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Abbreviations

BTE Boltzmann transport equation

CBCT cone-beam computed tomography

CH condensed history

CT computed tomography

EBRT external beam radiotherapy

ERE electron return effect

ESR electron spin resonance

FFF flattening-filter-free

ICRU International Commission on Radiation Units and Measurements
IGRT image-guided radiotherapy

IMRI intensity-modulated radiotherapy

Linac linear accelerator

MC Monte Carlo

MRI magnetic resonance imaging

MRIgRT magnetic resonance imaging guided radiotherapy
MRI magnetic resonance tomograph

PTB Physikalisch-Technische Bundesanstalt
RTP radiation treatment plan

SAD source-to-axis distance

SID source-to-isocenter distance

SSD source-to-surface distance

TPS treatment planning system
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Zusammenfassung

Magnetresonanz-gefiihrten Strahlentherapie (MRIgRT) ist eine neue Modalitat der
Strahlentherapie. Die Vorteile gegentuber der konventionellen bildgefiihrten Strahlen-
therapie ergeben sich aus dem erhdéhten Weichteilkontrast sowie der Mdglichkeit der
Online-Bildgebung. Seit wenigen Jahren stehen an vielen Kliniken die ersten Geréte
fur diese Form der Strahlentherapie zur Verfugung (MR-linacs). MR-linacs erlauben
eine Bildgebung mittels Magnetresonanztomographie und verfligen zuséatzlich tber ei-
nen integrierten Linearbeschleuniger zur Bestrahlung von Patienten. Der grundlie-
gende Gedanke ist, die Bildgebung mittels Magnetresonanztomographie unmittelbar
vor oder sogar wahrend der Bestrahlung des Patienten zu ermoglichen. Da sich das
magnetische Feld eines MR-linacs aber nur mit groRem Aufwand abschalten lasst,
muissen Messungen zur Qualitatssicherung unter dem Einfluss eines starken magne-
tischen Feldes durchgefiihrt werden. Eine Komplikation ist hierbei, dass das Ansprech-
vermogen typischer Detektoren zur Messung der Strahlendosis durch magnetische
Felder beeinflusst wird. Aus diesem Grund kdnnen die derzeitigen Protokolle zur Re-
ferenzdosimetrie nicht an MR-linacs verwendet werden. Das Ziel dieser Arbeit war die
Erarbeitung der wissenschaftlichen Grundlagen fur ein neues Protokoll fir die Refe-
renzdosimetrie in der MRIgRT.

In dieser Arbeit wurden verschiedene experimentelle Methoden zur Charakterisierung
von Detektoren zur Messung der Strahlendosis unter dem Einfluss magnetischer Fel-
der erarbeitet. Eine dieser Methoden beruht auf Messungen, welche unter anderem
an einem experimentellen Aufbau durchgefthrt wurden. Hierzu wurde ein grol3er Elekt-
romagnet vor einem konventionellen medizinischen Linearbeschleuniger positioniert.
Weiterhin wurden Messungen an verschiedenen MR-linacs durchgefuhrt. Zuséatzlich
wurde eine Methode zur Berechnung der Effekte entwickelt. Hierbei wurde einer Kom-

bination aus Monte-Carlo-Simulationen und Finite-Element-Berechnungen verwandt.

Die Ergebnisse bestatigen, dass das Ansprechvermdgen von lonisationskammern
durch magnetische Felder beeinflusst wird. Die Anderung des Ansprechvermogens
hangt hierbei von verschiedenen Einflussfaktoren ab. Die wichtigsten Einflussfaktoren
sind die Geometrie der lonisationskammer, die magnetische Flussdichte und die Ori-
entierung der lonisationskammer. Korrektionsfaktoren fur den Einfluss des magneti-
schen Feldes auf verschiedene lonisationskammern wurden tabelliert. Diese Korrekti-

onsfaktoren wurden durch die Verwendung chemischer Strahlungsdetektoren
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verifiziert. Die hier ermittelten Korrektionsfaktoren konnen somit flr dosimetrische
Messungen in der MRIgRT verwendet werden. Es wurde gezeigt, dass das ubliche
Vorgehen zur Simulation von lonisationskammern in magnetischen Feldern angepasst
werden muss. Hierzu wurde eine neue Methode entwickelt, welche solche Simulatio-
nen ermoglicht. Zusétzlich wurden Richtlinien zur Referenzdosimetrie unter dem Ein-
fluss magnetischer Felder erarbeitet und somit die Grundlagen fiir ein neues Protokoll

zur Referenzdosimetrie in der MRIgRT geschaffen.



Abstract

Magnetic resonance imaging guided radiotherapy (MRIgRT) is a new modality in radi-
otherapy. The benefits over conventional imaging guided radiotherapy are an increase
in soft tissue contrast and the option of real time imaging. Recently, many clinics im-
plemented first devices for this form of therapy (MR-linacs). These new devices offer
magnetic resonance imaging but also include a linear accelerator for the treatment of
patients. The idea is, that a magnetic resonance image can be acquired immediately
before as well as during the irradiation of the patient. As the magnetic field of MR-linacs
cannot be shut down easily, measurements for quality assurance are done under the
influence of a strong magnetic field. Unfortunately, the magnetic field affects the re-
sponse of radiation detectors. Because of this, current protocols for reference dosim-
etry are not applicable for MR-linacs. The aim of this work was to lay the foundations

for a new protocol for reference dosimetry for MRIgRT.

In this work, several experimental methods were established for the characterization
of radiation detectors under the influence of magnetic fields. These included measure-
ments at an experimental setup, that combined a big electromagnet with a conven-
tional linac as well as measurements at MR-linacs. In addition, a simulation method for
the quantification of the effects of magnetic fields on the response of ionization cham-

bers has been developed by combining finite element with Monte-Carlo methods.

The response of ionization chambers is influenced by magnetic fields. The change of
response depends on several conditions, the most important are the geometry of the
ionization chamber, the magnetic flux density, and the orientation of the ionization
chamber. A dataset of magnetic field correction factors was derived for different types
of ionization chambers. These correction factors have been validated by utilizing chem-
ical radiation detectors. The derived correction factors can be used for dosimetry in
MRIgRT. It was shown that the way in which Monte Carlo simulation of ionization
chambers are done has to be adapted to account for an external magnetic field. A new
technique has been developed to overcome the issues found for Monte Carlo simula-
tions. Guidelines have been derived for reference dosimetry under the influence of a
magnetic field. The foundation for a new protocol for reference dosimetry for MRIgRT
were set in this work and Monte-Carlo methods were refined so that they can be used

the questions related to MRIgRT in clinical radiation oncology.
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Introduction

External Beam Radiotherapy

According to the Global Burden of Disease 2016 Study (Naghavi et al 2017) neoplasms
are the second leading cause of death worldwide. Furthermore, the number of new
cases increases every year. With regard to the “best available evidence”, 52% of can-
cer patients should be treated by radiotherapy (Delaney et al 2005). Therefore, there
is already a large and still increasing need for advances in radiotherapy techniques,

like external beam radiotherapy (EBRT).

EBRT is carried out by exposing the tumorous tissue to ionizing radiation. For this
purpose, different types of particle accelerators and radioactive sources are used to
produce ionizing radiation. A common method is to accelerate electrons and direct
these on a high-Z material to produce Bremsstrahlung. Then, this Bremsstrahlung is
collimated to a treatment beam which is directed on the tumor. The ideal collimation
and beam direction are calculated based on detailed Monte Carlo (MC) simulations of
the radiation transport through the patient’s anatomy. In most cases, the aim of radio-
therapy is to maximize the number of ionizations in the tumorous tissue, while sparing

the healthy tissue.

The content of this thesis is focused on radiotherapy with X-rays. Though, there are
many other particles that can be used for radiotherapy, like electrons, protons and

heavy ions.

Linear Accelerators for Radiation Oncology

Electron Beam

Target
. : Treatment Beam
Taveg :
“d.ve%mde Isocenter [:

f’ .
= A A e antry A
1 .

Electron Gun

- Treatment éCouCh

Figure 1: Schematic illustration of a typical linear accelerator used for radiation oncology. The position of the ac-

celerating waveguide can differ for different linacs.

Figure 1 shows the main components of a linear accelerator (linac) for radiation oncol-
ogy. The electron gun generates free electrons by thermionic emission. Then, the elec-

trons are injected into an accelerating waveguide. Usually, a magnetron is used to
9



generate microwaves, which in turn generate radio frequency fields in the accelerating
waveguide to bunch and accelerate the electrons. Many linacs are traveling wave ac-
celerators, hence the nominal accelerating voltage can be changed easily. The mag-
netron as well as the electron gun are pulsed with a pulse repetition frequency of sev-
eral hundred Hz. Focusing and steering magnets are used to direct the electron beam
through a gantry that can be rotated around the gantry axis. This allows multiple beam
directions. The target for Bremsstrahlung production is placed in the accelerator head.
The accelerator head also includes a complex collimator system to form the emerging
photon beam and a transmission ionization chamber (monitor chamber) to monitor the

linac’s output.

The spectral fluence of the Bremsstrahlung photons depends on the nominal acceler-
ating voltage that is used to accelerate the electrons. For medical linacs, it is common
to note the nominal accelerating voltage as a specifier for the photon energy. For
example, a linac that produces Bremsstrahlung photons by accelerating electrons with
a nominal accelerating voltage of 6 MV is often called a 6 MV linac. Figure 2 shows the
spectral fluence of a typical 6 MV linac (Precice, Elekta AB, Stockholm, Sweden). To
achieve a flat beam profile, most linacs include a cone-shaped flattening filter behind
the target. This also reduces the fluence of photons at the isocenter. If the flattening
filter is removed, the beam or accelerator is called flattening-filter-free (FFF). Modern
irradiation techniques do not depend on a flat beam profile. Thus, the usage of FFF

beams became more common in the recent years.

The intersection of the treatment beam axis and the gantry axis is referred to as iso-
center (figure 1). Usually, the collimation of the treatment beam is calibrated to produce
certain field sizes on isocenter level. E.g. a 10 x 10 cm? beam describes a treatment
beam, that is collimated to a 10 x 10 cm? square area at the isocenter. In most treat-
ment scenarios, the tumor is aligned with the isocenter. The field shapes that are used
for the treatment of patients are much more complex than square fields. The distance
between the target and the gantry axis is called source-to-axis distance (SAD) and the
distance between the source and the isocenter is called source-to-isocenter distance
(SID). It is common practice to do the measurements that are needed for the calibration
and quality assurance of the linac by irradiation of radiation detectors that are placed

inside of a water tank or similar (phantom). In this experimental scenario, the distance
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between the target and the surface of the phantom is called source-to-surface distance
(SSD).

0.6
0.5
0.4
0.3
0.2
01
0.0

Normalized Photon Fluence

0 2 4 5]
Energy [MeV]

Figure 2: MC simulated spectral photon fluence of a 6 MV linac. The peak at 511 keV is caused by annihilation

radiation.

Quality Assurance

The amount of ionizing radiation, that is prescribed for the irradiation of a tumor is
characterized by the absorbed dose (D) in the units of gray (Gy). “The absorbed dose
is the quotient of dé by dm, where dé is the mean energy imparted to matter of mass
dm”, (Allisy et al 1998):

de

D=—
dm

Physically, the energy transfer is caused by many different scattering and absorption
processes that will be described later. The absorbed dose depends on the irradiation
conditions but also on the irradiated material. For example, the absorbed dose to
graphite differs from the absorbed dose to water, for the same irradiation conditions.
In clinical practice, particle accelerators for radiotherapy are calibrated by measuring
the absorbed dose to water in a certain reference setup. Achieving low uncertainties
on this calibration is critical for the success of radiation therapy: “by increasing the
precision of the delivery of dose, the cure of early stage patients increases at a rate of
about 2% per 1% improvement of accuracy”, (Boyer and Schultheiss 1988). Methods
for this calibration are described in detail in many national and international protocols
for reference dosimetry. The best-known protocols for reference dosimetry are the pro-
tocol of the American Association of Physicists in Medicine (AAPM) Task Group 51
(TG-51, Almond et al., 1999), the protocol of the International Atomic Energy Agency
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(IAEA) (TRS-398, Andreo et al., 2000) and in Germany the German standard (DIN
6800-2, Deutsches Institut fir Normung, 2020).

The most used detectors for calibration measurements are air-filled ionization cham-
bers due to their good long-time stability and low energy dependence. But with the
advent of new modalities and devices in EBRT, the suitability of air-filled ionization

chambers needs to be reassessed for the respective conditions.

Absolute Dosimetry

The term absolute dosimetry is used to describe measurements of the absorbed dose
to a medium (usually water) in absolute values. Absolute dosimetry differs from relative
dosimetry, that describes the measurement of relative beam characteristics, like the
shape of a photon beam profile. The most common way to measure the absolute dose
to water is by irradiation of a detector (like an ionization chamber) inside of a water

phantom.

lonization Chamber Measurements

20.5 mm
[ M Graphite 7,0.mm
I Ahmllinium
%m
Y
/_‘ 36.8 mm

Figure 3: Design of a Farmer type ionization chamber, measures taken from the literature (Aird and Farmer 1972).

The type of ionization chamber most frequently used for absolute dosimetry in linac
photon radiation fields is the Farmer type ionization chamber (figure 3). The design
was originally presented by Farmer (Farmer 1944) and modified later, as described by
Aird and Farmer (Aird and Farmer 1972). An electric voltage of several hundred volts
is set between the aluminum central electrode (collector) and the outer graphite wall.
Because of the resulting electric field, charges that are produced inside of the sensitive
volume travel either to the collector or to the wall of the ionization chamber. An elec-
trometer is connected to the collector to measure charges that arrive at the collector
(figure 4).

To avoid any leakage between the collector and the wall (that can occur near the stem

of the ionization chamber), modern designs include a guard ring (figure 4). The guard
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is set to the same electric potential as the collector but is not connected to the elec-

trometer.

—
-Guard Wall
A -
Collector

Figure 4: lllustration of the functional parts of an ionization chamber and the corresponding electric circuit.

Charges that arrive at the guard are not seen by the electrometer.

If an air-filled ionization chamber is irradiated in a photon field of ionizing radiation, the
charge that is produced inside of the sensitive volume (Q.;,) is proportional to the ab-

sorbed dose to air (D,;,):

Qch"’Dair

Typically, ionization chambers are placed inside of a water tank for irradiation. In this
scenario, the primary photons generate secondary electrons inside of the water tank.
For most secondary electrons, the kinetic energy is too high for them to be caught by
the electric field inside of the ionization chamber. Hence, most secondary electrons
pass through the sensitive volume of the ionization chamber in a straight line. But while
passing the sensitive volume, the secondary electrons generate more generations of
charged particles. These charged particles follow the electric field lines and are de-
tected by the electrometer. In this sense, ionizations inside of the ionization chamber
can be caused by photons as well as by electrons. If the ionization chamber is small
compared to the range of the passing particles and all of the energy deposition is
caused by charged particles (Bragg-Gray conditions), D,;, can be used to determine
the absorbed dose to the medium surrounding the ionization chamber (D,,.q) by multi-

plying D,; with the electron stopping-power ratio s (Ma and Nahum 1991).

Dmed = Dair S
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This equation applies only to high photon energies. For low photon energies, the en-
ergy deposition that is caused by photons increases inside of the air cavity, what inval-

idates the Bragg-Gray conditions (Ma and Nahum 1991).

It has been shown, that the mean energy needed for the creation of an ion pair in air
(W,ir) is constant for the typical energy range of medical accelerators (Burns et al
2014). Therefore, the absorbed dose in a medium surrounding an ideal Bragg-Gray

detector can be calculated as:

Qch
Dmeqa = Wair S
Myir €

But the calculation of D,,.4 introduces several challenges. One is the exact determina-
tion of m,;.. This is problematic as the sensitive volume of the ionization chamber is
not necessarily the same as the geometrical volume of the ionization chamber
(Pojtinger et al 2019, Ross 2009, Boag 1964). Also, ionization chambers do not com-
pletely fulfil the Bragg-Gray conditions and must be corrected for several perturbation
effects.

One approach to overcome this issue is to determine a calibration factor N by cross-

calibration with other detectors:
= — 5= Dmed/Qch

lonization chambers that are used in clinical practice rely on a calibration factor N that
has been determined by a measurement of D,.q/Qc- Usually manufacturers deter-
mine these calibration factors by cross-calibration with another ionization chamber,
that has been calibrated previously at a primary or secondary standards dosimetry lab.
In Germany, the primary standard for the absorbed dose to water is realized by a water
calorimeter maintained at the Physikalisch-Technische Bundesanstalt (PTB, Braun-

schweig) (figure 5).

In addition, the signal of the ionization chamber (M) is not necessarily equal to Q.. In

fact, the ratio of M and Q,, depends on several conditions. The most important are:

e air pressure and temperature

e saturation effects

e polarity of applied voltage

e radiation quality (type of particles and spectral fluence of the treatment beam)
14



Therefore, a set of corrections must be applied, that are usually called correction fac-

tors k;:

Qen=M| [ki > Dmea =N M | [k,
i i

The correction for the radiation/beam quality is usually called k,. The calculation of k,
often relies on a measurement of the beam quality specifier TPR; 1o, What described

in detail in the literature (Andreo et al 2006).

The correction for air pressure and temperature is usually called k,, the correction for
saturation effects k; and for the polarity k,. Methods to determine these correction

factors are described in details in the protocols for reference dosimetry (Almond et al
1999, Andreo et al 2006, Deutsches Institut fur Normung 2020) and can vary for dif-
ferent protocols.

Figure 5: Detector of the water calorimeter that is used for the primary standard of absorbed dose to water at PTB

(Braunschweig). A detailed description of the calorimeter can be found in the literature (Krauss 2006).
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Reference Conditions

In a clinical setting, measurements of the absolute dose to water should be done under
reference conditions. Reference conditions are described in the protocols for reference
dosimetry (Almond et al 1999, Andreo et al 2006, Deutsches Institut fur Normung
2020). These include conditions for the collimation of the photon beam and the posi-
tioning of the ionization chamber. The measurement of the absorbed dose to water
under reference conditions is used to cross-calibrate a transmission ionization cham-
ber that is permanently placed inside of the linacs accelerator head (internal monitor
chamber) with the ionization chamber that is irradiated in the reference setup. After the
calibration of the internal monitor chamber, this internal monitor chamber is used to
monitor the beam output during the irradiation of patients. Typical reference conditions
for a 6 MV linac are SSD = 100 cm, a field size of 10 X 10 cm? and a measurement
depth of 10 cm.

Measurements under non-reference conditions are possible but additional corrections
must be applied. One example is a measurement in a small photon field. As the sen-
sitive volume of an lonization chamber might not be fully covered by the dose profile,
and the dose response of an ionization chamber varies over the sensitive volume, an

additional correction k, must be applied.

Chemical Detector Systems for Absolute Dosimetry:

Alanine

In the work of Regulla and Deffner (Regulla and Deffner 1982), the authors gave a
detailed description on the principles of alanine dosimetry. The following is a brief de-

scription of the most important points.

Alanine is an amino acid that forms several radical species under irradiation and can
be purified in crystalline form. If irradiated in crystalline form, the produced radicals are
stable within the medium. For irradiation, alanine is pressed into pellets, that can be
positioned in dedicated holders. Alanine pellets consist “of a mixture of crystalline

grains and a low-Z binder (typically paraffin or polyethylene)”, (Seltzer et al 2014).

After irradiation, the change of the number of free radicals can be determined by elec-
tron spin resonance (ESR). A typical ESR setup is shown in figure 6. For the readout
process, the probe is placed inside of a resonator cavity. An electromagnet is used to

generate a magnetic field inside of the cavity. Due to Zeeman splitting, the magnetic
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field splits the energy states of the radicals’ unpaired valence electrons depending on
the corresponding spin orientations. In addition, microwaves are coupled into the res-
onator cavity. Then, the magnitude of the magnetic flux density B is altered, and there-
fore the energy difference that is needed to excite an electron into the higher Zeeman

state AE changes according to:
AE = upgB

In this equation, g is the Landé-factor and uy the Bohr magnetron. If AE matches the
energy of the microwave, the microwave is absorbed. As the absorbed energy is small,
a phase sensitive amplifier is used to improve the signal to noise ratio (lock-in tech-
nique), for the detection of the absorption curve. For this, the magnetic field is modu-
lated with a radio frequency field. Usually, the first derivative of the absorption curve is

measured, relative to the magnetic flux density.

For the determination of the absorbed dose, the alanine system is cross-calibrated to
another detector. At PTB, the alanine system is calibrated to the water calorimeter that

is maintained as the primary standard for the absorbed dose to water.

Modulation

Power Supply |— .
Generator

Cavity

Electromagnet ]l l{

Phase Sensitive
Klystr (Y .
ystrou \_ Detector and Amplifier
Circulator

Figure 6: Schematic representation of a setup for ESR-spectrometry.

Fricke Solution
A detailed description of Fricke dosimetry can be found in the literature (Olszanski et

al 2002). The section below describes the general concept of this method.

A Fricke solution consists of ferrous ammonium sulfate, sodium chloride, sulfuric acid
and water. As the main component is water (96% by weight), the typical radiolysis

products are formed during irradiation. The radiolysis products lead to an oxidation of

17



the ferrous ions (Fe?*) to ferric ions (Fe3*). The change of the concentration of the
ferric ions in the Fricke solution is linked to the absorbed dose to the Fricke solution by
the chemical yield of the ferric ions (G(Fe3t)). G(Fe3*) depends on the temperature
during measurement and changes for different beam energies. The energy depend-
ence is considered by a correction factor k;. The ratio between the absorbed dose to
water and the absorbed dose to the Fricke solution is called RY. Additional correction
factors must be applied for the perturbation effect of the vial (kyi,) and the non-uni-

formity of the radiation field (kqq)-

After the irradiation, the increase of ferric ions can be quantified by measuring the
change in the optical density (AOD) at a wavelength of 224 nm and 303 nm using
spectrophotometry. AOD is linked to the change of concentration of the ferric ions by

the molar extinction coefficient (¢), that also depends on the temperature.

Finally, the dose to water can be calculated as:

AOD

_ w
Dy = CFe)eplL Rg" kyia) kga kg

Here, p is the density of the Fricke solution and L is the optical path length of the
spectrometer cuvette. The influence of the temperature during measurement and
readout can be corrected, as it is described in (Shortt 1989). The product £ G (Fe3*)

can be determined by water calorimetry.
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Monte Carlo Simulations

The MC method is a “a statistical approach to the study of differential equations, or
more generally, of integro-differential equations that occur in various branches of the
natural sciences”, (Metropolis and Ulam 1949). Starting from the fifties, the MC method
has become a common approach to solve problems in medical physics (Rogers 2006)
due to the fact that many problems of radiation physics can be formulated as an in-

tegro-differential equation.

Many quantities which are needed for MC simulations in medical physics and for do-
simetry in general, were defined by the International Commission on Radiation Units
and Measurements (ICRU, Bethesda, USA). The most important quantities and equa-
tions that form the foundation of MC simulations for radiation transport are described
below. The following definitions are based on ICRU Report 60 (Allisy et al 1998) and
ICRU Report 90 (Seltzer et al 2014).

Fundamental Quantities
Allisy et al. (Allisy et al 1998) defined “the cross section, o, of a target entity, for a

particular interaction produced by incident charged or uncharged particles” as:

S|

In this, “P is the probability of that interaction for a single target entity when subjected
to the particle fluence”, (Allisy et al 1998). The fluence ¢ “is the quotient of dN/da,
where dN is the number of particles incident on a sphere of cross-sectional area da”,
(Allisy et al 1998).

For a full MC simulation, the cross sections must be known for any interaction and type
of particle that is part of the simulation. Also, the cross sections must be known differ-

ential in energy and angle.

Uncharged Particles
The mass attenuation coefficient u/p is closely linked to the cross sections for interac-

tions of uncharged particle g;. It can be expressed as:
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Where N, is the Avogadro constant and M is the molar mass of the target material.

Allisy et al. (Allisy et al 1998) define the quantity as the “quotient of dTN by p dl, where

%N is the fraction of particles that experience interactions in transferring a distance dl

in the material of density p:

1 dN
pdl N

DIT

Charged Particles
For charged patrticles, the ratio of the mean energy dE, that is lost on a distance dl,

and dl is called the linear stopping power (Seltzer et al 2014):

S_dE
T dl

If the linear stopping power is weighted by p, it is called the mass stopping power
(Seltzer et al 2014):

d

T

W
D=
o

l

Often, the mass stopping power is separated into the “mass electronic (or collision)
stopping power due to interactions with atomic electrons resulting in ionization or exci-
tation”, the “mass radiative stopping power due to emission of bremsstrahlung in the
electric fields of atomic nuclei or atomic electrons” and the “mass nuclear stopping
power due to elastic Coulomb interactions in which recoil energy is imparted to atoms”,
(Seltzer et al 2014):

S 1/dE 1/dE 1/dE
2700125 5 (T
Boltzmann Transport Equation
The transport of particles through matter can be described by the Boltzmann transport
equation (BTE). A good example of an application of the BTE is the transport equation
for electron transport, as it is implemented in the EGSnrc code system for MC simula-

tions (Kawrakow et al 2019). The following formalism is taken from a publication of

Kawrakow et al. (Kawrakow et al 2019).

20



The current state of all electrons is described by phase space coordinates. The phase
space coordinates are the position %, the direction ( and the energy E. The transport
equation links the change of the fluence @ per time interval dt to a source term S and

a collision integral 1.

do(%,0,E, t)

i = S(% Q,E,t) + vi[®]

S(%, 4, E,t) characterizes “the number of electrons with energy E and velocity #(v, Q)
at a position X per unit volume, energy and solid angle interval, imparted per unit time
by an external source or by photons interacting with the medium at time ¢t. This latter
part of the source term causes the coupling of the electron and photon fluences”,
(Kawrakow et al 2019).

The collision integral includes all possible interactions of electrons that lead to a

change of the fluence, at a specific phase space coordinate:

E
I[®] = —n(X)®(%,G,E, t) f dE' | dQ'e(E,E', Q%)
0

4m

+ n(ié)f dE' | dO'®(% GQ,E t)o(E E'—EQ - Q%)
E 4T

In this, n is the atom or molecule density and ¢ the total cross section of all possible

interactions that can change the fluence at a specific point in phase space.

A transport equation like this can be written as a Fredholm equation of the second kind.
The solution to a Fredholm equation of the second type can be calculated by genera-
tion of a specific Markov chain. This is described in detail in the literature (Vassiliev
2017). The algorithm for solving a transport equation for radiation transport becomes
very intuitive if the actual physical process is implemented as Markov process. This

results in an algorithm as follows:

e Sample an initial electron from the source.

e Dice a random electron track based on the underlying cross sections.

e Calculate the observable (e.g. the deposited dose) based on the track (tally-
ing).

¢ Repeat this for many particles and take the mean value.
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In general, it is also possible to choose different Markov processes, what is called bi-
asing (Vassiliev 2017). Modern MC algorithms include many different options for bi-
asing. This is done to reduce the variance for a certain computation time (variance

reduction techniques).

Condensed History Algorithms

If single-scattering cross sections are used for the modeling of the electron interactions,
the resulting algorithm can be demanding on computation time. Therefore, modern MC
codes utilize condensed history (CH) algorithms for the electron transport. The CH
approach is presented in an early publication by Berger (Berger 1963). For this, many
steps of the actual physical random walk are condensed into a single step of a “con-
densed” random walk. CH algorithms can be classified in two schemes. A Class | CH
algorithm “relies entirely on the grouping of collisions and involves the use of a prede-
termined set of pathlengths. Class Il is based on a mixed procedure in which collisions
with small energy losses and deflections are subject to grouping, but occasional "cat-
astrophic" collisions, in which the loss or deflection are very large, are treated sepa-
rately by conventional random sampling according to the single-scattering cross sec-
tions.”, (Berger 1963). Both approaches are based on multi scattering theories, like the
distribution of Moliere (Moliere 1948) or the theory of Goudsmit and Saunderson
(Goudsmit and Saunderson 1940).
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Cross Sections

ICRU Report 90 (Seltzer et al 2014) gives a comprehensive description of all physical
processes and the corresponding cross sections that are needed for the calculation of
the deposited dose to several media by MC simulations. This includes a description of
the photoelectric effect, coherent (Rayleigh) scattering, incoherent (Compton) scatter-
ing and pair production, for photon interactions. The online database XCOM (Berger
and Hubbell 1987) has become a standard source for cross sections for photon inter-
actions. All simulations presented in this work are based on the XCOM database and
followed the recommendations of ICRU Report 90 (Seltzer et al 2014). A comprehen-
sive “review of the history of photon cross section calculations” can be found in the
literature (Hubbell 2006).

For electrons, the National Institute of Standards and Technologies (NIST,
Gaithersburg, USA) provides the ESTAR database (Berger et al 1998). This database

includes values of the mass stopping power for many materials.

In the following, the relevant photon and electron interactions are described briefly. In
addition, the original publications, that form the basis of the XCOM and ESTAR data-
base are described and the most important recommendations of ICRU Report 90
(Seltzer et al 2014) are set into context.
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Photon Cross Sections
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Figure 7: Mass attenuation coefficients for photon interactions in water. Data taken from (Berger and Hubbell
1987).

Photoelectric Effect

The photoelectric effect describes the absorption of a photon by an electron that is
bound to an atom. After the absorption of the photon, the electron is ejected from the
atom. The energy of the emitted electron is determined by the difference of the energy
of the incoming photon and the binding energy of the electron. As the electron is lost
for the corresponding shell, this leads to the emission of fluorescence photons and
Auger electrons. In the energy range of radiation oncology, the most relevant interac-
tions are with electrons of the K-shell, where the electrons are bound most tightly
(Hubbell 2006).

A theoretical description for the determination of the corresponding cross sections up
to 1.5 MeV is given in the literature (Scofield 1973). This publication is the basis of the
cross sections listed in the XCOM database (figure 7). The calculations presented by
Scofield (Scofield 1973) are based on the Dirac equation for relativistically moving
electrons in a Hartree-Slater central potential. As the Hartree-Slater potential includes
some simplifications for the electron-electron interactions, Scofield (Scofield 1973) also
provided renormalization factors to convert the results for Z = 2 to 54 “to values ex-

pected from a relativistic Dirac-Hartree-Fock computation” (Hubbell 2006). The
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influence of this renormalization is discussed in detail in ICRU Report 90 (Seltzer et al
2014). The reason for this is, that some experimental results agree better with theory,
if no normalization is applied. But in ICRU Report 90 (Seltzer et al 2014), no clear
recommendation is given, if the renormalization should be applied or not. However, the
effect of the renormalization on typical MC simulations for radiation oncology is small
(Czarnecki et al 2018).

As seen in figure 7, the photoelectric effect is dominant for energies in the keV range.

The dependence of the cross section of the photoelectric effect (a,,) on the atomic

number Z can be approximated as (Demtréder 2017):
Gph ~ Z5

Therefore, the absorption of photons is highly dependent on Z, for low energies. The
angular distribution of the photoelectron can be calculated with help of the Sauter’s
distribution (Kawrakow et al 2019):

1—x?

1

14
k:— — — , = —
2()’ Dy —-2) 14 7

In this, g is the velocity of the electron weighted by the speed of light and x = cos(8)
is the polar angle. In figure 8, the angular dependence of this distribution is shown for
different energies. For low energies, the photoelectrons are directed perpendicular to
the direction of the incident photon. For higher energies, the photoelectrons are more
likely to be directed in the same direction as the incident electron. A detailed description
of an efficient implementation of the Sauter’s distribution into a MC algorithm can be

found in the literature (Bielajew and Rogers 1986).
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Figure 8: Sauter's photoelectron angular distribution for different energies. 6 is the angle between the direction of

the incident photon and the direction of the photoelectron.

Coherent (Rayleigh, Elastic) Scattering

“‘Rayleigh scattering is the elastic scattering of photons without electronic excitation of
the target atom”, (Seltzer et al 2014). One approach for the calculation of cross sec-
tions for this effect is integrating the product of the Thomson formula (that quantifies
the interaction of a photon with a free electron) and the relativistic Hartree-Fock atomic
form factor (F(q, 2)). F(q,Z) was tabulated in the literature (Hubbell et al 1975). Based
on this, the differential cross section can be expressed as described by Kawrakow et
al (Kawrakow et al 2019):

= 1,2 (1 + x2) [F(q,2)]?

Here, 1, is the classical electron radius and ¢ is the momentum transfer. The same

approach was chosen for the XCOM database (figure 7).

Like the photoelectric effect, coherent scattering incidents have a high probability at
low energies but become less prominent in the MeV range (figure 7). The dependence
of the cross section for incoherent scattering on the atomic number Z can be roughly

approximated as (Demtréder 2017):
Ocs~Z*

Incoherent (Compton) Scattering
In Compton scattering, “an incident photon [...] is absorbed, and a scattered photon is

emitted with lower energy [...]. The energy difference between the incident and the
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scattered photons is transferred to an atomic electron in a bound orbital”, (Seltzer et al
2014). The probably most known approach for the calculation of the cross-sections for
incoherent scattering is the integration of the Klein-Nishina formula (Klein and Nishina
1929). Similar to the Thomson formula, the Klein-Nishina formula is based on the cal-
culation of the interaction of a photon with a free electron at rest. Therefore, this ap-
proach neglects any electron-binding effects. To compensate for this, the cross section

for incoherent scattering can be derived by combining the Klein-Nishina cross sections
(dz%) with the nonrelativistic Hartree-Fock incoherent scattering functions S(q, Z2), that

can be found in the literature (Hubbell et al 1975):

docs  dogn _ B B
dx - dx S(qu) _T[rez P(B,X)Z [P(ﬁ,X)'i‘P(ﬁ,X) 1+x2 1] S(q'Z)

In this, P(B, x) is the ratio of the photon energy before and after the interaction. This
approach has been chosen for the XCOM database. In case of P(8,x) = 1, the Klein-
Nishina formula reduces to the Thomson formula. Figure 9 shows the angular depend-

ence of the Klein-Nishina distribution.

Incoherent scattering is the most prominent interaction at the energy range of the pri-
mary photons coming from medical linacs (figure 7). The dependence of the cross
section for incoherent scattering on the atomic number Z can be approximated as de-
scribed in the literature (Demtroder 2017):
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Figure 9: Differential Klein-Nishina cross sections. 6 is the angle between the direction of the incident photon and
the direction of the photoelectron.
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Pair and Triplet Production

In this interaction, “a photon disappears in the field of a charged particle, and an elec-
tron-positron pair appears”, (Hubbell 2006). Pair and Triplet production can occur un-
der the influence of the nuclear field (pair production) of an atom, as well as under the
influence of the atom’s electron field (triplet production). Like for Rayleigh scattering,
in pair production the whole atom recoils the electron-positron pair. Therefore, the in-
teraction is coherent. In contrast, triplet production is incoherent and the “target elec-
tron recoil significantly affects the dynamics”, (Hubbell 2006). In triplet production, the
atom is either excited or ionized. Hubbel et al. (Hubbell et al 1980) presented cross
sections for both interactions that are based on the Bethe-Heitler formula (Bethe and
Heitler 1934) modified by several corrections. The values presented by Hubbel et al.
(Hubbell et al 1980) are included in the XCOM database.

Pair and Triplet production become an important interaction for energies > 10 MeV.
For most medical applications, energies above 10 MeV are not useful and avoided

because of neutron production. The dependence of the cross sections (a,, and o)

on the atomic number Z can be approximated as (Hubbell 2006):
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Figure 10: Mass stopping power for electron interactions in water (left) and tungsten (right). Data taken from
(Berger et al 1998).
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Radiative Losses (Bremsstrahlung)

Bremsstrahlung (breaking radiation) photons are produced if a charged particle is ac-
celerated by interaction with an electromagnetic field. This could be caused by inter-
action with the electromagnetic field of a bound electron of an atom, or with the elec-

tromagnetic field of an atomic nucleus.

A summary of bremsstrahlung cross-section formulas can be found in the literature
(Koch and Motz 1959). Koch and Motz (Koch and Motz 1959) presented approaches
based on perturbed free-particle wavefunctions (Born approximation theory). The
cross-section formulas by Koch and Motz (Koch and Motz 1959) are also used in mul-
tiple MC codes to sample the angular distribution of the Bremsstrahlung photons, as it
is described in detail in the literature (Bielajew et al 1989). This results in an angular
distribution that is peaked into the initial direction of the accelerated electron (Bielajew
et al 1989). The cross-sections that set the basis of the ESTAR database were de-
scribed by Seltzer and Berger (Seltzer and Berger 1986, 1985).

The influence of Bremsstrahlung-effects for different energies can be seen in figure 10.
For small energies, the proportion of the radiative mass stopping power in the total
mass stopping power is low, but this changes for higher energies. For water, Brems-
strahlung is the most important effect for energies above 100 MeV (Berger et al 1998).
For high-Z materials (like Tungsten) Bremsstrahlung is already dominant at around
10 MeV (figure 10).

Collisional Losses

Electrons can interact with atomic electrons (inelastic collisions). If the binding of the
atoms electrons is ignored, this discrete interactions can be described by the cross
sections derived by Mgller (Mgller 1932). A similar approach can be chosen for posi-
trons, using the results presented by Bhaba (Bhaba 1936). The mass electronic (or
collision) stopping power can be calculated based on the analytical approach pre-
sented by Bethe (Bethe 1932, 1930), what is also the basis of the data tabulated in the
ESTAR database and in the work of Berger and Seltzer (Berger and Seltzer 1964). An
important note is, that the mass electronic (or collision) stopping power depends on
the mean excitation energy I. I cannot be calculated accurately from first principles

and must be derived from experimental data (Berger et al 1998).
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An important correction to these cross-sections is the density-effect correction. “When
a charged particle moves through a medium, the polarization of atoms in medium de-
creases the field acting on the particle, so as to reduce the stopping power. This re-
duction is large in a condensed medium compared with that of a gas with the same
composition, and thus is called the density effect”, (Seltzer et al 2014). An analytical
description of this effect can be found in the literature (Fermi 1940, Sternheimer 1966,
1967). One key finding mentioned by Seltzer et al. (Seltzer et al 2014) is, that the
density effect of graphite (what is a material commonly used for the construction of
ionization chambers) must be calculated based on the crystalline density of graphite,
instead of “the density of the grains that form the bulk material”’. Similar effects must
be taken into account for the calculation of the density effect of alanine pellets, where

also the crystalline density must be used (Seltzer et al 2014).

But electrons can also be scattered at atoms (elastic collision). This can be described
as an interaction of the electron with the screened nucleus of the atom. The effect can
be quantified based on cross sections derived in the literature (Wentzel 1926). More
advanced formulations of cross sections for this effect can be found in a review by
Motz et al. (Motz et al 1964). Tabulated values for the corresponding mass nuclear
stopping power can be found in the work of Seltzer and Berger (Seltzer and Berger
1985), what is the basis of the ESTAR database.

As seen in figure 10 the mass electronic (or collision) stopping power contributes most
to the energy deposition in water, for the typical energy range of linacs. “The nuclear

stopping power is negligible for electrons”, (Seltzer et al 2014).
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Magnetic Resonance Imaging Guided Radiotherapy

Workflow of External Beam Radiotherapy

In EBRT, the dose deposition that is expected inside of a patient is calculated before-
hand. The calculations are based on an electron density map acquired by a computed
tomography scan (CT scan). For this, the CT scan is imported into a treatment planning
system (TPS). The TPS includes a detailed model of the linac and an algorithm for the
calculation of the expected dose distribution inside of the patient, based on the given
CT scan. Several parameters, like the gantry position and the collimation of the beam
can be varied in the TPS. Based on these parameters, the expected dose distribution
inside of the patient can be optimized. For more advanced techniques, like the inten-
sity-modulated radiotherapy (IMRT), the TPS includes an optimization algorithm to
help the user to find an optimal set of parameters. The optimal set of parameters is

saved within the radiation treatment plan (RTP).

Usually, the treatment is fractioned into multiple treatment appointments. As an exam-
ple, an conventional treatment for localized prostate cancer consists of 74 Gy in 37
fractions over 4 weeks (Dearnaley et al 2016). For each treatment appointment, the
patient must be positioned on the treatment couch of the linac. In most scenarios, the
RTP is not adapted in-between the treatment appointments. This can be problematic,
because the position of the tumor can change between the different radiation fractions
(Rietzel et al 2004, Hector et al 2001, Booth and Zavgorodni 1999, Ashamalla et al
2005). In addition, the size of the tumor can change during the course of therapy due

to treatment response or tumor progression.

Image-guided Radiotherapy

In image-guided radiotherapy (IGRT), in-room imaging is used to improve the position-
ing of patients during EBRT. In recent years, different methods became available for
this purpose, e.g. the detection of the transmitted treatment beam or imaging with a
CT scanner that is integrated into to the linac (Kamino et al 2006, Jaffray 2007, Onishi
et al 2003, Pouliot et al 2005, Berbeco et al 2004). These methods can be used for

optimizing the patient’s positioning, based on the location of bones or markers.

In many aspects, IGRT can be improved by the implementation of methods that are
based on magnetic resonance imaging (MRI). This is, because MRI has many ad-
vantages compared to the conventional techniques used in IGRT, that are so far mostly

based on cone-beam CT (CBCT). The main limitation of CBCT-IGRT is motion blurring:
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“a poor image quality in regions of the body with much internal motion due to respiration
and gas, causing blurring of soft tissue interfaces” (Grégoire et al 2020). MRI provides
a better soft tissue contrast in these regions and therefore enables an improved online
monitoring of the tumor position. In addition, the good soft tissue contrast of MRI im-
proves the delineation of the tumor volume in general. The delineation of the tumor
volume was found to be the “weakest link in the search for accuracy in radiation ther-
apy”, (Njeh et al 2013).

Also, MRI can be used for accessing various functional information, e.g. about perfu-
sion or diffusion inside of a tumor. This information is linked to the tumor’s microscopic
architecture. Consequently, measuring functional information may have the potential
to enable the adaption of the treatment in-between the fractions but also to monitor the
treatment efficacy and success (Thorwarth 2015, Troost et al 2015, Grégoire et al
2020, Thorwarth et al 2020). Therefore, some authors have concluded, that the “future

of image-guided radiotherapy will be MR guided”, (Pollard et al 2017).

In addition, different groups are in the process of developing methods for real-time MR
reconstruction, e.g. based on convolutional neural networks (Dietz et al 2019), as well
as for real-time dose calculation (Voss et al 2019). In the future, such techniques might
enable real-time adaption of the treatment plan during the irradiation.

Efforts to develop systems for MRIgRT were intensified during the last 20 years. To-
day, two commercial systems are clinically available for the treatment of patients. The
content of this work is focused on perpendicular MR-linac systems (figure 11, left).

MR-linacs

Accelerator Split Magnet

B

iy

Couch

Figure 11: Schematic representation of two designs for MR-linacs. Perpendicular system (left) and inline system
(right). For perpendicular systems the treatment beam is always perpendicular to the magnetic field vector.
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Perpendicular Systems

The 7 MV FFF 1.5 T MR-linac
In 2004, a group based at the University Medical Center Utrecht (UMC Utrecht, Neth-

erlands, Utrecht) presented a design for a device, that combines a clinical 6 MV linac
with a 1.5 T magnetic resonance tomograph (MRI), an MR-linac (Raaymakers et al
2004). Five years later, the same group presented a prototype of the described device
as a proof of concept (Raaymakers et al 2009). Finally, in 2017 the group reported the
first treatment of a patient with a 1.5 T MR-linac, which took place in May 2017
(Raaymakers et al 2017). The final design of the device (Unity, Elekta AB, Stockholm,
Sweden) utilizes a 7 MV FFF standing wave accelerator that is mounted on a ring-
based gantry. The gantry rotates around a closed-bore MRI (bore size 70 cm , figure
11, left). Though there is a gap of 15 cm in the superconducting coils of the MRI for
beam passage, the beam passes through various other parts of the MRI cryostat
(Friedel et al 2019). This leads to attenuation and scattering effects (Raaymakers et al
2004). The accelerator is actively shielded against the fringe field of the MRI. This is
realized with the help of shield coils that generate a field of opposite polarity
(Raaymakers et al 2009). The SID of the system is 143.5 cm. The field size can be
varied between 0.5 x 0.5 cm? and 57 x 22 cm?. The leaf size at the isocenter is ap-
proximately 0.72 cm. In a system like this, the beam is always perpendicular to the
direction of the magnetic field vector. Different results have been published for the
beam quality specifier TPR, 14, these are presented in table 1. The pulse repetition
frequency of the linac lies at 275 Hz, what results in “an water absorbed-dose-per-pulse

of approximately 0.34 mGy/pulse”, (de Prez et al 2019), in reference conditions.

Author TPR3p 10 Method Beam Model
O’Brien et al., 2016 0.695(?) Monte Carlo (O’Brien et al 2016)
Malkov and Rogers, 2018 0.691(1) Monte Carlo (Ahmad et al 2016)
de Prez et al., 2019 0.701(2) Experiment -
Snyder et al., 2020 0.704(?) Experiment -
Pojtinger et al., 2020b 0.7028(14)  Monte Carlo (Friedel et al 2019)

Table 1: TPRy 1 for the 7 MV FFF 1.5 T MR-linac reported by different authors.

The 6 MV FFF 0.35 T MR-linac
In the meantime, another proposal for a system in which the beam is perpendicular to

the magnetic field was presented by Kron et al. (Kron et al 2006). Kron et al. (Kron et

al 2006) speculated, that “a linear accelerator to produce radiation may be
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incompatible with the pulsed radiofrequency and the high and pulsed magnetic fields
required for MRI”. Therefore, the authors suggest a system that combines an open
0.25 T MRI with two Cobalt-60 sources. In the commercial adaption of the system,
three Cobalt-60 sources are used, to compensate for the low dose rate of Cobalt-60
(Mutic and Dempsey 2014). Also, the final design utilizes a 0.35 T MRI (70 cm bore)
instead of a 0.25 T MRI. In this setup, the MRI is split, to allow the treatment beam to
pass. The first patient was treated in January 2014 (Olsen et al 2015). Later, the design
of this system was changed by replacing the three Cobalt-60 sources with a 6 MV FFF
standing wave accelerator. Also, the SID was changed from 105 cm to 90 cm. In addi-
tion, the maximum field size was changed from 27.3 x 27.3 cm? to 24.1 X 27.4 cm?.
The minimum field size is 0.2 x 0.415 cm? and can be varied in steps of 0.415 cm. A
detailed description of the modifications can be found in the literature (Kliter 2019).
The first treatment of a patient with the modified system (MRIdian, ViewRay, Oakwood,
USA) took place in July 2017 (Liney et al 2018b). For the beam quality specifier,
Krauss et al. (Krauss et al 2020) reported TPRy 1o = 0.648.

Inline Systems

A different MR-linac design was proposed by Fallone et al. (Fallone et al 2009). The
idea of this design is to use a linac that is fixed to a split magnet. For different beam
angles, the linac and the magnet rotate together around the axis of the treatment couch
(figure 11, right). First experiments were done by combining a 6 MV linac witha 0.2 T
MRI. The magnetic field of the MRI was generated by a permanent magnet (Fallone et
al 2009). Later, the 0.2 T MRI was replaced by a 0.6 T MRI (Fallone 2014). In the new
setup, the magnetic field is generated by an electromagnet that must be cooled. The
cooling of the upgraded magnet is realized by a cryocooler. Therefore, no cryogenic
liquids are needed. This system allows beam directions that are in line with the direc-

tion of the magnetic field vector.

A similar system was described by Keall et al. (Keall et al 2014). This system was
developed as part of the Australian Magnetic Resonance Imaging-linac program. In
the design described by Liney et al. (Liney et al 2018a), the system consists of a mov-
able linear accelerator that can be used in 4 or 6 MV mode. The accelerator is placed
in front of a 1 T split magnet. The gap between the coils is 50 cm. Several different
ideas for the treatment from different beam angles were discussed by Keall et al. (Keall

et al 2014), including the rotation of the patient. A prototype of a MRI compatible patient
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rotation system is described in the literature (Whelan et al 2017). An upgraded proto-
type of the system was presented by Liney et al. (Liney et al 2016). In contrast to the
previous prototype, the upgraded system combines the same mobile linear accelerator

with a commercial 1.5 T MRI (60 cm bore).

At this point, no inline system has been used for the treatment of patients and the

systems are in an early, non-commercial state.

Consequences for the Absorbed Dose

If a water phantom is irradiated inside of a MR-linac, the magnetic field influences the
spatial distribution of the absorbed dose to water (Raaymakers et al 2004, O’Brien et
al 2016, Richter et al 2017). As described before, the most common interaction of the
primary photons (generated by a linac) with water is by incoherent scattering. The tra-
jectories of the emerging secondary electrons determine the spatial distribution of the
absorbed dose to water. But, as electrons are charged patrticles, they are influenced
by Lorentz force. Consequently, the magnetic field of an MR scanner shifts the distri-
bution of the dose to water. The direction of this dose shift can be approximated by the
direction of the Lorentz force:

-

F=q@ xB)

In a perpendicular MR-linac system, the initial direction of the secondary electrons, and
consequently the velocity vector v are approximately perpendicular to B. Therefore, F
is also perpendicular to ¥. As the trajectories of the secondary electrons are shifted in
direction of the Lorentz force, the electrons are bend in a direction perpendicular to the
beam direction. Because of this, the secondary electrons travel a shorter distance in
the beam direction and the depth dose curve is shifted (figure 12, left). This also
changes the lateral spread of the dose distribution (figure 13). The change of the dose
to water caused by the magnetic field (cz) is an important quantity for absolute dosim-
etry in MR-linacs (van Asselen et al 2018). cz is expressed as the ratio of the dose to

water under the influence of the magnetic field (DW,Q§) to the dose to water without the

influence of the magnetic field (D, o):
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Several authors reported MC simulated values for this quantity that were calculated for
a 10 x 10 cm? photon field (table 2). For a 10 x 10 cm? photon field, the effect is in-
dependent of the depth in water, starting from a depth of about 3 mm (O’Brien et al
2017). Currently, no experimental results are available for cz . The main reason for this
is, that for the direct measurement of cz one would need a detector with a response

that must not be influenced by magnetic fields.

Not only the distribution of the dose to water is changed by the magnetic field, but also
the dose distribution inside of a patient. Therefore, the algorithm implemented in the
TPS (that is used to simulate the dose distribution inside of a patient for clinical radio-
therapy) must be capable of simulating the dose distribution in the patient under the

influence of a magnetic field (Ahmad et al 2016).

Some authors speculated, that the influence of a magnetic field on the dose deposition

can be beneficial for the treatment of small, isolated lung tumors (Oborn et al 2015).

Author Beam Quality = Magnetic Flux Cg
Density [T]

O’Brien et al., 2016 7 MV 15 0.995(1)

Billas et al., 2020 8 MV 15 0.9958(4)
van Asselen et al., 2018 7 MV 15 0.9949(3)
Malkov and Rogers, 2018 7 MV 15 0.9914(2)
Pojtinger et al., 2020a 7 MV 15 0.9936(20)
Billas et al., 2020 6 MV 15 0.9969(4)
Delfs et al., 2018 6 MV 1.42 0.9925(?)
van Asselen et al., 2018 7 MV 0.35 0.9991(3)
Billas et al., 2020 6 MV 0.35 0.9997(4)
Delfs et al., 2018 6 MV 0.35 0.9953(?)

Table 2: MC simulated values of cj for different beam qualities and magnetic flux densities.
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Figure 12: Results of MC simulations of depth dose curves (in water) of a 6 MV linac under the influence of an
external magnetic field. The magnetic field vector is perpendicular to the beam direction. The indices of B
represent the corresponding collimation of the photon beam. In the right part of the figure, an air gap was

introduced into the water phantom between z = 4 and z = 6.The figure was taken from (Richter et al., 2017,
licensed under CC BY-NC-ND 4.0).
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Figure 13: Results of MC simulations of beam profiles (in water) of a 6 MV linac under the influence of an external
magnetic field. The magnetic field vector is perpendicular to the beam direction. The indices of B represent the
corresponding collimation of the photon beam. The figure was taken from (Richter et al., 2017, licensed under CC
BY-NC-ND 4.0).

Influence of Air Cavities
One specific problem in this scenario are air cavities. If secondary electrons transit
from a dense material like water into an air cavity, the mean free path length increases
and the energy lost per distance decreases, as there are less interactions per path
length (figure 14, right).
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For illustration, the path of an electron in air, can be approximated by the relativistic

gyroradius 7 in vacuum:

me v
Be

T'g:Y

In this, m, is the rest mass of the electron, e the elementary charge and y the Lorentz

factor. The speed of the electron can be expressed by the Lorentz factor as:

v=1cy1—1/y?

The resulting radii for a typical energy range are shown in (figure 15, left). Considering
a typical energetic spectrum of the secondary electrons (figure 15, mid), the expecta-
tion value of 7, lies around <7, >~ 2 mm, for a magnetic flux density of B = 1.5T
(figure 15, right). This value can be smaller for an individual electron. Assuming sec-
ondary electrons move from a dense material like water into a less dense material like
air, the trajectories of the secondary electrons become similar to the trajectories ex-
pected in vacuum, that are described by a helical movement around the magnetic field

vector, with radius . If the air cavity is big enough, the electrons can take a full turn

inside of the air volume and return to the dense medium. This causes an increase of
dose at the surface area (figure 12, right). This effect is called the electron return effect
(ERE) and was first described in the work of Raaijmakers et al. (Raaijmakers et al
2005).

A common experimental practice in clinics is to replace the water phantom by water-
equivalent plastic slabs. These slabs include an air cavity in which the detector can be
positioned. The reason for this practice is, that it takes less time and effort to set up
plastic slabs instead of a water phantom. But in the described scenario, this can be
problematic because of the eventuality of the occurrence of the ERE, if there are air
gaps between the detector and the plastic material (Hackett et al 2016, O’Brien and
Sawakuchi 2017). Asymmetric air gaps of only 0.2 mm have been shown to effect ion-

ization chamber measurements by 1.6% (O’Brien and Sawakuchi 2017).
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Figure 14: MC simulation snapshots of secondary electron trajectories that are emerging from a 1.2 MeV photon
pencil beam. By bringing in a magnetic field, the electron trajectories are changed, as electrons are charged parti-
cles, that are influenced by Lorentz force (middle). If a second medium like air is involved, where the mean free
path length of electrons differs a lot from these of the surrounding medium, the deflection increases (right).
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Figure 15: Relativistic gyroradius for different magnetic flux densities (left), an MC-calculated electron spectrum

scored inside the sensitive volume of an ionization chamber positioned in a water phantom (middle) and the cor-

responding expectation values for the gyroradius (right). The electron spectrum (middle) was created by a spline
interpolation of the data provided in (Benmakhlouf and Andreo 2017).

Effects on Monte Carlo Simulations

Implementation of the Magnetic Field

Malkov and Rogers (Malkov and Rogers 2016) described a method to implement the
effects of static magnetic fields into a CH electron transport algorithm, as it is imple-
mented in EGSnrc. In a CH algorithm, typically a certain step length is calculated first.
Then, the algorithm decides on a random position (the position of the multiple scatter-
ing interaction) on the resulting path. An algorithm like this intrinsically includes three
position and velocity vectors (figure 16), as the velocity of the particle must be known
at the point of interaction. Malkov and Rogers (Malkov and Rogers 2016) found, that
this can be used for an algorithm that includes the Lorentz force into the simulation by

a three-point integration, that uses the velocities that are calculated by the CH
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algorithm. Based on this, Malkov and Rogers (Malkov and Rogers 2016) derived, that

the change of the direction vector () due to the magnetic field can be expressed as:

qtc?
6UOE0

AU = (o + 4¥p + V) X B

Here, q is the particle charge, t the time interval of the CH step, c is the speed of light,
v is the particle velocity and E, the initial energy of the particle. The time interval t can
be approximated by the velocity before (v,) and after (v¢) the CH step, and the original

step length s:

. s (1 4 2 )
T vg\2 2%
Finally, the change of position due to Lorentz force can be expressed as:

AF = S(1+ UO)A_’
*= 20T )t
In the final algorithm presented by Malkov and Rogers (Malkov and Rogers 2016), the

position of the charged particle is updated by Ax, after each CH step.

Algorithms like this have been implemented to several MC codes for the simulation of
coupled electron-photon transport and have been described in detail in (Bielajew
1988). In dosimetry for medical applications, the most frequently used MC codes are:
EGSnrc (Kawrakow et al 2019), Geant4 (Agostinelli et al 2003) and Penelope (Salvat
et al 2009).

Figure 16: Representation of a CH step as it is implemented in EGSnrc. The arrows represent the velocity vectors
at the positions ;. The velocity at the randomly drawn point is used to calculate a shift of position 4% by a three-

point integration, that accounts for the influence of the Lorentz force.

Fano Cavity Test
The Fano cavity test is a method to benchmark MC simulations of transport equations.
The method is based on the Fano theorem: “In a medium of given composition exposed

to a uniform flux of primary radiation (such as X-rays or neutrons) the flux of secondary
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radiation is also uniform and independent of the density of the medium as well as of
the density variations from point to point”, (Fano 1954). This theorem can be derived
analytically from the BTE (Fano 1954). Smyth (Smyth 1986) presented the first bench-
mark of an MC algorithm, based on the Fano theorem.

In general, the effect of the magnetic field can be included into the BTE, this is de-
scribed in the literature (Bouchard and Bielajew 2015). In two important publications
(de Pooter et al 2015, Bouchard et al 2015), the authors derived, that the Fano theorem
does not hold for the BTE, if the BTE is modified to account for the magnetic field
effects. Anyway, additional conditions can be introduced for the primary radiation to
overcome this issue. A sufficient condition is, that the source is isotropic (de Pooter et
al 2015).

One method to utilize the Fano cavity test for the benchmark of MC simulations of
ionization chambers in magnetic fields is presented in the literature (Malkov and
Rogers 2016). For this, all cross sections in the simulation geometry are changed to
the cross sections of one specific material, e.g. water or graphite. A uniform per unit
mass electron source is used to sample electrons all over the simulation geometry. In
case of the creation of a photon by an electron, the photon is discarded immediately,
and the corresponding energy is deposited at current position. In this scenario, the
deposited dose D in a sensitive volume can be calculated as a product of the total
number of simulated electrons per unit mass I and the initial energy of the electrons

E,. This leads to the Fano condition:

D

— =1
IE,

Following the Fano theorem, this equation is true, even if the density in some parts of
the simulation geometry is changed. A typical approach for the application of the Fano
test is to change the density of the sensitive volume of an ionization chamber by a
factor of 1000. The exact volume of the sensitive volume must be known for the calcu-

lation of I.

If no magnetic field is included, modern MC algorithms fulfill this condition with devia-
tions of less than 0.2% (Kawrakow 2000, Sempau and Andreo 2006, Sterpin et al 2014,
Yi et al 2006). Several authors have adapted this or similar tests to benchmark the
implementation of the magnetic field to the MC algorithm and the geometrical models
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of the ionization chambers under investigation (Malkov and Rogers 2016,
Spindeldreier et al 2017, Pojtinger et al 2018, Simiele and DeWerd 2018, O’Brien et al
2016, de Pooter et al 2015).
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Objectives

For conventional linacs, measurements of the absorbed dose to water are mandatory
and must be traceable to primary standards for the absorbed dose to water. This also
applies for MR-linacs. The procedures for an accurate measurement of the absorbed
dose to water at conventional linacs are described in the protocols for reference do-
simetry (TG-51 (Almond et al 1999), TRS-398 (Andreo et al 2006) and in Germany DIN
6800-2 (Deutsches Institut fir Normung 2020)).

The overarching aim of this work was to set the foundation for extending and adapting
existing protocols for reference dosimetry in radiation therapy to MR-linac environ-
ments. As the current protocols exclusively describe ionization chamber measure-
ments, the influence of magnetic fields on the reading of ionization chambers was of

particular interest.

Consequently, the main objective of this work was to systematically investigate and
guantify the effects of magnetic fields on the response of ionization chambers. Three
different approaches were identified for this purpose.

The first approach was to quantify the effects of magnetic fields on the response of
ionization chambers in an experimental setup, that combines a big electromagnet with
a conventional linac. In contrast to the situation in MR-linacs, the magnetic flux density
can be changed easily when generating the magnetic field using an electromagnet.
Consequently, this setup is a valuable tool for the investigation of magnetic field effects

on any kind of radiation detector and to benchmark MC simulations.

Another approach investigated in this thesis was based on chemical radiation dosime-
try. Chemical radiation detectors may be good candidates for the quantification of mag-
netic field effects on the response of ionization chambers by cross-calibration. In con-
trast to ionization chambers, the density of the chemical detector’s sensitive is closer
to water. This might be an advantage compared to ionization chambers, as air cavities

can influence the secondary electron fluence.

The third approach was to use MC methods. In the past, MC simulations played an

important role in the determination of correction factors for ionization chambers and

simulations of ionization chambers have been benchmarked in many experiments. On

the other hand, up to now there was no need to implement any magnetic field effects

into the MC algorithms, for this kind of simulations. Therefore, an additional objective
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of this work was to investigate if the current algorithms are suitable for the simulations

of ionization chambers in magnetic fields.
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Results and Discussion

In the course of the investigations, the results of this work were published in several
research papers (Pojtinger et al 2018, 2019, Trachsel et al 2020, Pojtinger et al 2020a,
2020b, de Pooter et al 2020). As the absolute dosimetry of photon radiation under the
influence of magnetic fields is a new and rapidly developing topic, it is important to see
the results in the context of the developments that took place in the recent years. The
next chapters describe the publications linked to this work in the context of other im-

portant publications on the topic.

Change of Response of lonization Chambers
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Figure 17: lllustration of secondary electron trajectories under the influence of a magnetic field. Without the influ-
ence of the magnetic field, the secondary electrons pass the sensitive volume approximately in a straight line
(left), if the secondary electrons are influence by Lorentz force, they describe a curved trajectory (middle). For

high magnetic flux densities, the electrons can leave the sensitive volume right after entering the volume, what is

similar to the ERE effect (right).

As the sensitive volume of the types of ionization chambers that are used for dosimetry
in radiation oncology is filled with air, the effects described above have important con-
sequences for the response of these type of radiation detectors. In a scenario without
the influence of a magnetic field, most of the secondary electrons produced inside of a
water phantom pass the air volume of the ionization chamber in a straight line. In con-
trast, under the influence of the magnetic field, the trajectories of the secondary elec-
trons are bend. Consequently, the secondary electrons travel a longer or shorter dis-
tance inside of the sensitive volume (figure 17). Because of this, more (or less) ioniza-
tions occur. This can change the response of ionization chambers by several percent
(Meijsing et al 2009). In fact, the problem is much more complex, as the secondary
electron spectrum is not monoenergetic and therefore multiple trajectories are possible
for each magnetic flux density. One way to approach this problem by theory is by MC
simulations. In the first part of this work, the MC code system EGSnrc (Kawrakow et al
2019) was used to investigate the response of different ionization chamber geometries

under the influence of magnetic fields. Multiple ionization chamber types have been
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included into this study to decide on a geometry and ionization chamber orientation
that is beneficial for the purpose of absolute dosimetry in MR-linacs. The results of this
MC experiment were published in a research paper (Pojtinger et al 2018) and include
an adapted Fano cavity test, to benchmark the implementation of the complex ioniza-
tion chamber models as well as an benchmark experiment. For the benchmark exper-
iment, the response of a Farmer type ionization chamber was measured in a setup that

combines a clinical linac with a big electromagnet (figure 18).

It was found that the geometry of the ionization chamber plays an important role for
the change of response caused by the magnetic field. At 1.5 T, the simulations of plane-
parallel ionization chambers showed that the response of these type of detectors was
altered by more than 1.5%, up to 7%. In addition, other authors showed that small
angular misalignments of plane-parallel ionization chambers can change the influence
of the magnetic field drastically (Malkov and Rogers 2018). In contrast, for thimble type
ionization chambers there are orientations in which the response of the ionization

chamber is influenced less than 1%.

On the other hand, changing the positioning of a thimble type ionization chamber (e.g.
from a position in which the magnetic field vector is parallel to the ionization chamber
axis to a position in which the ionization chamber axis is perpendicular to the magnetic
field vector) changes the effects of the magnetic field. Therefore, thimble type ioniza-
tion chambers are relatively stable against small angular misalignment, but the user
must take care about the correct orientation of the ionization chamber axis relative to
the direction of the magnetic field vector.

The peak of these effects lies at a magnetic flux density of roughly 1 T. In this sense,
it is not necessarily an advantage to do measurements in a 0.35T instead of a 1.5 T
environment. This is because the effects are not linear and the influence of the mag-

netic field can vanish for magnetic flux densities above 1 T (figure 19).

Based on the results of this work, waterproof Farmer type ionization chambers seem
to be the best choice for absolute dosimetry under the influence of magnetic fields, if
they are used in an orientation in which the axis of the ionization chamber is parallel to

the magnetic fields vector.
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Figure 18: Experimental setup at PTB, for the investigation of magnetic field effects on radiation detectors. “A
large electromagnet (Bruker ER073W) [...] was placed in front of an Elekta Precise accelerator (151605). A [...]
water phantom (constructed by PTB) was positioned between the pole shoes of the magnet at a source-to-sur-
face distance (SSD) of 110 cm. lonization chambers were mounted within this phantom at a well-defined refer-

ence point and irradiated by a horizontal photon beam with a nominal accelerating voltage of 6 MV”, (Pojtinger et
al 2019).

Formalism
In early publications, the authors present the influence of magnetic fields on the re-

sponse of ionization chambers in the form of relative response curves (Meijsing et al
2009, Smit et al 2013, Hackett et al 2016, Malkov and Rogers 2016). For this, the
authors measured (or simulated) the signal of an ionization chamber for a specific
magnetic flux density (Mz). Then, to obtain a relative response curve, Mz was also
measured or simulated for many other magnetic flux densities and the results were
normalized to the situation without the influence of the magnetic field (M). Many differ-

ent names have been used for the inverse of the relative response (M/Mz), €.9. k5 4,

(table 3).

More recent publications suggest different formalisms to quantify the influence of the
magnetic field on the response of ionization chambers (van Asselen et al 2018, O’Brien
et al 2016). All of these formalisms have been developed following the typical approach
in protocols for reference dosimetry, to quantify any change to the response of an ion-
ization chambers (due to changes in measurement conditions) by a multiplicative cor-

rection factor.
47



In the work of O’Brien et al. (O’'Brien et al 2018), the authors defined a magnetic field

correction factor called k3™

MPwoy
= RBmo CB = RB,
Mg Dw,Q e e

Q —
kBmST

The correction factor kgm” complements k3 ,, , by considering the change of the dose

to water cz. This is explained in more detail below as well as in the literature (Pojtinger
et al 2018).

M is different from M for of two reasons. The first reason is, that the magnetic field
influences the response of the ionization chamber itself. But in addition, the dose dis-
tribution itself changes due the influence of the magnetic field, even if the ionization
chamber is not present. In this sense, a measurement of M is a measurement of the
undisturbed deposited dose to water, with an ionization chamber which is not influ-
enced by a magnetic field. The measurement of M is a measurement of the changed
deposited dose to water, with an ionization chamber, that is influenced by a magnetic
field. If a measurement that was taken under the influence of a magnetic field would
be corrected with the ratio M /My alone, one would correct for both of the mentioned
effects. This would represent a calculation of the undisturbed deposited dose to water
(the dose that would have been deposited if there would be no magnetic field). But as
said before, in the actual measurement situation as well as in the treatment situation,

the deposited dose to water differs from the undisturbed deposited dose to water.

Because the aim of the measurement is to measure the deposited dose to water, that
is changed by the magnetic field, a correction with the ratio M /M3 is not enough.
Hence, the idea of O'Brien et al. (O’Brien et al 2018) was to use M /My as a correction
but to take the change of the deposited dose to water into account by multiplying cz as

an additional factor (figure 19).

Later, different techniques were used for the experimental determination of the influ-
ence of the magnetic field, on the ionization chamber. The work of de Prez et al. (de
Prez et al 2019) includes calorimetric measurements done inside of a MR-linac. Com-

paring these results with results of the same measurement using a Cobalt-60 source,

allows the experimental determination of the product k2™ kq. The authors called this
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product kq 5. Table 3 shows a list of more quantities, that were used by different au-

thors.

Nkj o I1i ki

..

Figure 19: lllustration of the formalism to correct the response of an ionization chamber that is influenced by a

magnetic field. First kz ,, ,, the calibration factor N and the usual correction factors k; are applied to calculate the

dose that would have been deposited, if there wouldn’t be any magnetic field. Then, cz is used to calculate the

deposited dose in the measurement situation (with magnetic field).

Quantity Used by Corrects for Equivalent to
_ Magnetic Field (1.5 T),
P1.5T Smit et al., 2013 kﬁ,M,Q
Change of Dose to Water
van Asselen et al., 2018, Magnetic Field,
kgm0 i kgo/cg Pist
Pojtinger et al., 2019 Change of Dose to Water
van Asselen et al., 2018 o
k5o - Magnetic Field koS, kg, k2
Pojtinger et al., 2020
K &ms O’Brien et al., 2016 Magnetic Field K50

Malkov and Rogers, 2018, o
kg N Magnetic Field kg o
Pojtinger et al., 2018

K Spindeldreier et al., 2017 Magnetic Field kg
Magnetic Field, 0
kos De Prez et al., 2018 . kgko
Beam Quality
14 Malkov and Rogers, 2018 Magnetic Field, .
¢ lakovenko et al., 2020 Beam Quiality e

Table 3: Quantities that have been defined by different authors for the characterization of the response of ioniza-

tion chambers in magnetic fields.

Chemical Radiation Detectors in MRgRT-Dosimetry
As chemical radiation detectors like alanine pellets and Fricke solutions do not contain
any air cavities and have similar properties to water, it can be assumed, that magnetic

fields have no impact on the response of this type of detectors. Accordingly, these
49



types of detectors are a promising option to be used as a secondary standard for the

absorbed dose to water or for the measurement of c5.

In this part, PTB cooperated with the Federal Institute of Metrology (METAS, Wabern,
Switzerland) to gain information about the suitability of dosimetry based on Fricke so-
lutions in the presence of magnetic fields. The experiments were carried out at PTB
and the results were published in a research paper (Trachsel et al 2020). The influence
of magnetic fields on alanine dosimetry was investigated by the National Physics La-
boratory (NPL, London, Great Britain). The results can be found in the literature (Billas

et al 2020). Both publications report k3 , values for the chemical detectors under in-

vestigation.

For dosimetry based on a Fricke solution, it was found that kz , = 0.9948 and k3, =

0.9980, for magnetic flux densities of B = 0.35T and B = 1.42T, respectively.
“These small corrections hardly exceed the measurement uncertainties. In addition,
Trachsel et al. (Trachsel et al 2020) included an uncertainty budget that results in a
relative combined standard uncertainty of 0.494%. “Hence, we could proof that the
Fricke detector is not significantly influenced by the presence of a magnetic field”,
(Trachsel et al 2020). For the calculation of k5 ,, the ¢z values were taken from Delfs
et al. (Delfs et al 2018). These values were chosen because they were calculated for
the same experimental setup that has been used in the experiments of Trachsel et al.
(Trachsel et al 2020) and was described in detail by Pojtinger et al. (Pojtinger et al

2019). Anyway, using the cz values presented by Billas et al. (Billas et al 2020), k3,
for the Fricke solution results in kz, = 0.9992 for a magnetic flux density of B =

0.35 T. This value is within the relative combined standard uncertainty. These results
show that dosimetry based on Fricke solution is a promising tool for absolute dosimetry
in magnetic fields.

In the work of Billas et al. (Billas et al 2020), the authors published kg , values as well
as the corresponding uncertainty budget for alanine dosimetry in magnetic fields. For
6 MV, the authors reported k3 , = 1.0011 + 0.0030 and k3, = 1.0067 + 0.0061, for
magnetic flux densities of B = 0.35T and B = 1.5 T, respectively. For 8 MV, the au-
thorsreported k3 , = 1.0038 + 0.0030and k3, = 1.0099 £ 0.0056,forB = 0.35T

and B = 1.5T, respectively. The authors concluded that the magnetic field changes

the intrinsic sensitivity of alanine, and that these effects do not depend on the beam
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quality. In a later publication, that is also part of this thesis, it was shown that the re-
sponse of the PTB alanine system is not influenced for measurements at the 7 MV FFF
1.5 T MR-linac (Pojtinger et al 2020a).

The detailed knowledge about the influence of a magnetic field on chemical radiation
detectors can be utilized for the determination of magnetic field correction factors for

ionization chambers, what will be discussed in the following.

Magnetic Field Correction Factors for Parallel lonization Chamber Orientations
There is one major drawback on the magnetic field correction factors that were calcu-

lated in the first part of this work. They were only benchmarked for orientations, in
which the ionization chamber axis is perpendicular to the magnetic field direction. The
reason for this is, that the space between the pole shoes of the electromagnet that was
used for the experiments is too small to holder ionization chambers in an orientation in
which the ionization chamber axis is parallel to the magnetic field direction (figure 18).
But there are several benefits in using ionization chambers in the parallel orientation
for dosimetric purposes. For Farmer type ionization chambers, it was shown, that the
magnetic field correction factors are smaller for this orientation (Pojtinger et al 2017,
2018, Spindeldreier et al 2017, Malkov and Rogers 2018, O’Brien et al 2016, van
Asselen et al 2018, de Prez et al 2019, lakovenko et al 2020, Smit et al 2013). In this
sense, also the uncertainties that are introduced by the correction factors are small.
Another reason is, that the impact of dead volume effects is smaller in the parallel
orientation (Malkov and Rogers 2018). This is an important point for small cavity ioni-

zation chambers.

To overcome this issue, two new methods were developed to measure magnetic field
correction factors for parallel ionization chamber orientations. The first method is based
on the use of chemical radiation detectors. For this, alanine dosimetry was used to
derive experimental determined correction factors for ionization chambers in parallel
orientations by cross-calibration. The second method is based on a combination of
relative measurements. Magnetic field correction factors for parallel orientations were
derived by combining measurements in perpendicular orientation done in an electro-

magnet (figure 18) with relative measurements taken at a MR-linac.

The results have been published in a research paper (Pojtinger et al 2020a). De Pooter

et al. (de Pooter et al 2020) published the full response curves for the measurements

in perpendicular orientation (figure 20), that have been measured as a part of this work.
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In addition to measurements of the Farmer type ionization chamber PTW 30013 (PTW,
Freiburg, Germany), this part of this work also includes results for the small cavity
thimble type ionization chambers PTW 31010 (PTW, Freiburg, Germany) and PTW
31021 (PTW, Freiburg, Germany).

The results show that it is possible to derive values for k3 ,, , based on alanine dosim-

etry. It became clear, that this method results in uncertainty budgets close to 1%. The
correction factors, that have been derived from relative measurements resulted in un-

certainties of less than 0.25%.

In agreement with earlier MC simulations (Pojtinger et al 2018), the experiments con-
firmed, that Farmer type ionization chambers should be used in an orientation, in which
the ionization chamber axis is parallel to the magnetic field vector, as the influence of

the magnetic field on the response of the ionization chamber is small in this orientation.

In the perpendicular orientation, there are two possible orientations for thimble type
ionization chambers, the orientation in which the secondary electrons are deflected
into the direction of the tip of the ionization chamber and the orientation in which the
secondary electrons are deflected to the stem of the ionization chamber. In the follow-
ing these orientations are referred to as CtT (charge to tip) and CtS (charge to stem).
For the Farmer type ionization chamber under investigation the difference between the
CtS and CtT orientation is of minor interest, as this type of ionization chambers should
be used in parallel orientation. But in contrast to Farmer type ionization chambers, the
effect of the magnetic field on the response of small cavity ionization chambers lies

close to 1%, in the CtS orientation. This can resultin k , correction factors of less than

0.5%. Therefore, the perpendicular orientation can be the better choice for small cavity
ionization chambers. But the difference between the CtS and CtT orientation can ex-

ceed 5%, for small volume ionization chambers.

A measurement of the beam profile of the 7 MV MR-linac revealed, that Farmer type
ionization chambers must be corrected for volume averaging effects (Pojtinger et al
2020a). That might be a reason for using small cavity ionization chambers for 7 MV
MR-linacs. But there are other problems for small cavity ionization chambers. Though
it was shown that intra-type variations are small for Farmer type ionization chambers
(Woodings et al 2019), it was shown that this is not necessarily the case for small

volume ionization chambers (Pojtinger et al 2020a).
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Figure 20: Relative response curves of the Farmer type ionization chamber PTW 30013 (PTW, Freiburg, Ger-

many) and the small cavity thimble type ionization chambers PTW 31010 (PTW, Freiburg, Germany) and PTW

31021 (PTW, Freiburg, Germany). The measurements were carried out in the experimental setup described in

(Pojtinger et al 2019). This figure was provided for the publication of (de Pooter et al., 2020, licensed under CC
BY 3.0).

Monte-Carlo Simulations
Many of the early experiments and simulations were done using the Farmer type ioni-

zation chambers NE 2571 (Phoenix Dosimetry, Sandhurst, Britain) and PTW 30013
(PTW, Freiburg, Germany) in an orientation in which the magnetic field was perpen-

dicular to the magnetic field vector, this allows some comparisons.

Pojtinger et al. (Pojtinger et al 2018) published an experimental benchmark of the
presented MC-simulations up to a magnetic flux density of 1.43 T, for a PTW 30013
ionization chamber. For this, a large electromagnet was placed in front of a medical
linac (figure 18) and the response of a PTW 30013 ionization chamber was measured
as a function of the magnetic flux density (relative response curve), for an orientation
in which the ionization chamber is perpendicular to the magnetic field vector. Similar
experiments are described in literature for lower magnetic flux densities: Meijsing et al.
(Meijsing et al 2009) presented magnetic field dependent response curves up to 1.2 T,
for an NE 2571 ionization chamber and Spindeldreier et al. (Spindeldreier et al 2017)
up to 1 T, for an PTW 30013 ionization chamber.

These experimental results were used by many authors as an experimental benchmark
of their own MC simulations (Malkov and Rogers 2016, Spindeldreier et al 2017,

Meijsing et al 2009, Reynolds et al 2013, Pojtinger et al 2018). In the work of Meijsing
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et al. (Meijsing et al 2009) it was noted, that the experimental results do not align with
the MC results that were included in the same publication. Discrepancies between MC
calculated results and the experimental result of Meijsing et al. (Meijsing et al 2009)
were also reported by Malkov and Rogers (Malkov and Rogers, 2016). Spindeldreier
et al. (Spindeldreier et al 2017) described discrepancies between their own experi-
ments and simulations. Pojtinger et al. (Pojtinger et al 2018) reported that “differences

appear with increasing magnetic flux density”.

In addition, experimental results are published for a magnetic flux density of 1.5 T, for
an NE 2571 ionization chamber (Smit et al., 2013). Also, O’Brien et al. (O’'Brien et al
2016) published experimental results at 1.5 T for an PTW 30013 as well as a NE 2571
ionization chamber. There’s an excellent agreement between the experimental values
of Smit et al. (Smit et al., 2013) and the simulated results of Malkov and Rogers (Malkov
and Rogers 2016). This is peculiar, as the simulated results of Malkov and Rogers
(Malkov and Rogers, 2016) do not align with the the experimental results of Meijsing
et al. (Meijsing et al 2009), for lower magnetic flux densities. O’Brien et al. (O’Brien et
al 2016) also presented MC calculated results, that do not agree with the experimental
results of Smit et al. (Smit et al 2013).

The experimental results of O’Brien et al. (O’'Brien et al 2016) and the MC simulated
results of Reynolds et al. (Reynolds et al 2017) are not suitable to be used for an
experimental benchmark, due to the high uncertainties reported by the authors. In
addition, experimental results for different Farmer type ionization chambers were
published by lakovenko et al. (lakovenko et al 2020), but the reported uncertainties

exceed 1.1%.

An overview of the most important publications on this topic is given in table 4.

Dead Volumes

Different ideas were proposed to explain the mentioned discrepancies. One idea was,
that the experiments are prone to a misalignment of the magnetic field, relative to the

beam direction during the experiments (Malkov and Rogers 2016, Pojtinger et al 2018,
Meijsing et al 2009).

An alternative explanation was presented in two publications (Malkov and Rogers
2017, Spindeldreier et al 2017). The authors speculated, that the experiments were

valid but that there were problems with the MC simulations. The authors noted that the
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introduction of a dead volume near the guard ring of an ionization chambers can
change the effect of a magnetic field on the response of an ionization chamber drasti-
cally. To show the potential effects of the introduction of a dead volume around the
guard ring, the authors modified the sensitive volume of the simulated ionization cham-
bers by systematically including different cylindrically shaped dead volumes around
the guard. With this method, the authors succeeded to fit their simulations to the ex-

perimental results up to 1.2 T.

The problem about this method is, that simulations that have been altered in a way like
this, cannot be used for independent validation of experimental results. Also, it has
been shown later, that the resulting cylindrical dead volumes presented (Spindeldreier
et al 2017, Malkov and Rogers 2017) are not suitable for simulations at 1.5 T. At 1.5 T
some simulations based on the dead volumes calculated by Spindeldreier et al.

(Spindeldreier et al., 2017) do not align with experimental results (figure 21).

Therefore, the second part of this work was dedicated to test the initial hypothesis of
Malkov and Rogers and Spindeldreier et al. (Malkov and Rogers, 2017, Spindeldreier
etal., 2017) by a more advanced approach. This was done by combining finite-element
methods (FEM) with MC methods to calculate a magnetic field dependent response
curve. The MC simulations were based on a dead volume that is defined not by a fitted
cylindrical form but by calculation of the actual electric field lines inside of the ionization
chamber. The results were published in a research article (Pojtinger et al 2019). This
publication also includes new experimental results. By modifying the electromagnet
used for the experimental setup, it was possible to reach magnetic flux densities up to
1.5T.
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Figure 21: Comparison of the magnetic field correction for the PTW 30013 ionization chambers in an orientation in
which the secondary electrons are deflected to the tip of the ionization chamber. The magnitude of the magnetic
flux density was 1.5 T, for all results. Note that the simulations of (O’Brien et al 2016) do not include a correction
for dead volume effects, the results of (Spindeldreier et al 2017) were simulated including a simplified, cylindrical

dead volume geometry and the results of (Pojtinger et al 2019) were simulated including a dead volume geometry

based on finite element simulations. For the calculation of the magnetic field correction of (Pojtinger et al 2019)

the cz value of (van Asselen et al 2018) was used (table 1), as (Pojtinger et al 2019) includes values for k3 ,, ,

only.

Conclusions for Magnetic Field Correction Factors
Based on the presented results, the best way to do absolute dosimetry in an MR-linac

environment is to use waterproof Farmer type ionization chambers in a parallel orien-
tation. In addition, the measurements must be taken inside of a water phantom. The
benefits are:

e Farmer chambers have a high response because of big sensitive volume.

e Farmer chambers are prone to misalignment, because both possible parallel
orientations lead to the same magnetic field corrections and the influence of
small angular misalignments is neglectable.

e Intra-type variability is low for Farmer type ionization chambers.

e There is no air gap effect caused by ERE for measurements with waterproof

ionization chambers in water.

Magnetic field correction factors for ionization chambers should fulfill the following

conditions:

e The Type A uncertainty given by the author should be reasonable (e.g. below
0.5%).
e For experimental setups: the field size of the photon field should be at least

4 X 4 cm?.
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e Correction factors based on Monte-Carlo simulations should only be consid-
ered for parallel orientations or if the sensitive volume is determined by FEM.
e The correction factors must have been reproduced at least one time by an in-

dependent method.

Based on these criteria, there are currently two ionization chambers, that can be used
for absolute dosimetry in magnetic fields. Namely, the PTW 30013 (PTW, Freiburg,
Germany) and the IBA FC65-G ionization chamber. (IBA, Louvain-la-Neuve, Belgium).
An appropriate choice of correction factors can be derived from table 4, as it is done in

table 5 and table 6.

With the recommendations and correction factors elaborated in this work, precise ab-

solute dosimetry and thus safe treatment of patients can be achieved in MRIgRT.
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15T
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. PMMA (20 x 20 x .
MR and linac (S;no'tlg al NE 2571 CtS 13 cm?, depth: 6 MV 15T So'ﬁa"tgf‘i’;fom
3.6,7.4,10.8 cm)
(Malkov and Delrin (cylinder: d = _ No simulation of
MC (EGSnrc) Rogers 2016) NE 2571 Cts 43 cm,l = 6.9cm) 6 MV 0-2T dead volume
. CtS Water (30 x 30 x . .
(O’Brien et al PTW 30013, ’ 3 ) No simulation of
MC (Geant4) 2016) NE 2571 CtT, 30 cm®, depth: 7 MV FFF 15T dead volume
parallel 10 cm)
(Spindeldreier CtS, Water (50 x 50 X For CtS, CtT at
MC (EGSnrc) P PTW 30013 CtT, 50 cm3, depth: 6 MV 0-3T 1.5 T: to simple
et al 2017)
parallel 10 cm) dead volume
Small field size
. . Water (12 x 3.5 X
. (Spindeldreier CtS, 3 , _ (3 x 10 cm?).
Electromagnet and linac et al 2017) PTW 30013 CtT 15 cm?®, depth: 6 MV 0—-11T No results for
10 cm)
15T
0—-25T
MC (EGSnrc) (Pojtinger et al PTW 30013, CtT, W;fzr(jgo cTe 3,[?] % 7 MV FFF, (7 MV FFF), No simulation of
2018) NE 2571 parallel 10 ém) pin- 6 MV FFF 0.35T dead volume
(6 MV FFF)
. Water (21 x 7 X : .
MC (EGSnrc) (Pojtinger etal  pryy 39913 ST, 21 cm?, depth: 6 MV 0—15T  NOSsimulation of
2018) parallel dead volume



PMMA (30 X 30 X

(Pojtinger et al 3 , No simulation of
MC (EGSnrc) 2018) NE 2571 CtS 20 cm®, depth: 6 MV 15T dead volume
10 cm)
(Pojtinger et al Water (21 x 7 X No results for
Electromagnet and linac Jing PTW 30013 CtT 21 cm?3, depth: 6 MV 0—-143T
2018) 15T
10 cm)
PTW 30013,
(Malkov and IBA FC65-G, CtS, Water (30 x 30 X For CtS, CtT at
MC (EGSnrc) Rogers 2018) NE 2571, CtT, 30 cm3, depth: 7 MV FFF 15T 1.5 T: to simple
9 S| Exradin parallel 10 cm) dead volume
(A12, A19)
r (van Asselenet  PTW 30013, CtT, Water (37 x 32 X
MR-linac al 2018) IBAFC65-G  parallel 32 cm?, depth: 10 cm) MV FFF L5T
Water (25 x 32 x
r . (de Prez et al PTW 30013, CtT, 3 ,
MR-linac (calorimeter) 2019) IBA EC65-G parallel 37 cir(l) érfll)epth. 7 MV FFF 15T
(Pojtinger et al Cis Water (30 x 30 X No results for
MC (EGSnrc) 120919) PTW 30013 o 20 cm?, depth: 6 MV 0-15T  parallel orienta-
10 cm) tions
(Pojtinger et al Cis Water (21 X 6 X No results for
Electromagnet and linac 120919) PTW 30013 CtT’ 21 cm3, depth: 6 MV 0-15T parallel orienta-
10 cm) tions
IBA FC65-G,
P . (Krauss et al PTW 30013, CtS, (22 x 24 x 30 cm3, No results for
MR-linac (calorimeter) 2020) Sl Exradin  parallel depth: 10 cm) 6 MV FEF 0.35T 15T
A19MR
MR-linac in combination . Water (21 X 6 X
with conventional linacs (Pojtinger et al PTW 30013 Parallel 21 cm3, depth: 7 MV FFF 15T No results for
2020a) 035T
and electromagnet 10 cm)

Table 4: List of experimental and simulation results for the quantification of the response of Farmer type ionization chambers in magnetic fields. Only results that have been pub-
lished in peer-reviewed journals, that include at least results up to 0.35 T and report Type A uncertainties below 0.5% have been included. CtT notes the ionization chamber orienta-
tion, in which the secondary electrons are deflected to the tip of the ionization chamber, CtS notes the orientation in which the secondary electrons are deflected to the stem of the
ionization chamber and parallel notes the orientation, in which the ionization chamber axis is parallel to the magnetic field vector. For all results, the magnetic field vector is always

perpendicular to the beam direction. In the range of 0 — 1 T, MC simulations should include at least a simplified dead volume modelling, in CtT and CtS orientations. For higher
magnetic flux densities, a detailed model of the dead volume must be used for CtT and CtS orientations.
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PTW 30013 parallel 035T 15T
(O’Brien et al 2016) - 0.9940(15)
(Spindeldreier et al 2017)* 0.9968(30) 0.9930(30)
(Pojtinger et al 2018) 0.9976(16) 0.9963(16)
(Malkov and Rogers 2018) - 0.9881(10)
(van Asselen et al 2018) - 0.9920(20)
(de Prez et al 2019) - 0.9850(50)
(Pojtinger et al 2020a) - 0.9926(22)
(Krauss et al 2020) 0.9936(77) -
mean and standard error 0.9960(12) 0.9916(15)

Table 5: ko values for the PTW 30013 ionization chamber. *As the authors did not report any results for B =

0.35 T, the average value was taken from the results for B =0.3Tand B = 0.4 T.

IBA FC65-G parallel 035T 15T
(Malkov and Rogers 2018) - 0.9970(30)
(van Asselen et al 2018) - 0.9970(30)
(de Prez et al 2019) - 0.9950(40)
(Krauss et al 2020) 0.9936(77) -
mean and standard error - 0.9946(15)

Table 6: k5 , values for the IBA FC65-G ionization chamber.
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Abstract

Previously, readings of air-filled ionization chambers have been described as being influenced by
magnetic fields. To use these chambers for dosimetry in magnetic resonance guided radiotherapy
(MRgRT), this effect must be taken into account by introducing a correction factor kg.

The purpose of this study is to systematically investigate kg for a typical reference setup for
commercially available ionization chambers with different magnetic field strengths.

The Monte Carlo simulation tool EGSnrc was used to simulate eight commercially available
ionization chambers in magnetic fields whose magnetic flux density was in the range of 0-2.5 T. To
validate the simulation, the influence of the magnetic field was experimentally determined for a
PTW30013 Farmer-type chamber for magnetic flux densities between 0 and 1.425 T.

Changes in the detector response of up to 8% depending on the magnetic flux density, on the
chamber geometry and on the chamber orientation were obtained. In the experimental setup, a
maximum deviation of less than 2% was observed when comparing measured values with simulated
values. Dedicated values for two MR-linac systems (ViewRay MRIdian, ViewRay Inc, Cleveland,
United States, 0.35 T/ 6 MV and Elekta Unity, Elekta AB, Stockholm, Sweden, 1.5 T/7 MV ) were
determined for future use in reference dosimetry.

Simulated values for thimble-type chambers are in good agreement with experiments as well as
with the results of previous publications.

After further experimental validation, the results can be considered for definition of standard
protocols for purposes of reference dosimetry in MRgRT.

Introduction

MR-linac devices that combine magnetic resonance imaging (MRI) and a linear accelerator (linac) are currently
being developed with the aim of integrating the advantages of MRI into linac-based radiotherapy (RT) and
enabling online adaptive MRI-guided RT (MRgRT) (Raaymakers et al 2009, Fallone 2014, Keall et al 2014). The
potential advantages of MRgRT over conventional image-guided radiotherapy when using (for example) cone
beam computed tomography (CBCT) devices are its high soft tissue contrast (McPartlin eral 2016), its functional
imaging capabilities and the absence of radiation exposure to the patient. A recent study has already concluded
that the MR-linac technology is viable for clinical trials at large comprehensive cancer centers (Sanderson et al
2017). Despite the benefits from a medical point of view, some basic dosimetric problems persist in MRgRT.

In the presence of magnetic fields (as they occur in the MRI component of an MR-linac), the trajectories of
charged particles are influenced by the Lorentz force.

This effect changes the dose deposition by secondary electrons in high-energy photon beams, especially if
combinations of media such as air and water are involved. In this case, the mean free path length of secondary
electronsislonger in air than in water (Raaijmakers eral2005). This effect has a direct impact on reference dosim-
etry, where air-filled ionization chambers inside water phantoms are commonly used. The impact of an external
magnetic field on dose measurements using ionization chambers was investigated previously in several studies
(Meijsing et al 2009, Reynolds et al 2013, Smit et al 2013, O’Brien 2016, Malkov and Rogers 2017, Spindeldreier
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etal2017). All groups observed a change in the response of the ionization chamber that can be taken into account
by a correction factor kg.

This work systematically investigates the responses of eight commercially available ionization chambers in
setups that are not created for experimental validation, but that are based on the general recommendations for
reference dosimetry as recommended in current dosimetry protocols such as TRS 398 (Andreo et al 2006) and
DIN 6800-2 (Deutsches Institut fiir Normung 2008). We assume that an optimal setup includes a water phantom
with a minimum size of 30 X 30 x 20 cm?, a photon beam with a field size of 10 x 10cm? at the phantom sur-
face and a magnetic field that is constant over the whole phantom. We validated our results in an experiment in
which we set the experimental conditions to be as close as possible to the optimal setup, which is also suitable for
measurement in MR-linac systems (ViewRay MRIdian, ViewRay Inc, Cleveland, United States, 0.35 T/ 6 MV and
Elekta Unity, Elekta AB, Stockholm, Sweden, 1.5 T/7 MV).

Materials and methods

Simulation software and parameters
Calculations for this study were performed using EGSnrc (Kawrakow et al 2017), with the following parameters:
ESTEPE = 0.01, EM ESTEPE = 0.02, ECUT = 0.521, PCUT = 0.001.

All simulations were performed with the ‘egs_chamber’ user code published by Wulff et al (2008b).

Variance reduction was applied in the form of photon cross-section enhancement (XCSE) and intermediate
phase-space scoring (IPSS) as described earlier by Wulft et al (2008b). The simulated chambers were surrounded
by a cube for IPSS. Inside the cube, XCSE was used with a XCSE factor of 512.

Magnetic fields were included in the ‘egs_chamber’ user code using the new, enhanced algorithm for electron
transport in electromagnetic fields (EEMF) that was recently published by Malkov and Rogers (2016).

Orientation

Multiple setups of hybrid MR-linacs with different orientations of the magnetic field with respect to the radiation
beam have been proposed recently (Raaymakers et al 2009, Fallone 2014, Keall ef al 2014). The first clinically
available MRgRT systems (Dempsey et al 2006, Raaymakers et al 2009) were constructed with an orthogonal
orientation of the photon beam and the magnetic field.

Generally, for accurate dose measurements, the axis of a thimble-type chamber should be perpendicular to
the beam, whereas the axis of a plane-parallel chamber should be parallel to the beam. Consequently, there is only
one possible orientation with respect to the magnetic field direction for a plane-parallel chamber and one free
angle of orientation for a thimble-type chamber. In this work, the angle between the magnetic field axis and the
chamber axis is denoted by « (see figure 1).

For measurement, a setup that is easy to establish is preferable (i.e. one where the magnetic field is parallel
(o = 0 or 180°) or orthogonal (v = 90 or 270°) to the chamber axis). For our work, we decided to use orienta-
tions of 180° and 90°. Recent publications have shown that these orientations should not be affected by any dead
volume effects for magnetic flux densities of 0.35 and 1.5 T (Malkov and Rogers 2017, Spindeldreier et al 2017).

Accelerator and beam models

To model the accelerator, we used a full Monte Carlo simulation of a commercial Elekta 6 MV FFF linac created in
BEAMnrec, as well as a published photon spectrum of the Elekta Unity MR-linac (Ahmad et al 2016). Such energy
distributions can also be used as an input for egs_chamber.

Two different approaches were considered. In the first approach, the full BEAMnrc model of the Elekta 6 MV
FFF accelerator was directly coupled via a shared library to the egs_chamber user code, as described by Tonkopi
etal (2005). This method allows efficient calculations to be made on high-performance computer clusters with-
out generating excessively large data files. For the second approach, onlya rectangular 10 x 10 cm? photon beam
was modeled instead of the full accelerator. For this, photons were randomly drawn from the 7 MV spectrum.

Simulated ionization chambers

Alist of all simulated ionization chambers together with some characteristic data is given in table 1.

Except for the PTW 30013 ionization chamber, all chamber geometries and material information have been
used in previous publications (Ubrich et al 2008, Wulff et al 2008a, Zink and Wulff 2008). Simulation of the PTW
30013 ionization chamber was based on plans provided by PTW as well as on a microCT scan carried out to
clarify the chamber’s geometry using a the cone-beam CT system of a small animal image-guided radiotherapy
system (SAIGRT, OncoRay, Dresden, Germany) (Tillner et al 2016).
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Figure 1. Definition of the angle cv. Experiments showed that the response of a Farmer-type ionization chamber greatly depends on
the angle between the chamber axis and the magnetic field axis (Smit et al 2013).

Table 1. List of the simulated ionization chambers.

Name Manufacturer Type Sensitive volume [mm®]
Roos PTW Plane-parallel 0.39

NACP-02 Scanditronix Plane-parallel 0.16

Adv. Markus PTW Plane-parallel 0.02

Markus PTW Plane-parallel 0.057

PTW30015 PTW Rigid 1

PTW30016 PTW Rigid 0.3

NE2571 Phoenix dosimetry Farmer 0.69

PTW30013 PTW Farmer 0.6

Determination of correction factors

The effects of the magnetic field on ionization chamber readings are twofold. On the one hand, the dose profile
of a photon beam is influenced by the magnetic field at the lateral edges (lateral dose shift) and the depth dose
decreases even if the ionization chamber is not part of the experimental setup. For small fields, this phenomenon
may considerably influence the dose deposited in the measurement volume. On the other hand, the response
of the ionization chamber is altered by the magnetic field presence. A correction factor for a specific ionization
chamber should only include the latter effect; however, as a basic principle, a combination of the two effects is
always observed in simulations as well as in measurements. In order to take this into account, we simulated the

change of the dose at the reference pointin a cylinder with a radius of 1 cm and aheight of 0.2 cm (% ) Later, the
Doy ) was divided by the relative

Dens
change of dose caused by the lateral and depth shift of the dose profile to calculate the actual correction factor kg
(O’Brien 2016):

total change of dose inside the ionization chambers in the presence of a B-field (

Dch « Dw,B

kg = .
Dch,B Dw

For the calculation of correction factors by Monte-Carlo simulation, reference points of all chambers were
placed ata depth of 10cm inside a30 x 30 x 20 cm® water phantom. The source-detector distance was 143.5cm
for the Elekta Unity and 90 cm for the MRIdian. The photons striking the phantom were sampled from the 7 MV
spectrum for the Elekta Unity simulation and from the 6 MV FFF full accelerator simulation for the MRIdian.

All errors reported are for a 95% confidence interval and were calculated based on the variance of the Monte
Carlo simulation.

Experimental validation of the simulation method

For experimental validation of the simulation results, measurements were performed in a water phantom using
a 6 MV linear accelerator (Elekta Precise Treatment System, Elekta AB, Stockholm, Sweden) in combination
with an electromagnet (Bruker ER07, Ettlingen, Germany). The PTW 30013 ionization chamber was mounted
at a 10 cm water equivalent depth inside a 21 x 7 x 21 cm?® water phantom. The phantom was placed between
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the pole shoes of the magnet with a maximum magnetic flux density of 1.45 T at an SSD of 110 cm. The monitor
chamber was calibrated in this setup and 100 MU were applied in the following measurements usinga5 x 10cm?
photon field.

The measurements were performed on three consecutive days. The phantom was permanently positioned
between the pole shoes, but the ionization chamber was inserted and repositioned every day (i.e. for each meas-
urement). The chamber orientations chosen—a = 90° and a = 270°—were realized by switching the magnetic
field direction.

The magnetic flux density was monitored using a Hall effect sensor that was placed directly on one of the pole
shoes and was adjusted with an accuracy of £1 mT.

Errors (95% confidence interval) were calculated from the standard error of the mean and from an additional
absolute uncertainty of £0.3% accounting for fluctuations observed in the signal of the linac monitor chamber.

For benchmarking our simulation method, this experimental setup including the PTW 30013 ionization
chamber was modeled in EGSnrec. A flattening filter was added to the 6 MV full accelerator simulation to align
it with the experimental conditions. This simulation setup was also used for an additional calculation that was
aiming for reproducing previously published results for an ionization chamber of type NE2571 placed inside a
PMMA phantom (Smit et al 2013).

In order to be able to directly compare the simulations with experimental results, the change of the detector

signal ( DD " ) instead of the correction factor kg was calculated, because this can be obtained directly by measure-

ment without the need for additional calculations or theoretical assumptions regarding the lateral and depth
shift of the dose profile.

Results

The correction factors for the Elekta Unity MR-linac (7 MV) are given in table 2 for both chamber orientations. For
this magnetic flux density, the highest correction was calculated for the plane-parallel Roos chamber, where the
calculated dose increased by 7.9(2)%. The highest impact on the thimble-type chambers for the 1.5 T MR-linac
system was calculated for the PTW 30013, where the simulated signal increased by 4.9(2)% for a perpendicular
orientation. In a parallel orientation, only small corrections were found for thimble-type chambers, where the

change of signal never surpassed 0.8(2)% (PTW 30015).

Table 2 also shows correction factors for the ViewRay 6 MV system. While the correction factors are simi-
lar for thimble-type ionization chambers, there are some differences for the Roos and NACP-02 plane-parallel
chambers, where the response is influenced less at this magnetic flux density.

In figure 2, the influence of the magnetic field on the detector response is shown for magnetic flux densities
ranging from0to 2.5 T.

Magnetic flux densities higher than 2 T can result in an inverse effect in which the response of the ionization
chamber decreases instead of increasing. This effect was most dominant for the PTW 30015 in perpendicular
orientation, where the scored dose decreased by 3.3(1)% at 2.5 T.

Opverall, the maximum effect of a magnetic field on radiation dose measurements with ionization chambers
was observed at a magnetic flux density of approximately 1 T. For higher and lower magnetic flux densities, the
effect decreases similarly. All simulated thimble-type chambers showed a similar change in response, while there
were larger differences for plane-parallel chambers.

The results of the benchmark experiment are presented in figure 3. In this experiment, the highest absolute
standard error of the mean was £0.34% at 1.425 T for a = 90°. By comparison, the lowest absolute standard
error of the mean was calculated for the same orientation, but at 0.875 T, where it was £0.05%.

For direct comparison of the simulation results with the benchmark experiment, the root-mean-square devi-
ation (RMSD) between the measurement and the simulation was calculated. Overall, a good agreement between
the measurement and the simulation was observed, as illustrated by the total RMSD of 0.44%.

Discussion

In the study presented in this paper, a systematic MC simulation of correction factors for ionization chambers
used for reference dosimetry was performed in a representative experimental setting for a variety of chambers
and a wide range of magnetic flux densities.

We utilized the Monte Carlo package EGSnrc because it has a long history of optimization for ionization
chamber simulations (Rogers 2006) and because it is considered to be a kind of ‘gold standard’ in medical phys-
ics.
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Table 2. Correction factors kg for 0.35 T (6 MV FFF accelerator model) and 1.5 T (tabulated spectrum of Elekta Unity).

Orientation « 0.35T (6 MV) 1.5T (7 MV)
Roos — 0.9689(10) 0.9272(12)
NACP-02 — 0.9765(13) 0.9372(14)
Adv. Markus — 0.9903(14) 0.9720(15)
Markus — 0.9920(14) 0.9809(15)
PTW30016 180° 0.9977(18) 0.9931(17)
PTW30015 180° 0.9980(14) 0.9929(16)
NE2571 180° 0.9995(12) 0.9963(16)
PTW30013 180° 0.9976(16) 0.9963(16)
PTW30016 90° 0.9770(18) 0.9554(14)
PTW30015 90° 0.9694(14) 0.9798(14)
NE2571 90° 0.9700(12) 0.9638(14)
PTW30013 90° 0.9684(16) 0.9535(14)
T T * v T T T Roos =
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Figure 2. Change in detector response for & = 180° (top) and a = 90° (bottom), as defined in figure 1. All values were calculated
using the Elekta Unity photon spectrum.

We also included plane parallel ionization chambers because, in the future, they may become suitable for ref-
erence dosimetry, as seen in DIN 6800-2 (Deutsches Institut fiir Normung 2008).

When thimble-type chambers were oriented in such a way that they were perpendicular to the magnetic
field, they showed a change in response comparable to that of plane-parallel chambers. By contrast, only a small
impact of the magnetic field was observed when the magnetic field was parallel to the chamber’s axis.

At a magnetic flux density of approximately 1 T, the maximum effect of the magnetic field on the response
of all the ionization chamber types investigated was observed. The peak of this effect at 1 T might potentially be
explained by the trajectories of the secondary electrons. We hypothesize that, at this magnetic flux density, the
trajectories may be bent to form a path that aligns with the dilatation of the sensitive volume; thus, for this situ-
ation, the probability of presence for an electron is greatest inside the sensitive volume. Hence, the maximum
deposited dose is reached at this magnetic flux density as well. For higher magnetic flux densities, the trajecto-
ries are bent even more and the secondary electrons leave the chamber again, thus leading to a decrease in the
deposited dose. This effect has only a minor influence on thimble-type chambers in parallel orientations, as the
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Figure 3. Results of the benchmark experiment. Relative response of a PTW 30013 Farmer-type chamber irradiated bya6 MV
Elekta Linac for different magnetic flux densities.

broadening of the sensitive volume does not match the direction in which the electrons are bent. These effects
have been illustrated by Meijsing et al (2009).

Our simulations do not include any modification of chamber models to account for recently proposed dead
volume effects (Spindeldreier et al 2017), but correction factors are presented for a setup where these effects are
negligible. This assumption is confirmed by the calculated results.

Our simulated Elekta 7 MV correction factors for the PTW30013 and NE2571 ionization chambers are com-
parable to published values (O’Brien 2016). For parallel orientations, the results match in a 3-sigma error inter-
val. There are differences for the orthogonal orientation, where we calculated corrections that differ by 1% and
2.5% for the NE 2571 and the PTW 30013 Farmer ionization chambers from the values given by O’Brien et al
(2016).

Our simulated correction factors for the PTW 30013 in an Elekta Unity setup are very close to recently pub-
lished results (Spindeldreier et al 2017), despite we used a MR-linac spectrum instead of an 6 MV spectrum as
well as we did not adjust for any dead volume effects.

Corrections given for the ViewRay System can also be compared for the PTW30013 with the results published
by Spindeldreier ez al (2017); and confirm these in a single error interval.

In the benchmark experiment, we observed considerable fluctuations between the day-to-day measure-
ments, especially for high magnetic flux densities. Currently, the reason for this is unknown. For better bench-
marking, more measurements must be considered.

Within the estimated confidence intervals, the simulations fit the results of the benchmark experiment, but
differences appear with increasing magnetic flux density. This may be caused by a small misalignment of the
magnetic field axis and the ionization chamber axis. It has been shown that a tilt of the magnetic field by only 3°
can decrease the measured dose by roughly 1% at 1.5 T, while the influence is negligible for magnetic flux densi-
ties below 0.6 T (Malkov and Rogers 2016).

In view of this, MR-linac systems that apply strong magnetic fields must ensure a highly accurate adjustment
of the magnetic field axis and the beam direction.

At 1T, the discrepancy is most likely also caused by dead volume effects that are prominent for this magnetic
flux density (Malkov and Rogers 2017, Spindeldreier er al 2017).

We considered magnetic flux densities up to 2.5 T in order to provide input for future development of new
generations of MR-linacs, where higher magnetic flux densities strengths may be relevant.

In this context, the results show that lower magnetic flux densities are not equivalent to a lower impact on
ionization chambers. This is because the effect of the magnetic field on ionization chamber readings is at its
maximum at approximately 1 T and decreases for both lower and higher magnetic flux densities.

In addition to the results presented here, we also simulated the setup used by Smit et al (2013) and were able to
corroborate their correction factor of 0.953(10) for an ionization chamber of type NE2571 placed insidea PMMA
phantom with our simulation experiment (PMMA, a = 270°), resulting in a correction factor of 0.9529(26).
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Figure4. Results of the Fano cavity tests for all simulated ionization chamber geometries. For each ionization chamber, the mean
dose scored in the sensitive volume under Fano conditions was compared to the corresponding theoretical value.

Conclusion

EGSnrc Monte Carlo simulations based on the new, enhanced algorithm for electron transport in EEMF confirm
previous results for ionization chamber corrections in external magnetic fields. Correction factors for eight
chambers were simulated for current MR-linac systems, and can thus now be used for reference dosimetry and
further validation.
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Appendix

Fano cavity test

The implementation of complex ionization chamber geometries in EGSnrc can lead to errors resulting from
faulty geometry definitions. A deficient geometry definition may result in inaccurate particle transport across
geometry borders; a Fano cavity test is an adequate tool for verification of the implementation of geometries.
The Fano cavity test was adapted as it is presented in previous publications (Sempau and Andreo 2006, de Pooter
et al 2015, Malkov and Rogers 2016). All material cross sections were changed to these of water. The volumetric
mass density inside the sensitive volume was set to a value that was a thousand times less than the volumetric
mass density that was used for other parts of the simulation geometry. For Fano test simulations the ionization
chambers’ geometries were embedded in a 10 x 10 x 10cm?® water phantom. Photon transport was disabled
and electrons were sampled isotropic, uniform per unit mass throughout the whole simulation geometry with an
initial energy of 1.25 MeV. A detailed description for the calculation of a theoretical value for the absorbed dose in
the sensitive volume for this scenario can be found in literature (Malkov and Rogers 2016). The mean doses were
scored in the sensitive volumes of all ionization chambers and compared to the corresponding theoretical values.
Allionization chamber geometries passed this test with a deviation of less than 0.1% from the theoretical value,
the results are presented in figure 4.
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Abstract

In magnetic resonance (MR) guided radiotherapy, the magnetic field-dependent change in the dose
response of ionization chambers is typically included by means of a correction factor kg, - This
factor can be determined experimentally or calculated by means of Monte Carlo (MC) simulations.
To date, a small number of experimental values for kz ,, , at magnetic flux densities above 1.2 T have
been available to benchmark these simulations. Furthermore, MC simulations of the dose response
of ionization chambers in magnetic fields (where such simulations are based on manufacturer
blueprints) have been shown to converge with results that deviate considerably from experimental
values for orientations where the magnetic field is perpendicular to the axis of the ionization
chamber and the influence of the magnetic field is largest.

In this work, k5 ,, , was simulated for a PTW 30013 Farmer ionization chamber using an approach
based on finite element simulations. First, the electrical field inside the ionization chamber was
simulated using finite element methods. The collecting volume of the ionization was not defined in
terms of the physical dimensions of the detector but in terms of the simulated electrical field lines
inside the chamber. Then, an MC simulation of the dose response of a Farmer type chamber (PTW
30013) was performed using EGSnrc with a dedicated package to consider the effect of the magnetic
field. In the second part, k5, , was determined experimentally for two different PTW 30013
ionization chambers for a range of magnetic flux densities between B = 0 and 1.5 T, covering the
range of commercially available MR-linacs.

In the perpendicular orientation, the maximum difference between the simulated values for k3,
and the experimental values for k,, , was 0.31(30)% and the minimum difference was 0.02(24)%.
For the PTW 30013 ionization chambers, the experimental values for k5, , were 0.9679(1) and
0.9681(1) for a magnetic flux density of 1.5 T. The value resulting from the simulation was 0.967(3).

The comparison of the correction factors simulated using this new approach with the
experimental values determined in this study shows excellent agreement for all magnetic flux
densities up to 1.5 T. Integrating the explicit simulation of the collection volume inside the ionization
chambers into the MC simulation model significantly improves simulations of the chamber
response in magnetic fields. The results presented suggest that intra-type variations for kz ,, , may be
neglectable for ionization chambers of the PTW 30013 type.

© 2019 Institute of Physics and Engineering in Medicine
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Introduction

Recently developed commercial MR-linac devices (Raaymakers et al 2009, Mutic and Dempsey 2014) are now
available for research purposes and for patient treatment at many institutions. Protocols for reference dosimetry
have been developed for these devices since their introduction. The key point about dosimetry in MR-linacs
is the change of response of the ionization chambers due to the influence of the magnetic field (Meijsing et al
2009) existing permanently in MR-linacs with magnetic flux density up to 1.5 T. Therefore, the change in the
response caused by the magnetic field must be corrected; several formalisms have been proposed for this purpose
(O’Brien et al 2016, van Asselen et al 2018). Several publications have addressed this problem for a wide range
of detectors using Monte Carlo (MC) simulations (Meijsing et al 2009, Malkov and Rogers 2016, O’Brien et al
2016, Spindeldreier et al 2017). However, significant differences were found between calculated and measured
detector responses in magnetic fields, especially for magnetic flux densities above 1 T. Van Asselen et al (2018)
reviewed simulation results and compared it to experimental values; for a standard Farmer type chamber in
specific orientations a discrepancy of more than 1% was found.

Malkov and Rogers (2017) and Spindeldreier et al (2017) have hypothesized that the discrepancy between
the experimental results and the MC results can be explained as being due to regions of reduced local response
near the guard ring of the detector; this is not considered in conventional MC simulations. This leads back to the
question of whether the collecting volume of an ionization chamber (i.e. the volume from which ions are col-
lected) coincides with the sensitive volume defined by the chamber geometry. Ross (2009) describes an approach
wherein the collecting volume is different from the geometrically defined sensitive volume due to inhomogenei-
ties in the electric field inside the ionization chamber. Ross suggests that the collecting volume can be calculated
by running finite element (FEM) simulations of the electric field inside the ionization chamber and reducing
the sensitive volume by the volume where the electric field lines that emerge from the ionization chamber’s wall
reach the guard ring instead of the electrode. This approach was recently implemented by Looe et al (2018) and
led to an agreement between the measurements and the simulations of about 0.5% for a small volume ionization
chamber that was positioned parallel to the radiation beam and perpendicular to the magnetic field up to 1.4 T.
However, it has been shown that, for this orientation, the influence of the magnetic field is small (Looe et al 2018);
in addition, the magnetic flux density inside current MR-linacs surpasses 1.4 T (Raaymakers et al 2009).

This work aims to improve the current situation by presenting new experimental results for a conventional
ionization chamber up to a magnetic flux density of 1.5 T; these results are based on measurements in a well-
defined experimental setup. The usage of FEM-based adjustments of MC detector simulations in magnetic fields
is tested in the orientation where the ionization chamber is perpendicular to both the magnetic field and the
beam direction and therefore the electron trajectories are deflected towards the stem or tip of the ionization
chamber by means of the Lorentz force (figure 1). This orientation has been shown to be problematic in previ-
ous publications (Malkov and Rogers 2017, Spindeldreier et al 2017, van Asselen et al 2018) and differs from that
tested in the previous publication by Looe et al (2018).

For the MC detector simulation, we utilized the EGSnrc software package. EGSnrc includes dedicated user-
codes for the simulation of the response of ionization chambers and was optimized for this purpose for many
years (Rogers 2006).

It has been found previously that the correction to the response of the chamber is substantially larger when
the chamber axis is oriented perpendicular to the magnetic field compared to the case of a parallel orientation
(van Asselen et al 2018). A parallel orientation is therefore beneficial for clinical practice and often preferred.
Nevertheless, it is important to find the reason for the discrepancy between Monte Carlo calculations and experi-
ments in perpendicular orientation, to guarantee reliable Monte Carlo results for ionization chamber simula-
tions in magnetic fields in general.

Material and methods

Formalism
In this paper, we follow the notation of van Asselen et al (2018). In the formalism below, the magnetic field
correction factor kE,Q isdefined as:

ko = 5 kano (1)
Here, cg represents the ratio of absorbed doses to water at the point of measurement with and without a magnetic
fieldand kg ), , is the ratio of detector responses without and with a magnetic flux density B.

All experimental and simulated results are presented as kg, , since this is the most direct way to compare
simulations and experiments.
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Figure 1. Possible directions of the Lorentz force (FZ ) for a setup where the magnetic field (B) is perpendicular to the axis of the
ionization chamber. In this work, negative magnetic flux densities correspond to the situation wherein the secondary electrons
are deflected to the tip of the ionization chamber, while positive magnetic flux densities correspond to the situation wherein the
electrons are deflected to the stem of the ionization chamber.

Orientation
For simulations and experiments in this work, the Farmer type ionization chambers were set up in such a way that
all pairwise orientations between the magnetic field vector, the ionization chamber axis and the beam direction
were perpendicular. The secondary electrons are deflected by the Lorentz Force (I*Tz) either to the ionization
chamber’s tip or its stem (figure 1).

In the following, all negative magnetic flux densities correspond to a situation in which the electrons are
deflected to the tip of the ionization chamber; for a positive sign of the magnetic flux density, the electrons are
deflected towards the stem of the ionization chamber.

Experiments

All experiments were carried out using the Metrological Electron Accelerator Facility (MELAF) (Schiiller et al
2019) at PTB, the national metrology institute of Germany, in Braunschweig. A large electromagnet (Bruker
ER073W) with a 6 cm gap between its pole shoes was placed in front of an Elekta Precise accelerator (151605). A
6 x 20 x 20cm?water phantom (constructed by PTB) was positioned between the pole shoes of the magnet at a
source-to-surface distance (SSD) of 110 cm. Ionization chambers were mounted within this phantom at a well-
defined reference point and irradiated by a horizontal photon beam with a nominal accelerating voltage of 6 mV,
which was collimated to 4 x 10cm? at the isocenter (source to axis distance 100cm) to avoid backscattering
effects from the pole shoes. Fach measurement was repeated three times for each detector (S/N 006762 and
009193) on different days, including a full repositioning in the water phantom. A chamber voltage of 250 V was
applied to the Farmer ionization chambers.

For the measurement of the relative response under different magnetic flux densities, a transmission moni-
tor chamber was mounted onto the shadow tray of the accelerator head (Kapsch and Krauss 2009). The dis-
tance between the source and the transmission monitor chamber was 67.5 cm. Measurements had shown that
the magnetic flux density of the magnetic fringe field at the position of the transmission monitor chamber does
not surpass 1 mT and is therefore assumed to have a neglectable influence on the response of the transmission
monitor chamber. This was checked by positioning an ionization chamber 3 m behind the electromagnet and
comparing the signal of this ionization chamber (which is unaffected by the fringe field) with the signal of the
transmission monitor chamber both with and without the magnetic field. No significant influence of the fringe
field on the response of the monitor chamber was found in this measurement.

Ionization chambers under test were preirradiated with at least 1000 MU before the start of each measure-
ment, while the stability of the ratio of the chamber signal to the monitor chamber was monitored online to
avoid any settling effects (Ken Shortt et al 2005). After this, the beam was maintained in an active state, and the
electrical charges collected over a 150s period by the monitor chamber and the ionization chamber under test
were measured simultaneously using Keithley 6517 (Keithley Instruments, Solon, USA) electrometers. Then, the
magnetic flux density was altered remotely from the control room while the beam was maintained in an active
state. This included an adjustment of the accelerator’s steering magnets to compensate for the small deflection of
the electron beam inside the accelerator due to the magnetic fringe field. The magnetic flux density was measured
throughout the entire experiment by a hall sensor placed between the electromagnet pole shoes (DTM 151 Digi-
tal Teslameter, Group 3 Technology, Auckland, New Zealand). The measurements were repeated in steps of 0.15 T
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Figure2. Calculated electric field lines (left) and adjusted Monte Carlo model (right). The region excluded from the sensitive
volume is shown in red. The x coordinates correspond to the sagittal distance to the chamber axis and the y coordinates represent the
longitudinal distance from the base of the guard ring.

for both possible magnetic field directions and for an additional point at 0.35 T, which corresponds to the magn-
etic flux density of the ViewRay MRIdian MR-linac (ViewRay Technologies, Cleveland, USA). Later, the relative
response was calculated as the ratio of the charges collected by the detector to the charge collected by the monitor
chamber, normalized to the corresponding ratio at 0 T. Given uncertainties include only the Type A uncertainty
component (JCGM 2008).

Simulations

For the simulation of the electric field inside a PTW 30013 ionization chamber, COMSOL Multiphysics version
5.3,afinite element simulation program, was used. The ionization chamber was modeled in COMSOL according
to the manufacturer’s engineering drawings; Maxwell equations were solved for a ground potential on the guard
ring and the electrode and for 250 V on the graphited wall of the ionization chamber (figure 2). A script was
written to extract the last field line leading from the chamber wall to the guard instead of to the central electrode,
and to calculate a dead volume of no response based on this line. This volume was used in combination with the
EGSnrc Monte Carlo framework (Kawrakow et al 2013). A detailed model of the ionization chamber was created
for EGSnrc, including the dead volume calculated beforehand by means of finite element simulations (figure 2).
The cross sections and physics parameters in EGSnrc were chosen in accordance with ICRU90 (ICRU 2014)
and earlier simulation studies (Pojtinger et al 2018). This was achieved by utilizing the Mcdf-xcom photon cross
sections and enabling atomic relaxation. The energy cut-off was set to 0.521 MeV for electrons and 0.01 MeV
for photons. For the simulation of the external magnetic field, the most recent magnetic field macro (Malkov
and Rogers 2016) was used. The egs_chamber usercode (Wulff et al 2008) was utilized for all simulations. This
usercode was developed especially for ion chamber simulations and provides advanced variance reduction
methodsasintermediate phase space-storage and photon cross section enhancement (XCSE). XCSE was activated
as suggested in Wulff et al (2008). To this end, a 1 cm cylindric water shell was modeled around the ionization
chamber; for each medium inside the shell cross section enhancement was activated with an enhancement factor
of 64. For simulation of the photon beam, a full accelerator head model was created in BEAMnrc and coupled to
the egs_chamber usercode. The uncertainty given below for simulation results is the variance of the Monte Carlo
simulation using a coverage factor of k = 2 to approximate an 95% coverage interval (JCGM 2008).

Results

The experimental results can be found in figure 3 and table 1. The experimental standard deviation s was
calculated based on the three measurements taken for each detector. The maximum experimental standard
deviation over all magnetic flux densities sy,ax is shown in table 1.

The PTW 30013 Farmer chamber showed an increased response when the electrons were deflected to the tip
(B < 0'T) as well as when the electrons were deflected to the stem (B > 0 T) of the ionization chamber; however,
when the magnetic flux density was increased to more than 1 T, the response decreased. When the experimental
results for the two different chambers were compared, the results for the relative response in magnetic fields
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Figure3. Comparison of the experimental values of k ,, , for a PTW 30013 Farmer ionization chamber and the FEM-adjusted
Monte Carlo simulation. For comparison, the figure also includes the results of a simulation without the FEM adjustments.

Table 1. Experimental values for kg, .

kE,M,Q
—15T —0.35T 0.35T 1.5T Smax (%]
PTW 30013—006762 0.9679(1) 0.9695(1) 0.9769(1) 0.9647(1) 0.11
PTW 30013—009193 0.9681(1) 0.9695(1) 0.9771(1) 0.9647(1) 0.16

matched within 0.04%. The small differences also highlight the excellent reproducibility of the experimental
method.

The FEM calculations resulted in a dead volume of 0.04 cm?, which equals 7% of the nominal sensitive vol-
ume. Figure 3 shows the experimental results obtained for the PTW 30013 ionization chamber compared to the
results of the FEM-adjusted MC simulation, as well as the result of a simulation without FEM adjustments in
which the sensitive volume coincides with the physical dimensions of the chamber cavity. To compare the results,
the mean of the squared deviations between the values of kg, , resulting from the experimental measurements
and the simulations was calculated. For the FEM-adjusted simulation, the mean squared deviation is 0.21(34)%,
while a value of 1.03(32)% was found for the simulation without FEM adjustments. The maximum difference
between the simulation and the experiment is 0.31(30)% at B = 1.5 T and the minimum difference is 0.02(24)%
atB=—045T.

Discussion

Theintroduction of FEM adjustments to the Monte Carlo simulations has significantly improved the consistency
of the calculated values with the experimental results. For Farmer type ionization chambers in perpendicular
orientations, the deviation between the simulated and experimentally obtained dose responses in magnetic fields
was reduced to less than 0.31(30)% for all values of the magnetic flux density, which is a significant improvement
over the results without FEM adjustments, where deviations range up to 1.44(32)% at B = 0.9 T. The advantage
of the approach presented here over previous publications (Malkov and Rogers 2017, Spindeldreier et al 2017)
is that the adjustment of the collecting volume takes into account the actual form of the dead volume. Previous
publications modeled the dead volume as cylinders with the radius of the geometrical volume of the ionization
chamber and placed the dead volume near the guard. However, the actual geometry of the dead volume more
closely resembles a torus and disappears near the collecting electrode. Because of these differences, the calculated
volume of the dead volume in this manuscript cannot be compared directly to the volumes presented in previous
publications (Malkov and Rogers 2017, Spindeldreier et al 2017).

Spindeldreier et al (2017) determined the sensitive volume in a semi-empirical way. MC simulations they
performed included cylindrically shaped dead volumes of different sizes. The size of the actual dead volume was
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Table2. Comparison of the values for kg, , presented in this work and the value from a Elekta Unity setup published by van Asselen et al
(2018). Note that the uncertainty of the value of van Asselen et al was multiplied by a value of 2 to make it comparable to the uncertainties
given in this work that are presented for k = 2.

This work
PTW30013 S/N 6762 PTW 30013 S/N 9193 Monte Carlo van Asselen ef al
kE,M,Q (B= —157) 0.9679(1) 0.9681(1) 0.967(3) 0.967(4)

adjusted to bring the simulation results in accordance with experimental results up to 1.1 T. This approach sim-
plified the geometrical shape of the dead volume. In addition, calculating correction factors for 1.5 T based on
this method is an extrapolation, which may explain the discrepancies to experimental results.

Another advantage of the FEM-based method presented in this work is that the determination of the dead
volume is independent of any measurement; MC calculations based on the method presented in this work can
therefore be used to independently validate any measurement and vice versa.

This method may be further improved by implementing modelling of inhomogeneous electromagnetic
fields to the Monte Carlo algorithm itself because, currently, the method assumes that one part of the volume has
no response at all and another part has a fully collected charge without considering regions where the response is
only reduced to a smaller value.

The results of this work agree within the uncertainties with the experimental data obtained in an Elekta Unity
MR linac (van Asselen et al 2018). An overview of all values obtained for the PTW 30013 ionization chamber is
given in table 2 together with the results of measurements performed using an Elekta Unity system published in
van Asselen ef al (2018). All the results match within the uncertainties given in table 2. This may seem surprising
at first glance (the manufacturer describes the beam in the Elekta Unity MR linac as ‘7 MV FFF’), in the exper-
imental setup presented in this work, all experiments were performed using a conventional linac with a flattening
filter and a nominal acceleration voltage of 6 MV. Additional differences exist between the experimental setup in
this work and the experimental setup in the work of van Asselen et al (2018) regarding the field size (4 x 10cm?
instead of 10 x 10cm?) and the SSD (110 cm instead of 133.5cm). This indicates that the change in the response
of a given ionization chamber due to the influence of a magnetic field, and therefore the correction factor kg, 1,
is largely independent of these changes. To confirm this, further work is required.

The good agreement between the experimental results on the one hand and the low intra-type variability on
the other allows for the possibility thata value for kg ,; , can be taken from literature fora PTW 30013 ionization
chamber. However, this must be confirmed in future work that includes more than two ionization chambers.

Without FEM adjustments, the deflected electron trajectories lead to an increased response if the electrons
are deflected to the stem of the ionization chamber (B > 0 T), compared to when the electrons are deflected to
the tip of the ionization chamber (B < 0 T), as seen in the asymmetry of the green curve in figure 3. This is due
to the fact that the secondary electrons are deflected to a partial volume (around the guard) that is larger than the
partial volume they would have been directed to if deflected towards the tip. Therefore, they are less likely to leave
the sensitive volume if they are deflected to the stem instead of the tip.

It may be surprising that a change of only 7% in the nominal sensitive volume results in a change in the influ-
ence of the magnetic field of more than 1%. The reason for this is that, if the secondary electrons are deflected
to the stem of the ionization chamber by the magnetic field, a larger dose will be deployed into the area around
the guard, even though this area is insensitive to dose scoring, thus canceling out most of the overall effect. Fur-
thermore, the dead volume leads to an additional increase in the response when the electrons are deflected to the
tip. This is because the dose given off by secondary electrons passing the dead volume is also neglected when no
magnetic field is present. However, if the magnetic field directs these electrons from the dead volume towards the
tip of the ionization chamber, these electrons can again give off a dose, thus increasing the response.

Conclusion

This work shows that Monte Carlo simulations of Farmer type ionization chambers in magnetic fields converge
with the experimental results for magnetic flux densities up to 1.5 T if the FEM adjustments to the sensitive
volume presented here are applied. This is an improvement to previous publications (Malkov and Rogers 2016,
O’Brien and Sawakuchi 2017, Spindeldreier ef al 2017), thus allowing the conclusion to be drawn that FEM-
based determination of the sensitive volume presented here drastically improves Monte Carlo simulations of
ionization chamber responses in magnetic fields.

Experimental values for kg ,, , were determined for magnetic flux densities up to 1.5 T; these values can be
used to define dosimetry protocols for MR-guided radiotherapy or in clinical routine dosimetry. Developers of
Monte Carlo algorithms can use this data to develop or verify new Monte Carlo methods for this specific scenario.
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Abstract

In magnetic resonance guided radiotherapy (MRgRT) radiation dose measurements needs to be
performed in the presence of a magnetic field. In this study, the influence of magnetic fields on the
readings of a Fricke detector, a chemical dosimeter, have been investigated in 6 MV photon beams.
This type of detector has been chosen, as the Federal Office of Metrology (METAS, Switzerland)
has great experience with Fricke dosimetry and since it is not expected that this detector is greatly
affected by the presence of a magnetic field.

Magnetic fields with field strengths between 0 T and 1.42 T were applied during the detector
irradiation.Ina5 x 10 cm?irradiation field, the Fricke readings are affected less than 0.9% by the
applied magnetic fields. Taking the altered dose distribution due to the magnetic field (¢p) into
account, the magnetic field correction factors (kg q) for the Fricke detectorat0.35 Tand 1.42 T
are determined to be 0.9948 and 0.9980, respectively. These small corrections hardly exceed the
measurement uncertainties. Hence, we could proof that the Fricke detector is not significantly
influenced by the presence of a magnetic field.

The Fricke detector was also tested for the feasibility of measuring output factors in the presence of
magnetic fields. For irradiation field sizes larger than the detector (>2 x 2 cm?), comparable results
were obtained as for other detectors. The output factors decrease when a magnetic field is applied.
This effect is more pronounce for larger magnetic field strengths and smaller irradiation fields due to
shifts of the depth dose curves and asymmetry of lateral dose profiles.

1. Introduction

In MR-guided radiotherapy (MRgRT) the magnetic resonance (MR)-imaging technique is combined with high-
energy photon irradiation to improve the irradiation as the contours of tumors, organs and healthy tissue can
be adapted on daily basis or even online and therefore exposure of healthy tissue can be reduced (Lagendijk
et al 2014, Schmidt and Payne 2015). The magnetic field changes the dose distribution since the Lorentz force
deflects the path of the secondary electrons generated by the photon beam. This leads to shifts in the position
of the maximum dose (d,;,¢) in depth dose curves, to an asymmetry in lateral dose profiles and at tissue-air
boundaries an electron return effect (ERE) occurs (Raaymakers et al 2004, Raaijmakers et al 2007, 2008, Agnew
et al 2017, Looe et al 2017, O’Brien et al 2017, Richter et al 2017, Wegener et al 2019). As the magnetic field
cannot easily be switched off, the measurement of the radiation dose needs to be performed in the presence of
the magnetic field. Therefore, the response of the detector is affected by the magnetic field and it needs to be
corrected. For ionization chamber type detectors, as commonly used in reference dosimetry, it was shown that
appropriate correction can be achieved by introducing a chamber specific correction factor kg . This correction
factor depends on the photon beam quality (Q), the magnetic field strength (B) and the mutual orientation of the
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detector and the magnetic field strength (Meijsing et al 2009, Reynolds et al 2013, Smit et al 2013, Spindeldreier
etal2017,van Asselen etal 2018).

Van Asselen et al (2018) proposed a formalism which separates the correction due to the effect of the magnetic
field on the dose distribution and the correction due to the effect on the detector response: first, a dose conversion
factor ¢ is defined as the ratio of the absorbed dose to water in a magnetic field (Dﬁ,’Q) to the absorbed dose to
water in the absence of the magnetic field (D) at the point of measurement. Second, a conversion factor kg u1,g
is defined as the ratio of the reading in the absence of the magnetic field (M) to the reading in the magnetic field
(Mg). In consequence, the magnetic field correction factor kg  can be expressed as:

k =cr-k = % . % (1)

BQ = CB - KBM,Q Dywo M3

which is essentially the ratio of chamber responses in a beam of beam quality Q without and with magnetic field.
The cg conversion factors are typically close to 1.0; deviations of 0.75% for 1.42 T in a 6 MV photon beam (Delfs
etal2018) or 0.5% for 1.5 Tina7 MV beam (O’Brien et al 2016) have been reported. The ¢ factors are obtained
by Monte Carlo simulations since it is difficult to separate experimentally the change of absorbed dose from the
change of detector response in magnetic fields. For an experimental determination of the ¢ factors, a detector
that is not affected by the presence of a magnetic field would be needed.

A water calorimeter at the Dutch metrology institute (VSL) is currently the only primary standard to measure
the absorbed dose to water in magnetic fields (D, ) that is directly linked to the international system of units (SI)
(de Prez et al 2019a). Recently, de Prez et al (2019b) reported first kg factors for PTW 30013 and IBA FC65-
G ionization chambers that are based on this primary standard. Several kg and kg p, factors were reported
that were determined by Monte Carlo calculations or by measurements of detector reading with and without a
magnetic field (O’ Brien et al 2016, Malkov and Rogers 2018, Pojtinger et al 2018, van Asselen et al 2018, Pojtinger
etal2019).

In this work, we have characterized the Fricke detector, a chemical dosimetry method, for its application in
MRgRT. The Fricke detector is closely water equivalent and its response is independent of the irradiation energy
for equivalent photon energies >2 MeV. Further, its response does not depend on dose rates up to 10° Gy s~!
(Fricke and Hart 1966, Pettersson and Hettinger 1967, Frankenberg 1969, Shalek and Smith 1969, Klassen et al
1999, Moussous et al 2011). The Fricke dosimetry method can be used as a primary standard for MeV electrons
(Feist 1982, McEwen et al 2014) and the Federal Office of Metrology (METAS, Switzerland) has great experience
with this application (Stucki et al 2003a,2003b, Stucki and Véros 2007, Vorss and Stucki 2007, Vorss et al 2012).
Furthermore, Fricke detectors have been used as secondary standards for several different applications in photon
and electron beams as well as in x-rays (Nahum and Greening 1978, Kuszpet et al 1982, Feist and Muller 1989,
Palm and Mattsson 2002, Austerlitz et al 2006, Moussous et al 2011, deAlmeida et al 2014, Moussous and Medjadj
2016).

The Fricke dosimeter contains ferrous iron (Fe?") that will be oxidized to ferric iron (Fe*™) upon irradia-
tion. The increase of the Fe’* concentration is proportionally to the absorbed dose and it is not expected that
the chemical reactions are greatly influenced by the magnetic field, making this detector potentially an ideal can-
didate for MRgRT applications. Here, we have measured the kg a,g correction factors of the Fricke detector for
different magnetic field strengths between 0 T and 1.42 T ina 6 MV photon beam. Additionally, we have tested the
feasibility of the Fricke dosimeter for the measurements of output factors.

2. Methods and experimental setup

2.1. Detector preparation

The Fricke detector consists of a perfluoroalkoxy alkane (PFA) sample cup from AHF Analysetechnik filled to the
top with Fricke solution (see figure 1). PFA was used as it is resistant against almost all chemical products, and
because of its low surface tension, almost nothing adheres to this material. Therefore, the interaction of the Fricke
solution with the vessel wall is small, lowering the self-oxidation processes of the Fricke solution. The sample cup
has a diameter of 11.85 mm, a height of 36 mm and a wall thickness of approximately 0.21 mm. The sample cup is
mounted on a holder during the irradiation as shown in figure 1(b).

For the preparation of the Fricke solution, 112 ml concentrated sulfuric acid (96%, suprapur) was diluted ina
51volumetric flask to 0.4 mol 1! using ultrapure water from a Milli-Q Advantage A10 system. The concentration
of the solution was verified by titration of 1 mol1~! NaOH. To eliminate non-linearity effects in the dose response
curve, two drops of HyO, (4%, suprapur) were added and neutralized with KMnOy solution (1%, pro analysis) as
described in Davies and Law (1963). The Fricke solution was then prepared with I mmol1~! ammonium iron(II)
sulfate (NH,)Fe(I1)(SO,),-6H,O (pro analysis), 1 mmol1~! NaCl (suprapur) and 0.4 mol 1~ ! sulfuric acid.
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Figure 1. Fricke detector. (a) Sample cup filled with Fricke solution and (b) sample cup mounted in the holder for irradiation.

The Fricke solution was prepared freshly on the first measurement day and was used during the next 1-2
weeks. The solution was stored in PFA bottles (11) that were covered with aluminum foil to protect the solution
from light and to lower the self-oxidation processes (ISO 51026 2015). The Fricke solution was transferred to two
sample cups shortly before the photon irradiation (see section 2.3) using a PFA wash bottle that was filled each
day with the stored solution. It was taken care that no air bubbles were inside the sample cup. One of the two sam-
ple cups was irradiated; the other one was kept near the UV-spectrophotometer at 20 °C and was used as control.

2.2. Detector readout

Details about the working principle of the Fricke detector can be found in e.g. Fricke and Hart (1966). Here,
only the details are discussed, that are relevant for this study. The absorbed dose to the Fricke solution (Dr) was
determined as described in ISO 51026 (2015) using the following equation:

AA

D= 22
F p-l-e-G )

where AA is the absorbance change of the Fricke solution upon irradiation, p is the density of the Fricke
solution, ! is the path length through the photometric cell, ¢ is the molar extinction coefficient of Fe** and G
is the radiation chemical yield. AA was determined with a Cary 6000i UV-spectrophotometer (Varian) at a
wavelength of 304 nm, with a spectral bandwidth of 1.5nm. The determined absorbance values are an average
over 2min. The used quartz photometric cell had a path length of 0.9986 £ 0.0005 cm, as calibrated by METAS.
The molar extinction coefficient (¢) and the radiation chemical yield (G) are given in the ICRU Report 90 (2014)
as a combined value of € - G = 3.525cm? ]~ L. However, as only relative measurements were performed where
detector readings in an applied magnetic field were compared to readings without a magnetic field, the absolute
valueof p - I - € - Gis not needed since it is the same for all measurements.

The temperature in the photometric cell was held constant at the reference temperature of 25 °C using a ther-
mostat (Lauda Eco 420). The temperature during each irradiation was recorded and all AA values were corrected
to the reference temperature of 25 °C (= AAjs0¢) using the correction given by DIN 6800-3 (1980), which we
have experimentally verified.

To obtain the absorbed dose to water (Dyy ), correction factors have to be applied to Dy, as described e.g. in
deAlmeida et al (2014). These corrections include a dose conversion from the Fricke solution to water and a cor-
rection for the vessel wall. Since they are not influenced by the magnetic field and since only relative measure-
ments were performed, these corrections were not applied in this study.

The photometric cells were filled with a Pasteur pipette and emptied with a suction tube. Before each absorb-
ance measurement, the photometric cell was rinsed with solution at least 2 times. For each sample, a new Pasteur
pipette was used which has been cleaned with chrome sulfuric acid and ultrapure water. To compensate absorb-
ance effects of the sulfuricacid and the photometric cells in the probe and reference beams of the spectrophotom-
eter, a solution with the same composition as the Fricke solution but without any iron (basic solution) was filled
into both photometric cells and the absorbance was measured at the beginning of each measurement day. This
absorbance value was stored in the spectrophotometer application and subtracted from all subsequent measure-
ments. By measuring the absorbance of the basic solution periodically during the day, the absorbance drift of the
spectrometer was determined. However, no correction for this drift was applied as the absorbance of the unir-
radiated sample and of the irradiated sample were measured only 10 min apart and the drift was negligible. The
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absorbance measurements were performed typically 5-10 min but never longer than 1.5 h after the irradiation in
order to keep the self-oxidation of the solution as low as possible.

2.3. Irradiation setup
The irradiation was performed at the experimental facilities of the German metrology institute Physikalisch-
Technische Bundesanstalt (PTB) in Brunswick. Recently, the irradiation setup was described by Schiiller et al
(2019). Theirradiations were performed in a 6 MV photon beam of a linear accelerator (Elekta Precise Treatment
System) using a dose rate of 2-3 Gy min~! and a pulse repetition frequency of 400 Hz. A magnetic field was
generated between the pole shoes of a constant-current driven electromagnet (Bruker ER0173W), which was
homogeneous within 1 xT over 1 cm? region up to 1.42 T (Delfs et al 2018). The photon beam (directed in z) and
the magnetic field (directed in x) crossed orthogonally in the water phantom, as shown in figure 2. The freshly
prepared Fricke detectors (see section 2.1) were placed at 10 cm water equivalent depth inside a water phantom
with dimensions 7cm (x) x 21cm (y) X 21cm (2).

Dose response curves (see section 3.1) were recorded in the presence of magnetic field strengths (B) of 0 T,
0.6 T and 1.2 T by irradiating the Fricke detectors ina 6 MV photon beam (5 x 10 cm?) with approximately 1070
monitor units (MU) (=6 Gy), 7100 MU (/40 Gy), and 17800 MU (/100 Gy). For the determination of kg y,q
and the output factors (see sections 3.2 and 3.3), the Fricke detectors were irradiated with approximately 7100 MU
using different magnetic field strengths (0 T—1.42 T) and different radiation field sizes (3 X 3cm?-5 x 10cm?).
The same number of monitor units were used for irradiation with the magnetic field switched on as for the irra-
diations without magnetic field. The independence of the internal monitor readings from the magnetic field
has been confirmed within 0.15% (Delfs et al 2018). For the determination of the absorbed dose to water (Dyy
and D5,), the monitor of the accelerator was calibrated at B= 0 T in a photon-beam size of 5 X 10cm?, using
an ionization chamber (IBA FC65-G or PTW 30013) with the appropriate correction factors for temperature,
pressure, saturation and beam quality (Andreo et al 2006; DIN6800-2, 2008). Afterwards, the monitor readings
at B= 0T in a photon-beam size of 5 x 10 cm? were checked periodically each morning, noon and evening by
comparing the monitor units with Dy, measured with the ionization chamber. A linear correction for the drift of
the monitor readings was assumed.

For each setting, 3—4 Fricke detectors were irradiated and evaluated. Since the delivered absorbed dose to
water changed slightly from irradiation to irradiation, the detector readings (see section 2.2) were normalized
with the average value of Dyy so that the mean value of the detector readings for each setting could be determined.

3. Results

3.1. Linearity of the response

In figure 3(a) the Fricke readings (AA;s.¢) versus the absorbed dose to water (Dyy) for a 6 MV photon beam
applying magnetic field strengths of 0 T, 0.6 T and 1.2 T are shown. The points correspond to the average value
of 3—4 measurements. The experimental standard deviation of each AAjs o is approximately 0.3%. All dose
response curves are linear with a slope (AA,s.c/Dy) of about 0.00356 Gy !, with a correlation coefficient
of 1.00000. In figure 3(b) the deviation of the measured AAjso¢ values from the fitted slope are shown. The
deviation is smaller than 0.4% for all data points, hardly exceeding the measurement uncertainties.

3.2. kg u,qfactors

Following the notation of van Asselen et al (2018), kg a1, is defined as the ratio of the detector readings without
a magnetic field (Mq) to the readings in the magnetic field (Mg), see equation (1). For the Fricke detector, the
readings correspond to the absorbance change (AA) upon irradiation. As described in section 2.2, the influence
of the irradiation and readout temperatures on the Fricke readings were corrected.

ko = Mo _ Adxec (3)
. Mg JAVL AP

Figure 4 shows the determined kg y1,q factors for the Fricke detector measuredina5 x 10cm?6 MV photon beam.
The measurements for B = 0.6 T and 1.2 T have been repeated several months later to verify the reproducibility
of the results, which is discussed in section 4.1. The error bars correspond to the relative combined standard
uncertainty (k = 1), see table 1.

3.3. Output factors

The output factor is defined as the ratio of the dose at the position Pin a phantom for a field size A, to the dose at the
same position Pina 10 x 10 cm? reference field (Podgorsak 2005). The largest possible field in our experimental
setupwasonly 5 x 10cm? due to the limited spacing between the magnet poles. Hence, the output factors for the
Fricke detector are normalized to this field size. Typically, the output factors are shown as a function of equivalent
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Figure2. (a) Overview photo of the irradiation setup. (b) Photo of the 7 cm wide water phantom placed between the pole shoes
of the electromagnet. The direction of the magnetic field (x-axis) and of the photon beam (z-axis) are illustrated. (c) Schematic
drawing (not to scale) of the irradiation setup shown in (a). (d) Schematic drawing of the setup with view from the top.
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Figure 3. (a) Fricke detector calibration curve for 6 MV photonsina5 x 10cm?irradiation field applying magnetic field strengths
of 0T (blue),0.6 T (red) and 1.2 T (green). Each symbol corresponds to an average value of 3-4 measurements. (b) Deviation of the
measured values from the fitted line.

square fields with the assumption that the output for rectangular fields is equal to the output for the equivalent
square field. The rectangular fields with sides a and b were recalculated to a square field with sides a., using Day’s
rule (Podgorsak 2005).

Figure 5 shows the output factors for the Fricke detector in the presence of different magnetic fields. Note that
for the4 x 10cm?,3 x 10cm?and 2 X 10cm? fields only B = 0 Tand B = 1.42 T were applied, whereas for the
other fields also B = 0.35T, B = 0.6 T and B = 1.2 T were applied. Only small changes of the output factors due
to the magnetic fields are observed for fields >2 x 2cm? (<1%), see figure 6. Here, all output factors are smaller
in the presence of a magnetic field compared to the measurements without an applied magnetic field.

4. Discussion

4.1. Reproducibility and dose response linearity of the Fricke detector
The experimental standard deviation of AAjsoc for measurements without an applied magnetic field in a
5 x 10 cm?irradiation beam is approximately 0.3% in the range of absorbed dose to water between 6 Gy to 100 Gy,
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Figure4. kg, factors measuredina 6 MV photonbeam (5 x 10cm?) by applying different magnetic field strengths. Two sets of
measurements are shown which were recorded several months apart. The magnetic induction of measurement set 2 (@) are offset
fromset 1 (A) to show the data more clearly. The error bars correspond to the relative combined standard uncertainty (k = 1), see
table 1.

Table 1. Relative standard uncertainties u(X;)/X; for the calculation of kg o (= Adzsoc/AAE ).

Quantity X; u(X;)/X;

Fricke readings without magnetic field

Monitor calibration 0.317%
Stability of monitor calibration over a day 0.058%
Stability of spectrophotometer over 10 min® 0.013%
Repeatability of absorbance® 0.070%
Solution temperature during detector readout 0.014%
Change of temperature during irradiation 0.015%
Positioning of detector (depth in water) 0.039%

Fricke readings with magnetic field

Monitor calibration 0.317%
Stability of monitor calibration over a day 0.058%
Independence of monitor from B-field” 0.150%
Stability of spectrophotometer over 10 min* 0.013%
Repeatability of absorbance® 0.070%
Solution temperature during detector readout 0.014%
Change of temperature during irradiation 0.015%
Positioning of detector (depth in water) 0.039%
Relative combined standard uncertainty 0.494%
Expanded relative uncertainty 0.977%

 The relative uncertainty was determined for typically measured AA,so¢ values.
b See Delfs et al (2018).

see table 2, which is in the same magnitude as reported by Moussous et al (2011) for their measurements between
5 Gy and 25 Gy. In table 2 also the experimental standard deviation of AAjs.c measured in the presence of
different magnetic field strengths are shown. They are with up to 0.5% slightly higher than for B =0 T. The
different magnetic field strengths were not always applied in the same sequence and dependent on that sequence
slightly different AA;s o values were measured. The largest changes were observed when B = 1.42 T was applied
directly after B= 0 T. It seemed that the monitor of the accelerator, which was used as reference, was slightly
influenced by the magnetic field dependent on the sequence of the applied magnetic field strengths.

Measurements of kg s, factors were performed several months apart. They agree within 0.5%, see the two
measurement sets in figure 4.

Figure 3 demonstrates that the Fricke detector has a linear dose response between 6 Gy and 100 Gy. The
linearity is not affected by the presence of a magnetic field. The measured dose response curves with a slope of
approximately 0.003 56 Gy~ ! are comparable with the results Moussous et al (2011) obtained for 6 MV photon
beams (0.0036 Gy !), although they used glass-walled bottle-shaped ampoules while we used PFA sample cups.
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Figure 5. Output factors measured with the Fricke detector in the presence of different magnetic field strengths.
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Figure 6. Dependence of the output factors (signal relative to the 5 x 10cm? field) on the magnetic field strengths for irradiation
field sizes >2 x 2cm?

Table 2. Reproducibility of the Fricke detectors for measurements without an applied magnetic field and for Dy, = 39.89 Gy applying
different magnetic field strengths (B).

Dose [Gy] Mean® SDP

6.03 0.02152 0.20%
40.08 0.14274 0.32%
99.92 0.35599 0.33%
B-field [T] Mean® SD"

0 0.14180 0.34%
0.35 0.14186 0.15%
0.6 0.14192 0.49%
1.2 0.14116 0.35%
1.42 0.14102 0.49%

* Mean value of 3—4 readings of AAjsoc.
b Experimental standard deviation of AAsoc.

For both measurements, it was assumed that the detectors are water equivalent and no corrections for the differ-
ent materials were applied to convert Drinto Dy,

Although only relative measurements were performed in this study where Fricke readings with and without
the presence of a magnetic field were compared, the plausibility of our Fricke measurements for B= 0 T was
verified by determining e - G and comparing it to the literature. The slope of the dose response curve forB= 0T
was converted to € - G, see equation (2), using the density of the Fricke solution p and the path length through
the photometric cell I. A value of € - G = 3.491cm? ]! is obtained, which is 1% lower than the value recom-
mended in the ICRU report 90 (2014) for 6-15 MeV electron beams. According to this reference, € - G decreases
for smaller beam energies, e.g. € - Gis 0.7% smaller for ®®Co beams. As the corrections to convert Dyinto Dy were
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Table3. kp)qand kp g factors measured with the Fricke detectorina 5 x 10cm? photon beam (6 MV).

B-field [T] kgm0 kg,
0.35 0.9995 0.9948
0.6 0.9991

1.2 1.0045

1.35 1.0091

1.42 1.0055 0.9980

not applied in this study, a deviation from the recommended value is expected. For pyrex glass vials, a material
which has approximately the same density as the used PFA, a correction of 0.62% for 6 MV beams is predicted
(Maetal 1993). Hence, the predicted correction is close to the observed deviation of 1%. Note that for the deter-
mination of kg ), and output factors, the ratio of two Fricke readings is calculated and therefore possible devia-
tions cancel out.

4.2. kgmqand kg gfactors

Table 3 summarizes the kg o factors measured in a 5 x 10cm? 6 MV photon beam (see also figure 4). The
change induced by the magnetic field on the Fricke readings slightly increases with the magnetic field strength,
but it is smaller than 0.95% for all measurements. This increase is expected, as the altered dose distribution,
which is corrected with the dose conversion factor cg, is more influence by larger magnetic field strengths (Delfs
et al 2018). cg factors for 0.35 T and 1.42 T, calculated for the same setup as used in this work, were published to
be 0.47% and 0.75%, respectively (Delfs et al 2018). As shown in equation (1), kg is obtained by multiplying c
with kg pr,. The kg  factors for the Fricke detector are listed in table 3. The correction due to the magnetic field is
0.52% and 0.20% for 0.35 T and 1.42 T, respectively. The measurement uncertainty of the kg );,o factors are in the
same magnitude, see table 1. Hence, no significant change of the Fricke response due to the magnetic field could

be observed.

4.3. Influence of magnetic field on Fricke output factors

Moussous and Medjadj (2016) have shown that output factors measured with Fricke detectors for field sizes
between 5 x 5cm?and 20 x 20cm? in a ®°Co beam agree within 0.5% with ionization chamber measurements
(WDIC70+#141), when no magnetic field is applied. Here, we have measured output factors in the presence of
magnetic field strengths between 0 T and 1.42 T using Fricke detectors. As shown in figure 6, the output factors
decrease slightly in the presence of a magnetic field for irradiation beam sizes >2 x 2cm?. This was expected
since we have measured all output factors at the same position although the presence of magnetic fields shift
the depth dose profiles. Additionally, the applied magnetic field leads to a skew of the lateral beam profiles.
Both effects will decrease the local dose at the measured position. It is expected that for smaller irradiation field
sizes, larger changes in the output factors will occur since the asymmetry of the lateral dose profiles will be more
pronounced (O’Brien et al 2017). This was indeed observed with the Fricke detectors. As shown in figure 6, the
changes for the 3 x 3 cm?field are larger than for the 5 x 5cm? field.

The agreement of the Fricke output factors at 0 T with microDiamond (PTW 60019), diode (PTW 600012)
or Semiflex 3D (PTW 31021) measurements is within 0.7% for field sizes >4 x 4 cm?®. By comparing the Fricke
results for 1.42 T with the microDiamond, diode and Semiflex 3D results for 1.5 T, the same findings as for 0 T
were observed.

5. Conclusions

The linearity of the Fricke response curves between 6 Gy and 100 Gy is not influenced by an applied magnetic
field during the irradiation with a 6 MV photon beam. The slope of these response curves are with about
0.00356 Gy ! comparable with previously published values (Moussous et al 2011, ICRU 2014, ISO 2015). The
difference of approximately 1% is explainable with the fact that no correction for the conversion from Dy to Dy,
was applied in this work. For measurements of kg », and the output factors, this correction was not needed as
they are the same for all measurements and therefore cancel out for theses relative measurements.

The experimental standard deviation is approximately 0.3% for measurements without an applied magnetic
field and increases slightly to 0.5% in the presence of a magnetic field. Measurements performed several months
apart, agree within 0.5% with each other.

By irradiating Fricke detectors with 7100 MU in magnetic fields with different field strengths (0-1.42 T),
kg g factors were determined. The Fricke readings change less than 0.95% for all applied magnetic field
strengths in the 5 X 10 cm? irradiation field. Using the published cz dose conversion factors for 0.35 T and 1.42 T
(Delfs et al 2018), the magnetic field correction factors kg g of 0.9948 and 0.9980 were obtained for the Fricke
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detector. Since the corrections are in the same magnitude as the measurement uncertainty, it can be assumed that
the detectors are not significantly influenced by the presence of a magnetic field.

Output factors were determined with the Fricke detector at a water depth of 5 cm. The measured output fac-
tors agree within 0.7% with microDiamond, diode and Semeflex 3D results for irradiation field sizes >4 x 4 cm?.
The measurements in the presence of different magnetic field strengths showed that the output factors decrease
with the applied magnetic field strengths. This decrease is more pronounced for smaller field sizes, due to shifts of
the depth dose curves and asymmetry of lateral dose profiles.
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Abstract

Magnetic field correction factors are needed for absolute dosimetry in magnetic resonance
(MR)-linacs. Currently experimental data for magnetic field correction factors, especially for small
volume ionization chambers, are largely lacking. The purpose of this work is to establish,
independent methods for the experimental determination of magnetic field correction factors k§7 Q
in an orientation in which the ionization chamber is parallel to the magnetic field. The aim is to
confirm previous experiments on the determination of Farmer type ionization chamber correction
factors and to gather information about the usability of small-volume ionization chambers for
absolute dosimetry in MR-linacs. The first approach to determine kﬂ is based on a
cross-calibration of measurements using a conventional linac with an electromagnet and an
MR-linac. The absolute influence of the magnetic field in perpendicular orientation is quantified
with the help of the conventional linac and the electromagnet. The correction factors for the
parallel orientation are then derived by combining these measurements with relative
measurements in the MR-linac. The second technique utilizes alanine electron paramagnetic
resonance dosimetry. The alanine system as well as several ionization chambers were directly
calibrated with the German primary standard for absorbed dose to water. Magnetic field correction
factors for the ionization chambers were determined by a cross-calibration with the alanine in an
MR-linac. Important quantities like kj 5.Q for Farmer type ionization chambers in parallel

orientation and the change of the dose to water due the magnetic field (cz) have been confirmed.
In addition, magnetic field correction factors have been determined for small volume ionization
chambers in parallel orientation. The electromagnet-based measurements of kj ,, for 7MV/1.5T
MR-linacs and parallel ionization chamber orientations resulted in 0.9926(22), O 9935(31) and
0.9841(27) for the PTW 30013, the PTW 31010 and the PTW 31021, respectively. The
measurements based on the second technique resulted in values for kﬁ,Q 0f0.9901(72), 0.9955(72),
and 0.9885(71). Both methods show excellent accuracy and reproducibility and are therefore
suitable for the determination of magnetic field correction factors. Small-volume ionization
chambers showed a variation in the resulting values for kj , and should be cross-calibrated instead
of using tabulated values for correction factors.

1. Introduction

MR-linacs, which combine magnetic resonance (MR) imaging with medical linear accelerators (linacs) are
increasingly available for patient treatment in hospitals. From the start of this technical development, a
major challenge has been the establishment of a reliable experimental method for the measurement of the
absorbed dose to water in an MR-linac environment. This is because the response of ionization chambers,
which are routinely used to calibrate the linac output, is known to be influenced by magnetic fields (Meijsing

© 2020 Institute of Physics and Engineering in Medicine
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Figure 1. Orientation of the magnetic field vector B, beam direction 7 and Lorentz force ﬁL for the determination of kg ,, Q in
perpendicular and parallel orientation of the ionization chamber.

et al 2009). Therefore, magnetic field correction factors have been determined in experiments as well as in
Monte Carlo simulations for many ionization chambers (Meijsing et al 2009, Smit et al 2013, O’Brien et al
2016, Spindeldreier et al 2017, Pojtinger et al 2018, 2019, Malkov and Rogers 2018, van Asselen et al 2018, de
Prez et al 2019).

For all MR-linacs, which are commercially available today, the direction of the photon beam is always
perpendicular to the magnetic field vector of the By field. As thimble type ionization chambers should be
positioned so that the ionization chamber axis is perpendicular to the direction of the photon beam, there
are two practically relevant orientations for the positioning of an ionization chamber. One orientation is the
orientation in which the ionization chamber axis is perpendicular to the magnetic field, and the other
orientation is the one in which the ionization chamber axis is parallel to the magnetic field (figure 1). For the
perpendicular orientation, the magnetic field corrections also depend on the orientation of the ionization
chamber’s tip (Pojtinger et al 2019).

In clinical practice, it is commonly assumed that the parallel orientation is preferable, as it has been
shown that the influence of the magnetic field on the response of Farmer-type ionization chambers is smaller
compared to the perpendicular orientation (van Asselen ef al 2018, de Prez et al 2019). Currently, reliable,
experimentally determined correction factors for parallel orientations are only available for Farmer-type
ionization chambers. Anyway, it must be mentioned, that some authors have presented results for other types
of ionization chambers at international conferences (e.g. Gohil et al 2018). The corrections that can be found
in the literature were determined by two different methods. One method compared ionization chamber
measurements in the same MR-linac with and without a magnetic field (van Asselen et al 2018). The second
method was based on a direct calibration of the ionization chamber in the MR-linac traceable to a water
calorimetry measurement (de Prez et al 2019).

In this work, we present two different experimental methods for the determination of magnetic field
correction factors for ionization chambers in parallel orientation. One method utilizes a 1.5 T electromagnet
to determine the effect of the magnetic field on the ionization chamber in perpendicular orientation using a
conventional linac. In a second step, the same ionization chamber is irradiated inside an MR-linac in
perpendicular as well as in parallel orientation. This is done to quantify the signal change caused by
repositioning the ionization chamber from the perpendicular to the parallel orientation in an MR-linac.
Combining the results of both measurements, a magnetic field correction factor can be calculated for the
parallel orientation.

The second method presented here is to determine the magnetic field correction for ionization chambers
in parallel orientation by cross-calibration directly in the MR-linac with alanine measurements evaluated by
electron paramagnetic resonance (EPR) dosimetry. A similar method was presented at an international
conference before (Billas et al 2017).

The aim of this work is to determine magnetic field correction factors for different ionization chambers
positioned in parallel orientation with respect to the magnetic field using those two experimental techniques.

2. Material and methods

2.1. Formalism
One way to express magnetic field correction factors was previously presented by van Asselen et al (2018).

2
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Table 1. Ionization chambers used in perpendicular orientation for the experimental determination of the relative response in magnetic
fields.

Sensitive volume

Ionization chamber Type S/IN Radius (mm) Length (mm)
PTW 30013 Farmer 006762, 009193 3.05 23
PTW 31010 Semiflex 0948, 03289 2.75 6.5
PTW 31021 Semiflex 3D 141576, 141577 2.4 4.8

A magnetic field correction factor kj , was defined, that can be applied for a specific magnetic flux

density Banda specific beam quality Q to correct the response of an ionization chamber for the influence of
the magnetic field. k5 , can be expressed as
kio= 5 ksmo (1)

where c; describes the change of absorbed dose to water by the magnetic field in a certain set of reference
conditions:

D,
CE = Dug’ (2)
kg a1, is the ratio of the readings of an ionization chamber in the same reference conditions with and
without the influence of a magnetic field:
— Mg
kg o = My (3)
The advantage of this formulation is that kg ,, , can be easily measured and simulated by comparing
ionization chamber measurements or simulations with and without the influence of a magnetic field. In
contrast, the experimental determination of cj is more challenging. Currently the common approach to
determining cj is by Monte Carlo simulations (O’Brien et al 2016, Delfs et al 2018, Malkov and Rogers 2018,
van Asselen et al 2018, Billas et al 2020). At MR-linacs, the only way to measure cj is by turning off the
magnetic field. For economic reasons, this is not practicable in clinical environments.

2.2. Electromagnet measurements in perpendicular orientation

The ionization chambers used for this part of the experiments are listed in table 1. In this experiment, the
perpendicular orientation is defined as the orientation in which the Lorentz force deflects the secondary
electrons towards the tip of the ionization chamber (figure 1).

For irradiation, two medical linacs (Precise Treatment System (151605 and 151617), Elekta AB,
Stockholm, Sweden) have been used; the nominal accelerating voltage was set to 4, 6 and 8 MV. An in-house
monitor chamber (Kapsch and Krauss 2009) was mounted on the shadow tray of the linac to monitor the
accelerator’s output. A large electromagnet (ER073W, Bruker, Billerica, USA) was placed in front of the
accelerator. A Hall sensor was positioned on one of the pole shoes to monitor the magnetic flux density using
a digital teslameter (DTM 151, Group3 Technology Limited, Auckland, New Zealand). A 6 x 20 x 20 cm?
water phantom was placed in the 6 cm gap between the pole shoes of the magnet. The source-to-surface
distance (SSD) was 110 cm. The photon beam was collimated to 4 x 10 cm? at the isocentre. The reference
point of the ionization chambers was placed at a 10 cm water-equivalent depth. All measurements were
repeated on three different days including a full repositioning of the detector.

The charge collected by the ionization chambers (Qpyobe) and the charge collected by the transmission
monitor chamber (Qpon) were measured simultaneously using electrometers (Keithley 6517, Keithley
Instruments, Solon, USA). The detectors were pre-irradiated with at least 1000 MU before each
measurement; the charge was collected for 150 s. Measurements were conducted for a magnetic flux density
of B= 1.5 T. This procedure was already used in our previous work (Pojtinger et al 2019), where it had been
shown to be in agreement with Monte Carlo simulations.

The charge collected by the ionization chamber was normalized to the charge collected by the
transmission monitor chamber. Then, kg, , in perpendicular orientation was calculated by dividing this
ratio measured at 0 T by the ratio at 1.5 T. In this work, the resulting quantity is called k,  :

— [ Qorobe Qprobe
kJ" Q— ( Qmon )BZO T/< Qmon )BZI.ST : (4)

k| o was measured for the beam qualities 4 MV, 6 MV and 8 MV (k| g—smv > k1 g=¢mv and ki g—gmv ).
These results were used to demonstrate that k| ¢ increases linearly with the photon beam quality specifier

3
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Table 2. Ionization chambers used for the experimental determination of the influence of changing the detector’s orientation in an
MR-linac setup. The dimensions of the ionization chamber’s sensitive volumes are summarized in table 1.

Tonization chamber Type SIN

PTW 30013 Farmer 006762, 010389
PTW 31010 Semiflex 03289, 007525
PTW 31021 Semiflex 3D 141576, 142175

TPRy,10, as it is defined in Andreo et al (2006). Then, k| =7 my was calculated by linear interpolation
between k| g—¢mv and ki q=smv:

k _ k1 ,o=smv — k1 Q=eMv
L,Q=7MV = TPRy; 1o(8 MV) — TPRyg_10(6 MV) * (5)

( TPRZQ,IQ (7 MV) — TPRZO,IO (6 MV)) + kl,Q:G MV

The values for TPRyg 10, for the conventional linacs have already been published in Krauss and Kapsch
(2014). For the MR-linac, TPRyg, 1o was presented by de Prez et al (2019).

2.3. Ionization chamber measurements at the MR-linac

In the second part of the experiments, the ionization chambers were irradiated using a 1.5 T MR-linac
(Unity, Elekta AB, Stockholm, Sweden) in perpendicular as well as parallel orientation (see figure 1). Not all
the ionization chambers listed in table 1 were available for the experiments at the MR-linac. Therefore, other
ionization chambers of the same type have been included with the MR-linac measurements, to investigate
intra-type variabilities. The list of ionization chambers that were used for this part of the experiment can be
found in table 2.

The ionization chambers were positioned inside an MR-compatible water phantom (Beamscan MR,
PTW, Freiburg, Germany). The phantom was placed at SSD = 113.15cm and the gantry angle was set to 90°.
The photon beam was collimated to 10 x 10 cm? at the isocentre, what corresponds to a 7.89 x 7.89 cm?
square field at the SSD. The reference point of the ionization chamber was positioned at a 10 cm
water-equivalent depth. Each ionization chamber was irradiated seven times with 200 MU. The collected
charge was measured using an electrometer (Unidos Webline (S/N 2161), PTW, Freiburg, Germany). The
series of measurements with each ionization chamber was repeated five times, including a full repositioning
of the detector in the parallel as well as in the perpendicular orientation.

For the quantification of the influence of the rotation of the chamber axis around the beam direction, the
relative change of the chamber response ¢, has been determined as the ratio of the measured charges in
perpendicular (Q_ ) and parallel orientation (Q):

— ([ QL
Crot = (QH )B:m. (6)

All charges have been corrected for the influence of water temperature and atmospheric pressure.
Then, the total influence of the magnetic field on the measurement in parallel orientation can be
calculated as:

kj = crot+ ki,o=7Mv (7)

2.4. Magnetic field correction factors based on alanine measurements
Alanine pellets were irradiated at the 1.5 T MR-linac (Unity, Elekta AB, Sweden) using the same procedure as
for the ionization chambers. For this, the alanine pellets were placed inside an inhouse manufactured holder.
This holder was made of polymethyl methacrylate and had the shape of the Farmer-type ionization chamber
PTW 30013. A stack of eight alanine pellets can be inserted into the tip of this holder (figure 2). The holder
was built in such a way that the centre of the fourth pellet sits at the same position as the reference point of a
PTW 30013 Farmer ionization chamber, i.e. 13 mm from the tip on the chamber axis. For irradiation, the
holder was placed in parallel orientation with respect to the magnetic field (figure 1).

Again, the measurements were repeated five times, including a full repositioning of the alanine holder.

The procedure for evaluating the applied dose on the alanine pellets was previously described in detail
elsewhere (Anton 2005, 2006).

To determine the dose distribution perpendicular to the beam axis, the beam profile across the detector
length was determined from the readings of the eight alanine pellets contained in the holder in a first step.
This was done for all five measurements. After that, the average beam profile was fitted with a cubic

4
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13 mm

Figure 2. Photograph of the tip of the alanine holder.

Table 3. Ionization chambers used for the experimental determination of the magnetic field correction in parallel orientation. The
dimensions of the ionization chamber’s sensitive volumes can be found in table 1.

Ionization chamber Type SIN
PTW 30013 Farmer 006762
PTW 31010 Semiflex 03289
PTW 31021 Semiflex 3D 141576

polynomial by polynomial regression (see figure 5). The maximum of this function was used to approximate
the absorbed dose to water in the centre of the beam and was noted as D, pine.

For all ionization chambers in table 3, a cobalt-60 calibration factor (N) was determined traceable to the
German primary standard of absorbed dose to water at the National Metrology Institute (PTB, Germany). In
addition, corrections for the polarity effect (k,) and ion recombination (k) were determined experimentally
at the MR-linac. Values for the beam quality correction factor (kg) have been taken from Andreo et al (2020).

The influence of the magnetic field on the depth dose distribution in water (cz) was calculated using the
Monte Carlo system EGSnrc (Kawrakow et al 2019). For this, a full accelerator head model of the Elekta
Unity was modeled in BEAMnrc (Rogers et al 2018). A detailed description and benchmark of the accelerator
head model can be found in Friedel et al (2019). The accelerator head model was compiled as a shared library
and coupled to the EGSnrc usercode egs_chamber (Wulff et al 2008). Simulation parameters were set in
accordance with earlier simulations (Pojtinger et al 2018, 2019). The dose was scored for a water cylinder
placed at a 10 cm depth inside a 30 x 30 x 30 cm® water phantom. The radius of the water cylinder was set
to 1 mm and the thickness was set to 0.2 mm. The irradiation conditions were set in accordance to the
MR-linac measurements.

A correction for the volume averaging effect (ky) was calculated as described in IAEA TRS-483 (IAEA
2017), by folding the beam profile resulting from the alanine measurements with the ionization chamber’s
cross-sectional area.

The influence of a magnetic field on measurements using alanine was recently investigated by Billas et al
(2020). To compensate for this effects, Billas et al (2020) introduced an alanine quality correction factor
kal’ o For this work, kal’ .o Was determined experimentally, what will be discussed later.

With the correction for the temperature and pressure (k,), the dose to water measured with an ionization
chamber (Dic) can be calculated from the reading of an ionization chamber (Mprope) as

DIC = NkQ kP (Mprobe kp ks kV CB‘ kE,M,Q) B=1.5T:- (8)

The quantities that are written inside brackets have been determined directly in the measurement
situation, at B = 1.5 T. If the dose to water is measured with an ionization chamber as well as with alanine
for the same irradiation conditions, Dj¢ can be replaced by D,janine:

Datanine = NkQ (kalyg,Q Mprobe kp kp ks kV Cg k§7M7Q> B=1.5T- (9)

This equation can be solved for k3 MO Hence, it can be used for the determination of k§ M.Q- based on an
alanine measurement. To make it clear that this equation is based on an alanine measurement, in the context
of this equation is noted as Kkyjapine:

Dz, . k, =
. . B, alanine al,B,Q
kalamne — Nkq k, < Mprobe ky ks ky Cﬁ)B:l ST (10)

5
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Table 4. Resulting uncertainties based on the uncertainty budget for the determination of kyjanine-

Quantity X; u(Xi) /X
Measurement ionization chamber 0.19%
Calculation of absolute dose IC 0.72%
Calculation of absolute dose alanine 0.31%
Relative combined standard uncertainty 0.80%

2.5. Magnetic field correction factors for alanine
To investigate the influence of the magnetic field on the alanine measurements, k) 5 , was directly measured
at the 1.5 T MR-linac (Unity, Elekta AB, Sweden) located at the Hopital Riviera-Chablais (Blonay,
Switzerland). At this site it was possible to perform measurements while the magnetic field of the MR-linac
was turned off.

Alanine pellets were placed in the alanine holder that was described before and were irradiated for
approximately 4700 MU. For this, the alanine holder was positioned in the isocentre of the MR-linac in
10 cm water-equivalent depth, inside of a dedicated water phantom built by the National Physical Laboratory
(NPL, Teddington, England). This was repeated three times on two different days, including a full
repositioning of the alanine holder. After ramping the magnetic field, the measurements were repeated.

In Billas et al (2020) the authors quantify the alanine quality correction factor for the presence of a
magnetic field as:

DB

M, M,
L, — —Zwe Mao _ . MaQ
kal,B,Q " Dwo ME T~ B MB (11)
’ al, Q al, Q

In this, My, ¢is the alanine EPR signal for the alanine pellets irradiated without the influence of a

magnetic field and MY} , for the pellets irradiated under the influence of a magnetic field. k, Q Was
calculated based on the described measurements.

2.6. Calculation of uncertainties
Uncertainties given for k; ¢ and ¢, have been estimated by the standard error of the mean (SEM) (JCGM
2008). The uncertainty for k|| results from the propagation of the uncertainty of k| =7 mv and cior. All these
values result from relative measurements that were repeated five times.

The uncertainty for kyjunine was calculated based on a full uncertainty budget. The uncertainties for
N, k;, ko and k; are given in table 7. The uncertainty for ¢z includes the Monte Carlo variance as well as an
additional uncertainty of 0.2%, considering the possibility of systematic Monte Carlo uncertainties (Wulff et
al 2010). Uncertainties for temperature and atmospheric pressure measurements were calculated based on
information given by the manufacturer of the measuring instruments. Additional uncertainties were
included for positioning, the electrometer as well as the dose values obtained by alanine dosimetry.

The uncertainty budget for the absorbed dose to water based on an individual alanine measurement was
described in detail in the literature (Anton 2006). In this work, the determination of the uncertainty for
D janine Was divided into two intermediate steps. In a first step, the uncertainty of the mean dose measured at
each pellet position was calculated by propagation of the uncertainty, based on the five individual
measurements. In a second step, the uncertainty for D,j.nine Was calculated by applying propagation of the
uncertainty to the polynomial regression that was applied to the mean dose values. A brief overview of the
uncertainty budget is given in table 4.

For the calculation of the uncertainty of alanine correction factor k,, 5 , propagation of uncertainty was
applied to the uncertainty of cz and the alanine EPR signal described by Anton (2006).

3. Results

3.1. Magnetic field correction factors for parallel orientations
Figure 3 shows the results of the linear regression for ko over TPRyg 0. All linear regressions resulted in a
coefficient of determination of R* > 0.99.

The results for k| o—7mv are shown in table 5.

The Farmer ionization chamber PTW 30013, which has the largest volume among the investigated
thimble-type chambers, showed a 2.9% increase in response in the magnetic field. Comparing the different
chambers of the same type, the two PTW 30013 ionization chambers show a very small variability in
k1, g=7mv, which is below 0.1%.
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Figure 3. Linear regression of k |, for different beam qualities. The red dashed lines show the results of the linear regressions.

Table 5. Experimental values for k | o—7my and kj , for the measurements in perpendicular orientation (figure 1).

B,Q”
Detector S/IN kL,Q:7MV kL,Q:7MVCB‘: kng
PTW 30013 006762 0.97140(95) 0.9652(22)
PTW 30013 009193 0.9720(11) 0.9658(22)
PTW 31010 0948 1.0179(22) 1.0114(30)
PTW 31010 03289 1.0208(22) 1.0142(30)
PTW 31021 141576 1.0546(18) 1.0478(28)
PTW 31021 141577 1.0608(17) 1.0540(27)

Table 6. Experimental values for ¢, and k“ .

Detector S/N Crot Ky kjcg = kB',Q
PTW 30013 006762 1.02840(38) 0.9990(10) 0.9926(22)
PTW 30013 010389 1.02889(57)

PTW 31010 03289 0.97952(90) 0.9999(23) 0.9935(31)
PTW 31010 007525 0.97661(66)

PTW 31021 141576 0.93914(61) 0.9904(18) 0.9841(27)
PTW 31021 142175 0.94076(75)

A mean reduction of the response amounting to 1.9% was observed for the smaller PTW 31010
ionization chamber. This is only a minor effect compared to the increase seen for the PTW 30013.
Furthermore, the variability in k;  ¢—7mv is about 0.3% for this orientation.

The smallest ionization chamber (PTW 31021) followed this trend with a further decrease of the
response by more than 5.8%. k| g, differed by more than 0.6% for the two ionization chambers under
investigation, for all beam qualities between 4 MV and 8 MV (see figure 3).

3.1.1. Magnetic field correction factors in parallel orientation

Figure 4 shows measured signals M ,p. corrected for temperature and atmospheric pressure for all
ionization chamber measurements conducted in the MR-linac. The values were normalized to the average
value over all measurements using the same ionization chamber, in the same orientation Mprobe. The
distribution of Mprope/ Mprobe can be interpreted as a quantification of the experimental reproducibility. All
values are within 0.3%, for both orientations and all ionization chambers.

The values for ¢;o; and k|| are shown in table 6. The change of the orientation of the Farmer ionization
chamber PTW 30013 from parallel to perpendicular increased the response by 2.9%. Again, the opposite
effect was observed for the smaller ionization chambers PTW 31010 and PTW 31021. For the PTW 31010 the
response decreases by about 2.1% and for the PTW 31021 by 6.0%. No significant intra-type variations for
the ionization chambers used were observed. Tables 5 and 6 also include values for kg, q- For this k| g=7mv
was multiplied with the same ¢z that was calculated by Monte Carlo for the determination of Kajanine-

The total influence of the magnetic field on the response of the ionization chambers was between 0.7%
and 1.6% for the parallel orientation.
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Figure 4. Mprope/ Mpmbe for all ionization chamber measurements performed in the MR-linac.
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Figure 5. Beam profiles acquired using alanine. The values have been averaged over five measurements. All values were
normalized to the maximum dose-value of the alanine. The tip of the alanine holder was directed in the in-bore direction.

Cubic Fit
Alanine

10

3.2. Magnetic field correction factors based on alanine measurements
Figure 5 shows the beam profile acquired with the alanine measurements. The maximum dose per MU was
found between the position of the third and fourth alanine pellet as Do = 0.01366 GyMU ™!,

The values for all correction factors can be found in table 7. The most prominent correction was the
correction for the beam quality ko, whereas Kkypnine (see equation (10)) quantifies the total influence of the
magnetic field on the signal of the ionization chamber.

The simulation of the influence of the magnetic field on the dose resulted in ¢z = = 0.9936(20).

3.3. Magnetic field correction factors for alanine
The direct measurement of the alanine quality correction factor for the presence of a magnetic field (k5 ;)

resulted in k, 5 , = 1.0010(28) and k, 5 ,

=0.9989(28) for the parallel and perpendicular orientation,

respectively. The results for the parallel orientation was used for the determination of kyjanine-
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Table 7. Quantities needed for the determination of Kjjanine, as well as the results for kganine and kg o

Detector PTW 30013 PTW 31010 PTW 31021
SIN 006762 03289 141576

kp 1.0000(12) 0.9990(11) 0.9965(12)
kq 0.9851(62) 0.9845(62) 0.9865(62)
ks 1.00563(51) 1.00361(51) 1.00432(51)
kv 1.0033(10) 1.0003(10) 1.0002(10)
N (uGyC™) 0.5384(14) 2.9530(74) 5.776(15)
Katanine 0.9965(80) 1.0019(80) 0.9949(80)
KatanineC5 = k5 o 0.9901(72) 0.9955(72) 0.9885(71)

4. Discussion

This work utilized alanine dosimetry as well as high precision measurements inside an electromagnet in a
conventional linac for the determination of magnetic field correction factors kj ,, for several ionization
chambers. kE,Q was measured for the parallel ionization chamber orientation (figure 1). This was done for
Farmer type as well as for small volume ionization chambers. For this purpose, two independent methods
were presented and described in detail.

Several parameters presented in this work quantify the reproducibility of the proposed methods. The
results based on measurements in the electromagnet showed an SEM below 0.3% for all measurements. This
was already shown for other magnetic flux densities in a previous publication (Pojtinger et al 2019). To
quantify the reproducibility of the experiments at the MR-linac, we have determined the ratio Mpyqpe/ Mpmbe.
As the measurements at the MR-linac were carried out on three different days, this value gives a
representative impression of the stability of the internal monitor chamber. Mjyqpe/ Mpmbe was shown to vary
by at most +0.3% for all measurements, proving a high level of repeatability and reproducibility.

Figure 4 gives an impression about the accuracy (and precision) of the positioning. The maximum of the
alanine beam profile has an offset of 1 mm to the fourth alanine pellet. As the alanine holder is designed like
a Farmer-type ionization chamber and was positioned in the same way as the ionization chambers, it can be
speculated, that there was an offset in the in-bore direction of approximately 1 mm during the ionization
chamber measurement.

In contrast to the work of Billas et al (2020) our investigations show, that measurements based on alanine
dosimetry are not influenced by a 1.5 T magnetic field for a 7 MV beam quality. Billas et al (2020) reported
that the alanine quality correction factor for the presence of a magnetic field might depend on the used
alanine holder, this could be the reason for the observed discrepancy.

k| can be directly compared to kyjanine. All presented values agree within the estimated uncertainties.
Nevertheless, it must be mentioned that the uncertainty for kyjanine is large (0.80%). As shown in table 7, the
highest contribution to the total uncertainty value is introduced by the correction for the beam quality.
Anyway, this uncertainty is still comparable to the uncertainties of the values that are currently available in
literature that in many cases are not based on a full uncertainty budget.

Recently, van Asselen et al (2018) have also determined values for kE, M.Q for the Farmer ionization
chamber PTW 30013. All values agree within the given uncertainty. In addition, all values presented for k ,,
for the ionization chamber PTW 30013 are in agreement with the measurements of de Prez et al (2019).

Furthermore, this work confirms the value of c5 that was calculated by van Asselen et al (2018). van
Asselen et al (2018) have used the treatment planning software for the determination of cz. This work
confirms the published value using the more accurate Monte Carlo algorithm implemented in EGSnrc. The
value presented in this work also agrees with the value calculated by O’Brien et al (2016), which was
calculated using Geant4.

All ionization chambers that were used for the experiments in this study have a similar radius of the
sensitive volume but differ in length (table 1). Therefore, some assumptions can be derived from results, for
the influence of the length of the sensitive volume of ionization chambers on magnetic field correction
factors. In perpendicular orientations, the response of ionization chambers is increased for thimble-type
ionization chambers with a long sensitive volume (like Farmer type ionization chambers). For short
ionization chambers, the response is more likely to be decreased instead of increased. Also, short ionization
chambers show a higher variability in kj ,,. The measurements involving the two PTW 31021 ionization
chambers show a variability in kg , of more than 0.6%.
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5. Conclusion

Two methods for the determination of magnetic field correction factors for ionization chambers for parallel
and perpendicular orientations have been presented. One method is based on alanine dosimetry, the other
method combines measurements inside an electromagnet with measurements inside an MR-linac. Both
methods showed an excellent reproducibility and are thus suited for clinical usage in MR-guided
radiotherapy.
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