Figure 2.12 — Illustration of the impact of the magnetic field orientation on the
secondary electrons, using a pencil 6 MeV photon beam. On the left, no magnetic
field is present. In the middle, the magnetic field is parallel to the irradiation
beam. On the right, the magnetic field is perpendicular to the irradiation beam.

In the right side of figure 2.12] secondary electrons are travelling through water
and encounter an air slab. They return to the water region because of the Lorentz
force and the change in density. This is the so-called electron return effect, first
described by Raaijmakers et al [I3]. In a low-density medium, such as air, the
electron mean free path is long compared to the gyration radius, so the electrons
can curl more without interacting than in a high-density medium where the mean
free path is smaller [I3]. Due to ERE, an extra dose deposition occurs near the
high and low-density interfaces. On the contrary, dose deposition behind the low-
density region decreases because fewer electrons cross it [13]. The impact on dose
distribution depends on the magnetic field strength, electron energies, field size,
the obliquity of the interface, and gap size [24]. Although the ERE is not relevant

in reference dosimetry because the point of measurement is far from the phantom
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boundaries. ERE can occur in the interfaces between the detector and the phantom.
Other characteristics changing in a reference field, 10 x 10 cm?, due to the

magnetic field are [26]:

1. A reduction in thickness of the build-up region since electrons deposit their
energy closer to the photon interaction point. Also, there are fewer contam-
ination electrons (created by interactions in other parts of the MR-Linac)
arriving at the surfaceE] because they are likely to curl back following the

Lorentz force [70, [71), [72), [73].

2. Higher dose area at the beam exit because of ERE in the exit region [13|

74, 71, [72]
3. Lateral asymmetry in dose profiles in the direction of the Lorentz force [70].

4. The depth dose distributions changes since electrons deposit their energy
closer to the photon interaction point resulting in a reduction of absorbed

dose in magnetic fields [75] [76].

the magnitude of the four listed changes depends on the magnetic field strength.

2.3.3.3 Effect of the magnetic field on detector response

The presence of the magnetic field modifies the detector response. The charac-
terization of different types of detectors for reference dosimetry measurements in
MRI-linacs has been under investigation by several groups [35] [77, [75] [78)], 40, [79),
39, 80, 8], 41]. However, the magnetic field effect has not been fully understood
and described [26].

The orientation of the detector with respect to the magnetic field significantly
impacts the detector response. In conventional reference dosimetry, the detector is
placed perpendicular to the irradiation beam. However, in an MRI-linac, the de-

tector can be placed in four ways with respect to the magnetic field and remaining

1. This is an aspect where the in-line MRI-linacs differ significantly from the orthogonal sys-
tems. The magnetic field actually channels contaminant electrons onto the patient, increasing
the surface dose.
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perpendicular to the photon beam, although for symmetry, there are only three
different orientations, as shown in figure 2.13] In these, the electrons, on aver-
age, are deflected towards different components, impacting the detector response
differently.

Meijsing et al [35] were the first to evaluate the impact of the magnetic field on
the response of an ionization chamber Farmer NE2571. In their setup, the magnetic
field is perpendicular to the radiation beam, and two orientations of the ionization
chamber were studied: 1) the chamber axis is perpendicular to the magnetic field
and to the radiation beam and 2) the chamber axis is parallel to the radiation beam
and perpendicular to the magnetic field. The chamber response was measured as a
function of the magnetic field strength, between 0 and 2 T. In configuration 1, the
chamber response initially increased up to 8% and beyond 1 T, it slowly decreased.
The opposite occurred in the second configuration: the response initially decreased

and increased after the 1 T; the most significant variation was 11%.

= -~
yﬁ’

Figure 2.13 — Detector orientations in reference dosimetry where the beam is
always perpendicular to the magnetic field. On the left, the detector axis is
perpendicular to the beam with the Lorentz force pointing towards the tip. In the
middle, the detector axis is parallel to the magnetic field. On the right, the
detector axis is perpendicular to the beam with the Lorentz force pointing
towards the stem.

The magnetic field enhances the sensitivity of detector response to design details
that appear insignificant in conventional conditions. This is especially important
in Monte Carlo calculations of quality correction factors. The MC model must be

as accurate as possible, and in particular, the presence of dead volumes inside the
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sensitive volume must be accounted for [40} [79] 39, [41].

Another relevant issue is the potential presence of air gaps surrounding the
detector partially or totally, as shown in figure[2.14] The air gaps can occur between
a non-waterproof chamber and its water-proof sleeve or between a chamber and a
solid water phantom. Several groups [36, 54}, [38], 37] have shown that these air gaps
can strongly affect the chamber response in an external magnetic field, contrary to

conventional reference dosimetry where the effect of the air gaps is negligible.

Photon
beam

B
—_

(a) Symmetrical air gap. (b) Asymmetrical air gap.

Figure 2.14 — Illustration of the modeled air gaps surrounding the chamber.

The formation of air gaps is random; their location, distribution and size are
usually unknown. Hackett et al [36] were the first to point out variations of 0.7%-
1.2% on detector response due to the presence of air gaps of 0.1 mm and 0.2 mm
between the chamber and its water sleeve. Malkov et al [54] showed a variation of
up to 1% on chamber response due to air gaps (0.5 mm and 1.0 mm) for multiple
magnetic field strengths. Agnew et al [38] studied the effect of air gap position
around the chamber; for the Farmer-type chamber, a variation of 3.8% on cham-
ber response was found for asymmetrical air gaps of 0.3 mm thickness. Finally,
O’Brien et al [37] investigated the effect of air gap shape, either symmetrical or
asymmetrical, showing variations within 0.5% on chamber response for symmetri-
cal air gaps with thicknesses: 0.2, 0.6, 1.0 and 1.4 mm and variations of up to 1.6%

for asymmetric air gaps.
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2.3.3.4 Generalized formalism

Some efforts have been attempted to adapt the standard, and nonstandard
dosimetry protocols for reference dosimetry in a magnetic field [82, [75] [76]. Smit
et al [82] proposed the adaptation of standard dosimetry protocols [31], B3] by
correcting the effect of the magnetic field on the chamber reading. However, this
approach is problematic since it neglects the influence of the magnetic field on local
dose distribution and on detector response [76], 57].

The beams of MRI-linacs can be considered as nonstandard beam since CPE
cannot exist in heterogeneous geometries in the presence of a magnetic field [45].
The formalism proposed by Alfonso et al [69] could be adapted to perform dosime-
try in MRI-linacs. To consider the magnetic field effect, O’Brien et al [75] proposed

to add a correction factor, kQ’f ™ in the original equation (eq. [2.51)) of Alfonso

formalism. In the presence of a magnetic field, the absorbed dose to water Dﬁ’f e
for the field fy,s with beam quality Qs is given by:
B msr msr B msr
D'LU:C};msr Mfm N, 7w,Q0kQ7;{qr ) (254)

where kgn{ ::LST is a correction factor for both beam quality and magnetic field, it is

defined as:

ke ™ = kg ok KET (2.55)

k:g’”s" is the correction factor accounting for the magnetic field effect in the ioniza-

tion chamber dose response, it is defined as:

B fmsr / B fmsr

Qmsr _ Qmsr Qmsr
B o wfmsr / fmsr ' (256>
w \Qmsr Qmsr

The correction factor kQ’f ™" can be determined via Monte Carlo calculations,
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assuming that W/e is constant with B and ). O’Brien et al [75] did the calculation
for six commercial Farmer type ionization chambers using the software GEANT4.
The chambers were positioned at a depth of 10 cm in a 30 x 30 x 30 cm?® water
phantom at the isocenter of the Elekta MRI-linac. The absorbed dose in each

chamber was calculated with and without the magnetic field of 1.5 T, to determine

B,fmsr
kasr

according to equation [2.56f In the same study, four chamber orientations

were considered: the chamber parallel to the field lines pointing in both directions
and the chamber perpendicular to the field lines pointing in both possible directions.
Their results showed a clear dependence on the orientation; the parallel orien-
tation presented the smallest corrections (<1%). In fact, two chambers - NE2571
without the waterproof sleeve and PTW30011 - did not require correction in this
orientation. On the contrary, correction in the clockwise perpendicular orientation
averaged 3.9% with a standard deviation of 0.2%. The counter-clockwise perpen-
dicular orientation averaged 3.0% with a greater standard deviation of 0.7%; the
increased variation is probably due to the design since the secondary electrons
produced in the chamber stem deposit their energy in the sensitive volume [75].
The next chapter correspond to the introduction of the first article where quality
correction factors accounting for the effect of the magnetic field are calculated for

four small-cavity ionization chamber in two different configuration.



CHAPTER 3

INTRODUCTION TO ARTICLE 1

3.1 Context

With the advent of MRI-linacs, definitive dosimetric machine calibration and
other dosimetric measurements relevant for machine commissioning must be per-
formed in the presence of magnetic fields. Since 2009, several groups have inves-
tigated the magnetic field impact on ionization chamber dose-response via exper-
imental measurements, and Monte Carlo simulations [35] 82], 77, [75], 54], 40}, 39].
Most of the investigations focus on Farmer-type chambers, commonly used in ref-
erence dosimetry measurements. This investigation focuses on the magnetic field
effects in small-cavity ionization chambers used for small field dosimetry measure-
ments. As RT treatments with MRI-linac evolve, treatments using small fields will
become routinely used in the clinic.

Monte Carlo calculations are crucial to determine quality correction factors
for reference dosimetry, i.e. definitive machine calibration. For this reason, it
is necessary to have accurate Monte Carlo models of ionization chambers. The
charge collection efficiency in ionization chambers depends on the configuration of
the electric field in the sensitive volume of the chamber. Therefore, the collection
is not uniform. In fact, in chambers commonly used in reference dosimetry, there is
a region near the guard electrode without charge collection, i.e. a dead volume. In
recent years, it has been found that accurate modelling of the effective collecting
volume, i.e., removing the dead volume, is essential to have good agreement between
experimental measurements and Monte Carlo calculations of detector dose-response
in the presence of magnetic fields [40), 83, [39].

Several approaches have been used to define the dead volume. For instance,
cylindrical volumes of different thicknesses (Malkov and Rogers [79]) or different

radius (Spindeldreier et al [40]) near the guard electrode were removed from the
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sensitive volume to account for the dead volume.

A more exact approach was provided by Ross [84], who proposed to simulate
the electric field inside the mechanical volume and to exclude the volume where the
electric field lines go from the guard electrode to the cavity wall. Pojtinger et al
[39] apply this methodology to define the dead volume inside the Farmer chamber
PTW30013. The shape of the dead volume is a torus rather than a cylinder.
Monte Carlo simulations of quality correction factors, kg, were performed with
and without the dead volume. The exclusion of the dead volume improved the
agreement between measured kg, and simulated kg, from 1.44% to 0.1%.

The study presented herein uses the same methodology to determine the dead
volume inside the small-cavity ionization chambers. The objectives of this work

are:

1. To characterize small-cavity detector response in the presence of magnetic
fields using four commercial ionization chambers in two experimental con-

figurations.

2. To determine the effective sensitive volume in the chamber.

3. To calculate quality correction factors, ké@%.

4. To provide a detailed uncertainty budget for kg;g

3.2 Uncertainty budget

In the article, an uncertainty budget is proposed. In this section, the definition
of the terms is provided in more detail. In particular, the mathematical derivations
of the experimental setup uncertainty, osetup, and of the uncertainty associated to

the Fano test opan, are given.

3.2.1 Definitions

The experimental absorbed dose is

Dexp (B) = (Dexp (B)) + drep (B) + dsetup (B) (3.1)
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and the MC simulated absorbed dose is

Dnum (B> = <Dnum (B)> + 5stat (B) + 5Fano (B) + 6data + 5geom (B) (32)

with § all random variables from the different sources of uncertainties:

1.

drep (B): error associated with measurement repeatability, assumed depen-

dent of the set value of magnetic field B.

. Osetup (B): error associated with measurement setup error, one portion in-

dependent of B and the other symmetric with respect to the sign of B.

. Ostat (B): statistical uncertainty from MC simulation, assumed dependent of

the set value of magnetic field B

. OFano (B): algorithmic error from MC simulation, assumed dependent of B.
. Odata: error caused by data, such as stopping-power and other cross-sections.

. Ogeom (B): error cause by difference between blueprints and actual cham-

ber design, as well as the error on the determined dead volume assumed

dependent of the set value of magnetic field B.

3.2.2 Absorbed dose ratio relative to dose in the absence of magnetic

fields

The following is an approximation, but probably good enough considering the

estimates involved. Since the cross-terms are uncorrelated they are zero, then the

ratio

of numerical absorbed dose with and without magnetic fields is

r (B) _< num( )>+5stat( )+5Fan0 (B)+5data< )+5geom< )
o < num ( )> + dstat ( ) + Fano (0) + ddata (O) + 5geom ( ) (3.3)
)

<7”num ( ) =+ Estat ( ) + €Fano (B) + €data (B) + €geom ( )
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and the ratio of experimental absorbed dose with and without magnetic fields is

<Dexp (B)> 5rep (B) + 5setup (B)
<Dexp (0)> 5rep (0) + 5setup (0

Texp (B) = )
R (rexp (B)) + €rep (B) + €setup (B)

+
+ (3.4)

with € all random variables from the different sources of uncertainties (the same as
above). Considering the following simplifications on the dependence of the errors

e on the strength of the magnetic field B:
1. €gtat: statistical error from simulation.
2. €pano: algorithmic error from simulation, assumed independent of B.

3. €data: error caused by physical data used in the radiation transport algo-

rithm, such as stopping-power and other cross-sections.

4. €geom: error caused by difference between blueprints and actual chamber

design, comprising the effect of the dead volume.
5. €rep: error associated with measurement repeatability.

6. €setup: error associated with measurement setup error. The portion indepen-
dent of B is assumed to cancel with the ratio. The other portion, symmetric

with respect to the sign of B, is to be characterized.

3.2.3 Mathematical derivations
Setup uncertainty

Two sources of experimental uncertainty are considered: one is defined as the
repeatability uncertainty evaluated by calculating the standard deviation of N mea-
surements, and the other one, named setup uncertainty, accounts for the difference
in the detector response with the same magnetic field magnitude but with opposite
direction.

In the parallel orientation, the chamber response is supposed to be symmetrical

with the magnetic field; since the setup and the chamber are symmetrical, the
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impact of the magnetic field is assumed to be the same in the negative and positive
magnetic field direction. Mathematically, this is (rexp (B)) = (Texp (—B)), defining

the experimental error as
€exp = Texp (B> —Texp (_B) ~ <Texp (B)> + €rep,+ + €setup,+ — <Texp (_B» — €rep,- — €Esetup,-

€exp ~ €rep,+ T Esetup,+ — €rep,- — €setup,- (35)
the average of €eyp, is given by:
1 N

for the N pairs of magnetic field and calculating the estimator :

1

N <(EeXp,i - gexni)2> = <€(2exp,i — 2€exp,i€exp,i +€gxp,i>
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using the definition of the mean (eq. [3.6)):

1 X o 1 X, 2 N 1 X 1 X1 X 1 Y
T Z((ﬁeXp,i _gexlmi) > = X Z(e ,'> AT Z<66Xp,i* Z 6eXlDJ) + Z<* Z €exp,i 37 Z 66XPJ>
N¢:1 Ni:l o Ni:l Nj:l Nizl Nz‘:l Nj:l
1 N ) ) N N 1 N N
N Z<eexp, )— N2 > (Cexpiiexp,i) + N2 > D {€expiiexp,s)
=1 i=1j5=1 i=1j5=1
1 N ) 1 N N
- N <€exp,1> N2 Z Z (€exp,i€exp,j)
i=1 i=1j=1
1 N 5 1 N 1 N N
= A7 <€ , > N Z<€exp7ieexp,i> YD) Z Z <€exp7z€exp ]>
szl o N i=1 N2 i=1j5=1,j#1
1 ) LA 1 N N
= N <€exp,1> - W Z<€exp7z> N Z Z <EeXp,i€eij>
i=1 i=1 i=1j=1,57#i
N-1X , 1 XX
= N2 Z(eexp,1> - m Z Z <€exp ’L€eXp,j>
i=1 i=1j=1,ji

(3.8)

using the definition of eqxp, the equation becomes:

=2

1 Y N-1 5
N Z €exp,i — Eexp,i)2> ~ N2 Z<(€rep,+ i T €setup,+,i T €rep,-i T 6setup,—,i) >
i=1 =1

2\
HMz

N
Z 61rep,+,i + €setup,+,i — €rep,-i — ‘fsetup,-,i)
Jj=1,3

(Erep7+7j + Esetup,+7j - erep7'1j - GSEtup7'1j)>
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the right-hand side of the equation can be expanded as

N
2 2 2
Z { rep =+, 1 setup,+,i> + <€rep,-,i> + <€setup,—,i>

+2 (<€rep,+,i€setur>,+,i> - <€rep,+,i€rep,—,i> - <5rep,+,i€setup,—,i>

- <€setup —l—,ierep,-,i) - <€setup,+,i€setup,—7i> + <€rep7—,i€setup,-,i>)]

1 N N
- m Z Z <<6rep7+7i€rep7+7j> + <6rep7+7iesetup7+7j> - <€rep7+7i€rep7_7.j> - <€rep7+7i€setup7_7j>
i=1j=1,571

+ (Esetup,+,i€rep,+,j) T (Esetup,+,i€setup,+,j) — (Esetup,+,i€rep,-j) — (Esetup,+,i€setup,-.j)
- <€rep7-,i€rep7+,j> - <€rep7-,i€setup,+,j> + <€rep,—7i€rep,—7j> + <€rep7-,i€setup,-7j>
- <€setup,—,15rep,—|—,j> - <€setup,—,i€setup,+,j> + <€setup,—,i€rep,—,j> + <€setup,—,i€setup,—,j>)

since there are no statistical correlations between repeatability and setup errors

and neither amongst themselves, then

~ N2 Z {<E?ep,—|—,i> + <€§etup,—|—,i> + <€rep,—,i> + <Esetup,—,i>
=1

(<€rep +, 1> <€setup,—|—,i> - <€rep,+,i><€rep,—,i> - <€rep,+,i> <€setup,—,i>

- <€Setup + 1> <€rep,—,'> - <€S€tup7+7i> <€Setup,—,i> + <€rep,—,i> <€Setup7_ai>>]

22 Z 61"ep+1 6repHrJ)4‘<€rep7+,i><€setup,+7j>—<€rep,+,i><€rep,-7j>—<€rep7+,i><€setup,-,j>
i=1j=1,571

+ <€setup,—|—,i> <€rep,—|—,j> + <€setup,—|—,i> <€setup,+,j> - <€setup,—|—,i> <€rep,—,j> - <€setup,+,i> <€setup,—,j>
- <€rep7_7i> <€rep,+,j> - <€repa_ai> <€setup,+,j> + <€rep7_7i> <€rep7_aj> + <€rep,—,i> <€setup,—,j>

- <€setup,-,i> <Erep7+,j> - <€setup7—,i> <€setup7+,j> + <€setup7—,i> <€rep,-,j> + <€setup,—,i> <€setup7-,j>)
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assuming that (erep + i) = (€rep-,i) = (€rep,i), then

N-1X
~ N2 Z { €rep,+, 1 setup -+, 1> + <€1%ep,-,i> + <€§etup,—,i> - 2<€rep,i>2 - 2<€setup,+,i> <€setup,—,i>}
=1

N N
Z Z 6se‘cup +,i <€setup,—|—,j> - <€setup7+,i> <€setup,-,j>
i=1j=1

- <€setup,—,i> <€setup,+,j> + <€setup,—,i> <€setup,—,j>) )

replacing o2 4 ; = (€7, 1 i) — (€rep,i) %, and assuming the same mean and variance

for the setup error, i.e., VAR(€setup,+,i)= VAR (€setup.-,i) and (€setup i) = (Esetup,+,i)

then
;i((eexm _EeXp,i)2> ~ NN_Q ! z—ﬁé (O-I?ep,—hi + Urer,-,i + 2‘7s2etup)
and
T (g B =y - 80) = St S, B S o, 4 B,
therefore,
Oetup g:l< (rexp (Bi) = Tesp (—Bi))*) = jifg:l <U?ep7+7i ; Ugep,_d)
i= =

Fano uncertainty

In the Fano test a theoretical value is compared to a simulated value, these
values are supposed to be the same, i.e. Diheory = (Dnum (B)), the error of the

simulation is given the difference between those two values

0= Dnum (B) - Dtheory (B) ~ <Dnum (B)> + 5stat (B) + 5Fano (B) - Dtheory
~ 5stat <B> + 5Fano (B>

(3.9)
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for the M ionization chambers, calculating the following estimator (using the pre-
vious derivation of [3.8),

S

A;é«aj_(sjf%MMgl (2= 5

j=1 j=1k=1k#j

the right-side of the previous equation can be expanded as

M-1X 1 MM
~ M2 Z <(5Stat,j +5Fano,j) > M2 Z Z << stat,j +5Fano7j> (5Stat,k+5Fano,k)>
J=1 j=1k=1k#j
M—-1M
~ M?2 Z <5stat yi + 5Fan0 J + 25stat jéFano ]>
j=1
1 M M
W Z Z <6stat j(sstat,k + 5stat jéFano kT 5Fano ](sstat k + 5Fano ](SFano k>
j=1k=1k+#j
M-1¥,, .,
~ M2 Z (<5stat ]> <5Fano ]> +2 <5stat,j5Fano,j>)
7j=1

M M
a2 Z Z (<5stat,j5stat,k> + <5stat,j5Fano,k> + <5Fano,j55tat,k> + <5Fano j(SFano k>)
j=1k=1k#j

assuming the variables are uncorrelated, then

1 M
M — <<§] _(sj)Q> ~ MM21 Z << statj> <6%ano,j> +2<5stat,j> <5Fano,j>)
j=

Jj=1

1 M M
_ W Z Z (<5Stat,j> <5stat,k> + <5Stat7j> <6Fa’n0’k>
j=1

+ <5Fano j> < stat k> <5Fano,j> <5Fan°7k>)
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defining the mean value of dstat and Opane, fistat and fpane respectively,

M _1 M _
]\14]2_:1 <(5J - (SJ)2> ~ ]\fwzlg (<5§tat,j> + <5I%ano,j>> + ]\4]\41 (2MstatﬂFano>
M—1,, )
- 7 (,ustat + Mstat LFano + MFanoMstat + MFano)

_1 M _
= 2 () (o)) = ()

. 2 . .
using <5§tat7 J-> = U?tam i1 (Ostat, j)° and assuming the same Fano variance for all

2
of the chambers, then <512;an07 j> = a%ano + <5Fano, j> . Hence, the right-side of the

equation is

M_1M 9 2 M—-1
~ M2 Z <J§tat, j + <5stat,j> +0—1%ano+<5FaHO,j> > - 7 (Hgtat+u%‘ano)
j=1
M-12 M-1M s M-—1
~ M2 j:1O-Stataj+ M2 j_z:l<58tat7j> + M O-%‘ano
M—-1M 2 M —1 M-1
+ M2 jz_:1<5Fano,j> T:ugtat_vlu%‘ano
M-1X M—-1, M—1 M—1 M—1 M—1
~ M?2 jz_:lo-Stat,j—i_ M OFano T M Mgtat+ M Ml%ano_ M Mgtat_ M ,Uf%‘ano
M-1X M-1,
N5 D Ostat, j T O
M2 = stat, j M ano
therefore,
1M o M-1H M—-1,
3 ()P 9 )= S
and
2 1 M 2 1 M
o 71 35 P ) D 1)) S
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with the restriction that the first term in the right side must be bigger than the

second term, i.e.

71 E <(Dnum (B) -D heo (B>)2> > — E (72
t t t7.'
M ]j ‘ eory n{j ‘ stat, j

Geometrical uncertainty

The geometrical uncertainty is defined by equation [4.10] where one part cor-
responds to the uncertainty coming from the discrepancies between the blueprints
and the chamber geometry and the other one from the presence of the dead volume.
The dead volume uncertainty is the product of a sensitivity coefficient evaluating
the effect of the presence and absence of the dead volume in the detector response
and the uncertainty of the dead volume itself opy. The value of opy was arbitrary
set to 1% since the mechanical tolerances of the blueprints are not available, and it
is not possible to evaluate the propagation of this uncertainty in the Monte Carlo
model and the Comsol model. Additionally, the opy =1% value also accounts
for the uncertainty introduced from the determination of the dead volume in the

Comsol model.

3.3 Complementary information to materials and methods

3.3.1 Experimental setup

This section aims to provide more detail into some technical aspects of the
materials and methods section of the article. The surface-to-source distance (SSD)
is 306 cm; this extended SSD is used, so the electromagnet (GMW 3474-140) and
its magnetic field do not impact the head linac components.

The electromagnet is calibrated, i.e., the magnetic field strength correspond to
specific and known current values. In the gap, the magnetic field is uniform in

an area of 5 x 5 cm? along the centre of the two magnetic poles was found to be

99.9%.
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3.3.2 Intrinsic response

The intrinsic response, defined by equation is equal to the ratio of the
effective cavity mass over the energy necessary to create an ion pair (W/e). The
latter is assumed to be independent of field size, beam quality [85, [86 87] and
magnetic field strength. No known mechanism could affect the energy necessary
to create an ion pair (W/e), the effective mass or the dead volume by the presence
of the magnetic field. Thus, the intrinsic response with and without magnetic field

are assumed equal.

3.4 Results and impact

Four commercial small-cavity chamber responses to megavoltage photon beams
in the presence of magnetic fields were characterized via experimental measure-
ments and MC simulations. The magnetic field effect on the chamber relative
response depends on the orientation setup. The magnetic field is always perpen-
dicular to the irradiation beam and to the chamber axis. Two chamber-axis orien-
tations are studied: parallel and perpendicular to the photon beam. In the parallel
and perpendicular orientations, the chamber response is affected by as much as
4.1% and 4.5%, respectively.

The sensitive volume was reduced to account for the collection inefficiency ad-
jacent to the guard electrode (i.e., dead volume) based on COMSOL simulations of
electric field lines. The dead volume represents a large fraction (15%-23%) of the
sensitive volume of the small-cavity chambers (models: PTW31010, PTW31016,
PTW31021 and PTW31022)

In the parallel orientation, the maximal percentage difference in relative re-
sponse was reduced from 4.37%, 6.06% and 2.81% to 0.60% for PTW31010, PTW31021,
PTW31016 and PTW30122 and from 1.91% to 1.57% for PTW31016 when the
dead volume was excluded. In the perpendicular orientation, for B > 0T, the
maximal difference was reduced from 2.10%, 3.57%, 2.24% and 1.73% to 0.31%,
0.67%, 2.15% and 0.70% for PTW31010, PTW31021, PTW31016 and PTW30122,
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respectively.

Our results pointed out the importance of having an accurate chamber model,
including its dead volume, to calculate chamber dose-response in the presence of
magnetic fields. The magnetic field exacerbates any discrepancy between the actual
and the modelled detector geometry. Therefore, Monte Carlo simulation of detector
dose-response must be (if possible) validated with experimental data.

To accurately model detector dose response in the presence of magnetic fields,
it is recommended to follow a series of steps. First of all, the characterization
of the dead volume is crucial. In the small cavity chambers, the dead volume
corresponds to approximately 20% of the volume (depending on the model), and
its exclusion from the mechanical volume is required to obtain good agreement
between simulation and measured values.

Secondly, the blueprints of detector geometry should be as close to the detector
as possible. It is often assumed that chambers of the same model and manufac-
turer are identical, but this is not always the case. There are chamber-to-chamber
variations that are generally not significant in conventional reference dosimetry.
However, they could be relevant when a magnetic field is present. To avoid any
discrepancy, an x-ray of the detector can be taken to validate the details of the
blueprints and confirm that there are no hidden details, such as air layers.

Finally, all the sources of uncertainty must be accounted for in an uncertainty
budget. For the numerical simulations, this means that the Monte Carlo code

should be benchmarked with a Fano test in the presence of magnetic fields.

3.5 Contributions

The experimental measurements of this work were performed at the National

Physical Laboratory (NPL).
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CHAPTER 4

SMALL-CAVITY CHAMBER DOSE RESPONSE IN
MEGAVOLTAGE PHOTON BEAMS COUPLED TO MAGNETIC
FIELDS

This article was published in the journal Physics and Medicine and Biology,
volume 65, number 24 [41]. The results were presented in an oral presentation
at the International Conference on the Use of Computers in Radiation Therapy
and the International Conference on Monte Carlo Techniques for Medical Applica-
tions (ICCR-MCMA) in June 2019 and in the annual congress of the AQPMC in
November 2019. Also, as a poster at the annual ESTRO Congress in 2020 [8§].
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Abstract

In MRgRT, dosimetry measurements are performed in the presence of magnetic fields.
For high-resolution measurements, small-cavity ionization chambers are required. While
Monte Carlo simulations are essential to determine dosimetry correction factors, models
of small-chambers require careful validation with experimental measurements. The aim
of this study is to characterize small-cavity chamber response coupled to magnetic fields.
Small-cavity chambers (PTW31010, PTW31016, PTW31021 and PTW3022) are irradi-
ated by a 6 MV photon beam for 9 magnetic field strengths between -1.5T and +1.5T.
The chamber axis is orientated either parallel or perpendicular to the irradiation beam,
with the magnetic field always perpendicular to the beam. MC simulations are performed
in EGSnrc. The sensitive volume of the chambers is reduced to account for the ineffi-
ciency adjacent to the guard electrode (dead volume) based on COMSOL calculations
of electric potentials. The magnetic field affects the chamber response by up to 4.1%
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and 4.5% in the parallel and perpendicular orientations, respectively, compared to no
magnetic field. The maximal difference in dose response between experiments and sim-
ulations is up to 6.1% and 4.5% for parallel and perpendicular orientation, respectively.
When the dead volume is removed, which accounts for the 15%-23% of the nominal vol-
ume, the difference, in most cases, is within the stated uncertainties. Nevertheless, for a
particular chamber, the reduced nominal volume barely improved the agreement between
the experimental and calculated relative response (4.53% to 4.13%). This disagreement
may be due to the imperfect chamber geometry model, as was found from microCT im-
ages. A detailed uncertainty analysis is presented. The characterization of small-cavity
ion chamber response coupled to magnetic fields is complex. Small differences between
real and model chamber geometry that normally would be insignificant become an issue
in the presence of magnetic fields. Accurate characterization of the nominal volume is

essential for small-cavity ion chamber modelling.

Keywords: Magnetic fields, reference dosimetry, small-cavity ion chamber,

Monte Carlo simulations

4.1 Introduction

Magnetic resonance guided radiation therapy (MRgRT) promises more precise
radiation delivery than conventional techniques by allowing real-time visualization
of internal structures before and during treatment. The anticipated benefits of
this technique are a more focused radiation absorbed dose at the tumour and an
increased sparing of healthy tissues. To achieve accurate absorbed dose delivery,
treatment planning systems require accurate absorbed dose measurements. The
magnetic field has a significant impact on dose deposition and on detector response
due to the Lorentz force acting on charged particles and its interplay with charged
particle equilibrium (CPE) [45], 57, 62]. It was shown that magnetic fields can have
a strong impact on dose deposition, creating profile distortions, depth-dose shifts,
and more importantly under- and over-dosage at tissue-air interfaces. One expla-

nation for the latter is based on the so-called electron return effect (ERE) [13],
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which states that electrons in air can re-enter the tissue, thus causing an increase
in dose deposition in that region. The magnetic field effect on ionization chambers
response has also been reported by several studies [35] [77), 82, [75], [40], most of these
focusing on chamber response dedicated to reference dosimetry (i.e., regular-size
chambers). In the context of radiation detectors, the ERE also exists and causes
CPE violation. Formally, CPE cannot be achieved in external megavoltage (MV)
photon beams [89]. But leaving photon attenuation effects aside, Fano’s theorem
governs the use of ionization chambers in broad MV photon beams by assuring
the absence of electron perturbations between air-equivalent wall materials and
the chamber cavity [55]. In such conditions, Bragg-Gray’s principle [90] can be
applied with small corrections for electron perturbation effects [91], [92]. However
in the presence of external magnetic fields, Fano’s conditions are violated due to
the magnetic field not scaling proportionally with the mass density of the media
[45]. As a consequence, radiation measurements in the presence of magnetic fields
are done in conditions of electronic disequilibrium without fundamental principles
governing the cavity-to-medium dose conversion. Thus, dosimetry measurements
involving strong density heterogeneities are subject to significant ionization cham-
ber perturbation effects in comparison to conventional beams. These effects were
observed in previous studies and it was recommended that special attention should
be paid to regions where air is present inside the chamber and to possible air gaps
formed at the interface of chamber and water [36, 37, [3§].

Several formalisms were proposed to quantify the change in detector-to-dose
conversion due to magnetic field [82, [75], [76]. Based on the formalism for non-
standard beams by Alfonso et al [69], O'Brien et al [75] proposed an additional
quality correction factor accounting for the magnetic field effect on dose response.
They calculated the magnetic field correction factor for 7 chambers in a 1.5 T mag-
netic field for three different chamber axis orientations with respect to the magnetic
field and the irradiation beam. The quality correction factors strongly depended
on chamber orientation. In all cases, the irradiation beam is perpendicular to the

chamber axis. When the chamber axis was parallel to the magnetic field, the cor-
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rection factors were found within 1% of unity. When the chamber axis was 90°
clockwise perpendicular to the magnetic field, the correction factor was on average
0.961 4 0.002 over all chamber models, and for the 90° counter-clockwise, the av-
erage correction factor was 0.970 4 0.007 over all chamber models. In the latter
case, the larger variation was attributed to differences in chamber design, such as
electrode, stem materials or other geometry features which were highlighted in the
perpendicular orientation.

Another important effect in chamber dose response in MRgRT beams is the
existence of a dead volume near the junction of the wall and the guard electrode,
which decreases the collection efficiency. Indeed, an electric field reduction has
been spotted in high spatial resolution dosimetric response maps for several cham-
bers by Butler et al [93]. The guard and central electrodes have the same potential,
therefore there is a region in which the charges are more likely to be collected by the
guard electrode rather than by the central electrode thus creating a dead volume.
Spindeldreier et al [40] demonstrated that the agreement between measurements
and Monte Carlo simulations in the presence of magnetic fields could be improved
by excluding a cylindrical dead volume adjacent to the guard electrode from the sen-
sitive volume. For different chamber models, other investigations [94 [39] reached
the same conclusion by following a finite element method to calculate the dead
volume.

With future developments in MRgRT, it is anticipated that small photon beams
will be used routinely to deliver complex radiation therapy. Therefore, it is nec-
essary to develop techniques supporting clinical measurements for the characteri-
zation of small fields in MRgRT. Despite of the existence of a code of practice for
small photon fields [95], additional considerations are anticipated to provide clear
guidelines for clinical physicists. Furthermore, due to the non-flatness of the com-
mercial MRI-linacs, it is recommended to use a small-cavity chambers for reference
dosimetry to avoid measuring absorbed dose in the presence of lateral gradients.
Indeed, detector size becomes an issue for fields where the region of uniform fluence

is limited or non-existent. Previous studies have established that volume averaging
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effects as well as the interplay between the lack of electronic equilibrium and the
detector density, govern ionization chamber quality correction factors in small pho-
ton beams [96], 97, 98, 99, 100]. Small cavity ion chambers with a sensitive volume
of 0.01-0.3 cm?® are among the suitable detectors to perform small field dosimetry
down to a field of 2 cm x 2 ¢cm [95]. The magnetic field impact on small cavity
ion chamber dose response remains unknown, to our knowledge, as few studies
approached this subject. Looe et al [94] explored the possibility of minimizing the
magnetic field perturbations on dose profiles by reducing the chamber size. They
found that the lateral dose response function was less asymmetrical for the small-
est chamber. By comparing the change in simulated dose profiles and measured
signal profiles at 1.5 T, they concluded that the output correction factor is closer
to unity for the smallest chamber. Their study exhibits the advantages of using
a small-size chamber in the presence of magnetic field, however it also highlights
the complexity of the interplay between the magnetic field and detector size via its
impact on detector dose response.

The goal of the present study is to characterize small cavity detector response in
the presence of magnetic fields using four commercial ionization chambers and cal-
culate the corresponding magnetic field correction factors. This study is structured
as follows. In the next section is presented the material and methods describing the
experimental measurements, the numerical simulations, the formalism and the un-
certainty analysis. The third section presents the results and comparison between
experimental measurements and numerical methods as well as quality correction
factors. In the discussion, our results are compared to different studies, followed

by recommendations and conclusion.

4.2 Materials and Methods

4.2.1 The TAEA-AAPM formalism

The IAEA-AAPM formalism describes the conversion of ionization chamber

signal to dose to water and was proposed by Alfonso et al [69] in the context of
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nonstandard photon beams. Using that notation, absorbed dose to water for a field

size f and beam quality () is obtained as from an ionization chamber reading as

such
Dl =N oM (4.1)
with D{V,Q the absorbed dose to water (in Gy), 5 the corrected chamber reading

(in nC) and N £7W7Q the chamber calibration coefficient (in Gy/nC) specific for the

field size f and the beam quality ). It is worth mentioning that the field size
f and the beam quality ) implicitly involves the setup in which measurements
are achieved (i.e., source-to surface distance, phantom size, etc.). The TAEA-
AAPM formalism, also referred to as the Alfonso et al formalism, defines a quality
correction factor from field size fi to fo and beam quality @)1 to Q)2 to convert

calibration coefficients as follows:

st Vb

b —_— 7W7 2

/{;5276121 = ~h ) (4.2)
D7W,Ql

The quality correction factor k:&f(j?l quantifies the interplay between the change in

beam quality ()1 — ()2 and the ionization chamber dose response. In the context

of Monte Carlo simulations, separating the factor into two components:

f1

R
fasfr _ [p.faf Q1
kQ22,é1 - [kQQ%Cl)JMC Réz (4.3)
2

with the first right-hand side term defined as the quality correction factor deter-

£
( DfWQ,Qz )
D72
=L (4.4)

mined with Monte Carlo:

with D is the calculated absorbed dose to air (in Gy) in the chamber cavity

cav,Q
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for the field size f and the beam quality ). The second term on the right-hand
side of the equation is an intrinsic effect referred to as the ratio of the chamber
intrinsic response in the field size fo and the beam quality ()2 relative to the field
size fi and the beam quality Q1. The chamber intrinsic response (in nC/Gy) for
the field size f and the beam quality () is defined as such

ML
Rh= 7 Q. (4.5)
cav,)

The definition intrinsic response refers to response in terms of cavity dose rather
than the response in terms of dose to water, the latter being commonly used in
literature and simple referred as dose response [101]. For air ionization chambers,
the intrinsic response is equal to the ratio of the effective cavity mass over the energy
necessary to create an ion pair in air and should be, in principle, independent of
field size or beam quality [102, 103].

The context of MRgRT dosimetry involves a nonstandard experimental setup
(i.e., the presence of a magnetic field B) resulting in a change in beam quality
compared to the absence of magnetic field, where the field size and beam quality
would be f and @, respectively. This way, we note the new field size fp to specify
that the photon field of size f is in the presence of a magnetic field B, and we note
the new beam quality (). This way, the quality correction factor accounting for

the effect of the magnetic field becomes

N/B
kavf — D7W3QB (4 6)
QB:Q - Nf :
Dw,Q

such that the absorbed dose to water is determined using this relation:
B _ nf fe.f agf
Dyas = NowokasraMas (4.7)

Note here that fg should be read “a field size f coupled to a magnetic field B".
In our study, agreement between experimental and Monte Carlo results is es-

timated by direct comparison of relative chamber response with respect to the



70

response at 0 T, this way neglecting the intrinsic effect expressed on the right-hand

side of equation [£.3] That is

J f f
RC% 1 :MQ} N Dofv,QB
RQ MQ DcaV,Q (4 8)

=kt~ k0] e

4.2.2 Experimental measurements

The 4 different small-cavity ion chambers are placed in a custom-made water
phantom (PMMA walls, dimensions of 7 x 21 x 18.2 cm?) placed in the gap of an
electromagnet (GMW 3474-140) and are irradiated by a conventional 6 MV Elekta
linear accelerator photon beam. The ion chambers used are Semiflex PTW31010,
Semiflex 3D PTW31021, Pinpoint 3D PTW31016 and Pinpoint 3D PTW30122,
and the nominal sensitive volumes are respectively: 0.125 cm3, 0.070 cm?, 0.016
cm?, 0.016 cm?. The surface-to-source distance (SSD) is 306 cm, the field size is
1.9 cm x 4.4 cm at the isocenter and the response is measured at 5 cm depth. The
magnetic field is set to be always perpendicular to the irradiation beam and the
chamber axis. Two chamber axis orientations are used: parallel and perpendicular
to the beam. The experimental setup for parallel and perpendicular orientations is
shown in figure 1.1} The ionization chamber response is measured for 9 magnetic
field strengths: 0 T, £0.35 T, £0.5 T, £1 T, £1.5 T, the sign representing the
field’s orientation with respect to the poles of the magnet, as shown on figure
[4.1] Chamber readings are corrected for temperature, pressure, polarity and ion
recombination.

To verify the geometrical integrity of the chambers, computed tomography
(CT) images of the chambers PTW31010, PTW31016 and PTW31021 are acquired
with a Nikon XT H 225 scanner. The radiological technique is 120kV /80uA for
PTW31010 and 70kV/60uA for the rest of the chambers. The microCT-images

are reconstructed with a resolution of 96 pixels per inch (i.e., ~ 0.265 mm in each
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Figure 4.1 — a) Diagram of the experimental setup and b) chamber axis parallel
and perpendicular to the irradiation beam (from left to right).

dimension).

4.2.3 Numerical methods
4.2.3.1 Monte Carlo simulations

A particle phase space of the Elekta Synergy linac is generated using BEAMnrc.
The source model was previously validated via depth dose percentage and dose
profiles measurements [81]. An additional validation of the 6 MV beam model
in the presence of magnetic field is performed by comparing dose measurements
performed with Gafchromic EBT3, which has been assessed by Billas et al [104] to
be suitable detector for dosimetry in magnetic field, and Monte Carlo simulations
at 0 T and 1.5 T. The film is placed in a Perspex® phantom, 5 cm width and 14
cm height that was designed to fit inside the 7 cm gap between the two poles of the
magnet. The phantom consists of two symmetrical Perspex® plates, in where the
film is enclosed with its edge orientated parallel to the radiation beam. The SSD
is 305 cm and the field size is 1.9 cm x 4.4 cm at the isocenter. The measurements
are meant to reproduce: 1) a percentage depth dose in homogeneous Perspex®, and
2) the dose distribution in Perspex® surrounded by air to reproduce the ERE.

Monte Carlo simulations of detector dose response are performed by modeling
the experimental setup described in section[d.2.2] The experimental setup with each

individual ion chamber is simulated using the Monte Carlo user code egs_chamber
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from the EGSnrc [4§]. The ion chambers models are built from the blueprints kindly
provided by the manufacturer (PTW, Freiburg). To improve calculation efficiency,
variance reduction techniques (VRTSs) are used: photon cross-section enhancement
(CSE), range-rejection-based Russian Roulette and intermediate phase-space stor-
ing [105]. A magnetic field is applied using the enhanced electromagnetic field
macro by Malkov and Rogers [54]. Simulation parameters are set as follows. The
maximum global energy loss in a step is set to the default value ESTEPE = 0.25,
the additional parameter accounting for the changes in direction and energy loss
caused by the magnetic field is set to EMESTEPE = 0.01, the energy production
threshold is set to AE = 0.512 MeV for electrons and to AP = 0.001 MeV for
photons. CSE is used with an enhancement factor set to 128, and ESAVE = 0.512
MeV. The Monte Carlo quality correction factor is calculated with equation
where (Q2 = () corresponds to the beam quality in the presence of magnetic fields
and Q1 = @ is the beam quality without magnetic field. Absorbed dose to water
is scored at the point of measurement in a water cylinder of 1 mm radius and 0.25
mm height.

To verify the self-consistency of the simulations using the set of simulation
parameters described above, Fano cavity tests are performed to validate the con-
sistency of the condensed history algorithm with and without magnetic field in the
4 chamber geometries of interest. Bouchard et al [57] and de Pooter et al [62]
proposed two special cases where Fano test is valid in the presence of the magnetic
fields: in the first one, the source must be isotropic and spatially uniform and in
the second one, the source must be spatially uniform and the magnetic field must
be scaled with the density. In this study, only the first case is implemented. The
chamber is placed at the center of a 30 x 30 x 30 cm?® water phantom. To fulfil the
Fano condition of a medium with uniform atomic properties, the atomic properties
of all chamber materials are replaced by those of liquid water while maintaining
the electron density of the original material. The irradiation is performed with a
monoenergetic egs++ Fano source which is isotropic, spatially uniform and density-

scaled [48]. The Fano test is ran for two energies 0.1 MeV and 1.25 MeV at 0 T and
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1.5 T. The simulations are performed in the user code egs_chamber using range
rejection to reduce the simulation time, this with CSE switched off. The number of
histories are such that simulations uncertainties are 0.1% for the chambers PTW
31010, PTW 31021 and PTW 31022 and 0.3-0.5% for the PTW31016. The cham-
ber dose response is compared to an analytical value given by the ratio of energy

and total mass.
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Figure 4.2 — Sketch of the chamber setup, the magnetic field is always
perpendicular to the irradiation beam and to the chamber axis. a) chamber
parallel to the beam at a negative magnetic field, b) chamber parallel to the beam
at a positive magnetic field, c)chamber perpendicular to the beam at a negative
magnetic field, and d) chamber perpendicular to the beam at a positive magnetic
field. The electron trajectories are curved due to the Lorentz force and the
curvature radius diminishes with decreasing energy, resulting in average
trajectories forming a spiral (chamber dimensions and electron trajectories are
not to scale).

4.2.3.2 Dead volume simulations

To account for accurate collection efficiency, an approach similar to previous
studies is implemented [39, 94]. The electric field inside the ionization chambers
is calculated using COMSOL Multiphysics software. Chamber models are built in
COMSOL following the manufacturing blueprints. To calculate the electric field,
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a 400 V is applied to the central and guard electrodes resulting in electric field
lines coming either from the guard or central electrode towards the cavity wall.
The dead volume is defined as the region where the electric field lines connect to
the guard electrode. This volume is excluded from the sensitive one in the Monte

Carlo simulation in order to define the cavity dose.

4.2.4 Uncertainty analysis
4.2.4.1 Experimental uncertainty

Experimental uncertainties are evaluated as type A and type B, i.e., using
statistical and non-statistical means, respectively [106]. The combined type A
uncertainties are evaluated by reproducing the measurements N times during each
setup and calculating the standard deviation, noted oyep, being specific to a field
strength and chamber model. The combined type B uncertainty contains other
sources that cannot be evaluated easily without assumptions, e.g., the experimental
setup and the discrepancies between the real and modelled chamber geometry.
Because the data is expected to behave in a certain way, the discrepancy between
expectation and observation is used to extract a sensible estimation of some of
these type B sources. In the parallel orientation, the chamber signal should behave
symmetrically between positive and negative magnetic field. Therefore, for each
chamber, the uncertainty from the experimental asymmetry is estimated and added
to the experimental uncertainty. This uncertainty can be determined by comparing
the relative responses for the same magnetic field magnitude but opposite direction,

i.e., B; = —B_;, using the following unbiased estimator:

to 2

o) g

2 ~ 1 N B, N rep,+,i
Usetup ~ m Z <(rexp ( ) Texp ( z > ; (

i=1

where N =4 is the number of magnetic field magnitudes (0.35 T, 0.5 T, 1 T and
1.5 T) and rexp (B;) the relative response at magnetic field B; relative to a field
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strength of 0 T.

4.2.4.2 Numerical uncertainty

The statistical uncertainties of the Monte Carlo simulations are evaluated as
type A, and they are denoted as ogat. The type B numerical uncertainties are
defined by: 1) physical data used by the Monte Carlo algorithms, 2) inconsistencies
between the real and blueprint detector geometry as well as the active volume
definition, and 3) inconsistencies due to approximations in the transport algorithm.

Muir and Rogers [85] calculated the systematic uncertainties for Monte Carlo
calculated beam quality correction factors for 32 ionization chamber models. These
systematic uncertainties result from uncertainties in photon cross-sections, stopping
powers, chamber dimensions, the use of a photon spectra instead of a linac model
and potential fluctuations in the required energy to create an ion pair (WW/e) with
beam energy. In this study, W/e is assumed constant within the energy range of
interest. Since photon cross sections uncertainties are correlated, the systematic
uncertainty coming from photon cross section data is negligible [85], which is
consistent with a study by Wulff et al [I07]. Among the 32 studied models, the
PTW 31010 and PTW 31016 are reported, the other two chambers (PTW31021
and PTW31022) are not in the study. However, because they share the similar
materials (PMMA, graphite and aluminium) and dimensions, the same systematic
uncertainty arising from the physical data is considered, oqata = 0.20%, coming
mainly from the mean ionization value of graphite wall. This value is also consistent
with the value found by Wulff et al [107] for 6 MV beams.

In the chamber geometry error, there are two sources of uncertainty: one coming
from the discrepancies between blueprints and the real chamber, and the other one

from the characterization of the dead volume. The geometry uncertainty, o2 is

geom>
defined as:
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2
Ornum
Uéeom :Ugrint_'_( a‘; > UIQDV (410)

with oprint = 0.1%, as established by Muir et al [85] where the impact of chamber
dimensions variations on quality correction factors calculations was evaluated. The
second part of equation corresponds to the uncertainty due to the sensibility
variations when the dead volume is removed. The sensitivity coefficient |0rpum /0V|
is calculated from dose response with and without consideration of the dead volume.
The uncertainty opy associated to our method to delineate the dead volume is set
to an estimated value of 1%.

The last type B uncertainty comes from the algorithm consistency that can be
assessed with a Fano cavity test. During this test, two source of uncertainty are

present in the result, and the unbiased estimator of op.e is found to be

o ™ T > <(Dnum,i (B) — Diteory. (B)) > — =Y R (A1)
Jj=1 j=1

where M = 8, the product of the number of chambers times the two energies inves-
tigated, Dnum,; (B) is the calculated dose value compared to the theoretical value,
Diheory,i (B), this during the Fano test for a given value of B. For the response at
a field strength B relative to no magnetic field, one can show that the component
of the algorithm error related to the magnetic field is dominant, compared to the
remaining part, and therefore the algorithmic component of the uncertainty equals
OFano defined in equation [4.11]

In summary, the combined uncertainty is defined as :

2 2 2 2 2 2 2
Ototal _Urep + Jsetup + Ugeom + Ostat + Odata + OFano- (4' 12)
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4.3 Results

4.3.1 Numerical models
4.3.1.1 Validation of Monte Carlo methods

Additionally to previous validation of the beam model [81], experimental and
simulated normalized dose response to maximum dose is shown in figure for
0 T and 1.5 T, presenting good agreement in both cases which reassures the con-
fidence in the beam model. The experimental uncertainty of film measurements
is estimated at 2%, but unfortunately, this value is too conservative to extract an

accurate estimate of the beam model uncertainty.

oT 15T
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-+ MC simulations | |

—— Experimental
+ MC simulations

o
3

o
o
Normalized dose to dmax

Normalized dose to dmax

0 1 2 3 4 5 0 1 2 3 4 5
Depth (cm) Depth (cm)

(a) (b)

Figure 4.3 — Validation of the beam model, normalized dose to dpax as a
function of depth for a) 0 T and b) 1.5 T . An experimental uncertainty of 2% is
assumed (dashed lines).

Fano tests are performed for the 4 ion chamber models as described in section
[4.2.3.1] The transport parameters used in the simulations are verified with Fano
tests. Using the method explained in section [£.2.4.2] the accuracy of the Fano
test is better than 0.1% for the cases at 0 T and is 0.13% for 1.5 T. Hence, the
algorithmic accuracy of chamber response in non-zero magnetic fields relative to

no field is set equal to 0.13%.
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4.3.1.2 Dead volume simulations

The calculated electric field lines for the chamber PTW31010 are shown in
figure [£.4] The dashed lines define the volume where the lines go from the guard
electrode towards the cavity wall, the charged particles inside this volume are not
collected by the central electrode, thus this volume is removed from the collecting
volume. For each chamber, the size of the removed dead volume is different. The
percentage of the dead volumes are 15.62%, 19.31%, 23.00% and 18.45%, for PTW
31010, PTW 31016, PTW 31021 and PTW 31022, respectively. The dead volume
is calculated using the dimensions provided in the blueprints. Unfortunately most
of the mechanical tolerances are not provided so it is impossible to propagate this
unknown. However an uncertainty is defined (in equation to account for the

impact of errors in the sensitive volume definition on the chamber response.

Figure 4.4 — a) Example of COMSOL simulation showing field lines for PTW
31010. The volume defined by the dashed black lines adjacent to the guard
electrode is the removed dead volume. b) Dead volume in the Monte Carlo
chamber model
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4.3.2 Small-cavity ion chamber response in the presence of magnetic

fields
4.3.2.1 Chamber axis parallel to the irradiation beam

The experimental measurements of the relative response (ratio of the chamber
signal with and without magnetic fields) for the four ion chambers in the parallel
orientation are presented in figure The experimental type A uncertainty was
below 0.23% in all cases. As a general trend, the relative response increases with
magnetic field strength except for one of the smallest chambers (PTW 31022).
Experimentally, the maximal magnetic field impact is distinctive for each chamber:
2.28%, 1.41%, 4.38% and 0.39% for PTW 31010, PTW 31021, PTW 31016 and
PTW 31022, respectively. In the parallel orientation, relative dose responses are
expected to be symmetrical with magnetic field strengths because the chamber
geometry is symmetrical with respect to the beam and magnetic field directions.
However, when experimental chamber readings are compared for same magnetic
field strength but with opposite orientation (B — —B), differences of up to 0.81
+ 0.19 % are revealed even for low magnetic fields, which could imply a variation
coming from the experimental setup or from the chamber design itself. This effect is
characterized into a type B uncertainty, the values for each chamber are calculated
using equation and are presented in table and [4.IV] This uncertainty must
be accounted for the perpendicular orientation as well.

The experimental measurements are compared with the Monte Carlo simula-
tions considering two sets of simulation: 1) using the full collective volume specified
by the construction design; 2) removing the non-collecting volume from the man-
ufacturing details based on COMSOL simulations. The ratio of the simulated
relative response to experimental relative response for the parallel orientation is
displayed as a function of magnetic field strength for each chamber model in figure
[4.6] Considerable improvement between experimental and Monte Carlo simulation
values is noticed when the collecting volume is reduced as shown in figure [£.6] The

maximal variations of Monte Carlo simulations with respect to experiments are dis-
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Figure 4.5 — Experimental relative response of PTW31010, PTW31016,
PTW31021 and PTW31022 for parallel orientation. For each chamber, the
experimental measurement at each magnetic is normalized by the experimental
measurement at 0 T.

played in table [4.], The agreement is always better than 0.6% for chambers PTW
31010, PTW 31021 and PTW 31022 and below 1.6% for PTW 31016. Considering
a coverage factor of kK =2, when the dead volume is reduced, the results of the
simulations for chambers PTW31010, PTW31021 and PTW31022 are within the
uncertainty. For chamber PTW31016, for positive magnetic field, all points are
with in the uncertainty when the dead volume is removed, however, in the negative

side, the -1.5 T point is outside this region.

Chamber model  Full volume  Removed volume
PTW 31010 437 +020%  0.60 £ 0.22 %
PTW 31016 191 £033% 1.57 £0.32 %
PTW 31021 6.06 £ 0.20 %  0.60 £ 0.18 %
PTW 31022 281 +036% 058 +£032%

Table 4.1 — Maximal percentage difference in relative dose response between
experiments and Monte Carlo simulations in the parallel orientation. The

maximum values are taken over all magnetic fields strengths, i.e.,
B=0T,+03T,+0.5 T,+£1 T,+1.5 T.
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Figure 4.6 — Simulated relative response normalised to experimental relative
response for the parallel orientation: (a) PTW 31010; (b) PTW 31016; (c¢) PTW
31021; (d) PTW 31022. The simulations for the full sensitive volume specified by
the design (in black) and the sensitive volume after removing the dead
volume(DV) characterized with COMSOL (in red) . The dashed line represents

the total (type A and B) uncertainty(k = 2).

4.3.2.2 Chamber axis perpendicular to the irradiation beam

The experimental measurements in the perpendicular orientation are presented
in figure [4.71 The maximal type A experimental uncertainties range from 0.07%
to 0.32% over the chamber models. In this orientation, relative dose response is
more complex since the electrons are subjected to the ERE towards or outwards

the dead volume. In the experimental setup for negative magnetic field, electrons
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are deflected towards the stem which should result in a lower signal [40]. This
behaviour is observed experimentally and the relative response is always less than
unity for all chamber models. On the contrary, for positive magnetic field, electrons
are deflected towards the tip. This should result in an increase of the relative signal
with increasing magnetic field strength until a maximum is reached and the relative
response then decreases [40]. Experimentally, this behaviour is observed in the ion
chambers PTW 31010 and PTW 31016. In the case of chambers PTW 31021 and
PTW 31022 a different trend is noticed, for B > 0 T it appears that the maximum

is reached before 0.35 T and then the signal decreases as expected.
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Figure 4.7 — Experimental relative response of PTW31010, PTW31016,
PTW31021 and PTW31022 for perpendicular orientation.

To compare the simulation results to the experimental results, the ratio of
simulated relative response to the experimental is presented in figure for each
chamber model. Removing the dead volume from the sensitive volume improves
the agreement between experiments and simulations for all chambers. In general,
the agreement is better for positive magnetic field strengths, although the degree of
agreement is different for each chamber model. The dead volume is placed adjacent

to the stem, so when electrons are deflected towards the stem, i.e. for B <0 T,
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the exclusion of the dead volume has a bigger impact. On the contrary, for B > 0
T, the dead volume removal is not as important since electron are mainly moving
towards the tip of the chamber. The maximal percentage in difference of relative
response between simulations and measurements is presented in table [A.IIl For
chambers PTW31010, PTW31021 and PTW31022, the agreement is always better
than 0.7% for B > 0 T and better than 1.6% for B < 0 T. Removing the dead
volume of chamber PTW31016 presents a minor improvement but not as good as
the other models, with 4.13% for B < 0 and 2.15% for B > 0. The results of the
models PTW31010, PTW31021 and PTW31022 for positive magnetic fields are

within the uncertainty k = 2.

B<0T B>0T
Chambel model  Full volume  Reduced volume  Full volume  Reduced volume

PTW 31010 325 +0.18% 156 £0.19% 210+£018% 0.31 +0.19 %
PTW 31016 453 +042% 413 +£041% 224 +£043% 215+ 041 %
PTW 31021 3.66£021% 1.07+£019% 3.57+£0.20% 0.67 £ 0.20 %
PTW 31022 3.09+037% 150+033% 1.73+£0.37% 0.70 £ 0.34 %

Table 4.IT — Maximal percentage difference in relative dose response between
experiments and Monte Carlo simulations in the perpendicular orientation. The
maximum values are taken over all magnetic fields strengths, i.e.,

B=0T,£0.3 T,£0.5 T,£1 T,£1.5 T. When B < 0 the average trajectory of
electrons is diverted towards the stem and when B > 0 the average trajectory of
electrons is diverted towards the tip.

4.3.3 Verification of manufacturing details with micro-CT measure-

ments

The agreement between experimental measurements and MC simulations is
better for the parallel orientation than for the perpendicular configuration. In the
latter, the chamber geometry plays a more important role, therefore an accurate
chamber model is essential. The main factor identified as major source of un-
certainty in MC results is the potential discrepancies between the manufacturing

blueprints and the real geometry of the chamber, mostly due to its impact on the de-
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Figure 4.8 — Simulated relative response normalised to experimental relative
response for the perpendicular orientation: (a) PTW 31010; (b) PTW 31016; (c)
PTW 31021; (d) PTW 31022. The simulations for the full sensitive volume
specified by the design (in black) and the sensitive volume after removing the

dead volume(DV) characterized with COMSOL (in red) . The dashed line
represents the total (type A and B) uncertainty(k = 2).

termination of the dead volume and the potential presence of air gaps. To evaluate
the accuracy of the blueprints and its translation into the MC model, micro-CT
images of chambers PTW31010, PTW31016 and PTW31021 are acquired (Fig.
. Unfortunately, it was not possible to acquire a micro-CT image for the PTW
31022. The micro-CT images reveal variations on the graphite wall thickness and
on the air layer between the PMMA and the graphite wall for PTW31021 and
PTW31016. For the PTW31010, there was not any visible air gap, as indicated
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from the blueprints. Although it is difficult to accurately evaluate the dimensions
of the chamber from the microCT, it is possible to have an idea or a reference of
the size of the details missing in the blueprints. For the chamber PTW 31021,
the air layer is actually bigger, by approximately 0.04 mm, that the one shown in
the blueprints. For PTW 31016, in figure 4.9, the air layer is not indicated in
the manufacturing drawings. In magnetic fields, the presence of an air layer can
have a significant effect on detector dose response because of ERE; for instance,
when the air layer is included for the PTW31021 model, the maximal difference
in the relative response is of 0.38% in the parallel orientation and of 0.25% in the
perpendicular orientation. Another feature revealed from the microCT image of
PTW31021 is that the thickness of the air layers is not uniform, as shown in figure
4.9b), this is very difficult to model without knowing the exact size of the layers.
In general as the cavity size is smaller, it is more challenging to realistically model
the air layer. Discrepancies between micro-CT and blueprints that one would nor-
mally dismiss for being too small to cause perturbation effects turn out to cause
much bigger effects when there is a strong magnetic field. These discrepancies also
impact the characterization of the dead volume since the calculated electric field
lines depends on the chamber geometry. Additionally at the dead volume bound-
ary, the behaviour of charged particles is more complex, specially in the presence
of magnetic fields. Near the boundary, particles inside the dead volume might be
collected and some outside the boundaries might not. Another assumption of the
model is that once the dead volume is excluded, the collection efficiency is assumed
to be uniform in the rest of the sensitive volume [I08], the inhomogeneities of the

sensitive volume is beyond the scope of this study and is left for future work.

4.3.4 Generated data with uncertainty budget

The model uncertainty is calculated for each orientation at 0.35 T and 1.5 T
following the framework explained at section and presented at table and
for the parallel and perpendicular orientation, respectively. The uncertainty

arising from experimental repeatability, experimental setup, chamber geometry,
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Figure 4.9 — Micro-CT image of a) PTW31010 where the microCT images
appear in agreement with the blueprints, b) PTW31021 where the air layer is
indicated in the blueprints but in the microCT image it appears to be at least 4
times bigger than expected and ¢) PTW31016 where the air layer is not indicated
in the technical drawing.

Monte Carlo statistical uncertainty, the Fano test and the physical data, are shown
at table[d.IlTland 4.1V] The combined uncertainty ranges from 0.36% to 0.61% in the
parallel orientation and between 0.34% and 0.68% for the perpendicular orientation.
For both orientations, the combined uncertainty increases with magnetic field. The
contribution of each uncertainty sources varies for each chamber and each magnetic
field. For instance, the largest contribution emerges from the experimental setup,
in both orientations, for chamber PTW31010, PTW31016 and PTW31021, while
for chamber PTW31021 at B =1.5 T it comes from the geometry in the parallel

orientation and from the physical data in the perpendicular orientation.

4.3.5 Quality correction factors

The calculated correction factors for both configurations are presented in ta-
ble [£.V] for 1.5 T and 0.35 T which are the magnetic field strengths used in
commercially-available MR-Linacs units. The combined uncertainty of the cor-
rection factors considers the type A uncertainty from the Monte Carlo simulations

of the absorbed dose to water and the uncertainties as referred on table [4.ITIl
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PTW 31010 PTW 31016 PTW 31021 PTW 31022
Source Type 0o3sT 0157 0035T 0157 0035T O15T 0035T O15T

Experimental Repeatability A 0.17% 0.14% 0.20% 0.22% 0.01% 0.04% 0.18% 0.23%
Irradiation setup B 0.45% 0.45% 0.44% 0.44% 0.15% 0.15% 0.35% 0.35%
MC statistics A 017% 0.18% 0.25% 0.27% 0.20% 0.19% 0.30% 0.26%
Numerical Detector geometry B 011% 0.26% 0.10% 0.18% 0.10% 0.24% 0.10% 0.17%
Physical data B 0.20% 0.20% 0.20% 0.20% 0.20% 0.20% 0.20% 0.20%
Algorithm consistency B 0.13% 0.13% 0.13% 0.13% 0.13% 0.13% 0.13% 0.13%

Combined 0.57% 0.61% 0.60% 0.64% 0.36% 0.42% 0.56% 0.58%

Table 4.IT1 — Uncertainty budget of chamber relative response estimated from
various sources of uncertainty for the parallel orientation. Type A and B
uncertainties refer to values estimated with statistical methods and non-statistical
methods, respectively.

PTW 31010 PTW 31016 PTW 31021 PTW 31022
Source Type o0p35T 015T 0035T O15T 0035T O15T 0035T O15T
Repeatability A 0.09% 0.06% 0.26% 0.29% 0.05% 0.03% 0.21% 0.28%
Irradiation setup B 0.45% 0.45% 0.44% 0.44% 0.15% 0.15% 0.35% 0.35%
MC statistics A 0.15% 0.16% 0.30% 0.30% 0.20% 0.17% 0.25% 0.23%
B
B
B

Experimental

Detector geometry 0.13% 0.14% 0.15% 0.18% 0.10% 0.10% 0.13% 0.10%
Physical data 0.20% 0.20% 0.20% 0.20% 0.20% 0.20% 0.20% 0.20%
Algorithm consistency 0.13% 0.13% 0.13% 0.13% 0.13% 0.13% 0.13% 0.13%

Combined 0.55% 0.55% 0.66% 0.68% 0.36% 0.34% 0.56% 0.57%

Numerical

Table 4.IV — Uncertainty budget of chamber relative response estimated from
various sources of uncertainty for the perpendicular orientation. Type A and B
uncertainties refer to values estimated with statistical methods and non-statistical
methods, respectively.

Parallel orientation Perpendicular orientation

Chambel model 035 T 15T 035 T 15T
PTW 31010 0.9981 + 0.0057 0.9802 % 0.0060 0.9930 £ 0.0055 1.0015 =+ 0.0055
PTW 31016 0.9961 + 0.0060 0.9466 + 0.0060 0.9802 £ 0.0065 0.9459 + 0.0064
PTW 31021 1.0003 £+ 0.0036  0.9891 £ 0.0041 1.0062 £ 0.0036 1.0399 + 0.0036
PTW 31022 0.9997 £ 0.0056 0.9957 &+ 0.0057 1.0107 £ 0.0056 1.0243 =+ 0.0058

T Discrepancies between microCT and blueprint geometry.

Table 4.V — Estimated quality correction factors of four chamber models with
two magnetic field strengths in each orientation. The uncertainty budget is

detailed in table |21_H1'| and [A.1V]

4.4 Discussion

4.4.1 Comparison with other studies

Chamber response in the presence of magnetic fields exhibits a complex be-

haviour due to the dependency on multiple factors such as magnetic field strength
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and orientation, chamber size and chamber design/geometry. In general, excluding
the dead volume from the sensitive volume improves significantly the agreement

between the Monte Carlo simulations and the measurements for both orientations.

4.4.1.1 Chamber axis parallel to the irradiation beam

Looe et al [94] simulated the response of the chamber PTW 31021 and PTW
31010 for three magnetic field strengths: 0.35 T, 1 T and 1.42 T for a 6 MV photon
beam for 3 possible orientations where the beam and the magnetic are always
perpendicular: 1) chamber axis parallel to the beam, 2) chamber axis parallel to
the magnetic field and 3) chamber axis perpendicular to both the beam and the
magnetic field. The dead volume was also excluded by calculating the electric
field. Experimental measurements were performed only for the first configuration.
Their results comparing simulations and experiments are consistent with ours; the
magnetic field effect is less than 2% for the first configuration and the exclusion of
the dead volume reduces the disagreement between simulations and measurements
from approximately 3% to less than 0.5%. The less than 2% magnetic field effect
is also observed in the third orientation which corresponds to the perpendicular
orientation of this study with negative magnetic field. However this is not the case
when the magnetic field is pointed in the opposite direction, i.e., when electrons

are generally going towards the tip, the effect is around 4%.

4.4.1.2 Chamber axis perpendicular to the irradiation beam

In this configuration, the chamber geometry details plays a key role in the
response. For negative magnetic fields, i.e., when the Lorentz force acting on
electrons points towards the stem, the experimental relative response is always less
than unity. The reduction in the relative response could be explained by the higher
fluence of electrons towards the region with the dead volume where charges are not
effectively collected. Meijsing et al [35] explained that there is a reduction in the

number of electrons entering the cavity and that the electron pathlength increases
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for low magnetic fields up to a strength and then decreases depending on the
electron energy. In small cavity ion chambers, the enlargement of the pathlength
could have a minor impact since the air cavity is smaller. The reduction of the
number of electrons entering the cavity and the variation of their pathlength could
also account for the reduction in the relative response.

The importance of characterizing the effective collecting volume in the pres-
ence of magnetic fields has been demonstrated and studied by several groups
[40, 79, 94, 39]. This was accomplished by using different models for determin-
ing the dead volume. Spindeldrier et al [40] used a cylindrical dead volume and
simulated the response for different dead volume sizes. In the perpendicular orien-
tation, for a positive magnetic field, the best agreement between experimental and
MC simulations was for the biggest dead volume (r =0.15 cm). On the contrary, for
a negative magnetic field, the agreement was better for the smallest dead volume
(r =0.07 cm). Demonstrating that the same dead volume is unable to adequately
reproduce the measurements for both magnetic field orientations. Additionally, the
agreement is always better in the positive magnetic field, i.e., when electrons are
diverted towards the tip. It is worth noting that the agreement between measure-
ments and MC simulations decreases with increasing magnetic field which is also
observed in our results.

For positive magnetic fields, i.e. when the Lorentz force acting on electrons
points towards the tip, our results show that there is not a unique trend in the
perpendicular orientation for small cavity ion chambers meaning that there is no
simple explanation for this complex behaviour. For the chambers PTW 31010 and
PTW 31016, the relative response rises up to a maximum and then it decreases. For
the chambers PTW 31021 and PTW 31022, the response decreases with increasing
magnetic field strength. In all cases the agreement is better when the dead volume
is reduced which coincides with the results of Spindeldreier [40]. Our results show
that switching the magnetic field orientation has a significant impact in the relative
response in this configuration, the difference can be as big as 6% differing from the

1% of Spindeldreier.
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4.4.1.3 Characterizing the dead volume

Malkov et al [79] studied the size of the sensitive volume by excluding the
volume corresponding to 1 mm or 5 mm away from the guard electrode which
correspond to 17.2% and 8.6% of the sensitive volume of the ion chamber PTW
31010. The maximal variation for 7 MV photon beam was 1.93 & 0.06 % when
excluding 17.2% for positive magnetic fields. In our results, for the same chamber
model and configuration with an energy of 6 MV and removing 15.62% from the
sensitive volume, the discrepancy is minimal. That indicates, that the knowledge
of the shape and location of the dead volume is fundamental to achieve a good
agreement.

The size of the dead volume in small cavity ion chamber corresponds to a
higher fractional volume than in regular size chambers. For instance, for a Farmer
ionization chamber PTW 30013, the dead volume correspond to 7% of the nominal
volume [39]. In the same reference, the difference between experiment and Monte
Carlo simulation when this dead volume is removed in the perpendicular orientation
is between 0.02% and 0.31%. The agreement is quite good for both directions of
the magnetic field. Implying that even if the effect of the magnetic field is more
important in Farmer ion chambers, a better agreement can be achieved since the

presence of the dead volume is not as significant as for small cavity ion chambers.

4.4.2 Impact of geometry discrepancies

The dosimetric characterization and calibration of MRgRT beams could require
a change of practice, not only in the experimental techniques but also when it comes
to detector dose response modelling with Monte Carlo methods. In conventional
radiotherapy broad beams, small air gaps inside or around ionization chambers
often have negligible impact on their dose response. This is governed by the prin-
ciple that, in the first order, Fano’s theorem is applicable; in the absence of mag-
netic fields and in an infinitely broad beam with homogeneous fluence irradiating

a medium of homogeneous properties, the theorem predicts that charged particle



91

equilibrium exists and the electron fluence remains unchanged from variations in
density. In the presence of a homogeneous magnetic field, Fano’s theorem simply
cannot hold with external photon beams, as shown in previous work [45] 57, 62].
The consequence is that equilibrium conditions are violated and therefore air gaps
should be expected to perturb the electron fluence crossing the detector sensitive
volume, hence leading to a modification of its dose response. Any geometrical
detail near the cavity, especially changes in medium density (i.e., in terms of inter-
action site per unit volume - or electron density), should therefore be fully taken
into account to accurately model the electron fluence perturbation and its effect
on dose response. This brings us to the conclusion that, to model the response of
small-cavity ion chambers in the presence of magnetic fields, it is essential to con-
sider all the regions near the sensitive volume where air is present. The MicroCT
images, shown in figure [1.9] indicate a difference in the size of the air layer for the
chamber PTW31021 and the presence of the air layer in PTW31016 that is not
indicated in the blueprints. An air layer is also modelled for the PTW31022 based
on the blueprints. For bigger chambers, the size of the air layer is negligible when
compared to the cavity size. However for small-cavity ion chamber, the air layer
becomes more significant since the sensitive volume is smaller. The PTW31016 and
the PTW31022 are the same size and are the smallest chambers investigated in this
work. One difference between these two chambers is near the guard ring. For in-
stance, the PTW31016 has a smaller guard ring and therefore there is a bigger air
gap between the guard electrode and the graphite wall. The presence of a larger air
region near the sensitive electrode would also naturally affect the characterization
of the dead volume. This, combined with an inaccurate model of the air layer,
could have a significant impact on the modelled detector dose response. This could
explain why there is a larger disagreement between experiments and simulations
for the PTW31016 chamber and also why the experiments show a higher response
for this chamber compared to the other ones when there is a strong magnetic field.

In spite of the discrepancies encountered for the PTW31016, the models of
the other three chambers, PTW31010, PTW31021 and PTW31022, are valid for
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the parallel orientation and for the positive magnetic fields in the perpendicular
orientation where electrons are deflected towards the tip of the chamber. Future
work could incorporate tolerances on the dimensions of the chamber to evaluate
the sensitivity of the response from blueprints, which could be included in a more

complete uncertainty budget.

4.4.3 Recommendations for determination of quality correction factors

The magnetic field highlights the chamber geometry imperfections in simula-
tions and in measurements and discrepancies between simulations and experiments
increases with magnetic field strength. Our recommendation is to account for these
discrepancies in a realistic uncertainty budget. The experimental setup of this study
is different from the one used in the clinic in MR-Linac environments. In the per-
pendicular orientation, the physical phenomena are more important, providing a
better understanding of the chamber response behaviour, and yields a larger qual-
ity correction factor as expected. Based on our results, it is strongly recommended
that reference dosimetry measurements be performed with the chamber parallel to
the irradiation beam and perpendicular to the magnetic field. This way, irradi-
ations implicating an increase or decrease of electrons crossing the dead volume
can be avoided. In the particular case of small cavity ion chambers measurements
and for Monte Carlo simulations, PTW31010, PTW31021 and PTW31022 present

better agreement between experimental and simulated values.

4.5 Conclusion

This study shows the complexity of characterizing small cavity ion chamber
response in the presence of magnetic fields. Several factors that appear insignif-
icant in conventional conditions, such as fine air layers and the exact position of
the sensitive volume, become an issue in the presence of magnetic fields. For small
cavity ion chambers, the dead volume represents a significant portion of the sen-

sitive volume (& 20%) and its removal is decisive to improve the accuracy of the
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simulations. In the presence of magnetic fields, a higher level of details in man-
ufacturing drawing compared to conventional conditions is essential to model the
detector dead volume and the detector dose response. This work demonstrates that
even small discrepancies in chamber modelling can be significant when modelling

small cavity chamber response in the presence of magnetic fields.
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CHAPTER 5

INTRODUCTION TO ARTICLE 2

5.1 Context

The measurement of absorbed dose at a point in water is fundamental for the
calibration of radiotherapy beams. This measurement involves using a detector
with a finite volume, i.e. not a point, manufactured with materials different from
water, changing physical properties such as mass density, atomic number, and the
mean ionization potential. Cavity theories describe the differences in detector dose
response introduced by the detector but are limited to specific conditions. A more
accurate approach to characterize detector response under general conditions is to
decompose it into specific perturbation factors coming from detector presence.

The total perturbation factor, P, is a product of subfactors coming from the
structural components of the detector such as the central electrode, the wall, and
the stem, and from differences in density and atomic composition. Each perturba-
tion sub-factor corresponds to a ratio between the geometry excluding and includ-
ing the perturbing element. For instance, to evaluate the central electrode (CE)
perturbation, the ratio is Dgetector without CE/Ddetector with CE-

In conventional reference dosimetry, these sub-factors differ from unity less than
a few percent [45]. However, this is not true for non-conventional dosimetry; Scott
et al [97] showed that density perturbation factors could differ from unity by as
much as 60% in small beams. The same study demonstrated that besides the
volume averaging factor, the perturbations on detector dose response in the solid-
state detectors and ionization chambers mainly come from density differences rather
than from atomic number differences.

Several approaches with different chains of perturbation subfactors have been
proposed [105], 109, 110, 111, 07, 112| 113] O8]. In the article, the formalism by
Bouchard et al [45, [113] was adapted to account for the effect of the magnetic
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field on three perturbation factors. The first is the overall perturbation factor,
Pyic, accounting for extracameral components, the atomic properties, and the
density. The second is the density perturbation factor, P,. The third is the volume
averaging perturbation factor, P,,. The subfactors are not independent of each
other, i.e. they are correlated. Therefore, the overall perturbation factor is studied
rather than the individual perturbations. Only the density perturbation factor is
calculated individually due to its predominance in small fields. The impact of the
1.5 T magnetic field is calculated with the ratio of the perturbation factor with
and without magnetic fields, i.e. P;(1.5 T)/P;(0 T).

With the increasing use of MRI-linac treatments, small fields will become part of
the regular clinical workflow. Therefore, it is necessary to understand the interplay
between them and magnetic fields and to characterize detectors suitable for small
field dosimetry. The magnetic field impact on detector response depends on its
strength and direction and on the irradiation conditions.

The objectives of this work are

1. To provide physical insights on the effects of magnetic fields on three small-
cavity chambers (PTW31010, PTW31021, PTW31022) and in two solid-
state detectors (silicon diode PTW60012 and microDiamond PTW60019)

2. To calculate perturbation factors and quality correction factors of several
detectors irradiated by beams of multiple field sizes in the presence of mag-

netic fields.

3. To determine the conditions that minimize perturbations on detector re-

sponse.

5.2 Results and impact

Monte Carlo simulations of dose-responses in water are determined with Monte
Carlo simulations (EGSnrc), using Elekta Unity 7 MV FFF phase-spaces of square
field widths between 0.25 and 10 cm. The detectors are three ionization chambers

(PTW31010, PTW31021, and PTW31022) validated previously [41] and two solid-
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state detectors (PTW60012 and PTW60019). The four detector-axis orientations,
shown in figure are: 1) parallel to the photon and perpendicular to the 1.5
T field, 2) perpendicular to photon beam and to the 1.5 T field, with the Lorentz
pointing towards the stem, 3) perpendicular to photon beam and to the 1.5 T field,
with the Lorentz pointing towards the tip, and 4) perpendicular to photon beam
and parallel to the 1.5 T field.

In the article, the magnetic field effect on small-cavity detector dose response to
multiple irradiation field sizes is quantified by the perturbation factors: P,, Pyc,
and P, in different orientations. The ratio P;(1.5 T)/P;(0 T) quantifying the
magnetic field effect in each perturbation factor is shown in figures [6.3}[6.8 In this

section, the perturbation factors in the absence and presence of magnetic fields are

explicitly presented in figures and [5.3]
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Figure 5.1 — On the left side, P,, for solid detectors (PTW60012 and

PTW60019) and ionization chambers (PTW31010, PTW31021 and PTW31022)
for four orientations as function of the field sizes at 0 T. On the right side, P, at
1.5 T.
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Figure 5.2 — On the left side, Pyic, for solid detectors (PTW60012 and
PTW60019) and ionization chambers (PTW31010, PTW31021 and PTW31022)
for four orientations as function of the field sizes at 0 T. On the right side, Pyic
at 1.5 T.

Additionally, the percentage of maximal variations of each perturbation factor
from unity, at 0 T and 1.5 T, are listed in the table for all detectors and in the
four orientations.

These results show that for solid-state detectors, the magnetic field impact
on Pyc is more significant than in the other two factors. Pyic exhibits different
trends with orientation, indicating that the beam incident angle and geometry play
a crucial role. The effect is more substantial at large fields, as observed on the right
of figure [5.2]

critical in the solid-state detectors than in ionization chambers.

Perturbations coming from the extracameral components are more

On the contrary, for ionization chambers, the magnetic field effect is more im-
portant P,. In most cases, the magnetic field doubles the perturbation factor,

see table The magnetic field impact is smaller in Pyjc, probably because the
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Figure 5.3 — On the left side, P, for solid detectors (PTW60012 and
PTW60019) and ionization chambers (PTW31010, PTW31021 and PTW31022)
for four orientations as function of the field sizes at 0 T. On the right side, Py at
1.5 T.

extracameral perturbations act in the opposite direction of P, and the overall per-
turbation is somewhat compensated. The magnetic field effect on Pyic is complex
and varies with orientations because the incident beam encounters different geome-
tries or structural components in each orientation.

P01 remains the most significant perturbation in small fields, with and without
magnetic fields. However, Py, at 0 T and at 1.5 T remains of the same order in
most cases, except for chambers PTW31021 and PTW31022 that over-respond and
under-respond in orientations 2 and 3, respectively, at small fields. For solid-state
detectors, the variation between Py in the absence and presence of magnetic fields
is smaller than 1%.

Finally, kg, factors account for the variation in beam quality due to the mag-

netic field and are presented in figure [5.4] and in the article in tables [6.1]



99

Orientation  Detector Puc P, Pyol
0T 15T 0T 15T 0T 15T
PTW60012 12.46% 12.23% 1.04% 0.79% 1.55% 1.40%
PTW60019 10.70%  10.98% 0.47% 0.76% 3.88% 3.61%
1 PTW31010 62.82% 83.88% 100.32% 213.22% 121.30% 122.66%
PTW31021 64.70% 96.97%  80.07% 141.18% 83.11%  83.94%
PTW31022 35.69% 46.81%  46.06%  64.34% 13.25%  13.08%
PTW60012 10.85% 13.16% 1.26% 2.41% 0.99% 1.73%
PTW60019 17.14% 19.92% 0.50% 0.38% 1.09% 0.37%
2 PTW31010 65.58% 79.79%  87.55% 162.12% 148.57% 149.00%
PTW31021 78.12% 100.38% 83.02% 138.81% 79.24%  69.77%
PTW31022 43.96% 50.67%  43.94% 55.38% 15.01%  8.88%
PTW60012 10.88% 21.94% 1.45% 2.08% 0.68% 1.28%
PTW60019 16.96% 30.77% 0.96% 0.46% 1.15% 0.50%
3 PTW31010 65.63% 86.44%  87.78% 161.48% 148.62% 146.53%
PTW31021 78.24% 123.98% 82.53% 166.48% 79.27%  92.53%
PTW31022 43.94% 62.10%  43.99% 72.25% 14.92%  21.14%
PTW60012 10.64% 15.28% 1.10% 1.42% 0.37% 0.84%
PTW60019 17.02% 21.99% 0.58% 0.40% 1.03% 1.26%
4 PTW31010 65.37% 91.95%  87.47% 173.95% 148.51% 152.32%
PTW31021 78.05% 117.85% 82.22% 142.63% 79.27%  79.72%
PTW31022 44.27% 57.27%  44.07% 59.99%  14.80%  14.85%

Table 5.1 — Percentage of maximal variation with respect to unity of the
perturbation factors. The uncertainty is not presented here but in all cases it is
smaller than 0.1%

, for each detector and orientation. Solid-state detectors yield large kg,
close to 1.2, in orientation 1 (recommended orientation), and chamber PTW31022
yields kg, factors closer to unity in orientations 2 and 4.

This study quantifies and explains the magnetic field effect on small-cavity de-
tector dose-responses to megavoltage photon beams of multiple sizes. These find-
ings are crucial for the dosimetry in MR-Linac, where regular use of small photon
beams is expected to be included to deliver complex radiation therapy. The mag-
netic field strongly impacts solid-state detector dose responses in the recommended
measurement orientation, especially for large fields. They are not suitable for ref-
erence dosimetry measurements in magnetic fields. In general, ionization chambers

yield a kg, closer to unity, especially in orientations 2 and 4.
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Figure 5.4 — Quality correction factors accounting for the magnetic field effect

as a function of field size for four orientations.
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CHAPTER 6

DETECTOR PERTURBATION AND QUALITY CORRECTION
FACTORS IN MAGNETIC RESONANCE GUIDED RADIATION
THERAPY SMALL PHOTON BEAMS

This article was published in the journal Physics and Medicine and Biology,
volume 66, number 22 [I14]. The results were presented in an oral presentation at
the AAPM annual congress 2021. Preliminary results of this work were presented

in a poster at the AAPM annual congress 2020.
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Abstract

With future advances in magnetic resonance imaging-guided radiation therapy, small
photon beams are expected to be included regularly in clinical treatments. This study
provides physical insights on detector dose-response to multiple megavoltage photon
beam sizes coupled to magnetic fields and determines optimal orientations for measure-
ments. Monte Carlo simulations determine small-cavity detector (solid-state: PTW60012
and PTW60019, ionization chambers: PTW31010, PTW31021, and PTW31022) dose-
responses in water to an Elekta Unity 7 MV FFF photon beam. Investigations are
performed for field widths between 0.25 cm and 10 c¢m in four detector axis orientations
with respect to the 1.5 T magnetic field and the photon beam. The magnetic field effect

on the overall perturbation factor (Pyic) accounting for the extracameral components,
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atomic composition, and density is quantified in each orientation. The density (P,) and
volume averaging (P,o) perturbation factors and quality correction factors (k(g’;%) ac-
counting for the magnetic field are also calculated in each orientation. Results show that
P01 remains the most significant perturbation both with and without magnetic fields. In
most cases, the magnetic field effect on Py is 1% or less. The magnetic field effect on
P, is more significant on ionization chambers than on solid-state detectors. This effect
increases up to 1.564+0.001 with decreasing field size for chambers. On the contrary,
the magnetic field effect on the extracameral perturbation factor is higher on solid-state
detectors than on ionization chambers. For chambers, the magnetic field effect on Pyc is
only significant for field widths <1 cm, while, for solid-state detectors, this effect exhibits
different trends with orientation, indicating that the beam incident angle and geometry
play a crucial role. Solid-state detectors’ dose-response is strongly affected by the mag-

netic field in all orientations. In general, ionization chambers yield kéiij closer to unity,

especially in orientations where the chamber axis is parallel to the magnetic field.

Keywords: Magnetic fields, MRgRT, ionization chamber, solid-state detectors,

Monte Carlo, quality correction factors, perturbation factors, small fields

6.1 Introduction

In magnetic resonance-guided radiation therapy (MRgRT), real-time imaging
of the target volumes and organs at risk (OARs) allows online adaptive radiation
therapy with no additional dose coming from the imaging system. Future advances
in MRgRT are expected to include the regular use of small photon beams to deliver
complex radiation therapy. Therefore, it is essential to investigate the effect of the
magnetic field on small field dosimetry.

In small field dosimetry, the field size can critically compromise lateral charged
particle equilibrium (LCPE). The interplay between the lack of LCPE and the de-
tector density can cause significant perturbation effects [95] 109, 07, 112], 113}, O8].
Additionally, if the detector size is comparable to the field size, the absorbed dose

gradient over the detector sensitive volume can cause volume averaging perturba-
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tions, which usually underestimates the absorbed dose at the point of measurement.
Moreover, due to the small field collimation, a diminished number of scattered pho-
tons can reach the detector compared to broad beams, which affects the dose re-
sponse by changing the mass energy-absorption coefficients and the mass stopping
power ratios [65].

Several studies investigated and quantified the perturbation effects on detector
dose response in different non-conventional beams such as in intensity-modulated
radiation therapy (IMRT) [110, II1], 115], in small fields [109, O7, 112] 113], OF]
and in the presence of magnetic fields [40], 83]. This approach uses Monte Carlo
simulations to decompose the detector into separate components. Each compo-
nent corresponds to a perturbation of the ideal conditions established in cavity
theory. These perturbations are due to the detector’s geometry, atomic compo-
sition, density, and cavity size. During calculation, each of these components is
removed one by one, and the corresponding perturbation factor is calculated at
each stage. In small fields, the two dominant perturbation factors are: 1) the vol-
ume averaging perturbation factor [109, 110} O7] and 2) the density perturbation
factor [110} 07, 116]. Scott et al demonstrated a significant variation of the ratio of
dose-to-water over dose-to-detector-in-water with field size for ion chambers, silicon
diodes, and diamond detectors. In general, it was found that this variation was
mainly due to the change in density with respect to the surrounding medium; high-
density detectors tend to over-respond, and low-density detectors to under-respond
[97]. Tt was also shown that density and volume averaging perturbation factors are
constant for large field sizes and diverge for smaller field sizes, the specific field size
at which the change occurs depends on detector size [97]. The same behaviour was
found in Monte Carlo calculations of quality correction factors with respect to field
size for ionization chambers and diodes irradiated with 6 MV beams [87].

Analogously to small photon beams, photon beams coupled to magnetic fields
involve violation of charged particle equilibrium (CPE) with a much stronger degree
than for broad beams for which transient CPE and full lateral CPE are achieved

at some reference position. While small fields compromise lateral CPE, the pres-
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ence of an external magnetic field violates CPE through the interplay between the
detector density and the Lorentz force, and more specifically, the relation between
the electron gyration radius and its energy. That is, even when neglecting pho-
ton attenuation and scatter, CPE cannot be assured in detectors unless the mass
density of the detector scales with the magnetic field strength [57, 45, [62]; this
is not the case in MRgRT in general as the detector is not water-equivalent. As
Fano’s theorem governs ionization chamber dosimetry of photon beams [55], one
can anticipate the loss of CPE in small photon beams coupled to a magnetic field
to introduce further electron fluence perturbations, especially at low-energies since
the gyration radius increases with decreasing energy.

The dose response of some commercial ionization chambers in magnetic fields
has been characterized in several studies considering different detector axis orienta-
tions with respect to the photon beam and the magnetic field [35] [77, [82], (75, [40]. In
a previous study focused on the response of small-cavity ionization chambers [41],
it was shown that for small-cavity ionization chambers, the effect of the magnetic
field in dose deposition also varies with the geometry or size of the detector as well
as with the orientation of the chamber with respect to the magnetic field and the
irradiation beam. Moreover, it was confirmed that the effective sensitive volume
must be modelled for small-cavity chambers by removing the dead volume adjacent
to the guard electrode where there is ineffective charge collection [40, 41].

In addition to the complexity of chamber response modeling in the presence
of magnetic fields, currently, there are no available codes of practice or guidelines
for the reference dosimetry of MR-Linacs, neither for reference field size nor small
fields [26], 117]. Thus, one objective of this study is to provide physical insights
into the effects of magnetic fields on detector response by calculating perturbation
factors for three commercial small-cavity ionization chambers and two solid-state
detectors irradiated by beams of multiple sizes. Another objective is to determine
experimental conditions under which perturbations are minimized. Finally, this
study provides quality correction factor data for these commercial detectors using

Elekta Unity phase space files and different field size settings.
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6.2 Materials and Methods

6.2.1 Dosimetry formalism

In reference dosimetry, the quantity of interest is absorbed dose at a point
in water. This quantity is determined via measurements using detectors with a
finite cavity made of a specific material. The atomic composition and density of
the cavity are usually different from that of water. There is also a wide variation
in shape and dimension of detector cavities commercially available. The present
study follows the approach of Bouchard et al [I13] to determine the perturbation
and quality correction factors of different detectors. The absorbed dose in water
relative to the cavity is defined by a ratio f(Q) depending on the atomic properties
of the detection medium, the geometry of the detector, and the beam quality Q:

S C (6.)

where the D,, is the absorbed dose at the point of measurement in water, Dget is
the averaged absorbed dose in the detector, Z is the atomic number, A is the atomic
mass, (%)Zet is the ratio of water atomic properties to the detector medium, P(Q)
is the total perturbation factor and @ is the beam quality in its general meaning,
i.e., it represents the particle phase space distribution surrounding the detector as a
consequence of the irradiation conditions (field size, depth, magnetic field strength,

etc.).

6.2.2 Decomposition of the perturbation factors

The detector in water perturbs the dose deposition because of the extracameral
components, the differences in atomic composition and mass density of the detector
materials (i.e., hence in atomic cross sections and density-effect corrections), and
the finite size of the detecting cavity. The overall perturbation factor is defined

as the product of perturbation subfactors associated with the detector’s specific
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components, i.e., stem, central electrode, wall cavity, atomic composition, and
density of the sensitive material. The decomposition of subfactors is illustrated
in figure [6.1] The perturbation factor and subfactors are determined with Monte

Carlo simulations, and they are defined as:

P= PMCPVOI = Pextpmedeonl (62)

where Pyic is the overall perturbation factor. It is composed of the extracameral
(stem, central electrode and cavity wall) perturbation factor, Pext, of the medium
perturbation factor, Ppeq, and of the density perturbation factor, P,. P is the
volume averaging perturbation factor. These subfactors, P;, are illustrated in figure

and are defined by Bouchard et al’s formalism [113]:

Ditq (%)
P = AN/
RGN

(6.3)

where D;y1/D; is the dose ratio in the geometry i+ 1 without the perturbing
element relative to that of the geometry ¢ including it and (%)Z is the electron
density (in mol™!) of the cavity medium of geometry i. A calculation chain of
perturbation factors is chosen arbitrarily, yet consistently, as follows. The first
geometry (i = 1) corresponds to the full detector, as shown in figure . The
second geometry (i = 2) corresponds to the bare cavity filled with air. The third
geometry (i = 3) is a bare cavity filled with an artificial water vapor medium, noted
w*, having the same atomic properties as water but with the electron density of
air. The fourth geometry (i =4) is the cavity filled with water. The last geometry

(1 =05) is a sphere of 1 mm radius meant to represent a water point. The ratio

AN . . .
(Z)Hl is unity except for the case i = 2.
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Figure 6.1 — Decomposition of perturbation factors using an arbitrary, yet
consistent, route. The perturbation factors on top of the arrows corresponds to
the ratio of each adjacent cavity dose.

6.2.3 Quality correction factors

Magnetic field correction factors accounting for the magnetic field have been
defined by several authors [75] [76], 118, 41] using inconsistent notation, such as kp
or kg ,.This quality correction factor is usually the ratio of calibration coefficients
with and without magnetic fields. Using the methodology proposed by Bouchard et
al [112], 113], the quality correction factor ké’;g (following TAEA-AAPM notation
[69]) is calculated as follows:

B

P
f vf _ QB
o=t (6.4)

where the subscripts ¢ and (p indicate the beam quality in the absence and
presence of a magnetic field, respectively. The superscripts f and fp represent the

field sizes in the absence and presence of a magnetic field, respectively.

6.2.4 Monte Carlo simulations

The Monte Carlo calculations of absorbed dose-to-detector are performed with
the EGSnrc user code egs_chamber [48]. The five detectors studied are three
small-cavity ionization chambers models: PTW31010, PTW31021, and PTW31022
(PTW, Freiburg, Germany), the unshielded silicon diode PTW60012, and the mi-

croDiamond detector PTW60019. The ionization chamber models have been previ-
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ously validated with an experimental setup and Monte Carlo simulations [41]. The
chamber active sensitive volumes were defined with COMSOL Multiphysics 5.5
(COMSOL Inc., Burlington, MA, USA) calculations of the electric field accounting
for the absence of ion collection near the guard electrode. The silicon diode model
is based on a previously published model built from the manufacturer blueprints
[111], and the microDiamond detector model is also built from blueprints but has
not been used in previous work. The detector is placed inside a water tank phan-
tom of 30 x 30 x 30 cm® at 10 cm depth. The source-to-surface distance (SSD)
is set to 133.5 cm, and the field widths are 10, 5, 3, 2, 1, 0.75, 0.5 and 0.25 cm at
the isocenter. For field widths between 1 cm and 10 cm, 7 MV FFF photon beam
phase spaces of the Elekta Unity MR-Linac, kindly provided by the manufacturer
(Elekta Instrument AB Stockholm, Sweden), are used. These phase spaces consider
the transport throughout the MR-linac components, as shown in reference [119],
and they are scored at 129.5 cm from the source.

The smallest feasible field in the Elekta Unity MR-Linac is 1 x 1 cm?. Smaller
field sizes are also investigated, although they are not clinically relevant at the
moment. They are academically interesting since they provide insights into the
interplay between magnetic fields and small fields. To produce these smaller phase
spaces, the egs_collimated_source library is used to generate a collimated square
field at the isocenter using the spectral distribution extracted from the 1 x 1 cm?
phase space.

Since the beam is perpendicular to the magnetic field, in principle, there can ex-
ist six orientations where the chamber axis forms either an orthogonal system with
the other two axes or is parallel to one axis. However, because of the symmetry
of cylindrical detectors and that the beam should never hit first the detector stem
and cables, and by symmetry of two out of six orientations, only four chamber axis
orientations are considered and are illustrated in figure [6.2} 1) chamber axis per-
pendicular to the magnetic field and parallel to the beam; 2) chamber axis perpen-
dicular to the magnetic field and perpendicular to the beam with the Lorentz force

pointing towards the stem, 3) chamber axis perpendicular to the magnetic field
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and perpendicular to the beam with the Lorentz force pointing towards the tip and
4) chamber axis perpendicular to the beam and parallel to the magnetic field. The
magnetic field is implemented with the enhanced electromagnetic field macro [54].
Calculation times are optimized by implementing variance reduction techniques
such as cross-section enhancement (CSE), range-rejection-based Russian Roulette,
intermediate phase-space scoring and correlated sampling [105]. The egs_chamber
default parameters are used except for EM ESTEPE= 0.01, the threshold energy
for electrons AE = 0.512 MeV and for photons AP = 0.001 MeV.

a) AAAN
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y beam y beam 2
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RV VM @‘ PAAVAVAY o @T
ANANAN VY.V VRN L

O mgﬁ

Figure 6.2 — Diagrams of the chamber setup: a) detector axis perpendicular to
the magnetic field and parallel to the beam; b)detector axis perpendicular to the
magnetic field and perpendicular to the beam with the Lorentz force pointing
secondary electrons towards the stem on average; c¢)detector axis perpendicular to
the magnetic field and perpendicular to the beam with the Lorentz force pointing
secondary electrons towards the tip on average; d)detector axis parallel to the
magnetic field and perpendicular to the beam.
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6.2.5 Uncertainty analysis

As explained in our previous study [41], for the quality correction factors, the
sources of uncertainty associated with Monte Carlo simulations of the five detectors
dose response are: 1) the type A statistical uncertainty, ogtat, 2) a type B due
to the inconsistencies of the transport algorithm, set to be opane=0.13%, coming

from the Fano test of the ionization chambers, 3) a type B emerging from the
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uncertainty of the physical data used in the Monte Carlo code, 0gata = 0.2% [85),
107], applicable to all of the detector simulations, and 4) the type B detector
geometry uncertainty accounting for the discrepancies between blueprints and the
real chamber geometry and for the uncertainty in the characterization of the dead
volume, the values of 0geom are set to 0.1% for the silicon and microDiamond
detectors (these detectors do not have a dead volume) and to 0.26%, 0.24% and
0.17% for PTW31010, PTW31021 and PTW31022, respectively, more details on
the determination of these values can be found in reference [41]. Then the combined
uncertainty of the quality correction factors is obtained by adding these values in
quadrature. For the perturbation factor calculations, which are meant only to

provide physical insights, only the type A statistical uncertainty is considered.

6.3 Results

The perturbation factors of five radiation detectors are evaluated with Monte
Carlo simulations: three ionization chambers and two solid-state detectors. Calcu-
lations include eight squared field sizes, f, between 0.25 x 0.25 cm? and 10 x 10 cm?
at 0 T and 1.5 T. Four detector orientations in an Elekta’s Unity MR-Linac setup
are studied. In section [6.3.1], results of the perturbation factors in the absence of
magnetic fields are presented, and in section the effect of the magnetic field

on each perturbation factor is presented.

6.3.1 Perturbation factors in the absence of magnetic fields
6.3.1.1 Density perturbation factor, P,

The density perturbation factor at 0 T is presented on the left side of figures
[6.3] and for solid-state detectors and ionization chamber, respectively. For the
solid-state detectors, P, is independent of field size and orientation, and it is close
to unity by less than 1.5%. For ionization chambers, for f > 1 x 1 cm?, P, is mostly
constant and close to 1. However, for f <1x 1 cm?, P, increases with decreasing

field size. Over all chamber orientations, the maximal perturbation (2.003 £ 0.001)
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occurs for the PTW31010 chamber.
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Figure 6.3 — On the left side, P, of solid-state detectors for four orientations as
function of the field sizes at 0 T. On the right side, the effect of the magnetic on
P, as a function of the field size.
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Figure 6.4 — On the left side,P, of ionization chambers for four orientations as
function of the field sizes at 0 T. On the right side, the effect of the magnetic on
P, as a function of the field size.



114

6.3.1.2 Overall perturbation factor, Pyic

The overall perturbation factor at 0 T for the five detectors is shown on the
left side of figure and for each orientation. For the solid-state detectors,
Pyic behaves similarly in the four orientations; Pyjc remains mostly constant for
f >1x1cm? and decreases for the smaller fields. For the ionization chambers,
in all orientations, Pyic is close to unity for f > 1x 1 cm?. For f <1x1 cm?,
Pyic increases with decreasing field size. Note that the variation rate is different
for each chamber model. The semiflex 3D (PTW31021) presents the maximal
perturbation: Pyic =1.78240.001. It is noteworthy that at the 0.5 cm field width,
the PTW31010 chamber falls out of the general trend. CPE is lost because the
sensitive volume is larger than the field size. Indeed, this behaviour was confirmed
with an alternate method by estimating the dose response behaviour with respect

to field size using Monte Carlo dose response functions (defined in ref [I11]).
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Figure 6.5 — On the left side, Pyic of solid-state detectors for four orientations
as function of the field sizes at 0 T. On the right side, the effect of the magnetic
on Pyic as a function of the field size.
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Figure 6.6 — On the left side, the overall perturbation factor of ionization
chambers, for four orientations as function of the field sizes at 0 T. On the right
side, the effect of the magnetic on Py as a function of the field size.

6.3.1.3 Volume averaging perturbation factor

The volume averaging perturbation factor at 0 T is presented as a function of
the field size in each orientation, left side of figures and For solid-state
detectors, the volume averaging perturbation is negligible for f > 0.25 x 0.25 cm?;
Pyo1 is mostly constant and very close to unity. For the smallest field size, Pyo1
increases 1.5% from unity.

For ionization chambers, for f > 1 x 1 cm?, P, is independent of field size and
very close to 1. For the smaller field sizes, P, increases as the field size decreases.
The smallest chamber (PTW31022) presents the smallest Py, attaining a maximal
value of 1.150 £ 0.001, in orientation 2. For the PTW31010 and PTW31021 cham-
bers, P, rises rapidly in the smallest field sizes, reaching the maximal values of

2.486 + 0.001 (orientation 1) and 1.831 4 0.001 (orientations 2 and 3), respectively.
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Figure 6.7 — On the left side, the volume averaging factor of solid-state
detectors for four orientations as function of the field sizes at 0 T. On the right
side, the effect of the magnetic on P, as a function of the field size.
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Figure 6.8 — On the left side, the volume averaging factor of ionization
chambers for four orientations as function of the field sizes at 0 T. On the right
side, the effect of the magnetic on P, as a function of the field size.
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6.3.2 Effect of the magnetic field on the perturbation factors
6.3.2.1 Density perturbation factor, P,

The magnetic field effect is quantified by the ratio of P,(1.5 T) to P,(0 T)
in each orientation, on the right side of figures [6.3] and [6.4 For the solid-state
detectors, the magnetic field effect on P, is 1% or less from unity, over all field
sizes and orientations. For the ionization chambers, for f > 1x 1 cm?, the effect of
the magnetic field is mostly constant and around 1%, the exact value depends on
detector model and orientation. For f < 1x 1 cm?, this effect increases abruptly,
and it can reach as high as 1.564 £ 0.001 (PTW31010, orientation 1). Over all field
sizes and orientations, the smallest density perturbation caused by the magnetic
field is observed for the smallest chamber (PTW31022). In general, the magnetic
field impact on P, is lower in orientations 2 and 4. In orientation 4, the magnetic
field’s effect is smaller because it is parallel to the chamber axis. In orientation
2, electrons are deflected towards the stem and towards the dead volume, where
the collection is inefficient. This results in a decrease of signal in magnetic fields,

which could be why the magnetic field effect is smaller in P,,.

6.3.2.2 Overall perturbation factor, Pyic

The magnetic field effect on Pyic, in each orientation, is presented on the right
side of figures (6.5 and For ionization chambers, in all orientations, for f >
1 x 1 cm?, the magnetic field effect is 3% or less from unity. As field size decreases,
this effect increases to a maximal value that depends on the orientation. The largest
impact considering all field sizes and orientations is 1.257 4+ 0.001, occurring for
the chamber PTW31021 in orientation 3.

For the solid-state detectors, Pyic behaves similarly in all orientations in the
absence of a magnetic field. However, when the magnetic field is present, Pyic
varies with orientation, shown in figure [6.5] Since the magnetic field effect on
P, is minor, then the increase on Pyc in magnetic fields mainly comes from the

extracameral components perturbations. This is why there are large variations in
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the magnetic field effect among the orientations; in each one, the beam encounters

different geometrical components.

6.3.2.3 Volume averaging perturbation factor

The magnetic field effect on P, in each orientation is presented on the right
side of figures and [6.8] For solid-state detectors, the magnetic field effect on
P,y is 1% or less from unity. For ionization chambers, the magnetic field affects
P, in different ways depending on chamber orientation. In orientations 1 and
4, the magnetic field effect is mostly independent of field size, and the variations
are around 1% or less from unity. In contrast, the magnetic field has a noticeable
impact on chambers PTW31021 and PTW31022; these over-respond and under-

respond, in orientations 2 and 3, respectively, for the smaller fields.

6.3.3 Quality correction factors

The quality corrections factors for detectors: PTW60012, PTW60019, PTW31010,
PTW31021 and PTW31022 are presented in tables [6.1] [6.I1} [6.IT1}, [6.IV] and [6.V],

respectively. Over all the detectors, chamber PTW31022 has the k:gf;fQ closer to

unity. In particular, in orientations 1 and 4, for f > 0.25 x 0.25 cm?, kBT cor-
Qp,Q

rections are smaller than 1.5%. Orientations 2 and 3 present larger ké’ij,fQ over all

field sizes.
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Field size [cm

Orientation 1

Orientation 2

Orientation 3

Orientation 4

10x10 1.097+ 0.006  0.990£ 0.009 0.880+ 0.010 1.005+ 0.009
OXH 1.101+£ 0.007  0.980£ 0.009 0.877% 0.009 1.004=+ 0.009
3x3 1.1074£ 0.006  0.984=£ 0.011  0.875%+ 0.009 1.002+ 0.011
2x2 1.097+ 0.006  0.984% 0.008 0.8684 0.008 0.994=+ 0.009
1x1 1.076 0.004 1.002£ 0.008 0.8574 0.007 0.984=+ 0.008

0.75 x 0.75 1.056+ 0.003 1.011£ 0.005 0.853% 0.005 0.976% 0.005
0.5 x0.5 1.0294 0.003  0.994=£ 0.005 0.855+ 0.005  0.9594 0.005
0.25 x 0.25 1.006% 0.003  0.984=£ 0.005 0.875+ 0.004 0.9544 0.005

Table 6.1 — Calculated quality correction factors for the PTW60012 in a 1.5 T
magnetic field, in four orientations, for multiple square field sizes. Uncertainties
are estimated using the method described in section [6.2.5]

Field size [cm

Orientation 1

Orientation 2

Orientation 3

Orientation 4

10x10 1.175£ 0.009  1.208=+ 0.010  0.8454 0.008  0.9994 0.007
dXD 1.181£ 0.005 1.227£ 0.007 0.8474 0.007  0.993+ 0.008
3x3 1.181+£ 0.005 1.231£ 0.008 0.845% 0.008  0.994=+ 0.008
2x2 1.165£ 0.004 1.215£ 0.007 0.836% 0.006 0.989+ 0.007
1x1 1.0904 0.002  1.138=% 0.006 0.828%+ 0.005 0.9624 0.005

0.75 x 0.75 1.050% 0.003  1.099+£ 0.003  0.825+ 0.003  0.950=£ 0.003
0.5 x0.5 1.025+ 0.002  1.043£ 0.003  0.8354 0.003  0.939+ 0.003
0.25 x 0.25 1.004=+ 0.003 1.013£ 0.003 0.860% 0.003  0.941+ 0.003

Table 6.IT — Calculated quality correction factors for the PTW60019 in a 1.5 T
magnetic field, in four orientations, for multiple square field sizes. Uncertainties
are estimated using the method described in section [6.2.5]

6.4 Discussion

6.4.1 Perturbation factors in the absence of magnetic fields
6.4.1.1 Density perturbation factor, P,

Scott et al [97] investigated the effect of density and atomic composition on
the dose response of several detectors, including an unshielded silicon detector,
a diamond detector, and a 3D pinpoint chamber PTW31016 (previous model to
PTW31022) in small photon fields, in the absence of a magnetic field. For the

silicon diode, Scott et al reported a P, value around 0.95, while our results for
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Field size [cm

Orientation 1 Orientation 2

Orientation 3

Orientation 4

10x10 0.987+ 0.004 1.007+£ 0.004 0.985£ 0.004 0.995+ 0.004
OXH 0.988+ 0.004 1.008+£ 0.004 0.983£ 0.004 0.990+ 0.004
3x3 0.993£ 0.005 1.012+ 0.005 0.9924 0.005 0.993=£ 0.005
2x2 0.9944 0.005 1.011+£ 0.005 0.995£ 0.005 0.9984 0.005
1x1 1.010£ 0.005 1.000£ 0.005 1.006% 0.005 1.017% 0.005

0.75 x 0.75 1.0234£ 0.004  0.990+£ 0.004 1.0174 0.004 1.040+£ 0.004
0.5 x0.5 1.1524+ 0.004 1.060+£ 0.004 1.087+ 0.004 1.169+ 0.004
0.25 x 0.25 1.136£ 0.004 1.088=£ 0.004 1.116£ 0.004 1.179+ 0.004

Table 6.II1 — Calculated quality correction factors for the PTW31010 in a 1.5 T
magnetic field, in four orientations, for multiple square field sizes. Uncertainties
are estimated using the method described in section [6.2.5]

Field size [cm

Orientation 1

Orientation 2

Orientation 3

Orientation 4

10x10 0.974£ 0.005 1.017x 0.004 0.972£ 0.004 1.016= 0.004
dXD 0.975£ 0.004 1.022+ 0.004 0.976£ 0.004 1.015+£ 0.004
3x3 0.975+ 0.004 1.025+£ 0.004 0.976£ 0.004 1.015% 0.005
2x2 0.978+ 0.005 1.022+ 0.005 0.988=£ 0.004 1.018=+ 0.005
1x1 0.986£ 0.010  0.995+ 0.005 1.0204 0.005 1.023=£ 0.005

0.75 x 0.75 0.980£ 0.004 0.973+ 0.005 1.046% 0.004 1.037+£ 0.004
0.5 x0.5 1.026x 0.004 0.967£ 0.004 1.1304 0.006 1.095+ 0.004
0.25 x 0.25 1.201+ 0.004 1.066£ 0.004 1.350% 0.004 1.227+ 0.004

Table 6.IV — Calculated quality correction factors for the PTW31021 ina 1.5 T
magnetic field, in four orientations, for multiple square field sizes. Uncertainties
are estimated using the method described in section [6.2.5]

the PTW60012 diode model are found between 0.986 £+ 0.002 and 0.993 £ 0.002
depending on the orientation. For the microDiamond detector, in both studies, the
values decrease below unity. However, here P, remains very close to unity (0.995
+ 0.001 to 0.999 + 0.001) in all orientations, whereas in their study, it decreases to
approximately 0.85. The differences may be attributed to variations in the model
geometry: their detectors are simply modelled by a pixel of 2.26 mm of diameter
and thickness of 0.26 mm for the diamond and thickness of 0.06 mm for the silicon
diode, while in the present study, the solid-state detectors are much smaller, as

they are based on the manufacturer blueprints.
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Field size [cm

’]

Orientation 1

Orientation 2

Orientation 3

Orientation 4

10x10 0.998+ 0.004 1.027+£ 0.005 0.994=£ 0.004 0.997+ 0.004
OXH 0.999£ 0.005 1.025+ 0.005 0.9924 0.005 0.990+£ 0.005
33 1.0014 0.004  1.029&£ 0.005 0.985+ 0.005  0.9964 0.005
2x2 1.005% 0.004 1.026=£ 0.004 0.997+ 0.004 0.998=+ 0.004
1x1 0.998+ 0.004 1.012+ 0.008 1.012+ 0.004 0.998=+ 0.004

0.75 x 0.75 0.998+ 0.004 0.990+ 0.004 1.023£ 0.004 1.002+ 0.004
0.5 x0.5 1.003+ 0.004 0.972+ 0.004 1.0484+ 0.004 1.011+ 0.004
0.25 x 0.25 1.0804 0.003  0.991+ 0.003 1.1874 0.003 1.091=£ 0.003

Table 6.V — Calculated quality correction factors for the PTW31022 ina 1.5 T
magnetic field, in four orientations, for multiple square field sizes. Uncertainties

are estimated using the method described in section [6.2.5|

For ionization chambers, the behaviour of P, found by Scott et al follows the
same trend as the one observed in the three chambers studied here. It is constant
for f > 1cm x 1 cm, and it increases as the field size decreases. In their study, P,
was approximately 1.5 at 0.25 cm x 0.25 cm for the 3D pinpoint chamber. This is
close to our results for the same field size where P, of PTW31022 varies between
1.439 4+ 0.001 and 1.461 + 0.001 depending on the orientations, see the left side of
figure [6.3]

6.4.1.2 Overall perturbation factor, Pyic

The overall perturbation factor is the product of the perturbations coming from
extracameral components and the variations in the detector’s atomic properties and
density with respect to the medium. Volume average effects aside, the perturba-
tions of dose response in small fields are dominated by the effect of density and
the presence of extracameral components, rather than by the atomic composition
[97, 109, 112, 113]. Crop et al [I09] reported perturbations of up to 1% from unity
coming from the central electrode and the wall cavity for two pinpoint ionization
chambers in small fields. Bouchard et al [I13] showed that the extracameral per-
turbations could be significant and comparable to density perturbation factors in

small photon beams for detectors with higher mass density than water, which is
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the case for the solid-state detectors.

6.4.1.3 Volume averaging perturbation factor

For solid-state detectors, Scott et al also performed simulations of P, for two
pixel sizes (1.33 mm and 2.26 mm of diameter and 0.26 mm thick), representing
the volume of small field detectors [97]. Their results showed a similar behaviour of
P01 at large fields. However, for the smallest field, the increase of P, is significant,
approximately 10%, which is larger than the variation observed in this study. This

is expected as the sensitive volumes are submillimetric: 0.25 mm? and 0.004 mm?

for the PTW60012 and PTW60019, respectively. On the other hand, the ionization
chamber results of this work are consistent with the findings of Scott et al [97] for

all fields.

6.4.2 Effect of the magnetic field on the perturbation factors
6.4.2.1 Density perturbation factor, P,

For each detector, P, behaves similarly in the four orientations with and without
magnetic fields, as seen in figures and [6.4, The behaviour of P, is related
to the charged particle fluence in the cavity and, thus, to the cavity size. For
ionization chambers, the cavity density is three orders of magnitude smaller than
water density. In such low-density materials, the production of secondary electrons
diminishes; hence the electron fluence inside the cavity is smaller than in a cavity
filled with the surrounding medium. Additionally, as field size decreases, there is
a further reduction of the electron fluence in the cavity, explaining the rise on P,,.
In contrast, for the solid-state detectors, the cavity and medium densities are of
the same order of magnitude (silicon 2.33 g/cm? and diamond 3.53 g/cm?); thus,
the density perturbation is small and quasi-independent of field size in the absence
and presence of a magnetic field.

In the presence of a magnetic field, when the beam enters the artificial water

vapor cavity (i.e., water atomic composition with air electron density), the electron
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mean free path increases, and electrons become more susceptible to the Lorentz
force. In particular, the low-energy electrons would be more likely to get trapped in
air cavities and deposit their energy locally. In contrast, the high-energy electrons
would be more likely to escape from the cavity. However, since the main contribu-
tion to dose comes from low-energy electrons, a dose increase would be expected

in the presence of a magnetic field.

6.4.2.2 Overall perturbation factor, Pyic

For the ionization chambers, P, is the dominant factor within Pyic. Therefore,
Pyic follows the general trend of P, in all orientations. However, there are small
variations in the magnetic field effect among the orientations. These differences
might come from variations in the geometry depending on the incidence of the
beam. For instance, in orientation 1, the central electrode is aligned with the
photon beam, and since it has a mass density remarkably higher than air (i.e.,
approximately 2.34 g/ cm3), the central electrode produces more electrons which
increases the electron fluence in the cavity. Orientations 2 and 3 are similar but
with opposite magnetic field directions. In orientation 3, there is a slight under-
response of the chambers compared to orientation 2. This could be explained
because electrons are, on average, either deflected towards or away from the stem,
for orientations 2 and 3, respectively. In orientation 4, the magnetic field is parallel
to the chamber, and the geometry plays a less critical role because of the symmetry
in the experimental setup and in the chamber.

For solid-state detectors, in orientation 1, the magnetic field effect on Pyic

2. At larger

increases with field size until a plateau is reached for f >1x1 cm
fields, scattering increases the fluence of low-energy electrons towards the solid-
state detectors. However, it seems that these low-energy electrons are not reaching
the sensitive volume since Pyc(1.5 T) is actually increasing. Even if low-energy
electrons are more susceptible to the magnetic field, the electron path also depends

on the medium density; thus, components with high density surrounding the active

volume could be responsible for the decrease in electron fluence. To support these
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physical insights, figure illustrates the interplay between medium density and
the magnetic field with two dose maps of a cavity with different density in a 10
x 10 x 10 cm? water phantom irradiated with a 2 cm x 2 cm field at 1.5 T.
In figure [6.9a where the cavity material is air, there is an extra dose deposition
at the water-air upstream interface because of the electron return effect (ERE),
as explained by Raaijmakers et al [13], and the dose deposition decreases at the
air-water downstream interface (on the air side). In figure [6.9b] the opposite effect
is observed if the cavity has a higher density than water, diamond in this case, and
dose deposition diminishes at the water-diamond upstream interface and increases

at the diamond-water downstream interface.

Dose maj p (Gy/source particle)

(a) Air cavity (b) Diamond cavity

Figure 6.9 — Illustration of ERE using a dose map of a 2 x 2 cm? field
irradiating a 10 x 10 x 10 cm® water phantom with a rectangular cavity in the
center made of a) air and b) diamond at 1.5 T.

Inside the solid-state detector, the materials have a higher density than water.
In fact, for the microDiamond, there are materials with a density as high as 8.44
g/cm3, and just beside the sensitive volume, there is a large (compared to the
sensitive volume) layer of diamond with a density of 3.53 g/cm?®. The high-density
materials surrounding the sensitive volume are likely to be absorbing the majority
of the scattered electrons, which would reduce the electron fluence in the cavity and
increase the perturbations of Pyic. Also, it has been experimentally observed that,

for large fields, the angular sensitivity of the microDiamond detector is intensified
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in the presence of magnetic fields, and this detector is not suitable for profile
characterization nor for determination of large-field beam parameters [120].

For orientations 2 and 3, the silicon diode exhibits a relatively small depen-
dence on the field size, while this is not the case for the microDiamond detector,
suggesting the role of the extracameral components on electron fluence variations.
In orientation 2, the magnetic field is perpendicular to the chamber axis, and the
Lorentz force main direction is towards the stem. The stem of the microDiamond
is more heterogeneous and with more high-density materials, while the stem of the
silicon diode is mostly air. This could explain the different behaviour between the
solid-state detectors in orientation 2. In orientation 3, electrons are, on average,
deflected towards the tip where the geometry is more homogeneous, which justifies
a similar behaviour of the magnetic field effect on both solid-state detectors. In

orientation 4, the magnetic field effect remains relatively constant with field size.

6.4.2.3 Volume averaging perturbation factor

The notable effect of the magnetic field in the over-response and under-response
in chambers PTW31021 and PTW31022, in orientations 2 and 3, respectively at
the smaller fields could be attributed to the spherical symmetry of the chambers.
The point of measurement is equidistant to the tip and to the stem. Also, the dead
volumes adjacent to the guard electrodes correspond to 23.00% (PTW31021) and
18.45% (PTW31022) of their sensitive volume [4I]. The presence and size of the
dead volumes could explain the over-response and under-response since electrons
are mainly deflected towards and away from the dead volume, in orientations 2
and 3, respectively. The chamber PTW31010 has the largest sensitive volume, and
hence the largest volume averaging perturbation which is significant even without

the magnetic field, so the magnetic field effect on P,y appears insignificant.
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6.4.2.4 Quality correction factors

In a review by de Pooter et al [26], the authors recompiled the published qual-
ity correction factors, kgf;’];?, for two regular-size chambers: PTW30013 and IBA
FC65-G from several studies. They applied a criterion to select the chamber types
and kggfcg values to be suitable for comparison. For IBA FC65-G, considering
a 1.5 T magnetic field, for a 10 x 10 cm? field, the mean values of kgf;fQ are
0.9540 4+ 0.0029 and 0.9977 £ 0.0048, in the perpendicular orientation (orientation
3 in this study) and in the parallel orientations (orientation 4 here), respectively
[78, [76, (18, 80, 121]. For the PTW30013, the mean k%, values are 0.9594 +
0.0025 (orientation 2), 0.9620 4+ 0.0047 (orientation 3) and 0.9928 +0.0046 (ori-
entation 4) [40], B9, 118, [76, R0, 12T, 122]. Comparing the magnitude of quality
correction factors between the regular-size chamber (reviewed by de Pooter et al
[26]) and the small-cavity chambers (present study), in a reference field between,
in the parallel orientation (orientation 4), the variation of k‘gﬁ;g from unity is be-
low 1.6% for both groups of chambers. However, in the perpendicular orientations
(orientations 2 and 3), ké};g values tend to be closer to unity for the small-cavity
chambers.

Tekin et al [123] calculated k:g;’fQ factors for the microDiamond PTW 60019
detector, they found a value around 1.1 for a 4.6 x 4.6 cm?, at 1.4 T while the value
in this work is 1.181 £ 0.005 in the same configuration (orientation 1 of this study).
The differences can be attributed to the differences in the experimental setup: the
measurements in Tekin et al are performed at 5 cm depth, in a water phantom
with dimensions 7 x 20 x 20 cm?®, using a 6 MV photon beam at a SSD of 110 cm,
in this work the calculations are performed at 10 cm depth, in a water phantom
with dimensions 30 x 30 x 30 cm?, using a 7 MV FFF photon beam at a SSD
of 133.5 cm. Further work should include experimental measurements to validate
Monte Carlo calculations of quality correction factors under clinical conditions, for
instance using a traceability route with alanine detectors as shown by Billas et al

[124].
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6.5 Suitability for clinical environment

Detector dose response to small photon beams in the presence of magnetic fields
is complex. Several perturbation factors are present and compete with each other.
In some cases, the perturbations act in opposite directions, so they mitigate each
other, while in other cases, they increase the global perturbation factor. This is re-
flected in the quality correction factors, presented in tables [6.1} [6.11], [6.1T]] [6.IV] and
[6.V] According to our results, the two solid-state detectors exhibit large extracam-

eral perturbations in magnetic fields. Thus, these detectors might not be suitable
for dosimetry in magnetic fields. Both detectors, especially the microDiamond,
present large perturbation factors at larger fields in the recommended measure-
ment setup (orientation 1). Moreover, an experimental study demonstrated that
the microDiamond presents a strongly asymmetric response to large radiation fields
[120].

Since the integration of MR-Linac, several studies have investigated the char-
acteristics and response of ionization chambers for dosimetry measurements in the
presence of magnetic fields. The recommended orientation for cylindrical chambers
is parallel to the magnetic field (orientation 4 in the present work) [26]; this is con-
sistent with our findings since ké};g are closer to unity in orientations 1 and 4 for
the ionization chambers. However, the clinical setup of orientation 1 might be more
challenging and not feasible in all MR-Linac environments. Since few chamber MC
models have been adequately characterized (i.e., dead volume must be removed
from the sensitive volume) and validated with experimental measurements, there
is limited reliable data of kngQ values. In most cases, these values only exist for a
reference field size, as discussed in the previous section. In this investigation, the

ké@é} values of three small cylindrical chambers are determined in multiple field

sizes. The three ionization chambers present similar kg;];? values which tend to
be closer to unity in orientation 4. When the smaller beam field sizes are used, the

recommendation is to use the chamber with the smallest sensitive volume.
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6.6 Conclusion

The magnetic field effect on small-cavity detector dose response to multiple
irradiation field sizes is quantified by isolating different perturbation factors in
different orientations. Solid-state detectors’ dose response is strongly affected by
the magnetic field in all orientations. The extracameral perturbations are amplified
in magnetic fields, especially for large fields, while the effect on the density and
volume averaging perturbations is lower ( 1% or less from unity). On the other
hand, for ionization chambers, the magnetic field effect is more significant on the
density perturbation factor. Volume averaging is the largest perturbation with and
without magnetic fields. Orientations where the chamber axis is aligned with the
magnetic field yield k;giij factors closer to unity. The orientation where electrons
deflect towards the stem should be avoided. This study also shows that kggf;?
factors close to unity can be obtained for commercial small-cavity chambers in
small MRgRT beams.

Quality correction factors are often calculated with Monte Carlo methods. This
study reveals the source of dose response perturbations for different detectors in
magnetic fields and emphasizes the importance of detailed characterization of the
detector geometry in Monte Carlo models accounting for them. Further investi-
gations should focus on particle fluence simulations to provide insights into the

interplay between cavity geometry, density, and magnetic field.
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CHAPTER 7

INTRODUCTION TO ARTICLE 3

7.1 Context

In the previous article, the magnetic field effect on perturbation factors was
characterized for several detectors in different irradiation conditions. The magnetic
field emphasizes perturbations coming from density on ionization chambers and
from extracameral components on the solid-state detectors.

Detector correction factors due to the presence of the magnetic field are related
to differences in electron fluence perturbations in the absence and presence of mag-
netic fields. These differences vary with detector type and are expected to increase
for detectors whose materials differ drastically from water in atomic composition
and density.

Irradiation field size also affects the detector correction factors. Multiple pub-
lications [125, 97, 126, 127] have concluded that the stopping power ratio can be
considered independent of field size. Thus, in small field dosimetry, the correction
factors are only related to variations in particle fluence between reference and small
fields [128].

In the present article, electron fluence spectra in six commercial detectors in the
absence and presence of magnetic fields are calculated to provide a more detailed

understanding of detector response in magnetic fields. The objectives are:

1. To study the behaviour of electron spectra and restrictions of Fano’s theorem

in the presence of magnetic fields

2. To characterize and explain the variations in electron spectral fluence in
a Farmer ionization chamber and in small-cavity detectors in narrow and

broad beams coupled to magnetic fields, in different configurations.

3. To evaluate the effect of air gaps surrounding the ionization chambers in the

electron fluence spectra.
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7.2 Supplementary theory

In the article, conditions to benchmark Monte Carlo calculations of electron
fluence spectra are established, using the Fano conditions in magnetic fields [45], 62].
Additionally, the Monte Carlo calculations of electron fluence spectra are compared
to a theoretical approximation established by Kawrakov [59]. In this section, more
detail on this theoretical approximation is provided.

Kawrakow [59] defined the dose spectrum, n as :
n(E) = S(E)f(E) (7.1)

where S(F) is the unrestricted stopping power and fe is the electron fluence spectra
differential in energy and the analytical expression of the dose spectrum is given

by:

(k+1)%2 2k+1 2k 262 — 2k — 2
2 T3 T 5 T 3
k2(2k+1) K (2k+1) K

n(E) = Cine ™

In ((2/@—#1)(/@—7’)) B 27(K3 —7) + K22+ 417 — 372 + k(2 — 47 +72)

K 254k —1T)

where Cine = 27rrgpe are the constant factors in the Klein-Nishina cross section
times electron density of the medium with units of [em]™!, F{° is the incident
photon energy fluence with units of [cm 2], k = kg/m and 7 = E/m, with m=0.511
MeV, kg is the initial photon energy and E the electron energy.

Combining equations and [7.2] the analytical expression of the electron flu-

ence spectra is [59)
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 CineF§™™
-~ S(E)

(k+1)2 2k+1 2k 2K2 — 2K —2

fe(E) K2(2k+1) K3 (2k41)2 - K3

(7.2)

In <(2/<;+1)(/<:—7‘)> B 27(K3 = 7) + K2(2+ 47 —372) + kT (2 — 474 72)

K 2k4(k—17)

7.3 Results and impact

Electron fluence spectra have been calculated for six detectors - one Farmer
chamber, three small-cavity ionization chambers, two solid-state detectors - in a
small and a reference field, in different orientations, and in the absence and presence
of a magnetic field. Additional calculations of the electron fluence were performed
in two modified detector geometries: the bare sensitive volume filled with artificial
water having the same electronic density as the original material, w*, and filled with
water. Three chamber axis orientations are investigated: parallel or perpendicular
(two possibilities: Fy, towards the stem or the tip) to the magnetic field and always
perpendicular to the photon beam. One orientation for the solid-state detector is
studied: parallel to the photon beam and perpendicular to the magnetic field.

The variations of the total electron fluence due to the magnetic field in all

detectors are summarized in table [T.1l
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Parallel Perpendicular Perpendicular Parallel
to B-field to B-field to B-field to beam
(FL — stem) (FL, — tip)
%] %] [%] [%]
10 x 10 em?  -0.08 + 0.00 4.42 £+ 0.00 5.12 4+ 0.00
PTW30013 3 x 3 cm? -1.24 £+ 0.00 4.75 £+ 0.00 2.35 £+ 0.00
10 x 10 em?  0.14 + 0.00 -2.56 £+ 0.00 -0.24 £+ 0.00
PTW31010 1 x 1 cm? -11.60 £ 0.03 -10.62 &= 0.03 -11.39 £ 0.03
10 x 10 em?  -0.19 + 0.00 -6.08 £+ 0.01 -1.27 £ 0.00
PTW31021 1 x 1 cm? -10.56 £+ 0.03 -11.85 &+ 0.03 -14.50 £ 0.04
10 x 10 em?  -0.18+ 0.00 -4.58 £ 0.01 -0.90 £ 0.00
PTW31022 1 x 1cm? -9.96 &+ 0.04 -11.08 £0.04 -12.34 £ 0.04
10 x 10 cm? -9.84 £+ 0.07
PTW60012 )y 2 -15.06 + 0.09
10 x 10 cm? -14.97 £+ 0.08
PTW60019 1 x 1cm? -16.00 £+ 0.07

Table 7.1 — Percentage of total electron fluence variation due to the magnetic
field in the detectors.

7.3.1 Farmer chamber

The magnetic field effect in the electron fluence in each detector type was dif-

ferent. In the Farmer chamber (PTW30013) case, the magnetic field impact is
smaller in the parallel orientation than in the perpendicular orientation. The in-
terplay between the gyration radius and the cavity size (the cavity length is 3.77
times larger than the cavity diameter) dramatically affects the electron fluence in

the perpendicular orientation.

7.3.2 Small-cavity chambers

For the small-cavity chambers (PTW31010, PTW31021 and PTW31022), in
the reference field, the magnetic field impact on total electron fluence drastically
increases when the Lorentz force points towards the chamber stem than in the other
two orientations. Contrary to the Farmer chamber, the cavity length is comparable
to the cavity diameter in these chambers, explaining the similar behaviour among
these two orientations. A significant impact of the small field size is observed in

the small-cavity chambers in all orientations; the total electron fluence at 1.5 T
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decreases between 9.96% to 14.50 % depending on the orientation, compared to

the 0 T case.

7.3.3 Solid-state detectors

The magnetic field strongly impacted the solid-state detectors in both field
sizes, probably due to the high-density extracameral components. The maximal
reductions of total electron fluence are 15.06 £+ 0.09% (silicon) and 16.00 £+ 0.07%
(microDiamond).

The electron fluence spectra calculations of this article are consistent with the
results of the second article [I14]. In solid-state detectors, the extracameral com-
ponent perturbations increase in the presence of a magnetic field. In ionization
chambers, the density variations increase the electron fluence perturbations in the
presence of magnetic fields. Additionally, it was observed that perturbations from
the extracameral components are in the opposite direction of the density perturba-
tions in ionization chambers. However, there was only a slight compensation in the

overall perturbation since the density perturbation remains the most significant.

7.3.4 Air gaps

Simulations of symmetrical and asymmetrical air gaps surrounding the cham-
bers in the parallel orientation are performed. Results show a significant impact
of the magnetic field on the electron fluence spectra for asymmetrical air gaps, as
seen in the dose ratio of the air gap case relative to the no air gap in tables and
[7.IT]l This impact is present all along the energy spectrum, and it increases at low-
energies. Asymmetrical air gaps have a more significant impact in the small-cavity

chamber than in the Farmer chamber.

7.3.5 Impact

This article provides physical insights into the response of different detectors

when irradiated with megavoltage photon beams coupled to an external magnetic
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Air gap Symmetrical Asymmetrical
thickness [mm] 0T 15T 0T 15T
0.2 1.0007 £ 0.0015 1.0015 £+ 0.0015 0.9922 + 0.0013 0.9888 £ 0.0012
0.5 0.9991 + 0.0016 1.0014 + 0.0016 0.9818 4+ 0.0013 0.9673 + 0.0012
1.0 1.0004 £ 0.0015 1.0009 £+ 0.0014 0.9730 & 0.0012 0.9456 £ 0.0011
1.5 1.0003 £ 0.0015 1.0038 £+ 0.0014 0.9705 + 0.0012 0.9374 £ 0.0011

Table 7.IT — Ratio of dose in the PTW30013 cavity with different air gap
thickness relative to that with no air gap.

Air gap

thickness [mm]

Symmetrical

0T

15T

Asymmetrical

0T

15T

0.2 0.9989 0.0014 0.9987 £ 0.0015 0.9950 £ 0.0015 0.9893 £ 0.0016
0.5 1.0013 0.0014 1.0002 £ 0.0015 0.9933 £ 0.0014 0.9725 £ 0.0016
1.0 1.0003 0.0015 1.0009 + 0.0016 0.9871 £ 0.0014 0.9464 £ 0.0018
1.5 1.0019 0.0015 1.0013 £ 0.0015 0.9846 £ 0.0014 0.9245 £ 0.0015

Table 7.ITI1 — Ratio of dose in the PTW31010 cavity with different air gap
thickness relative to that with no air gap.

field. The electron fluence differential in energy in the detector cavity can be
severely modified in magnetic fields. Low-energy electron trajectories are more
susceptible to change in magnetic fields, and generally, they are associated with
detector response perturbation. Detectors with high-density extracameral compo-
nents exhibit more significant perturbations in the presence of a magnetic field,
regardless of field size. The electron fluence simulations presented in this study
illustrate the interplay between several factors that can make perturbation effects
unpredictable in photon beams coupled to magnetic fields: 1) chamber and B-field
orientation, 2) cavity size and shape, 3) extracameral components, 4) air gaps and
their asymmetry, 5) electron energy.

The performance of detectors dedicated to dosimetry in the presence of a mag-
netic field improves by avoiding high-density materials surrounding the sensitive
volume, non-uniform internal air layers and situations where air bubbles or gaps

surrounding the detector can occur.
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7.4 Supplementary results

In the article, the results for the small-cavity chambers are explained and il-
lustrated with the results only of chamber PTW31010. Due to lack of space, the
results for chamber semiflex 3D and pinpoint 3D are not presented. In this sec-
tion, the electron fluence spectral differences due to the magnetic field of chambers
PTW31021 and PTW31022 are presented on figures and [7.2] respectively. The
behaviour of the spectral differences are explained in section [8.3.3.2] In particular,
the inflexion point, vertical dashed line in figures and [7.2] associated to the
cavity diameter and the gyration radius is explained in detail in section [8.3.4]
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Figure 7.1 — The electron fluence spectral differences due to the magnetic field
in each semiflex 3D PTW31021 chamber geometry considered in the parallel
orientation on the top row and perpendicular orientations with Fy, pointing
towards the stem on the middle row and Fp, pointing towards the tip on the
bottom row. The geometries are: chamber (left), the bare cavity with artificial
water (middle) and the bare cavity filled with water (right) at 0 T and 1.5 T for
fields of 10 x 10 cm 2 and 1 x 1 cm?. The vertical dashed line is at the energy at
which the gyration radius equals the cavity thickness. On the left, an illustration
of the sensitive volume in the smallest field size in each orientation.
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Figure 7.2 — The electron fluence spectral differences due to the magnetic field
in each pinpoint 3D PTW31022 chamber geometry considered in the parallel
orientation on the top row and perpendicular orientations with Fy, pointing
towards the stem on the middle row and Fp, pointing towards the tip on the
bottom row. The geometries are: chamber (left), the bare cavity with artificial
water (middle) and the bare cavity filled with water (right) at 0 T and 1.5 T for
fields of 10 x 10 cm 2 and 1 x 1 cm?. The vertical dashed line is at the energy at
which the gyration radius equals the cavity thickness. On the left, an illustration
of the sensitive volume in the smallest field size in each orientation.



CHAPTER 8

MONTE CARLO INVESTIGATION OF ELECTRON FLUENCE
PERTURBATION IN MR-GUIDED RADIOTHERAPY BEAMS
USING SIX COMMERCIAL RADIATION DETECTORS

This article has been submitted to the journal Physics and Medicine and Biology
[129].
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Abstract

With the integration of treatments with MRI-linacs to the clinical workflow, the under-
standing and characterization of detector response in reference dosimetry in magnetic
fields are required. The external magnetic field perturbs the electron fluence. The degree
of perturbation depends on the irradiation conditions and on the detector type. The pur-
pose of this study is to evaluate the magnetic field impact on the electron fluence spectra
in several detectors to provide a deeper understanding of detector response in these con-
ditions. Monte Carlo calculations of the electron fluence are performed in six detectors
(solid-state: PTW60012 and PTW60019, ionization chambers: PTW30013, PTW31010,
PTW31021, and PTW31022) in water and irradiated by a 7 MV FFF photon beam with
a small and a reference field, at 0 T and 1.5 T. Three chamber axis orientations are inves-
tigated: parallel or perpendicular (either the Lorentz force pointing towards the stem or
the tip) to the magnetic field and always perpendicular to the photon beam. One orienta-

tion for the solid-state detector is studied: parallel to the photon beam and perpendicular
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to the magnetic field. Additionally, electron fluence spectra are calculated in modified
detector geometries to identify the underlying physical mechanisms behind the fluence
perturbations. The total electron fluence in the Farmer chamber varies up to 1.24% and
5.12% at 1.5 T, in the parallel and perpendicular orientation, respectively. The interplay
between the gyration radius and the Farmer chamber cavity length significantly affects
the electron fluence in the perpendicular orientation. For the small-cavity chambers, the
maximal variation in total electron fluence is 0.19%, for the reference field, in the parallel
orientation. Significant small-field effects occur in these chambers; the magnetic field
reduces the total electron fluence (with respect to the no field case) between 9.86% to
14.50% depending on the orientation. The magnetic field strongly impacted the solid-
state detectors in both field sizes, probably due to the high-Z components and cavity
density. The maximal reductions of total electron fluence are 15.06 4+ 0.09% (silicon)
and 16.00 £ 0.07% (microDiamond). This work provides insights into detector response
in magnetic fields by illustrating the interplay between several factors causing dosimetric
perturbation effects: 1) chamber and magnetic field orientation, 2) cavity size and shape,
3) extracameral components, 4) air gaps and their asymmetry, 5) electron energy. Low-
energy electron trajectories are more susceptible to change in magnetic fields, and they
are associated with detector response perturbation. Detectors with higher density and
high-7Z extracameral components exhibit more significant perturbations in the presence

of a magnetic field, regardless of field size.

Keywords:Magnetic fields, MRgRT, reference dosimetry, ion chamber, solid-

state detectors, Monte Carlo, cavity size, small fields, electron fluence

8.1 Introduction

With the integration of magnetic resonance imaging with clinical linear acceler-
ators (MRI-linacs), the characterization of different types of detectors for reference
dosimetry measurements in MRI-linacs has been under investigation [35] [77) [75],

78, [40L [79, 39, 80, 81, 41]. The majority of these studies focus on the character-
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ization of ionization chamber responses and the calculation of correction factors
in the presence of magnetic fields, either by experimental measurements, Monte
Carlo calculations or both. Detector response depends on the detector geometry,
magnetic field strength and orientation, beam quality, field size, and the potential
presence of air gaps around the chamber [26]. Nevertheless, the behaviour of detec-
tor response in the presence of a strong magnetic field is still not fully understood
and remains a question of interest.

The presence of any detector perturbs the particle fluence at the point of mea-
surement compared to that in the absence of the detector. The degree of the
perturbation depends on the detector design and materials and on the irradiation
conditions, i.e. magnetic field strength and direction, beam quality, and field size.
Particle fluence perturbations are more pronounced for detectors with materials
differing drastically from water in terms of atomic composition and density. For
small field dosimetry, when the field size is comparable to the detector size, the
particle fluence perturbations increase, mainly due to volume averaging perturba-
tions, and in the case of ionization chambers, also due to density perturbations
[97].

The underlying physics behind the magnetic field effect on detector response,
along with the effect of the irradiation field size, were investigated in a previous
work [I14]. Perturbations coming from extracameral components (stem, cavity
wall, central electrode), atomic composition, density and volume of the detector
were studied. The results showed that for small-cavity ionization chambers, the im-
pact of the magnetic field was stronger in the density perturbation factor irradiated
by fields smaller than 1 x 1 cm?. On the contrary, for solid-state detectors (silicon
diode and microDiamond detector), the magnetic field strongly increases the per-

2. Even

turbations from extracameral components in fields larger than 1 x 1 c¢m
though this work provided an overview on dose perturbation factors, the interplay
between cavity geometry, density and magnetic field was not fully described.

The objectives of this work are to detail the following effects due to the pres-

ence of a magnetic field: 1) fluence perturbations enhanced by high-Z components
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and cavity density, 1) the sensitivity of low energy electrons to fluence perturba-
tions, 3) various geometrical effects related to cavity dimensions and orientation
with respect to electron energy and field strength, and 4) fluence perturbations
due to the presence air gaps of different shapes. Firstly, to demonstrate the first
objective, the theoretical basis demonstrating the link between electron fluence
perturbations and low-energy electrons with small gyration radii is presented in
section [8.2.1], along with restrictions of Fano’s theorem in the presence of magnetic
fields. Secondly, to provide insights into the drastic effects of density and high-Z
components, the variations in electron spectral fluence in six different detectors
(one Farmer ionization chamber, three small-cavity chambers and two solid-state
detectors) are characterized in narrow and broad beams coupled to magnetic fields,
using different configurations. Thirdly to describe the impact of detector geometry
on electron fluence in the presence of magnetic fields, in section [8.3.4, a simple
detector model is presented where the variation of electron pathlength due to the
magnetic field explains the shape of the electron fluence spectra. Finally, the elec-
tron fluence perturbations due symmetrical and asymmetrical air gaps surrounding

different ionizations chambers are evaluated.

8.2 Materials and Methods

8.2.1 Theory

This section demonstrates that density fluctuations and small curvature radii
have significant anticipated effects on fluence perturbations. Additionally, a par-
ticular condition applicable to the external beam setup is proposed to fulfil the
special conditions to validate the Fano theorem in the presence of magnetic fields
[45] and perform special Fano cavity test in the Monte Carlo simulations of radia-

tion transport.

8.2.1.1 Definitions

Considering the following variables in the laboratory frame:
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7> the vector corresponding to the particle position in space

— p: the vector corresponding to the particle momentum

4: the unit vector in the direction of the particle momentum

(: speed in units of ¢

% : mass macroscopic cross section (in cm? g=t)

fi(7,p): the particle type ¢ fluence differential in energy and direction cor-
responding to the number particles at 7 with momentum p’ per unit energy,
per unit area perpendicular to @ and per unit solid angle d@t = sinfdfdeo
F;(7,p): the spectral distribution of a given f;(7,p) integrated over all di-

rections, defined as

Fy(F,p) = Aﬂfi(ﬁﬁ)d(l. (8.1)

The spherical coordinates convention for representing p'= pt are

U =sinf cos ¢& + sin fsin g + cos 2
0 =cosfcos QX + cosfsin gy —sinbz
¢ = —sin¢& + cos g

- 0 Al10 ~ 1 0

dd =dcosfdo

S = S(7,p): the primary source term representing the number of particles
of momentum p’ generated at 7 by an external source per unit mass, energy

and direction (in g~ 'MeV~lsr—1).

— Z{f;7}: the interaction term is an operator representing the production of

secondary particles (in g7 1MeV~lsr™1).
R: the gyration radius of charged particles subjected to a magnetic field of
strength B.
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8.2.1.2 Radiation transport equation in the presence of magnetic fields

The Boltzmann radiation transport equation predicts the charged particle flu-
ence rate by balancing the number of particles entering, created in and leaving
the point of interest. It has been adapted to account for the presence of external
electromagnetic fields by adding a term describing the effect of the Lorentz force
on particle fluence in references [45], [57]. Considering the case free of an electric
field, the radiation transport equation for charged particle fluence in the presence

of an external magnetic field, Bis

@V, f=p[S+I{f;i}]—qix B-V,f. (82)

For choice of coordinates such that B = BZ, and using the equation derived
in the appendix [8.Alfor the Lorentz force term, then the transport equation becomes

e o LOf
VoS =p S+ - o0 (8.3)

Note that the energy-dependent gyration radius and the mass density are in the
denominator of the last term on the right-hand side of the equation. Therefore, the
impact of the magnetic field on electron fluence are expected to increase with small
gyration radius and low-density materials. The electron gyration radius increases
with increasing kinetic energy and decreasing magnetic field strength. Hence, in a

constant magnetic field, low-energy electrons have small gyration radii.

8.2.1.3 Special Fano conditions

Under classical Fano conditions [55], the following is fulfilled: 1) the atomic
properties of the medium are homogeneous, hence Z{f;7} = Z{f}, and 2) the
source produces equilibrium, i.e., Seq is such that ﬁSeq — (. Then, equation

becomes
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> 0
4-V,f=p Seq‘f‘I{f}—Rlpaz; ;
(8.4)
10
0 =S+ T~ 5

and since the density is present in the last term, the secondary fluence is no longer
independent of the density in the presence of an external electromagnetic field,
hence Fano’s theorem is no longer valid [45]. Bouchard et al [57] and de Pooter et
al [62] identified two special conditions to obtain equilibrium in this case. Fano’s
theorem is applicable in magnetic fields with the fulfilment of one of the following

conditions:

1. The magnetic field strength is proportional to the mass density spatial dis-
tribution, such that V (Rp) = 0.

2. The source is isotropic, i.e., 8850eq = 85201 = (0, which causes foq to be also

isotropic, hence ¢ ('& X §) ~6p feq = 0.

Since condition 1 imposes a restriction on the magnetic field and not on the
source (as condition 2 does), then it is more representative of an external beam

geometry. Thus, the transport equation is

A 1o e
u'vrfeq =p Seq“‘z{feq}_R af¢q )
. g} (8.5)
OZSeq +I{feq}_ Req a;qv

with Req = Rp = q%. To fulfil the magnetic field proportionality to mass density in
condition 1, the calculations of particle fluence can be performed in water, then the
solution corresponds to the CPE spectrum prescribed by Fano’s conditions, which

is the same as in the absence of a magnetic field.
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8.2.1.4 Electron fluence spectra

To benchmark the electron fluence spectra calculations in the presence of mag-
netic fields, in this section it is shown that the electron fluence spectrum is the
same in the absence and presence of magnetic fields when the first special Fano
condition is fulfilled. For this, the transport equation (eq8.5)) is integrated over all

directions

1 0fe
0= Seqd+ [ T{fea}d2= [ 940, .
A eq + An {feq} Req a¢ (8 6)
defining a spectral source Sg as
So EA sq (F.7) A9, (8.7)
/I

and the integration of the interaction term given by

Aﬂf{f(ﬁﬁ)}dﬂZ—E(p)F(f,p)Jr/me(p —p) F(Z,p)dpf

=I{F("p)},

(8.8)

with F' the spectral distribution of f, defined in equation [8.1. The complete inte-
gration of the interaction term is presented in appendix [8.B] Finally, the last term

to integrate is

1 af 1 27 9 f
R 969, / sinfdf / 5500 =0 (8.9)

Then, the direction-integrated transport equation is
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0=So+I{F(F.p)}. (8.10)

The solution to this equation is independent of magnetic fields. Hence, the
electron fluence spectrum is the same in the absence and presence of magnetic

fields when the first special Fano condition is fulfilled.

8.2.2 Monte Carlo calculations

8.2.2.1 Validation of Monte Carlo calculations of electron fluence spec-

tra in the presence of magnetic fields

As shown in the theory (section , under the first special Fano condi-
tion, the Monte Carlo calculations of electron spectra in magnetic fields can be
benchmarked with calculations in the absence of magnetic fields. Furthermore, an
additional comparison can be made with the analytical approximation of the elec-
tron fluence spectra established by Kawrakow [59]. For this, the electron fluence is
scored in a water voxel of 1 mm? at 10 cm depth inside a 30 x 30 x 30 cm?® water
phantom irradiated by a monoenergetic 1.25 MeV beam at 0 T and 1.5 T, using
the user code cavity from EGSnrc [45].

8.2.2.2 Electron fluence in detectors

Monte Carlo calculations of the electron fluence differential in energy (or elec-
tron fluence, as it is referred throughout the article) in six detectors are performed
in the user code cavity from EGSnrc [48]. In this code, the electron fluence dif-
ferential in energy is normalized by the total incident photon fluence, F,t°t. The
six detectors studied are a Farmer-type ionization chamber PTW30013 (PTW,
Freiburg, Germany), three small-cavity ionization chamber models PTW31010,
PTW31021, and PTW31022, the unshielded silicon diode PTW60012, and the mi-
croDiamond detector PTW60019. Detector size specifications are listed in table
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B.Jl The ionization chamber’s active sensitive volumes were previously defined in
references [41] and [122] for the small-cavity chambers, and for the Farmer-type
chamber, respectively. The detector is positioned at 10 cm depth in a water tank
phantom of 30 x 30 x 30 cm®. The 7 MV FFF photon beam phase spaces of
the Elekta Unity MR-Linac (Elekta Instrument AB Stockholm, Sweden), kindly
provided by the manufacturer, are used. The source-to-surface distance (SSD) is
set to 133.5 cm. The reference field size is 10 x 10 cm? and the small field is set to
1 x 1 cm? at the isocenter for all detectors except for the Farmer type chamber,
for which a small field of 3 x 3 cm? is used to cover the full sensitive volume. The
1.5 T magnetic field is perpendicular to the irradiation beam, consistently with the

Elekta Unity MR-Linac.

PTW60012 PTW60019 PTW31022 PTW31021 PTW31010 PTW30013

Type of detector Silicon diode microDiamond Pinpoint 3D Semiflex 3D Semiflex Farmer
Sensitive volume diameter [mm)] 1.0 2.2 2.9 4.8 5.5 6.1
Sensitive volume length [mm)] 0.03 0.001 2.9 4.8 6.5 23.0
Nominal sensitive volume [mm?) 0.25 0.004 16 70 125 600

Table 8.1 — Detector specifications, taken from the manufacturer catalogue.

orl. erl. o) .
@ a B

Figure 8.1 — Diagram of three orientations for ionization chambers and one
orientation for the solid-state detectors. 1) The chamber axis is parallel to the
magnetic field, 2a) the chamber axis is perpendicular to the magnetic field and the
Lorentz force (Fy,) points towards the stem, 2b) the chamber axis is perpendicular
to the magnetic field with F, pointing towards the tip and 3) the solid-state
detector axis is perpendicular to the magnetic field and parallel to the beam.

For the ionization chambers, three detector orientations with respect to the
photon beam and the magnetic field are studied. The chamber axis always re-

mains perpendicular to the photon beam and three orientations with respect to
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the magnetic field are considered: 1) parallel, 2a) perpendicular with the Lorentz
force pointing towards the stem, and 2b) perpendicular with the Lorentz force
pointing towards the tip, as illustrated in figure 8.1l For the solid-state detectors,
one orientation is studied: 3) the detector axis is parallel to the photon beam and
perpendicular to the magnetic field, as shown on the right of figure 8.1 Only the
recommended measurement orientation is considered for the solid-state detectors
since the purpose is to evaluate the impact of high-Z components and density for
these detectors. In a previous study [I14], detector dose perturbations in different
orientations in these detectors has been investigated.

The magnetic field is implemented with the enhanced electromagnetic field
macro [54] with the recommended step value of EM ESTEPE=0.2. The default
parameters are used except for the threshold energy for electrons AE = 0.512 MeV
and for photons AP = 0.001 MeV. No variance reduction techniques are applied
for the electron fluence spectra calculations accordingly to the EGSnrc code rec-
ommendations.

For each detector, the electron spectra simulations are performed in three dif-
ferent geometries, as shown in figure 1) the entire detector, 2) the bare cavity
with the medium replaced by artificial water, i.e., an artificial medium, denoted
w*, having the same atomic properties as water including stopping-power density
corrections but with the electron density of the original sensitive volume material
(i.e., silicon for PTW60012, diamond for PTW60019 and air for the ionization
chambers), and 3) the bare cavity filled with water.
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> 2

Dget Dw*, cav Dw, cav

Figure 8.2 — Scheme of the three detector geometries where the electron fluence
is calculated. On the left, the full detector, on the middle the bare cavity with
artificial water w*, having the same atomic properties as water with the electron
density of the original sensitive volume material, and on the right, the bare cavity
filled with water.

To quantify the effect of the magnetic field, the difference between the differen-
tial electron fluence at 1.5 T and at 0 T is normalized by the total electron fluence

at 0 T:

Ao F.(15T)—F.(0T)
B = F,56(0 T)

(8.11)

For the uncertainty of the electron fluence only the statistical uncertainty from

the Monte Carlo simulations is considered.

8.2.2.3 Presence of air gaps around ionization chambers

In reference dosimetry measurements, air gaps surrounding the detector par-
tially or totally can occur, for instance, between a non-waterproof chamber and its
water sleeve or between a chamber and a solid water phantom. In the absence of
magnetic fields, the effect of the air gaps has negligible perturbation effects. How-
ever, several groups [30, 54, 38, 7] have shown that these air gaps can strongly
affect the chamber response in the presence of an external magnetic field.

Due to the nature of the air gap formation, the location, distribution and size
are usually unknown. Diverse situations have been explored, Agnew et al
investigated the effect of the location of the air gap around the chamber, Malkov
et al [54] studied the variation of chamber response due to air gaps for multiple

magnetic field strengths, and O’Brien et al [37] investigated the effect of the shape
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of the air gap, either symmetrical (i.e. with uniform thickness around the chamber)
or asymmetrical (i.e. uniform thickness but only in one side of the chamber). Most
of the studies were performed for Farmer-type chambers. In this study, the effect
of symmetrical and asymmetrical air gaps on chamber response in a Farmer-type
chamber and in a smaller chamber, the semiflex PTW31010 is evaluated via the
calculation of electron fluence spectra.

The influence of air gaps surrounding the detectors is evaluated in the same
experimental setup described previously. The Monte Carlo calculations are per-
formed in two chambers (PTW30013 and PTW31010) for a reference field, at 0 T
and 1.5 T, in the parallel orientation. Considering two types of air gaps: 1) sym-
metrical air gaps are modelled as air layers with uniform thickness (0.2 mm, 0.5
mm, 1.0 mm and 1.5 mm) surrounding the chamber, and 2) asymmetrical air gaps
are modelled as air layers with uniform thickness (0.2 mm, 0.5 mm, 1.0 mm and
1.5 mm) placed only in the upper part of the chamber, as shown in the figure .
The air gap effect with or without magnetic fields is evaluated with the electron

fluence spectral difference:

Fe, air gap(Bi) - F’e7 no air gap(Bi)

Aair gap(Bz> — 5 (8.12)
Fef?}o air gap(Bi)
with B; either 0 T or 1.5 T and F,'Y, ., gap the total electron fluence when there
is no air gap.
(a) Symmetrical air gap. (b) Asymmetrical air gap.

Figure 8.3 — Illustration of the modeled air gaps surrounding the chamber in
the parallel orientation.
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8.3 Results and discussion

8.3.1 Validation of Monte Carlo calculations of electron fluence in the

presence of magnetic fields

If Fano conditions are fulfilled, electron fluence spectra in the presence of a
magentic field is identical to the electron fluence spectra in the absence of mag-
netic fields. Therefore, the Monte Carlo calculations of electron fluence spectra
at 1.5 T can be validated against the electron fluence spectra at 0 T. For this,
a geometry fulfilling the first special Fano condition is simulated, the comparison
between Monte Carlo simulations of electron fluence in the absence and presence
of an external magnetic field is shown in figure 8.4l The agreement is good and
consistent with the statistical uncertainty of the simulations (<0.1%). The percent-
age difference fluctuates around zero for most of the energies except for the higher
energies, in which the difference increases because F./F{°" at 0 T and 1.5 T tend
to zero, thus small differences become more significant. An additional comparison

with Kawrakov’s analytical approximation [59] is presented.
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Figure 8.4 — Normalized electron fluence simulated with cavity (EGSnrc) in a

water voxel of 1 mm? at 0 T and 1.5 T and the theoretical prediction from

reference [59]. The percentage difference between the Monte Carlo simulations at

0 T and 1.5 T are presented in the bottom.

8.3.2 Electron fluence in ionization chambers

Electron fluence spectra normalized by the total incident photon fluence are

scored in each ionization chamber for a reference and a small field, at 0 T and 1.5

T, in the parallel and in the two perpendicular orientations, results are shown in
the top row of figures[8.5] [8.6]and [8.7] The spectral differences due to the magnetic
field (eq. [8.11]) are presented in the bottom row of each figure. Additionally, the

variation in the total electron fluence due to the magnetic field is presented in table

B.I1l In the three orientations, the magnetic field impact is more significant in small

fields than in the reference field in all chambers, but it is especially relevant in the

small-cavity chambers.
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In small fields, the electron fluence decreases at 1.5 T compared to the 0 T
case. In particular, in the small-cavity chambers, the electron fluence decreases
with decreasing energy. This is in agreement with the reduction in absorbed dose
previously observed in the presence of a magnetic field [75, [76] because electrons
deposit their energy closer to the point where they are created due to the Lorentz
force [26].

The electron fluence spectra vary with orientation; the magnetic field influence
is more significant in the perpendicular orientations because there are larger pertur-
bations coming from the extracameral components than in the parallel orientation.
In orientation 2a, electrons, on average, are deflected towards the stem, while in
orientation 2b, they are deflected towards the tip. In magnetic fields, the total
fluence is reduced up to 11.6% in the parallel orientation and up to 14.50% in the
perpendicular orientations.

Another effect of the extracameral components can be observed in chamber
PTW31021; there is a reduction in the low-energy electrons for both field sizes.
This is due to the presence of an inner air layer between the graphite and the
PMMA wall, as pointed out previously in reference [41].

The magnetic field effect on electron spectra follows a similar trend in the
small-cavity chambers in all orientations. On the contrary, there is a different
trend between the parallel and the perpendicular orientations for the Farmer-type
chamber. The magnetic field effect is more or less constant in the parallel orienta-
tions, while in the perpendicular orientation, the variations with energy are more
important. This is mainly due to the cavity length and is discussed in detail in the

following sections.
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Perpendicular ~ Perpendicular

Parallel (Fr, — stem) (Fr, — tip)
10 x 10 cm®  -0.08 £ 0.00% 4.42 4+ 0.00% 5.12 £ 0.00%
PLW30013 3 x 3 cm? -1.24 4+ 0.00% 4.75 + 0.00% 2.35 £ 0.00%
PTW31010 10 x 10 em?  0.14 £ 0.00% -2.56 + 0.00%  -0.24 + 0.00%
I x1em? -11.60 + 0.03% -10.62 4+ 0.03% -11.39 + 0.03%
PTW31021 10 x 10 em?  -0.19 £ 0.00%  -6.08 £ 0.01%  -1.27 £ 0.00%
I x1em? -10.56 +0.03 % -11.85 £ 0.03% -14.50 & 0.04%
10 x 10 em?  -0.18%+ 0.00% -4.58 £ 0.01%  -0.90 £+ 0.00%
PTW31022 1 x 1 cm? -9.96 + 0.04%  -11.08 + 0.04% -12.34 + 0.04%

Table 8.IT — Percentage of total electron fluence variation due to the magnetic
field in the ionization chambers.

8.3.3 Effect of detector geometry and density

8.3.3.1 Farmer-type chamber

Electron fluence spectral differences due to the presence of an external magnetic

field for two irradiation fields (10 x 10 cm? and 3 x 3 cm?) in the Farmer-type

chamber geometries, in all orientations, are presented in figure 8.8 The three

different geometries are the cavity of the full detector (left), the bare cavity filled

with artificial water w* (middle) and the bare cavity filled with water (right).
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Figure 8.8 — The electron fluence spectral differences due to the magnetic field
in each Farmer-type chamber geometry considered in the parallel orientation on
the top row and perpendicular orientations with F, pointing towards the stem on
the middle row and Fp, pointing towards the tip on the bottom row. The
geometries are: the Farmer type chamber (left), the bare cavity with artificial
water (middle) and the bare cavity filled with water (right) at 0 T and 1.5 T for
fields of 10 x 10 cm 2 and 3 x 3 cm?. The first vertical dashed line (at 0.50 MeV)
is at the energy at which A =0, , explained in section .

The vertical dashed line (at 2.28 MeV) is at the energy at which the gyration radius
equals the cavity diameter. On the left, an illustration of the sensitive volume in
the smallest field size in each orientation.

In the parallel orientation, shown in the top row of figure 8.8, the magnetic
field has a stronger impact in the small field than in the reference field in the
three chamber geometries. The largest fluctuations occur for the second geometry
(middle), i.e. when the only difference between the cavity and the medium is the

density, especially for the small field. These results confirm that the density is one
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of the main causes for the small-field effects as previously seen in the absence of
magnetic fields [97] and in the presence of magnetic fields [114]. The perturbations
mainly come from low-energy electrons since in a constant magnetic field, the lower
the energy, the smaller is the gyration radius which results in an increase in the
magnetic field term in the radiation transport equation (equation . Note that
the perturbations in the full chamber geometry (left) are smaller than in the w*
geometry; this indicates that the extracameral components perturbations are in
the opposite direction, i.e. they increase the electron fluence which compensates
the density perturbations.

In the perpendicular orientations, shown in the middle and bottom rows of
figure B.8] there are no significant variations for the water cavity. For the other
two geometries, the magnetic field effect varies considerably with energy, and it
does not vary significantly with field size. In this case, the cavity is so large that
low-energy electrons deposit their energy locally, and perturbations from lateral
electrons are less significant, which explains the lack of small-field effects.

The general trend of the magnetic field effect comes mainly from the density
differences, as can be seen in the middle column of figure 8.8 The trend variations
are due to the cavity dimensions, and the explanation is in section [8.3.4 As in the
parallel orientation, perturbations are smaller for the full chamber (left) because
the extracameral components are compensating the electron loss, especially at low
energies.

The variations on electron fluence are smaller in the parallel orientation than in
the perpendicular orientations because the extracameral components play a more
critical role in the perpendicular orientations, which the Farmer chamber length

emphasizes.

8.3.3.2 Small-cavity chambers

The differences in electron fluence due to the magnetic field are similar in the
three small-cavity chambers in all orientations. They are shown in figure only

for the chamber PTW31010 and its corresponding geometries. The magnetic field
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impact depends strongly on chamber geometry, the Farmer-type chamber and the
small-cavity chambers are impacted differently. There are two main geometrical
differences between these types of chambers: the length of the cavity (see table
and the shape of the tip, which is semi-spherical for the small-cavity chamber and

conical pointed for the Farmer chamber.
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Figure 8.9 — The electron fluence spectral differences due to the magnetic field
in each semiflex chamber geometry considered in the parallel orientation on the
top row and perpendicular orientations with Fy, pointing towards the stem on the
middle row and Fy, pointing towards the tip on the bottom row. The geometries
are: chamber (left), the bare cavity with artificial water (middle) and the bare
cavity filled with water (right) at 0 T and 1.5 T for fields of 10 x 10 cm 2 and 1
x 1 cm?. The vertical dashed line is at the energy at which the gyration radius
equals the cavity thickness, explained in section [8.3.4] On the left, an illustration
of the sensitive volume in the smallest field size in each orientation.

For the reference field, the magnetic field effect fluctuates around zero with



163

spectral differences within 1.5% in all orientations except in orientation 2a for the
full chamber geometry (left). The reason being that the stem perturbations increase
in this orientation; electrons are, on average, deflected towards the stem reducing
the electron fluence, especially the low-energy electrons.

When the chamber is irradiated with the reference field, there is charged particle
equilibrium (CPE), and if the sensitive volume is filled with water, then the first
special Fano condition is fulfilled. Hence, the electron fluence remains the same in
the absence and presence of a magnetic field, as shown in the right of figure 8.9
In contrast, when the irradiation field size decreases, the electron fluence decreases
significantly with decreasing energy in the presence of magnetic fields. The fluence
reduction is due to the loss of lateral CPE in small fields, which is amplified by the
asymmetry introduced by the Lorentz force.

When the cavity electron density equates that of air (middle), the magnetic
field effect follows the same trend as in the water sensitive volume, but the electron
fluence is further reduced in this case. Density perturbations increase in the pres-
ence of magnetic fields [I14], in low-density materials, fewer secondary electrons
are produced, and the electron mean free path generally increases, thus becoming
susceptible to the Lorentz force.

When the full chamber (left) is simulated, the magnetic field impact also fol-
lows the same trend as in the other two geometries for small fields. However, there
are slight variations associated with the influence of extracameral components that
changes with orientation. In general, the perturbations are smaller, as the extra-

cameral components seem to compensate the electron fluence reduction.

8.3.4 Effect of the cavity size

The cavity size is relevant for small fields dosimetry in the absence and presence
of magnetic fields. The relation between the cavity size and the magnetic field can
be approached by considering an electron travelling in vacuum through an infinite
slab with the same thickness as the cavity, as shown in figure [8.10] Depending on

its energy, an electron can either traverse the cavity (left of figure [8.10]) or it can
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fully return to the incident wall (right of figure . The behaviour change occurs
when the gyration radius is equal to the cavity thickness at a certain energy, named
Errg. This ERE energy is presented as a dashed line for each detector in figures
B.5H8.16D] In these figures, for the magnetic field effect at small fields, the ERE
energy is near the convex region at high energies where there is a local minimum.
Note that the ERE energy is only an approximation, and the true scenario is much
more complex: electrons enter the cavity in different positions, electrons interact
with the medium and lose energy, there is lateral gain and loss of electrons, the

thickness cavity is not uniform, and the fluence varies with detector orientation.

Cavity
thickness

E > Eere

Figure 8.10 — Electrons entering an infinite slab at the same position in a
vacuum in the presence of an external 1.5 T magnetic field. Fgrg is the energy at
which the gyration radius equals the cavity thickness. On the left, electrons with
enough energy to fully traverse the slab. On the right, electrons with energy to
return to the incident wall.

£

Photon
beam
PTW31022 PTW31021 PTW31010 PTW30013 PTW31022 PTW31021 PTW31010 PTW30013
Small field: 1 x 1 cm2 3x3cmz2 Small field: 1 x 1 cm2 3x3cmz2
Parallel orientation Perpendicular orientation

Figure 8.11 — Illustration of each chamber sensitive volume inside the smallest
field. The dimensions of the sensitive volume and the field are to scale.

In the parallel orientation, electrons coming in the main direction encounter a

plane with approximately the same thickness and length (i.e. sensitive diameter of
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table , as illustrated on the left figure of Whereas, in the perpendicular
orientation, the encountered plane has a thickness equal to the sensitive volume
diameter and the length of the sensitive volume, as illustrated on the right of figure
8.11] For the pinpoint 3D (PTW31022) and the semiflex 3D (PTW31021), the
diameter and length of the sensitive volume are equal, the semiflex (PTW31010) is
slightly longer than wider, and the Farmer chamber is almost four times longer than
wider. The latter case approaches the infinite slab geometry in the perpendicular
orientation and explains the remarkable trend change of the Farmer between the
parallel and perpendicular orientation.

To explain the magnetic field effect trend in the Farmer chamber in the per-
pendicular orientation, see figure 8.8 the cavity can be approximated to an infinite
slab where only the effect of the magnetic field is considered. Then a pathlength

correction, Al, due to the magnetic field can be defined as

Al=m+R—d (8.13)

where 7% R is the electron pathlength in magnetic fields, and d is the electron
pathlength in the absence of magnetic fields which is equal to the cavity thickness.

For energies below Eggrg, three cases can occur

1. If Al <0, then the electron pathlength is smaller in magnetic fields than

without it.

2. If Al =0, then the electron pathlength is the same with and without mag-
netic fields.

3. If Al > 0, then the electron pathlength is bigger in magnetic fields than

without it.

The variation of Al explains the trend of magnetic field effect, the minimum of
the curves in the middle and bottom row of figure 8.8 occurs close to the energy at
which Al =0. For the chamber PTW30013 dimensions, this energy is 0.50 MeV,
which is the first vertical dashed line in figure[8.8, Even though these cases depict a
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simplistic scenario, they provide a good enough approximation of the full radiation
transport scenario.

It is worth noting that such a simplistic scenario cannot fully explain the per-
turbation effects of any radiation detector. While evaluating pathlength differences
with an infinite slab might be valuable in large air cavities, for small cavities, it
cannot suffice since the geometry is more complex with a central electrode and
a wall tip in the vicinity, which produces additional electrons entering the cavity
for which the trajectory cannot be addressed analytically. For solid detectors, the
situation is even more complex. In such cases, one needs to fully consider what
transport equation implicates and how the electron fluence is perturbed compared
to ideal conditions, such as in Fano conditions. Unfortunately, in the presence of
homogeneous magnetic fields, Fano’s theorem cannot hold, and therefore conven-
tional simplifications cannot be used. Monte Carlo remains the only valid method

to approach this problem.

8.3.5 Air gap effect on electron fluence spectrum
8.3.5.1 Symmetrical air gaps

The influence of the symmetrical air gaps on electron fluence is presented in
figure for the Farmer chamber and the semiflex chamber. In general, there
are no significant differences among the thicknesses considered, and the air gap
effect on electron fluence is 1% or less with respect to the no air gap case for all

thicknesses for both chambers.

8.3.5.2 Asymmetrical air gaps

The electron fluence spectra normalized by the total incident photon fluence at 0
T and 1.5 T for chamber PTW30013 surrounded by an asymmetrical gap are shown
in figure .13l Even in the absence of magnetic fields, there is an air gap effect,
and the fluence perturbations increase with air gap thickness.In the presence of an

external magnetic field, illustrated on the right of figure [8.13] there is a further
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Figure 8.12 — Symmetrical air gaps around chambers PTW30013 (left) and
PTW31010 (right) at 1.5 T. In the top row, the electron fluence spectra per total
incident photon fluence in the chamber for air gaps of different thickness. In the
bottom row, the effect of the air gap is evaluated with respect to no air gap in the
electron fluence in the presence of magnetic fields.

reduction of low-energy electrons; the reduction becomes more pronounced with
increasing air gap thickness.

The results for the asymmetrical air gap surrounding the small-cavity chamber
are presented in figure [8.14] In this case, the electron fluence perturbations are
2.52% or less at 0 T and they decrease as much as 8.63% at 1.5 T. The influence of
the magnetic field is present along all the energy spectrum, but it increases, once
again, at low-energies. The presence of asymmetrical air gaps has a bigger impact

in chambers with smaller cavity sizes in the presence of an external magnetic field.

8.3.5.3 Chamber dose response

In the case of symmetrical air gaps, the 1% variation in electron fluence due
to the magnetic field corresponds to a variation of the chamber dose responses
within 0.5% as shown in figure [8.15] These results are consistent with reference

[37], where results showed that symmetrical air gaps around the chambers have a
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Figure 8.13 — Asymmetrical air gaps around the Farmer-type chamber at 0 T
(left) and at 1.5 T (right). In the top row, the electron fluence spectra per total
incident photon fluence in the chamber for air gaps of different thickness. In the
bottom row, the effect of the air gap is evaluated with respect to no air gap.

minimal effect.

For the case of asymmetrical air gaps, the variation in electron fluence in the
Farmer chamber corresponds to a maximal dose reduction of 2.95% and of 6.26%,
at 0 T and 1.5 T, respectively, as observed in figure [8.15] For the small-cavity
chamber, the dose is further reduced, by as much as 7.55% in the presence of
magnetic field, as shown in figure [8.15]

The total fluence variation due to the presence of the magnetic field in all the

air gap cases are presented in table [8.IT1]
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Figure 8.14 — Asymmetrical air gaps around the PTW31010 chamber at 0 T
(left) and at 1.5 T (right). In the top row, the electron fluence spectra per total
incident photon fluence in the chamber for air gaps of different thickness. In the
bottom row, the effect of the air gap is evaluated with respect to no air gap.

Air gap PTW30013 PTW31010
thickness symmetrical asymmetrical symmetrical asymmetrical
[mum] 7] %] 7] 7]
0.2 0.04 -0.75 -0.31 -0.83
0.5 0.02 -2.25 -0.19 -2.44
1.0 -0.04 -4.08 -0.25 -4.73
1.5 0.08 -5.13 -0.45 -7.04

Table 8.II1 — Percentage of total electron fluence variation due to the magnetic
field in the ionization chambers surrounded by an air gap. The uncertainty is
below 0.01% in all cases.

8.3.6 Solid-state detectors

The electron fluence spectra normalized by the total incident photon fluence in
the solid-state detectors are only calculated in orientation 3, in which the detector
axis is aligned with the photon beam, and it is perpendicular to the magnetic field.

These spectra are calculated in three detector geometries (shown in figure |8.2)) in
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Figure 8.15 — Ratio of dose in the cavity with an air gap relative to that with no
air gap at 0 T and 1.5 T for chambers PTW30013 (left) and PTW31010 (right)

two square fields 10 x 10 cm? and 1 x 1 cm? for 0 T and 1.5 T, the results are

presented in the top rows of figures [8.16al and [8.16b| for the silicon diode and the

microDiamond detector, respectively. The corresponding spectral differences due
to the magnetic field are presented in the bottom row of each figure.

The electron fluence decreases in both solid-state detectors in the presence of

magnetic fields, as shown on the left columns of figures [8.16aland [8.16bl The effect

is very similar in both field sizes for the silicon diode and almost identical for the
microDiamond detector, indicating the strong magnetic field impact even in large
field sizes, as previously seen in reference [I14]. The magnetic field effect is more

pronounced for the low-energy electrons.
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Figure 8.16 — In the top row, the electron fluence per incident photon fluence
for the full solid-state detector (top left), for the bare cavity with artificial water
(top middle) and for the bare cavity filled with water (top right) at 0 T and 1.5 T
for square irradiation beams of 10 x 10 cm? and 1 x 1 cm?. In the bottom row,
the relative difference between the electron fluence at 0 T and 1.5 T for each field
size and each geometry considered. The vertical dashed line is at the energy at
which the gyration radius equals the cavity thickness, explained in section .
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When comparing the effect of the magnetic field in the full geometry to the
one in the waterx cavity, the behaviour is different, particularly in the reference
field. Perturbations seem to be strongly amplified by the extracameral components.

The density effect can be evaluated by comparing the spectra in the second and

third geometry (middle and right columns of figures|8.16aland [8.16bf). The trends

are very similar for each field size, agreeing with previous results [I14] where it
was shown that the magnetic field effect on the density perturbation factors is not
significant, 1% or less in the dose response. Differences in behaviour between the
two field sizes come from the lack of lateral CPE in small fields that is amplified
by the asymmetry introduced by the Lorentz force.

8.4 Discussion

Electron fluence spectra have been calculated for six detectors in a reference
field and in a small field, in different orientations, in the absence and presence
of a magnetic field. The magnetic field effect in the electron fluence in each de-
tector was different. To identify the underlying mechanism behind the magnetic
field impact, additional calculations of the electron fluence were performed in two
modified detector geometries: the bare sensitive volume filled with artificial water
having the same electronic density as the original material, w*, and filled with wa-
ter. In solid-state detectors, the extracameral component perturbations increase
in the presence of a magnetic field. In ionization chambers, the density variations
increase the electron fluence perturbations in the presence of magnetic fields, as
previously observed in reference [114].

Three chamber orientations are investigated, the variation in total electron flu-
ence due to the magnetic field is presented in table B.IIl In the Farmer chamber
case, the magnetic field impacts less in the parallel orientation than in the perpen-
dicular orientation. In the latter, the interplay between the gyration radius and
the cavity size (the cavity length is 3.77 times larger than the cavity diameter)
dramatically affects the electron fluence, as explained in section [8.3.4]
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For the small-cavity chambers, in the reference field, the magnetic field impact
on total electron fluence drastically increases when the Lorentz force points towards
the chamber stem. A smaller effect appears in the other two orientations. Contrary
to the Farmer chamber, the cavity length is comparable to the cavity diameter in
these chambers, explaining the similar behaviour among these two orientations. A
significant impact of the small field size is observed in the small-cavity chambers
(note that the narrow field used in the Farmer-type chamber is not that small)
for all orientations; the magnetic field reduces the total electron fluence between
9.96% to 14.50 % depending on the orientation.

The cases of symmetrical and asymmetrical air gaps (thicknesses between 0.2
mm and 1.5 mm) surrounding a Farmer chamber and a small-cavity chamber are
also investigated. The variation in the total electron fluence due to the magnetic
field in these cases are presented in table [8.IT]l For all the symmetrical air gaps,
the variation is equal or below 0.08% for the Farmer chamber and below 0.5% for
the semiflex. In the case of the asymmetrical air gaps, the magnetic field effect
in total fluence increases with the gap thickness up to -5.13% and 7.04% for the
Farmer chamber and semiflex chamber, respectively.

The magnetic field strongly impacted the solid-state detectors in both field
sizes. The total fluence is reduced by as much as -15.06 £+ 0.09 % and -16.00
+ 0.07 % for the silicon diode and the microDiamond, respectively. The high-
density extracameral components seem to be responsible for the strong effect of

the magnetic field.

8.5 Conclusion

This investigation provides physical insights on the response of different de-
tectors - one Farmer chamber, three small-cavity chambers and two solid-state
detectors - when irradiated with megavoltage photon beams coupled to an external
magnetic field. The electron fluence differential in energy in the detector cavity

can be severely modified in magnetic fields, and fluence perturbations are gener-



174

ally more apparent for low-energy electrons. The electron fluence simulations pre-
sented in this study illustrate the interplay between several factors that can make
perturbation effects unpredictable in photon beams coupled to magnetic fields: 1)
chamber and magnetic field orientation, 2) cavity size and shape, 3) extracameral
components, 4) air gaps and their asymmetry, 5) electron energy, and 6) field size.

For reference fields, perturbations in electron fluence in ionization chambers
due to the magnetic field are small or even negligible in some cases. However, for
small fields, i.e. 1 x 1 cm?, the presence of a magnetic field leads to significant
perturbations on electron fluence, especially in the low-energy region. Therefore,
the determination of quality correction factors for small-cavity ionization chambers
is crucial for small fields. Further investigations and corroboration of these factors
from independent research groups is still needed.

The magnetic field strongly modifies the electron fluence in solid-state detectors
for reference and small fields; hence they should be avoided in the clinic. Similarly,
situations where asymmetrical air gaps could occur should be avoided, especially for
the small-cavity chambers. The performance of detectors dedicated to dosimetry in
the presence of a magnetic field can be improved by avoiding high-density materials

surrounding the sensitive volume and non-uniform internal air layers.
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APPENDIX

8.A Magnetic-field term in the radiation transport equation

The term due to the presence of the magnetic field in equation can be

developed as follows

B 2% L Ol s (8.14)
=4 p[890+sin06¢ 1><u]
15\ L %5k
_pB [890XU+sin98¢ xu],

choosing the coordinates such that B = B2 and recalling that the gyration radius

is defined as R = ﬁ. Then for electrons, ¢ = — |¢g| and therefore
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8.B Radiation transport equation for the electron fluence spectrum

Considering a geometry in which the medium atomic properties are homoge-

neous , i.e. the first classical Fano condition is fulfilled, but with an arbitrary mass
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density distribution given by p = p(7) and defining a particle source as sg = sq(7,p)

and an homogeneous magnetic field B = B2. The transport equation is given by

3 9
@9/ =p|So +TUY - 58 | (5.16)

the solution of this equation is unique and defined by @, B and p, noting the
solution as f = ng. To integrate the transport equation of f over all directions,
each term is integrated separately. First, the integration of the left term in equation

8.16l is
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defining position-dependent and momentum-dependent functions
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note that f¢)  as well as the functions in equation are entirely defined by @,
B and p. Thus, their explicit dependence on f can be omitted and be reported in

terms of ), B and p.

Defining the spectral source Sg as

So= A _sq(#.p)do (8.19)

Recalling that the interaction term is given by

T{f (7,9} :—E(p)f(:f;‘,ﬁw/:odp’[mf (@7)o (F »p)d2 (820

with the mass macroscopic cross section differential in momentum only defined as

S (p—#) :A o (57— 7)de (8.21)

7

and the mass macroscopic cross section defined as

2 (p) Z/OPE (p—v)dpf (8.22)

then, the integration of the interaction term over all directions is
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Finally, the last term to integrate is
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=0.

From these results, the direction-integrated transport equation is
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with the solution expressed as ' = F, 53 (Z,p) being unique and entirely defined by
@, B and p.



CHAPTER 9
CONCLUSION

With the advent of MRI-linacs to the clinic, reference dosimetry must be per-
formed in the presence of external magnetic fields. This thesis studied the effect
of the magnetic field detector dose response and its perturbations under multiple
configurations. Several small-cavity detector dose response were characterized, and
quality correction factors, ké’;’f;, accounting for the impact of the magnetic field
were calculated.

In the first part, four small cavity ion chamber responses in several magnetic
fields were characterized in two configurations, using experimental measurements
and Monte Carlo simulations. In the design of these ionization chambers, there is
a region where the charge collection is inefficient; thus, detailed Monte Carlo sim-

ulations accounting for these dead volumes were performed. Additionally, quality

correction factors accounting for the magnetic field (table 4.V]) and its uncertainty

budget uncertainty (tables [4.111| and [4.1V]) were presented for different configura-

tions.

Results showed that several factors that appear insignificant in conventional
conditions, such as fine air layers, minor geometrical discrepancies, and the sensitive
volume’s exact position, are relevant in magnetic fields. To know the geometry
of each chamber, we recommend acquiring an image of the detectors to ensure
that the blueprints correspond to the real geometry and that there are no hidden
features. Additionally, it is important to perform experimental measurements to
validate Monte Carlo models. For small cavity ion chambers, the dead volume
represents a significant fraction of the sensitive volume (~20%), and its modelling
is crucial to improve the simulation accuracy. Therefore, a higher level of detail in
manufacturing drawing is essential to accurately model the detector dose response
in magnetic fields.

The second part provided physical insights on the magnetic field impact on
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five detectors - including three small-cavity ionization chambers and two solid-
state detectors - in different irradiation field sizes. For this, perturbation factors
corresponding to the extracameral components, differences in density and atomic
composition and volume averaging were isolated.

On the one hand, solid-state detector dose responses are strongly affected by
the magnetic field in all orientations. The extracameral perturbations are amplified
in magnetic fields, especially for large fields, while the effect on the density and
volume averaging perturbations is lower (1% or less from unity). Therefore, the
current designs of solid-state detectors (PTW60012 and PTW60019) should be
avoided for reference dosimetry in the presence of magnetic fields.

On the other hand, the magnetic field effect for ionization chambers is more
significant on the density perturbation factor. Volume averaging is the largest per-
turbation with and without magnetic fields. Orientations where the chamber axis is
aligned with the magnetic field yield ké};ij factors closer to unity. The orientation
where electrons deflect towards the stem should be avoided. Considering that the
smallest possible field in the Elekta Unity is 1 x 1 cm?, the three studied ionization
chambers (PTW31010, PTW31021 and PTW31022) are suitable for that or larger
field sizes in the parallel orientation.

Quality correction factors were calculated for five detectors, in four orientations
and for multiple field sizes, shown in tables[6.146.V] Future clinical development of
MRgRT will require these factors for reference dosimetry measurements and beam
calibration.

The third part focused on particle fluence simulations to explain the interplay
between the magnetic field and detector geometry, density, size, and orientation.
Electron fluence differential in energy spectra was calculated in six detectors -
one Farmer chamber, three small-cavity chambers and two solid-state detectors -
irradiated with reference and small megavoltage photon beams coupled to a 1.5 T
magnetic field.

Results showed that the magnetic field impact on the electron fluence in the

detector cavity could be severely modified in magnetic fields, and fluence perturba-
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tions are generally more evident for low-energy electrons. The impact also strongly
depends on the irradiation conditions, and it is more prominent for small fields.
Another important consideration is the configuration between the detector and
the magnetic field; electron fluence perturbations are minimized in the parallel
orientation.

The electron fluence simulations presented in this study illustrate the interplay
between several factors that can make perturbation effects unpredictable in photon

beams coupled to magnetic fields:
1. detector and magnetic field orientation
2. cavity size and shape
3. extracameral components
4. air gaps
5. electron energy.

This work provides a deeper understanding of how the dose is deposited in
magnetic fields by calculating the electron fluence spectra. Detectors with high-
density materials surrounding the sensitive volume and non-uniform internal air
layers should not be used in reference dosimetry in the presence of a magnetic
field. Additionally, the effect of air gaps surrounding ionization chambers was
evaluated; situations where asymmetrical air gaps could occur must be avoided,
especially for the small-cavity chambers where the dose can decrease as much as
8.6% with respect to the no air gap case.

These three articles show the complexity of reference dosimetry in the pres-
ence of an external magnetic field. In conventional reference dosimetry, CPE can
be approximated, and cavity theory (governed by Fano’s theorem) is applied with
perturbation factors of a small order of magnitude. In contrast, in MRgRT dosime-
try, Fano’s conditions are violated, and Bragg-Grays’ principle can no longer be
applied. Thus, it becomes a complex and challenging problem with irradiation con-
ditions in which detector response is extremely sensitive to the features mentioned

above, and significant perturbation effects can occur. Consequently, we need reli-
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able Monte Carlo simulations to characterize these effects and special attention to
ensure that experiments (especially in small fields) match the MC predictions.
The thesis studies the response of two types of commercial radiation detectors
in the context of MRgRT radiation dosimetry. While it is concluded that current
designs of solid-state detectors should be avoided, we recommend a series of steps
to validate Monte Carlo models of ionization chambers in the presence of magnetic

fields:

1. Characterization of the dead volume and remove it from the sensitive vol-

ume.

2. Confirm that the technical drawings are accurate if possible acquire a high-

resolution image of the internal structure.

3. Perform a Fano test and including the discrepancies in the uncertainty bud-

get.
4. Validate the simulations with experimental measurements.

5. Compute an extensive uncertainty budget.

Reference dosimetry is established in dosimetry protocols or CoP that require
vetted reference data sets for different detectors. The currently available data for
quality correction factors accounting for the effect of the magnetic field is limited.
There is a consistent data set of k:é;iij factors for some Farmer-type ionization
chambers with an uncertainty of 0.2% [26] but not for small-cavity chambers. For
large fields, this thesis shows that the studied small-cavity chambers (PTW31010,
PTW31021, and PTW31022) are reliable and can provide robust measurements
in magnetic fields since their quality correction factors are small in the optimal
orientations.

In the small field dosimetry case, kg;i? data set is scarce, but there is a global
effort to overcome this. Recently, Delfs et al [I30] showed good agreement with
our values of kgiij for chambers PTW31021 and PTW31022 measured in the

experimental setup of article 1. However, this setup does not consider the most

recommended orientation in the MR-linac (chamber parallel to the magnetic field).
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There is still much research to be done for small field dosimetry, ké};f@ values must

be determined by different groups to establish a robust data set. Other types of
MR-compatible detectors in terms of perturbation (e.g. plastic scintillator, film,

etc. ) should also be actively researched.
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