
Reference dosimetry of MRI-guided 

radiotherapy machines 

by 

Ilias Billas 

A thesis submitted for the degree of Doctor of Philosophy 

(Ph.D.) 

The Institute of Cancer Research 

The University of London 

September 2021 

 



 

I, Ilias Billas confirm that the work presented in this thesis is my own. Where information 

has been derived from other sources, I confirm that this has been indicated in the thesis. 

  



Abstract 

3 

 

Abstract 

A cutting-edge cancer treatment modality, that integrates MRI guidance and delivery of 

radiotherapy (MRIgRT), sets a new standard for personalised radiotherapy. There are, 

however, aspects around the accurate determination of absorbed dose in a magnetic field 

that need to be resolved. The influence of the Lorentz force on the secondary charged 

particles perturbs the detector dose response and this puts MRIgRT outside the scope of 

currently available protocols for reference dosimetry. The aim of this thesis is to 

investigate, clarify and resolve issues around traceable reference dosimetry for, and 

calibration of, MRIgRT systems. In this new context, I characterise the performance of 

suitable commercially available detectors in the presence of strong magnetic fields. 

Furthermore, potential routes to achieve traceability in dosimetry for MRIgRT, which are 

compatible with the existing standards and calibrations available for conventional 

radiotherapy, are identified and established. Finally, I propose guidelines for calibration 

and audit. 

In this thesis I show that Gafchromic EBT-3 film and alanine are suitable detectors for 

dosimetry, with the inclusion of appropriate corrections, in MRIgRT. Based on this 

finding and with the inclusion of alanine as reference class detector, I demonstrate a route 

for the calibration of secondary standard ionisation chambers in MRIgRT, in terms of 

absorbed dose to water traceable to the NPL (National Physical Laboratory) primary 

standard. This methodology is applied to the currently commercial and in the under-

development MRIgRT systems, and I show that the uncertainty is comparable to, if not 

quite matching, that of dosimetry for conventional radiotherapy. The application of work 

described in this thesis includes an alanine reference dosimetry service, for MRIgRT 

systems. This allows a dosimetry audit, provided by NPL, and the calibration of ionisation 

chambers (but also other dosimeters), either by a site visit to radiotherapy centres or as a 

postal dosimetry service. 
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Chapter 1 Introduction 

1.1 Radiotherapy 

In the United Kingdom (UK) has been reported 367,000 new cancer cases every year 

(2015 – 2017) and 166,000 cancer deaths4. Nevertheless, the cancer mortality rates has 

decreased by 17% since early 1970s and the five-year survival rates have improved from 

24% to 50% over the last 40 years (Cancer Research UK, 2020). Radiotherapy has played 

a major role in health care and its evolution and improvement over time have allowed for 

more precise and personalised treatment. 

Radiotherapy is the most effective non-surgical treatment that uses high energy ionising 

radiation to cure the cancer completely (curative radiotherapy) or to reduce the symptoms 

of cancer (palliative radiotherapy). Radiotherapy can be given externally by a machine 

(e.g., 60Co, linear accelerator, protons) or internally by introducing a radiation source into 

the body in different ways (e.g., brachytherapy and molecular radiotherapy). The aim of 

any irradiation technique is to increase the probability of cure and minimise the risk of 

toxicity to healthy tissues. This can be achieved by a radiotherapy modality that can 

maximise the dose to the target tumour and minimise the incidental dose in surrounding 

normal tissues. Modern radiation techniques have greatly improved the risk-benefit ratio 

in radiotherapy. 

Advances in radiation physics and computer technology allows tumours to be visualised 

directly prior to or even during treatment and ensures that the delivered treatment is 

comparable with the planned treatment, making it possible to deliver radiation dose more 

precisely. This is what we call image guided radiotherapy (IGRT), which has a goal to 

improve the accuracy on delivering the radiation dose to the tumour while minimising the 

risk to healthy tissues. IGRT was initially performed using planar kV x-ray images, from 

a radiographic film, combined with skin marks on the external anatomy in order to 

position the patient with respect to the treatment machine (Haus et al., 1970). Progressive 

imaging methods, such as Electronic Portal Imaging Devices (EPID) (Herman et al., 

 

4Worldwide, there were more than 18 million new cases of cancer in 2018 (expected to rise to 27.5 million 

each year by 2040) with more than 9.5 million deaths: World Health Organization 2020. Global Cancer 

Observatory. https://gco.iarc.fr/. Accessed December 2020. 
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2001, Cremers et al., 2004), diagnostic X-ray source combined with advanced detector 

systems (Munro and Bouius, 1998, Berbeco et al., 2004), diagnostic Computed 

Tomography (CT) scanners (Court et al., 2003, Kuriyama et al., 2003), ultrasound 

devices (Western et al., 2015), etc., can be used for treatment set-up verification. Such 

technology provides from 2D to 4D (3D + time) information to improve target 

localisation and determine the delivered dose to the tumour more accurately. The 

combination or the integration of these imaging devices  with a dose delivery system  has 

also helped the implementation of advanced radiotherapy modalities, such as stereotactic 

radiosurgery (SRS) (Antypas and Pantelis, 2008) or stereotactic radiotherapy (SRT) 

(Uematsu et al., 2001), intensity modulated radiotherapy (IMRT) (Boyer et al., 2001) and 

volumetric modulated arc therapy (VMAT) (Popescu et al., 2010). 

1.2 MRI in radiotherapy 

1.2.1 MRI imaging 

In magnetic resonance imaging (MRI) systems, the philosophy of visualisation and 

digitisation of a medical image is based on signals received from tissue proton relaxation, 

which is stimulated by combining a magnetic field and radio waves. Single-proton nuclei, 

of hydrogen atoms in the body, have spin 1 2⁄ , which either aligns or anti-aligns with the 

magnetic field employed from the MRI scanner. In matter, the ratio of population for each 

state follows the Boltzmann distribution. The nuclei are excited by a radio-frequency (RF) 

pulse sequence having a particular frequency called the Larmor frequency, which is  

defined by the gyromagnetic ratio of the nuclear species of interest (i.e., typically nuclei 

with an odd number of protons) and the magnetic field strength. That frequency 

corresponds to the energy excess between the states and therefore allows spin state 

transitions via electromagnetic interactions (Banwell, 1983). The relaxation of those 

excited states can further be observed via a macroscopic quantity called the magnetisation 

which follows the Bloch equation. As the RF waves emitted during spin relaxation have 

a frequency determined by the magnetic field strength, the use of precise field gradients 

inside the bore of the scanner can differentiate the signal frequency and phase, which 

further allows localising the position where the signal is emitted, this way forming an 

image of signal intensity for a particular excited slice. 
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1.2.2 Advantages and challenges 

Radiotherapy relies on contemporary medical imaging techniques to achieve an accurate 

target definition and dose verification. Imaging is an important ingredient for treatment 

delivery in radiotherapy planning. Currently, CT data are mainly used in radiotherapy 

treatment planning, as they provide tissue-specific attenuation values (quantitative 

Hounsfield Units, HU), which are converted into electron density and used for radiation 

dose calculations on treatment planning system (TPS) (Chandarana et al., 2018). CT 

images, however, have limitations on distinguishing soft tissues, and introduces 

inaccuracy in the contour definition of tumour and organs at risk in radiotherapy. Often 

are registered into MRI planning scans, which provide superb soft-tissue image contrast. 

While CT provides geometrical information of dense-tissue and an electron density map, 

MRI allows better segmentation of the areas of interest. 

The incorporation of MRI in treatment planning significantly improves the delineation 

of, and enables more precise delivery of radiation to, the target volume. Due to its non-

ionising properties and the ability to differentiate soft tissue, MRI is an ideal imaging 

technique. MRI-only treatment planning is not yet a commercial product, but its benefits 

(i.e. avoiding the imaging dose and the uncertainties associated with the MRI to CT 

registration) and its independency from a CT have been highlighted in literature and 

reported in the review work by Owrangi et al. (2018). Despite the advantages of MRI-

only radiotherapy planning, there are several challenges, including lack of electron 

density information and geometric distortion. 

It is challenging for MRI to provide the underlying image data needed for the accurate 

radiation transport required for radiotherapy planning. Currently it cannot compete with 

a CT, which dominates this area. CT scans are primarily generated from the detection of 

an attenuated photon beam, where information of the electron density for each pixelized 

tissue can be determined. The disadvantage of an MRI to provide such information has 

been addressed from several studies (Korhonen et al., 2014, Prior et al., 2016, Largent et 

al., 2019, Leu et al., 2020), where they have developed methods to convert MR pixel 

values into electron density maps (i.e. generate pseudo-CT from MRI) needed on 

radiotherapy planning dose calculations. 
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Another disadvantage of MRI is related to image distortion, such geometric effects leads 

to errors in spatial localisation. The geometric distortions in MR images arises from 

various sources, which are categorised as hardware- and tissue-related (Deming and 

David, 2005). In MRI hardware, these sources are mainly the nonuniformity of the main 

magnet and the gradient field nonlinearity (in which the distortion is more pronounced 

away from the scanner isocentre (Doran et al., 2005)), and eddy currents (which are 

generated from gradient switching). The tissue-related sources include changes in local 

tissue magnetic susceptibility, which arise from variations in the magnetisation properties 

of different tissue types within the body. When the patient is placed into the scanner, 

tissues become magnetised to a degree which depends on the magnetic susceptibility of 

the tissue. This effect creates an opposing magnetic field which perturbs the main field. 

This opposing field cannot easily be quantified, as it depends on the position, size, shape, 

orientation and susceptibility of the tissues (Schenck, 1996). Large geometric distortions 

due to differences in susceptibility can occur at tissue-air interfaces. Distortions become 

more noticeable at high magnetic field strengths than at lower because the spatial 

resolution is improved (as is tissue contrast) while the positional error remains the same 

(for a given relative non-uniformity in the main magnetic field). In radiotherapy treatment 

planning it is crucial that images have acceptable quality and their distortion is minimised. 

Studies have characterised and proposed corrections for the geometric distortion of MRI 

scans used in radiotherapy treatment planning (Moerland et al., 1995, Fransson et al., 

2001, Crijns et al., 2010, Bhushan et al., 2012, Shan et al., 2020). The distortions 

generated by the MRI hardware are commonly quantified with the use of a phantom with 

a known geometry. Images of this phantom (reference images) are compared with MR 

images to create a distortion map across the field of view. Susceptibility artefacts (patient 

induced distortions), on the other hand, can be minimised by using shorter TE (time to 

echo) values and fast spin-echo instead of gradient-echo sequences. However, the detailed 

reasons why some imaging sequences are less affected by the susceptibility artefacts than 

others are beyond the scope of this introduction and are unrelated to the dosimetry issues 

investigated in this thesis. 

1.3 MRI-guided Radiotherapy 

During radiotherapy, the tumour and organs can change shape and move as the human 

body moves (e.g. breathing induced organ motion). Currently, wide margin of radiation 
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around the tumour is used to ensure that the tumour is always in the beam. Consequently, 

regions of the bodies are irradiated where no cancer exists to compensate for the 

movements. MRI-guided radiotherapy (MRIgRT), a state-of-the-art cancer treatment, 

addresses this issue. This new radiotherapy modality is delivered by an MRI-linac which 

combines a linac (linear accelerator) with an MRI scanner. Recently, MRIgRT was 

introduced in the community and the clinical proof-of-principle was delivered (Acharya 

et al., 2016, Fischer-Valuck et al., 2017, Raaymakers et al., 2017), with the ViewRay 

MRIdian™ system treating the world’s first patient in February 2014 (ViewRay™, 2014). 

An MRI-linac provides real-time images during a patient's treatment and greatly 

enhanced soft-tissue image contrast (as discussed previously), while completely avoiding 

the additional radiation dose associated with treatment integrated imaging x-ray systems. 

The advantage of high-quality images in an MRI-linac, will enable a radiotherapy beam 

to be targeted to a precise part of the cancerous tumour, that are the most malicious, and 

dramatically reduce side effects. MRIgRT is expected to facilitate real-time adaptive 

radiotherapy planned based on high contrast anatomical images, visualising anatomical 

changes of the patient, to explore the possibilities of an advanced personalised 

radiotherapy. 

1.3.1 Current MRIgRT systems 

Development and progress of MRIgRT has attracted the attention of several 

sites/companies aiming at integrating an MRI scanner with a radiotherapy treatment 

machine. Currently, there are four different concepts: the Elekta Unity™ from Elekta 

Instrument AB Stockholm, Sweden (Lagendijk et al., 2008, Raaymakers et al., 2009, 

Lagendijk et al., 2014b), the ViewRay MRIdian™ from ViewRay Inc., Oakwood, USA 

(Mutic and Dempsey, 2014) and the Aurora RT™ from MagnetTx Oncology Solutions 

Ltd. Edmonton Alberta, Canada (Fallone, 2014) are already commercial, and the 

Australian MRI-linac from the Liverpool hospital, Australia (Keall et al., 2014, Liney et 

al., 2016) is in the development phase. Figure 1.1 shows the different designs of MRI-

linacs and Table 1.1 presents some of their main differences, such as: the energy of the 

MV treatment beam, the orientation of the external magnetic field with respect to the 

radiation beam (parallel or perpendicular), the strength of the magnetic field ranging from 

0.35 T to 1.5 T and how the patient is irradiated from different coplanar beam directions, 

either by a radiation source rotating around the patient or by static source  with a ‘rotating’ 
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patient. For further details on differences between the MRI-linac designs, the reader is 

referred to the review articles by Lagendijk et al. (2014a) and Pollard et al. (2017). 

 

Table 1.1: Differences in the MRI-linac concepts 

1.3.2 Effect of magnetic field on radiation dosimetry 

The main new feature of the MRI-linac technology, however, is the presence of the 

magnetic field within the patient during treatment and its impact on the central physical 

quantity of radiation therapy: absorbed dose. Naturally, the magnetic field exerts an 

additional Lorentz force on the energy-depositing electrons in the patient and therefore 

both key aspects – the calculation of dose required for treatment planning and the 

MRigRT System MR design 

Magnetic 

field (T) Energy (MV) 

Direction of 

beam to 

magnetic field 

ViewRay MRIdian™ Split magnet 0.35 6 Perpendicular 

Aurora RT™ Biplanar 0.5 6 Parallel† 

Australian MRI-linac Open bore 1.0 4 & 6 Parallel† 

Elekta Unity™ Split bore 1.5 7 Perpendicular 

†Also known as inline MRI-linac 

 
Figure 1.1: Different MRI-linac designs. Elekta Unity, ViewRay MRIdian, Aurora RT™ and The 

Australian MRI-linac. 

Elekta Unity™ ViewRay MRIdian™

Aurora RT™ Australian MRI-linac
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measurement and verification of delivered doses – are affected.  My thesis focuses on the 

effect of the magnetic field on radiation dosimetry. Measurements of the radiation dose 

in MRIgRT need to be performed in the presence of the constant magnetic field associated 

with the MRI scanner. Available dosimetry protocols – neglecting the additional Lorentz 

force – do not support any traceable reference dosimetry in MRIgRT nor do they provide 

guidance for the radiation field characteristics measurements. There is an urgent need for 

new radiation dosimetry concepts and strategies that enable the safe clinical practice of 

MRIgRT.  My investigation will affect a large variety of essential processes in medical 

physics that ensures the safe delivery of dose to any patient. These include TPS 

commissioning and verification, output dose checks, dosimetry quality assurance (QA) 

and calibration of the linac dose output. 

One essential requirement for the clinical practice of MRIgRT is that dose delivered to 

the clinical targets and organs at risk should be known with an uncertainty less or equal 

to the currently established dose uncertainty in conventional radiotherapy. To get to this 

end, accurate metrological capabilities for reference dosimetry need to be developed to 

support future dosimetry protocols and provide the users with reliable dosimetry traceable 

to primary standards. Furthermore, audit methods under reference standard conditions 

need to be established to ensure consistency in dosimetry between centres that employ 

MRIgRT. 

Besides the aforementioned strategies that ensure the correctness of absolute dose values, 

the safe practice of MRIgRT relies on comparably high standards for relative dose profiles 

in all tissues of the patient. Radiotherapy treatments depend on the TPS, whose role is to 

accurately calculate the dose distribution in the patient’s anatomy. TPS dose calculation 

algorithms have been well characterised for conventional radiotherapy. However, 

MRIgRT presents a new challenge in predicting the dose in the patient due to the impact 

of the MRI static magnetic field on radiation transport. MRIgRT will also widely use 

small (on- and off-axis) and complex radiation fields to deliver optimized dose 

distributions to the patient. Unlike conventional small field dosimetry where a code of 

practice has recently been published (Palmans et al., 2017) and dose can consistently be 

measured, small field dosimetry in the presence of a magnetic field is challenging. A 

magnetic field may additionally accentuate charged particle disequilibrium in the 

presence of medium heterogeneities (Bouchard et al., 2015, de Pooter et al., 2015). 
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Changes in density over a short space, such as air- and bone-tissue interfaces, and the lack 

of standardisation in small field dosimetry in MRIgRT, lead to greater uncertainties that 

must be addressed in dose calculation algorithms. It is of great importance that TPS that 

handle MRIgRT are supplied with accurate measured input data of absolute and relative 

(depth and lateral dose profiles) dose. In this context, a suitable detector needs to have 

the ability to capture electrons affected by the Lorentz force in a medium and 

consequently the distorted lateral beam profiles and depth dose curves. These data may 

then be used to evaluate the accuracy of present and future dose calculation algorithms. 

1.4 Aims of the project 

The aim of this PhD project is to investigate, clarify and resolve issues around traceable 

reference dosimetry for, and calibration of, machines that integrate MRI guidance and 

delivery of radiotherapy. In this new context, the performance of commercially suitable 

detectors under the influence of magnetic field strengths is characterised for absolute and 

relative dosimetry. Furthermore, potential routes to achieve traceability in dosimetry for 

MRI-linacs, which are compatible with the existing standards and calibrations available 

for conventional radiotherapy, are identified. Finally, guidelines for calibration and 

reference dosimetry audit are proposed. 

The main issues I address in my thesis are: 

1. The definition of reference conditions which are relevant for patient dosimetry 

(Chapter 2). 

2. Assessment of available detector types for use in reference and relative dosimetry, 

taking into account MR safety, robustness, stability and dose response (Chapter 3 

and Chapter 4). 

3. Identification of potential routes to achieve traceability in dosimetry for 

MRI-linacs (Chapter 5).  

4. Analysis of uncertainty, including the identification and quantification of the most 

significant influence quantities (Chapter 3, Chapter 4 and Chapter 5). 

5. Draft guidelines for calibration and reference dosimetry audit services (Chapter 5 

and Chapter 6). 
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Chapter 2 Radiation dosimetry of photon beams with and 

without magnetic fields 

2.1  Radiation transport in matter 

In radiotherapy, the energy deposited by charged particles is the reason of killing cancer 

cells. In photon therapy, these particles are electrons, which ionise atoms in living cells 

leading with high likelihood to unrepairable damage, and finally cell death. Most of the 

ionisations that result from photon interactions originate from the interactions of 

secondary electrons. To get to this end, a sequence of interactions of photons and charged 

particles with a medium need to take place. As neutral particles photons undergo a small 

number of discrete interactions which can be sampled explicitly, it is feasible to simulate 

photon transport in a completely analogue way. On the other hand, electrons are charged, 

and in condensed media the number of interactions is too large to simulate in this analogue 

way. In the following, the sequence of photon and electron interactions is briefly 

explained. 

2.1.1 Interactions with matter 

To treat cancer with radiotherapy, photons (γ-rays) are either created by a radioactive 

source or by thick-target bremsstrahlung interactions of a linac – accelerated electron 

beam. The photon beams are shaped (i.e., collimated or modulated) and combined in an 

optimal way to maximise the absorbed dose to targets (i.e., tumours) while minimising 

absorbed dose to organs at risk. A photon penetrating a medium may lose all, part or none 

of its energy. In the latter, the photon is transmitted through a medium without any 

interaction. In the first two, the photon is absorbed or scattered: it may undergo a single 

or multiple interactions transferring all or part of its energy to the medium and set 

electrons into motion. The important interaction processes of the photon with a medium 

in medical applications are the photoelectric process, the Compton scatter and the pair 

production. All three interactions transfer energy from the photon radiation field to 

electrons (and a positron in the pair production process). The probability of any of them 

to happen depends on the energy of the incident photon and the atomic number of the 

material (Figure 2.1). The photoelectric process dominates at low energies, the pair 
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production at high energies and at intermediate energies the Compton scatter is the most 

important process of photon-tissue interactions in megavoltage radiation therapy. 

 

The result of the photon interaction processes is the production of energetic secondary 

electrons. These electrons, when moving through a medium, experience multiple 

interactions and their kinetic energy is decreasing in a stochastic process, until they come 

at rest or they leave the medium. Their kinetic energy is given up by two different 

mechanisms: collision losses and radiation losses. In the first one, electrons lose energy 

through interactions with the orbit electrons of an atom, which leads to excitation of an 

atom or ionisation. Any scattered electron may be energetic enough to interact with 

another atomic electron (produce further excitation or ionisation along its own path) 

before it loses its energy and is captured by an atom. The excited and ionised atoms, with 

vacancies in their orbits, will relax via the emission of photons (characteristic x-rays). 

There is also the probability for an electron, when it is moving to an inner shell, to transfer 

its excitation energy to eject an electron from an outer shell: the Auger electron, instead 

of radiating an x-ray. This process results with two vacancies, which may be filled with 

the emission of further Auger electrons leading to multiple ionisation of the atom. The 

probability of an Auger electron to be emitted decreases with atomic number of the 

medium. In the radiation loss process, high energy electrons can also interact with the 

 
Figure 2.1: The dominant interaction type as a function of photon energy for different atomic number 

(𝑍) of the absorber. Figure retrieved from Pawlicki et al. (2016). 
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electrostatic field of the atomic nucleus. When an electron passes close to a nucleus is 

decelerated, leaving in a different direction with reduced kinetic energy. The decrease in 

the electron’s kinetic energy results in a photon being emitted (named bremsstrahlung 

photon). As in the scattered electron from the collision losses process, the deflected 

electron may also interact with another atom. The bremsstrahlung production is 

increasing with the atomic number of the medium and therefore is higher probability of 

this occurring in materials with larger atomic number. In megavoltage radiation therapy, 

this process is unusual, because human’s tissues (soft tissues) have low atomic number. 

In this case collision losses predominates, and leads to a production of high-energy 

electron-photon cascade shower, which will stop when the energy of secondary electrons 

has been absorbed in the medium. During this process, electrons transfer their energy to 

medium, i.e. deposits absorbed dose. 

2.1.2 Magnetic field coupling to MV beams 

The key challenge of my thesis, in developing concepts of radiation dosimetry in the 

presence of a magnetic field, is the effect of the Lorentz force on the cascades of electrons 

set in motion by the original photon beam. Instead of traversing matter between 

successive interactions in a straight line, the electron follows a curved trajectory tending 

to spiral around the magnetic field direction. This modifies dosimeter response and the 

absorbed dose distribution in media. 

2.1.2.1 The Lorentz magnetic force 

The Lorentz force, 𝐹, is the combined force on a particle of charge 𝑞 with a velocity 𝑣 

from the electric field, 𝐸, and the magnetic field, 𝐵. 

 �⃗� = 𝑞(�⃗⃗� + �⃗� × �⃗⃗�) (2.1) 

While an electric field can affect the kinetic energy of a charged particle, a magnetic field 

cannot, because it acts perpendicular to the direction of motion. In the absence of an 

electric field, the force reduces to: 

 𝐹 = |𝑞�⃗� × �⃗⃗�| = 𝑞 𝑣 𝐵 sin (𝜃) (2.2) 

where 𝜃 is the angle between the direction of the velocity of the charge and the direction 

of the magnetic field. The motion of a charge particle in a magnetic field depends on the 
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initial angle 𝜃. Assuming a charged particle in a vacuum and in a uniform magnetic field, 

if 𝜃 is: 

• 0⁰ (parallel or antiparallel), the force will be zero and the charged particle 

continues to move along the same line with the same velocity in the same 

direction. 

• 90⁰ (perpendicular), the charged particle experiences maximum magnetic force in 

direction perpendicular to the plane of the magnetic field and it will start moving 

in a uniform circular motion. 

• at any other angle, it is only the component of the velocity which is perpendicular 

to the field which contributes to the force. The charged particle follows a helical 

path whose axis is aligned with the magnetic field. 

2.1.2.2 Effects on radiation transport 

The trajectories of electrons, transported in medium, in the presence of external electric 

and magnetic fields can be quite complicated, but may need to be considered in an 

analysis of the response of some detectors (for instance, the drift of ions in an air-filled 

ionisation chamber). For reference dosimetry in MRIgRT we can specialise to the case 

where the external field is purely magnetic. The electron loses kinetic energy through its 

interactions with the medium and the electron trajectory determines where this energy is 

absorbed by the medium. Those interactions are essentially unaffected by the external 

magnetic field, which only modifies the trajectories between interactions, and it is in this 

way that the magnetic field modifies the dose distribution arising from a given incident 

beam. Assuming that the energy loss by synchrotron radiation is negligible, the curved 

pathlength of the electron trajectory is independent of the magnetic field and will be the 

same with and without magnetic field. 

A magnetic field modifies the electron trajectories in water, as shown in Figure 2.2, and 

the further effects of changes in density, such as between water and air, are shown in 

Figure 2.3. 
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Figure 2.3 (c) shows a particular case, where the electrons travel in a heterogeneous 

medium, between high- and low-density regions (through water and air). In this case, the 

magnetic field noticeably changes the electron trajectories, forcing them to curve back 

and deposit their energy near the surface in the high-density region. This is an example 

 
Figure 2.2: MC calculated path-tracks of electrons traversing a homogeneous medium of water, 

without magnetic field (a) and with magnetic field strength of 1.5 T, orientated either parallel (b) or 

perpendicular (c) to the direction of an 8 MV pencil photon beam. Symbol ⊗ indicate magnetic field 

pointing into the plane. 
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Figure 2.3: MC calculated path-tracks of electrons traversing a heterogeneous medium (water-air-

water), without magnetic field (a) and with magnetic field strength of 1.5 T, orientated either parallel 

(b) or perpendicular (c) to the direction of an 8 MV pencil photon beam. Symbol ⊗ indicate magnetic 

field pointing into the plane. 
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of the so-called electron return effect (ERE), which has been extensively discussed in the 

literature (Jette, 2000, Raaijmakers et al., 2005, Raaijmakers et al., 2007a, Kirkby et al., 

2008, Oborn et al., 2010). 

2.1.3 Monte Carlo radiation transport simulations 

Monte Carlo (MC) simulations of detector response play a major and increasingly 

important role in accurate radiation dosimetry, including the characterisation of physical 

properties of beams and of radiation detectors. MC radiation transport codes, such as 

EGSnrc and PENELOPE have demonstrated a self-consistency test, by performing a Fano 

cavity test on MV beams, at a level of 0.1% (Seuntjens et al., 2002, Sempau and Andreo, 

2006). It has also been shown that the level of agreement with ionisation chamber 

experimental data, being the most difficult challenge for such a technique, is of the order 

of 0.3%, in 60Co and MV photon beams (McEwen et al., 2014). 

Accuracy in radiation transport is generally improved by reducing the energy thresholds 

for production of charged particles (AE) and photons (AP), which are defined when 

generating media, and reducing the cutoff energies (in MeV) for transport of charged 

particles (ECUT) and of photons (PCUT). In this way the simulation is closer to the 

physical processes, however, this makes it much more time consuming. 

In the presence of the magnetic field, studies (Bouchard and Bielajew, 2015, Bouchard et 

al., 2015, de Pooter et al., 2015) have demonstrated that is necessary to define special 

conditions under which the Fano cavity test can be performed to check the consistency of 

MC transport algorithms. Accuracy in electron transport is generally improved by 

restricting the maximum step size. For instance, EGSnrc has a transport parameter 

ESTEPE, which is the maximum fractional kinetic energy loss per step. For transport in 

electromagnetic fields, the effect of the Lorentz force needs to be limited and the relevant 

parameter in EGSnrc is EM ESTEPE. This parameter implements an additional step size 

restriction: it is the maximum change in direction of motion, in radians per step, for 

charged particle transport in an electromagnetic field. Research undertaken in the EMPIR 

project of MR-guided radiotherapy (EMPIR 15HLT08 MRgRT), has shown that the EM 

ESTEPE parameter needs to be reduced from its default value (0.2) when the material 

density is low, e.g. for air, the parameter needs to be 0.01 in order to achieve the desired 

level of internal consistency of around 0.1% with EGSnrc (MRgRT, 2019). 
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2.2 Reference dosimetry of photon beams 

The aim of reference dosimetry measurements is to calibrate the output of a linac, by 

following procedures from national or international Codes of Practice (CoPs), such as 

TRS 398 (Andreo et al., 2000), TRS 483 (Palmans et al., 2017), IPEM CoP (Lillicrap et 

al., 1990, Eaton et al., 2020), TG 51 (Almond et al., 1999), etc. Measurements of the dose 

rate at a point are performed under reference conditions as described in CoPs: at a 

reference depth, in a water phantom for a nominal source to surface distance and with a 

reference field size (typically 10 cm × 10 cm) at the measurement point, which usually is 

at the isocentre of a linac. The output calibration is performed with radiation dosimeters 

by measuring the absorbed dose to water. The dosimeters must be traceably calibrated 

against a primary standard of absorbed dose to water, either directly or indirectly by 

intermediate steps, and corrected for quantities that will influence the true measured dose. 

2.2.1 Theory of absorbed dose measurement in photon beams 

Ionising radiation removes an orbital electron around the atomic nucleus producing 

electrical charges on atoms or molecules. One of the important effects of the ionising 

radiation is to damage DNA from a cell5. This happens directly or indirectly. In the first 

case, the atoms of the DNA molecule, or a neighbouring molecule, are ionised or excited 

and the ejected electron strikes and disrupts the DNA molecule (Sevilla et al., 2016). In 

the second case, the reactions with water molecules surrounding the DNA (cellular fluid), 

lead to radiolysis and the production of free radicals (H+ and OH-). The free radicals may 

diffuse, reach to and react with the DNA molecules to restore a stable configuration of 

electrons. This will result with the disruption of the DNA molecule: causing the DNA to 

be ionised. It is estimated that the indirect processes account for two-thirds of the DNA 

damage (Reisz et al., 2014). This is plausible, as the volume of the cellular fluid is much 

larger compared to the DNA. 

The radiation damage to a tissue may be related to the energy absorbed by a tissue (or to 

the energy deposited to a tissue). The process of this absorbed energy is important as it 

 

5 DNA is critical for the reproduction of a cell, and ionising radiation would greatly affect cells that are 

rapidly reproduced, including most types of cancer. Thus, cancer cells are more sensitive to ionising 

radiation. 
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will be followed by complex physical, chemical and biological processes, as explained 

above. 

The absorbed energy may be quantified by the absorbed dose 𝐷, which is defined as 

the mean energy 𝑑�̅� imparted by ionising radiation to a medium of mass 𝑑𝑚 (Hohlfeld 

et al., 2001): 

 𝐷 =
𝑑�̅�

𝑑𝑚
 (2.3) 

and the SI unit of the absorbed dose is the gray (Gy): 

 1 𝐺𝑦 =
1 𝐽

𝑘𝑔
 (2.4) 

In radiotherapy, absorbed dose to water is the main quantity of interest as water is 

radiologically very similar to soft tissue. As a result, dose distributions in water are close 

to dose distributions in patient. This has driven the establishment of primary standards 

and the development of CoPs, protocols and recommendations for the measurement of 

the quantity of absorbed dose to water. 

2.2.2 Determination of absorbed dose to water in reference conditions 

The absolute realisation of the absorbed dose to water is performed at primary standard 

laboratories. Based on the ICRU report 64 (Hohlfeld et al., 2001) there are three 

fundamental methods: calorimetry (water- or graphite-based), chemical dosimetry and 

ionometry. The water absorbed dose calorimetry allows for the most direct realisation of 

the absorbed dose to water. The rest of the methods involve a number of steps and the 

application of conversion factor(s) is required. These fundamental methods will provide 

calibration coefficients for radiation detectors to allow the dissemination of the absorbed 

dose to water for radiotherapy purposes. 

Traceability for measurements of the absorbed dose to water must be maintained to a 

primary standard. This is usually achieved through utilization of a transfer standard. This 

is a dosimetry device that is calibrated by comparison to a national standard, either 

directly or indirectly through intermediate calibrations. The intention of a transfer 

standard is to serve as a reference for calibrating secondary standards, which are radiation 
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detectors used to disseminate the absorbed dose to the end user. The calibration is 

performed under reference conditions (i.e. source to detector distance (SDD), depth in 

water, field size, environmental conditions, etc.), which are the same conditions as the 

absolute absorbed dose to water has been realised from a primary standard. 

National (Lillicrap et al., 1990, Almond et al., 1999, Eaton et al., 2020) and international 

(Andreo et al., 2000, Palmans et al., 2017) CoPs provide the methodology to ensure a 

high level of consistency in the determination of the absorbed dose to water in high energy 

photon beams among different external radiotherapy clinics (the user level). This involves 

the use of a calibrated detector (ionisation chamber is the most common detector used in 

everyday practice), which needs to be used in conditions that match those of calibration, 

in order for its calibration coefficient to be valid.  

The reference measurement of the absorbed dose to water 𝐷𝑤 for a reference beam 

quality 𝑄0 is given by the relation: 

 𝐷𝑤,𝑄0 = 𝑀𝑄0 ∙ 𝑁𝐷,𝑤,𝑄0 (2.5) 

where 𝑀𝑄0 is the detector’s signal (corrected to standard environmental conditions, i.e. 

temperature, pressure, humidity) at a reference beam quality 𝑄0 and 𝑁𝐷,𝑤,𝑄0 is the 

detector’s calibration coefficient in terms of absorbed dose to water under the reference 

conditions used in a standard laboratory for a reference beam quality 𝑄0. 

The determination of absorbed dose is subject to influence quantities, such as radiation 

energy, depth of the point of measurement, dose rate and radiation field size (Andreo et 

al., 2000), all of which can affect the radiation quality and may change between 

calibration and measurement. The corrections which are then needed make up the overall 

quality dependent correction factor. 

In most clinical situations, the measurement conditions of the absorbed dose to water 

using ionisation chambers do not match the reference conditions used in a standard 

laboratory and for which dosimetry CoPs apply. For instance, detectors are usually used 

in a different energy beam. Therefore, measurement at the user’s beam quality 𝑄 different 

from the reference quality 𝑄0 (where in most primary standard laboratories is 60Co gamma 

radiation) requires a beam quality correction factor, which is defined as: 
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 𝑘𝑄,𝑄0 =
𝑁𝐷,𝑤,𝑄
𝑁𝐷,𝑤,𝑄0

 (2.6) 

where, 𝑁𝐷,𝑤,𝑄 is the calibration coefficient of the detector in terms of absorbed dose to 

water measured at a standard laboratory for the user’s beam quality 𝑄. Consequently, 

when a detector is used to measure the absorbed dose to water at radiation beam quality 

different from that it has been calibrated, the absorbed dose to water is given by: 

 𝐷𝑤,𝑄 = 𝑀𝑄 ∙ 𝑁𝐷,𝑤,𝑄0 ∙ 𝑘𝑄,𝑄0 (2.7) 

Modern radiotherapy modalities use complex and small radiation fields, and the 

dosimetry aspect in such conditions is not in line with conventional reference conditions. 

The recent published international CoP, TRS 483 (Palmans et al., 2017), provides 

guidelines for reference dosimetry in small static field in external beam radiotherapy. 

Similarly to the beam quality, a departure from the reference radiation field size requires 

a correction factor to account for the change on the absorbed dose to water. To account 

for this change, a formalism was introduced by Alfonso et al. (2008), where a new set of 

machine specific reference field conditions are introduced for radiotherapy modalities 

that cannot achieve the conventional reference conditions. 

2.3 Reference dosimetry in MRIgRT 

Reference dosimetry for conventional radiotherapy is usually performed with ionisation 

chambers. In practice, secondary chambers are calibrated against a primary standard for 

absorbed dose to water (as explained in section 2.2.2) and then used to calibrate the output 

of radiotherapy machines following CoPs for clinical implementation of reference 

dosimetry. 

At the current stage, the scope of existing high energy photon therapy dosimetry CoPs do 

not include dosimetry in MRIgRT. Although some reference conditions (i.e. SDD, depth 

in water, field size, etc.) for the realisation of the absorbed dose may be achieved in 

MRIgRT, the effects of the magnetic field on dosimetry are not considered, making these 

protocols invalid (unless and until those effects can be shown to be negligible). 

A known effect, and one investigated extensively in the literature, is the influence of the 

constant magnetic field of the MRI scanner on radiation dosimetry. This field alters the 
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direction of motion of charged particles, due to the Lorentz force, and consequently 

affects the detector response and the dose to medium. Several studies have investigated 

the influence of the magnetic field on different detectors, such as: ionisation chambers 

(Reynolds et al., 2013, O'Brien et al., 2016, Spindeldreier et al., 2017, Pojtinger et al., 

2018, Cervantes et al., 2020), GafchromicTM film (Reynoso et al., 2016, Roed et al., 2017, 

Barten et al., 2018, Delfs et al., 2018), Fricke dosimeters (Trachsel et al., 2020) and 

Presage (Costa et al., 2018). Other studies have quantified the effect of the magnetic field 

on the absorbed dose to water (Litzenberg et al., 2001, Raaymakers et al., 2004, 

Raaijmakers et al., 2005, Raaijmakers et al., 2007b, Oborn et al., 2014, Gargett et al., 

2015, O'Brien et al., 2016). 

Several studies suggested a formalism (O'Brien et al., 2016, van Asselen et al., 2018, 

Malkov and Rogers, 2019, Cervantes et al., 2020) that can be used for the determination 

of the absorbed dose to water. This formalism introduces a magnetic field strength-

dependent correction factor to modify the detector calibration coefficient from zero 

magnetic field. 

In the next two sections, the effect of the magnetic field on dose to water and to ionisation 

chamber response is explained. This will support the determination of the reference 

dosimetry and the detector quality correction factor under the presence of magnetic fields 

(section 2.3.3). 

2.3.1 Effect of magnetic field on absorbed dose to water 

As it is explained in section 2.1.2, the path of an electron trajectory moving in a medium 

is subject to the interactions with the atoms of the medium: the lower the density of a 

medium the larger the path length. In the presence of a magnetic field the path length is 

independent of the Lorentz force and it is analogous to the case without magnetic field. 

What the Lorentz force will change, is the direction of the electron trajectory. The force 

causes an angular change in the direction of the trajectory at a certain rate in radians per 

unit path length. In low density medium (i.e. air) this change would be more pronounced, 

as an electron will undergo less interactions, with the distance between each interaction 

being large, the trajectory is longer and the cumulative effect of the Lorentz force is a 

larger change in the direction. On the other hand, in a condensed medium (i.e. water) the 

distance between interactions is small, the electron path length is shorter, and the 
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cumulative effect of the Lorentz force is much smaller. Thus, magnetic fields effects are 

more pronounced in low density media. 

To understand the effect of the magnetic field on dose to water in a photon beam, one can 

think in terms of the secondary electrons which are responsible for converting the energy, 

transferred at their depth of production, into absorbed dose over a range of depths. The 

magnetic field affects the secondary electrons, but not the photons that generate them: it 

modifies the transport of energy from the depth of production to where the energy is 

deposited. The interactions and rate of energy loss along the electron track are unaffected, 

but the tendency of the Lorentz force to make each electron track curl up means that, 

overall, the energy is carried a shorter distance and concentrated into a narrower range of 

depths (closer to the depth of production than when the field is zero). 

 

Figure 2.4 shows a schematic version of a typical electron track, with and without the 

effect of a transverse magnetic field. On the left, the effect is shown by aligning the tracks 

to have the same depth of electron production. In this case the electron will have the same 

energy and path length, but the corresponding points on their paths will be deposited at 

different depths (𝑃 for 𝐵 = 0 and 𝑃′ for 𝐵 ≠ 0). On the right, the effect is shown by 

aligning the tracks to have the same depth of energy deposition (of course, energy is 

deposited along the whole track, and this alignment varies according to whether one 

 
Figure 2.4: Schematic illustration of a typical electron track, with and without the effect of a 

transverse magnetic field. On the left, the effect is shown by aligning the tracks to have the same 

depth of electron production. On the right, the effect is shown by aligning the tracks to have the same 

depth of energy deposition 
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considers energy deposited earlier or later along the electron track). The magnetic field 

has the effect of increasing the thickness of water through which the photon must travel, 

before producing the electron which makes this contribution to the dose at the depth of 

interest. The resulting increased photon attenuation accounts for the reduction in dose 

beyond the depth of dose maximum, as shown in Figure 2.5. 

 

The effect of the magnetic field on dose to water is also seen in Figure 2.5, where MC 

calculated depth doses without and with 1.5 T magnetic field are shown in the left y-axis 

and their percentage difference in the right y-axis. In the build-up region, where an 

electronic equilibrium is being approached6, the electrons (generated in the water) are 

deflected by the Lorentz force and deposit their energy closer to the surface. In this case, 

the effect of the magnetic field is to increase the surface dose. In a way, this reduction in 

the depth over which electrons transport energy makes the depth dose curve look more 

like a depth collision kerma curve. As a result, the build-up is steeper and the 𝑑𝑚𝑎𝑥 

position is shifted closer to the surface by 0.4 cm for the 1.5 T compared to 0 T depth 

dose. When the magnetic field is on, the dose at 𝑑𝑚𝑎𝑥 is increased by 2% and the surface 

 

6As the depth in water increases, the electron fluence also increase, until is balanced by the upstream photon 

beam attenuation. 

 
Figure 2.5: Depth doses without and with 1.5 T magnetic field (left y-axis) and their percentage 

difference (right y-axis). Magnetic field is perpendicular to the direction of an Elekta Unity™ photon 

beam. 
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dose is enhanced by 24%. A separate effect, whereby the magnetic field deflects 

contaminant electrons as they approach the surface in air, tends to reduce surface dose 

and somewhat offsets this enhancement. At depths greater than 𝑑𝑚𝑎𝑥, where a transient 

electron equilibrium is established, the 1.5 T depth-dose curve is constantly lower by an 

average of 0.6% ±0.04%. 

In the case were the magnetic field is orientated parallel to the direction of the photon 

beam, a study by Bielajew (1993) demonstrated that, in broad parallel beams: under 

conditions of lateral electron equilibrium, the absorbed dose to water at the central axis 

of the beam is magnetic field independent. This simplifies the measurement of the 

absorbed dose in the presence of longitudinal magnetic fields, as the determination of the 

magnetic field correction factor (discussed in section  2.3.3) is subject to the effect of the 

magnetic field to the chamber signal only. 

 

One of the deleterious effects of a longitudinal magnetic field on inline MRIgRT systems, 

is the surface dose enhancement, compared to the zero field. The fringe field from the 

magnet will collect and channel the contaminant electrons, generated in air and in the 

accelerator, on the surface of the water (or the patient’s skin). This effect can be seen on 

Figure 2.6, where a measured depth dose of the Australian MRI-linac, that employs a 1 T 

magnet, is shown. Magnetic field in perpendicular orientation to the beam, has been used 

 
Figure 2.6: Measured 1 T depth dose in the Australian MRI-linac, where the magnetic field is parallel 

to the direction of the beam. 
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in the past to eliminate the surface dose from the contaminant electrons Yorke et al. 

(1985). 

2.3.2 Effect of magnetic field on ionisation chamber response 

In the presence of a magnetic field, the charged particles traversing the air-cavity of an 

ionisation chamber experience the additional Lorentz force induced by the magnetic field, 

which strongly modifies the chamber’s dose response and makes it challenging to perform 

beam output measurements in MRI-linacs. Recent works have shown that the uncertainty 

of ionisation chamber-based dosimetry is significantly increased by the presence of strong 

magnetic fields. Measurements and MC calculations have previously been made to 

characterise the response of different type of ionisation chambers (Meijsing et al., 2009, 

Reynolds et al., 2013, Smit et al., 2013, O'Brien et al., 2016, Spindeldreier et al., 2017, 

Pojtinger et al., 2018, Cervantes et al., 2020). These works investigated the optimal 

chamber orientation with respect to magnetic field and radiation beam, parallel (⇈) or 

perpendicular (⊥), as well as the magnetic field correction factor at different strengths. 

Considering the change of a Farmer-type chamber (mostly used as a reference detector) 

response in magnetic field strengths ranging from 0.35 T to 1.5 T relative to its response 

at 0 T, these studies found that when the long axis of the ionisation chamber is: 

i. ⊥ to the magnetic field and the radiation beam is ⊥ to the magnetic field the 

changes range from 4% - 11.3%. 

ii. ⇈ to the magnetic field and the radiation beam is ⊥ to the magnetic field the 

change is ≤1%. 

iii. ⇈ or ⊥ to the magnetic field and the radiation beam is ⇈ to the magnetic field the 

change increases near to 2%. 

When the magnetic field is switched on, the Lorentz force affects electron trajectories 

entering the chamber air cavity. This modifies the chamber response due to the ERE 

(electrons in the air cavity are curved back towards where they entered the cavity) and 

due to the change in the trajectories of the electrons scattered from the stem and from the 

chamber collecting electrode. Figure 2.7 (b) shows the response of a Farmer type chamber 

as a function of magnetic field strength for different energy beams. Data are from 

measurements that I performed at NPL (National Physical Laboratory, which is the UK 

Metrology Institute) by irradiating the chamber in a perpendicular orientation in an 
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electromagnet. Figure 2.7 (b) shows that the signal increases up to a certain magnetic field 

strength, beyond which it starts to decrease. The magnitude of the effect depends on the 

energy: the higher the energy the smaller the effect. The change in response of the 

chamber, in these different conditions, is due to the average effect on the electron path 

length, in the chamber cavity, of the magnetic field for a given energy beam. The stronger 

the magnetic field, the more the Lorentz force reduces the radius of curvature, tending to 

increase the average electron path length in the air cavity, as shown in Figure 2.7 (a). 

After a certain magnetic field strength, and also depending on the energy, the average 

path length in the air cavity starts to decrease. The extent of this effect, as it is reported 

on the three bullet points above, depends on the chamber orientation with respect to the 

magnetic field. In the perpendicular orientation of the chamber to the magnetic field 

(where electrons are pushed either towards the thimble tip or towards the stem of the 

chamber) the path length of electron tracks in the air cavity is greater compared to the 

parallel orientation. In this case, the magnetic field correction factor is stronger (i.e. 

further from unity), as the fractional change in the chamber signal is higher and 

consequently the calibration coefficient, for the effects of a magnetic field, needs to be 

stronger. All of these effects are more noticeable when the sensitive medium is air, 

compared to condensed media such as alanine etc., because the Lorentz force effect is 

cumulative and longer trajectories are affected more. 

 

             (a)                                                     (b)       

 
Figure 2.7: (a) Schematic illustration of the dependence of the electron tracks due to magnetic field 

strengths and energy beams, and (b) measured Farmer-type chamber response as a function of 

magnetic field strength, for different energy beams, when orientated perpendicular to magnetic field. 

𝐵 = 0  

𝐵 = 1  

𝐵 = 1    

Air𝐵

𝐵 = 0    

Air

Electron energy:     lower      <      higher



Radiation dosimetry of photon beams with and without magnetic fields 

42 

 

Among other effects of ionisation chambers in magnetic fields, which increase the 

uncertainty on dose measurement, are the air gaps around the cavity (Hackett et al., 2016, 

Agnew et al., 2017, O'Brien and Sawakuchi, 2017). This will restrict the use of ionisation 

chambers in water phantoms to avoid a significant signal variation, i.e. 3.8% for a Farmer-

type chamber (Agnew et al., 2017). It has also been shown (Malkov and Rogers, 2017, 

Spindeldreier et al., 2017, Pojtinger et al., 2019) that dead volumes (or the true sensitive 

volume) should be taken into account when performing MC simulations. Small changes 

in the collecting volumes can lead to a deviation of 1.4% between the simulated and the 

experimentally determined dose response in magnetic fields (Pojtinger et al., 2019), on 

Farmer-type chambers. This, together with the intra-type chamber variation (i.e. non-

radial symmetry), will result in significant disagreement with experimental data and will 

increase the uncertainty on future tabulated MC calculated quality correction factors for 

the presence of magnetic field for specific chambers. 

2.3.3 Determination of absorbed dose to water in the presence of 

magnetic fields 

The reference measurement of the absorbed dose to water in magnetic field 𝐵 for a user 

beam quality 𝑄𝐵 and in the absence of the detector is given by: 

 𝐷𝑤,𝑄𝐵 = 𝑀𝑄𝐵 ∙ 𝑁𝐷,𝑤,𝑄𝐵 (2.8) 

where 𝑀𝑄𝐵 is the signal of the detector in a magnetic field at the user’s beam quality 𝑄𝐵, 

corrected for the reference values of influence quantities other than the quality correction 

factors of the beam and the presence of magnetic field, for which the calibration 

coefficient is valid. 𝑁𝐷,𝑤,𝑄𝐵 is the calibration coefficient of the detector in terms of 

absorbed dose to water in a magnetic field measured by a standard laboratory for the 

user’s beam quality 𝑄𝐵. 

The user’s beam quality 𝑄𝐵 is not available in standard laboratories and detectors are 

calibrated at a reference beam quality 𝑄0 and in the absence of a magnetic field. As for 

the case of the beam quality and small field, the use of a magnetic field also indicates the 

departure from reference conditions. In that case, equation (2.8) is replaced by: 
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 𝐷𝑤,𝑄𝐵 = 𝑀𝑄𝐵 ∙ 𝑁𝐷,𝑤,𝑄0 ∙ 𝑘𝑄,𝑄0 ∙ 𝑘𝑄,𝑄𝐵 (2.9) 

where 𝑁𝐷,𝑤,𝑄0 is the calibration coefficient of the detector in terms of absorbed dose to 

water measured at a standard laboratory under reference conditions for a beam quality 

𝑄0, 𝑘𝑄,𝑄0 and 𝑘𝑄,𝑄𝐵 are the beam quality correction factor, as defined in equation (2.6), 

and the magnetic field correction factor, respectively, that correct 𝑁𝐷,𝑤,𝑄0 for the 

difference between the reference beam quality 𝑄0 and the user quality in magnetic field 

𝑄𝐵. 

The quality correction factor for the presence of the magnetic field 𝑘𝑄,𝑄𝐵 is defined, by 

analogy with the beam quality correction factor 𝑘𝑄,𝑄0, as: 

 𝑘𝑄𝐵,𝑄 =
𝑁𝐷,𝑤,𝑄𝐵
𝑁𝐷,𝑤,𝑄

 (2.10) 

where 𝑁𝐷,𝑤,𝑄 is the calibration coefficient of the detector in terms of absorbed dose to 

water and converted by the application of 𝑘𝑄,𝑄0 from a beam quality 𝑄0 to the user’s beam 

quality 𝑄, in the absence of a magnetic field. 𝑘𝑄𝐵,𝑄 will correct for the effect of the 

difference between the reference condition (no magnetic field) and the actual user 

condition (with magnetic field). In principle, it will also correct for the influence of the 

magnetic field on both the detector’s signal and the absorbed dose to water. 

Measured and calculated magnetic field correction factors, for different detectors, 

different orientations with respect to the magnetic field and different magnetic field 

strengths, have been reported in literature. However, it is apparent that few of the 

scientific articles (van Asselen et al., 2018, de Prez et al., 2019b, Krauss et al., 2020) 

have adequately determined such factors for MRI-linac systems. Most of the articles 

(Meijsing et al., 2009, Reynolds et al., 2013, Smit et al., 2013, O'Brien et al., 2016, 

Spindeldreier et al., 2017, Pojtinger et al., 2018, Shipley et al., 2019) reports correction 

factors that have been obtained in either a non-MRI-linac environment, or without 

considering the actual collection efficiency in MC simulations or wrongly expressing 

𝑘𝑄𝐵,𝑄 as a ratio of detector readings with and without magnetic field, only. Comparison 

between the 𝑘𝑄𝐵,𝑄 values from these studies will introduce inconsistency. Nevertheless, 
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a review report by de Pooter et al. (2021) has made such attempt by applying some criteria 

for the selection of the 𝑘𝑄𝐵,𝑄 values. 

2.3.4 Beam quality characterisation in the presence of magnetic fields 

One important aspect in reference dosimetry for conventional MV photon beams, is the 

determination of the beam quality, which is usually specified based on either %𝑑𝑑(10)𝑥 

(AAPM TG-51) or TPR20,10 (TRS-398, TRS-483 and most national CoPs). %dd(10)x is 

defined as the percentage depth dose at 10 cm depth, in a 10 cm x 10 cm radiation field 

and at a source to surface distance (SSD) of 100 cm, for photons only and excluding 

electron contamination in the beam. On the other hand, TPR20,10 is defined from the ratio 

of the measured absorbed doses (or the corrected ionisation chamber signals) at 20 cm 

and 10 cm depth in water, in a 10 cm × 10 cm radiation field. Although the definition of 

TPR20,10 specifies an SDD of 100 cm, it turns out that the value TPR20,10 is essentially 

independent of distance provided that the field size 10 cm × 10 cm is maintained. 

TPR20,10 is already independent of electron contamination, as measurements are 

determined at a depth beyond the build-up region, while %dd(10)x is defined to exclude 

such effects, by the application of a lead foil in the beam. The strong magnetic field in 

MRI-linac systems naturally tends to remove electron contamination from the beam. This 

has been shown by O'Brien et al. (2016), who calculated depth doses by MC simulation 

of an Elekta Unity™ MRI-linac, including a full head model with electron contamination, 

and a point source model without electron contamination (photons only), for 0 T and 1.5 

T. This study found that the location of 𝑑𝑚𝑎𝑥 and the value of %dd(10) were similar 

between the two models when the magnetic field was on, confirming that most of the 

contaminated electrons, in the full model, never reach the surface. However, in the 

absence of a magnetic field, the 𝑑𝑚𝑎𝑥, in the model including electron contamination, 

was closer to the surface by 1.7 mm, compared to the model without electron 

contamination. A 2% difference in %dd(10) values between the two models (with and 

without electron contamination) was reported from the authors. This difference is 

attributed to the contaminated electrons generated while the photon beam interacts with 

the cryostat of the MRI scanner, suggesting that the use of the %dd(10)x and the 

%dd(10) may not be considered similarly for MRI-linacs. In the case of photon only 

model and at 1.5 T, the position of 𝑑𝑚𝑎𝑥 is shifted closer to the surface by 5.5 mm and 
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the %dd(10)x is changed by 2.4%, compared to zero magnetic field. This change must 

arise from the effects of the Lorentz force on secondary electrons produced in the 

phantom. 

In the same study, however, TPR20,10 was shown to differ by less than 0.3% in the 

presence of a 1.5 T magnetic field strength compared to zero magnetic field. The authors 

state that this translate in a change of the beam quality correction factor of 0.03%, which 

makes the TPR20,10 a good candidate to specify the beam quality for reference dosimetry 

in magnetic field. 

It should also be noted, that one of the technical difficulties in measuring %dd(10)x 

in an MRI-linac is the restricted range of possible SSD values, which would already make 

the direct use of AAPM’s TG51 protocol for reference dosimetry more awkward. O'Brien 

et al. (2016) propose instead that %dd(10)x, without magnetic field, be obtained from a 

measurement of TPR20,10 using the conversion factors given by Kalach and Rogers (2003) 

for use with the AAPM’s TG-51 protocol. 

2.4 Reference conditions in MRIgRT 

Reference conditions refer to those conditions (i.e. field size, depth in water, SSD, etc.) 

that the quantity of the absorbed dose to water is realised. These are also the conditions 

that dosimeters need to be calibrated to be traceable at a level of a national standard. A 

review paper by de Pooter et al. (2021) presents the reference conditions for the 

determination of the absorbed dose to water in MRI-linac systems. This study highlights 

the influence quantities that do not exist in current CoPs, i.e. chamber orientation with 

respect to the magnetic field and magnetic field strength. Table 2.1 shows the conditions 

recommended by IAEA’s TRS-398 and IAEA’s TRS-483 for high energy photon beams 

and those for MRI-linac systems, based on literature evaluation, as reported by de Pooter 

et al. (2021). 
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7
 Field size defined in the absence of magnetic field, i.e. by the photon fluence or kerma distribution. 

Table 2.1: Reference conditions for the determination of the absorbed dose to water in the MRI-linac 

systems beam quality compared with the recommendation from TRS-398 (for MV photon beams) and 

TRS-483 for high energy photon beams. Influence quantities not used in existing CoPs are printed in 

bold italics. With permission from de Pooter et al. (2021). 

Influence quantity 
Reference value 

TRS-398 TRS-483 MRI-linac 

Phantom material   Water  Water  Water  

Chamber type   Cylindrical  Cylindrical  Cylindrical  

Chamber orientation to 

magnetic field  

 
n/a  n/a  Parallel 

Chamber orientation to photon 

beam  

 
Perpendicular  n/a  Perpendicular  

Magnetic field strength   n/a  n/a  0.35 T, 1.5 T  

Measurement depth (zref)  

 For TPR20,10 < 0.7,   

10 g/cm2 (or 5 g/cm2)  

  

For TPR20,10 ≥ 0.7,   

10 g/cm2  

10 g/cm2  10 g/cm2  

Reference point of the 

chamber  

  

 On the central axis at 

the centre of the cavity 

volume  

On the central axis at 

the centre of the 

cavity volume  

On the central axis at 

the centre of the 

cavity volume  

Position of the chamber 

reference point  

 
At zref  At zref  At zref  

SDD   100 cm  Isoc  Isoc  

Field size at SDD  
 

10 × 10 cm2  
10 × 10 cm2 or size of 

the msr field  
710 × 10 cm2  

Gantry angle       90o  
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Chapter 3 Experimental dosimetry with radiochromic film 

in magnetic fields 

This chapter investigates the effect of magnetic fields on the response of Gafchromic 

EBT-3 films and assess its suitability for dosimetry in MRI-linac systems. Moreover, 

results from this work contribute to clarifying the inconsistency of the results of recent 

published studies, on the effect of magnetic field on the sensitivity of Gafchromic films. 

3.1 Introduction 

Experimental techniques to measure the data required for TPS commissioning and 

verification need to be adapted for the context of MRIgRT. Indeed, detector specifications 

are crucial to correctly measure input data for TPS, such as absolute dose, beam profiles 

and depth doses, since the presence of a magnetic field is known to perturb the detector 

dose response (Meijsing et al., 2009, Reynolds et al., 2013, Smit et al., 2013, O'Brien et 

al., 2016). In this context, the performance of suitable detectors under the influence of a 

magnetic field needs to be characterised. Detector suitability will then be defined by the 

ability to capture electrons affected by the Lorentz force in a medium. Among available 

detectors that could fulfil such conditions, radiochromic film is a promising candidate. 

Radiochromic film is a useful tool for relative dosimetry (measurements of the radiation 

field characteristics) and reference dosimetry (Girard et al., 2012, Devic et al., 2016, 

Billas et al., 2017). It has high spatial resolution and a large measurement area suitable 

for validation of 2D dose maps. It is known to be almost water equivalent (Niroomand-

Rad et al., 1998) and shows small energy dependence (Devic et al., 2004, Arjomandy et 

al., 2010). Radiochromic film is used in advanced radiotherapy modalities (such as SRS 

(Palmer et al., 2015b, Dimitriadis et al., 2017), IMRT (Sankar et al., 2006, Low et al., 

2011), etc.) that require complex QA and verification methods for radiation dosimetry. It 

is also used for end-to-end dosimetry audits where the whole treatment chain as 

experienced by a patient is considered (Clark et al., 2015, Palmer et al., 2015a). 

Radiochromic film has shown that it is a promising candidate for the detection of the 

affected lateral profiles and depth dose curves due to the magnetic field in MRIgRT 

systems (Crijns et al., 2011, Crijns et al., 2012, Smit et al., 2014). It has also been 

demonstrated that radiochromic film is a good detector for capturing the electron return 



Experimental dosimetry with radiochromic film in magnetic fields 

48 

 

effect (Raaijmakers et al., 2005, Raaijmakers et al., 2007a), which increases the dose at 

tissue-air interfaces. 

Recent studies (Reynoso et al., 2016, Roed et al., 2017, Barten et al., 2018, Delfs et al., 

2018) have investigated the performance of EBT-2 and EBT-3 films in different magnetic 

field strengths, at different orientation of the reference film edge with respect to the 

magnetic field, with and without real-time MR imaging and using different beam 

energies. Contradicting data were published by various authors and these will be covered 

in more detail in discussion. Briefly, the peer reviewed work by Reynoso et al. (2016) 

investigated the effect of a 0.35 T magnetic field strength on EBT-2 film, using a 60Co 

energy beam, and they found that the dose was changed by up to 15%. A study by Roed 

et al. (2017) examined the effect of a 1.5 T magnetic field strength on EBT-3 film using 

the same energy beam as Reynoso et al. (2016) (60Co) and their results show a change on 

dose ranging from 1% to 3%. Delfs et al. (2018) studied the effect of magnetic field 

strength (0.35 T and 1.42 T) on EBT-3 film. Although they used a different energy beam 

(6 MV) from Reynoso et al. (2016) and Roed et al. (2017), they report a dose change of 

2.1%. A recent study by Barten et al. (2018) investigated the response of EBT-3 film 

sheets at different angles to a magnetic field in a 60Co unit with an integrated 0.35 T MRI 

system by ViewRay MRIdian™. They compared to equivalent measurements at a 6 MV 

conventional linac (0 T) and they found a change of 0.9%. 

The Gafchromic EBT-2 production has been discontinued and its next generation, EBT-3, 

differs in its structure (symmetrical polyester layers in order to eliminate errors on the 

scanning orientation) and the surface (matt surface to prevent Newton rings). However, 

both EBT-2 and EBT-3 films feature the same composition in the sensitive layer 

(Reinhardt et al., 2012, Moylan et al., 2013) and any change due to the magnetic field is 

expected to be similar. 

3.2 Materials and methods 

3.2.1 Experimental setup 

The experimental setup (Figure 3.1) involved irradiation of Gafchromic EBT-3 film in an 

electromagnet (GMW type 3474-140) using a 60Co beam (Theratronics, Theratron 780c). 

The distance from the 60Co source to the centre of the magnetic poles (measurement point) 
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was 162 cm. An in-house polymethyl methacrylate (PMMA) phantom, 5 cm width and 

26 cm height, was designed to fit inside the 5 cm gap between the two poles of the magnet 

(as shown in Figure 3.1), which provide a maximum magnetic field strength of 2 T. The 

phantom consisted of two symmetrical PMMA plates, each at a water equivalent depth 

of 1 cm, placed in front of and behind the film, and located so that the central axis of the 

film is placed in the centre of the two magnetic poles. The edge of the film was orientated 

parallel to magnetic field, along the x-axis, and perpendicular to radiation beam, in 

direction of the z-axis (Figure 3.1). 

 

3.2.2 Magnetic field uniformity 

The magnetic field uniformity, for a pole gap of 5 cm, has been retrieved from the GMW 

electromagnet user manual (GMW, 2009). A plot of a normalised magnetic field as a 

function of position, from the front to the rear of the magnet (in z-axis as shown in Figure 

3.1), is shown in Figure 3.2. The uniformity within ±2 cm, which covers the ROI for film 

analysis (described in section 3.2.5), was found to be 99.97%. 

In-house measurements of the magnetic field uniformity during these experiments 

were not achievable. However, the uniformity in the experimental setup, related with 

Chapter 4 and for pole gap of 7 cm, was assessed by measurements of the magnetic field, 

 
Figure 3.1: Schematic front view of the experimental setup. EBT-3 film placed between two PMMA 

plates in the centre of the two magnetic poles of the electromagnet. The edge of the film and the 

scanning direction are orientated parallel to magnetic field and its surface perpendicular to radiation 

beam. 
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at different magnetic field strengths, along the centre of the two magnetic poles (in z- and 

y-axis as shown in Figure 3.1). Measured data compare well with the one from GMW 

(2009) user manual, for 7 cm pole gap. Therefore, it is fair to use the GMW (2009) 

published data to assess the uniformity for a 5 cm pole gap. 

 

3.2.3 Dose output measurements 

Output measurements were made using alanine/EPR dosimetry, calibrated in terms of 

absorbed dose to water and traceable to the NPL primary standard, to determine the 

absorbed dose rate of the 60Co beam at zero magnetic field. Alanine pellets, approximetly 

2.3 mm height and 5 mm diameter, placed in a Farmer-type holder were used in a similar 

phantom to the one adopted for film dosimetry. Alanine was chosen due to non-standard 

condition of our experimental setup (such as field size and scatter conditions in the 

restricted space between the poles of the electromagnet). The phantom was built from a 

PMMA block, 2 cm × 5 cm × 26 cm, with a hole drilled into the insert to take an alanine 

Farmer-type holder which could be fitted perpendicular to the direction of the radiation 

beam. The film and alanine phantoms were constructed to place the film and alanine 

reference points at the same measurement point. 

 
Figure 3.2: Magnetic field uniformity retrieved from the GMW electromagnet user manual (GMW, 

2009), Filename: SC7955 Uniformity Plot 4.507. Pole gap: 5 cm. Plot shows normalised magnetic 

field as a function of position: front to rear of magnet. Note: magnet operated at 140 A and the 

magnetic field strength at 0 cm is 1.93 T. 
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3.2.4 Effect of magnetic field on absorbed dose to water at 60Co beam 

quality 

The effect of the magnetic field on dose to water at a 60Co energy beam need to be 

determined and accounted on the dose values of the EBT-3 calibration curves. Isolating 

the effect on dose to water, will allow for the investigation of the effect of the magnetic 

field on the EBT-3 response, only. 

MC simulations were performed to calculate 60Co absorbed dose to water in magnetic 

field strengths up to 2 T, using the user code cavity that forms part of the EGSnrc MC 

system (Kawrakow I et al., 2011) (development version: GitHub: Aug 2017). The 

simulation used a water phantom to represent the PMMA phantom, with water 

equivalence defined by scaling depth inversely with electron density. Dose was scored in 

slabs of 0.05 cm thick and 1 cm wide up to a depth of 2 cm. 

The model of the 60Co beam was validated by performing air kerma measurements. A 

Physikalisch-Technische Werkstätten (PTW) Semiflex chamber (type 31010) was used 

to measure inline and crossline profiles at 128.2 cm from the source with an 8 cm × 8 cm 

field size, defined at the machine isocentre (80 cm). The thimble of chamber was 

positioned parallel to the radiation beam, its effective point of measurement was aligned 

to the measurement plane and scans were performed in air with the chamber’s build-up 

cap being on. 

Phase space files of the 60Co beam were generated using the BEAMnrc usercode8. The 

model of the experimental setup was constructed, and beam validation was performed at 

zero magnetic field. The BEAMDP tool, from EGSnrc code, was used to generate a 

scatter plot of the x-y dose values of particles from a phase space file. This plot was used 

for comparison with the experimental data. 

3.2.5 Film response curve 

Twelve pieces of EBT-3 films (3.5 cm × 3.5 cm), cut from one sheet of film, were used 

to generate a calibration curve. Each piece maintained the same orientation as the original 

short dimension of the film (landscape orientation) and placed parallel to the magnetic 

 

8 The cut-off energy for electrons (AE and ECUT) was set to 0.521 MeV and for photons (AP and PCUT) 

to 0.01 MeV. 
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field during irradiation and parallel to scanning direction during digitisation. The film 

orientation and alignment were kept consistent throughout the measurements. 

The extent of the radiation field was chosen to match the gap between the two magnetic 

poles and the source-to-surface distance was set at 161 cm. Films were irradiated at a 

depth of 1 cm (a sufficient amount of PMMA was used to provide charged particle 

equilibrium) and the maximum dose given at each magnetic field was approximately 825 

cGy. A region of interest of 2.5 cm × 2.5 cm was analysed for each film in order to obtain 

the netOD, where netOD is the difference between the optical density (OD) after and 

before irradiation. The film response curve is defined as netOD as a function of dose. 

3.2.6 Film digitisation 

Film were digitised following a protocol which is as follows: briefly, an EPSON 

Expression 10000XL Pro flat-bed colour scanner in transmission mode was used to scan 

the films. Coloured images were acquired with a spatial resolution of 150 dpi with 48 bit 

RGB and all scanner colour corrections turned off. A frame was used to position the films 

at an area of the scanner bed which could correct OD readings for scanner light 

non-uniformity (Saur and Frengen, 2008). The orientation of all films was kept constant 

and aligned within ± ° to avoid any effect due to polarised light. A 3.5 mm PMMA sheet 

was placed on top of the films during digitisation in order to position the films flat on the 

scanner bed. The scanner warming-up effect was diminished by using ten repeated scans. 

Films were scanned before, to account for background correction, and 48 hours after 

irradiation in order to allow the film optical density to stabilise (Cheung et al., 2005). 

More details of the protocol are described in Bouchard et al. (2009). 

3.2.7 Film uncertainty 

In a measurement of absorbed dose, the additional uncertainty9 introduced by using film 

arises from two sources: (i) the variations in film response from pixel to pixel within each 

region of interest (ROI), which was determined using the method of Bouchard et al. 

(2009), and (ii) the variations in response between ROIs on different pieces of film (in 

particular, the film used for measurement, compared with the films used for calibration), 

 

9 That is, in addition to the uncertainty of the dosimeter against which the film is calibrated. 
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which was determined from a statistical analysis of repeated film measurements with 40 

degrees of freedom. 

3.3 Results 

3.3.1 Validation of the 60Co beam model 

 

The beam model was validated by comparing the  MC calculated profiles along the x- 

and y-directions, provided from BEAMDP, with measured lateral profiles (inline and 

crossline), as shown in Figure 3.3. All data are normalised at central axis. To allow for 

this comparison MC data were interpolated to the measured off-axis distance points using 

a cubic Hermite polynomial function (which preserves the shape of the data). For both 

inline and crossline profiles, the dose agreement at each point is within ±1%, except two 

regions confined to the steepest parts of the penumbra, where the dose difference is within 

±2.5%. It is fair to note that the penumbra on both profiles is greater compared to common 

60Co profiles. This is because the trimmer bars are not installed on the gantry’s head 

(which is not related with the current work, but this is how the machine is operated) and 

the phase space files were generated at 128.2 cm from the source. 

 
Figure 3.3: Measured and MC calculated lateral profiles (inline and crossline) of the 60Co radiation 

beam. The percentage dose difference relative at the maximum dose of the measured profiles is shown 

in the right y-axis of each plot. 
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3.3.2 Effect of magnetic field on absorbed dose to water at 60Co beam 

quality 

Figure 3.4 (a), left y-axis, shows the MC calculated 60Co depth-doses for 0 T and 1.5 T 

magnetic field strengths and the ratio, dose water of 1.5 T magnetic field (𝐷𝑤,𝑄𝐵) divided 

by the dose to water in zero magnetic field (𝐷𝑤,𝑄), on the right y-axis. It can be observed 

that for a magnetic field of 1.5 T the surface dose is enhanced by 13% and the depth of 

maximum dose (𝑑𝑚𝑎𝑥) is shifted closer to the surface by 0.05 cm. No effect was observed 

on the value of the dose at 𝑑𝑚𝑎𝑥 between the two magnetic field strengths. Figure 3.4 (b) 

shows the ratios of calculated dose in water with and without magnetic field as a function 

of a magnetic field strength. The ratios were determined from the average ratios between 

the depths of 0.5 cm and 1.7 cm and it was found to change by ‒0.08% per Tesla when a 

linear model is fitted. Based on this change, the dose values of the EBT-3 calibration 

curve at each magnetic field strength were adjusted to account for the effect of the 

magnetic field on dose to water. The electron return effect is visible after a depth of 

approximately 1.7 cm. It turns out that the dependence of this quantity, dose ratio with 

and without magnetic field, on magnetic field changes with energy and a more 

complicated model would be required at higher energies, see Figure 4.18 (b). 

 

 
Figure 3.4: MC calculated 60Co depth doses for 0 T and 1.5 T and their dose ratio (shown on the 

right y-axis) (a). Ratios of dose with and without magnetic field at different strengths (b). 
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3.3.3 Beam uniformity at measurement plane 

MC simulations were performed to calculate beam profiles, with zero magnetic field, in 

the measurement plane of the experimental setup: that is, between the magnetic poles. 

Figure 3.5 shows lateral profiles from left to right and from top to bottom of the magnet, 

in x- and y-axis, respectively, as shown in Figure 3.1. All data are normalised to the 

central axis. In the x-axis profile, the enhanced dose of the points at the edges is due to 

the contribution of the scattered electrons from the poles. Nevertheless, just after these 

two points, the profile takes the shape of the 60Co beam. Focusing in the distance of ±1.25 

cm, the ROI where film is analysed, radiation beam remains uniform within 99.85% and 

99.88% for the x- and y-axis profiles, respectively. 

 

3.3.4 Effect of magnetic field on EBT-3 signal 

In this work the red, green and blue channels are analysed. However, selected results in 

graphical form are presented, but mostly for the red channel only, as this is the channel 

which is usually used for single channel film dosimetry. 

The EBT-3 film response curves (expressed in terms of netOD as a function of dose) for 

the red channel for all magnetic field strengths considered in this study is shown in Figure 

 
Figure 3.5: MC calculated beam profiles, for 0 T and 1.5 T, in the measurement plane of the 

experimental setup: that is, between the magnetic poles. Note that, because the data are ratios, there 

is a correlation between the data points, as the denominator is the same for all. Thus, uncertainties 

are partially correlated. 
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3.6. The maximum spread between all the magnetic field strengths for the red channel is 

also presented on the right y-axis of the same figure. For dose values greater than 75 cGy 

the maximum spread is 2.6% for the red channel, 3.5% for the green channel and 4.2% 

for the blue channel. 

 

Table 3.1 shows the average absolute difference (in percent) of all dose levels between 

the response curves irradiated with and without a magnetic field. The difference is 

presented for each magnetic field strength and each colour channel. 

Table 3.1. Average absolute difference for red, green and blue channel. 

(|
𝑛𝑒𝑡𝑂𝐷𝐵≠0

𝑛𝑒𝑡𝑂𝐷𝐵=0
| − 1) ∙ 100 

Channel  0.5 T (%)  1.0 T (%)  1.5 T (%)  2.0 T (%) 

Red  0.5  0.9  0.8  1.6 

Green  0.8  1.2  1.2  2.1 

Blue  1.2  1.6  0.8  0.7 

ΔnetODB is defined to be the difference between the netOD with and without a magnetic 

field: 

 ΔnetODB = netODB≠0 − netODB=0 (3.1) 

 
Figure 3.6: EBT-3 film response curve for all magnetic fields for the red channel. The maximum 

spread is presented on the right Y-axis. 
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Figure 3.7 shows ΔnetODB as a function of dose, for each magnetic field and for the red 

channel only. The error bars denote the standard uncertainty in netOD. The maximum 

ΔnetODB was found to be 0.006 for the red and green channels and -0.003 for the blue 

channel. Figure 3.7 shows that ΔnetODB does not have a strong dependence on dose. 

Similar results were observed for the green and blue channels. 

 

It appears that ΔnetODB does depend on the magnetic field strength, being typically 

negative at 0.5 T and positive at 1 T and above. This effect is shown more clearly in 

Figure 3.8, which depicts the average ΔnetODΒ over all dose levels, 〈ΔnetODΒ〉Dall
, as a 

function of magnetic field strength, for each channel. 

 
Figure 3.7: 𝛥𝑛𝑒𝑡𝑂𝐷 for each magnetic field strength as a function of dose for the red channel only. 

Error bars represent statistical uncertainties calculated with the technique described in the previous 

section. 
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3.3.5 Effect of magnetic fields on dose determined with EBT-3 film 

The effect of magnetic fields on dose measured using EBT-3 films is shown in Figure 

3.9. The calibration curve, based on films irradiated at zero magnetic field, was used to 

obtain absorbed dose from films irradiated at non-zero magnetic field, which would be 

valid if the magnetic field has no effect on film response. Figure 3.9 shows the ratios, 

dose obtained from non-zero magnetic field films (using red channel) divided by the dose 

actually delivered. The delivered dose value takes account of the small effect of the 

magnetic field on dose to water, which was calculated by MC. The extent to which these 

ratios are significantly different from unity indicates the effect of the magnetic field on 

the film response. The apparent systematic behaviour of data points with increasing dose, 

across different field strengths, is also probably due (in part) to the use of the fourth order 

polynomial fit to the raw film dose response data. For values above 225 cGy, the ratios 

as a function of dose do not follow a simple trend and are somewhat scattered. Indeed, all 

ratios below 2 T are unity within the uncertainties. 

 
Figure 3.8. 〈𝛥𝑛𝑒𝑡𝑂𝐷𝛣〉Dall

as a function of magnetic field strength. Error bars represent the standard 

deviation of the distribution of the averaged 𝛥𝑛𝑒𝑡𝑂𝐷𝐵  values. 



Experimental dosimetry with radiochromic film in magnetic fields 

59 

 

 

Taking averages over all dose values above 75 cGy, the mean ratios are 0.994 ± 0.024 

(0.5 T), 1.011 ± 0.023 (1 T), 1.012 ± 0.028 (1.5 T) and 1.024 ± 0.026 (2 T). 

3.3.6 Film uncertainty 

The relative uncertainties of netOD and dose values, for the red channel, are shown on 

Figure 3.10 (a) and Figure 3.10 (c), respectively, for the five different magnetic field 

strengths. The average relative uncertainties over the netOD values, Figure 3.10 (b), and 

over the dose values, Figure 3.10 (d), as a function of magnetic field strength, do not 

follow a specific trend. This is an indication that film uncertainty is independent of the 

Red channel 

 
Figure 3.9: Ratios of dose, with combined standard uncertainties, obtained (using the red channel) 

from films irradiated in non-zero magnetic field divided by the actual delivered dose. 



Experimental dosimetry with radiochromic film in magnetic fields 

60 

 

magnetic field. The scatter distribution depicted on these figures, reflects the film 

variation between and within EBT-3 film sheets. 

 

3.4 Discussion  

The performance of the EBT-3 film in the presence of a magnetic field, has been 

investigated at different dose levels and over a range of magnetic field strengths. A 60Co 

unit was used to irradiate film pieces placed between the poles of an electromagnet and 

the film response as a function of dose was obtained at five different field strengths. MC 

simulations were performed to determine the effect of a magnetic field on dose to water 

at the position of the film, and this effect was included in the analysis. The uniformity of 

Red channel 

 
Figure 3.10: Relative uncertainties of netOD values (a) and dose values (c). Average relative 

uncertainties over the netOD values (b) and over the dose values (d) as a function of magnetic field 

strength. 
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the beam was evaluated by calculating a profile in x- and y-direction (as indicated in 

Figure 3.1) by means of MC simulation. The beam, within the ROI used for film analysis, 

was found to be 99.86% uniform, on average. The results show that there is at most a 

weak dependence of film sensitivity on magnetic field strength. At the smallest field 

strength (0.5 T), the film was found to under respond, while for field strengths of 1 T and 

above there was an over response. In terms of netOD (red channel) the under response 

was ‒0.0011 and the over response was up to 0.0045 at 2.0 T, with a standard uncertainty 

of ±0.0030. Similar results were observed for the green and blue channels. If this effect 

remains uncorrected, the error in a film measurement of absorbed dose (using the red 

channel) would vary from ‒0.6% at 0.5 T up to 2.4% at 2 T. The error at 1.5 T would be 

1.2%. The standard uncertainty on this dose error is ±1.4%, which is the contribution to 

a measurement of absorbed dose to water which arises from the use of film. 

For the dose levels typically measured with EBT-3 film, and for the magnetic field 

strengths considered here, the actual values measured at different dose levels do not differ 

significantly from a magnetic field-dependent (but dose-independent) constant value. 

Several studies have investigated the various sources of uncertainties on film dosimetry 

(Martisikova et al., 2008, Saur and Frengen, 2008, Bouchard et al., 2009, Garcia and 

Azorin, 2013), including film manufacturing, film manipulation, the irradiation and 

digitisation processes and film characterisation, leading to estimates of best uncertainty 

that range from 1% to 2%. The measurement uncertainties in the present work with EBT-

3 (as explained in section 3.2.7) are consistent with this, ranging from 1.1% to 2.2% for 

dose levels above 75 cGy. This includes the small uncertainty related to the effect of the 

magnetic field on dose to water (0.05%). The magnitude of the effect of magnetic fields 

on EBT-3 film dosimetry observed in this study is comparable to the best achievable 

measurement uncertainty. 

3.4.1 Comparison with different studies 

The development of dosimetry in MRIgRT is still at a fairly early stage and it is essential 

that the performance of detectors used is well characterised. In the current literature on 

film dosimetry in magnetic fields, there remains some apparent inconsistency in the 

results reported from different studies. With the aim of resolving any consequent 
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confusion the results reported here, where possible, are compared with those already 

published. 

Roed et al. (2017) examined the effect of a magnetic field (0 T and 1.5 T) on the response 

of EBT-3 film signal exposed in a 60Co radiation beam. Their experiment involved two 

different orientations of the reference film edge with respect to a) the magnetic field and 

b) to scanning direction: either parallel or perpendicular in both cases. In all possible 

combinations, when film analysed using red channel, they found an under-response 

(ranging from approximetly 1% to 3%) on all examined dose levels with magnetic field 

strength of 1.5 T compared to zero magnetic field dose. However, they also state that 

when the film is left in the magnetic field for a duration of a) 6 min and 30 min the dose 

is over responding by less than 1% and b) 7 min and 10 min the dose is under responding 

by less than 1%. The relationship between the dose change and the time of the film left 

in magnetic field they do not follow a simple pattern. In the current study, the irradiation 

time of the films was ranging between 4 min to 15 min and the dose was found to over 

respond by an average of 1.2% at 1.5 T. 

Reynoso et al. (2016) used a 60Co 0.35 T MRIdian system to irradiate EBT-2 films. Their 

results indicate that the netOD of the red, green and blue channel is decreased by an 

average of 8.7%, 8% and 4.3%, respectively. This study concludes that magnetic fields 

affect crystal orientation and polymerization during irradiation, judging from films 

scanned with an electron microscope. Although that study evaluated a different type of 

film, they specifically state that similar behaviour can be expected for EBT-3 because of 

the identical composition of the active layer (see section 3.1). In the present work, the 

effect of a magnetic field on the netOD response of EBT-3 was found to be small. In the 

Reynoso et al. (2016) study they show an average under response of netOD of 

approximately 7% for data up to 8 Gy figure 2(b) in (Reynoso et al., 2016). The reason 

for the difference between the results of these two studies is unclear. 

A publication by Delfs et al. (2018) assessed the effect of the magnetic field on EBT-3 

using a 6 MV conventional linac and irradiating films in an electromagnet at two different 

magnetic field strengths (0.35 T and 1.42 T). They report a decrease in the OD of up to 

2.5% with an average, over all channels and over a range of dose values, of -0.8%. This 

effect was described by the authors as 2.1% increase in the dose values needed to produce 
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a given OD at a magnetic field of 1.42 T. The present study found that there is indeed a 

change on film sensitivity however in the opposite direction of Delfs findings: the net OD 

is increased by +0.8% (red channel, 1.5 T). The dose required to produce a given optical 

density is smaller by 1.2%. Part of this difference might be explained due to energy 

dependence of EBT-3 film. 

A recent study by Barten et al. (2018) investigated the suitability of EBT-3 film for QA 

use in a 0.35 T 60Co MRIdian system. Their measurements involved irradiation of EBT-

3 film with and without MR imaging and at different angles with respect to magnetic 

field. They also performed equivalent measurements at 0 T, but this time using a 6 MV 

conventional linac. Comparing calibration curves generated in 60Co, with magnetic field, 

and in 6 MV, without magnetic field, they found a maximum difference of 0.9%. In the 

present study the difference on dose measured using EBT-3 film with and without 

magnetic field in a 60Co beam and at 0.5 T (the closest strength to 0.35 T) was found to 

be 0.7%, which agrees with the findings from Barten et al. (2018). 

The observed differences between the current study and the study by Roed et al. (2017) 

shown to be consistent within film uncertainties. Due to the nature of the film technique, 

any deviation can be explained because of the film perturbations influencing 

measurements uncertainties. However, this cannot explain the difference with the 

findings from Reynoso et al. (2016) as it exceeds uncertainty margins. Although different 

type of EBT film generations were used, consistency of published data is anticipated and 

that EBT-2 to have a similar behaviour to EBT-3 under the strength of magnetic field. 

It is essential to take measurement uncertainty into account when assessing the degree 

of agreement between two investigations. The field strength used by Delfs et al. (2018) 

was 1.42 T. Assuming that it is fair to compare their result with our result for 1.5 T, and 

assuming that no correction is made for the possible effect of magnetic field on a film 

measurement of absorbed dose, then Delfs et al. (2018) would estimate the uncorrected 

error as +2.1%, and the present work would estimate the uncorrected error as -1.2%. The 

standard uncertainty on this error is quantified as 1.4%, while Delfs et al. (2018) merely 

assert that their 2.1% value “exceeds the uncertainty margin of the experiment” but 

without quantifying the uncertainty on dose measured by film in their paper. We would 

note, however, that the difference between our results could only be significant at the 
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level of two sigma if their standard uncertainty on dose is smaller than 0.8%, which is not 

plausible. 

A good agreement was found between the current study and the study of Barten et al. 

(2018). Each of these studies (Barten et al., 2018, Delfs et al., 2018), however, used 

different beam quality, or a combination of beam qualities, to examine the effect of 

magnetic field on EBT-3 film response, compared to the present work. 

3.5 Summary 

For the strongest magnetic field considered here (2 T), the sensitivity of Gafchromic 

EBT-3 film may be affected by the presence of a magnetic field at the time of irradiation. 

However, for MRI-linacs currently in use or under development, for which the field 

strength is at most 1.5 T, the effect of the magnetic field on EBT-3 film response was 

found to be zero within the best achievable measurement uncertainty. Results from this 

work agrees well with results presented by Roed et al. (2017), but significantly deviates 

from the results shown by Reynoso et al. (2016). A 3.3% different was found from Delfs 

et al. (2018) and a good agreement was observed with the findings by Barten et al. (2018). 

The outcome of the current work contributes on settling the contradiction of these studies 

and conclude that EBT-3 film is a suitable dosimeter for dosimetry in MRIgRT. 
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Chapter 4 Alanine dosimetry in strong magnetic fields 

Reference dosimetry in the presence of a strong magnetic field is challenging. Ionisation 

chambers, as it was shown on Chapter 2, are strongly affected by magnetic fields. There 

is a need for robust and stable detectors in MRIgRT. This chapter investigates the 

behaviour of the alanine dosimeter in magnetic fields and assess its suitability to act as a 

reference detector in MRIgRT. 

4.1 Introduction 

Alanine is an α-amino acid with the chemical formula: CH3-CH(NH2)-COOH. When an 

alanine molecule is irradiated, undergoes radiolysis with the weakest chemical bond, C-

N, being broken10 (Stuglik, 2007). This process produces a stable free radical, CH3-C•H-

COOH, as shown in Figure 4.1. Free radicals are known as paramagnetic substances, 

which consists of atoms that have unpaired electrons. These substances are expected to 

show electron spin resonance spectra, when analysed in a magnetic resonance 

spectroscopy, such as electron paramagnetic resonance (EPR), also known as electron 

spin resonance (ESR). The concentration of the radiation-induced stable free radicals can 

be measured as a signal using EPR spectroscopy and is proportional to the absorbed dose. 

 

4.1.1 Electron paramagnetic resonance spectroscopy 

The basic principles of EPR spectroscopy focus on the interaction of a magnetic field 

with unpaired electrons and the induction of electromagnetic radiation. This method 

 

10 Note that the other chemical bonds may potentially brake during irradiation. However, their initial 

configuration is restored, i.e. they do not form stable free radicals. 

 
Figure 4.1: Irradiation of the alanine a-amino acid produces free radicals of which three kinds are 

stable including the one shown here. 
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utilises electromagnetic radiation to a cavity with species of free radicals (unpaired 

electrons) in the presence of an external magnetic field to measure an EPR signal. 

In quantum mechanics an electron has a magnetic moment and spin quantum number 𝑆 =

1
2⁄ , with magnetic components 𝑚𝑆, which defines the spin of an electron, 𝑚𝑆 = +

1
2⁄  

or 𝑚𝑆 = −
1
2⁄ . In the presence of a magnetic field 𝐵0 an electron exists in one of two 

discrete energy levels, i.e. its magnetic moment aligns either parallel (𝑚𝑆 = +
1
2⁄ ) or 

antiparallel (𝑚𝑆 = −
1
2⁄ ) to the field, with each alignment having a specific energy 𝐸 

due to Zeeman effect: 

 𝐸 = 𝑚𝑆 ∙ 𝑔 ∙ 𝜇𝑏 ∙ 𝐵0 (4.1) 

where, 𝑔 is the electrons 𝑔-factor (Lande factor) and is a unitless measurement of the 

intrinsic magnetic moment of the electron, and its value for a free electron is 2.0023. 𝜇𝑏 

is the Bohr magneton (9 274 ∙ 10 24 𝐽   1). 

In a diamagnetic substance, which consists of stable molecules held together by bonds, 

electrons are in pairs and their spins are orientated in opposite directions. Therefore, the 

electronic magnetic moment is cancelled and there is no interaction with an applied 

magnetic field. In contrast, in a paramagnetic substance, such as free radicals, the atoms 

consist of unpaired electrons. In such conditions the electron magnetic moment may 

interact with an external magnetic field, where its spin aligns either parallel or antiparallel 

to the field. The energy 𝐸 of spin states as a function of magnetic field 𝐵0 is shown in 

Figure 4.2. As the magnetic field increases, the separation between the energy levels ∆𝐸 

increases too, and is given by: 

 ∆𝐸 = 𝑔 ∙ 𝜇𝑏 ∙ 𝐵0 (4.2) 

An incident electromagnetic radiation, ℎ𝑣, of an appropriate frequency can cause a 

transition from one spin state to the other. When the energy difference between the two 

electron spin states, ∆𝐸, equals the energy of the electromagnetic radiation, there is 

absorption of energy by the spins, which is known as resonance. 

 ∆𝐸 = ℎ𝑣 = 𝑔 ∙ 𝜇𝑏 ∙ 𝐵0 (4.3) 
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where ℎ is Planck’s constant (6 626 ∙ 10 34 𝐽 𝑠 1) and 𝑣 is the frequency of radiation. 

 

Since both 𝑔 and 𝜇𝑏 are constants, the energy difference between the two spins states is 

directly proportional to the magnetic field strength and, therefore, there are two possible 

methods to determine the electron spin resonance spectra (Eaton et al., 2010): 1) vary the 

electromagnetic radiation frequency (in forms of microwaves) and maintain the magnetic 

field constant or 2) maintain the electromagnetic radiation frequency constant and vary 

the magnetic field. Most EPR spectrometers are operated based on the latter approach 

with a frequency region between 9 to 10 GHz (X microwave band). In such frequency, to 

achieve a resonance condition for a 𝑔 value of approximately 2.00, the magnetic field 

should be tuned to a strength of about 0.35 T. Note that 𝑔-factor is independent of the 

microwave frequency and is used to characterise signals and identify different compounds 

(Eaton et al., 2010).  

4.1.2 EPR spectrometry system 

A block diagram of a typical EPR spectrometer is shown on Figure 4.3 and the main 

components are: 

i. The microwave bridge: contains both the microwave source and the detector. 

ii. The microwave cavity: acts as a resonator for microwaves and holds the sample. 

 
Figure 4.2: Energy levels of an electron spin (𝑚𝑆 = ±

1
2⁄ ) in a magnetic field and absorption of 

photons. 
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iii. The magnet: application of a magnetic field. 

The principles of EPR spectroscopy are well described in the literature (Schosseler, 1998, 

Jeschke, 2008, Eaton et al., 2010). Here, its operation is briefly described. 

 

In the microwave bridge, a source (klystron or Gunn diode) is used to generate a 

microwave irradiation, where their power level is adjusted and controlled with an 

attenuator. A circulator, which behaves like a traffic circle, routes the microwave 

irradiation into the cavity, via waveguides, where the sample is located. The cavity is a 

rectangular metal box which is designed to be exactly one wavelength in length (for X-

band cavity the length is about 3 cm). Therefore, the microwave frequency from the 

source must be tuned to equal the resonance frequency of the cavity. In other words, the 

impedances of the cavity and the waveguides must be matched, such that the microwave 

power remains inside the cavity, i.e. the resonator is ‘critically coupled’. This is achieved 

via a hole called iris, which controls the amount of microwave power that enters to and 

reflected from the cavity. Once this is completed, the magnetic field, generated from the 

magnet, is swept to induce a spin transition in the sample, which absorbs microwave 

energy. This results in a change of impedance and the cavity being no longer critically 

coupled (the resonator is detuned), which means that microwave power is reflected to the 

bridge and directed through the circulator towards the detector (a diode). The detector 

produces a current which is proportional to the microwave power, reflected from the 

cavity. A technique known as phase sensitive detection is used to increase the signal-to-

 
Figure 4.3: Block diagram of a typical EPR spectrometer. 
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noise ratio. This is achieved by introducing a small amplitude field modulation with a 

typical frequency of 100 kHz, which is applied in the same direction as the main magnetic 

field. When a resonance condition is fulfilled, the reflected from the cavity microwave is 

modulated at the same frequency. Therefore, the generated EPR signal (absorption curve) 

is transformed into a sine wave, where the amplitude is proportional to the slope of the 

signal. This is also responsible for the first derivative shape of the spectrum (Figure 4.4). 

 

It must be noted that the shape of an EPR spectrum is more complex. What is presented 

on Figure 4.4, is the spectrum of a simple free particle. An unpaired electron, in addition 

to its interaction with the external magnetic field, will also interact with the magnetic 

moment of the nuclei found in the environment of the electron spin; this process is known 

as hyperfine interaction and leads to the splitting of the resonance peak in the EPR 

spectrum and provides additional information about the species of free radicals (such as 

identity and number of nuclei in a molecule). A typical alanine EPR spectrum is shown 

on Figure 4.5. 

4.1.3 Alanine/EPR dosimetry 

EPR spectroscopy of the a-alanine amino acid is used for absorbed dose measurements 

of ionising radiation. The methodology explained in the previous section, is used to 

determine the alanine/EPR signal. The intensity of the alanine/EPR signal, defined as the 

peak-to-peak (p-p) height of the central peak, as shown in Figure 4.5, is relative to the 

concentration of the free radicals, which is proportional to the absorbed dose. The 

 
Figure 4.4: Small amplitude field modulation converts absortpion curve to first derivative. The red 

dushed line corresponds to the maximum absorption. 
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advantage of the free radicals generated in alanine after irradiation, is that they are stable 

for years. Based on that, an alanine/EPR dosimetry system can be established and used 

as reference and transfer standard in radiotherapy, but also in industrial dosimetry. 

 

In radiotherapy, alanine dosimeters provide an alternative to standard dosimetry systems, 

such as ionisation chambers. McEwen et al. (2015) has pinpointed the advantages of 

alanine dosimetry as a reference detector against an ionisation chamber in conventional 

radiotherapy. NPL provides an alanine reference dosimetry service (Sharpe et al., 1996, 

Sharpe and Sephton, 2000, Sharpe and Sephton, 2006), which can be used to measure 

therapy level absorbed dose in reference and non-reference conditions. Alanine has been 

used as a transfer standard for comparison of the absorbed dose measured from national 

standards laboratories in a 60Co beam (Burns et al., 2011) and in megavoltage electron 

beams (McEwen et al., 2015) with a precision of 0.1%. The use of alanine in dosimetry 

audits for megavoltage photons and electrons under standard conditions has been proven 

by Thomas et al. (2003) to be an essential detector to ensure national consistency in 

radiotherapy dosimetry. In non-standard conditions, such as small field beams (Ramirez 

et al., 2011, Massillon et al., 2013, Dimitriadis et al., 2017) and flattening filter free 

beams (Budgell et al., 2016) alanine has been used for absolute dosimetry measurements 

transfering traceability to a primary standard. 

 
Figure 4.5: Alanine EPR spectrum. 
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A detailed description of alanine as a dosimeter has been given in the literature (Chu 

et al., 2008, McEwen and Ross, 2009, Malinen, 2014) and some primary points have been 

emphasised by McEwen et al. (2015). 

The alanine/EPR signal is affected from external influence quantities, such as irradiation 

temperature and relative humidity. The ICRU report 80 (Chu et al., 2008), based on 

literature evaluation, reports that the irradiation temperature may increase the alanine 

response on a range from 0.1% ℃ 1 to 0.3% ℃ 1  for doses up to 50 kGy. On the other 

hand, relative humidity would decrease the alanine response over the time. Sleptchonok 

et al. (2000) showed that for a period of no more than half a year and for relative humidity 

above 60% (for dose values of 1 kGy to 10 kGy), the rate of the alanine/EPR signal fading 

increases with the relative humidity. However, below 60% the signal is stable within ±1% 

of the initial dose value. The fading rate from the post-irradiation stability of the 

alanine/EPR signal, has been stated from the ICRU report 80 (Chu et al., 2008) to range 

from 0.5% to 5% per year for dose values up to 10 kGy. 

In practice, the effects from such external influence quantities should be considered 

and corrected by applying correction factors to the alanine response. These factors need 

to be considered either during irradiation or readout of the alanine detectors. 

In the presence of magnetic fields, alanine/EPR offers an alternative to ionisation 

chamber-based reference dosimetry, in which the magnitude of the ERE, due to small air 

gaps created from the design of the alanine holder (explained in section 4.2.4), may be 

reduced compared to the effect in an air-filled ionisation chamber. Currently, the primary 

standards that can provide traceability for reference dosimetry in magnetic fields are the 

VSL’s (Van Swinden Laboratory, which is the Dutch Metrology Institute) and PTB’s 

(Physikalisch-Technische Bundesanstalt, which is the German Metrology Institute) water 

calorimeters. These MRI-safe primary standards have performed direct measurements of 

absorbed dose to water in an Elekta Unity™ (de Prez et al., 2019a) and ViewRay 

MRIdian™ (Krauss et al., 2020) MRI-linac systems and cross calibrated ionisation 

chambers to act as transfer standards. Nevertheless, as explained in Chapter 2, the strong 

magnetic field modifies the response of air-filled ionisation chambers, and the correction 

𝑘𝑄𝐵,𝑄 for this effect may significantly increase the uncertainty of reference dosimetry. 
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The use of alanine as a transfer standard implies that it is used in the same conditions that 

it has been calibrated (primary condition). Where these conditions do not match the 

measurement conditions (i.e. alanine is irradiated in a different beam quality), a correction 

to account for changes in the response relative to those under calibration conditions need 

to be applied. For instance, the alanine/EPR signal depends on the energy spectrum of the 

radiation beam. Corrections for this effect have been well quantified in the literature 

(Bergstrand et al., 2003, Sharpe, 2003, Zeng et al., 2004, Bergstrand et al., 2005, Anton 

et al., 2013). When alanine is used to measure dose in the presence of a strong magnetic 

field (such as in MRI-linac systems), and an alanine calibration is available only in the 

absence of the magnetic field, then a correction factor that would account for the effect 

of the magnetic field needs to be applied. This factor will correct for both the effect of the 

magnetic field on dose to water and on alanine response. 

In this chapter, alanine pellets are loaded in a waterproof holder, placed in an 

electromagnet and irradiated by 60Co and 6 MV and 8 MV linac beams over a range of 

magnetic field strengths. Monte Carlo simulations are performed to calculate the absorbed 

dose, to water and to alanine, with and without magnetic fields. Combining measurements 

with simulations, the effect of magnetic fields on alanine response is quantified and a 

correction factor for the presence of magnetic fields on alanine is determined. A statistical 

analysis and an investigation of the effect of the air gaps associated with the alanine 

holder, are also presented. 

4.2 Materials and Methods 

4.2.1 Alanine dosimetry at NPL 

Typical NPL alanine pellets are shown on Figure 4.6 and their development for reference 

dosimetry at radiotherapy dose levels has been described in literature (Sharpe and 

Sephton, 1999, Sharpe and Sephton, 2000, Sharpe and Sephton, 2006). Alanine comprise 

of 90% L-α-alanine and 10% of binding agent of high melting point paraffin wax (m.p. 

98 oC), by weight (Sharpe et al., 1996). Alanine is near water-equivalent, but not 

waterproof, with a density of about 1.4 g/cm3 and it has a linear response to dose. The 

mass of each alanine pellet varies slightly between different batches (nominal mass of a 

2.3 mm × 5 mm pellet is 55 mg), but it is weighted before measurement. It also has good 
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reproducibility (0.3% variation between individual dosimeter pellets) and a small energy 

dependence, less than 1%, considering 4 MV to 15 MV photon beams relative to a 60Co 

beam (Bergstrand et al., 2003, Sharpe, 2003, Zeng et al., 2004, Bergstrand et al., 2005, 

Anton et al., 2013). EPR spectroscopy is used to detect and quantify the number of the 

stable free radicals that are created by the ionising radiation. The alanine/EPR signal is 

the corrected alanine peak-to-peak intensity per unit dosimeter mass, expressed in Gy to 

water, using a calibration curve derived from reading out alanine irradiated under 

reference conditions in 60Co. The corrections include effects such as temperature during 

irradiation and spectrometer sensitivity. If alanine is irradiated in some other conditions, 

then a correction may be needed to account for any change in the intrinsic sensitivity of 

alanine, which may be defined as the alanine/EPR signal per unit absorbed dose to 

alanine. 

We would like to point out that in the work performed in this thesis, the readout of the 

alanine/EPR signal was performed by the chemical radiation dosimetry laboratory at 

NPL. 

 

4.2.2 Alanine reference dosimetry in a magnetic field 

The reference measurement of absorbed dose to water, in the presence of a magnetic field 

B, 𝐷𝑤,𝑄𝐵, using alanine, is given by: 

 
Figure 4.6: Typical NPL’s alanine pellets. 
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 𝐷𝑤,𝑄𝐵 = 𝑀𝑎𝑙,𝑄𝐵 ∙ 𝑁𝐷,𝑤,𝑄𝐵 (4.4) 

where, 𝑀𝑎𝑙,𝑄𝐵 and 𝑁𝐷,𝑤,𝑄𝐵 are the alanine/EPR signal and the calibration coefficient, 

respectively, of the alanine detector in the presence of magnetic field. The magnetic field 

affects the absorbed dose to water at the measurement point, 𝐷𝑤,𝑄, the absorbed dose to 

the alanine pellet, 𝐷𝑎𝑙,𝑄, and may also affect the intrinsic sensitivity of the alanine, 𝑅𝑎𝑙,𝑄, 

which is defined by: 

 𝑅𝑎𝑙,𝑄 =
𝑀𝑎𝑙,𝑄
𝐷𝑎𝑙,𝑄

 (4.5) 

Note that this relation is analogous to the definition of detector dose response (or 

sensitivity) proposed by Bouchard and Seuntjens (2013). 

If the alanine calibration is only available for a beam quality 𝑄 in the absence of any 

magnetic field, 𝑁𝐷,𝑤,𝑄, then a correction factor for the effect of the magnetic field is 

needed: 

 𝐷𝑤,𝑄𝐵 = 𝑀𝑎𝑙,𝑄𝐵 ∙ 𝑁𝐷,𝑤,𝑄 ∙ 𝑘𝑄𝐵,𝑄 (4.6) 

This correction factor is defined, by analogy with the usual quality dependent correction 

factor, 𝑘𝑄,𝑄0 (Andreo et al., 2000), by: 

 𝑘𝑄𝐵,𝑄 =
𝑁𝐷,𝑤,𝑄𝐵
𝑁𝐷,𝑤,𝑄

=
𝐷𝑤,𝑄𝐵 𝑀𝑎𝑙,𝑄𝐵⁄

𝐷𝑤,𝑄 𝑀𝑎𝑙,𝑄⁄
=
𝐷𝑤,𝑄𝐵
𝐷𝑤,𝑄

∙
𝑀𝑎𝑙,𝑄
𝑀𝑎𝑙,𝑄𝐵

 (4.7) 

The absorbed dose to water, with magnetic field, 𝐷𝑤,𝑄𝐵, and without magnetic field, 𝐷𝑤,𝑄, 

was calculated by using MC simulations. The alanine/EPR signal at a quality 𝑄, 𝑀𝑎𝑙,𝑄, 

can be derived from equation (4.5) as the product of the absorbed dose to alanine at a 

quality 𝑄, 𝐷𝑎𝑙,𝑄, and the alanine intrinsic sensitivity at the same quality 𝑄, 𝑅𝑎𝑙,𝑄. The 

effect of the magnetic field on the alanine intrinsic sensitivity may be represented by the 

ratio, 𝐹𝑄𝐵,𝑄, and is defined as relative intrinsic sensitivity: 

 𝐹𝑄𝐵,𝑄 =
𝑅𝑎𝑙,𝑄𝐵
𝑅𝑎𝑙,𝑄

 (4.8) 
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This was determined by combining measurements of the alanine/EPR signal with the 

absorbed dose to the alanine pellet, determined by MC simulation of the dosimeter setup: 

 𝐹𝑄𝐵,𝑄 =
𝑀𝑎𝑙,𝑄𝐵
𝑀𝑎𝑙,𝑄

∙
𝐷𝑎𝑙,𝑄
𝐷𝑎𝑙,𝑄𝐵

=
𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄 ∙⁄ 𝐷𝑎𝑙,𝑄 𝐷𝑎𝑙,𝑄𝐵⁄

𝑘𝑄𝐵,𝑄
 (4.9) 

4.2.3 Experimental setup 

Alanine pellets, of approximately 2.3 mm height and 5 mm diameter, were placed in a 

waterproof holder of polyether ether ketone (PEEK) material shaped like a Farmer-type 

ionisation chamber, in an electromagnet (GMW 3474-140) and irradiated by either a 60Co 

source or conventional 6 MV and 8 MV Elekta Synergy linac beams. A disassembled 

view of the NPL alanine holder is shown in Figure 4.7. The external dimensions of this 

holder are designed to match a PTW 30013 Farmer-type chamber. The holder has internal 

dimensions of 5.2 mm diameter (tolerance of 0.2 mm to allow the loading and unloading 

of the pellets) and a length of 20.5 mm. The measurement reference point of the 

PTW 30013 Farmer-type chamber is very close to the centre of the third pellet from the 

thimble tip of the holder. Thus, the first five pellets from the thimble tip of the holder 

were used for analysis. 

 

In 60Co, measurements were performed in a similar setup as explained in Chapter 3. The 

alanine dosimeters were irradiated in an in-house PMMA phantom, 2 cm × 5 cm × 26 cm, 

with a drilled insert to enable the alanine holder to fit in. Any air gap between the insert 

and the holder was carefully filled with water to mitigate the effects of the ERE. The 

 
Figure 4.7: NPL alanine holder. 
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phantom was placed in the 5 cm gap between the two poles of the magnet and irradiated 

at a depth of 1 cm at five magnetic field strengths (0 T, 0.5 T, 1 T, 1.5 T and 2 T). 

In the Elekta Synergy linac setup, a water phantom, 7 cm × 18 cm × 19 cm, was designed 

to place the alanine holder between the 7 cm gap of the magnetic poles (Figure 4.8), which 

provide a maximum magnetic field strength of 1.6 T. An insert frame-holder was built to 

set up the alanine holder in the water tank and between the two poles of the magnet. The 

surface to SSD was 305 cm, with alanine irradiated at a water equivalent depth of 5 cm 

and magnetic field strengths of 0 T, 0.35 T, 0.5 T, 1 T and 1.5 T. 

 

In both 60Co and Elekta Synergy linac radiation beams, the long axis of the alanine holder 

was positioned in a) the centre of the two magnetic poles, b) perpendicular orientation to 

the radiation beam, along z-axis and c) perpendicular orientation to the magnetic field, 

along the x-axis. The radiation field was collimated to fill the gap between the two 

magnetic poles. A calibrated thermistor was placed close to the holder to record the 

ambient temperature needed to correct the effect of the alanine signal due to temperature. 

 
Figure 4.8: Front schematic view (cross-section) of the experimental setup. PMMA or water phantom 

fits between the two magnetic poles with a gap of either 5 cm or 7 cm that gives a maximum magnetic 

field strength of either 2 T or 1.6 T. Both magnetic field and radiation beam are orientated 

perpendicular to the long axis of the alanine holder. 
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4.2.3.1 Magnetic field effect on photon beam symmetry 

The effect of the magnetic field on the photon beam symmetry of the linac was evaluated. 

A Sun Nuclear IC Profiler was set at 100 cm iso-centre (using the same gantry angle as 

the experimental setup) and irradiated with a 10 cm × 10 cm beam field. With a magnetic 

field strength of 0 T, initial beam steering adjustment was performed to give zero tilt using 

the IC Profiler. The 2T (crossline) and 2R (inline) error values, which indicate if there is 

any asymmetry of the beam, were set to zero. The magnetic field strength was set to 1.5 

T and it was found that symmetry was different by 1.5% compared to profiles without 

magnetic field (crossline and Inline profiles with magnetic field strengths set at 0 T and 

1.5 T are shown on  Figure 4.9). Beam steering was adjusted to eliminate the tilt (2T and 

2R error values set back to zero) and the profile symmetry matched the beam without 

magnetic field. Therefore, it was concluded that zeroing the 2T and 2R error values was 

a good method to restore the symmetry of the photon beam when the magnetic field was 

on. 

 

Here, we must point out, that the magnetic field strength at the iso-centre was less than 

0.05 mT, when the electromagnet was set up to give 1.5 T between the poles, and any 

effect on the IC profiler signal due to the magnetic field was found to be negligible. 

  
 Figure 4.9: Inline and crossline profiles with 1.5 T and without magnetic field of a 10 cm × 10 cm at 

8 MV linac beam. 



Alanine dosimetry in strong magnetic fields 

78 

 

4.2.3.2 Magnetic field uniformity 

The magnetic field uniformity for a pole gap of 7 cm was evaluated by measuring the 

magnetic field at different strengths in z- (front to rear of the magnet) and y-axis (top to 

bottom of the magnet) as shown in Figure 4.8. Measurements were performed with a 

gaussmeter (HIRST GM07) positioned in the centre of the gap between the two poles, as 

in x-axis of Figure 4.8. Figure 4.10 shows magnetic field data normalised at 0 cm, of 0.35 

T, 0.5 T, 1.0 T and 1.5 T strengths, as a function of position along the centre of two 

magnetic poles: front to rear and top to bottom. Data from the GMW electromagnet user 

manual (GMW, 2009), for a pole gap of 7 cm, are also included. On average, the 

uniformity within ±3 cm was found to be 99.83% and 99.82% for the front to rear and the 

top to bottom directions, respectively. The uniformity of the magnetic field from the 

(GMW, 2009) user manual is 99.83%. Note that the GMW (2009) user manual provides 

data for the front to rear direction only. However, assuming that the field would be 

symmetrical along the circular poles, the same data may be used for comparison with the 

measured top to bottom data. 

It can be noticed that in the top to bottom direction in Figure 4.10, the measured data 

are more noisy compared to the front to rear direction. This is due to the method used for 

the readings of the magnetic field, which was not as stable as the one used for the front 

to rear direction.  

 

 
Figure 4.10: Measured magnetic field uniformity at different strengths for a pole gap of 7 cm. Plots 

also show the magnetic field uniformity retrieved from the GMW electromagnet user manual (GMW, 

2009), Filename: SC7955 Uniformity Plot 6.507, pole gap: 7 cm, magnet operated at 140 A with the 

magnetic field strength being 1.55 T at 0 cm. All data are normalised at a position of 0 cm. 
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4.2.4 Air gaps on the farmer compatible alanine holder 

Alanine is a non-waterproof solid-state detector and the pellets has to be located in a 

watertight holder. Air gaps exist inside the holder and two cases were identified and 

investigated: 

i. Bevel-air-gap: alanine pellets do not have a flat surface, but instead they form a 

bevelled edge (Figure 4.11), which introduces air gaps when loaded in the holder. 

This creates a maximum of 0.052 cm air gap around the bevelled edge between 

the two pellets. The first (close to the thimble tip) and the last (close to the stem) 

pellet form the half of this air gap (0.026 cm). 

ii. Cylindrical-air-gap: the internal diameter of the holder has a tolerance of 0.02 cm 

to allow the pellets to be loaded and unloaded in the holder. This forms an air gap 

between the inner holder wall and the pellets of 0.01 cm (Figure 4.11). 

MC simulations were performed for both cases to investigate the effect of air gaps on the 

alanine signal. This effect must be included as a component in the measurement 

uncertainty, when alanine is used as a dosimeter in the presence of the magnetic field. 

This is further explained in section 4.3.8.2. In any case, any effect (including the fluence 

perturbation by the PEEK holder) will be part of the alanine magnetic field correction 

factor, explained in section 4.2.2. 

 

 
Figure 4.11: Alanine bevel-air-gap of 0.052 cm, formed due to the pellet’s bevelled edge, and 

cylindrical-air-gap of 0.01 cm, due to a slightly bigger internal dimeter of the holder compared to the 

external dimeter of the alanine pellet. 
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4.2.5 Monte Carlo simulations 

In this study, MC simulations were performed to include calculations of absorbed dose to 

water and to alanine, the investigation on the effect of the air gaps around the alanine 

pellets and the uncertainty estimation due to the random position of the alanine pellets 

inside the holder. 

The user code cavity that forms part of the EGSnrc code system (Kawrakow I et al., 2011) 

(development version: GitHub: Aug 2017) was used. An accurate model of the 

experimental setup consisting of the two magnetic poles, the bespoke water tank, the 

holder and the alanine pellets was first constructed. The dimensions and material 

specifications used were taken from the associated manuals, test certificates and in-house 

dimensional measurements. In the MC simulation, the pellet medium was set to be a 90:10 

mixture of alanine and paraffin wax binder. The medium density was set to the measured 

pellet bulk density (1.23 g/cm3), and the alanine stopping power density effect correction 

was based on the crystalline density (1.42 g/cm3). Following Zeng et al. (2005) the 

alanine/EPR signal was replaced by dose to the pellet mixture since, over the relevant 

range of electron energy, variations in the paraffin/alanine stopping power ratio are 

confined within a range of ±0.15%. The effect of this approximation on the calculation 

of the dose to alanine ratio, with and without the magnetic field, is expected to be 

negligible. 

The cut-off energy for electrons (AE and ECUT) was set to 0.521 MeV and for photons 

(AP and PCUT) to 0.01 MeV. For the simulations of the external magnetic field, the 

default electromagnetic field macros (EMF_MACROS) were enabled, in which each 

electron step is adjusted to include the effect of the Lorentz force in a way that preserves 

the loss of kinetic energy per unit path length, and EM ESTEPE was set to 0.01. All other 

parameters were set to their default values. 

Phase space data of the 6 MV and 8 MV Elekta Synergy x-ray beams were generated at 

270 cm from the target, using the BEAMnrc usercode, for the purpose of the detector 

simulations. For beam validation at 0 T, depth dose and profile measurements were 

performed at 279 cm from the target. The radiation field size, at the machine isocentre, 

was 1.9 cm (crossline) × 4.4 cm (inline). A parallel plate chamber (NACP-02) was placed 

in a water tank for depth dose measurements, and profiles were measured by irradiating 
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EBT-3 films with a 5 cm build-up. Films were processed and analysed using a method 

developed by Bouchard et al. (2009). 

The same 60Co beam model used in Chapter 3, is used in this chapter as well. 

The following three sections (4.2.5.1, 4.2.5.2, 4.2.5.3) will describe the MC simulations 

that were performed to support investigations in this study. 

 

4.2.5.1 Experimental setup model validation 

For the model validation of the experimental setup, including the electromagnet, alanine 

and holder, measurements were performed using the setup explained in section 4.2.3. In 

this case, measurement and MC simulations were performed with the holder partially 

loaded with alanine pellets, so that an air gap of nominal 0.44 cm occurs between the stem 

and the first pellet (Figure 4.12). In this air gap, the electrons follow on average a curved 

trajectory in accordance with the Lorentz force by increasing the dose on the first pellet, 

which are distributed along the long axis of the holder towards the thimble tip. The 

magnetic field strength was 1.5 T and alanine pellets were irradiated with 6 MV and 8 

MV delivering 20 Gy in each case. In the simulations, the total dose per incident particle 

was scored in each pellet. Unfortunately, it was not possible to perform similar 

 
Figure 4.12: Alanine holder filled with pellets for the purpose of experimental setup validation. The 

direction of the magnetic field (pointing into the plane of the paper) and radition beam (lying in the 

plane of the paper) with respect to the holder are shown toghether with the affected electron 

trajectories. 

Radiation beam Magnetic field

Affected 

electron 

trajectories

PEEK
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measurements to validate the experimental setup at 1.5 T in the 60Co beam during the 

study. Nevertheless, the characteristics of the 60Co beam model, have been benchmarked 

Chapter 3. 

4.2.5.2 Monte Carlo model for the air gap effect 

MC simulations were performed to determine the effect of the air gaps around the alanine 

pellets. A model of the holder loaded with alanine pellets was used and three sets of 

simulations were performed: a) full model including both air gaps (bevel and cylindrical), 

b) full model with the air gaps created from the bevelled edge of the alanine pellets (bevel-

air-gaps only) filled with alanine medium and c) full model with no air gaps (both air gaps 

filled with alanine medium). Figure 4.13 depicts the three models. Simulations were 

performed for all beam qualities at all examined magnetic field strengths. For each 

combination, the total dose per incident particle was scored to the first five pellets from 

the thimble tip of the holder. 

 

4.2.5.3 Uncertainty due to the air gaps 

When alanine pellets are loaded inside the holder, they will not be located symmetrically 

but rather randomly due to the air gap of 0.02 cm (see section 4.2.4). Depending on the 

position of the air gaps inside the holder with respect to the magnetic field, the ERE will 

either increase or decrease the dose in each alanine pellet. Due to the unpredictable 

location of the pellets, it is difficult to calculate what the effect would be and correct for 

it. However, known air gaps of 0.02 cm, which is the maximum between the holder and 

 
Figure 4.13: MC models for the investigation of the effect of the air gaps around the alanine pellets. 
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the alanine pellets, can be modelled by MC simulations to estimate the effect and include 

it in the uncertainties (see section 4.3.8.2). For that purpose, a model of the holder loaded 

with nine alanine pellets was built and MC simulations were performed by shifting the 

pellets in the x- and z-axis as shown in Figure 4.14 (dimensions not to scale), allowing 

the maximum achievable air-gap (0.02 cm). The total dose per incident particle was 

scored to the first five pellets from the thimble tip of the holder for each of the three beam 

energies, for all magnetic field strengths and all five combinations. 

 

4.3 Results 

4.3.1 Validation of the beam models 

The 6 MV and 8 MV beam models were validated by comparing the simulated lateral and 

depth dose profiles with the measured data as shown in Figure 4.15. For each plot, the 

data were normalised to the integral of the curve to minimise the effect of point-to-point 

variations in film sensitivity.  Piecewise cubic Hermite polynomial functions (which 

preserves the shape of the data) were used to interpolate the MC calculated data to the 

measured depth and off-axis distance points. This will enable a comparison in terms of 

dose points differences between the MC and the measured data. 

 
Figure 4.14: MC models to evaluate uncertainties due to air gaps. (a) coordinates indicating the 

direction of magnetic field and radiation beam with respect to the alanine holder, (b) model of the 

centred alanine pellets in the holder and (c, d, e, f) offset alanine pellets along the short axis (x- and 

z-axis) creating an air gap of 0.02 cm. Dimensions not to scale. 
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Figure 4.15: Validation of the MC models by comparing experimental and simulated profiles and 

depth doses, at 1.5 T, for 6 MV and 8 MV beam energies. 
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In the right y-axis of the plots in Figure 4.15, the percentage dose difference is shown. 

The dose difference between the MC calculated profiles and the film measurements 

diverge over a range of 3%. Part of this difference is accounted to the uncertainty of the 

single channel analysis made of the film data, which was estimated to be 2%. In the two 

regions confined to the steepest parts of the penumbra, the dose difference varied over a 

range of 6%. 

4.3.2 Alanine model and experimental setup validation in a magnetic 

field 

The validation of the experimental setup model for 6 MV and 8 MV with experiments 

was performed at a magnetic field strength of 1.5 T. It was found that the thickness of the 

air gap between the PEEK stem and the first alanine pellet, depends on the force that is 

applied to adjust the screw cap shown in Figure 4.7, which is used to secure the pellets 

inside the holder. Further measurements of five actual holders and pellets showed typical 

variations of the air gap in the order of 0.35 ± 0.02 cm, and so additional simulations with 

air gaps of 0.30 cm and 0.40 cm were made. Figure 4.16 shows the MC results (for three 

different air gaps) and the measurement results of the dose deposited at each alanine 

pellet, normalised to the average dose of all pellets, for 6 MV and 8 MV. The same plot, 

on the right y-axes, shows differences between the measured and the MC normalised 

doses for the three air gaps. The experimental data points for both energies agree with the 

MC calculated points of the two additional simulations, of 0.30 cm and 0.40 cm air gaps, 

within the measurement uncertainties. The error bars on the experimental data represent 

the combined standard uncertainty of an alanine pellet (0.3%) and the uncertainty due to 

the air gaps as explained in section 4.3.8.2. The uncertainty on the MC data is in the order 

of 0.15%. For clarity, error bars are not included on the MC data. 

4.3.3 Effect of air gaps on alanine in a magnetic field 

Figure 4.17 shows the effect of the air gaps on the calculated dose-to-alanine for the three 

beam energies and all tested magnetic field strengths, based on the three sets of 

simulations described in section 4.2.5.2. Calculated data show how the dose to alanine 

changes when the air gaps created from the bevelled edge are simulated with alanine 

replacing the air, Figure 4.17 (a), and when both bevel and cylindrical air gaps are 

replaced with alanine medium, i.e. full model with no air gaps, Figure 4.17 (b). In both 
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cases, data were normalised to the MC results of the full model (including both air gaps). 

In Figure 4.17 (b), the maximum deviation from the full model was found to be 0.45% 

and 0.55% for 6 MV and 8 MV, respectively, at 1.5 T. In Figure 4.17 (a), the maximum 

deviation was found to be at 1 T and 1.5 T and was less than 0.4% for both 6 MV and 8 

MV. For the 60Co beam all data from both figures were found to be less than 0.4%. 

 

 

 
Figure 4.16: MC and measurement results (left y-axes), including air gaps of 0.30 cm, 0.40 cm and 

0.44 cm (nominal air gap), of the dose deposited at each alanine pellet, normalised to the average 

dose of all pellets, for 6 MV and 8 MV, plotted against the distance measured from the front of the 

first alanine pellet. The right y-axes show the difference between measured and tthe MC normalised 

dose. Note that the air gaps, on the x-axis of the two plots, are at the front face (0 cm). 

 
Figure 4.17: MC results of the effect of the air gaps on the calculated dose on alanine for 60Co, 6 MV 

and 8 MV at all tested magnetic field strengths, when the bevelled-air-gaps (a) and the annular-air-

gap (b) are filled with alanine medium. Data are normalised to the MC results of full model. Error 

bars represent the combined MC uncertainties. 
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4.3.4 Effect of the magnetic field on absorbed dose to water 

The effect of the magnetic field on absorbed dose to water at the measurement point, 

𝐷𝑤,𝑄, is needed to determine the alanine magnetic field quality correction factor and its 

relative intrinsic sensitivity, as explained in section 4.2.2. For that purpose, depth doses 

in water for each beam energy and at magnetic field strengths up to 3 T were calculated 

by using MC simulations. Figure 4.18 (a) shows depth doses, of the 8 MV energy beam, 

without and with 1.5 T magnetic field (left y-axis) and the ratio 𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  at each dose 

point (right y-axis). After 𝑑𝑚𝑎𝑥, for all beam energies, depth doses in the presence of a 

magnetic field, although systematically lower compared to 0 T, were found to be similar. 

Therefore, the 𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  ratios at each magnetic field strength were determined from 

the average ratios after 𝑑𝑚𝑎𝑥, which results in a level of standard uncertainty of 0.04%. 

Figure 4.18 (b) shows the MC calculated 𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  ratios as a function of magnetic 

field strength for the three beam energies. 

 

4.3.5 Alanine response in a magnetic field 

Dose delivered to each alanine pellet in a Farmer-type holder was investigated as a 

function of position within the holder. The pellets are labelled 1 – 5, with 1 being closest 

to the stem of the alanine holder. Figure 4.19 shows results of the dose data of the three 

energy beams, for each individual pellet, for all tested magnetic field strengths. Each line 

 
Figure 4.18: a) Depth doses, of the 8 MV energy beam, for 0 T and 1.5 T (left y-axis) and the ratio 

𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  at each dose point (right y-axis). b) MC calculated 𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  ratios as a function of 

magnetic field strength for 60Co, 6 MV and 8 MV. 
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represents data of the five readouts from the stack of the pellets in one holder, which are 

normalised to the average dose over all pellets in each holder. The error bars represent 

uncorrelated part of the uncertainties of the dose to water measured with alanine. It may 

be observed that for all cases there is not any systematic trend, but rather, data are 

randomly scatter. This figure shows that the value (dose per pellet normalised to the mean 

of all pellet in the stack) does not vary with pellet position in the stack. 

 

Figure 4.20 summarises the alanine/EPR signal for measurements in a magnetic field, 

𝑀𝑎𝑙,𝑄𝐵, normalised to the signal at zero magnetic field, 𝑀𝑎𝑙,𝑄, as a function of magnetic 

                60Co                                     6 MV                                  8 MV 

 
Figure 4.19: Normalised alanine dose as a function of alanine pellet position within Farmer-type 

holder. Each line represents the five readouts from one holder and data are normalised to the average 

dose over the pellets in one holder. The error bars represent uncorrelated part of the uncertainties of 

the dose to water. 
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field strength for the three beam energies. For each plot and each strength, data represent 

measurements over three days and their distribution is displayed in a form of box plot. 

Note that crosses (×) on each box plot indicate the mean value of the normalised alanine 

signal for each magnetic field strength over three days. 

For zero magnetic field and for each energy, the pellet-to-pellet variation of the signal 

has a standard deviation of up to 0.52%. This results in a standard uncertainty of the mean 

of 0.13% or better, considering the number of the pellets used in this study. However, as 

the magnetic field strength is increased, for each energy, the standard deviation also 

increases, up to 0.85% (standard uncertainty of the mean of 0.22%). 

 

                                

  
Figure 4.20: Box plots (top left: different parts of a box plot) presenting the ratio between the 

alanine/EPR signal for alanine measurements in a magnetic field, 𝑀𝑎𝑙,𝑄𝐵 , and without magnetic field, 

𝑀𝑎𝑙,𝑄, for 60Co, 6 MV and 8 MV. Data at each energy and each magnetic field strength represent 

measurements over three days. 
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4.3.6 Quality correction factor for the presence of a magnetic field on 

alanine 

The alanine quality correction factors as a function of a magnetic field strength, 𝑘𝑄𝐵,𝑄, 

are shown in Figure 4.21 and Table 4.1, for the three beam energies. The error bars denote 

the overall combined standard uncertainty (ranging from 0.2% to 0.6%), as quoted in 

section 4.3.8, and include the effects of measurement repeatability, air gaps, linac drift 

and MC uncertainties. Figure 4.21 shows how the correction factor for each energy 

decreases with increasing magnetic field strength. Except for the data point at 0.5 T 

(1.0014) for 8 MV, all the remaining data points lie below unity, ranging from 0.9933 to 

0.9998 with an average of 0.9967 ±0.0027. Note that this correction includes both the 

effect of the magnetic field on absorbed dose to water and its effect on alanine intrinsic 

sensitivity. The latter effect is isolated in the following. 

 

 
Figure 4.21: Alanine quality correction factors for the presence of magnetic field, 𝑘𝑄𝐵,𝑄, for all 

examined magnetic field strengths for 60Co, 6 MV and 8 MV. The error bars denote the standard 

combined uncertainties estimated in section 4.3.8. 
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4.3.7 The effect of the magnetic field on alanine response 

The magnetic field effect on alanine intrinsic sensitivity may be represented by the 

quantity 𝐹𝑄𝐵,𝑄, relative intrinsic sensitivity, which is defined as the ratio of the alanine 

intrinsic sensitivity with and without magnetic field (equations (4.8) and (4.9) in section 

4.2.2). This was obtained by combining measurements with MC simulations and is shown 

in Figure 4.22 and Table 4.2, for the three beam energies. The alanine over-response tends 

to increase with magnetic field strength, up to 1.0099 at 8 MV in 1.5 T, but without any 

obvious trend as a function of energy. 

 

Table 4.1: Alanine quality correction factors for the presence of a magnetic field, 𝑘𝑄𝐵,𝑄, for all 

examined magnetic field strengths for the three beam energies. Standard uncertainties estimated in 

section 4.3.8. 

Magnetic field strength (T) 60Co 6 MV 8 MV 

0.35 - 0.9992 ± 0.0026 0.9976 ± 0.0027 

0.50 0.9974 ± 0.0024 0.9984 ± 0.0027 1.0014 ± 0.0026 

1.00 0.9940 ± 0.0027 0.9954 ± 0.0040 0.9998 ± 0.0034 

1.50 0.9939 ± 0.0034 0.9964 ± 0.0060 0.9938 ± 0.0055 

2.00 0.9933 ± 0.0039 - - 

 
Figure 4.22: Alanine relative intrinsic sensitivity, 𝐹𝑄𝐵,𝑄, for all examined magnetic field strengths for 
60Co, 6 MV and 8 MV. The error bars denote the standard combined uncertainties estimated in 

section 4.3.8. 
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4.3.8 Uncertainties 

The analysis of uncertainty here follows the Joint Committee for Guides in Metrology 

(JCGM) Guide to the Expression of Uncertainty in Measurement (JCGM, 2008). 

Uncertainties evaluated by statistical analysis are grouped as type A and the rest are 

grouped as type B. These are added in quadrature to give a combined standard uncertainty 

with coverage factor k = 1. 

The quoted relative standard uncertainties are shown in Table 4.3. This includes the 

overall combined relative standard uncertainties in 𝑘𝑄𝐵,𝑄 at 0.35 T and 1.5 T for 6 MV 

and 8 MV. For 60Co, uncertainties are presented at 0.5 T and 1.5 T. For the rest of the 

magnetic field strengths at all three energy beams, the relative standard uncertainties are 

between the stated uncertainties in Table 4.3. For 60Co and 2 T, the uncertainty was found 

to be 0.56%. 

Table 4.2: Alanine relative intrinsic sensitivity, 𝐹𝑄𝐵,𝑄, for all examined magnetic field strengths for 

the three beam energies. Standard uncertainties estimated on section 4.3.8. 

Magnetic field strength (T) 60Co 6 MV 8 MV 

0.35 - 1.0011 ± 0.0030 1.0038 ± 0.0030 

0.50 1.0035 ± 0.0027 1.0030 ± 0.0031 1.0006 ± 0.0030 

1.00 1.0079 ± 0.0030 1.0082 ± 0.0042 1.0057 ± 0.0036 

1.50 1.0051 ± 0.0037 1.0067 ± 0.0061 1.0099 ± 0.0056 

2.00 1.0050 ± 0.0042 - - 

Table 4.3: Uncertainty budget for the determination of the quality correction factor for the presence of 

magnetic field on alanine, 𝑘𝑄𝐵,𝑄. 

   Relative standard uncertainty (%) 

   60Co 6 MV 8 MV 

Uncertainty 

component 
Type 

 
0.5 T 1.5 T 0.35 T 1.5 T 0.35 T 1.5 T 

Measurement 

repeatability 
A 

 
0.06 0.22 0.06 0.20 0.08 0.11 

Air gaps B  0.11 0.29 0.13 0.52 0.19 0.47 

Linac output 

correction 
A 

 
- - 0.07 0.07 0.10 0.10 

Monte Carlo A+B  0.15 0.15 0.15 0.15 0.15 0.15 

Overall combined 

relative standard 

uncertainty on 𝒌𝑸𝑩,𝑸 
 

 

0.20 0.39 0.22 0.58 0.27 0.52 
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4.3.8.1 Measurement uncertainty and repeatability 

The uncertainty on the repeatability of the measurements is evaluated by considering the 

behaviour of the averaged signal over the alanine pellets at each magnetic field strength 

for each energy, over all experiments. The standard deviation of the mean was found to 

be ranging from 0.05% to 0.22%. 

4.3.8.2 Uncertainty due to air gaps 

Uncertainties due to the unknown spatial distribution of the alanine pellets in the PEEK 

holder were estimated using MC simulations as explained in section 4.2.5.3. Figure 4.23 

(a) shows the MC calculated dose to alanine for each energy, when pellets are shifted in 

the x- and z-axis inside the alanine holder (see Figure 4.14). For clarity, Figure 4.23 (a), 

only includes data for 1.5 T, which are normalised with respect to when the pellets are 

centrally-located in the holder. This figure shows how the ERE is varying the dose to 

alanine at the different positions. The type A uncertainties were based on the root mean 

square (RMS) error of the four different distributions of the alanine pellets inside the 

holder. The uncertainties, for each energy, were found to increase with magnetic field 

strength up to 0.52% and 0.47% for 6 MV and 8 MV at 1.5 T, respectively. For 60Co it 

was 0.52% at 2 T. For the other magnetic field strengths and for all beam energies the 

determined uncertainties were below 0.30%. The rise in uncertainties as a function of 

magnetic field strength is reflected by the length of the error bars in Figure 4.23 (b), (c) 

and (d). These figures show the average normalised dose over the four shifted alanine 

positions, as per Figure 4.23 (a), for each energy beam at all examined magnetic field 

strengths. It can be observed that the error bars, at each energy beam, increases with 

magnetic field strength. The uncertainty due to the air gaps is the dominant component in 

the uncertainty budget and is applicable to the absorbed dose to water measured with the 

alanine detector, in the presence of a magnetic field using the holder designed for this 

study. 

4.3.8.3 Uncertainty due to linac output 

The short term (over one day) behaviour of the output from the Elekta Synergy linac 

beams was investigated during the alanine irradiation. The output was measured several 

times in-between the alanine irradiations using an ionisation chamber with the same 

experimental set up and always at 0 T. For each day of irradiation, the output (dose rate) 

was found to diverge by an average of -0.07% per hour. This deviation was considered, 
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and used to correct the alanine signal, based on a linear fit between the ionisation chamber 

signal and the time. The uncertainty was estimated from the gradient of the residuals of 

the fit (RMS error) and estimated to be less than 0.1%, on average. 

 

4.3.8.4 Monte Carlo uncertainties 

In the MC simulations, the Type A uncertainties in the determination of the absorbed dose 

to water, and of the absorbed dose to alanine, with and without magnetic field, were 

typically 0.1%. For self-consistency and transport parameters we estimated a Type B 

 
Figure 4.23: MC simulations to investigate the uncertainty estimation due to the random position of 

the alanine pellets inside the PEEK holder. The MC calculated dose to alanine for all examined 

magnetic field strengths, when pellets are shifted in four different positions, with respect to the x- and 

z-axis inside the alanine holder, are shown for 60Co, 6 MV and 8 MV at 1.5 T (a). All data are 

normalised with respect to when the pellets are centrally-located in the holder. The average 

normalised dose over the four shifted positions, at the examined magnetic field strengths, are shown 

for 60Co (b), 6 MV (c) and 8 MV (d). 
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uncertainty of 0.1% (Kawrakow, 2000, Malkov and Rogers, 2016). The combined 

standard uncertainty on the MC simulations resulted in 0.15%. 

4.4 Discussion 

The performance of the alanine dosimeter in the presence of a magnetic field has been 

investigated at three different photon beam energies over a range of magnetic field 

strengths. Alanine pellets were placed in a waterproof PEEK holder, developed in-house 

and shaped to match a Farmer-type chamber, in an electromagnet and irradiated by either 

a 60Co source or conventional 6 MV and 8 MV Elekta Synergy linac beams. The long 

axis of the alanine holder was positioned in the centre of the magnetic poles of the 

electromagnet and in perpendicular orientation relative to both radiation beam and the 

magnetic field. 

4.4.1 MC simulations and air gap effects 

MC simulations were performed to: a) investigate the effect of the air gaps on dose to 

alanine (found around the pellets when loaded in the PEEK holder), b) investigate the 

uncertainty due to the random position of the pellets inside the holder and c) calculate the 

absorbed dose to water and absorbed dose to alanine at the three beam qualities, with and 

without magnetic field, for the determination of the quality correction factor for the 

presence of magnetic field on alanine. 

The linac 6 MV and 8 MV photon beam MC models were validated by comparing 

simulated with experimental beam profiles and depth doses. For both energies a very good 

agreement was found between the simulations and the measurements. In validating the 

MC simulations of the experimental set up, for both energies at 1.5 T, the holder was 

loaded with alanine pellets, creating an air gap between the holder’s stem and the first 

pellet. It became apparent that the thickness of the air gap varies with respect to the force 

that is applied on the screw cap (Figure 4.7) to secure the pellets in the holder. Thus, MC 

simulations were performed for different air gaps and it was demonstrated that at least 

two of the MC models reproduced well the deviated behaviour of the dose along the 

pellets towards the thimble tip of the holder. 

The results of the MC simulations show that the air gaps affect the alanine response, due 

to the ERE caused by the magnetic field, by as much as 0.45% and 0.55% for 6 MV and 
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8 MV, respectively, and less than 0.40% for 60Co over all the magnetic field strengths. 

The air gaps around other dosimeters, such as ionisation chambers, will increase the 

variation on the dose measurement, which can be as much as 3.8% for a Farmer-type 

chamber (Agnew et al., 2017). This can be eliminated by immersing the dosimeters in 

water (if waterproof). Alanine, however, is not waterproof and needs to be placed in a 

watertight holder for dose measurements in water. Due to the structure of the alanine 

pellets (they form bevelled edges) and the possible asymmetry in the positions of them 

inside the holder, it is difficult to avoid the effect caused by the existing air gaps. 

However, we can include this effect as a component in the measurement uncertainty, 

which increases with magnetic field strength and reaches 0.52% for 6 MV and 0.47% for 

8 MV at 1.5 T. For 60Co the highest uncertainty was 0.52% at 2 T (0.29% at 1.5 T). 

The maximum pellet-to-pellet variation of the measured alanine EPR/signal at 0 T, based 

on the number of the pellets considered in this study for the three energies, was found to 

be 0.52%, which results in a standard uncertainty of the mean of 0.13% or less. This is in 

line with previous studies (Anton, 2006, Sharpe and Sephton, 2006, McEwen et al., 

2015), which investigated alanine dosimetry at therapy level energy beams. Nevertheless, 

for each energy, the variation was found to increase with the magnetic field strength up 

to 0.85%, reaching a standard uncertainty of the mean of 0.22% at 1.5 T. The increase in 

variation is mainly attributable to the air gaps, which vary in size, based on the random 

locations of the pellets inside the holder. In this case, the ERE will diverge the alanine 

EPR/signal, as the path length of the secondary electrons will follow a curved trajectory 

due to the Lorentz force. These affected electrons will either deposit their energy to 

alanine or will curve back ‘exiting’ the holder. 

4.4.2 Quality correction factor for the presence of a magnetic field on 

alanine 

The alanine quality correction factor for the presence of a magnetic field was determined 

by combining measurements of the alanine/EPR signal with calculations of the absorbed 

dose, to water and to alanine, in the presence of a magnetic field, by MC simulations. 

Figure 4.21 shows that the correction factor tends to decrease with increasing magnetic 

field strength. For each energy the correction, averaged over all non-zero magnetic field 

strengths, is 0.9946 ± 0.0019 for 60Co, 0.9973 ± 0.0018 for 6 MV and 0.9982 ± 0.0033 



Alanine dosimetry in strong magnetic fields 

97 

 

for 8 MV. Although the change in the average correction factor with energy is monotonic, 

the uncertainties are too large to allow a more precise conclusion regarding energy 

dependence. The overall correction factor, 𝑘𝑄𝐵,𝑄, takes account of all the effects of the 

magnetic field, on dose to water, dose to alanine, alanine sensitivity, and the fluence 

perturbation by the PEEK holder and by the air gaps. These effects are built in the 𝑘𝑄𝐵,𝑄, 

which can be used to correct the dose to water measured with alanine in the presence of 

a magnetic field, when alanine is calibrated in the absence of a magnetic field. If a 

different holder was used (holder material, air gap details, etc.), it would be necessary to 

recalculate the 𝑘𝑄𝐵,𝑄 correction factor. This correction factor is holder-dependent. 

4.4.3 The effect of the magnetic field on alanine response 

The effect on the alanine intrinsic sensitivity due to the magnetic field, 𝐹𝑄𝐵,𝑄, can be 

calculated by using the experimental data and the MC simulations as defined in equation 

(3.1). The intrinsic sensitivity describes the yield of stable free radicals per unit dose to 

alanine. It can be seen from Figure 4.22, that the alanine intrinsic sensitivity increases 

with magnetic field strength for all examined beam energies, without any obvious energy 

dependence. All 𝐹𝑄𝐵,𝑄 values lie above unity with the highest being 1.0099 ± 0.0056 at 8 

MV and at 1.5 T. A common linear fit, formula (4.10), was made to the data, for all 

energies, and this indicates that the effect of a magnetic field on alanine is to increase its 

relative intrinsic sensitivity by 𝑎 = 0 0047 ± 0 000  per Tesla.  

 𝐹𝑄𝐵,𝑄~(1 + 𝑎𝐵) (4.10) 

This value, 𝑎, may be used to estimate the required correction factor, 𝑘𝑄𝐵,𝑄, for different 

field strengths, 𝐵, by combining the fit value of 𝐹𝑄𝐵,𝑄 with MC simulations of absorbed 

dose, to water and to alanine. 

This work investigated the possibility of an effect (with the aim of determining the 

correction for any such effect) which is at the limit of measurement capability. As a 

consequence, and looked at in isolation, the measurement results shown are noisy and 

often appear consistent with there being no effect. However, as will be discussed on 

Chapter 6, the measurement results and the uncertainty on those measurement results will 
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both be improved by including a correction factor for alanine response in the presence of 

a magnetic field. 

4.5 Summary 

In this chapter, the performance of alanine irradiated in the presence of a magnetic field 

was successfully characterised. It was found that the effect of the magnetic field on an 

alanine/EPR signal is energy independent and the best estimate would be that the signal 

is increased by 0.2% at 0.35 T and by 0.7% at 1.5 T. However, the uncertainty on this 

estimate is such that the effect of the magnetic field may be zero. If the effect is not zero, 

neglecting to correct for it would introduce a systematic error in the measured absorbed 

dose to water in commercially available MRI linacs. Therefore, if alanine is calibrated in 

the absence of any magnetic field, a correction factor, 𝑘𝑄𝐵,𝑄, may need to be applied in 

order to minimise the uncertainty in a determination of the absorbed dose to water in the 

presence of a magnetic field. This correction factor, which depends on the geometry and 

material of the alanine holder, would vary with magnetic field strength. Not applying this 

correction factor would result in an overestimation of the dose to water and tends to 

reduce the measured dose. Alanine is an MR safe, robust and stable dosimeter with 

comparable uncertainties to a Farmer-type chamber, and suitable for use as a reference 

class detector for MRIgRT.  The inclusion of the correction factor 𝑘𝑄𝐵,𝑄 will be 

determined by an analysis of uncertainty in Chapter 5 and in section 6.4. 
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Chapter 5 Experimental reference dosimetry measurements 

in MRIgRT using alanine: calibration and 

magnetic field correction factors of ionisation 

chambers 

MRIgRT falls outside the scope of existing high energy photon therapy dosimetry 

protocols, because those protocols do not consider the effects of the magnetic field on 

detector response and on absorbed dose to water. The aim of this chapter is to evaluate 

and demonstrate the traceable measurement of absorbed dose in MRIgRT systems using 

alanine, made possible by the characterisation of alanine sensitivity to magnetic fields 

reported in chapter 4, in a way which is compatible with existing standards and 

calibrations available for conventional radiotherapy. 

5.1 Introduction 

In achieving traceable dosimetry for MRIgRT, a choice must be made between: 

i. realising absorbed dose to water directly, in a beam, in the magnetic field (using 

a primary standard), Figure 5.1 (a), and 

ii. transferring absorbed dose to water to the beam in a magnetic field (using a 

transfer standard), from a realisation in a beam in zero magnetic field, Figure 

5.1(b). 

In both options, the user’s chamber is calibrated in the user’s beam, in the presence of the 

magnetic field. Either way, there is no need for a magnetic field correction factor for the 

user’s chamber. However, both options require an adequate understanding of how 

detector response may be affected by the magnetic field, whether that detector is (i) the 

primary standard, whose correction factors may be magnetic field dependent, or (ii) the 

transfer standard, whose absorbed dose sensitivity may be magnetic field dependent. 

There is a third choice, if a magnetic field correction factor is available for the user’s 

chamber, in which: 

iii.  absorbed dose is realised, and the user’s chamber is calibrated, in a beam with no 

magnetic field, Figure 5.1 (c). 
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Figure 5.1: Block diagrams of traceability routes for measurement of the absorbed dose to water in 

the presence of a magnetic field and for the calibration of a field instrument. Use of a primary 

standard (a), a transfer standard (b) and a magnetic field correction factor, 𝑘𝑄𝐵,𝑄, (c). 
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Subsequent measurements in the MRIgRT system with the user’s chamber are then 

traceable, even in option (iii) provided its magnetic field correction factor is valid. 

The realisation of the physical quantity absorbed dose to water is achieved by a primary 

standard, which makes an absolute measurement, based on the definition of the quantity, 

and which is tied into the metrology infrastructure of international comparisons of 

equivalent standards. 

Several studies suggested a formalism (O'Brien et al., 2016, van Asselen et al., 2018, 

Malkov and Rogers, 2019, Cervantes et al., 2020) that can be used for the determination 

of the absorbed dose to water. This formalism introduces a magnetic field strength-

dependent correction factor to modify the detector calibration coefficient from zero 

magnetic field. This factor is applicable for option (iii), which ensures traceability on the 

measurements of the absorbed dose to water. Data sets of correction factors are accessible 

from published studies, which may be integrated into existing conventional protocols for 

the improvement of the dosimetry in MRIgRT. Nevertheless, as pointed out in a recent 

review paper (de Pooter et al., 2021), the performance of ionisation chambers in magnetic 

fields is still yet to be fully understood. It has become clear that the magnetic field 

enhances the sensitivity of ionisation chamber response to some aspects of design that in 

conventional conditions were less important. The presence of small air gaps (Hackett et 

al., 2016, Agnew et al., 2017), the dead volume (Malkov and Rogers, 2017, Pojtinger et 

al., 2019, Cervantes et al., 2020), manufacturing tolerances (Cervantes et al., 2020) and 

intra-type variability, especially in small cavity chambers, all tend to increase the 

uncertainty of ionisation chamber-based dose measurements. Although values for the 

magnetic field correction factor have been published for various ionisation chamber 

types, there remains a need for more data and a better understanding, of all of these 

effects. As mentioned in de Pooter et al. (2021), early publications on dosimetry in 

magnetic fields have some flaws, as the importance of some potential effects was not yet 

appreciated. Correction factors from such studies must be carefully assessed before 

combining them with values determined more recently. 

This chapter aims to demonstrate the validity of using alanine as the transfer standard in 

the second option, identified above as (ii), and to provide further data for the magnetic 

field correction factor, to support the third option (iii), to achieve traceability in dosimetry 
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for MRIgRT systems which is compatible with the existing standards and calibrations 

available for conventional radiotherapy. Both options avoid the requirement for the 

widespread use of primary standards directly in users’ MRIgRT systems. Alanine 

dosimetry, as shown in Chapter 4, has only a modest sensitivity to the presence of a 

magnetic field at the time of irradiation, and the magnetic field dependence is less strong 

than for reference class ionisation chambers. The alanine is calibrated in a 60Co beam at 

zero magnetic field, its calibration coefficient converted to conventional linac by the 

application of a beam quality correction factor and its absorbed dose response is then 

corrected for the effect of the magnetic field. 

My investigations reported in this chapter were carried out in the currently commercial 

MRIgRT systems, i.e. Elekta Unity™ and ViewRay MRIdian™, known as perpendicular 

systems, and in the under development Australian MRI-linac, known as an inline system. 

Comprehensive measurements for the determination of the absorbed dose to water in a 

magnetic field, including the investigation of the influence quantities on the detector 

signal, were performed. The alanine magnetic field correction factors, for the Elekta 

Unity™, the ViewRay MRIdian™ and the Australian MRI-linac beam qualities, were 

obtained, and the effect of the air gaps were assessed, by means of MC simulations. Two 

methods of obtaining the magnetic field correction factor are presented and a rigorous 

analysis of the uncertainties is performed. The values of Farmer-type chamber magnetic 

field correction factors obtained in this work are compared with values from other studies, 

and may be used to support and extend existing data sets of correction factors, all with 

the aim of reducing the uncertainty in the measurement of absorbed dose to water for 

MRIgRT systems. 

The work in the Australian MRI-linac is not as comprehensive as in the other two 

commercial MRI-linac systems. However, the results for the Australian MRI-linac, will 

highlight differences of the ionisation chamber dose responses when compared to the 

standard commercial systems, where the radiation beam is orientated perpendicular to a 

magnetic field. The methodology followed in this work, and the results presented, may 

be included in potential future code of practice to support traceable reference dosimetry 

in inline MRI-linac systems. 
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5.2 Materials and Methods 

5.2.1 Traceable measurements of absorbed dose to water in magnetic 

fields 

Traceability for measurements of the absorbed dose to water is usually achieved through 

utilization of a transfer standard. A transfer standard is acting as a reference for calibrating 

secondary detectors (user detectors). The calibration is performed under reference 

conditions (i.e. SDD, depth in water, field size, environmental conditions, etc.), which are 

the same conditions under which the absolute absorbed dose to water has been realised 

from a primary standard. If detectors are irradiated in some other conditions, then a 

correction should be applied to account for the resulting change in the detector signal.  

A magnetic field will affect the value of the absorbed dose to water at the reference point. 

The magnetic field can also affect the detector signal, and these two effects are 

inseparable experimentally. Instead it is necessary to determine the effect on absorbed 

dose to water by other means, such as MC simulation, and to combine this effect with the 

empirically observed change in the detector signal, to obtain the magnetic field correction 

factor for the detector. The result is that the corrected detector signal relates to the value 

absorbed dose to water at the reference point, in the presence of the magnetic field. 

The dissemination of the physical quantity absorbed dose to water, in the presence of a 

magnetic field, requires the use of a transfer standard, whose response has been corrected 

for any effects of the magnetic field, with an acceptably small uncertainty. The route in 

option (ii) has been followed in this work, which uses alanine as a transfer detector, whose 

calibration is traceable to the NPL’s primary standard of absorbed dose to water. A 

diagram of the route is adopted for alanine and is given in Figure 5.2, which shows the 

dissemination of absorbed dose to water from the primary standard to the end user of 

MRIgRT. First, alanine is calibrated against the NPL’s primary standard (graphite 

calorimeter) at a 60Co beam energy, under reference conditions and zero magnetic field. 

A beam quality correction factor, 𝑘𝑄,𝑄0
𝑎𝑙  , allows the use of alanine in different energy 

beams (e.g. clinical linac beams in conventional RT) and a magnetic field correction 

factor, 𝑘𝑄𝐵,𝑄
𝑎𝑙 , allows for alanine measurements of absorbed dose to water in the presence 

of a magnetic field (i.e. MRIgRT). The result is a calibration of the user detector (field 
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instrument) in terms of absorbed dose to water determined by direct comparison with the 

alanine detector, under reference conditions, in an MRI-linac. The use of 𝑘𝑄𝐵,𝑄
𝑎𝑙  is 

described in section 5.2.4 and the 𝑘𝑄,𝑄0
𝑎𝑙  correction factor is explained in the following. 

 

The absorbed dose to water response of alanine has a weak dependence on beam quality 

and alanine produces a slightly smaller EPR signal for a given dose when irradiated by 

megavoltage x-rays compared to 60Co radiation. Investigation by various researchers 

(Bergstrand et al., 2003, Sharpe, 2003, Zeng et al., 2004, Bergstrand et al., 2005, Anton 

et al., 2013) reported an average reduction of alanine response up to 0.8%. A study by 

Thomas et al. (2014), which uses the alanine used in this study, has shown a correction 

of 1.004 ± 0.006, and this is the value applied to correct the alanine energy dependence 

in this work. 

5.2.2 Ionisation chamber calibration coefficient in magnetic fields 

The calibration coefficient, 𝑁𝐷,𝑤,𝑄𝐵, in terms of absorbed dose to water, 𝐷𝑤, for a beam 

quality 𝑄, of an ionisation chamber in the presence of a magnetic field 𝐵, is given by: 

 𝑁𝐷,𝑤,𝑄𝐵 =
𝐷𝑤,𝑄𝐵
𝑀𝑄𝐵

 (5.1) 

 
Figure 5.2: Traceability route for measurement of the absorbed dose to water in the presence of a 

magnetic field and for the calibration of a field instrument using alanine as a transfer standard. 
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where, 𝑀𝑄𝐵 and 𝐷𝑤,𝑄𝐵 are the corrected ionisation chamber signal and the absorbed dose 

to water, respectively, in the presence of a magnetic field. In this study, the absorbed dose 

to water under reference conditions, in the presence of a magnetic field, 𝐷𝑤,𝑄𝐵, is 

measured by using alanine (𝑎𝑙) as a transfer standard: 

 𝐷𝑤,𝑄𝐵 = 𝑀𝑄𝐵
𝑎𝑙 ∙ 𝑘𝑄𝐵,𝑄

𝑎𝑙 ∙ 𝑘𝑄,𝑄0
𝑎𝑙 ∙ 𝑁𝐷,𝑤,𝑄0

𝑎𝑙 ∙ 𝑘𝑣𝑜𝑙
𝑎𝑙  (5.2) 

where, 𝑀𝑄𝐵
𝑎𝑙  is the alanine/EPR signal in the presence of a magnetic field, 𝑘𝑄𝐵,𝑄

𝑎𝑙  is the 

alanine magnetic field correction factor, 𝑘𝑄,𝑄0
𝑎𝑙  is the alanine beam quality correction 

factor, 𝑁𝐷,𝑤,𝑄0
𝑎𝑙  is the calibration coefficient of the alanine detector at a 60Co beam energy 

in the absence of a magnetic field and 𝑘𝑣𝑜𝑙
𝑎𝑙  is the volume averaging correction factor on 

the alanine/EPR signal. 

Equation (5.1) can be rewritten as follows, to consider the influence quantities that will 

perturb the signal from an ionisation chamber: 

 
𝑁𝐷,𝑤,𝑄𝐵 =

𝑀𝑄𝐵
𝑎𝑙 ∙ 𝑘𝑄𝐵,𝑄

𝑎𝑙 ∙ 𝑘𝑄,𝑄0
𝑎𝑙 ∙ 𝑁𝐷,𝑤,𝑄0

𝑎𝑙 ∙ 𝑘𝑣𝑜𝑙
𝑎𝑙

𝑀𝑄𝐵𝑟𝑎𝑤 ∙ 𝑘𝑒𝑙𝑒𝑐 ∙ 𝑘𝑇𝑝 ∙ 𝑘𝑖𝑜𝑛 ∙ 𝑘𝑣𝑜𝑙
 (5.3) 

where: 

𝑀𝑄𝐵𝑟𝑎𝑤 is the displayed chamber signal on the electrometer 

𝑘𝑒𝑙𝑒𝑐  is the correction factor for the electrometer 

𝑘𝑇𝑝  is the correction factor for temperature and pressure 

𝑘𝑖𝑜𝑛  is the correction factor for ion recombination 

𝑘𝑣𝑜𝑙  is the correction factor for volume averaging 

In this work all readings are taken with the ionisation chamber operated at negative 

polarity, and these are the conditions under which the resulting calibration coefficients 

have been used. Previous work has shown that the polarity effect is small and independent 

of the magnetic field (de Prez et al., 2019b).  

5.2.3 Determination of the quality correction factor for the presence of 

a magnetic field on a radiation detector 

The magnetic field correction factor, 𝑘𝑄𝐵,𝑄, is required for the determination of the 

absorbed dose to water in the presence of a magnetic field, if the detector calibration 
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coefficient is only available in the absence of any magnetic field. This factor corrects for 

the effect of the magnetic field on dose to water and also for the effect on the detector’s 

response and is defined as: 

 𝑘𝑄𝐵,𝑄 =
𝑁𝐷,𝑤,𝑄𝐵
𝑁𝐷,𝑤,𝑄

 (5.4) 

where, 𝑁𝐷,𝑤,𝑄 is the calibration coefficient in the absence of a magnetic field: 

 𝑁𝐷,𝑤,𝑄 =
𝐷𝑤,𝑄
𝑀𝑄

 (5.5) 

In this work, 𝑘𝑄𝐵,𝑄 was determined based on two different methods: one indirect and one 

direct, and are explained in the following sections. 

5.2.3.1 Indirect determination of 𝒌𝑸𝑩,𝑸 

The experimental determination of the calibration coefficient at both 0 T and the MRI-

linac field strength, implies that the magnetic field of the MRI scanner is off. However, 

the process of ramping down, and up, a superconducting magnet solely for the purpose 

of this measurement, is time consuming, expensive and impractical. An alternative, 

indirect, way to determine a calibration coefficient at zero magnetic field and at a beam 

quality of an MRI-linac, is described. Provided that the chamber is calibrated at a range 

of megavoltage x-ray beams from a conventional linac and in 60Co, for zero magnetic 

field, the calibration coefficient can be determined as a function of beam quality index, 

Tissue Phantom Ratio (TPR20,10), and interpolated to the value measured in the MRI-

linac. Figure 5.3 shows an example of an absorbed dose to water calibration coefficient 

as a function of TPR20,10 for a Farmer-type chamber. A quadratic fit is applied and the 

interpolated calibration coefficients of an Elekta Unity™, a ViewRay MRIdian™ and the 

Australian MRI-linac beam quality are shown with a filled square, a triangle and a 

rhombus marker, respectively. The calibration coefficient in the presence of a magnetic 

field can be obtained based on the method described in section 5.2.1. 

Note that TPR20,10 has been shown to be independent of the magnetic field (O'Brien et al., 

2016, van Asselen et al., 2018, Begg et al., 2019), and as long as the field size is 10 cm 

× 10 cm at the measurement plane, then TPR20,10 is also independent of the SDD. 
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Consequently, the TPR20,10 measured in MRI-linacs, with the magnet switched on, may 

be used to determine the calibration coefficient, at 100 cm SDD, at zero magnetic field as 

explained above. It is possible that the TPR20,10 is affected by the magnetic field, but from 

the limited measurements performed in this study, this change cannot be quantified 

precisely. Instead, a contribution from this influence quantity has been included in the 

uncertainty analysis. 

 

5.2.3.2 Direct determination of 𝒌𝑸𝑩,𝑸 

In this work, the direct determination of 𝑘𝑄𝐵,𝑄, was performed based on the calibration of 

the detectors directly in an MRI-linac environment in the presence and the absence of the 

magnetic field. The traceability route described in section 5.2.1 was used to obtain both 

calibration coefficients, but, when the magnet was switched off, the alanine magnetic 

field correction factor was omitted. 

5.2.3.3 Measurements and experimental setup 

I made measurements at six radiotherapy treatment centres that employ commercial MRI-

linac systems (Elekta Unity™ and ViewRAY MRIdian™) and in the Australian MRI-

linac facility at Liverpool, Australia (Table 5.1). Dose measurements were also performed 

while the constant magnetic field of the MRI scanner was off (0 T) at four of the seven 

 
Figure 5.3: PTW 30013 Farmer-type chamber with  serial number 3981 calibration coefficients as a 

function of beam quality (TPR20,10) in a conventional linac. The interpolated calibration coefficients of 

the Elekta Unity™, the ViewRay MRIdian™ and the Australian MRI-linac, at 0 T, are also presented 

with a filled square, triangle and rhombus markers, respectively. 
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visited centres (Table 5.1). The experimental setup, for all cases, includes irradiation of 

Farmer-type chambers (a Physikalisch-Technische Werkstätten (PTW) type 30013 and 

an Ion Beam Applications (IBA) type FC65-G) and alanine dosimeter, which was acting 

as a transfer standard. Dose measurements were performed in water, at the machine 

isocentre (143.5 cm for the Elekta Unity™, 90 cm for the ViewRay MRIdian™ and 284 

cm for the Australian MRI-linac), at a water-equivalent depth of 10 cm and a radiation 

field size of 10 cm × 10 cm at the measurement plane. The Farmer-type chamber long 

axis was orientated either parallel (⇈)11, anti-parallel (⇅)12 or perpendicular (⊥)13 to the 

magnetic field and alanine always parallel (Figure 5.4). The gantry angle was either 0o or 

90o with the detector long axis always perpendicular to the radiation beam. The Australian 

MRI-linac was operated at an energy of 6 MV flattening filter free (FFF). The Elekta 

Unity™ and the ViewRay MRIdian™ at their standard energy beams, 7 MV FFF and 6 

MV FFF, respectively. 

Table 5.1: The radiotherapy treatment centres that I visted, their operating MRI-linac systems and centres 

where measurements were performed at 0 T, while the magnet of the MRI scanner was switched off. 

  MRI-linac system   

Radiotherapy 

centre 
 

Elekta  

Unity™ 

1.5 T 

 
ViewRAY 

MRIdian™ 

0.35 T 

 Australian 

MRI-linac 

1.0 T 

 
Measurement 

at 0 T in 

MRI-linac 

Measurement 

days 

B ≠ 0 T 

NKI  ✓       2 

 RMH/ICR  ✓      ✓ 2 

Christie  ✓      ✓ 3*/2† 

Odense  ✓      ✓ 1 

IPC    ✓    ✓ 1 

GCUK    ✓     1 

Australia      ✓   3 

NKI: Netherlands Cancer Institute, The Netherlands 

RMH/ICR: The Royal Marsden Hospital and The Institute of Cancer Research, UK 

Christie: The Christie NHS Foundation Trust, UK 

Odense: Odense University Hospital, Denmark 

IPC: Institute Paoli Calmettes, Marseille, France 

GCUK: GenesisCare, Oxford, UK 

Australia: Liverpool Hospital, Australia 
*1st visit in 2017 
†2nd visit in 2019 

 

11Parallel (⇈): detector is pointing towards the front of the machine for Elekta Unity™ and towards the 

back of the machine for ViewRay MRIdian™. 
12Anti-parallel (⇅): detector is pointing towards the back of the machine for Elekta Unity™ and towards 

the front of the machine for ViewRay MRIdian™. 
13Perpendicular (⊥): detector is pointing towards the bottom of the machine for both Elekta Unity™ and 

ViewRay MRIdian™ and towards the side of the MRI-scanner for the Australian MRI-linac. 
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The use of seven different MRI-linacs enabled an assessment of the consistency of the 

methodology followed in this work. The linac-to-linac variation may also be assessed, at 

least for the Elekta Unity™ system, since more than two machines were visited. 

Alanine pellets were loaded in a waterproof holder of PEEK material shaped like a 

Farmer-type ion chamber. The measurement reference point of a Farmer-type chamber is 

very close to the centre of the third pellet from the thimble tip of the holder. So, the 

average of five alanine pellets from the thimble tip of the holder was used for the 

measurement of the absorbed dose to water. 

Measurements were performed using a water tank, which was placed on the patient couch 

(Figure 5.6) inside the bore of the MRI scanner. Three different water tanks were used 

throughout the measurements at the seven radiotherapy centres: 

1. A PTW MP1 1D manual water tank was used for measurements at NKI and The 

RMH/ICR. A PMMA holder that could accommodate the detectors was fixed to 

a manual stepping mechanism enabling the crossline movement. For this setup, 

measurements were performed with the detector long axis orientated anti-parallel 

to the magnetic field and perpendicular to the radiation beam. 

 
Figure 5.4: Orientations of a Farmer-type chamber and an alanine holder (shaped as a Farmer-type 

chamber) with respect to the magnetic field and the radiation beam. The crossline and inline profiles 

are across x- and y-axis, respectively, and depth dose in z-axis. Symbol ⊗ indicate magnetic field 

pointing into the plane. 
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2. An NPL in house developed water tank (Figure 5.5), with dimensions of 33 cm 

width, 33 cm length and 21.5 cm height, was used for measurements at The 

Christie, Odense, IPC and GCUK. The water tank consists of PMMA and includes 

a square frame, which is constructed such that the detector long axis is orientated 

either parallel, anti-parallel or perpendicular to the magnetic field, by maintaining 

the same chamber reference point. In all three orientations the chamber long axis 

was perpendicular to the radiation beam. 

 

3. A water tank (Medtec MT-DDA), with dimensions of 40 cm width, 39 cm height 

and 32 cm depth, was used for measurements in the Australian MRI-linac. A 

PMMA holder that could accommodate the detectors was fixed to a manual 

stepping mechanism enabling the crossline movement. Fixed PMMA rods 

(machined at NPL) were used to set up the detectors in the inline position at the 

reference depth. In this setup, the detector long axis was perpendicular to both 

radiation beam and magnetic field. 

In the Elekta Unity™ system, the machine isocentre was defined based on the central 

pixel (iso-pixel) of 2D MV planar images using an electronic portal imaging device. 

Images were acquired with the gantry angle being 0o and 90o. The chamber cavity was 

aligned so that the iso-pixel, in images from both gantry angles, is shown at the 

measurement reference point of the chamber. In the ViewRay MRIdian™ system, a 

 

 
Figure 5.5: NPL designed water tank with the chamber axis orientated perpendicular to radiation 

beam and either perpendicular (left) or parallel to magnetic field (right). 
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practical isocentre was defined based on room lasers outside of the bore, which is 

positioned approximately 155 cm from the machine isocentre. In the Australian MRI-

linac, following local practice, the water tank was set up to an isocentre indicated by the 

three wall-mounted room lasers and had a distance of 284 cm from the target. The water 

tank was aligned and located so that the reference point of the detector would coincide 

with the indicated isocentre. 

 

Each Farmer-type chamber was connected to a calibrated electrometer and measurements 

were performed with beam deliveries of 200 MU, collecting negative charge (between -

30 nC to -40 nC, depending on the MRI-linac system and chamber orientation). Before 

each measurement, the electrometer was warmed-up, as required, and zeroed to account 

for any background noise. The relative humidity was monitored to be between 20% and 

70% and the collected charge was corrected to standard environmental conditions (20 oC 

and 1013.25 mbar). Ambient air pressure was measured by using a calibrated barometer 

and temperature was measured with a calibrated alcohol thermometer placed in the water 

tank. 

A correction for the incomplete collection of charge due to ion recombination, 𝑘𝑖𝑜𝑛, was 

measured and applied, for all three chamber orientations with respect to the magnetic 

field. By assuming that the ion recombination is less than 3%, the two-voltage method 

(Boag and Currant, 1980) was a good approximation (within 0.1%) to determine 𝑘𝑖𝑜𝑛 

(Andreo et al., 2000). To further validate this method, Jaffé plots for a PTW 30013 and 

an IBA FC65-G chamber were performed directly in an Elekta Unity™ at 1.5 T. 

Correction factors due to volume averaging, 𝑘𝑣𝑜𝑙, for alanine and Farmer-type chambers 

were determined, considering the dimensions of their collecting volume and the FFF 

 
Figure 5.6: Experimental setup on the Elekta Unity™ (left), the ViewRay MRIdian™ (middle) and the 

Australian MRI-linac (right). 
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beams of the MRI-linac systems. Correction factors were defined based on TRS 483 

(Palmans et al., 2017). 

The measurement sequence includes a set of five irradiations for each Farmer-type 

chamber. The readings of each set were examined to confirm no trend and that the 

standard deviation of the mean was less than 0.05%. Several alanine dosimeters were 

irradiated to a nominal dose of 20 Gy in between the chamber irradiations. In the 

commercial MRI-linacs, the behaviour of the linac output was monitored by including a 

chamber (acting as a monitor) several times in between the detectors irradiation and 

always in one orientation. Any deviation that occurred was used to correct the absorbed 

dose to water, measured with alanine, at the chamber irradiation time. In the Australian 

MRI-linac, due to the non-stability of the linac output, an Exradin type A1SL ionisation 

chamber was used as an external monitor. The chamber was located outside of the 

magnetic field, between the target and the multileaf collimator, for all the measurement 

days. 

The beam quality index was based on TPR20,10 measurements in water. As recommended 

by TRS 398 (Andreo et al., 2000) water-equivalent depths of 10 g/cm2 and 20 g/cm2 were 

used, with the source-to-chamber distance being fixed and always at one orientation. 

Chamber readings were corrected for ion recombination and to standard air density. 

The alanine dosimetry system, as well as the PTW 30013 and IBA FC65-G Farmer-type 

chambers, used in this study were calibrated at NPL based on the Code of Practice for 

high-energy photon therapy dosimetry (Lillicrap et al., 1990, Eaton et al., 2020). The 

calibration was performed in a conventional Elekta Synergy linac (zero magnetic field), 

for a range of megavoltage x-ray beams between 4 MV and 18 MV, and in 60Co radiation, 

collecting negative charge (for the chambers), traceable to the NPL primary standard of 

absorbed dose to water. The PTW 30013 and IBA FC65-G Farmer-type chambers 

calibration coefficients obtained at NPL, together with those of an MRI-linac, could 

indirectly determine magnetic field correction factors, as explained in section 5.2.3.1. 

5.2.4 Alanine magnetic field correction factor, 𝒌𝑸𝑩,𝑸
𝒂𝒍

 

The magnetic field affects the determination of absorbed dose to water using alanine in 

multiple ways: it modifies the dose to water, but it also modifies the absorbed dose 
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sensitivity to the alanine itself. By considering the intrinsic sensitivity of the alanine, i.e. 

its response relative to the absorbed dose to alanine, rather than to the absorbed dose to 

water, the alanine sensitivity was shown in Chapter 4 to be independent of the beam 

energy. This alanine intrinsic sensitivity, previously determined, was combined with 

Monte Carlo simulations of absorbed dose to water and of absorbed dose to alanine for 

the experimental setups used in the present study, to obtain the required magnetic field 

correction factor for alanine, 𝑘𝑄𝐵,𝑄
𝑎𝑙 . 

In perpendicular orientation of the magnetic field to the energy beam, the effect of the 

magnetic field on the absorbed dose, to water and to alanine, depends on the field strength 

and on the beam energy. Therefore, MC simulations were performed to calculate the 

absorbed dose, to water and to alanine, with and without a magnetic field for the beam 

energies and magnetic field strengths of the Elekta Unity™ and the ViewRay MRIdian™ 

systems. Simulations were also performed for the uncertainty estimation due to the air 

gaps associated with the alanine holder. Detailed explanation on the MC simulations and 

the transport parameters (i.e. models of the alanine pellet and its holder, ECUT, PCUT, 

EM ESTEPE, etc.) can be found in Chapter 4. The sections 5.2.4.1 and 5.2.4.2 describe 

the MC simulations of the beam models of the Elekta Unity™ and the ViewRay 

MRIdian™ systems and the experimental setup performed to validate them. The cavity 

and the BEAMnrc user codes, that forms part of the EGSnrc code system (Kawrakow I 

et al., 2011), were used for the MC simulations in this work. 

In parallel orientation of the magnetic field to the energy beam, the absorbed dose to water 

at the reference point is magnetic field independent, provided that there is a lateral 

electron equilibrium (Bielajew, 1993), and energy dependent. Therefore, for the 

Australian MRI-linac the ratio of 𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  is unity. The ratio of 𝐷𝑎𝑙,𝑄 𝐷𝑎𝑙,𝑄𝐵⁄  is, 

however, magnetic field and energy dependent, as the irradiation is performed in 

heterogeneous medium, where the full alanine holder is included. In this case, the air gaps 

inside the holder will affect the dose to the alanine pellets. This effect is considered by 

performing MC calculations of the absorbed doses to alanine, with 0 T and 1 T field 

strengths, at three different beam energies of 60Co, 6 MV and 8 MV. Simulations were 

based on the setup as described in Chapter 4 (section 4.3.4), but with the magnetic field 

parallel to the radiation beam (which replicate the configuration of the Australian MRI-
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linac). The 𝐷𝑎𝑙,𝑄 𝐷𝑎𝑙,𝑄𝐵⁄  ratio can be determined as a function of TPR20,10 of the three 

beam energies and interpolated to the value measured in the Australian MRI-linac. This 

method was followed as information and data were not available to perform simulations 

directly with the Australian MRI-linac beam energy. 

The uncertainty due to the air gaps, in the inline MRI-linac, is estimated based on the 

average uncertainties, as defined in Chapter 4  (section 4.3.8.2), of the three energy beams 

(60Co, 6 MV and 8 MV) and for a magnetic field strength of 1 T, which configure 

perpendicular orientation to the energy beam. Given the lack of information on the 

Australian MRI-linac beam model, this is the best approach, in which the uncertainty, if 

not similar, might be overestimated, as the ERE will have higher impact on the dose to 

alanine in perpendicular compared to the parallel orientation of the energy beam to the 

magnetic field. 

5.2.4.1 MC simulations of the Elekta Unity™ and the ViewRay MRIdian™ MRI-

linac beam models 

An accurate beam model will determine the quality and the accuracy of the calculated 

alanine magnetic field correction factor, which is needed for the determination of the 

absorbed dose in the presence of a magnetic field. Phase space data of the Elekta Unity™ 

were provided from Elekta. The beam was modelled to generate phase space files at a 

distance plane of 130.5 cm form the source. This provides a 10 cm × 10 cm radiation field 

at the isocentre plane (143.5 cm).  

An accelerator head model of the ViewRay MRIdian™ was built using the BEAMnrc 

user code. Taking the best approach, the model was constructed by using dimensional 

details and material specifications taken from the literature (Mutic and Dempsey, 2014, 

Kluter, 2019) and information found on the manufacturer’s website. The model is shown 

in Figure 5.7. Important features which are critical for an effective beam model are:  

• the distance from the source to isocentre, 90 cm, and the distance from the isocentre 

to the distal side of the multi-leaf collimator (MLC), 50.5 cm 

• the double-stack and double-focus MLC (without additional jaws) which comprises of 

34 leaf pairs on the upper stack and 35 leaf pairs on the lower stack, with each leaf 

having a physical width and height of 0.4 cm and 5.5 cm, respectively 
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• the minimum, 0.2 cm × 0.415 cm, and the maximum, 24.1 cm × 27.4 cm, radiation 

field sizes at the isocentre 

There was no need to model any of the MRI components (i.e. cryostat, gradient coil, etc.), 

as the beam is passing through the 28 cm gap, between the two superconducting magnet 

halves, and only attenuated by a 0.5 cm thick connecting fiberglass panel (Kluter, 2019).  

 

On simulating the ViewRay MRIdian™ beam, the BEAMnrc model was compiled as a 

shared library and used as a direct input for dose calculations in the cavity user code. 

The elliptical beam with gaussian distribution in x and y (ISOURCE = 19) was used 

to simulate the primary electron beam. The ellipse was specified by the full width at half 

maxima (FWHM’s) of the energy distributions in x (= 0.11 cm) and y (= 0.11 cm). An 

electron energy spectrum from an in house 6 MV FFF beam model was used for the 

simulations. The energy tuning was performed by simulating a 10 cm × 10 cm radiation 

field using the electron spectrum with varying mean energies in the range of 5.3 MeV to 

7.7 MeV in steps of 0.4 MeV. 

 

 
Figure 5.7: Accelerator head model of the ViewRay MRIdian™ MRI-linac system, which was built 

from information taken from the literature. Some of the dimensions (shown in italics) have been 

estimated from a drawing to scale available on the manufacturer’s website. 
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5.2.4.2 Validation of the virtual beams 

The phase space file provided by Elekta to represent the beam from a Unity™ MRI-linac, 

and the beam model developed to represent ViewRay MRIdian™, were validated by 

comparing MC calculated lateral and depth dose profiles with measured data (see Figure 

5.4 for the direction of the profiles with respect to the magnetic field and the radiation 

beam). The experimental set up involves a scan of a 10 cm × 10 cm radiation field, in a 

water tank, using a PTW 60019 microdiamond detector. The detector was positioned 

vertically (parallel to the radiation beam), the source-to-surface distance was 133.5 cm 

(Elekta Unity™) and 80 cm (ViewRay MRIdian™) and the inline and crossline profiles 

at a mass depth of 10 g/cm2 were acquired. For the Elekta Unity™ the measurements 

were performed in Odense and for the ViewRay MRIdian™ data were provided from 

GCUK. 

5.3 Results 

5.3.1 Alanine magnetic field correction factor, 𝒌𝑸𝑩,𝑸
𝒂𝒍  

Table 5.2, contains results for the 𝐹𝑄𝐵,𝑄 values, the MC calculated ratios of absorbed dose 

to water (with and without magnetic field) and absorbed dose to alanine (without and with 

magnetic field), and the alanine magnetic field correction factors, 𝑘𝑄𝐵,𝑄
𝑎𝑙 , for the three 

MRI-linac systems. The combined standard uncertainties on the 𝑘𝑄𝐵,𝑄
𝑎𝑙  values include the 

uncertainty due to the air gaps. 

The validation of the virtual beams and the MC simulations performed for the uncertainty 

estimation due to the air gaps, are described in sections 5.3.1.1 to 5.3.1.3. 

5.3.1.1 Validation of the virtual beams 

The Elekta Unity™ phase space file and the ViewRay MRIdian™ beam model were 

validated by comparing MC calculated lateral (inline and crossline) and depth dose 

profiles with measured data, as shown in Figure 5.8. To enable a comparison in terms of 

dose differences the MC calculated data were interpolated to the measured depth and off-

axis distance points using piecewise cubic Hermite polynomial functions (which 

preserves the shape of the data). The measured and the MC fit lateral dose profiles were 

normalised to the central axis and the depth dose profiles at 10 cm depth. In the right y-
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axis of the plots in Figure 5.8Figure 5.8, the percentage dose difference relative at the 

maximum dose of the measured profiles is shown. 

Table 5.2: Alanine magnetic field correction factor, 𝑘𝑄𝐵,𝑄
𝑎𝑙 , for the Elekta Unity™, the ViewRay 

MRIdian™ and the Australian MRI-linac systems together with the alanine relative intrinsic sensitivity, 

𝐹𝑄𝐵,𝑄, and the calculated ratios of absorbed dose, to water (with and without magnetic field) and 

absorbed dose to alanine (without and with magnetic field). The uncertainties shown are standard 

uncertainties (k = 1). 

MRI-linac 

system 
𝐹𝑄𝐵,𝑄 𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  𝐷𝑎𝑙,𝑄 𝐷𝑎𝑙,𝑄𝐵⁄  𝑘𝑄𝐵,𝑄

𝑎𝑙  

Elekta 

Unity™  
1.0071 ± 0.0008 0.9950 ± 0.0012 1.0077 ± 0.0017 0.9957 ± 0.0059 

ViewRay 

MRIdian™ 
1.0016 ± 0.0002 1.0001 ± 0.0012 1.0012 ± 0.0017 0.9997 ± 0.0028 

Australian 

MRI-linac 
1.0047 ± 0.0005 1.0000 1.0018 ± 0.0017 0.9971 ± 0.0032 

For the Elekta Unity™, the dose agreement at each point is generally within ±1%, except 

two regions confined to the steepest parts of the penumbra, where the dose difference 

varied over a range of 5%. It should be possible to substantially reduce these differences 

by making a very small adjustment to the collimator setting, however, for the present 

investigation in which the reference dose measurements are all close to the central axis, 

this adjustment is not essential. 

For fine tuning the energy on the ViewRay MRIdian™ beam model, depth dose profiles 

were calculated by MC simulations, for various electron energies in the range from 5.3 

MeV to 7.7 MeV. The electron energy was chosen to optimise the agreement between 

MC calculated and measured normalised depth doses, based on the statistics of the 

absolute value of their difference. The mean and standard deviation are shown in Table 

5.3 for the seven energies simulated, and 6.5 MeV is the energy which produces the best 

agreement.  Figure 5.8 shows MC calculated and measured lateral and depth dose profiles 

of the ViewRay MRIdian™ with this optimum electron energy of 6.5 MeV. There is a 

small discrepancy outside the primary beam, beyond the steep part of the penumbra, 

between the calculated and the measured lateral dose profiles. This might be due to an 

incompleteness (i.e. missing components) in the linac geometry used to generate beams 

for this study. Another aspect of the observed difference in the inline profiles is a lack of 

symmetry, predominantly of the measured profile (the MC simulation is symmetric, and 

any asymmetry should only be the result of random uncertainty). Nevertheless, restricting 
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the comparison in the area where the alanine simulations take place (within ±4.5 cm from 

the central axis), the calculated inline and crossline profile data agree very well with 

measurements with the dose agreement at each point being less than ±1.4%. Note that 

practical limitations in the experimental setup meant that the crossline profile could only 

be accurately measured up to approximately 5 mm beyond the central axis. 

Table 5.3:  Statistics of the absolute value of the difference between the measured and MC 

normalised depth doses of the different electron energies, for the ViewRay MRIdian™. 

  Absolute difference in normalised depth dose 

Electron energy (MeV)  Standard deviation  Mean 

5.3  0.0293  0.0230 

5.7  0.0189  0.0135 

6.1  0.0107  0.0073 

6.5  0.0088  0.0055 

6.9  0.0145  0.0124 

7.3  0.0209  0.0185 

7.7  0.0285  0.0254 
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Figure 5.8: Measured and MC calculated lateral dose profiles (inline and crossline) and depth doses 

of the Elekta Unity™ and the ViewRay MRIdian™ (electron energy of 6.5 MeV) radiation beams. The 

percentage dose difference relative at the maximum dose of the measured profiles is shown in the 

right y-axis of each plot. Note that for the benefit of enhancing the percentage dose difference on the 

right y-axis of each plot, the scale is set to ±8%. The value of the Inline - ViewRay MRIdian™ 

reaches down to -16%. 
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5.3.1.2 Alanine dosimeter model and experimental setup validation in MRI-linacs 

The validation of the experimental setup model for Elekta Unity™ and ViewRay 

MRIdian™ systems with experiments was performed in a similar way as was performed 

in Chapter 4. Briefly, the alanine holder was partially loaded with pellets creating a 

nominal air gap of 0.44 cm between the stem and the first pellet, see Figure 4.12. In both 

Elekta Unity™ and ViewRay MRIdian™ systems, the alanine was setup perpendicular 

to the magnetic field and the radiation beam, at the machine isocentre and at a depth of 

10 cm. MC simulations include two additional models with air gaps of 0.30 cm and 0.40 

cm to consider air gap variation. Figure 5.9 shows the MC results, from the three different 

air gaps, and the measurement results of the dose deposited at each alanine pellet. Data 

are normalised to the average dose of all pellets for each case. The same plot, on the right 

y-axes, shows differences between the measured and the MC normalised doses for the 

three air gaps. The MC calculated data points of the three models agree very well with 

the measured points (always with one of the points of the three models), within the 

measurement uncertainties, in both MRI-linac systems. From the figures, an opposite 

effect is observed between the two MRI-linac systems, which is related to the direction 

of the magnetic field in the two systems. The magnitude of the effect is smaller in the 

ViewRay MRIdian™ due the lower magnetic field strength compared to the Elekta 

Unity™. 

 

    
Figure 5.9: MC and measurement results (lrft y-axes), including air gaps of 0.30 cm, 0.40 cm and 

0.44 cm (nominal air gap), of the dose deposited at each alanine pellet, normalised to the average 

dose of all pellets, for the Elekta Unity™ and the ViewRay MRIdian™ beam qualities, plotted against 

the distance measured from the front of the first alanine pellet. The right y-axes show the difference 

between measured and tthe MC normalised dose. Note that the air gaps, on the x-axis of the two plots, 

are at the front face (0 cm). 



Experimental reference dosimetry measurements in MRIgRT using alanine: calibration and magnetic field 

correction factors of ionisation chambers 

121 

 

5.3.1.3 Effect of air gaps on alanine response 

MC simulations were performed to investigate the effect of the air gaps formed due to the 

unknown spatial distribution of the pellets in the holder. This effect will be included as a 

component in the uncertainty budget. Similar simulations were also performed in Chapter 

4, but here simulations include beam energies of the Elekta Unity™ and the ViewRay 

MRIdian™ systems and reflect the experimental setup: the holder orientated parallel to 

the magnetic field and perpendicular to the radiation beam. Figure 5.10 shows the MC 

calculated dose to alanine for the two MRI-linac systems, with and without magnetic 

field, when pellets are shifted in the y- and z-axis inside the holder, as shown in Figure 

5.10 (a). Data are normalised to the dose of the pellets centrally located in the holder. The 

RMS variation of the four different distributions of the alanine pellets inside the holder 

was found to be 0.55% and 0.17% for the Elekta Unity™ and the ViewRay MRIdian™, 

respectively. 

For the Australian MRI-linac the uncertainty was estimated to be 0.27%. This is based 

on the average uncertainties of the three energy beams (60Co, 6 MV and 8 MV), as 

described in section 4.3.8.2, at 1 T. 
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5.3.2 Output stability of MRI-linacs 

The output stability and setup repeatability of the three MRI-Linac systems are presented 

in Figure 5.11, which shows the normalised chamber signals to the signal of the first 

measurement. Data are shown for the chamber irradiated in the Elekta Unity™, the 

ViewRay MRIdian™ and the Australian MRI-linac. In the latter, figure includes data for 

the field chamber, the external monitor chamber and the ratio between the field and the 

external monitor. Data are shown for a period of the visited days at each centre (see Table 

5.1) and their distribution is displayed in a form of box plots. 

 
Figure 5.10: MC calculated dose to alanine, when pellets are shifted in four different positions, with 

respect to the y- and z-axis inside the alanine holder (a), are shown for the beam qualities and the 

magnetic field strengths of the Elekta Unity™ and the ViewRay MRIdian™. All data are normalised 

with respect to when the pellets are centrally-located in the holder. 
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5.3.3 TPR20,10 of MRI-linacs 

The measured beam quality index values, based on TPR20,10, for all MRI-linacs are shown 

in Table 5.4, which also includes TPR20,10 values for 0 T. On average, TPR20,10 for the 

Elekta Unity™ machines was found to be 0.700 ± 0.002 and 0.697 ± 0.003 for 0 T and 

1.5 T, respectively. The TPR20,10 of the ViewRay MRIdian™ was 0.645 for 0 T and 0.642 

for 0.35 T (average of two values).  

In the Elekta Unity™ and the ViewRay MRIdian™, there is a difference of 0.003 

between the TPR20,10 values without and with a magnetic field. Based on the Elekta 

Unity™ measurements, TPR20,10 can vary up to 0.5% between different machines of the 

same type at 1.5 T. This variation will also include the setup repeatability on TPR20,10 

measurements. In this study, any difference observed between the TPR20,10 without and 

with a magnetic field, may be within the variation of the TPR20,10 between the different 

MRI-linac machines. 

 
Figure 5.11: Box plots (the different parts of a box plot are explained on Figure 4.20) presenting the 

normalised chamber signal to the signal of the first measurement. Left plot: data acquired in the 

Elekta Unity™ and the ViewRay MRIdian™ at each centre, and right plot: data acquired in the 

Australian MRI-linac for the field chamber, the external (Ext.) monitor chamber and the ratio 

between the field and the external monitor. Crosses (×) show the mean value of the normalised 

chamber signal at each centre and for the field, monitor and field/external monitor data. 
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5.3.4 Ion recombination correction factors, 𝒌𝒊𝒐𝒏 

The impact of the magnetic field on the ion recombination correction is typically small 

and is indicated in Figure 5.12, which shows the ratio of the correction with, and without, 

the magnetic field. Results are shown for the chambers at the users’ normal operating 

voltages: the ratio is generally slightly larger than unity, but with a noticeable intra-type 

variation for both MRI-linac systems. Data include results from two different chamber 

orientations with respect to the magnetic field, parallel and perpendicular. The correction 

factors are the results of measurements from one machine for each system (Odense for 

Elekta Unity™ and IPC for ViewRay MRIdian™), when the constant magnetic field was 

off and on. Uncertainties represent the combined standard uncertainty of the collected 

charge at the normal operating polarising voltage and the collected charge at a lower 

voltage. The two-voltage technique used in this study was validated by performing Jaffé 

plots for a PTW 30013 and an IBA FC65-G in an Elekta Unity™ at 1.5 T. A linear 

dependence of 1 𝑀⁄  on 1 𝑉⁄ , for both chambers is demonstrated in Figure 5.13. 

It was not possible to perform 𝑘𝑖𝑜𝑛 measurements at 0 T in the Australian MRI-linac. 

For 1 T the 𝑘𝑖𝑜𝑛 values of three Farmer-type ionisation chambers are shown in Table 5.5. 

Table 5.4: Measured TPR20,10 of the Elekta Unity™ and the ViewRay MRIdian™ (without and 

with magnetic fields ) and the Australian MRI-linac. 

Radiotherapy 

centres 

 Elekta Unity™  ViewRay 

MRIdian™ 
 Australian 

MRI-lianc 

 0 T  1.5 T  0 T  0.35 T  1 T 

NKI (Dec 16)    0.694       

RMH (Mar 17)  0.699  0.694       

RMH (May 17)  0.699         

Christie (Sep 17)    0.699       

Christie (Oct 18)  0.700         

Odense (Jun 18)  0.702  0.701       

Christie (Mar 19)    0.698       

IPC (Sep 18)      0.645     

IPC (May. 19)        0.640   

GCUK (Dec 19)        0.643   

Australia (Jun 17)          0.647 
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Table 5.5: Ion recombination correction factors, 𝑘𝑖𝑜𝑛, of three Farmer-type ionisation 

chambers measured in the Australian MRI-linac at 1 T. 

Chamber (type/sn) 
 Voltage 

(operating/lower) 
 𝑘𝑖𝑜𝑛 at 1 T 

PTW/03981  250 V/100 V  1.0013±0.0007 

IBA/3520  250 V/100 V  1.0017±0.0006 

IBA/819  300 V/100 V  1.0012±0.0004 

 

 

 
Figure 5.12: Ratios of 𝑘𝑖𝑜𝑛 values with and without magnetic field, of different PTW 30013 and IBA 

FC65-G Farmer-type chambers for the Elekta Unity™ and the ViewRay MRIdian™. Data include 

results for parallel and perpendicular orientations. The four-digit numbers on the x-axis are the serial 

numbers of the ionisation chambers. Note that for the determination of the 𝑘𝑖𝑜𝑛 the operating/lower 

voltage was 400 V/150 V for the chambers with serial numbers 2181, 6157, 6158 and 4636. For the 

3213 chamber was 300 V/100 V and for the rest of the chambers was 250 V/100 V. 

 
Figure 5.13. Jaffé plots for a PTW 30013 and an IBA FC65-G Farmer-type chamber demonstrate 

linear dependence of 1/M on 1/V. 



Experimental reference dosimetry measurements in MRIgRT using alanine: calibration and magnetic field 

correction factors of ionisation chambers 

126 

 

5.3.5 Volume averaging correction factors, 𝒌𝒗𝒐𝒍 

Figure 5.14 shows the measured lateral inline profiles of the Elekta Unity™, the ViewRay 

MRIdian™ and the Australian MRI-linac of a 10 cm × 10 cm radiation field at the 

measurement plane. In the two commercial systems, profiles were acquired with a PTW 

60019 microdiamond detector, as described in section 5.2.4.2, while in the Australian 

MRI-linac an EBT3 film was used and placed at a depth of 10 cm of water-equivalent 

solid water. Profiles are focused in an area of ±3.5 cm to show the non-uniformity of the 

three profiles, where quadratic fits (solid lines) are also applied. The collecting volume 

of the alanine and the Farmer-type chamber, on their long axis, is also depicted and is 

indicating how the dose is distributed along their collecting volume. Following 

recommendations from TRS 483 (Palmans et al., 2017), 𝑘𝑣𝑜𝑙 values for both alanine and 

Farmer-type chamber, at each MRI-linac, were determined using the line approximation 

and are shown on Table 5.6. The type B standard uncertainty for all values was estimated 

to be 0.05%. 

A study by de Prez et al. (2019b) found a difference of 0.02% on the 𝑘𝑣𝑜𝑙 values with and 

without a magnetic field and no significant difference between the 𝑘𝑣𝑜𝑙 values determined 

using the inline and the crossline profiles, in a magnetic field (Elekta Unity™). Therefore, 

where applicable, the present study used the 𝑘𝑣𝑜𝑙 values as obtained in Table 5.6 to correct 

the alanine/EPR and Farmer-type chamber signals. 

Table 5.6: 𝑘𝑣𝑜𝑙 values for alanine and Farmer-type chamber, at each MRI-

linac. The uncertainty for all values was estimated to be 0.05%. 

MRI-linac system 

 𝑘𝑣𝑜𝑙 

 Alanine  Farmer-type chamber 

Elekta Unity™   1.0005  1.0019 

ViewRay MRIdian™  1.0007  1.0028 

Australian MRI-linac  1.0001  1.0003 

5.3.6 Reference dosimetry measurements and calibration coefficients of 

Farmer-type chambers 

Reference dosimetry measurements were performed at the visited centres (Table 5.1) 

using the traceability route developed in this work. Absorbed dose to water was measured 

with alanine and the relative standard deviation of the pellet dose values was found, on 
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average, to be 0.50% and 0.29% for Elekta Unity™ and ViewRay MRIdian™ machines, 

respectively. For the Australian MRI-linac the variation was 0.45%. The difference in 

repeatability between the three machine types is in accord with the magnetic field strength 

dependence of the air gap uncertainty reported on Chapter 4. 

 

Figure 5.15 shows the calibration coefficients of two Farmer-type chambers, a PTW 

30013 (sn 3981) and an IBA FC65-G (sn 3520). These two chambers were calibrated at 

different Elekta Unity™ machines at three (or more) different centres, for the three 

orientations. Differences between the calibration coefficients, for each chamber 

orientation, are consistent within the standard uncertainties shown. Each calibration 

coefficient is plotted with its standard uncertainty, but the contributions to uncertainty 

that would be correlated have been removed for the purpose of this comparison. 

Excluding correlations in this way reduces the combined standard uncertainty for each 

calibration coefficient from 1.06% to 0.58%. Results also indicate the degree of 

consistency of the reference dosimetry measurements performed in this work. 

 
Figure 5.14: Measured lateral inline profiles of the Elekta Unity™, the ViewRay MRIdian™ and the 

Australian MRI-linac of a 10 cm × 10 cm radiation field at the measurement plane (focus in an area 

of ±3.5 cm). A fit between the measured data points is applied and the collecting volume of the 

alanine and the Farmer-type chamber, on their long axis, is also depicted. 

Alanine

Farmer chamber



Experimental reference dosimetry measurements in MRIgRT using alanine: calibration and magnetic field 

correction factors of ionisation chambers 

128 

 

 

5.3.7 Farmer-type chamber magnetic field correction factors, 𝒌𝑸𝑩,𝑸 

Figure 5.16 shows results (and Table 5.7 summarises these results) of the indirect 

determination of the magnetic field correction factors, 𝑘𝑄𝐵,𝑄, of the PTW 30013 and the 

IBA FC65-G Farmer-type chambers at different MRI-linac centres. Results are shown 

when the chamber long axis is orientated parallel, anti-parallel and perpendicular to the 

magnetic field of the Elekta Unity™ and the ViewRay MRIdian™ systems. Each plot 

also includes 𝑘𝑄𝐵,𝑄 values determined for the Australian MRI-linac, where the chamber 

long axis is orientated only perpendicular to the magnetic field (magnetic field is parallel 

to the radiation beam). The error bars represent the combined standard uncertainties of 

the calibration coefficients, of each chamber, with and without the magnetic field. Any 

correlated uncertainty related with the primary standard has been omitted. In Appendix 

A, the indirect (Table A.1 and Table A.3) and the direct (Table A.2) 𝑘𝑄𝐵,𝑄 values of the 

PTW 30013 and the IBA FC65-G Farmer-type chambers for all visited centres, for the 

three MRI-linac systems, are shown. Results are presented for the three orientations of 

the chamber with respect to the magnetic field (⇈, ⇅, ⊥). The standard uncertainty of 

each 𝑘𝑄𝐵,𝑄 value is 0.88% for the Elekta Unity™, 0.71% for the ViewRay MRIdian™ 

and 0.74% for the Australian MRI-linac in the indirect method. For the direct method, the 

uncertainty is reduced to 0.62% and 0.34% for Elekta Unity™ and the ViewRay 

MRIdian™, respectively. This is because, in these two MRI-linac systems, the chambers 

 
Figure 5.15: Farmer-type calibration coefficients for PTW 30013 (sn 3981) and IBA FC65-G (sn 

3520), for the three orientations, at Elekta Unity™ machines and different centres, with the magnet 

switched on. 
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were calibrated against alanine in the presence and the absence of a magnetic field, and 

any correlated uncertainties were not included. 

Table 5.7: Indirect and direct 𝑘𝑄𝐵,𝑄 values, determined from Elekta Unity™,  ViewRay MRIdian™ 

and the Australian MRI-linac machines, for the PTW 30013 and the IBA FC65-G Farmer-type 

chambers in parallel (⇈), anti-parallel (⇅) and perpendicular (⊥) orientations. The  Elekta Unity™ 

𝑘𝑄𝐵,𝑄 values are the average over the values obtained at different Elekta Unity™ machines, and their 

uncertainties reflect the variation between the 𝑘𝑄𝐵,𝑄 values. The remaining quoted uncertainties are 

standard uncertainties (k = 1) as described in this section (5.3.7). 

    kQB,Q 

 MRI-linac 

system Method 

Centre/ 

chamber sn ⇈ ⇅ ⊥ 

P
T

W
 3

0
0

1
3
 

Elekta 

Unity™ 

Indirect - 0.9926 ± 0.0038 0.9913 ± 0.0030 0.9612 ± 0.0027 

Direct - 0.9954 ± 0.0050 0.9942 ± 0.0046 0.9626 ± 0.0030 

ViewRay 

MRIdian™ 

Indirect 

IPC/3981 0.9993 ± 0.0072 0.9992 ± 0.0072 0.9724 ± 0.0070 

IPC/9923 1.0009 ± 0.0072 1.0002 ± 0.0072 0.9764 ± 0.0070 

GCUK/9923 0.9951 ± 0.0072 0.9939 ± 0.0072 0.9718 ± 0.0070 

Direct 
IPC/3981 0.9965 ± 0.0034 0.9963 ± 0.0034 0.9696 ± 0.0033 

IPC/9923 0.9976 ± 0.0034 0.9969 ± 0.0034 0.9732 ± 0.0033 

Australian 

MRI-linac 
Indirect 

Liverpool/ 

3981 
- - 0.9835 ± 0.0073 

IB
A

 F
C

6
5

-G
 

Elekta 

Unity™ 

Indirect - 0.9970 ± 0.0038 0.9963 ± 0.0027 0.9524 ± 0.0027 

Direct - 1.0014 ± 0.0039 0.9994 ± 0.0056 0.9566 ± 0.0026 

ViewRay 

MRIdian™ 

Indirect IPC/3520 0.9977 ± 0.0072 0.9994 ± 0.0072 0.9710 ± 0.0070 

Direct IPC/3520 0.9914 ± 0.0034 0.9931 ± 0.0034 0.9650 ± 0.0033 

Australian 

MRI-linac 
Indirect 

Liverpool/ 

3520 
- - 0.9823 ± 0.0073 

Liverpool/ 

915 
- - 0.9877 ± 0.0073 
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5.3.8 Uncertainty budget 

The analysis of uncertainty here follows the Joint Committee for Guides in Metrology 

(JCGM) Guide to the Expression of Uncertainty in Measurement (JCGM, 2008). 

Uncertainties evaluated by statistical analysis are grouped as type A and the rest are 

grouped as type B. These are added in quadrature to give a combined standard uncertainty 

with coverage factor k = 1. 

 
Figure 5.16: Indirect determination of the magnetic field correction factors, 𝑘𝑄𝐵,𝑄, of the PTW 30013 

and the IBA FC65-G Farmer-type chambers at different MRI-linac centres. Results are shown when 

the chamber long axis is orientated parallel, anti-parallel and perpendicular to the magnetic field of 

the Elekta Unity™ and the ViewRay MRIdian™. Each plot also includes the same 𝑘𝑄𝐵,𝑄  values 

determined for the Australian MRI-linac for three chambers. Correlated contributions to the indicated 

uncertainty bars have been removed for the purpose of this comparison and the remaining standard 

uncertainty is of the order of 0.61%, 0.33% and 0.39%  for the Elekta Unity™, the ViewRay 

MRIdian™ and the Australian MRI-linac, respectively. The four- and three-digit numbers on the x-

axes are the serial numbers of the ionisation chambers. 
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Where it is not specifically stated (i.e. footnotes 14, 15 and 16 cross-reference to the 

Elekta Unity™, the ViewRay MRIdian™ and the Australian MRI-linac, respectively), 

uncertainties are the same for all three MRI-linac systems. 

The quoted relative standard uncertainties are shown in Table 5.8. The overall combined 

relative standard uncertainty in the chamber calibration coefficient in the presence of a 

magnetic field, 𝑁𝐷,𝑤,𝑄𝐵, was found to be 1.06% for the Elekta Unity™, 0.92% for the 

ViewRay MRIdian™ and 0.94% for the Australian MRI-linac, with a coverage factor of 

k = 1. The uncertainty budget also reports uncertainties for the alanine magnetic field 

correction factor, 𝑘𝑄𝐵,𝑄
𝑎𝑙 , (0.59%14 / 0.28%15 / 0.35%16) and the absorbed dose to water in 

the presence of the magnetic field, 𝐷𝑤,𝑄𝐵, (1.04%14 0.90%15 / 0.92%16). 

The short-term behaviour of the output from the beams of each commercial MRI-linac 

system was recorded during the measurements over one day (see section 5.2.3.3). For 

each day of irradiation, the output (dose per MU) was found to decrease by 0.03%, or 

less, per hour. This deviation was considered, and used to correct the absorbed dose to 

water, measured with alanine, based on a linear fit between the ionisation chamber signal 

and the irradiation time. The uncertainty was estimated from the gradient of the residuals 

of the fit (RMS variation) and found to be 0.06%, on average. 

In the MC simulations, the Type A uncertainties in the determination of the absorbed dose 

to water and to alanine, with and without a magnetic field, were less than 0.1%. For self-

consistency and transport parameters a Type B uncertainty of 0.1% was estimated 

(Kawrakow, 2000, Malkov and Rogers, 2016). The combined standard uncertainty on the 

MC simulations resulted in less than 0.15%. 

 

14
 Elekta Unity™ 

15 
ViewRay MRIdian™ 

16 Australian MRI-linac 
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Table 5.8. Uncertainty budget for the Farmer-type chamber calibration coefficient in the presence of a magnetic 

field for the Elekta Unity™, the ViewRay MRIdian™ and the Australian MRI-linac systems. Where it is not 

specifically stated (i.e. footnotes 14, 15 and 16 cross-reference to the Elekta Unity™, the ViewRay MRIdian™ and 

the Australian MRI-linac, respectively), uncertainties are the same for all three MRI-linac systems. 

Uncertainty component 
Relative standard uncertainties 

Type A (%) Type B (%) 

Uncertainties of the correction factors and quantities for 

the determination of absorbed dose to water in magnetic 

field, 𝑫𝒘,𝑸𝑩, using alanine as a transfer standard. 
  

Alanine air gap effect 0.5514 / 0.1715 / 0.2716 - 

Alanine relative intrinsic sensitivity, 𝐹𝑄𝐵,𝑄  
0.0814 / 0.0215 / 

0.0516 

Ratio of MC calculated absorbed dose to water with and 

without magnetic field, 𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  
0.07 0.10 

Ratio of MC calculated absorbed dose to alanine without 

and with magnetic field, 𝐷𝑎𝑙,𝑄 𝐷𝑎𝑙,𝑄𝐵⁄  
0.14 0.10 

Combined standard uncertainty in 𝑘𝑄𝐵,𝑄
𝑎𝑙  0.5914 / 0.2815 / 0.3216† 

Alanine/EPR signal, 𝑀𝑄𝐵
𝑎𝑙  - 0.08 

Alanine beam quality correction factor, 𝑘𝑄,𝑄0
𝑎𝑙  - 0.60 

Alanine calibration coefficient at 0 T in a 60Co energy 

beam 
- 0.60 

Alanine volume averaging correction factor, 𝑘𝑣𝑜𝑙
𝑎𝑙   0.05 

Correction due to linac drift 0.06 - 

Combined standard uncertainty in 𝐷𝑤,𝑄𝐵  1.0414 / 0.9015 / 0.9216 

Uncertainties of the correction factors and quantities on 

the obtained chamber signal 
 

Raw chamber readings, 𝑀𝑄𝐵𝑟𝑎𝑤 0.03 - 

Electrometer correction factor, 𝑘𝑒𝑙𝑒𝑐  - 0.10 

Temperature - 0.10 

Pressure - 0.02 

Ion recombination correction factor, 𝑘𝑖𝑜𝑛 0.04 - 

Farmer-type chamber volume averaging correction factor, 

𝑘𝑣𝑜𝑙 
 0.05 

Combined standard uncertainty in chamber signal, 𝑀𝑄𝐵  0.16 

Measurement repeatability 0.10 - 

Overall combined relative standard uncertainty in the 

Farmer-type chamber calibration coefficient in the 

presence of a magnetic field, 𝑵𝑫,𝒘,𝑸𝑩  
1.0614 / 0.9215 / 0.9416 

†The uncertainty from the MC calculated dose to water, with and without magnetic field, is omitted for the 

Australian MRi-linac, as 𝐷𝑤,𝑄𝐵 𝐷𝑤,𝑄⁄  ratio is assumed to be unity. 
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The uncertainty associated with the calibration of the alanine dosimeters in 60Co energy 

beam, 𝑁𝐷,𝑤,𝑄0
𝑎𝑙 , and the uncertainty associated with the variation between individual 

dosimeter pellets have been determined by statistical methods, from the NPL chemical 

dosimetry laboratory, and are 0.6% and 0.3%, respectively. The latter, results in a 

standard uncertainty of the mean alanine/EPR signal of 0.08%, considering fifteen pellets 

(irradiation of three alanine holders per measurement day). The uncertainty of the alanine 

beam quality correction factor, 𝑘𝑄,𝑄0
𝑎𝑙  (0.6%), together with the uncertainty of 𝑁𝐷,𝑤,𝑄0

𝑎𝑙  are 

the dominant components in the uncertainty budget. 

The average charge over five irradiations for each Farmer-type chamber (for the 

Australian MRI-linac this was based on the ratio between the field and the monitor 

chamber) was used for the determination of each calibration coefficient. The standard 

deviation of the mean of the five charge readings (and field/monitor ratio), results in 

0.03%, or less. 

The uncertainty on the ion recombination correction factor, 𝑘𝑖𝑜𝑛, was estimated to be 

0.04%. This is based on the combined standard uncertainties of the chamber signal at the 

normal operating voltage and the chamber signal at a reduced voltage. 

5.4 Discussion 

A methodology for the traceable measurement of the absorbed dose to water and 

calibration of ionisation chambers in the presence of a magnetic field has been developed. 

This approach uses alanine to calibrate ionisation chambers directly in MRI-linac 

systems. Alanine is calibrated against the NPL primary standard in zero magnetic field 

and its response is corrected for use in a magnetic field. This procedure was followed in 

seven different centres that have MRI-linac systems and the results were presented. 

Correction factors to realise the absorbed dose to water in the presence of a magnetic field 

have been evaluated and applied for both alanine and ionisation chambers. A new indirect 

determination of the magnetic field correction factor for ionisation chambers, described 

in section 5.2.3.1, is also presented in detail. 
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5.4.1 MC simulations 

MC simulations were performed to support the determination of the alanine magnetic 

field correction factor for the two commercial MRI-linac systems. The Elekta Unity™ 

phase space files (provided by Elekta) and the ViewRay MRIdian™ accelerator model 

(constructed by using dimensional details and material specifications found in the 

literature) were validated by comparing MC calculated lateral and depth dose profiles 

with measured data. The comparison was quantified by analysing point dose differences 

between the measured and the calculated lateral and depth dose profiles. 

In the Elekta Unity™ and the ViewRay MRIdian™ the experimental setup and the 

alanine (with its holder) models, were validated by considering the same approach as used 

in Chapter 4. The effect of the air gaps, associated with the structure of the alanine pellets 

and the possible asymmetry of their positions inside the holder and for parallel 

orientation, in the two MRI-linac environments, were investigated. The results were used 

as the basis for estimating one component in the measurement uncertainty, which was 

found to be 0.55% and 0.17% for the Elekta Unity™ and the ViewRay MRIdian™ beam 

qualities, respectively. For the Australian MRI-linac the uncertainty was estimated to be 

0.27%. 

5.4.2 Measurements and influence quantities on the detectors’ signals 

The measurement repeatability at the visited commercial MRI-linac systems was found 

to be 0.1%, on average, based on the standard deviation from the readings (signal per 

MU) of an individual chamber, which was used repeatedly during the calibration of the 

secondary chambers at each centre (with the magnet ramped up). The variation in the 

linac beam output (machine stability), was found to be very stable for both MRI-linac 

systems during the measurements. The linac-to-linac variation, on the Elekta Unity™, 

may be reflected in the variation in the TPR20,10 measurements. This was found to be 

0.003 and 0.002 when the magnet was either on or off, respectively. In the Australian 

MRI-linac, the use of the external monitor chamber reduced the beam output variation 

from 1.2% to 0.1%. 

The effect of the magnetic field on the chamber signal depends on the chamber orientation 

and is smaller for the parallel orientation. The change in signal might be expected to lead 
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to a proportional change in the volume recombination: measurements show that any 

change in ion recombination is small, and also subject to intra-type variation. 

On average, the TPR20,10 value in the presence of a magnetic field was found to differ by 

0.003 from the value at zero magnetic field, for both MRI-lnac systems. This difference 

is within the variation of the measured TPR20,10 at different Elekta Unity™ machines. We 

did not have enough data to make a similar conclusion for the ViewRay MRIdian™ 

system, but, a change of 0.003 in the TPR20,10 at 0 T, would result in a change in the 

chamber magnetic field correction factor of only 0.03% (on average), determined 

indirectly. This has been included in the uncertainty budget. We must also note that the 

distance between the source and the detector in the Australian MRI-linac is 284 cm. 

Measurements at NPL with 6 MV conventional energy beam show a change of 0.001 

between the TPR at 100 cm and 300 cm. This has a negligible effect on magnetic field 

correction factor. 

The volume averaging correction factors, due to the non-uniform lateral beam profiles of 

the 10 cm × 10 cm radiation field in the FFF beams of the Elekta Unity™ and the 

ViewRay MRIdian™, were determined for the alanine and the Farmer-type chambers. 

The 𝑘𝑣𝑜𝑙 value of the ViewRay MRIdian™, for both alanine and Farmer-type chamber, 

was found to be higher compared the Elekta Unity™ and the Australian MRI-linac. This 

is because the lateral profile of the two latter machines is somewhat flatter, compared to 

the ViewRay MRIdian™, which can be attributed to the difference in focal distance, 

partially offset by the difference in beam energy. 

Note that, in Chapter 4, a volume average correction was not applied to the 

alanine/EPR signal as the beams were flattened and the SDD was approximately 300 cm. 

Thus, any effect due to volume averaging would be negligible. Even if there was any 

correction, this would not have any effect on the alanine relative intrinsic sensitivity, 

𝐹𝑄𝐵,𝑄, used in the current chapter to determine the alanine magnetic field correction 

factors. 𝐹𝑄𝐵,𝑄 is obtained as a ratio of data with and without a magnetic field, and any 

effect due to volume averaging would have been cancelled. 
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5.4.3 Validation of alanine as a transfer standard in zero magnetic field 

and Farmer-type chamber calibration coefficients 

The process of the absorbed dose to water measurements was validated at zero magnetic 

field. The dose measured with alanine was compared to the dose measured with a Farmer-

type chamber at 0 T in an MRI-linac. On average, the ratio between the alanine-measured 

dose and the chamber-measured dose was found to be 0.9989 ± 0.0006. This difference 

from unity, of −0.11%, is consistent with the combined standard uncertainty of the ratio, 

which is 0.62%. Note that the uncertainty of the ratio includes correlated contributions, 

such as the uncertainty of the NPL primary standard of absorbed dose to water. These 

correlated contributions cancel in the uncertainty of the ratio. 

The present work successfully calibrated Farmer-type chambers (PTW 30013 and IBA 

FC65-G), by using alanine as a transfer standard, in an Elekta Unity™ and a ViewRay 

MRIdian™ systems when the constant magnetic field was switched off and on. A detailed 

explanation of the uncertainty budget is also provided. It was found that the overall 

combined standard uncertainty of the ionisation chamber calibration coefficient, 𝑁𝐷,𝑤,𝑄𝐵, 

in the presence of a magnetic field, was 1.06% and 0.92% for the Elekta Unity™ and the 

ViewRay MRIdian™, respectively. 

The accuracy of the developed traceability route for reference dosimetry measurements 

and calibration of ionisation chambers in the presence of a magnetic field can be checked 

in a consistency test. The test was based on the variation of an ion chamber calibration 

coefficient, 𝑁𝐷,𝑤,𝑄𝐵, for the different orientations, for different Elekta Unity™ systems. 

Variations were found of between 0.32% and 0.48% (average of 0.41%), which is within 

the standard uncertainty, even after the removal of correlated contributions, which 

reduces that standard uncertainty from 1.06% to 0.58%. 

5.4.4 Farmer-type chamber magnetic field correction factors, 𝒌𝑸𝑩,𝑸 

In the two commercial MRI-linac systems, the Farmer-type chamber magnetic field 

correction factors were determined for three different orientations of the chamber long 

axis with respect to the magnetic field. Two different methods were applied: an indirect 

(section 5.2.3.1) and a direct (section 5.2.3.2). The absolute average difference between 

the 𝑘𝑄𝐵,𝑄 values determined indirectly and directly (between all three orientations at both 
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MRI-linac systems) was found to be 0.36%. This is consistent within the stated standard 

uncertainties. Further comparison of the two methods of this study is presented in Table 

5.7. 

On average, the 𝑘𝑄𝐵,𝑄 values in the anti-parallel orientation appears to be smaller 

compared with the values in the parallel orientation for both MRI-linac beam qualities. 

However, the uncertainties are too large to allow a more precise conclusion on this small 

difference. On the other hand, the 𝑘𝑄𝐵,𝑄 values for the perpendicular orientation are 

known (de Pooter et al., 2021) to differ from the values for the parallel/anti-parallel 

orientations, for a field strength of 1.5 T, by up to 5%. In this work we found this 

difference, averaging over all chambers of each type, to be 3.4% (PTW 30013) and 4.7% 

(IBA FC65-G) for the Elekta Unity™. From our measurements in the ViewRay 

MRIdian™ this difference decreases to 2.6% (PTW 30013) and 2.8% (IBA FC65-G). 

In the Australian MRI-linac system, 𝑘𝑄𝐵,𝑄 values of one PTW 30013 and two IBA 

FC65-G chambers were presented. In all chambers, the values differ by approximetly -

1.5% from unity. 

In the inline MRI-linac systems, although the absorbed dose to water in the central axis 

of a broad parallel beam (i.e. 10 × 10 cm2 as used for reference dosimetry) is independent 

to the magnetic field, the magnetic field correction factor of an ionisation chamber is still 

significantly affected. This was shown in this study and reported by other studies in the 

literature (Reynolds et al., 2013, Spindeldreier et al., 2017, Malkov and Rogers, 2018).  

From this study it is understood that the level of the effect of the magnetic field in 

ionisation chamber-based dosimetry in the perpendicular (in the case where the chamber 

is orientated parallel to a magnetic field) and the inline MRI-linacs, is comparable. The 

methodology followed in this work for reference dosimetry should be applicable for both 

perpendicular and inline MRI-linac systems. There is nothing to suggest that reference 

dosimetry in the two systems should be performed differently. 

5.4.5 Uncertainties  

Future improvement of alanine holder to minimise the air gaps between the inner wall 

and the alanine pellets would reduce the uncertainties on the measurements of absorbed 

dose to water. This is the best that this study could do. Nevertheless, even if air gaps are 
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eliminated the standard uncertainty will never drop below 0.85%, in any given magnetic 

field strength, as the uncertainty of the alanine beam quality correction factor and the 

uncertainty of the alanine calibration coefficient are the dominant components in the 

uncertainty budget. These uncertainties are type B and cannot be controlled by the present 

work. 

5.5 Summary 

This study established an alternative, robust and practical traceable reference dosimetry 

for, and calibration of, MRIgRT machines. An alanine dosimeter, calibrated with the 

NPL’s primary standard in a conventional linac and corrected for the effect of magnetic 

fields, is used as a transfer standard for reference dosimetry measurements and calibration 

of secondary detectors. The developed traceability route may be applied to calibrate 

ionisation chambers in the two commercial MRIgRT systems, Elekta Unity™ and 

ViewRay MRIdian™, and in the under development inline MRIgRT system, Australian 

MRI-linac, with a standard uncertainty of 1.06%, 0.92% and 0.94%, respectively. In this 

chapter, values of magnetic field correction factors are determined for Farmer-type 

chambers (PTW 30013 and IBA FC65-G), at three different orientations with respect to 

the magnetic field, for the two commercial MRI-linac systems, and for perpendicular 

orientation for the Australian MRI-linac. These values, which are reported in Appendix 

A, should be considered for inclusion in new data sets of correction factors for the 

development of the future protocols for reference dosimetry in MRIgRT. 
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Chapter 6 Validation of alanine-based reference dosimetry 

on MRIgRT 

The application of work described in Chapter 5 includes an alanine dosimetry service, for 

MRI-linac systems. This allows the calibration of ionisation chambers either by a site 

visit to radiotherapy centres or as a postal dosimetry service. In the first case, NPL 

performs measurements with its own fully calibrated instruments to determine absorbed 

dose to water and calibrate the user’s ionisation chamber(s). In this case, traceability to 

the national standard is confirmed by an NPL calibration report. For the postal dosimetry 

service, alanine pellets loaded in Farmer-type holders are posted to the users of MRI-

linacs, where they irradiate the alanine and post them back to NPL. NPL reports only the 

absorbed dose to water, which is traceable to the NPL primary standard. The validation 

and the implementation of both cases are described in the current Chapter 6. 

6.1 Dose comparison with VSL 

The suitability of alanine/EPR for reference dosimetry in MRI-linacs was assessed by 

comparison with three Farmer-type chambers (two of PTW 30013 and one of IBA FC65-

G). The chambers had previously been calibrated using the VSL water calorimeter in 

another Elekta Unity™ MRI-linac (de Prez et al., 2019a). The alanine/EPR dosimetry 

was traceable to the NPL graphite calorimeter following the route described in section 

5.2.1. Absorbed dose measurements were performed in the Elekta Unity™ at The Christie 

and Odense with the experimental setup being the same as in section 5.2.3.3 and with 

magnetic field of 0 T (only in Odense) and 1.5 T. 

Figure 6.1 shows the dose rate (cGy/MU) values, measured with alanine and an IBA 

FC65-G chamber, with a serial number 3213, at Odense (0 T and 1.5 T) and The Christie 

(1.5 T) for parallel orientation as a function of time. The error bars represent the standard 

uncertainty on dose output, which is 1.04% for the alanine and 0.37% (de Prez et al., 

2019a) for the chamber. In the same figure, dose rate values measured with the IBA FC65-

G chamber in parallel and perpendicular orientation are shown. The repeatability of the 

dose rate measured with the chambers is within 0.1% for all the chambers and both 

orientations. A systematic difference of 0.3% (average over the three chambers) between 

the dose measured with the chamber being parallel and perpendicular was observed (i.e. 
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the dose measured with chamber in perpendicular orientation is higher, for all three 

chambers). 

Table 6.1: Ratios, R, on measured dose outputs between alanine and the three Farmer-type chambers 

and between the three Farmer-type chambers. The four-digit numbers on the numerators and 

denominators are the serial numbers of the ionisation chambers. 
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1   T (⇈) 1.0003 1.0063 1.0069 1.0087 0.9994 0.9976 1.0018 

1   T (⊥) 0.9985 1.0044 1.0057 1.0037 0.9987 1.0007 0.9980 
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1   T (⇈) 1.0046 1.0107 1.0113 1.0131 - - - 

1   T (⊥) 1.0029 1.0087 1.0101 1.0080 - - - 

For brevity, Figure 6.1 includes data only from one chamber and one orientation, but 

similar variation on dose rate values is observed with the other chambers and orientations. 

Table 6.1 shows the level of agreement in absorbed dose measurements using 

alanine/EPR and the three Farmer-type chambers for 0 T, and for perpendicular and 

parallel orientation at 1.5 T (ratio of the averaged doses measured with alanine and 

chamber). Results are shown when the dose is measured with alanine, including the 

correction for the effect of the magnetic field and not including this correction. A 

comparison between the three chambers is also presented. The observed deviations from 

unity, of the ratios alanine/chamber, is partly accounted for by the degree of equivalence 

of the NPL and VSL primary standards, in which the ratios of the NPL and the VSL are 

1.0041 for both 6MV and 10MV (Picard et al., 2015, Picard et al., 2017). This means that 

a dose measured traceable to the NPL primary standard could be expected to be 0.41% 

higher compared to a dose measured traceable to the VSL primary standard, under 

conventional conditions.  
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The application of the alanine magnetic field correction factor, 𝑘𝑄𝐵,𝑄, improves the dose 

agreement with VSL to 0.43% from 0.87%, on average, and improves the uncertainty by 

0.2%. In the case that the alanine 𝑘𝑄𝐵,𝑄 is not applied, the uncertainty must account for 

the possible uncorrected effect of the magnetic field on alanine intrinsic sensitivity, and 

this extra contribution increases the combined standard uncertainty from 1.04% to 1.25% 

(for 1.5 T). 

 

 
Figure 6.1. Comparison between NPL and VSL dose rate (cGy/MU) values, measured with alanine 

(NPL) and an IBA/FC65-G with a serial number 3213 (VSL) at Odense (0 T and 1.5 T) and The 

Christie (1.5 T) for parallel orientation as a function of time. Dose rate values measured with the 

IBA/FC65-G chamber in parallel and perpendicular orientation are also shown. In this case, 

correlated contributions to the indicated uncertainty bars have been removed for the purpose of this 

comparison and the remaining standard uncertainty is related to the experimental repeatability and is 

of the order of 0.1%. 
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6.2 Comparison with other studies 

The indirect and the direct determination of 𝑘𝑄𝐵,𝑄 values of the Farmer-type chambers of 

this study, determined for the Elekta Unity™ and the ViewRay MRIdian™, are compared 

with values found in the literature (van Asselen et al., 2018, de Prez et al., 2019b, Krauss 

et al., 2020). Only studies that have performed measurements in MRI-linac systems are 

considered for comparison in this work. The review by de Pooter et al. (2021) points out 

that early publications on the determination of the 𝑘𝑄𝐵,𝑄 did not consider fully the 

potential difficulties of dosimetry in magnetic fields. As a result, the uncertainty of those 

determinations is underestimated and, for this reason, in comparing results reported here 

with previous results, some studies have been excluded. We have excluded from our 

comparison studies where: 

a) 𝑘𝑄𝐵,𝑄 is determined in a non-MRI-linac environment, so that an MRI-linac beam 

quality cannot be achieved (and quality-dependent aspects of the magnetic field 

correction factor, including the effect of the magnetic field on the absorbed dose 

to water in homogeneous water, would increase the uncertainty), 

b) the effective collection volume, in MC calculations of 𝑘𝑄𝐵,𝑄, is not considered 

(such 𝑘𝑄𝐵,𝑄values may lead to errors of up to 1.4% (Pojtinger et al., 2019), on 

Farmer-type chambers) and 

c) 𝑘𝑄𝐵,𝑄 is expressed as a ratio of chamber readings only, ignoring the effect of the 

magnetic field on absorbed dose to water in homogeneous water. 

Table 6.2 and Table 6.3 present the 𝑘𝑄𝐵,𝑄 values determined from Elekta Unity™ and 

ViewRay MRIdian™ machines, respectively. Results from this study (indirect and direct 

methods) are compared with results from de Prez et al. (2019b) and van Asselen et al. 

(2018) (Table 6.2) and from Krauss et al. (2020) (Table 6.3), for the PTW 30013 and IBA 

FC65-G Farmer-type chamber in parallel, anti-parallel and perpendicular orientations. 

Any difference between the 𝑘𝑄𝐵,𝑄 values of the present work and the three studies, is 

consistent within the standard uncertainties.  
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Table 6.3: 𝑘𝑄𝐵,𝑄 values, determined from ViewRay MRIdian™ machines, of the study from 

Krauss et al. (2020), with standard uncertainty of 0.78%, and of this study (indirect and direct 

methods with standard uncertainties of 0.72% and 0.34%, respectively) for the PTW 30013 and 

the IBA FC65-G Farmer-type chambers in parallel (⇈), anti-parallel (⇅) and perpendicular (⊥) 

orientations. 

   kQB,Q 

 Study 

Centre/ 

chamber sn 
⇈ ⇅ ⊥ 

P
T

W
 3

0
0
1
3

 

Krauss et al. (2020) - 0.9936  - 0.9706 

This study indirect 

IPC/3981 0.9993 0.9992 0.9724 

IPC/9923 1.0009 1.0002 0.9764 

GCUK/9923 0.9951 0.9939 0.9718 

This study direct 
IPC/3981 0.9965 0.9963 0.9696 

IPC/9923 0.9976 0.9969 0.9732 

IB
A

 F
C

6
5

-G
 

Krauss et al. (2020) - 0.9936 - 0.9668 

This study indirect IPC/3520 0.9977 0.9994 0.9710 

This study direct IPC/3520 0.9914 0.9931 0.9650 

Notes: 

1. the parallel orientation in van Asselen et al. (2018) has the same orientation as the 

anti-parallel in the present and the de Prez et al. (2019b) work.  

2. the 𝑘𝑄𝐵,𝑄 values from this study in Table 6.2, are the average over the values 

obtained at different Elekta Unity™ machines, for each chamber type, orientation 

and method. Uncertainties reflect the variation between the 𝑘𝑄𝐵,𝑄 values.  

Table 6.2: 𝑘𝑄𝐵,𝑄 values, determined from Elekta Unity™ machines, of the studies from van Asselen et al. 

(2018) and de Prez et al. (2019b) and of this study (indirect and direct methods for the PTW 30013 and the 

IBA FC65-G Farmer-type chambers in parallel (⇈), anti-parallel (⇅) and perpendicular (⊥) orientations. 

The quoted uncertainties are standard uncertainties (k = 1). 

  kQB,Q 

 Study ⇈ ⇅ ⊥ 

P
T

W
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0
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van Asselen et al. (2018) - 0.9920 ± 0.0020 0.9630 ± 0.0020 

de Prez et al. (2019b) - 0.9850 ± 0.0060 0.9630 ± 0.0040 

This study indirect 0.9926 ± 0.0038 0.9913 ± 0.0030 0.9612 ± 0.0027 

This study direct 0.9954 ± 0.0050 0.9942 ± 0.0046 0.9626 ± 0.0030 

IB
A
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C
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van Asselen et al. (2018) - 0.9970 ± 0.0030 0.9520 ± 0.0020 

de Prez et al. (2019b) - 0.9950 ± 0.0040 0.9560 ± 0.0040 

This study indirect 0.9970 ± 0.0038 0.9963 ± 0.0027 0.9524 ± 0.0027 

This study direct 1.0014 ± 0.0039 0.9994 ± 0.0056 0.9566 ± 0.0026 
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3. in Table 6.3, the determination of 𝑘𝑄𝐵,𝑄 in the study of Krauss et al. (2020), 

involves a beam quality correction factor, 𝑘𝑄,𝑄0, taken from Andreo et al. (2020). 

The uncertainty on their 𝑘𝑄𝐵,𝑄 values results in 0.78%, which is the combination 

of the uncertainties on  𝑘𝑄,𝑄0 (0.62%) and their results (0.48%). In the present 

study, the uncertainties have been estimated to be 0.72% and 0.34% for the 

indirect and the direct method, respectively. 

For the Australian MRI-lianc, 𝑘𝑄𝐵,𝑄 values may also be compared with values found in 

the literature. To the best of our knowledge, only two studies (Reynolds et al., 2013, 

Spindeldreier et al., 2017) were found to report 𝑘𝑄𝐵,𝑄 values (MC calculated) of Farmer-

type ionisation chambers (PTW 30013  and NE2571) similar to our setup (beam 

orientated parallel to a 1 T magnetic field, with the chamber being perpendicular). 

However, none of these studies satisfy all the conditions (identified above as a, b and c) 

as applied in the perpendicular MRI-linac systems to ensure comparison with studies that 

will not introduce unnecessary uncertainties. As the literature is lacking works on 

dosimetry in inline MRI-linac, some assumptions are made on the way that the magnetic 

field correction factors have been obtained. Table 6.4 shows 𝑘𝑄𝐵,𝑄 values of the present 

study (determined indirectly), the Reynolds et al. (2013) and Spindeldreier et al. (2017). 

These two studies used a flatten 6 MV energy beams (with a TPR20,10 of approximetly 

0.674) compared to the 6 MV FFF (TPR20,10 of 0.647) used in the Australian MRI-linac. 

Therefore, the observed differences between our values and those of Reynolds et al. 

(2013) and Spindeldreier et al. (2017) is partly accounted for to the different beam quality 

used.  

To ensure a reasonable comparison, the results from the investigation on 𝑘𝑄𝐵,𝑄 energy 

dependence by Malkov and Rogers (2018) were used. This study performed MC 

calculations of  𝑘𝑄𝐵,𝑄 at different energies, for a set of different ionisation chamber types 

and at 0.35 T and 1.5 T. Their setup included an orientation of the magnetic field parallel 

to the beam and perpendicular to the chamber, which complement the setup in the 

Australian MRI-linac. Their findings show that, the magnetic field correction factor for 

ionisation chambers at 1.5 T, increases with beam quality. We used the data from figure 

10 in Malkov and Rogers (2018) (𝑘𝑄𝐵,𝑄 as a function of TPR20,10 at 1.5 T), for the 

NE2571, and interpolated 𝑘𝑄𝐵,𝑄 values based on the TPR20,10 in the present work, and 
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from the studies in Reynolds et al. (2013) and Spindeldreier et al. (2017). It was found 

that the interpolated 𝑘𝑄𝐵,𝑄 values of these two studies could differ by +0.2% compared to 

the interpolated value of the Australian MRI-linac. Consequently, considering the energy 

dependence on 𝑘𝑄𝐵,𝑄, the difference from the values reported in our work with those of 

Reynolds et al. (2013) and Spindeldreier et al. (2017) will be reduced. 

The sensitive volume is one of the criteria that needs to be considered in a MC calculated 

𝑘𝑄𝐵,𝑄. The work by Spindeldreier et al. (2017) and Malkov and Rogers (2018) also 

investigated the effect of the dead volume in the MC calculated ionisation chamber dose 

response when the magnetic field is parallel to the radiation beam. They report that any 

effect is negligible. Therefore, the dead volume is not considered as a potential source of 

error that will affect the comparison between the calculated and the our measured 𝑘𝑄𝐵,𝑄 

values. 

Table 6.4: 𝑘𝑄𝐵,𝑄 values, determined from the inline MRI-linac configuartion (beam parallel 

to magnetic field), of the studies from Reynolds et al. (2013), Spindeldreier et al. (2017) and 

of this study (indirect method) for the PTW 30013 and the IBA FC65-G Farmer-type 

chambers in parallel perpendicular (⊥) orientation. The quoted uncertainties are standard 

uncertainties (k = 1). 

Study  Chamber type (sn)  kQB,Q 

This study indirect  PTW 30013 (3981)  0.9835 ± 0.0073 

This study indirect  IBA FC65-G (3520)  0.9823 ± 0.0073 

This study indirect  IBA FC65-G (915)  0.9877 ± 0.0073 

Reynolds et al. (2013)  NE2571  0.9872 ± 0.0070 

Spindeldreier et al. (2017)  PTW 30013   0.9935† ± 0.0030 
†Average of values for 90o and 270o orientations 

It also has to be noted that, Reynolds et al. (2013) report chamber response relative to 0 

T. The ratio between 1T and 0 T is 1.0130 ± 0.007 (retrieved from figure 2 in Reynolds 

et al. (2013)). Bielajew (1993) demonstrated that the absorbed dose to water at the central 

axis of the beam is magnetic field independent, assuming a broad photon beam. Reynolds 

et al. (2013) performed MC simulation with an energy of 6 MV and field size of 4 cm × 

10 cm. With these parameters, electron equilibrium occurs in the central axis, and the 

ratio of the dose to water with and without magnetic field is unity. Therefore, the 𝑘𝑄𝐵,𝑄 

would result in 0.9872 ± 0.007 (which is the inverse value of 1.0130), and this is the value 

presented in Table 6.4. 
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6.3 Pilot study of alanine postal dosimetry service for MRI-linac 

machines 

A pilot study of alanine postal dosimetry audit for MRI-linac was performed. The 

methodology for traceable measurements of the absorbed dose to water and calibration 

of ionisation cambers that was described and established in Chapter 5, it was adopted for 

use as an alanine postal dosimetry service. The pilot study included two radiotherapy 

centres that employ an Elekta Unity™ system. Work instructions (shown in Appendix 

B), together with the alanine dosimeters, were sent to the participant centres. The 

presented work instructions are these after the feedback received from the two centres. 

NPL also performed measurements in these two radiotherapy centres following the 

methodology described in Chapter 5. Comparison between the results of the postal 

dosimetry audits and the results of the measurements completed by NPL, are reported in 

section 6.4. 

6.4 Comparison 

The comparison of the NPL measurements with Odense and The Christie are presented 

in Table 6.5 and Table 6.6. Both tables show ionisation chamber calibration coefficients 

(two for Odense) and TPR20,10 values. Each participant (including NPL) performed 

measurements with different instruments (i.e. water tank, electrometer, thermometer, 

alanine pellets and holders, etc.). Only the users’ ionisation chambers and the MRI-linac 

machine were common between NPL and each centre.  

Table 6.5: Calibration coefficients of two ionisation chambers and TPR20,10 

determined from NPL and Odense at the same Elekta Unity™ system. 

 

Chamber type (s.n.) 

 𝑁𝐷,𝑤,𝑄𝐵 (𝑐𝐺𝑦 𝑛𝐶⁄ ) 

 

Odense 

 

NPL 

 Difference 

to NPL 

PTW/30006 (0534)  5.082  5.041  0.82% 

PTW/30013 (2181)  5.252  5.234  0.34% 

TPR20,10  0.703  0.701  0.24% 
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Table 6.6: Calibration coefficients of an ionisation chamber and TPR20,10 

determined from NPL and the Christie at the same Elekta Unity™ system. 

Chamber type (s.n.) 

 𝑁𝐷,𝑤,𝑄𝐵 (𝑐𝐺𝑦 𝑛𝐶⁄ ) 

 Christie  NPL  

Difference 

to NPL 

PTW/30013 (9486)  5.241  5.233  0.16% 

TPR20,10  0.702  0.698  0.60% 

6.5 Summary 

The methodology for the traceable reference dosimetry in the presence of a magnetic 

field, described in Chapter 5, was compared with an approach that achieves traceability 

directly to an MRI-linac through ionisation chambers (calibrated using the VSL’s water 

calorimeter). Any difference on dose output measurements with different detectors were 

consistent within the combined standard uncertainties. Comparison was also performed 

between published 𝑘𝑄𝐵,𝑄 values and those determined in this study. All values show 

agreement within the stated standard uncertainties. 

The alanine postal dosimetry service for MRI-linac systems was tested at two different 

radiotherapy centres. Experiences gained during these two pilot studies, improved the 

written work instructions provided in Appendix B. 



General discussion and conclusion, and future work 

148 

 

Chapter 7 General discussion and conclusion, and future 

work 

Technology is evolving with rapid steps, especially in the last 150 years. This is also 

reflected into the health science. With the invention of x-rays, back in 1895, it was 

realised that this high energy electromagnetic radiation can be used for medical diagnosis. 

The use of x-ray did not stop there. Not long after it was discovered that ionising radiation 

could treat diseases, such as cancer. Doses of radiation delivered daily over several weeks, 

greatly improved the patient’s chance for a cure. Soon after it was realised that radiation 

could significantly damage healthy tissues. Since then, the methods and the systems that 

delivers radiation therapy have substantially improved. Despite the progress on delivering 

a radiation more precisely, this is not enough to ensure that the right amount of radiation 

dose is delivered to the tumour. Metrology and dosimetry are essential parts on the 

evolution of radiotherapy. Dosimetry protocols have been developed, adjusted and 

adapted based on the need of each radiotherapy modality. New metrological capabilities 

and dosimetry systems need to be included in these protocols to establish a well calibrated 

machine that deliver radiotherapy. This will allow for the safe clinical implementation 

and ensure that the patient is treated with a physical dose which can be reproducibly and 

accurately measured worldwide. 

The new cancer treatment modality of MRIgRT, discussed in this thesis, is expected to 

transform radiotherapy in the next decade and beyond. However, as in most cases where 

a new modality is introduced, technical challenges need to be addressed. One of these 

challenges is the effect of the magnetic field, associated with the MRI, on the dose 

delivered to the patient. This is critical, as the therapeutic dose must be delivered as 

accurately as possible and its uncertainty should be comparable to this in conventional 

radiotherapy. Therefore, the effect of the magnetic field on the existing dosimetry systems 

must be understood and quantified. 

In this thesis, I have investigated various fundamental aspects of dosimetry in the 

presence of magnetic fields, with the aim to establish utmost confidence and 

reproducibility for dose standards and measurements as required for safe cancer 

treatments with MRI-linacs. Within my work I investigated the performance of 

Gafchromic EBT-3 film and alanine dosimeters in the presence of magnetic fields. The 
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suitability of these two detectors was assessed for relative and absolute dosimetry in MRI-

linac systems. Next, I aimed to achieve traceability to existing primary standards of 

absorbed dose to water. I devised and evaluated respective routes, with the inclusion of a 

rigorous analysis of the uncertainties. Finally, I recommend guidelines for combining 

reference dosimetry measurements in MRI-linacs to achieve traceability to the NPL 

primary standard. 

Dose calculations are the key component of every TPS used in radiotherapy. The TPS 

provides the interface between the patient anatomy and the dose delivery system. It is 

critical that the TPS can accurately predict the dose to be delivered, and it therefore 

requires that the respective dose calculation is adequately commissioned and validated. 

The process of commissioning and validation of the used dosimetry systems is 

equivalently important. 

In conventional radiotherapy, it has been shown that film is an important dosimeter for 

the verification of treatment plans and the commissioning of the TPS. It is a robust 

detector that can measure dose in simple block phantoms and in more advanced 

anthropomorphic phantoms. One of the aims of this thesis was to investigate the effect of 

the magnetic field on the response of the Gafchromic EBT-3 film. In a first investigation, 

I could establish a small effect of the magnetic field on the dose measured with EBT-3 

films, which exceeds the acceptable uncertainties at field strength above 2 T. 

Nevertheless, for currently available MRI-linacs, with a maximal field strength of 1.5 T, 

EBT-3 was assessed to be a suitable detector for dosimetry in MRIgRT. This finding is 

important as it supports the continued use of this dosimetry system for treatment 

verification and TPS commissioning also for MRIgRT. 

The development of dosimetry in MRIgRT is still at an early stage and it is crucial that 

the performance of detectors used is documented and well understood. The results derived 

in this thesis, were instrumental to resolve apparent inconsistencies in reported effects of 

magnetic field on radiochromic film sensitivity in earlier works from different research 

teams (section 3.4.1). 

Clinical medical physicists in radiotherapy rely on dosimetry protocols that provide 

traceable reference dosimetry for, and calibration of, MRIgRT machines. These 

dosimetry protocols needed to be newly established, because existing protocols do not 
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account for the effects of the magnetic field on detector response and of the modified 

electron transport on absorbed dose in phantoms or patients. The lack of any standard for 

reference dosimetry and the need for robust and stable detectors in MRIgRT, was the key 

motivation for the investigations of this thesis. I studied the response of alanine 

dosimeters in magnetic fields and assessed their suitability to act as reference detectors in 

MRIgRT. I could demonstrate that, with the inclusion of a magnetic field correction 

factor, alanine can be used as a suitable reference dosimeter for measurements in 

MRIgRT. Based on this finding, a methodology that describes the calibration of 

secondary standard ionisation chambers (user’s detectors) in an MRI-linac, in terms of 

absorbed dose to water traceable to the NPL primary standard by using NPL alanine as a 

transfer standard, has been established. This traceability route is applicable to all currently 

available commercial MRI-linacs (Elekta Unity™ and ViewRay MRIdian™) and the 

under-development Australian MRI-linac, with an uncertainty which is comparable to the 

routes used for conventional radiotherapy. 

I furthermore established a traceability route that introduces a magnetic field 

correction factor to adjust the detector calibration coefficient from zero magnetic field. 

Values of this factor generated in this work, should be included into existing data sets of 

correction factors, for the development of future protocols for reference dosimetry in 

MRIgRT. 

My work on the suitability of alanine for dosimetry in the presence of magnetic fields 

also enables novel dosimetry audits for adaptive MRIgRT. For instance a recent work by 

Axford et al. (2021) used the methodology developed in this thesis for the design of an 

end-to-end assessment procedure in adaptive MRIgRT. 

A further application of my results on alanine dosimetry is the establishment of a national 

alanine reference dosimetry service, for MRI-linac systems at NPL. This would allow a 

dosimetry audit (i.e., checking dose output and TPR20,10) and the calibration of ionisation 

chambers (but also other dosimeters), either by a site visit to radiotherapy centres or as a 

postal dosimetry service. As a direct result of this thesis work, the on-site service is now 

available and, at the time of writing, has been successfully delivered to three radiotherapy 

centres. 

For the postal dosimetry service, alanine pellets loaded in Farmer-type holders, 

together with written work instructions, are posted to the users of MRI-linacs, where they 
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irradiate the alanine and post them back to NPL. NPL reports only the absorbed dose to 

water, which is traceable to the NPL primary standard. The implementation of this case 

has been evaluated with two radiotherapy centres, but not offered as a service yet. 

Importantly since the advent of Covid-19, this remote audit may also support the 

radiotherapy centres during a pandemic, where an in-person service is not possible. 

The development of these services will improve the consistency of MRIgRT dosimetry 

between different radiotherapy centres, as medical physicists can measure the absorbed 

dose to water in MRIgRT systems directly traceable to the UK primary standard of 

absorbed dose to water. 

The knowledge gained and the accurate metrological capabilities demonstrated in this 

thesis work should be used by the medical physics community (i.e. clinicians, 

stakeholders, national laboratories, etc.), in the implementation of future dosimetry 

protocols. This will enable reliable dosimetry in MRIgRT traceable to primary standards. 

7.1 Future work 

The proof-of-principle on disseminating the quantity of absorbed dose to water in the 

presence of magnetic fields using alanine as a transfer standard, under reference 

conditions, has been delivered by this thesis work. One of the advantages of MRIgRT is 

the superior image quality that can provide, but the bore of the MRI constrains patient 

positioning and forces increased use of off-axis fields in treatment. Thus, investigations 

in this dosimetry aspect is inevitable. Future work will build on further development of 

alanine and film detectors to support non-standard off-axis field dosimetry in magnetic 

fields. Both detectors have been proven to be capable for relative and absolute dosimetry 

in standard and non-standard beams, and their inclusion in this modality deserves further 

research. 

A complete end-to-end audit in MRI-linac systems is of major importance to provide 

consistency between radiotherapy centres. Such an audit would verify both the dosimetry 

aspects, associated with the delivery system, and the quality and reliability of the imaging, 

associated with the MRI scanner. This requires the incorporation of dosimeters, where 

their magnetic susceptibility have a zero or a minimal effect on the MR image distortion, 

are versatile to exotic setup in anthropomorphic phantoms and can measure dose with 

acceptable uncertainties. Alanine and film are promising candidates, since they are 
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adaptable and near water equivalent detectors, and their feasibility on dosimetry in the 

presence of magnetic fields was demonstrated in the present thesis work. 

The integration of MRI with a photon therapy delivery system has been successful. It is 

expected that the integration of a similar system but with a proton therapy machine, 

MRIgPT, will follow-up (Oborn et al., 2017, Hoffmann et al., 2020). Dosimetry in such 

system is still at an early stage and the feasibility of dose delivery with MRIgPT must be 

demonstrated. Therefore, it is of great importance that future work includes the 

development of traceable dosimetry methods for MRIgPT. Compared to MRI photon 

therapy, it is expected, however, that in MRIgPT the effect of the magnetic field on 

detector response to be smaller, as the generated electrons from the protons will have 

lower energy. The traceability route, established in this thesis work, can be adapted for 

use in such systems and is worth of investigation. 
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Appendix A Summary of magnetic field correction factors of 

ionisation chambers 

Table A.1 and Table A.2 show the indirect and the direct, respectively, 𝑘𝑄𝐵,𝑄 values of 

the PTW 30013 and the IBA FC65-G Farmer-type chambers for all visited centres, for 

the Elekta Unity™ and the ViewRay MRIdian™ systems. Results are presented for the 

three orientations of the chamber with respect to a magnetic field: parallel (⇈), anti-

parallel (⇅) and perpendicular (⊥). Table A.3 shows the indirect, 𝑘𝑄𝐵,𝑄 values of the PTW 

30013 and the IBA FC65-G Farmer-type chambers determine in the Australian MRI-linac 

in perpendicular orientation. 
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Table A.3: Indirect 𝑘𝑄𝐵,𝑄  values of the PTW 30013 

and the IBA FC65-G Farmer-type chambers 

determined at the Australian MRI-linac. The 

uncertainties for each value is 0.74%. 

Chamber 

(type/sn) 

 
𝑘𝑄𝐵,𝑄 

PTW/3981  0.9835 

IBA/3520  0.9823 

IBA/915  0.9877 
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Appendix B Work instructions for user’s chamber 

calibration in an MRI-linac 

B.1 Summary 

The user’s waterproof ionisation chamber is calibrated in an MRI-Linac, in terms of 

absorbed dose to water traceable to the NPL primary standard, by using NPL alanine/EPR 

as a transfer standard. The alanine dosimeters are provided in PTW Farmer chamber-

compatible holders, designed to facilitate chamber calibration by substitution. After 

irradiation, the alanine dosimeters are returned for EPR readout at NPL, who will report 

the absorbed dose to water at the point of measurement in water. The user obtains the 

calibration coefficient as the ratio of this absorbed dose divided by the fully corrected 

ionisation measured with their ionisation chamber. 

B.2 Equipment provided by NPL 

• Three alanine dosimeters for measurement, one dummy dosimeter for imaging 

during setup. All dosimeters are pre-loaded in waterproof PTW Farmer-

compatible holders. 

B.3 Equipment provided by the user 

• Farmer-type waterproof ionisation chamber(s) 

• Thermometer, barometer, humidity meter and electrometer 

• Water phantom (MR safe), and distilled water 

B.4 Materials and Methods 

The measurements must be performed in water. The Farmer chamber and the alanine 

holder should be oriented with the alanine holder and Farmer symmetry axes parallel to 

the magnetic field. Make sure no air bubbles are attached to the outer surface of the 

detectors before irradiation. 

• The field size should be 10 × 10 cm2 at the plane of measurement, with the 

detector reference point at the machine isocentre. 

• If possible, a horizontal beam should be used for the measurements, having 

verified that the reference point of the chamber is located at the isocentre. 
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o Recommendations: in an Elekta Unity™ system the isocentre may be 

defined based on the central pixel (iso-pixel) of 2D MV planar images 

using an electronic portal imaging device, at gantry angles 0 and 90 

degrees (within 1 mm in each of the three directions is recommended). In 

the ViewRay MRIdian™ system, a practical iso-centre may be defined 

based on room lasers outside of the bore.  

o Otherwise, in both systems, local procedures may be followed. 

• It is recommended to measure TPR20,10 first, keeping the chamber at the machine 

isocentre and setting the measurement depths 10 g.cm-2, 20 g.cm-2, 10 g.cm-2 to 

check chamber setup repeatability. 

• The Farmer chamber should be irradiated to a nominal dose of 2 Gy at depth 

10 g.cm-2. At least three irradiations at each setup are recommended. 

• The user must ensure a robust setup procedure of the alanine holders with 

negligible uncertainties. 

• The calibration measurements should be made, by substitution, in the sequence  

chamber / alanine / chamber / alanine / chamber / alanine / chamber 

so that the chamber readings can be used to monitor any drift in linac output. Each 

alanine dosimeter should be irradiated to a nominal dose of 20 Gy, which may 

conveniently be delivered in three equal fractions. The water temperature at the 

time of irradiation must be recorded and reported to NPL with an estimated 

delivery dose. 

• Ion chamber readings must be corrected for temperature and pressure, and the 

relative humidity should be within the range 20% to 70% at the time of 

measurement. Readings should be corrected to zero ion recombination. 

B.5 Result 

The absorbed dose calibration coefficient is given by 

 𝑁𝐷,𝑤,𝑄𝐵 =
𝐷𝑤,𝑄𝐵
𝑀𝑄𝐵

 (B.1) 

where 𝐷𝑤,𝑄𝐵 is the absorbed dose to water measured in beam quality 𝑄 = TPR20,10 and 

magnetic field 𝐵 using alanine/EPR and reported by NPL, and 𝑀𝑄𝐵 is the user’s ion 
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chamber reading scaled to the same nominal doses as for alanine, corrected to standard 

air density (20°C, 1013.25 mbar) and zero ion recombination. 
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