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Abstract

The work described in this PhD thesis was undertaken as part of a much larger research
project: The Australian MRI-Linac program. The goal of this program is to merge two
existing medical technologies — an MRI scanner and a Linear Accelerator (Linac) — thereby
creating an advanced form of cancer treatment incorporating cutting edge anatomical and
physiological imaging techniques. An overview of the background information necessary to
understand the work presented in this thesis is provided in chapters 1 (overview of
radiotherapy) and 2 (overview of electromagnetism and accelerator physics). The work in the
remainder of this thesis can be split into two distinct sections, corresponding to the two quite
different (but ultimately related) projects I worked on throughout this thesis: modelling the
impact of external magnetic fields on electron beam transport within the linear accelerator,
and the implementation of patient rotation in radiotherapy.

The former project is the focus of Chapters 3-6. In Chapter 3 a finite element model of a
clinical gridded electron gun is developed based on 3D laser scanning and electrical
measurements, and the sensitivity of this gun in magnetic fields characterised. The results
complement the existing literature in showing that conventional linear accelerator
components are very sensitive to external magnetic fields — in fact this gun is over twice as
sensitive to axial magnetic fields than the less realistic models existing in the literature.

A first order approach to overcoming this sensitivity is to use magnetic shielding — however
magnetic shielding of the linear accelerator can negatively impact on the performance of the
MRI scanner. This magnetic shielding problem is explored in Chapter 4, where the
fundamental principles of passive magnetic shielding are explored, and magnetic shields are
implemented for the two possible MRI-linac configurations (in-line and perpendicular) for
the 1.0 Tesla MRI magnet used in the Australian MRI Linac program. The efficacy of the
shielding and the impact on the MRI is quantified, with the conclusion that passive shielding
could be successfully implemented to allow acceptable operation of the linac without overly
degrading the magnet performance of the MRI scanner.

An alternative approach to magnetic shielding which would not have any impact on the
magnet is to redesign the linear accelerator such that it functions robustly in an MRI
environment without the need for shielding. This approach is explored in chapter 5, where a
novel electron accelerator concept based on an RF-electron gun configuration is detailed. It is
shown via particle in cell simulations that such a design would be able to operate in a wide
range of axial magnetic fields with minimal current loss. In chapter 6, an experimental beam
line based on this concept was constructed at Stanford Linear Accelerator Center (SLAC).
This project is ongoing but progress so far is described in Chapter 6.

In the second part of this thesis, a completely different project is explored, patient rotation.
Patient rotation would be very beneficial for MRI-Linac systems as it would eliminate the
complicated engineering that is used in conventional systems to rotate the beam around the
patient, and the MRI could be used to adapt in real time for the resultant anatomic
deformation. Patient rotation would also minimise some of the sources of electromagnetic
interference explored in chapters 3-7. The two major obstacles to patient rotation are (1)
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patient tolerance to rotation, and (2) anatomical deformation due to rotation. To quantify
patient rotation, a clinical study of 15 patients was carried out and is detailed in chapter 7.
The results of this study suggest that patient tolerance to rotation may not be a major issue,
although this result needs to be verified in larger patient cohorts. In chapter 8, the design and
construction of an MRI-compatible patient rotation device is detailed. This device is the first
of its kind, and will allow data on anatomic deformation under rotation to be collected,
enabling strategies to adapt for this motion to be developed. Thus far, MRI compatibility has
been assessed and a volunteer imaging study undertaken, in which pelvic images were
acquired under rotation angles of 360° every 45°.

In summary: In chapters 3-5, the impact of magnetic fields on conventional accelerator
components was quantified; and two independent approaches to compensating for these
effects (magnetic shielding and bespoke accelerator design) were explored. In chapter 6, an
experimental beam is constructed to verify and support the findings of chapter 6. In chapter 7,
a clinical study was undertaken quantifying patient tolerance of slow, single arc rotation.
Finally, in chapter 8 a unique medical device was designed, constructed and tested, and
through this device MRI images of anatomical distortion under lying rotation were collected
and quantified.
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Chapter 1
Overview of radiotherapy




1. Cancer & Radiotherapy

Cancer describes a large number of diseases characterized by malignant and uncontrolled
cellular growth. Cancer is a leading cause of death and a heavy social health burden — in
Australia around 3 in every 10 deaths are due to cancer, costing more than $3.8 billion
annually. Globally, the economic impact of cancer approaches 1 trillion dollars annually [6,
7].

The major treatment options for cancer are surgery, chemotherapy, and radiotherapy, with the
latter discipline being the focus of this thesis. Radiotherapy refers to the treatment of cancer
with ionising radiation — that is, radiation which is energetic enough to break apart chemical
bonds”. In best practice cancer care, radiotherapy would be included in the treatment plan of
around half of all cancer patients [8]. In Australia, currently around 38% of all cancer patients
receive radiotherapy [9].

The basic mechanism of cancer
A @ treatment by radiation is as follows:

- when a beam of radiation traverses
T IncreasingO

between that matter and the radiation
which result in energy being

matter, interactions take place
tumor

= . % 1 Ilnct_easing
2 SERE g Wlie b I transferred from the radiation beam
% I;'r to the matter. When the matter in
3 question is biological, this energy
@ A Tumor deposition can break the chemical
. = Some bonds that hold cells together,
Dose B} resulting in cell damage or death.

Figure 1: The probability of both cure and complication increases . .
as the dose is increased. For a given dose, there is some ratio There is an obvious and fundamental

between these two outcomes, called the therapeutic ratio. problem with utilising this process
Radiotherapy aims to maximise this goal. Image credit:

http://creogreview.wikifoundry.com/page/Q261+Therapeutictratio for treatment: radiation is not a

discerning therapeutic agent.
Whether cancerous or healthy, tissues will sustain damage when irradiated. As such,
practitioners of radiotherapy are faced with a delicate quandary; for whilst higher doses of
radiation correlate with a higher probability of curing the cancer, they correlate also with a
higher probability of causing irreparable harm or even death to the patient. This balance
between cure and trauma is known as the therapeutic ratio (Figure 1), and increasing this ratio

is, in one way or another, at the core of almost every piece of radiotherapy research ever
undertaken (or at least it should be). The concept of the therapeutic ratio can be expounded to
formulate a fundamental tenet of curative radiotherapy:

" Radiation is in fact a very general term, simply describing the transport of energy by either waves or particles —
however, in this thesis the term ‘radiation’ refers to ionising radiation.
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To deliver sufficient radiation dose to cancerous tissues to maximise the chance

of therapeutic benefit, whilst simultaneously minimizing the chance of serious
side effects.

(A)

Figure 2: (A) Patients are (unfortunately) comprised of geometrically complex, moving, and heterogeneous tissues.
For the purpose of deriving the key elements of high quality radiotherapy, I will instead consider (B) the idealised
‘spherical patient’.

To determine how one would go about achieving this, let us consider the tasks which must be
carried out to deliver high quality radiotherapy:

1.1. Tasks which must be completed to deliver high quality
radiotherapy

I. Identify and localise all tissue types

It is axiomatic that in order to maximise the chance of hitting a target, one must first
determine where that target is. In this instance, as well as delivering a curative quantity of
dose to the cancerous target, we want to make sure that we minimise the chance of side
effects to all healthy tissues. Clearly, in order to maximise the therapeutic ratio we will need
to accurately determine the location of every tissue type likely to be exposed to radiation.

In clinical practice, doctors undertake this task with the aid of 3D medical imaging (typically
Computed Tomography, or CT, imaging) which they use to help delineate the location of the
therapeutic target and surrounding healthy organs in space. An example of a CT image with
organs delineated is shown in Figure 3 (A) — note that only one 2D slice of the entire 3D
image is shown.

II. Determine the optimal feasible dose distribution

Once we have determined where our target is, we must decide on the optimal dose
distribution to treat it with. To guide this decision, we will need to know something about the
dose response of the tissues involved - What dose is sufficient to maximise the chance of
cure? At what dose will side effects occur in healthy tissue?
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Of course, on the face of things this may seem an over complication, for surely the optimal
dose distribution is quite clear: an infinite dose in the cancerous cells, and zero dose
everywhere else. Unfortunately, there is no way to deliver such a dose distribution, and that is
why I have emphasised that our task at this stage is to find the optimal feasible dose
distribution. To do this, we must consider also the exact mechanism with which we will
deliver dose (Task 3).

In clinical practice, this task is undertaken with the help of the 3D image from Task 1.
Computational simulation of dose delivery is carried out, using this image as a surrogate for
the patient, and various delivery parameters are tweaked to ensure a curative dose is delivered
to the tumour whilst the surrounding organs receive an acceptably low dose. An example of a
treatment plan is shown in Figure 3 (B).

III.  Accurately deliver the planned dose

Once we have identified all the different tissues, their dose responses, and (somehow)
decided upon the optimal feasible dose distribution, all that remains is to deliver this
treatment. If careful attention has been payed to designing a feasible dose distribution, then
this last step should be straightforward, since we will already have incorporated the delivery
mechanism into our decision making process of Task 2.

A variety of delivery devices exist in radiotherapy, however the focus of this thesis is on
photon External Beam Radiotherapy delivered with a linear accelerator (Linac), shown in
Figure 3(C).

Returning now to what I have asserted is the fundamental tenet of curative radiotherapy (To
deliver sufficient radiation dose to a cancerous tissues to maximise the chance of cure, whilst
simultaneously minimising any serious side effects), it can be seen that carrying out Tasks 1-
3 to a high (or at least acceptable) standard will result in high (or at least acceptable) quality
radiotherapy. Of course, I have given a very brief and simplified overview of a radiotherapy
workflow — but the derived principles hold even in more complex real world scenarios.

2. Major challenges to delivering high quality radiotherapy

45 years ago, US president Richard Nixon declared ‘war on cancer’, aimed at eliminating
death and suffering from cancer [10]. Similarly, in 2003 Director of the USA’s National
Cancer Institute Andrew von Eschenbach suggested that medical researchers should aim to
‘rid the world of suffering and death from cancer by 2015° [11]. It is the year 2016 at the time
of writing, and the fact that cancer remains such a massive social health burden (Section 1)
implies (correctly) that effective cancer treatment is extremely difficult to achieve. All
current treatments for cancer must overcome massive challenges if treatment efficacy is to be
improved; radiotherapy is no different. In this section, I will outline what I believe are the
four biggest challenges to delivering better quality radiotherapy.
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A) Localise all tissues B) Determine optimal C) Accurately deliver

dose distribution planned dose
Figure 3: Delivering high quality radiotherapy can be split into three tasks: A) Localisation of the treatment
volume and surrounding organs at risk. Shown here is a one slice of a CT image of a prostate cancer patient B)
Determination of the optimal feasible dose distribution through computerised simulation [S], and C) Accurate
delivery of the planned dose. Shown here is a linear accelerator — the workhorse of external beam radiation
therapy.

I.  Which tissues are cancerous and which tissues are not?

As outlined in Section 1, the first step to delivering high quality treatment is to determine
which tissues need to be treated — that is, which tissues are cancerous and which are healthy?
To determine this, doctors use 3D medical images to delineate the volume they believe
requires a curative dose, as well as any surrounding organs at risk to which dose must be
minimised. This is a very challenging task, as medical images are difficult to interpret and
W generally do not resolve cancerous from
healthy tissues particularly well, leaving
clinicians to make an ‘educated guess’ as to
which is which. As such, a large amount of
uncertainty is introduced into the treatment at
this stage. Ensuring that the delineation
process 1is as accurate as possible is
obviously crucial to achieving an optimal
treatment outcome. If the treatment volume
is too large, then we are needlessly
delivering high radiation dose to healthy
Figure 4: Contours drawn by different clinicians on a tissues, whilst if it is too small, we increase
lung tumour case. The gold contm.lr.ir.ldicates .the volume the risk that not all the cancerous cells are
of best agreement based on all clinicians, whilst the red

contours show the different volumes. It should be noted killed and that treatment fails. Figure 4
that disagreement between different clinicians is not
always this stark! [4].

shows an example of contouring variability
between different clinicians for a lung cancer
patient [4].

Target delineation variation has been measured at up to 10 mm standard deviation between
contours [12], up to eight times difference in total volume [13], and estimated to account for
variation in tumour control probability of up to 22% in lung cancer patients [4]. Large
delineation uncertainty can also exist around normal anatomy, however this has not been as
well studied [14-16]. It has been argued that target delineation uncertainty is the ‘weakest
link’ in the chain of accurate radiotherapy treatment [17], or, more conservatively;
“Interobserver variability is a major — for some tumour locations probably the largest — factor
contributing to geometric inaccuracy” [13].
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II.  Different patients respond differently to treatment

Figure 5 shows a Kaplan-Meier survival curve from a recent clinical trial into a new
radiotherapy treatment regime’ [3]. Two years after the treatment, 50% of patients have
survived disease free, and 50% are either dead or have recurrent disease — in other words,
treatment has not been successful for half of these patients*. This figure is from a controlled
clinical trial where patients were all recruited with the same tumour site and staging and all
given the same treatment — and yet the outcomes show large divergence. What’s more, we are
not good at predicting which group of patients are which — in another recent study on lung
cancer patients, doctors were asked to predict which of their patients would still be alive in
two years. Their predictions were correct around 50% of the time — in other words, the same
accuracy as might be expected from flipping a coin [18].

Radiation response is difficult to predict not only for Disease-free survival
cancerous cells, but also for normal tissues [19]. In the |
case of normal tissues, quantifying dose response is

w o

not so simple — whereas typically the entire treatment
volume receives a homogenous and prescribed dose,
normal tissues typically receive a heterogeneous dose
which is simply kept as low as possible. Also, it is not

Cum Survival
e W B e @™

only the dose received by an organ which impact on
response, but also the volume of the organ which
receives a given dose [20]. Figure 6(A) shows the risk A
of developing pneumonitis, a serious side effect 0 = o = ~
amongst lung cancer patients [20], and Figure 6(B) Monthe
shows a summary of the various published data on  Figure 5: A Kaplan-Meier survival curve from a
.. . . .. clinical trial of stage 1 non-small cell lung cancer
pneumonitis [21]- Agalna the dlfﬁculty of predlCtlng patients, showing that two years after treatment,
the likelihood of an individual patient developing gg:ﬁ: ho:vfzgf?;i have survived disease free and
complications from radiotherapy treatment can be

appreciated.

¥ There is nothing especially pertinent or remarkable about this particular trial or survival curve — it is used as a
representative example of the uncertainty in radiotherapy treatment outcomes.

* This is a loose definition of ‘successful” — there is still a high chance that treatment increased the length and/or
quality of these patients lives.
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Figure 7: A) shows incidence of the normal tissue injury pneumonitis from a retrospective analysis of lung
cancer patients. 20 months after treatment, around 30% of patients have developed some form of pneumonitis.
B) Meta-analysis of several studies showing published values for mean lung dose versus pneumonitis probability.
It can be see that whilst a loose correlation between mean lung dose and probability of pneumonitis exists, there
is also a large degree of variability.
The variability in treatment outcomes is due to a myriad of complex and interwoven factors.
The most obvious explanation is that there is a large variation in inherent radiosensitivity
amongst patients — that is; just as some people get sunburnt much more easily than others,
some people are much more sensitive to radiation than others. Whilst this does appear to be at
least part of the explanation for treatment response variation, it is difficult to separate radio
sensitivity effects from a vast array of complicating factors. Factors which have been
nominated as contributing in some way to
100 - Radiation sensitivity include patient age,
90 1 patient  gender,  smoking  status,

--+4#-- Ultrasound
80 4 . « g, .

—X=Video comorbidities (Primary and secondary
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clinicians to their best to develop a

treatment plan which is optimal for each patient, this is very difficult given the

unpredictability of patient response.

III.  Anatomy and physiology change over the course of treatment
If the uncertainties described in Sections I and II did not exist, then could we deliver a truly
optimal plan to every patient and be confident of predicting their treatment outcomes?

Unfortunately: no. Human anatomy is in a constant state of geometric and physiological flux
as our hearts beat, lungs inhale, and our digestive systems process food. This means that even

Chapter 1 Page 18



if we localise the relevant organs with 100% accuracy, the shape and location of these organs
may have changed by the time we deliver therapy. In particular in the thoracic and abdominal
regions, our anatomy is in constant motion due to respiration.

Of the challenges that I have listed thus far, there is no doubt that anatomic motion is the best
studied and understood — probably because it is much easier to measure and understand than
the problems described in Sections I and II. Respiration can cause motion of up to 50 mm,
and in addition to the lungs, notably affects the liver, breast, kidney, heart, and pancreas |2,
23] (Figure 8). Rectal and bladder filling can cause motion of up to 40 mm in cervix cancer
and prostate cancer cases [24, 25]. In addition to these physiologically based sources of
motion, there are sources such as voluntary patient movement (fidgeting etc.) and set up
errors (where the patient is not accurately positioned in the same way from one treatment to
the next) [26].

In addition to the sources of geometric changes mentioned above, the treatment itself
introduces a source of anatomical change. Throughout the course of treatment the tumour will
(we hope) reduce in the size or (sometimes) grow. Tumour volumes have been reported as
changing by up to 96 % in cervix cancer patients [24], 62% in lung cancer patients [27]
(Figure 7) and 92% in head and neck cancer patients [28]. Changes in tumour volume can
also cause changes in the surrounding healthy tissues.

In order to compensate for motion, various in-room techniques exist to monitor and adapt for
motion throughout the course of treatment. The most commonly used technique is cone-beam
CT imaging — however, solutions utilizing optical imaging, ultrasound imaging and
electromagnetic transponders also exist. [29].

Collectively these techniques are called Breathing mode
Image Guided Radiotherapy (IGRT). The use site Observer Shallow Deep
of IGRT in the clinic grew dramatically from pancreas Suramo (Ref. 57) 20 (10-30) 43 (20-80)
. : Bryan (Ref. 59) 20 (0-35)
1995 to 2009 as shown in Figure 7. [1]. The . Wetee (Rel. 66) 2as
use of image guidance helps to compensate Harauz (Ref. 67) 14 :
. . Suramo (Ref. 57) 25 (10-40) 55 (30-80)
for many of the motion effects outlined Davies (Ref. 58) 10 (5-17) 37 (21-57)
above. However, the current standard of care Kidney Suramo (Ref. 57) 19 (10-40) 40 (20-70)
. . . Davies (Ref. 58) 11 (5-16)
image guidance techniques suffer from a Diaphragm Wade (Ref, 68) 17 101
number of shortcomings — the quality of the Korin (Ref. 64) 13 39
. ] . ] Davies (Ref. 58) 12 (7-28) 43 (25-57)
images is often poor, additional internal Weiss (Ref. 66) 1345
markers need to be surgically implanted, the Gr'""“l"(;R:"';:’ e 35 (3-99)
“ord (Ref. 76 2 32

information returned is generally limited in

Figure 8: Summary of various studies looking at

either the temporal or spatial domains, and
.. . . . respiratory induced motion during radiotherapy. Taken
the extra radiation imaging dose received by fmfn IZI.IZII motion reported in mn% Py

healthy tissues can often be significant [30]. As such, motion management in radiotherapy is
still a significant issue and the subject of ongoing research.

IV.  Physical limitations on dose conformity

The goal of radiotherapy is to deliver a curative dose to the tumour without causing any
serious side effects in the surrounding healthy tissues. Typically, this requires that a higher
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radiation dose is delivered to the tumour than to the tissues surrounding it. The ratio of dose
inside the treatment region to outside the treatment region which can be achieved is (loosely)
termed dose conformity. Dose conformity quantifies the extent to which we can deposit dose
where we do® want it and avoid where we don’t want it. There are many ways to increase
dose conformity. For instance, modern radiotherapy uses multiple beams which are
modulated in space and time to sculpt dose to a treatment region. Increasingly complex
modulation techniques can lead to increased dose conformity [31]. As can be seen in Figure 9
[32], it is also possible to increase dose conformity by changing the type of radiation beam
used to deliver dose. Protons and other heavy particles are intrinsically more conformal than
photons due to differences in the way that they deposit dose.

The search for increased dose conformity in radiotherapy has been a controversial topic for
the last two decades (at least) [33-37], and is likely to remain so for the foreseeable future.
Critics argue that there is a lack of evidence that increased dose conformity improves
outcomes — or, that any improvement in outcomes is not enough to justify the increased cost.
For instance, proton therapy is estimated to cost around three times standard of care photon
therapy [38], yet outcome differences are often minimal. Meanwhile, proponents for newer
and more conformal techniques point to the improved dose distributions offered by new
techniques as intrinsic proof of their efficacy.

It may seem that settling this debate
should be a trivial matter — can’t we
simply collect the data of patients
treated with different techniques and
compare the treatment outcomes?
Unfortunately, collecting such data in
radiotherapy (and medicine generally)
is time consuming, difficult, costly,
and sometimes ethically fraught [39].
There is reasonably good evidence
Depth that advanced conformal photon

treatments do result in lower side
Figure 9: Different types of radiation deposit dose differently as . .
they pass through matter. Protons, carbon ions, and other heavy effects to patients [40’ 41]' There is

particles can be used to achieve more conformal dose ]ess evidence that they improve
distributions. .
tumour control — however, this is not

Relative dose

entirely surprising given that typically the same dose has been given to the treatment volume.
There has been one study which showed dose escalation using more conformal techniques
could improve tumour control without increasing complication rates [41, 42]. For therapy
with heavy particles, the situation is less clear. Whilst these treatments have generally been
shown to be effective and well tolerated, there is very little or no clinical evidence for
increased efficacy compared to photon treatments (depending on treatment site and what one
accepts as evidence) [43-45]. As Bentzen notes; “Lack of evidence (for an effect) is not
evidence for a lack (of that effect)” [39]. This is true, but it is also true that the larger an

¥ Actually, where we think we want it...which may not be the same as where we really want it.
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effect is, the easier it should be to find evidence pointing towards it — and in the case of
proton therapy, it is not easy [46]. The importance of dose conformity depends on the dose
response curves and relative location of the tumour and the critical tissues surrounding it. At
some point, increasing dose conformity will yield diminishing returns in terms of treatment
outcomes — exactly where this point is — or whether current advanced photon techniques
approach it — is not clear.

3. MRI: Magic Radiotherapy Imaging?

In Section 2, I outlined the major challenges to improving the efficacy of radiotherapy. In this
section, I will outline the potential of Magnetic Resonance Imaging (MRI, or as coined by
Vincent Khoo; Magic Radiotherapy Imaging [47]) to positively impact multiple facets of the
radiotherapy workflow.

Exactly what MRI is will be briefly explained in more detail in chapter 2. For now, it is
sufficient to state that MRI is a medical imaging modality capable of forming 3D images of
internal anatomy with exquisite soft tissue contrast. MRI is capable of achieving excellent
spatial and temporal resolution, and is capable of imaging physiological processes such as
blood flow and perfusion, and can even be used to directly detect cancer biomarkers
(spectroscopic imaging) [48]. In addition to this, there are no known long term biological side
effects from imaging with MRI, making it ideal for repeated scans and extended imaging
times. There are a number of ways in which MRI could be superior to the X-ray CT imaging
more conventionally used in radiotherapy — these will be briefly reviewed below.

I. Tumour delineation and staging

As outlined in Section 1.2I, there is considerable uncertainty in the initial process of
localising the tumour and surrounding tissues. At least part of the problem here is that the
images used to inform this task do not show adequate contrast between different tissue types.
MRI images have inherently greater soft tissue contrast than CT images, and given tumours
and most of the organs surrounding them are soft tissue, it follows that separating the
different tissue types should be easier on MRI than on CT.

If this statement is true, then one would expect that inter-observer uncertainty (the difference
between the contours drawn by different physicians, Figure 4) should be less on MRI than
CT. Gratifyingly, this logical inference has largely been supported by published data — MRI
has been shown to reduce inter-observer variability in several treatment sites, notably
prostate, Head and Neck, base of skull, partial breast, and rectal cancer [49-51]. However, in
truth, the existing data must be termed encouraging rather than conclusive, since the
statistical and clinical significance of the reductions in inter-observer variation are not yet
clear (at least to this reader). There are also some reports in the literature that MRI did not
significantly improve inter-observer variability, notably a 20 patient study on pharyngo-
laryngeal cancers where inter-observer variability was already quite low on CT images [52,
53]. Of course, inter-observer variability is only a surrogate metric to assess the quality of
delineation — the true metric is something we do not have access to, which is how closely the
delineated volume matches the cancerous volume. In addition to this, it should be noted that
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the above studies are inherently biased against MRI, since whilst most clinicians have little
experience with MRIs versus CT. Although the scientific evidence is not crystal clear, in
general there is belief in the radiotherapy community that MRI based delineation is superior
to CT, and this is leading an increasing number of centres to pursue MRI based workflows.

II.  Physiological and Anatomical imaging and response monitoring

As outlined in section 1.2.11, a significant problem with the current practice of radiotherapy is
that we are often unable to accurately predict how different patients will respond to
radiotherapy. MRI has the potential to improve this situation by utilising functional imaging
to extract physiological as well as anatomical information. Functional imaging is an umbrella
term referring to any imaging technique which returns some information on physiological
function, and along with MRI includes PET, SPECT, ultrasound and CT techniques [54].
There are a number of functional MRI techniques which fall under this definition; some of
the most important are diffusion weighted imaging (DWI), dynamic contrast enhanced
imaging (DCE), hyperpolarised MRI, and imaging to assess the oxygenation status of
tumours (multiple techniques) [55]. These techniques can be used to increase prognostic
confidence both by pre-treatment imaging and response monitoring throughout treatment.
Considering the uncertainties outlined in 1.2.IL, it is clear that an increased ability to triage
patients into response groups offers the potential for large improvements in therapeutic
outcomes. Although it is early days, there are several promising studies which suggest
functional MRI has an important role to play. Recently, it was shown that DCE MRI was able
to separate good responders from poor responders in rectal cancer patients [56]. DWI MRI
can be used to assess tumour recurrence and treatment response in prostate, head and neck,
liver, and breast cancers [57-59]. The potential for MRI to enable functional lung avoidance
has been shown and is currently the subject of a randomised clinical trial [60, 61], and
spectroscopic images have been shown to have strong diagnostic and response potential in
brain, prostate and breast [62].

III.  Real time tumour tracking and adaption

As outlined in Section 2.III, changes in tumour size and location throughout the course of
treatment introduce significant uncertainty into the radiotherapy treatment process. Again,
MRI has significant potential to address this uncertainty. Firstly, in light of the above
information it can be appreciated that MRI is an ideal tool to assess tumour regression and
movement throughout treatment, and if necessary, adapt the treatment. MRI is also suitable
for monitoring tumour motion resulting from respiration and even cardiac motion. MRI can
be used to develop motion models of the tumour position in pre-treatment imaging, which
can inform the initial treatment plan. MRI is also capable of real time imaging, which opens
up the exciting possibility of real time treatment adaption to tumour motion during treatment.
This would involve integration of an MRI scanner with the radiotherapy treatment device -
the problem tackled in this thesis.
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4. Conclusions

Radiotherapy is one of the most important and cost effective treatment modalities for cancer.
In Australia, it is currently used to treat around 38% of cancer patients, whilst evidence
suggests it should optimally be used for closer to 50%. There are a number of ways in which
current radiotherapy could be improved; better tumour delineation, adaptation to anatomical
changes throughout the course of treatment, and greater understanding of the physiological
responses of individual patients. Magnetic Resonance Imaging (MRI) has the potential to
address all these issues; as such, there is an increasing focus on incorporating MRI into
radiotherapy. This includes developing integrated MRI-Linac systems, which is the problem
addressed by this thesis.
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1. Introduction

In chapter 1, an overview of obstacles to increasing the quality of radiation therapy
treatments was given, and a case made that MRI, and in particular integrated MRI-Linacs,
have the potential to address many of these issues. Large portions of the remainder of this
thesis will deal with quantifying and mitigating the physical interactions that can occur when
linac and MRI are placed in close proximity. In this chapter, a brief overview of the
fundamental physical principles which govern these interactions is given. The purpose here is
not to provide a comprehensive overview of the topics covered here (electrodynamics, MRI
physics, and accelerator physics). Rather, the intention is to provide a very top level
introduction into the physics which is relevant to the next three chapters of this thesis, and to
compile a list of references such that further information can be found if so desired.

2. Electromagnetism

L Introduction to electromagnetism

According to modern physical theory, every single physical interaction in the universe can
ultimately be traced back to one of four fundamental forces: gravity, the strong nuclear force,
the weak nuclear force, and the electromagnetic force. The latter is the mechanism via which
MRI scanners and linear accelerators become coupled when placed in close proximity.
Fundamentally, electromagnetism is the study of charged particles, and the way they interact
with each other — so the first question which arises is: what is charge? Charge is a
fundamental property held by some sub atomic and elemental particles, the electron and
proton being the most common examples. Particles which have charge are subject to
electromagnetic forces; of course this is a circular definition since I said the electromagnetic
force is defined by how charged particles interact! Nevertheless, it is the best I can do — such
is life when dealing with fundamental quantities! Charge is measured in Coulombs (C) and
can be either negative or positive. An electron has a charge of -1.602*10"° C, and a proton
+1.602*¥10" C. Two positive charges repulse each other, whilst positive and negative
charges attract each other. The mechanism by which they do this is called an electromagnetic
field. A field is loosely defined as a quantity which has a value at every point in space in
time; for instance one may also speak of a temperature field or a gravitational field.
Electromagnetic fields are a special type of field called a vector field; this means that at every
point, they not only have a value (like a temperature field) they have a direction (like a
gravitational field). There are two fields of primary importance in electrodynamics; the
electric field and the magnetic field. (If you delve deeply enough into physical theory, you
will learn that these are in fact two facets of the one field — but practically, they act quite
differently and are treated accordingly). All the material covered in this section is quite
fundamental; as such multiple authors have developed extensive references on it. Two I
recommend are Griffiths [2] and Jackson [3].

An electric field is created by electric charge. Left to its own devices, the field would extend
from the electric charge to infinity; the field strength at distance r from the charge of q is
given by:
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= W Equation 1
(9 1s the vacuum permittivity
field lines constant). Electric fields point
/ away from positive charge, and
towards negative charge —
although  this  definition 1is
traditional rather than
fundamental, the important thing
to note is that there are both
sources and sinks for the

electromagnetic field. Ok, so
The electric field rom an The electric field roman that’s what the field is — but what
isolabed positive charge isolated negative change

does it do?? Well, say we put
Figure 10: The electric field around a positive and negative charged.

Image credit: another charge within this field;
http://physics.bu.edu/~duffy/PY106/Electricfield.html this charge will then experience a
force:
Felectric = qE Equation 2

Of course, the new charge creates a field of its own, and so our initial charge will experience
an equal force in the opposite direction (which would make Newton very happy).

The second field which must be defined is the magnetic field. Where electric fields are
caused by any charged particle — magnetic fields only come into existence when particles
move. Of course, a moving charge is simply a current (Current=Coulombs/second=Amperes).
Rather than consider the magnetic field arising from a single moving charge (which is
actually quite complicated!), let us consider the case of an infinite straight wire carrying a
steady current. The magnetic field at a distance r from the wire is:

ll_()l

= Equation 3
2nr

In equation 3, I is the current through the loop and p, is the vacuum permeability constant.
There is an important difference between magnetic fields and electric fields; unlike electric
fields, magnetic fields do not ‘begin’ and ‘end’ somewhere but rather form continuous closed
loops. This is a consequence of the fact that the magnetic field is always produced by currents
rather than fundamental particles.
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If we were to place another charge at a distance r from the
wire, then it would experience a force of...nothing**! What
trickery is this?! Well, it turns out that just as magnetic
forces are created when charge is moving, they also act
only on charge that is moving. The equation which governs
the force a particle of charge q moving with speed v would [

experience in a magnetic field B is:

Fmagnetic =q(v x B) Equation 4

Figure 11: magnetic field from a
Of course, in general we are dealing with situations much current  loop.  Image  credit:
. . . . http://www.ux1.eiu.edu/~cfadd/1360/3
more complex than a single point of charge, or an infinite (yagSres/HmwkSoLhtml
line of current. As such the simple formulas laid out above
are not adequate. Luckily, there is a set of generalized
formulas governing the relationships between currents,

charges, and fields. These formulas are called Maxwell’s equations:

V.E = ip Equation 5: Gauss’s Law
VxE= —(')B/at Equation 6: Faraday’s Law
V.B=0 Equation 7: No name
VxB= |.10] + Wo&o aE/at Equation 8: Ampere’s Law

In these equations, E is the electric field, B is the magnetic field, ] is a current distribution,
Lo & &, are the constants equal to the permeability and permittivity of free space, t is time,
and p is a distribution of charge (The notation used here is that of vector; see e.g. Griffiths
for further explanation [2]). There is a similarly succinct law governing the force experienced
by a charged particle placed into an electromagnetic field: the Lorentz force law, which is just
the combination of the force laws defined in equations 2 and 4.

F = q(E + Vv x B) Equation 9: The Lorentz force law

™ This assumes that whilst there is charge moving through the wire, the wire is also electrically neutral so there
is no electric force. This situation sounds a little contrived, but in fact is the normal state of affairs in a current
carrying wire.
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I1. Magnetic materials

Thus far 1 have explained magnetism purely in terms of moving charges and changing
electric fields, but this seems to have little connection with the more commonly experienced
phenomenon of magnetism, which of course lies in the objects you use to attach the takeaway
pizza menu to your fridge. Fridge magnets are examples of magnetic materials, which are
materials that generate their own magnetic field. How do materials do this? Surely they’re not
all filled up with tiny current loops, which each generates its own magnetic field...well,
essentially — yes! We call these atoms! In most materials, the electrons of the atom combine
in such a way that the net current’” is 0, and these materials do not exhibit magnetic effects*.
However, other materials (normally with an odd number of electrons) have some net current,
and as such generate a tiny magnetic field. In general, all these tiny magnetic fields are
orientated at random — but when an external magnetic field is applied, each tiny magnetic
field tends to align with this, in which case we say that the material is magnetized. Materials
which behave like this are called paramagnetic materials. Materials like fridge magnets
however, have an additional trick — the material stays magnetized, even after the magnetic
field has been removed! These materials are called ferromagnetic. Only three elemental
materials exhibit ferromagnetism; iron, nickel, and cobalt. The reason ferromagnetic
materials behave like this is that each of the little magnetic fields feels a force from its
neighbors, and they ‘like’ to line up in the same direction [2].

III. Electromagnetic Waves (Radiofrequency radiation)

So far, we have discussed what happens when charge is motionless (electric fields) and when
it’s moving (magnetic fields). There is a third scenario we must discuss: what happens when
charge is accelerating? As it turns out, something altogether different! When charged
particles are accelerated, electromagnetic waves, also called radiofrequency (RF) radiation is
created. Electromagnetic waves consist of oscillating electric and magnetic fields which carry
energy through space (Figure 3); in fact RF radiation can easily travel far enough away from
whatever charged particles produced it that we forget about them altogether and focus on the
RF radiation as an independent entity. As it turns out, we are all very familiar with
electromagnetic waves; this is what light is!

™ Of course, we are dealing on a quantum scale here, and I am being a little loose with my definitions of current
loops. In fact the picture I have painted is fundamentally incorrect, as magnetism is very much a quantum
mechanical phenomena. Nevertheless, it is a useful picture, and adequate for our needs.

H Again, this isn’t quite true — sorry! Such materials still respond to magnetic fields via diamagnetism — but this
is so weak compared to the either types, it can essentially be ignored in most cases.
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Figure 12: Electromagnetic radiation comprises electric and magnetic fields which are (in a vacuum) transverse to
the direction of propagation.

Image credit:

https://commons.wikimedia.org/wiki/File:Onde electromagnetique.sv:

Electromagnetic waves are of importance to several parts of this thesis: the x-rays used to
treat cancer are very high energy RF radiation, the accelerating waveguides which produce
these x-rays are filled with RF energy, and MRI machines are basically just complicated RF
detectors. Some important properties of RF radiation are listed below:

1. RF radiation is principally defined by its frequency

What separates different colours of light from each other, and light from X-rays, or X-rays
from microwaves? The frequency of the radiation. Frequency simply refers to how often per
second the field oscillates back and forth®®, and is measured in Hertz. The frequency of RF
radiation also defines its energy — for instance, ultraviolet radiation is a higher frequency than
other electromagnetic radiation reaching earth’s surface from the sun, and this is why it burns
you. (The intention of this paragraph is not to imply that the frequency of RF radiation is the
only thing which defines it. Other quantities of importance in various scenarios include
polarisation, phase, and bandwidth)

S If you think about it — it is quite amazing that our eyes are able to so simply detect the difference between RF
radiation oscillating at 450 trillion times a second (blue) and 550 trillion times a second (green).
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Figure 13: The electromagnetic spectrum. Different frequencies of electromagnetic radiation can behave quite
differently and are used for different purposes. Image credit:
https://commons.wikimedia.org/wiki/File:EM_Spectrum Properties edit.svg
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2. RF radiation can be treated as a particle or a wave

In fact according to quantum theory, everything (including you) can be treated as a particle or
a wave! However (unlike you!) this duality is of particular importance in RF radiation. The
extent to which the wave or particle approach is appropriate really depends on the wavelength
of the radiation, and the physical scale you are interested in working with. For instance, in
Figure 4, we would nearly always treat very high frequency radiation such as gamma rays as
particles and low frequency radiation such as radio waves as waves, whilst intermediate
frequencies such as visible light are approached depending on the application at hand! In this
work, we treat the RF in the accelerator structure as a wave, since the wavelength of this
radiation is 10cm, which is comparable to the dimensions of interest. On the other hand, X-
rays in dosimetry are essentially always treated as particles - despite being fundamentally the
same thing***.

3. RF radiation can be guided (and shielded)

Finally, and of great importance to this thesis; RF radiation can be guided down specially
designed tubes called waveguides. The geometry and composition of the waveguide depends
on the frequency of radiation to be guided, and the waveguide must be carefully designed for
the need at hand. Everyday examples of waveguides include optical fibres and coaxial cables
(the thing that connects your TV to your antenna). Essentially, these waveguides are simply
specially constructed mirrors which the RF ‘bounces’ down. Of course, the same physics
which is used to keep RF radiation in one place can also be used to keep it out of another, and
this can also be of crucial importance when it comes to shielding sensitive MRI scanners
from external RF radiation.

3. Physics of MRI

In Chapter 1, I outlined the potential of Magnetic Resonance Imaging for improving a broad
range of uncertainty in radiotherapy treatments - however I have not yet explained what it is
or what it does (although I did claim it was magic!). In fact, when the mechanisms underlying
MRI are examined in more depth, I think that ‘magic’ is not that farfetched! Here is the short
story: our body is made up of billions upon billions of atoms - mostly carbon, oxygen and
hydrogenw. Each hydrogen atom consists of 1 electron and 1 proton — and via some rather
fortuitous quirks in the fundamental laws of quantum mechanics, the lone proton, and hence
nucleus as a whole, has a magnetic field arising from the unpaired spin of the proton. When
our body is placed in a strong magnetic field, these magnetic fields become preferentially
aligned — that is, we become magnetised! (It is however important to note that when I
previously talked about magnetisation, I talked about atomic magnetisation, whereas now we
are talking of nuclear magnetisation, i.e. it is the protons rather than the electrons which

™" The reasons for all this confusion are historic — really, we should not say that RF radiation is ‘both> a wave
and a particle; we should say it is neither! It is a phenomena which under certain circumstances exhibits
behaviours consistent with historically defined concepts of (1) waves and (2) particles, and so we are stuck with
the convention of saying it is two things at once, which of course is complete rubbish! It is one thing, and we
don’t have a proper word for it.

" Actually about 7 x 10?7 atoms, of which 99% are oxygen, carbon, or hydrogen.
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become magnetisedm). MRI works by extremely clever manipulation and measurement of
this nuclear magnetisation to develop an image. The contrast in MRI images is due to the fact
that different tissue types have slightly different magnetic properties, and hence the nuclear
spins which are being measured behave slightly differently. The fact that we can measure
signal from nuclear magnetisation is rather incredible, and is the basis for the well-known
analytic technique of nuclear magnetic resonance analysis (NMR) which has been in use
since the 1940’s. However, the ground-breaking work which made MRI possible was the
ability to localise where this signal was coming from, developed in the 1970’s. This
breakthrough was awarded the 2003 Nobel Prize in physiology and medicine [4]. I will not be
giving a detailed explanation of how MRI works, since (1) it has been covered in many
excellent textbooks already [5-7], and (2) it is actually not of direct relevance to anything else
in this thesis. In order to understand the motivation for the work undertaken here, it is
necessary only to know the following three facts:

1. MRI requires a very strong magnetic field

Typically clinical MRI scanners operate between 0.3 and 3 Tesla. To put this in context, the
magnetic field from a strong bar magnet is 0.01 Tesla. The magnetic fields in MRI magnets
are (normally) generated via current loops. Because of the huge amounts of current required
to generate magnetic fields this strong, if left to their own device the coils would quickly
become extremely hot and melt! In order to avoid this, the coils are typically
superconducting, which means they have no resistance to current. The magnetic field falls in
strength as the distance from the scanner increases. Typically around 3 meters away from the
scanner the field has become negligible, but of course this is magnet specific.

2. MRI requires a very homogenous magnetic field

In addition to being very strong, the magnetic field used for MRI imaging must be extremely
homogenous over the region being imaged in order to generate accurate images. This is
because any change magnetic
field yields to a change in the
magnetisation of tissue, which
results in image artifacts and
geometric distortion.
Typically, the maximum
variation over a 30 cm
diameter sphere is on the order
of a few parts per million.
Achieving this level of
homogeneity is very difficult,
and a huge amount of
engineering is required. Of

nce imaging. However, the nuclear was

UIUDDEU LIV WIE LdIIE 11 1ECURIIUOL UL WIe 1dact wdr we geuetar public are quite suspicious of anything
Figure 14: MRI magnets typically use superconducting loops of wire tofer than X-ray imaging.
produce strong and homogenous magnetic fields at the centre of the scanner.
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course, any other magnetic fields which are introduced to the scanner will degrade the
homogeneity of the magnet, so MRI scanners are normally operated in magnetically shielded
rooms, and of course are extremely sensitive to ferromagnetic materials (iron, nickel, cobalt)
being inside these room.

3. MRI scanners form image based on the detection of RF signals.

The manner in which an MRI scanner gathers information about the nuclear magnetisation of
the object being scanned is RF radiation. A set of three gradient coils is used to spatially
encode the RF signal in terms of frequency, phase, and axial position. In essence, the scanner
repeatedly sends some RF signals into the body, measures the spatially encoded signals
which come out, and is eventually able to form an image. This means that MRI scanners are
extremely sensitive to external sources of RF radiation. As such, MRI scanners are typically
operated inside a room which is shielded against RF radiation — but again, this is of no use if
a source of RF radiation (say, a linear accelerator) is actually inside this room!

These three statements entail essentially all you need to know about the physics of an MRI
scanner in order to understand this thesis - which of course is vastly less than there is to
know! For further reading, I encourage perusal of the supplied references [5-7].

4. Accelerator physics and beam dynamics

Particle accelerators use the electromagnetic force to accelerate particles to high energy.
Particle accelerators are used in high energy physics, nuclear physics, high resolution
imaging fundamental science, semiconductor fabrication, cargo and explosives scanning, the
creation of medical isotopes for nuclear medicine, and of course in radiation oncology
(Chapter 1). [8]. In radiation oncology, the most common type of accelerator which is utilized
is a linear electron accelerator (Linac). Most of the time the electrons are not directly used to
irradiate tissue; instead they are collided with a heavy metal target, thereby producing x-rays
(Remember in section 2.II I said that when charged particles are accelerating they produce
RF energy? That is exactly how the X-rays are produced!). The electron energies which are
most commonly used to give high quality results in radiation therapy range from ~1 MeV to
~18 MeV. 1 MeV is the amount kinetic energy possessed by an electron which has been
accelerated through an electric potential of 1 million volts. To put this value in context,
consider that the potential difference between the ionosphere and the ground generated by a
lightning storm is on the order of 0.5 MeV %%

The physics and engineering governing the operation of charged particle accelerators can be
loosely split into two sections; the first is to consider the kinematics of particles in time
varying electromagnetic fields (I will call this beam dynamics); the second is the process of
creating and shaping the electromagnetic fields which are used to accelerate the charged
particles (I will call this accelerator physics). To design a particle accelerator of any quality,
these two aspects must be considered in concert — however, for the purpose of explanation it
is adequate to consider them separately, which is exactly what I will do. Because this physics

S According to the internet.
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is of more obvious applicability to latter chapters of this thesis, I describe it in greater detail
than the MRI physics section.

4.1. Beam dynamics

I. How are electrons generated?

Before we can accelerate electrons, we need some means of sourcing them. The most
common way to generate electrons in accelerator physics is to extract them from a metallic
cathode. To do this, energy must be supplied - the amount of energy required to extract a
single electron from a cathode is called the work function. This energy can be in the form of a
laser pulse (photocathode), a very strong electric field (field emitter) or heat (thermionic
cathode) [9]. Thermionic cathodes are by far the most common cathodes in radiation therapy,
and this includes all models used in this thesis. The process of extracting electrons from a
thermionic cathode can be likened to ‘boiling’ electrons off the surface. The most commonly
used thermionic cathodes for medical electron accelerators are dispenser cathodes, which
consist of a matrix of tungsten impregnated with a Barium oxide mixture. The tungsten
allows the cathode to become very hot without melting, whilst the barium mixture
substantially lowers the work function [10].

II. Whatis a beam?

What exactly do we mean when we talk about beams? In fact, there is no clear cut definition
of when a cloud of particles can be reasonably called a beam, but broadly speaking; a beam is
a group of particles are all moving in the same direction, having similar energy, and low
spread of transverse (i.e. perpendicular to the average motion) velocities.

Having (sort of) decided on what a beam is, what are the quantities which differentiate good
beams from bad? Of course, this is application specific — but for medical applications, the
primary factors are actually quite simple; mean beam energy, energy spread, and beam
current [11]. Secondary considerations include the size and intensity profile of the beam, and
the emittance of the beam. Emittance is quantity which essentially quantifies how chaotic a
beam is — an ideal beam in which all particles were travelling parallel to each other with no
transverse velocity would have an emittance of zero [12]. For time varying beams, the length
of timing of each bunch in the beam (aka longitudinal emittance) is also important.

III. Relativistic kinematics and space charge

In order to design the electromagnetic fields which will be used for particle acceleration, one
has to understand (1) the desired beam requirements, and (2) the dynamics of how electrons
will move through the field. From a top level perspective, this is fairly easy — after all, we
have the Lorentz equation (Equation 9), which gives us the force experienced by a particle in
a given electromagnetic field — so if we know the starting position of the electron, and the
electromagnetic field at all moments in space and time, we can fairly easily calculate the
motion path of that electron. This is true, but practically, there are other considerations.
Firstly, a beam of identically charged particles will repulse each other. This repulsive force is
called space charge. Incorporating space charge into simple equations of motion is not at all

Chapter 2 Page 37



simple. Secondly, because energetic electrons very quickly approach the speed of light, one
must incorporate the laws of special relativity into the motion calculations (relativistic
kinematics). In addition to this, one is normally dealing with millions or billions of electrons,
and each begins with a slightly different position and initial velocity — so for an exact
solution, you would have to calculate the motion trajectory for each electron individually,
whilst simultaneously considering the impacts of space charge from every other electron!

In the past, the complexity was dealt with by taking a statistical approach, and by making a
number of simplifying assumptions, resulting techniques such as the paraxial approximation
[13]. However, today it is more common to use computational codes to simulate the motion
of charged particles through electromagnetic fields, and this is what is done in this thesis.

4.2. Accelerator physics and radiofrequency acceleration

Vacuum cgsing

Suppose you want to produce electrons with energy of 1 MeV.

?e‘ < How would you achieve this? The first thing you should note is
£ < that the only field you can use to do this is the electric field. This
3 Electric field is not an obvious conclusion — based on the Lorentz equation
%_e‘ (Equation 9), one might conclude that since both electric or
e < magnetic fields apply a force on charged particles, either could be
= < —— used for acceleration. However, whilst magnetic fields do apply a

1 million volts force, it is a 1 ‘;’ B - B/

centripetal force — it
will  change the
Figure 15: A very simple direction, but not the

electron accelerator would Kineti f th
simply apply the desired voltage Ietc energy o ¢

between two electric plates. particles. In fact, it is
However, such a design is unsafe fund tal t
and inefficient for high energy undamenta 0

beams. Note that force electromagnetic
experienced by directions is the

opposite direction to the electric theory that magnetic
field produced. forces do no work.

So, with this in mind
— conceptually the simplest way we can
accelerate our electrons to 1 MeV would be
something like a parallel plate capacitor with a
voltage gap of a million volts. (Figure 6).
Electrons accelerated through this gap will have
energy of 1 MeV — voila!

Figure 16: The Van De Graaf accelerator was one

. . . . of the earliest megavoltage accelerators, and used
The problem with this approach is that 1 million , girection acceleration concept (Figure 3) to

volts is an awful lot (remember the lightning Produce electronsof ~1 MeV [1].

example??). As such, our conceptual accelerator

would be very difficult to build and quite dangerous. In fact, this is exactly how the earliest
MYV electron accelerators worked [1, 14] such as Figure 4, which shows a Van De Graaf

Chapter 2 Page 38



generator**** — the scale of such a design is massive'’ 'l Today, this direct acceleration
approach is still used for relatively low energy (kilovoltage) electron beams such as
diagnostic x-ray tubes (~100 KeV) [15]. However, for higher energies, a different approach is
used — RF acceleration. The basic principle of RF acceleration is to use the electric field
component of electromagnetic radiation (Figure 3) to push electrons forward. There are a
number of advantages to using RF instead of DC acceleration. Firstly, electrical hazards risks
associated with creating strong electric fields are minimised, as RF is quite happy
propagating through space and does not seek out ground like a DC voltage. Secondly, one
does not ever have to create a voltage gap of more than a few hundred kilovolts to produce
fields of up to GeV energies. Thirdly, at higher frequencies, the electric breakdown limit
increases, meaning an RF cavity supports a higher electric field than a DC cavity [16].
Finally, by using RF of a suitable frequency, accelerators can be made much smaller than
their DC counterparts. The fundamental principles necessary to grasp RF acceleration are laid
out below.

I. Resonance and resonant microwave cavities

Crucial to the principle of RF
acceleration is the concept of resonance
and resonant cavities. Resonance is a
very broad term, which essentially
describes a state of affairs where energy
is added to a system at such a frequency
that the net energy of the system grows
with each addition until reaching a steady
state. A practical everyday example of
this rather esoteric sounding definition is
pushing a child on a swing; you must

time the frequency of your pushes quite
precisely in order to cause the net energy
Kanin of the child/swing system to grow (and to

Figure 17: A weakly coupled system of 5 resonators. avoid being hit in the face by an angry
child). An everyday example of a

resonant cavity i1s an empty bottle. When you blow across the rim of a bottle, it begins to
make noise — it resonates. In this case, the cavity is being filled up with acoustic energy. The
frequency with which the system resonates is dependent on the size and shape of the
bottle****. If you have strong enough lung capacity, you will find that by blowing hard
enough, you can force the bottle to resonate at a higher frequency. This simple example
illustrates an extremely important principle across a huge range of physical systems; for a

stk

Today, much smaller versions of this device are used to make students hair stand on end at high school
science demonstrations.
17 Interestingly, this is a bit what medical proton and carbon accelerators look like today — we can only hope
that future technologies will improve these as much as it has electron accelerators!
3 And the medium the bottle is filled with, but I'm assuming this is not a variable.
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given set of boundary conditions, a system resonates at discrete frequencies™™® [12, 17].

A)Mode 1 E C) Mode 2 E E) Mode 3 E

B) Mode 1 B D) Mode 2 B F) Mode 4

Figure 18: The electric (top row) and magnetic (bottom row) field distributions of the first three resonant
modes of a simple cylindrical microwave resonant cavity. Typically for particle acceleration, we would use the
first mode, as the particle can pass through a strong electric accelerating field and minimal magnetic field.
(note that in some panels, i.e. B) the field is pointing in or out of the page).

S Although I have never had any success at replicating this principle with a child on a swing.

Chapter 2 Page 40



An RF resonant cavity (also often called microwave resonant cavity) is direct analogy to this
example. Instead of filling up a cavity with acoustic energy, the system fills up with RF
energy. Just like the bottle, the frequencies at which the system resonates depend on the
boundary conditions (the size, shape, and material properties of the cavity). The different
frequencies at which a given cavities resonates are called the modes. Figure 9 shows the
electromagnetic field distribution of the first three modes of a simple cylindrical cavity. Each
mode has a different field distribution associated with it. As such, only some of the modes are
useful for accelerating particles.

II.  Using microwave resonance cavities for particle acceleration

Consider the electromagnetic field distributions shown in Figure 9. Of these three modes, the
first is the most attractive for accelerating a charged particle — a particle passing through the
horizontal axis of this cavity will experience an almost parallel electric field, and very little
magnetic field (the technical name for this made is the TMy;o mode [12]). In fact, an electron
passing through the central axis of this cavity would experience a field environment quite like
that of our simple parallel plate accelerator (Figure 6)! However, in an RF cavity there is an
additional complication; the field is changing as the particle moves through it. Figure 10
shows the electric field distribution for the TMy;9o mode at various moments in time. It can be
appreciated that if the field changes too fast (or the particle is too slow), then the field
direction will reverse before the particle has passed through the cavity, meaning the electron
will lose energy or even be accelerated in the wrong direction. From this simple example, it is
easy to see that there must some optimal length for this cavity*****. Finding this length would
be the first step in optimising the cavity for particle acceleration. After that, we might begin
to examine the shape of the cavity such that the field distribution can be more optimally
shaped; of course, we would also have to add some holes in either end for electrons to get in
and out. Other considerations in the design of accelerating cavities include minimising
electromagnetic heating (which can lead to thermal deformation) and electric field
breakdown. A good way to avoid problems in both cases is to ensure that there are no sharp
edges inside the cell, as these cause high local electromagnetic fields. Once all these factors
are taken into account, accelerating cells normally end up looking a little different than the
simple example shown in Figures 9 & 10. More typical accelerating cell geometry is shown
in Figure 1177777, Despite the difference in shape, if you understand the process of
acceleration with the simple cylindrical cells, you have essentially already grasped the key

skokekokok

For electron accelerators, we normally just assume that electrons travel at the (constant) speed of light,
which is close enough that we normally get away with it!
The other implication to note at this stage is that RF accelerators will always produce bunches of accelerated
particles rather than a steady stream.

1111 This is not to imply that they all look like this, although this a very common design.
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concepts of using microwave resonance cavities for particle acceleration.

A) 0 degrees b) 45 degrees c) 90 degrees d) 135 degrees €) 180 degrees

e e
ffffffffffff

Figure 19: The electric field in the first resonant mode of a cylindrical cavity. The first pane; (A) is equivalent to
panel A in Figure 9 — the next four panels represent the field distribution at various phases of the oscillation. After it
has reached 180 degrees, the process reverses.

III.  Supplying power to RF cavities and impedance matching

Thus far, I have talked about RF cavities being filled with energy, without actually explaining
how it got there. In this section, I will (extremely briefly) review the major methods of

generating RF power, transporting it to a cavity and filling that cavity up. There are two main
devices which are used to generate RF power, called a magnetron and a klystron [12].

Figure 20: an input RF power
waveguide is coupled to an
accelerating cavity. RF power
flows both in and out of the
cavity; inside the cavity
power is dissipated in the
cavity walls (and beam if
there is one).

Although there are important theoretical and practical differences
in the way these two devices operate, for the purpose of this
section, the similarities outweigh the differences. Therefore, to
avoid repeated references to ‘klystrons or magnetrons’ below, I am
simply going to refer to klystrons - however the top level overview
could be equally well applied to magnetrons.

A klystron can be thought of as a ‘particle accelerator in reverse’.
In an RF particle accelerator, energy is transferred from resonant
cavities to a beam; in a klystron, energy is transferred from a beam
of particles to resonant cavities. This sounds rather
counterintuitive — our final aim is to accelerate particles, and yet
we start by decreasing the energy of particles?? A useful everyday
analogue to this process is a voltage transformer that transforms
high current and low voltage, into low current and high voltage (or
vice versa). A klystron does something similar — we start with a
beam of fairly low energy and high current, and end up with a
beam of lower current but higher energy. RF power must be
transported using a waveguide — a simple wire won’t do it. A
waveguide is actually quite similar to an RF cavity; whereas in the
RF cavity RF radiation is stored, in a transport waveguide it
travels down the waveguide.

There is a real art (or more accurately science!) to coupling the
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travelling waveguide to the resonant cavity. In very crude terms: we simply do this by having
a hole in the cavity which is attached to the travelling waveguide (Figure 11). It can be easily
appreciated that the size of this hole is very important — if it is too small, then no power can
get into the cavity, whilst if it is too large the cavity will lose its ability to store energy (too
much power will leak out). We refer to these scenarios as being undercoupled and
overcoupled respectively. There will of course be some optimally sized hole where the power
travelling into the waveguide and the power ‘leaking’ back out are well balanced — we call
this situation matched*****. In accelerator physics, the cavities should always be made
overcoupled. In the absence of any beam, this would be suboptimal — however, when a beam
is passing through the cavity it absorbs some of the energy in that cavity thereby changing the
coupling physics. This is why accelerator systems should always be designed to be
overcoupled — in order to compensate for the presence of the beam. The process of matching
the power source to the resonant cavity is called impedance matching. Obviously in real
world operation, it is crucial to have an import RF port. However, for the purpose of
explaining physics and first order simulations, we can often simply assume that the cavities
have energy in them without considering how it got there.

IV.  Coupled RF cavities

Well machined resonant RF cavities can support very high electric fields — much higher than
could be safely produced over the same distance using DC acceleration. Even so, a single RF
cavity cannot support a field strong enough to accelerate electrons to the energies desired for
medical applications (and certainly not for high energy physics). The obvious solution to this
problem is to use more than one RF cavity. There are two ways one could utilise multiple RF
cavities; the most immediately obvious way is simply by simply lining a number of them up
in a row. Whilst this approach is used in specialised cases, there are some problems with it.
Firstly, introducing an RF power port into the structure will reduce the optimal shunt
impedance of each cell and introduce asymmetries into the beam. Secondly, powering each
cell individually like this increases the possibility that the phase between cells becomes
asynchronous (i.e. that electrons can arrive at a cell at the wrong time). As such, in medical
electron accelerators a different approach is taken; individual RF cavities are coupled to each
other in such a way that the entire structure is resonant. Power is then supplied to only one
cavity, and from this ‘driven’ cell, all the other cells eventually fill up with energy (the time
constant governing this process is called the ‘filling time’). The advantage of this approach is
that the phase of the field in each cell is fundamentally required to be correct (assuming you
designed the structure properly in the first place) and the non-driven cells can have a higher
shunt impedance.

How exactly does one ‘couple’ two cells together? In fact, it’s quite easy! Simply by creating
a path for the electromagnetic field to travel through (I’ll call this a slot). Note that this
concept is very similar to coupling an input RF feed into a resonant cell. In order to

down’ very considerably here!). Consider a mechanical example: imagine trying to hit a tennis ball with a
baseball bat, or a baseball with a tennis racquet. In both instances, you would be quite unsuccessful. This
illustrates the very general principle that when transferring power from a source to a load, they must be
matched, and so it is with RF cavities.
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understand the physics of coupled resonators, let us first consider a mechanical analogue — a
system of three coupled pendulums (Figure 12). There are three ways in which this system
can oscillate (1) all pendulums move together (2) the middle pendulum is stationary whilst
the outer two pendulums move in opposite directions (3) each pendulum is moving in the
opposite direction to its neighbour. Each of these cases will also have a slightly different
resonant frequency — this phenomenon is called dispersion. If we consider coupled
accelerating cells, it can be seen that choosing the correct mode of operation is very
important, as this will affect the field an electron experiences upon arriving at a given cell.
Although various modes can be used in accelerators, I will focus on case 2 (middle pendulum
doesn’t move). This is called the n/2 mode (as there is a 90 degree phase shift between each
oscillator) and is one of the most commonly used modes in medical electron accelerators. The
size, shape, and location of the slot determine the strength of the coupling between the two
cells.
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Figure 21: the behaviour of coupled microwave cavities can be understood by considering the analogy of three
coupled pendulums. Whereas a single pendulum has a single resonant frequency§§§§§, the coupled system has three
different resonant modes, each with a slightly different resonant frequency. Figure taken from [12].

The strength of coupling between cells (called the intracavity coupling constant, and
essentially determined by the size, shape, and location of the slot) is very important. It effects
the filling time of the structure, and the frequencies of each mode on the dispersion curve
(consider the spring analogy again — as the springs becomes stiffer, the separation of three
dispersive frequencies increases). In general, one wants to minimise filling time and increase
the mode separation (to avoid the accidental excitation of undesired modes). Both
requirements are achieved by increasing the intra-cell coupling factor — but there is a catch!
As this factor is increases, the shunt impedance of each cell will go down. As such, some
consideration must be put into choosing an optimal value of the coupling strength between
cells.

WY A5 (apparently) first noted by a young Galileo when studying a swinging chandelier in a church.
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A) On axis coupling B) Side coupling

Figure 22: Two cylindrical cavities can be coupled together in
different ways A) On axis coupling and B) side coupling. . The
vector plot shows the electric field. Because on axis coupling places
the slot in a region of high electric field, it can also be called electric
coupling; similarly, side coupling can also be called magnetic
coupling (see Figure 9).

If we desired to couple two pillbox
cavities (Figures 9 & 10) together,
there are two ways we could do it;
by putting a coupling slot in a region
of strong electric field (near the
centre of the cavity) or by putting a
coupling slot in a region of strong
magnetic field (near the edges of the
cavity). These two approaches are
shown in Figure 13. The second
method is particularly attractive for
accelerator physics as a bunch of
electrons has to travel through the
centre of the cavity (and there must
be a beam passage in and out of it).
By placing the coupling slots near

the side of the cavity, the central part of the cavity can be shaped to be optimal for electron
acceleration, whereas if the slot is placed in the middle, then in order to allow adequate
coupling the beam passage must be made larger than would otherwise be necessary, reducing
the shunt impedance of the cell. By operating in the n/2 mode every second cell will hold on
energy (e.g. the middle pendulum does not move in case 3 in Figure 12), and as such it does
not matter that every second cavity is off the axis of the beam direction. In fact, this is a
distinct advantage since it means the total length of the accelerator can be reduced compared
to the on axis coupling! When one puts all these pieces together (optimal shape of the
accelerating cell, off axis coupling cells, RF power to one cell) a final accelerator structure

may look like that shown in Figure 14.

Input RF port

Side coupling cell

cell

"4 \optimised

% : ko2 accelerating

Figure 23: An example of
a short medical
accelerator structure. The
coloured arrows show the
electric field distribution.
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5. Interactions between MRI and Linear accelerators

Having given a top level overview of the independent operation of MRI scanners and linear
accelerators, we can shift our focus back to the main topic of this thesis; the integration of
these two devices. The fundamental issue with integrating MRI-Linac systems is that when
placed in close proximity, the two devices become electromagnetically coupled — that is, each
machine begins to influence the operation of the other! One of the luminaries in this field,
Gino Fallone, has an excellent way to describe this situation — he says the two machines are
‘allergic’ to each other. The exact ways in which the two machines can influence each other
are outlined below.

L Impact of magnetic fields on linear accelerator

When a linac is operated in the fringe field of an MRI scanner, it is subjected to external
magnetic fields which produce a force on the accelerated electrons. The direction of this force
is dependent on both the magnetic field and electron motion direction. As such, the relative
orientation of the linear accelerator with MRI scanner becomes important. There are two
sensible orientations — the in-line configuration, in which the electrons are accelerated in the
same direction as the magnetic field, and the perpendicular configuration, in which they are
accelerated perpendicular to this field (Figure 15). Both of these configurations are being
developed by different groups, as outlined in section 6. Each configuration has unique
advantages and disadvantages associated with it. However, if one considers particle
acceleration in isolation, then the in-line configuration is indisputably the superior option.
This is because magnetic force is minimised when charged particles are travelling in the same
direction as the magnetic field lines (Equation 6). The effects of both in-line and
perpendicular magnetic fields on linear accelerator operation have previously been studied
via computational simulations. For the perpendicular case, total beam loss occurred at 14 G,
and 45 % at 6 G [18]. This means that in order to produce a treatment beam for the
perpendicular orientation, the linac must be operated in a near zero field environment. This
can be achieved by modifying the magnet and magnetically shielding the linac [19, 20] —
however, MRI magnet design (and redesign) is not a trivial task, and magnetic shielding
causes distortion in the scanner (section 5. IV). For the inline case, maximum beam loss was
79 % at a field of 600 G [21]. It was also shown that the effect of magnetic fields on the
electron accelerator is nearly entirely on the electron gun — that is, operation of the
accelerating cavities is largely unaffected for the in-line case [22, 23]. Chapters 3 and 5 of
this thesis examine electron transport within the fringe fields of MRI scanners.
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Figure 24: Conceptual layout of a linac (blue) with respect to an MRI scanner. There are two possible locations of the
linac (A) the in-line orientation, in which the fringe field from the magnet points in the same direction as the electron
being accelerated, and (B) the perpendicular configuration, in which the electron motion and fringe field are at right
angles. Figure taken from [24].

II. Impact of magnetic fields on the multi leaf collimator (MLC)

The multileaf collimator is a crucial part of the treatment beam apparatus, used to
dynamically shape and modulate the photon treatment beam such that a complex dose
distribution can be delivered to the patient. The MLC consists of a number of leaves which
move independently. In order to accurately control the position of each leaf, a magnetic
encoder is used to verify that each controlling stepper motor has taken the correct amount of
steps. The function of this magnetic encoder is compromised when it is placed in an external
magnetic field. Motor performance in magnetic fields has been assessed using independent
optical encoders. It was found that depending on the specific motor used, performance began
to degrade from 450 Gauss (1 G = 10* T) [25]. Therefore, to operate a conventional MLC in
an MRI-Linac system, the MLC must be moved far away from the MRI scanner that the field
is less than 4.5e-2 T, or magnetic shielding must be utilised. Note however that magnetic
shielding has its own issues (section 5. IV).

III.  Impact of magnetic fields on dose transport and dosimetry

Since the dose in MRI-Linac systems is delivered by photons, which have no charge, it might
be supposed that the treatment beam is not affected once it has collided with the target to
produce the bremsstrahlung photon beam. However, this is not correct — even in photon
therapy, it is still electrons delivering the dose! How does this work? Something like this: a
beam of photons cause ionisation in the matter they traverse, resulting in free radicals
(electrons and ions). The more mobile electrons, go onto to deposit dose, and are subject to
the Lorentz force defined by equation 9. When the patient is placed in a strong magnetic
field, the trajectories of the electrons are altered — whereas in zero field, the electrons
undertake a ‘random walk’” . from their point of creation, and in the presence of magnetic
fields, the direction they take is biased. Again, the exact behaviour depends on the relative
orientation of the radiation beam and the magnetic field. When the beam and the magnetic

okt

But not entirely random; there will be a direction preference to satisfy conservation of momentum.
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field lines are in (roughly) the same direction, the effect is to reduce lateral scattering — which
is not necessarily a bad thing, since it allows for dose to be more focused along the photon
beam. In fact, before anyone thought of building an MRI-Linac, the theoretical benefits of a
strong longitudinal fields on dose transport within the patient had been studied in some detail
[26]. Recent developments towards MRI guided radiotherapy have prompted further
quantification of this effect [27-29]. In general, it seems that the presence of longitudinal
magnetic fields has a positive impact on dose distributions around the treatment volume —
however there is another problem. The same mechanism that enhances the dose to tumours
also acts to focus dose to the patient surface, resulting in unwanted hot spots to the patient’s
skin. Hot spots of up to 1000% have been observed in Monte Carlo simulations [30]!
However, these hotspots can be greatly reduced through the use of electron purging devices
and optimisation of the magnetic fringe field [31, 32].

In contrast, when the magnetic fields are perpendicular to the beam direction, skin dose is not
a problem as most contaminant electrons are swept away before reaching the patient.
However, in this instance other issues emerge — the dose distribution inside the patient begins
to become skewed, and at tissue air interfaces (e.g. lung) hot spots can appear due to the
much storied ‘clectron return effect’, which has been shown to result in dose differences of
up to 30-40% [27, 33]. It has also been shown that there are various ways to compensate for
this effect — for instance, by using an opposed beam to compensate for the affect, and by
including the effect of the magnetic fields in the inverse plan optimisation [34, 35]. Such
approaches do need to be tested in the presence of motion (remembering the fact that the
target geometry may move is one of the main motivators for developing an MRI Linac in the
first place!). Whilst some early promising work on this has been undertaken [34, 36, 37],
further quantification of these effects in the presence of motion is needed.

IV. Impact of magnetic fields on the MRI scanner

MRI scanners require an extremely homogenous magnetic field in order to function correctly
(section 3). Any magnetic field external to the scanner introduces distortion to this field,
which can compromise the geometric accuracy and image quality of images returned by the
scanner. There are two ways in which external magnetic fields could be generated within the
imaging volume of the MRI scanner by a linear accelerator. The first is the same way in
which the MRI scanner itself generates a magnetic field — through current carrying wires.
Although there are plenty of current carrying wires (and currents in vacuums) in a linac, it
turns out these are nowhere near strong enough to impact on normal imaging performance.
The second way is the most familiar example of magnetism — magnetic materials (Section
2.11). When magnetic materials are placed in a magnetic field (such as exists in an MRI
scanner), they become magnetised, and as such generate their own magnetic field. A Linac
tends to use a lot of ferromagnetic materials — for instance bending magnets, MLC motors,
ion pumps, magnetrons, ferrite recirculates etc. [12]. The impact of most of these components
has not been studied or quantified in any detail yet, however since most of them are small,
and can be moved quite far away from the accelerator, it is broadly assumed that impact of
these components is negligible. The most concerning component is the MLC, since it is the
closest component to the magnet, and it contains the largest mass of metal. As such, this is
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one of the few components which has been studied in detail [38]. The results of this study
showed that a standard MLC would have minimal impact on the imaging field, provided it
was operated more than ~1 meter from the centre of the magnet.

Based on this information, it might seem that we don’t have to worry too much about the
Linac distorting the MRI field — but there’s a catch. The easiest way to minimise the impact
of the MRI fields on the linear accelerator (IV, V) is to magnetically shield the sensitive
components. Shielding can be either passive (using magnetic materials to reduce the field in a
volume of interest) or active (using current loops). But magnetic shielding, by definition,
distorts magnetic fields! This is where a lot of the difficulty and compromise in MRI-Linac
design stems from. We have to carefully trade off the improved linac performance magnetic
shielding can give us versus the degradation in the magnetic field of the MRI scanner it
causes. Magnetic shielding of an electron gun in the in-line configuration of a 0.5 Tesla
magnet has previously been studied; it was found that it was quite straightforward to shield
the electron gun without substantially distorting the MRI imaging volume [20]. However, the
efficacy of shielding for other linac parts, other magnets, and other orientations has yet to be
studied. Magnetic shielding is the subject of chapter 4 of this thesis.

V. Impact of magnetic fields on RF power flow

Magnetic fields can impact on the flow of RF power down a travelling waveguide (for
example Figure 11) via the Faraday affect. The faraday affect refers to the rotation of
polarized light via magnetic fields; since the travelling waveguides only support certain
modes, rotation of this distribution can lead to decreasing RF power flow. As yet, there are no
reports in the literature quantifying this effect in MRI linac systems, although it has been
noted as a potential concern in conference abstracts [39].

VI.  Impact of RF noise on the MRI scanner

As described in section 3, MRI scanners produce images by the measuring the RF signal of
protons in the body. As such, MRI scanners are very sensitive to RF noise. A linear
accelerator emits a wide spectrum of RF noise — traditionally not a problem but potentially a
big one for MRI-Linac systems! The RF noise spectrum from three clinical linacs has been
measured and found to be comparable in power and frequency to that measured in MRI, as
such there is the potential of image artefacts occurring if correct shielding is not used [40].
However, multiple studies and experimental results have demonstrated that it is possible to
decouple the RF signals from the two devices to the extent that simultaneous operation is not
affected [41-43]. In addition to the study on RF noise from Linacs above, the noise from
MLC’s and modulators has been quantified. It was shown that it is straightforward to shield
the RF noise from the MLC [44], and that the largest source of RF noise from the linac was
the magnetron. As such, it was recommended that the magnetron be stored in a different RF
cage to the MRI scanner. [45]. Whilst RF decoupling is an important design consideration, it
is the magnetic decoupling which poses the greatest design challenges for MRI-Linac
integration. In essence, this is because any efforts to change the magnetic field (i.e. magnetic
shielding) impact on magnet homogeneity; this is not the case with RF shielding.
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6. Proposed MRI Linac systems

Having heard at some length about the arguments for (and problems with) MRI-Linac
integration, the reader is no doubt left wondering only where best to purchase such a device!

There are currently three academic groups worldwide working on MRI Linac devices
(including our own): The University of Utrecht/ Phillips/ Elekta, the University of Alberta,
and the University of Sydney. All of these systems were recently outlined in some detail in a
recent edition of Symposiums in Radiation Oncology [43, 46, 47]. There is also a fourth
group (ViewRay) which has developed and bought to market a solution based on a
radioactive source [48]. Replacing the accelerator with a cobalt source does solve many of
the problems arising from the magnetic coupling of the two devices. However, in general
cobalt based radiation therapy is generally considered an inferior treatment for a wide range
of reasons (to be truthful, perhaps a little unfairly in many cases! [49]). Recently, the same
commercial group has developed a linac based solution from which their earlier device can be
upgraded [50] — this device is currently awaiting FDA approval and will probably be first to
market with an MRI-Linac system.

There are a variety of differences between the differences proposed systems. Probably the
two most obvious are (1) field strength of the MRI (ranging from .5 T to 1.5 T), and the
relative orientation of the linac and MRI field (touched on already in 1.1IV). Less obvious,
but equally important is the fringe field of different MRI magnets. As discussed in section 5,
this factor will dominate the extent of the electromagnetic coupling of the two devices. The
differences between different systems are summarised in Table 1 whilst Table 2 lists the
advantages and disadvantages of the in-line and perpendicular orientations (Figure 14).

Table 1: A summary of the MRI-Linac systems which are currently under development.

Group MRI field | Orientation | Treatment | Website
strength source &
energy
Australia | 1.0 Tesla | In-line Varian http://sydney.edu.au/medicine/radiation-
Linatron, 6 | physics/research-projects/MRI-linac-
MeV program.php
Utrecht/ | 1.5 Tesla | Perpendicular | Elekta https://www.elekta.com/mr-linac
Elekta/ Linac, 6
Phillips MeV
U. 0.56 Tesla | In-line Varian http://www.mp.med.ualberta.ca/linac-
Alberta/ 600C, 6 mr/
Magnetx MeV
Viewray | 0.35 Tesla | Perpendicular | Currently | http://www.viewray.com/
available:
cobalt,
Future
system: 6
MeV Linac
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http://www.viewray.com/

Table 2: Advantages and disadvantages of in-line versus perpendicular configuration (see Figure 14). This table is
taken from [47].

Advantages of the Inline Approach Advantages of the Perpendicular Approach
No beam attenuation and Compton scatter to the patient from  More similar design to mass-produced conventional MRI
irradiation through the cryostat (if closed bore) systems (if closed bore)
Less effect of the B field on electron gun operation Lower constraints on magnet, gradient coil, and RF design,

resulting in higher potential imaging performance and higher B
field (if closed bore)
Less effect of the B field on waveguide operation Lower skin dose
Less effect of the B field on electron transport within the patient: No need to rotate the magnet or the patient
sharper penumbra and no electron return effect
Lower exit dose
Linac fixed with respect to the magnet. This reduces the need to
manage eddy currents or dynamic shimming requirements,
where the linac moves with respect to the magnet

Abbreviation: RF, radiofrequency.
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Abstract

Purpose: MRI-Linac therapy is a rapidly growing field, and requires that conventional linear
accelerators are operated with the fringe field of MRI magnets. One of the most sensitive
accelerator components is the electron gun, which serves as the source of the beam. The
purpose of this work was to develop a validated Finite Element Model (FEM) model of a
clinical triode (or gridded) electron gun, based on accurate geometric and electrical
measurements, and to characterise the performance of this gun in magnetic fields.

Methods: The geometry of a Varian electron gun was measured using 3D laser scanning and
digital callipers. The electric potentials and emission current of these guns was measured
directly from six dose matched true beam linacs for the 6X, 10X, and 15X modes of
operation. Based on these measurements, a Finite Element Model (FEM) of the gun was
developed using the commercial software Opera/Scala. The performance of the FEM model
in magnetic fields was characterised using parallel fields ranging from 0-200 G in the in-line
direction, and 0-35 G in the perpendicular direction.

Results: The FEM model matched the average measured emission current to within 5%
across all three modes of operation. Different High Voltage settings are used for the different
modes; the 6X, 10X and 15X modes have an average high voltage setting of 15 kV, 10 kV,
and 11 kV. Due to these differences, different operating modes show different sensitivity in
magnetic fields. For in line fields, the first current loss occurs at 40 G, 20 G, and 30 G for
each mode. This is a much greater sensitivity than has previously been observed. For
perpendicular fields, first beam loss occurred at 7.5 G, 5 G and 5G and total beam loss at 27
G,22G,20G.

Conclusions: A validated FEM model of a clinical triode electron gun has been developed
based on accurate geometric and electrical measurements. Three different operating modes
were simulated, with a maximum mean error of 5%. This gun shows increased sensitivity to
in-line magnetic fields than previously presented models, and different operating modes show
different sensitivity.
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1. Introduction

MRI-Linac guided radiotherapy is being actively developed and implemented by several
groups as the logical next step in the evolution of radiation therapy. Since MRI-Linac
radiotherapy requires that an electromagnetically sensitive electron accelerator functions
within the magnetic fringe field of an MRI scanner, the emergence of MRI-Linac
radiotherapy has driven increased efforts in linear accelerator simulation amongst the medical
physics research community. Operation of the electron gun in external magnetic fields is one
of the most sensitive and studied aspects of integrated MRI-Linac systems [1-5], and is the
focus of this paper. An electron gun is used to inject a steady stream of electrons at
kilovoltage (kV) energies into an accelerating waveguide, where they are accelerated to
megavoltage (MV) energies. Assuming that the linear accelerator is of the straight ahead type
(no bending magnet), the electron gun is the most sensitive part of the accelerator to external
magnetic fields. This is because slow moving electrons are less magnetically stiff, and hence
more sensitive to external magnetic fields.

Two classes of electron gun are used in medical accelerators; diode and triode (or gridded)
[6]. Diode electron guns have only two separate electric potentials; the cathode and focusing
electrode, which are set to some negative voltage (typically on the order of tens of kilovolts)
and the anode, which is held at ground. In a triode gun, a control grid is added just above the
surface of the cathode. The grid is held at a third potential, typically within around one
hundred volts of the cathode potential. However because it is close to the cathode, this can
create strong variations in the electric field at the cathode surface, and hence emitted current.
The focusing electrode is held at the same electric potential as the grid in this configuration.
A schematic of a triode electron gun is shown in Figure 1.

Whilst diode electron guns are suitable for use in simple, low energy machines, the majority
of linear accelerator manufacturers utilise a triode electron gun [6, 7]. This is because a triode
gun allows far more flexibility than a diode gun can achieve; for a given beam energy any
beam current can be achieved, and for a given current any beam energy can be achieved
(within physical limitations) [8]. This is not the case in diode guns, where the current and
energy of the beam are intrinsically linked. It also allows a very simple and stable beam
gating mechanism, as only a few hundred volts need to be switched to turn on or off the
beam. On linear accelerators which use diode guns, beam gating must be carried out by
radiofrequency (RF) pulse interruption methods, and this appears to result in quite long beam
on/off latency [9, 10]. Triode guns are also important for treatment machines which provide
multiple treatment energies, and both photon and electron treatment modes. This is because
both the target heating and the dose rate are correlated with the product of beam current and
beam energy. In order to keep these parameters within an acceptable range, it is often
desirable to decrease beam current when beam energy is increased. For electron therapy, the
beam current must be further decreased, as the dose conversion efficiency is orders of
magnitude higher.

Although the MRI-Linac devices investigated in the published literature to date appear to
utilise diode electron guns [11-13], recent publications have focused on the potential of multi-
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mode MRI-Linac devices to improve achievable dose distributions for deep seated tumours
[14, 15], and beam gating using MRI-Linacs [16, 17]. As such, it is clear that triode electron
guns are likely to find useful application in the next generation of MRI-Linac systems.
However, to date all published work in this area has focused on the performance of diode
electron guns in magnetic fields. Further, no technical details on medical triode guns can be
found in the literature. Therefore, the purpose of this work is twofold; (1) to present an
accurate model of a medical triode electron gun such that it may be utilised by future
researchers, and (2) to test the sensitivity of this gun in magnetic fields, in particular to assess
whether different operating modes show different sensitivity to magnetic fields.

2. Materials and methods

2. 1. Theory and background

The geometric structure of the electron guns typically used in medical linacs can be broadly
classified as a Pierce gun [18]. Electron guns in medical accelerators are operated in a steady
state, and as such the physics of the system is essentially electrostatic and is described by
Poisson’s law (Equation 1):
ViV = 14 Equation 10
€0

Where V is the electrostatic potential, p is the charge density (defined by the beam), and ¢ is
the electric vacuum permittivity. Although formulating the problem exclusively in terms of
Poisson’s equation does neglect the self-magnetic fields of the beam, it has previously been
shown that these effects are small for these guns [3].

Accurate computational simulation of a DC electron gun comprises three important sub steps.
The first is to calculate the electrostatic field arising from the applied electrode potentials and
space charge of the beam; the second is to approximate thermionic electron emission in the
presence of this electric field, and the third is to track the emitted electrons through this field.
These steps are not independent of each other; therefore an iterative solving technique is
required. Calculating the net electric field of the electrode and beam is a complicated
problem, and for accurate results computational electrodynamics is required, in which
complex geometry is discretised (meshed) into many subdomains. Examples of appropriate
computational schemes include the finite element method and the finite difference technique.

Medical electron guns are typically operated in a space-charge limited mode of thermionic
emission. This means that current is extracted from a hot (around 1200 K) cathode and is
limited by the space charge associated with the cloud of electrons already extracted. The
major advantage of operating in this regime is stability, as small fluctuations in temperature
or cathode emissivity have minimal impact on emitted current. Space charge limited emission
in one dimension is described by Child’s law (Equation 2)

__4gg |2q V3/? .
Jemittea = 9 m_o daz Equation 11
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Where Jomittea 1S the emission current, &, is the permittivity of free space, ¢ & m, are the
electron charge and mass, and V is the potential difference at distance d from the cathode — a
function of both the electrode potentials and the beam itself [6]. Modelling thermionic
emission is one of the most challenging aspects of electron gun simulation. In 2D or 3D, the
above formulation is only strictly valid for an infinite planar diode, and so for realistic
geometries the cathode face is discretised into a number of smaller faces over which the 1D
formulation is applied. In order to ensure that this approach is valid,  must be sampled at a
specified distance from the discretised faces, typically less than 1mm. The presence of a grid
adds further complexity to the simulation, as the sampling distance and meshing parameters
become more sensitive. If the thermal Maxwell-Boltzmann distribution of the emitted
electrons is considered, the situation becomes still more complex. A detailed discussion of
the various thermionic emission effects is beyond the scope of this paper, but is provided in
ref [19].

The overriding purpose of an electron gun in a therapeutic system is to inject a stream of
electrons into the accelerating wave guide. An important figure of merit for the system
performance is the capture efficiency — that is, the percentage of electrons injected into the
Linac which actually reach the target. It is obvious that for optimal capture efficiency, the
injected electrons should have low transverse velocities and be confined to a small region of
space around the axis of the accelerator. Both requirements can be quantified by examining
the distribution of the electron beam in phase space. Phase space is a six dimensional
position-momentum space: [x,y,z,px,py,pz]. However, typically in the case of DC electron
guns the longitudinal components are trivial, and the x and y components identical. Therefore,
the beam can be sufficiently described in a two dimensional transverse phase space [x,px]
along with information about the beam energy and current. It is often convenient to describe
the phase space in terms of a divergence angle instead of transverse momentum: x '=px/pz.
This is referred to as trace space.

In order to characterize a distribution in phase space or trace space, one can fit an ellipse to
the particle distribution. The most common approach to this is to calculate Twiss parameters,
also known as the Courant-Snyder parameters. These parameters can be used to describe an
ellipse which will encircle the central part of the beam. Mathematically, these are described
as follows:

Exrus = v (X2Nx'2) — (xx')? Equation 12
a = (xx')/€x pus Equation 13
B = (x®)/&xrms Equation 14

The Twiss parameters allow one to quickly infer a lot of useful information about the beam.
&xrms (Equation 3) quantifies the area of the beam in phase space; larger emittance
corresponds to less ordered electron beams. @ (Equation 4) determines the orientation of the
ellipse, which describes whether a beam is diverging or converging. Another interpretation of
a is that it reflects the distance from a beam waist. At a beam waist, a is zero, and the average
transverse electron velocities are zero — an opportune time to capture the electron beam in an

Chapter 3 Page 61



RF accelerator. The (rms) beam width in space is described by \/m . In the absence of
space charge, accelerating fields, and non-linear transverse fields (conditions which are
approximately met in a field free drift tube), emittance as defined in equation 3 is a constant,
whilst the other parameters evolve as a function of the longitudinal component z. The rms
emittance only encapsulates the central 37% of the beam. Some authors add a factor of 4 or
to this definition in order to better describe the full beam. Unfortunately, it is often unclear
exactly which definitions is being used, which can make it difficult to compare different
results. In this work, emittance is calculated according to equation 3 without any additional
factors. Units of mm and mm rad are used.
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2. 2. Gun geometry

A commercial electron gun from a Varian high-
energy linac was obtained through a spare parts
supplier (Figure 1A). The geometry of the gun
was measured using a 3D laser scanner operated
by a third party engineering company®****%. The
scan was rated as being accurate to within 0.1
mm. The control grid was too fine to be
resolved by the 3D scan; in order to measure
curvature of the grid, a thin film was placed
over the grid and measured in a separate 3D
scan. The wire thickness and spacing of the grid
was measured using digital callipers (error
rating of 0.01 mm). A microscope image of the
grid is shown in Figure 1C. Based on these
measurements a geometrical model of the gun
was developed. This geometry is detailed in the
results section 3.1 and Figure 2.

2.3. Finite Element Model of
Gun

Figure 25: (A) Photograph of the electron gun

modelled in this work. On the left side is the cathode i

section, and on the right side is the anode section. (B) A Finite Element .MOdel (FEM) of the gu n
A rendering of the gun geometry developed based on geometry from section 2.2 was developed using

a laser scan of the electron gun. (C) A photograph of the

the grid taken through a microscope lens. commercial  software Op era/SCALA,

version 16 (Kidlington, UK). Opera solves
Poisson’s equation in the presence of thermionic electron emission. Child’s law was used to
simulate thermionic space charge limited emission (Equation 2). The type 1 emitter option
(virtual cathode) was used, which is the most accurate model according to the Opera user
manual. The initial electron energy was set to the mean of the Maxwell-Boltzmann equation
for a temperature of 1245 K (a typical dispenser cathode temperature). It is possible to sample
additional energies from the Maxwell-Boltzmann distribution, but this significantly increases
simulation time and does not strongly affect the solution. Opera requires that the user inputs
a sample distance where the program calculates the electric field, which was set to 0.25 in
this work. Importantly, this distance is less than 1/3 the cathode-grid spacing, as
recommended in the Opera user manual. The emitted electron current is strongly dependent
on the electric field at the cathode, which in turn is altered by emitted current. Therefore, an
iterative simulation procedure is required for accurate electron gun simulation. In this study,
the convergence tolerance was 0.001; the model is considered solved when the relative RMS
change in potential is less than this. A maximum limit of 21 iterations was set; in practice, the
models normally resolved within 10 iterations. Wherever possible, symmetry in the model
was exploited and only a quarter of the geometry was solved, greatly reducing computational

S8 3D Scanning Australia, http://3dscanningaustralia.com.au/
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resources. The quarter model was discretised into around three million tetrahedral elements.
In electron gun simulations, a high quality mesh near the cathode is crucial, as the emitted
current is critically dependant on an accurate solution of the electric field here. We used
quadratic elements of maximum size 0.15 mm near the cathode, and 1 mm elsewhere. To
check for mesh independence, we also created a model with doubled mesh density and
verified that the solution did not change. In Opera, the number of macro particles
representing the beam is a product of the mesh density, so this step also confirmed the
number of macro particles was adequate to represent the beam. The emission current was
comprised of ~15000 macro particles.

Next, parameter sweeps were carried out over the high voltage and grid voltage in order to
infer the working region of the gun. The high voltage was varied from -5 kV to -30 kV in 5
kV steps, whilst the grid voltage was varied from 20V to 140V in 7.5 V steps. The grid
voltage is always quoted relative to the high voltage, and the focusing electrode is set to the
same boundary condition as the grid. The electron beam phase space and current was
extracted from the solved models for axial planes spaced every 2 mm, 21 to 39 mm from the
cathode. This information was imported into Matlab version 2014 (Nattick, MA) and in
house code was used to calculate the transverse emittance and current. The current emitted
from the cathode was also recorded for each simulation.

2. 4. Experimental measurement of gun operating modes

Although the above process allows one to derive approximate working regions of the gun for
a given high voltage, it does not provide information about the conditions in which the gun is
actually operated clinically. In order to acquire experimental data regarding the operating
modes used clinically, the high voltage, grid voltage and emission current were read directly
from the console of six dose matched Varian TrueBeam Linacs (Varian, Palo Alto) in service
mode. Data was acquired for the 6X, 10X, and 15X photon modes, and 2D interpolation of
the data from section 2. 3 was used to compare simulated emission current as function of high
voltage and grid voltage with the experimentally measured values. Based on these results,
three separate gun models were built to represent the 6X, 10X, and 15X modes of operation.

2. 5. Grid height determination

The most sensitive parameter in the model is the spacing between the grid and the cathode
(grid height). Unfortunately, this is also the parameter with the largest uncertainty. This is
because the grid had to be measured separately during the laser scan, and so in the worst case
scenario the error could be 0.2mm — that is, 0.lmm from each scan. In order to obtain the best
match to the experimental data (section 2.4), we repeated the simulations characterising beam
parameters as a function of the electrode potentials (section 2.3) for three different grid
heights — 0.84mm (as measured by the 3D scan), 0.9mm, and 1.0mm. The simulated emission
current for each case was compared to the experimental data. The model with the grid height
of 1.0 mm gave the best match to the experimental data, and is used throughout the results
section (except for section 3.4 where data on the grid height determination is presented). As
is also detailed in this section, the grid height does not have a major impact on the beam
phase space other than beam current
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2. 6. Gun sensitivity to magnetic fields

In order to test the sensitivity of the gun to magnetic fields, the Opera FEM models of the 6X,
10X and 15X photon beams based on Section 2. 4 were solved in constant parallel fields in-
line and perpendicular to the beam direction. In-line field strengths of 0-200 G were tested in
10 G steps, and perpendicular field strengths from 0-35 G in 5 G steps. As the gun is small (~
30 mm beam length), constant parallel fields provide a very close approximation to the
averaged heterogeneous MRI fringe fields across the gun. For each simulation, the current
and transverse phase space at the gun exit were recorded.

2.7. Comparison of commercially available electron gun solvers

In addition to the Opera/SCALA solver, we have access to the CST ‘tracking’ solver
(Darmstadt, German, version 2016) which is also used to simulate DC guns. The difference
in the solution returned by these two commercial solutions is one measure of the inherent
uncertainty in simulations. Therefore, exactly the same geometry was implemented in CST,
and a mesh built using the same (or as close as possible) meshing parameters as in Opera.
Like Opera, CST uses a tetrahedral mesh in conjunction with an FEM algorithm, although the
CST model uses quadratic (i.e. higher order) elements everywhere instead of just near the
cathode. The source was defined using exactly the same parameters as in Opera. A simulation
with much higher mesh density was solved in order to check that mesh independence had
been reached, as was done with the Opera model.
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3. Results
3. 1. Gun geometry
Figure 2 shows a detailed sketch of the geometry used in all simulations.

The shaded part of the anode drift tube in Figure 2 is subject to additional uncertainty beyond
the 0.1 mm of the 3D laser scan. This is because the 3D scan has a limited ability to ‘see’
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Figure 26 (A) Detailed sketch of the geometry used in this study
measured by a 3D laser scanner. (B) A section of the measured
grid geometry. Dimensions are in mm and degrees. The
geometry of the anode drift tube is subject to additional
geometric uncertainty as indicated by the shaded region.

down a narrow tube. The tapered section of the anode was measured with the 3D scan. After
this, we extended the length of the anode drift tube with a straight cylinder, as this geometry
best matches other available schematics of Varian triode guns [6] and is consistent with
previously published models [2, 3]. However, it is also possible that the taper continues to
some minimum. This part of the geometry can be very important for mitigating back
bombardment [20], and can have a strong effect on the gun sensitivity to in-line magnetic
fields. This is discussed in section 4.
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3. 2. Finite Element Model of Gun

Kinetic energy (eV)
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Figure 27: Gun solution at zero magnetic field. The 6X mode is shown and the particle trajectories are coloured

according to their energy. The solid structures represent one quarter of the gun geometry with the surface FEM
mesh displayed.

Figure 3 shows the particle trajectories of the solved model. Particles are color coded according to their
kinetic energy. Figure 4 show various gun metrics plotted as a function of both HV and grid voltage; (A)
emission current, (B) injection current (current injected into the waveguide) (C) efficiency (injection current
as percentage of emission current) and (D) emittance in trace space. The injection current is always less than
the emission current as some part of the beam is blocked by the grid. This fraction increases as the grid
voltage is turned up, which make it more electrically attractive to electrons (Figure 4C). Also, if the current
becomes too large, then the focusing electrode will no longer focus the beam, leading to further current loss
from anode collisions. This effect can clearly be seen in the 5kV and 10kV series of Figure 4C. The emittance
changes as total field (electrodes + space charge) changes. It can be seen that there is a certain amount of
current which creates a minimum in emittance for a given HV setting. The data shown in Figure 4A was used
to compare the models to the experimental data in section 3.3 and optimise the model, as outlined in
section 3.4.
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Figure 28: A) Emission Current, B) Injection Current (current injected into the waveguide), C) Gun Efficiency

(percentage of the emission current which exits the gun), and D) Emittance as a function of grid voltage (x axis) and
high voltage (different series)

3. 3. Experimental measurement of gun operating modes

The values for HV and grid voltages measured on the 6 TrueBeam Linacs are shown in Table
1, along with the interpolated emission current based on the data from section 3. 2. The mean
absolute error in emission current between experimental and simulated data across the 6
Linacs is 3.2%, 5.1%, and 3.5% for the 6X, 10X and 15X modes. Note that one data point has

been excluded from these averages in the 10X series, as the HV is clearly an outlier
compared to the other linacs.
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Table 3: Gun parameters (HV, Grid voltage, and gun current) measured from six dose-matched TrueBeam linacs.
The shaded entry for 10X was not included in this study, as the HV value is clearly an outlier compared to the other
five data points. Note that error reported in the ‘mean’ row for each mode is the absolute mean of all measured

errors.

Mode Measured Measured Measured Simulated % Error
High Voltage | Grid Voltage | Emission Emission
(kV) V) Current (mA) | Current (mA)
6X 14.998 105.6 373.4 372.8 -0.2
(6MV
X rays)
14971 87.7 323.9 308.2 -4.9
14.965 95.3 341.6 331.4 -3.0
15.023 87.0 320.9 306.1 -4.6
14.989 92.8 306.3 323.8 5.7
14.928 86.4 299.4 303.0 0.0
Mean 14.979+0.03 92.5+7.4 327.6+£26.8 322427 33
(absolute)
10X 9.998 473 142.4 139.5 -2.0
(10 MV
X rays)
9.992 40.2 130.5 119.0 -8.8
9.958 37.5 119.7 110.8 -7.4
12.012 39.1 140.7 125.3 -11.1
10.001 42.4 120.2 125.3 4.2
9.946 40.6 123.5 119.9 -2.9
Mean 9.979+0.025 | 41.6+3.6 127.3£9.5 122.9+10.6 5.1
(absolute)
15X 10.996 62.2 193.0 190.0 -1.6
(15 MV
X rays)
10.99 76.0 243.1 235.9 -2.9
10.941 72.2 226.7 223.2 1.5
11.02 62.8 197.8 191.6 -3.1
10.993 72.6 207.6 224.9 8.3
10.923 72.4 217.1 223.8 3.1
Mean 10.98+0.03 69.7£5.7 214.2+18.8 214.0£19.0 34
(absolute)

Based on the results in 3. 1 to 3. 3, three models were arrived at to represent the 6X, 10X, and
15X modes of operation. The beam current and energy for each mode is reported on in Table
2. This data differs from the data shown in Table 1 in that it is solved explicitly rather than
being interpolated from section 3. 2. The beam waist occurred at 38mm, 33 mm, and 39mm
from the centre of the cathode for the 6X, 10X and 15X mode respectively. The phase space
at the beam waist (or nearest sample plane) for each mode is shown in Figure 5 (beam waist
and phase space are defined in section 2.1). The impact of the grid can clearly be seen in the
segmented nature of the phase space distribution.
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Table 4: The parameters used for each of the clinical mode simulations.

Mode | High Voltage | Grid Emission Injection Emittance
(kV) Voltage (V) | Current (mA) Current (mA) (mm
mrad)
6X 15 93 323 246 17.8
10X |10 42 124 100 26.4
15X |11 70 214 164 16.8
A) 6X mode B) 10X mode C) 15X mode
10072978 w01 1 766, 2:37.0 190264 o 00 7:841 330 1001168 0100 739 2390
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Figure 29: Phase space at the beam waist for the A) 6X, B) 10X, and C) 15X modes. Printed on each plot are the
Twiss parameters and resultant RMS phase ellipse, as described in section 2. 1. The z parameter is the distance from
the cathode in mm.

3. 4.

The results shown in all other sections of this paper are for a model with a cathode to grid
height of Imm, as detailed in Figure 2. However, the measured value was 0.84mm. In this
section we detail how this value was optimised. Table 3 shows the mean error for each mode
for grid heights of 0.84, 0.9, and 1.0 mm (note that all these values are within the
experimental uncertainty of the measured geometry). The model with grid height of 1.0 mm
returned the lowest mean error values when compared to the experimental data in Table 1.
Figure 6 shows the impact of changing the grid height for the 6X mode. At first glance, it
may appear that altering the grid height has a dramatic impact on the gun emittance —
however, this is not quite correct. Altering the grid height has a strong impact on emission
current, which does strongly impact emittance (also apparent in Figure 4D). However, for the
range of grid heights investigated here, similar emittance is achieved when similar current is
drawn from the cathode. As a representative example: For grid height 0.84mm, HV=15kV,
and Grid=93V, 410 mA of current is extracted and the emittance is 10 mm mrad. For grid
height 1.0mm, the same current is drawn with the grid set to 115, resulting in an emittance 12
mm mrad. This gives a better indication of the impact altering the grid height on the phase
space distribution.

Grid Height Determination
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Impact of Grid Height
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Figure 30: Impact of the grid height on the emission current 15X 37% 16% 0%
and the emittance for the 6X mode. Note that the change in

the emittance is primarily due to the changing current
rather than the changing grid height.
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3. 5. Gun sensitivity to magnetic fields
A) Perpendicular fields 25 G B) In-line fields 180 G
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Figure 31: Examples of particle trajectories in A) Perpendicular fields of strength 25 G, and B) In-line fields of
strength 180 G. Note that only one quarter of the geometry is shown so that the particle trajectories can be seen. The

6X mode is shown and the particles are color coded according to their energy. The equivalent figure for zero field
trajectories is shown in Figure 3.

H- 4.0e3

- 2.0e3

L 3.3e-1

Figure 7 shows examples of the particle trajectories of the 6X mode in both (A) in-line and
(B) perpendicular fields, whilst Figure 8 shows the injection current and emittance results of
operation in magnetic fields for the 6X, 10X and 15X modes. The emittance results should be
interpreted with caution; emittance only enables a particularly useful comparison between
beams when the total current and energy is the same. For instance, for the in-line case, as the
magnetic field increases the outer electrons are scraped off by the anode, the emittance begins
to decrease — however, this comes at the cost of substantially reduced current.
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B) Emittance in parallel fields
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Figure 32: Injection Current for in-line (A) and perpendicular (B) fields, and emittance for in-line (B) and
perpendicular (D) fields.

Table 4 shows a comparison of the three Pierce type electron guns which have previously
been simulated in magnetic fields with this work. It can be seen that this model is around
twice as sensitive in in-line magnetic fields as previously tested models. The sensitivity in in-
line magnetic fields is primarily a function of the HV setting and the ratio of the cathode-to-
anode radius. The sensitivity in perpendicular fields on the other hand is primarily a function
of the HV setting; as such this model shows slightly less sensitivity to perpendicular fields
than previously published models which used a lower HV setting.
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Table 6: A summary of previously published results of electron gun models in magnetic fields, and this work. The
‘sensitivity’ metric in columns 3 and 4 is simply the field where the first beam loss occurs. Not all authors reported on
this exactly, in which case it was graphically derived from plots and the ‘~’ symbol is used.

Model | Ref | In-line Perpendicular | Gun Boundary Geometry
field field type conditions
sensitivity | sensitivity (G)
(G)
Litton | [3] | ~163 G 2G Non- From From
gridded | literature literature
Varian | [3] | ~141 G 5G Non- From From
gridded | literature literature
Alberta | [1, | 100 G NA Non- Measured Inferred
5] gridded
This 40 G 75 G Gridded | Measured Measured
work
3. 6. Comparison of commercial electron gun solvers

A fairly large disagreement in emission current was found between the two commercial FEM
solvers, even when every effort was made to match the mesh, emission parameters, and
geometry. As outlined in section 3.3, the Opera solver returns a value of 322 mA for the 6X
mode parameters. The CST solver on the other hand returns a value of 267 mA. This
represents a 17% error compared to Opera. It is worth reiterating that no notable changes
occur in these values when the mesh density is increased. Despite the differences in the
calculated emission current, the two solvers give quite good agreement regarding the gun
performance in magnetic fields (Figure 9A and B). This is an important observation for in-
silico MRI-Linac electron gun work, as accurate calculation of the emission current is not the
primary goal in this field. In Figure 9, the largest error in relative injection current is 10% for
a perpendicular field of 15G.

The emission current is highly dependent on the electric field close to the cathode, and vice
versa. Figure 9C shows the axial electric field up to Imm in front of the cathode. It can be
seen that in the absence of any electrons being included in the simulation, the two solvers
give extremely high agreement — however, once the electron source is added, this
disagreement drops substantially. Coupled with fact that the solutions do not change with
increased mesh density, this strongly implies that the difference in calculated emission
current is due to different implementations of the space charge limited emission models.
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A)Parallel fields B) Perpendicular fields C) Electric field near cathode
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Figure 33: Comparison of the Opera solver used elsewhere in this study to CST, a separate commercial FEM based
solver. The 6X mode is used in all figures. A) The normalised injection current in in-line fields, B) The normalised
injection current in perpendicular fields, C) The axial electric field from the cathode surface to 1mm.

4. Discussion

We have developed a finite element model of a clinical triode (i.e. gridded) electron gun
based on accurate geometric and electrical measurements. The model matches emission
current measured on six TrueBeam linacs to within 6% across the 6X, 10X and 15X
operating modes (section 3.3). To the best of our knowledge, this is the first time in the
literature that a model of a medical triode electron gun has been published. This work also
contrasts with previous publications which examined electron gun sensitivity in external
magnetic fields, in that measured (rather than inferred) geometry was used (Table 4).
Previous studies have either tested models which are no longer used clinically [3], or have
inferred the gun geometry based on measurements of emission current and High Voltage [2].
Regarding the latter approach, it is worth noting that this is a degenerate problem, meaning
that multiple geometries can produce the same emission current at a given high voltage. This
is important as gun geometry directly affects sensitivity to magnetic fields - particularly for
the in-line case. The model simulated in this work is approximately twice as sensitive to
operation in in-line magnetic fields as previous models.

Utilising a gridded gun results in low beam on/off latency, which is an important aspect of a
real time system architecture, and a current area of research for MRI-Linac systems [16, 17].
Gridded guns are also important in applications where continuously variable dose rate is
desired, such as arc therapy [6]. In addition, the grid enables much better control over beam
parameters such that desirable phase space distributions can be injected into the waveguide
over a wide range of HV and current settings. This control is important for multi-mode linacs,
because the current which arrives at the target must be appropriate when considering both
dose rate and target heating. Multi-mode electron accelerators are a current area of research
for MRI-Linacs [14, 15].

Of the major manufactures, Tomotherapy, Cyber-Knife, and Siemens all utilise gridded guns.
Varian use gridded guns on multi-mode systems, and diode guns on low energy guides. On
the other hand, Elekta utilise diode guns even on their multi-mode guides [21, 22]. Very long
gating times (on the order of seconds) have been observed on these linacs, making them
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unsuitable for a real time system [9, 10]. Interestingly, there is at least one system designed
for real time treatments which does use a diode gun; the Brainlab Vero. This system only
uses one beam mode, and is powered by a klystron [7]. Although we could not find any data
on the beam latency of the Vero system, a klystron based system would likely have much
lower latency than a magnetron based system, since the RF drive power could be very
quickly switched. MRI-Linac systems utilising only one beam mode could feasibly be
constructed with good beam latency using a klystron based power source and diode gun —
however, klystrons are more expensive and complex than magnetrons, and so it may still
prove simpler to utilise a triode gun.

A number of comments can be made about the results in this paper. Most strikingly, this
model was at least twice as sensitive to in-line magnetic fields as previously published
models (section 3.5). Including this work, four Pierce type electron gun models have now
been tested in-silico in magnetic fields (Table 4), and based on the amalgamated results some
general comments on the most important parameters impacting gun sensitivity can be made.
For perpendicular fields, the most important characteristic is the high voltage setting (HV).
Larger HV means that the beam becomes more magnetically stiff, or difficult to bend. The
model tested here is more robust in perpendicular fields than some previous studies [3],
primarily due to the larger HV setting used. The HV is also an important factor for in-line
fields, however here the geometry of the gun plays a larger role; specifically, the ratio of the
cathode radius to the (minimum) anode radius. The larger this ratio, the more the electron
beam must be focused to fit through anode, and this focusing is strongly affected by in-line
magnetic fields. The two previous studies which tested electron guns in in-line magnetic
fields both found that under 100G, no beam loss occurred. The model investigated here
shows substantially greater sensitivity, as the beam begins to drop off at 50G. Also, due to the
fact that different operating modes use different HV settings, different operating modes show
different sensitivity.

The design of the anode drift tube is a particularly interesting aspect of gun performance in
in-line magnetic fields. When one simulates an electron gun in-silico (and without magnetic
fields), this geometry has negligible impact on the results, as long as it is large enough for the
beam to pass through unimpeded (it is essentially a field free region). In a real system which
is coupled to a linac however, the design of this geometry is crucial, as the anode drift tube
plays a key role in mitigating cathode damage from back accelerated electrons [20]. In order
to minimize the amount of back accelerated electrons reaching the cathode, the drift tube
should have a minimum radius corresponding to the minimum beam radius. By choosing the
injection point to be close to the beam waist, the minimum anode radius can be made as small
as possible, minimizing the amount of back accelerated electrons which can return to hit the
cathode. On the other hand, a drift tube design like this would substantially increase
sensitivity to in-line magnetic fields. As indicated in section 3.1, there was additional
uncertainty in the dimensions of this geometry in this work due to limitations of the 3D
scanning technology. As well as this, typically when these guns are replaced, the cathode
section (Figure 1A, left) is simply bolted to the end of the accelerating waveguide, which also
serves as the anode. The anode that ships with the gun is for the purpose of high voltage and
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cathode processing®’; this strongly implies that the field forming (i.e. internal) parts of the
anode are identical to the true anode. However, the internal dimensions of the drift tube may
differ from this, as they will have negligible impact on high voltage and cathode processing.
Given these sources of uncertainty, the sensitivity of this gun to in-line magnetic fields may
be even greater than simulated in this work — which was already twice as sensitive as
previous work.

We observed quite large uncertainty in simulated emission current, as this was extremely
sensitive to the spacing between the grid and cathode (section 3.4). We measured this as
accurately as possible, but still observed variations in emission current of over 30% over the
range of grid heights simulated. Moreover, different commercial solvers showed a 17%
difference in the emitted current for the same geometry and similar mesh settings. In the real
world this uncertainty would not be a major issue; if the current were more or less than
predicted, the grid voltage could be adjusted accordingly (Figure 4). Indeed, when examining
the variability in operating parameters of the six different guns measured in Table 1, this
appears to be exactly what is done practically. This uncertainty is also not of particular
concern when modelling the sensitivity of these guns in external fields, since these results are
not affected by the emitted current (section 3.6). Accordingly, the two different FEM solvers
give very similar results when simulations are carried out in magnetic fields (Figure 9).

This model operates at much higher emittance than previously published work [2-4]. Low
emittance indicates a more ordered beam, and in general lower emittance results in decreased
loss through a beam transport line. However, there is no published data on how important
emittance actually is in medical accelerators, and there is no published data regarding the
measured emittance of medical electron guns. Part of the reason for the increased emittance is
the fact that the beam is simply larger than previous simulations (cathode radius of 5.53 mm
compared to 2.31mm). Given the accuracy with which we have measured the geometry, and
the fact that we have closely matched the emission current across multiple modes, we believe
that the phase space we have calculated is likely to be highly representative of reality.

An aspect of this work which surprised us was that the 15X mode used a substantially higher
injection current than the 10X mode (section 3.3). As electron energy increases,
bremsstrahlung conversion efficiency increases, as does beam power (for the same current).
As such, we expected to see injection current drop as the photon energy increased. A possible
explanation for this result is the fact that different operating modes will have different capture
efficiency, and it may simply be that the 15X mode has lower capture efficiency than the 10X
mode. Another factor will is the different tungsten targets and flattening filters utilised for
different operating modes.

Taken together, these results have some very clear implications for the design of electron
guns which are to be used in MRI-Linac systems. Firstly, operating at a higher HV setting
results in substantially increased robustness in magnetic fields (section 3.5). However, whilst
certainly achievable, redesigning an electron gun to operate at higher HV is not trivial. The

2 Altair Website, Electron sources and cathodes. Available from: http://www.altairusa.com/electron-gun.php.
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HV setting directly affects the velocity of electrons injected into the waveguide, and for a
given waveguide (and operating mode) there will be an injection velocity which is optimal.
Additionally, higher HV increases the electrical hazard and risk of breakdown and arcing in
the gun.

Although there have been proposals to redesign electron accelerators to function within
magnetic fields [4, 20], at this stage all systems appear to be using conventional equipment in
conjunction with magnetic shielding. It is therefore interesting to note that the external
dimensions of this triode gun are much larger than the model which was previously
investigated for shielding [23]. This means that as well as being more sensitive to magnetic
fields, this gun would be more difficult to shield, as shielding could not be placed as close to
the beam (unless internal shielding was incorporated during the manufacture stage). Whilst a
triode gun design will require more complex housing to some extent, it is not clear how easily
the gun could be made smaller, or whether other triode guns would also be this large.

We used homogenous parallel fields to approximate the true heterogeneous fields of the MRI
scanner in this work. For the in-line case, a key difference is that a changing magnetic field
strength causes magnetic lensing effects. However, because the gun is very small (~30mm)
with respect to the rate at which the magnetic field changes, we would expect that
homogenous fields provide a very close approximation to the heterogeneous fields. We have
verified that this is a valid approximation case by comparing the gun solution in the
heterogeneous field of a 1 Tesla superconducting magnet to a homogenous parallel field of
the same average strength at SIDs between 0.9 and 2.1 meters (data not shown). For all SIDs
greater than 1 meter, the difference in current loss was within 5% (absolute mean difference
of 1.5%). For SIDs larger than this, the field gradients become much larger and larger
differences are seen; however using homogenous parallel fields still predicts the current loss
to within 15%.

The effects of electron beam collisions with the control grid were not modelled in this work.
These include heating of the grid, electron scatter, and secondary electron emission. The
former phenomenon leads to grid damage and heating. If the grid becomes hot enough, it can
become a thermionic emitter and source of ‘dark current’ (i.e. current which occurs even
when the gun should be gated). Moreover, secondary electron emission will occur from the
grid, which degrades the overall beam quality [24]. Although the electrons hitting the grid
have energy of less than 100 eV (determined by the grid voltage) the grid is thermally light
and in a vacuum, so it is plausible that substantial heating occurs. A back-of-the envelope
calculation would suggest that intersection of the emitted electrons with the grid may not be a
major issue in terms of heating; the forward beam power at the grid is of order 30W, of which
only ~20% or 6 W will actually hit the grid (Section 3.2, Figure 4C). Meanwhile, the power
from backward accelerated electrons can be on the order of kilowatts [20]. The fact that the
duty cycle of the gun is of the order 0.001 will further mitigate heating of the grid [6].
Nevertheless, the impact of collisions between the emitted electrons and control grid are
clearly significant enough in real world applications to have been the subject of a large body
of work aimed at reducing them - mainly by utilising some form of ‘shadow grid” which
reduces the number of electrons intercepting the grid [25-28]. Both mechanical and chemical
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shadow grids have been proposed in the literature. The gun modelled in this work has no
visible form of shadow grid; to check if some kind of chemical shadow grid may be present,
we scanned the cathode surface using Raman spectroscopy. Raman spectroscopy provides
information on chemical bonds via laser probing. We were not able to detect any presence of
any shadow grid using this technique - however we cannot say with absolute certainty that
one is not present.

In this work, we have developed and presented an FEM model of a clinical triode electron
gun which matches available experimental data to within 6%. This is the first time we are
aware of that a model of a clinical triode gun has been published in the literature. We have
characterised the performance of this gun in both perpendicular and in-line magnetic fields,
and from this data and previously published data, made a number of important inferences
regarding the design of electron guns for integrated MRI-Linac systems.
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Chapter 4
Passive Magnetic Shielding




1. Introduction

MRI-Linac therapy holds the promise of greatly improved cancer treatment outcomes by
coupling the exquisite soft tissue contrast, high temporal resolution and functional imaging
capabilities of MRI with the established therapeutic gains of radiotherapy [1]. However,
realisation of these benefits requires that a medical linear accelerator (linac) function within
the fringe field of a superconducting MRI magnet. Many linac components are not
compatible with an external magnetic field. Prominent examples of accelerator components
which may not function correctly in an external magnetic field include the linac electron gun
[2-4], accelerating waveguide [4-6], and MLC motors [7]. To minimise the deleterious effects
of external magnetic fields on linac performance, there are two options: redesign the
components in question, or ensure that they operate in a sufficiently low magnetic field that
acceptable performance is achieved. Means by which one may ensure that components
operate in sufficiently low magnetic field are to incorporate a low field region into the very
early stages of magnet design, and to utilise magnetic shielding to create a low field
environment around the component in question — the focus of this chapter.

Two approaches exist to magnetic shielding; active and passive [8]. Active magnetic
shielding utilises current loops to cancel the local magnetic field within the shielded area,
whilst passive magnetic shielding utilises materials with a high magnetic permeability to
redistribute the magnetic field distribution such that the field in the shielded area is lowered.
For magnetic shielding in MRI-Linac systems, the challenge is to design the magnetic shield
such that the very precise magnetic field needed for MRI imaging is not unduly perturbed.
Both passive and magnetic shielding have been proposed and implemented in MRI-Linac
systems [9, 10], although passive shielding has a number of features which make it attractive.
Firstly, passive shielding takes up very little space and can be made (indeed in general should
be made) conformal with the volume which is to be shielded, which is highly desirable in the
space constrained design of medical linacs. Secondly, passive shielding does not generate
heat. Heat management is crucial for stable accelerator operation, as deviations in
temperature result in thermal expansion and hence affect resonant frequency. Also, the
current loops themselves must be sufficiently cooled to avoid reaching dangerous
temperatures. Finally, passive shielding does not require an external power source. On the
other hand, one attractive aspect of active shielding is the fact it can be rapidly switched on
and off. This could be beneficial in an MRI-Linac approach whereby the imaging and
treatment functions were carried out separately. However, overall it seems likely that passive
shielding will be the preferred approach in MRI-Linac systems.

The utility of passive magnetic shielding has been known since at least the 16th century [11].
As such, there is a large amount of work in the literature discussing the mechanisms and
design of passive magnetic shielding. However, much of this work was before the advent of
modern computational electrodynamics, which resulted in some limiting assumptions being
made (very simple geometries and single valued permeability). In addition there has been
very little published work looking at magnetic shielding for MRI-Linac systems — results of a
passive magnetic shielding study in MRI-Linac was previously studied using modern
computational techniques in [8]. However, the scope of this work was quite specific, and a
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number of aspects remain unaddressed, such as the impact of: different shield geometries,
distance from the scanner, different shielding materials, shield layering, and different MRI-
Linac orientations. In this work, we aimed for a more general examination of passive
magnetic shielding, starting from first principles and using Finite Element Modelling to
examine the impact of different shield geometries, shield materials, MRI-Linac
configurations. In so doing, we hope to provide a useful data set which may be used for the
optimal integration of linacs with MRI. This work may also prove useful in other research
areas in which magnetically sensitive components must be used in close proximity to MRI,
such as interventional imaging suites [12] or linacs in adjoining rooms to MRI systems [13].

2. Theory and Background

The most widely adopted conceptual model of passive magnet shielding is the magnetic
shunting or magnetic circuit description, which describes the shield as providing a low
reluctance (and hence favourable) path for magnetic field lines to travel [14]. By providing a
more favourable pathway for magnetic field lines to travel through, the magnetic field inside
the shield can be reduced. Whilst this description is often useful, there are circumstances
when the magnetic shielding effect is not well described by such an approach. An alternative
conceptual model which can also be useful is to consider that often the field arising from the
magnetised shield tends to oppose the applied field (the so called ‘demagnetising field”). The
physical interpretation of magnetic shielding effects is explored in detail in ref [15]; to quote
directly from this paper, “[No single] listed mechanism taken separately can account for all
aspects of magnetic shielding. This effect can be described adequately only if a complex
approach is endorsed.”

In order to describe the effectiveness of a magnetic shield, we introduce the shielding factor;
K = Bnoshield/Bwithshield Equation 15

B can refer to either a point measurement or an average value within the sensitive volume.
Analytic solutions for the shielding factor provided by simple geometries can be derived
analytically; equations 2 & 3 show the approximate shielding factor for spherical [15] and
cylindrical [16] shells in a constant field. In these formulas R is the external radius and t is
the shell thickness. Equation 3 is for an infinite cylinder in a field applied perpendicular to
the axis.

Ksphere = % +1 Equation 16

Keyry =52 +1 Equation 17

The analysis for a cylinder in axial magnetic fields is more difficult; however in ref [17] a
formula for a finite cylinder with closed ends is presented which agrees quite well with
numerical simulation; this formula is outlined in equation 4.
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NelpPse s the demagnetisation factor of an ellipse having the same aspect ratio as the shield;
the demagnetisation field is the field which results from the magnetisation of the object.

In certain situations, the shielding factor can be substantially improved by utilising multiple
shells of high permeability material separated by low permeability material (e.g. air, copper,
foam, etc.) [18]. The mechanism for this effect can be explained in terms of the magnetic
shunting model as follows (paraphrased from ref. [18]); In order to shield a given volume, it
would be effective to surround it with material of either higher or lower permeability than the
surrounding volumes (in the latter case, invoking the magnetic shunting model, field lines
would tend to travel around the shield instead of through it). Although no materials with
permeability substantially lower than air are known (except superconductors), a similar effect
can be produced by utilising gaps of low permeability material spaced between high
permeability materials. In layered models, the thickness of the gap as well as the thickness of
each layer becomes important. In general, analytical work suggests that optimal or close to
optimal shielding is obtained when each the gaps and layers are around the same size. An
analytic expression for a two shell sphere has been derived in ref. [19], as well as for
cylinders in perpendicular [20] and parallel fields [21]. The resultant formulas are quite
complicated, and will not be reproduced here. Solutions for an arbitrary number of shells
have also been derived and can be found in the provided references.

Equations 2-4 provide an excellent starting point for the design of magnetic shields,
illustrating the general principles that the shielding factor increases as the magnetic
permeability and thickness (or layers) of a shield is increased, and decreases as the volume
being shielded increases. However, a number of factors limit the utility of these formulas for
real life applications. Materials exhibiting high enough permeability to be useful as magnetic
shield are ferromagnetic. Ferromagnetic materials are nonlinear; which means that p,. in
equations 2-4 is a function of the applied field. The relationship between applied field and
permeability is conventionally described by BH curves, where u = B/H and p, = u/u, [22].
Examples of BH curves for two commonly used magnetic shielding materials are shown in
Figure 1. In addition to the nonlinear behaviour of these materials, it can be seen that at a
certain point they become magnetically saturated; this occurs when a material cannot become
any more magnetised. Ferromagnetic materials are quite hard to account for in the analytic
approach, and even more so in the multilayer case where the applied field, and hence
permeability will substantially change from layer to layer.

Another limitation of the analytic approach is that it can only be used for very simple
geometries. In real world situations (such MRI-Linac therapy) it is often necessary to utilise a
shield which has complex geometry and various openings. Calculating the impact of such
perturbations using the analytic approach becomes very difficult. Given these limitations, a
more robust approach to shield design is to utilise computational electrodynamics such as
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Finite Element Modelling (FEM). Using FEM, non-linear materials and complex geometries
can easily be solved.
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Figure 34: BH curves for Carbon Steel 1020 and mu-metal.

In general, the design goal for a passive shield is simply to optimise the shielding factor in the
sensitive volume. However, shielding for MRI Linac systems introduces an additional
constraint: the shield must not cause large perturbations to magnetic field in the imaging
volume of the scanner. This is because MRI scanners utilise an extremely homogenous
magnetic field to create images, and the introduction of magnetic material in the vicinity of
the MRI scanner can cause perturbations in this field which can render the scanner useless.
The homogeneity of MRI magnets is conventionally assessed in parts-per-million (PPM)
within a set Diameter of Spherical Volume (DSV), even though the impact of inhomogeneity
is also dependent on field strength, such that “...a 1.0 T magnet with a homogeneity of 10
ppm and a 10 T magnet with 10 ppm of homogeneity would have image distortion and signal
loss problems due to static field inhomogeneities that differ in magnitude by approximately a
factor of ten” [23]. To produce high quality images, a value of less than ~10 is required [23].
In order to achieve these very low PPM values, a process known as shimming is utilised.
Even in the absence of a magnetic shield, shimming is typically required after the installation
of a new magnet to account for factors such as magnetic impurities, machine tolerance errors,
thermal contractions, mechanical stress during transport etc. [23].

An upper value of around 300 ppm from a magnetic shield has typically been quoted as being
recoverable by modern shimming techniques [8, 9, 24], although we could not actually find
any published literature where this value was tested. However, this value is useful to interpret
the results for induced distortion which are presented in section 4.6.
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3. Methods

3. 1. Comparison of analytical formulas to numerical simulation

In order to verify both the numeric simulation process and formulas 2-4, simple 2D models
were implemented in Comsol version 4.4 using the reduced field formulation of the
‘magnetic fields, no currents’ module. For cylindrical shields in perpendicular fields, an
infinite cylinder in 2D was tested. For cylindrical shields in axial fields, and for spherical
shields, 2D axisymmetric models were implemented. The relative permeability and thickness
of each shield was 2000 and 2 mm, and they were tested in a background field of 200 G. The
shield radii were varied between 25 and 200 mm. For the cylindrical shield in axial fields, the
shield length was 350 mm.

3. 2. Geometry and sensitivity of medical Linacs

In order to design a magnetic shield, two details are essential; the magnetic sensitivity and the
dimensions of the object being shielded (the latter constrain the shield geometry). The
dimensions of a 600C Varian Linac are shown in Figure 2. The outer dimensions were
measured directly from a 600C linac, whilst the inner dimensions (which in this work are
used for visualisation only) are based on ref. [5]. The linac can be considered to comprise two
sensitive sub-volumes; the electron gun, and the accelerating waveguide. As each of these
components show different sensitivity to magnetic fields, the shielding requirements will be
considered separately. The radius of the beam line along the linac is 2.5 mm, however to
account for positioning uncertainty between the Linac and MRI scanner and other errors, we
will consider a 5 mm radius along both the electron gun and linac as needing to be shielded.
These regions are indicated in Figure 2C.

For in-line fields, the electron gun current begins to drop off between 50-100 G [2, 4]. As
explained in chapter 3, there is some uncertainty in these values in the absence of accurate
geometrical measurements of the anode drift tube. Therefore, in this work we will assume
that the in-line fields in the electron gun must be less than 50G. In-general, in-line magnetic
fields do not strongly impact the target current of this type of accelerating waveguides [4],
although as explained in ref. [6] magnetic lensing effects occur which could have major
ramifications if not accounted for. Nevertheless, in this work we will assume that for the in-
line direction, only the electron gun needs to be shielded. For perpendicular fields,
functionality of both the electron gun and the Linac is strongly affected even at very low
fields [2, 3]. Based on ref. [3], even at 2 G the target current begins to decay. In this work, we
will therefore assume that transverse magnetic fields across entire electron gun and linac
structure must be less than 2 G, although in both orientations, even lower fields than
minimum standard would be preferred.
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Figure 35: Dimensions of a Varian 600C Lin165/105ac. A) Side view B) Back view (from gun end) C)
Cut view including the two regions which must be magnetically shielded, the gun region and the linac
region. All dimensions are in mm.

3. 3. Investigation of different shield geometries

There are two basic considerations when considering appropriate shield geometry. On the one
hand, it is desirable for the shield to conform as closely as possible to the volume being
shielded. On the other, it is desirable for the shape of the shield to be smooth in order to
maximise its efficacy as a magnetic shunt. In this section, the four different shield geometries
were implemented, and the impact on the shielding factors investigated (Figure 3). All shields
were designed to fit around the linac dimensions shown in Figure 2 with 2 mm of clearance.
Each geometry was solved in constant perpendicular and in-line fields of 200 G for three
different combinations of shield thickness and shield permeability; ST=2 and p,=2000, ST=4
and u,=10 000, and ST=2, u,= Carbon Steel 1020 BH curve (Figure 1). For each design, the
shield length was varied between 50 and 500 mm and the shielding factor in the electron gun
and linac region was recorded by dividing 200 G with the average field in the relevant
volumes (Figure 2C). 200 G is quite a high field to attempt to operate an accelerator in —
however, this makes it a suitably challenging environment to investigate magnetic shield
design. Also, when non-linear materials are used in lower fields, the shielding performance
will be better than calculated in higher fields as permeability typically increases in lower
fields. For the shields longer than 150 mm, the RF input waveguide must be explicitly
accounted for. In this section, the RF port was shielded with rectangular shielding to a height
of 100 mm from the centre of the shields (PH in Figure 3). Perpendicular fields were always
applied at right angles to the RF port to minimise the impact of the hole in the shielding.
There are important cables which must somehow get through the shield; in particular the high
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voltage line for the electron gun, and water cooling for the linac. We did not explicitly
account for these cables in this work; however with minor modification they could travel
either through the open end of the shield, or through the RF port hole.

As explained in ref. [8], the electron gun on a 600C linac is surrounded by a ferromagnetic
case which is designed to shield the gun from earth’s magnetic field. In this work, this casing
was not included in the simulations as the primary focus was the design of standalone
shielding, and including this casing would make these results more difficult to interpret. Also,
the material type and magnetic properties are not known. However, it should be noted that for
shielding of a 600C linac the gun shielding factor would in fact be higher than the results in
this work due to this additional shielding.

As in section 3. 1, the ‘magnetic fields, no currents’ module with reduced field formulation
was used to specify a constant magnetic field. The models were implemented in 3D. Each
model was solved in a background cylinder of radius 2 m and height 3 m. Further increasing
the background size had negligible impact on the results. In order to reduce the size of the
simulation domain, symmetry planes were exploited using the ‘magnetic insulation’ and ‘zero
scalar potential’ boundary conditions wherever possible. In practice this usually meant that
half the model needed to be solved. Second order quadratic mesh elements were used to mesh
the geometry. In the shield, the maximum mesh element size was set to the shield thickness
and the minimum element size to the shield thickness divided by 10. We verified that these
mesh settings adequately resolved the physics by running a simulation with doubled mesh
density; the shielding factors changed by less than 0.05%. For simulations where
ferromagnetic materials are used, an iterative solving technique is required to account for the
non-linear nature of the materials. In this work, we used the ‘double dogleg’ method. The
model was considered solved when the relative residual was less than 1E-2; the models in
this section typically resolved within 30 iterations.
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3. 4. Investigation of RF port shielding and partially closed
shields

Figure 36: The four different shield geometries which were tested in this work. PH is the height of the port shielding, SL is
the shield length, and ST is the shield thickness. All other dimensions are such that there is 2mm clearance around the
dimensions shown in Figure 2. In this figure, ST is set to 10 mm, SL 250 mm, and PH to 100 mm.
As explained previously, it is necessary to have (at least) two openings in the shields; one for
the RF port, and one for the beam to exit from (although the RF port only needs an opening
for shields longer than 150 mm). In this section, we quantify the impact of these openings,
and the impact of altering the height of the RF port shielding (PH in Figure 3) and partially
closing the open end of the shield. Based on the results from section 3. 3 (section 4.2), Shield
D was the best performed for all scenarios. Therefore, the remainder of this study focuses on
this design.

To test the impact of the port opening, the shield was solved with and without the port
opening, and the height of the port shield in the latter case was varied from 40 mm to 100
mm. Note that for shield D, having PH set to 40 mm is equivalent to simply having an open
hole in the shield, whilst PH=100 mm is what is shown in Figure 3D. To test how much
improvement could be derived from closing the end cap, the end cap was partially closed,
with a circular opening in the middle of radius 10 to 50 mm. Although the shield cannot be
fully closed as the beam needs to exit, it could be partially closed if this proves beneficial. As
shown in 4.2, for perpendicular fields the shielding factor increases as a function of shield
length, whilst for axial fields the optimal length of the shield depends on the thickness and
permeability of the shielding material. However, in order to close the front of the shield the
shield must be longer than the Linac; therefore, in this section we held the shield length
constant at 400mm. Steel 1020 (Figure 1 A) was used as the shielding material.
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3. 5. Investigation of multiple shield layering

Based on the theoretical studies of shielding, it has been shown that it is often beneficial to
split a given thickness of ferromagnetic material in multiple layers [25-27]. In this section, we
investigated the impact of layering the shield for axial and perpendicular fields.

Shield D was solved for 1 to 5 layers, with the total thickness of ferromagnetic material held
constant (i.e. for the 1 layer shield the thickness of the layer was 5 mm, and for the 5 layer
shield each layer was 1 mm thick). The gap between each layer was initially the same as the
thickness of each layer; as it was indicated in the literature that this should be the optimal or
close to optimal configuration [27]. In this section, the axial shield length was 200 mm and
the perpendicular shield length was 400 mm. This decision was based on the results from
sections 3. 3 & 3. 4, which indicated that for axial fields better shielding factors of the gun
were achieved with shorter shield length. However, it is important to note that this decision is
based on the assumption that there is no requirement to shield the linac in the in-line
configuration. It is important to take into account the non-linear nature of shielding materials
for layered simulations, as the field (and hence permeability) at each layer will change. Steel
1020 was used for these simulations. Next, to test the optimal spacing of each layers, the
spacing for the 5 layer shield was varied between 1 and 5 mm. Finally, we tested the impact
of using mu-metal (Figure 1) for the inner layers of the shields. Mu-metal is an extremely
affective magnetic shielding material, but only when the applied field is less than around ~10
G; beyond this it magnetically saturates (note that mu metal can still be used for higher fields,
but higher thickness or multiple layers must be used). One advantage of the layering
approach is that the outer layers can be used to reduce the field to the point that the mu metal
becomes useful. For this simulation, the layer spacing was set to 10 mm based on the results
of changing the layer spacing.

3. 6. Impact and efficacy of passive magnetic shielding fora 1.0 T
MRI magnet

In order to put the magnetic shielding principles which are developed in the preceding
sections into action, we utilised a previously developed Comsol model of the 1.0 Australian
MRI-Linac program magnet [24]. To test the impact and efficacy of passive magnetic shields,
various shield designs were incorporated into this model, and the distortion, average magnetic
fields in the volumes of interest, and shielding factors were calculated. The elliptical shield
shape (Figure 3D) was used in all cases, and all simulations were carried out in both the in-
line (axial) and perpendicular orientations. Carbon steel 1020 (Figure 1A) was used unless
otherwise stated. The simulations which were run were as follows: firstly, a single layer
shield of length 400 mm, thickness 20 mm, and PH=100mm was solved at SIDs from 900
mm to 2500 mm every 100mm. The SID was defined as the end of the linac region (Figure
2). Based on these results, it was decided to design passive shielding for an SID of 1.5 m in
both orientations. This is quite a challenging location to operate in for this magnet as the
fringe fields are still quite high; in the absence of any shielding, the average fields in the gun
and linac are respectively 715 G and 985 G (perpendicular) and 413 G and 504 (axial). The
following simulations were carried out to optimise the shield design in each orientation. First,
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the length of the same shield described above was varied between 100 mm and 400 mm in 50
mm steps. From here, the design of the shields in each orientation began to diverge based on
the results of each simulation (the parameters used in each case are described in the results
section 4.6). Next, shield thickness was varied between 1 mm to 20 mm every 1 mm), Shield
layering was investigated for up to five layers, and layer spacing was varied between 3 mm to
12 mm every 3 mm. In each case the optimal parameters were kept for the simulations that
followed. Finally, we investigated the impact of replacing the inner shield layer with mu-
metal.

4. Results

4.1. Comparison of analytical formulas to numerical simulations

Figure 4 shows the comparison between the analytic formulas 2-4 and Comsol simulations.
Very good agreement is obtained for a sphere and cylinder in perpendicular fields, whilst
somewhat lower agreement is obtained for a cylinder in longitudinal fields. This is not
particularly surprising, given that this is the most difficult case to analyse analytically. It is
also notable that whilst the analytic model appears to slightly overestimate the shielding
factor, it does quite accurately predict the shape of the curve. An interesting feature of both
the analytical and numerical results for a cylinder in axial fields is the peak in shielding factor
for a radius of ~75 mm. Considering equation 4, this maximum can be understood as by
considering the interplay between the transverse shielding factor and the demagnetisation
factor. The former decreases as the radius increases, whilst the latter increases. Also shown in
Figure 4 are examples of the magnetic field distributions in each case, with field lines shown
in black. It can be seen that the field lines tend to enter the material at around 90 degrees, as
expected from magnetostatic theory [28].
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Figure 37: Theoretical versus numerical shielding factors as the shield radius is vared for for A) a sphere B) a
cylinder in perpindicular fields, and C) a cylinder in axial fields. In each case, an example of the field distribution and
field lines around the shield is shown. The units on the colorbar in these images are in Gauss.

4.2. Shield design in constant magnetic fields

Figure 5 shows the shielding factor for axial fields in both the gun and linac for three
different factors of shield thickness and permeability. Figure 5SA and B are for linear
materials, whilst C is for (non-linear) Steel 1020. It can be seen that, similarly to Figure 4C in
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section 4.1, there is a peak in the shielding factor as a function of length, and that this peak is
dependent on both the permeability and the thickness of the shield. This maximum appears
particularly pronounced for ferromagnetic materials. Of the four shields tested, the simple
cylinder (shield A) performs the worst. Shields B and C offer a slight improvement in
shielding around the gun, whilst shield D performs the best overall for both the gun and linac
section. It also important to note that similar results regarding shielding efficacy are drawn
for all three permeability and thickness combinations tested here, including non-linear
materials — i.e. shield D performs the best for all situations.

Figure 6 shows the same results for perpendicular fields. Again, shields B and C offer some
minor improvements in the shielding factor of the gun, whilst leaving the shielding factor of
the linac unchanged. Shield D is again the best performed across all situations. It can be seen
that the shielding factor for the linac rises steadily as function of length. However, increasing
length also results in increasing the size of the system and amount of ferromagnetic material.
Based on these results, it would seem that to achieve good shielding of the linac in the
perpendicular configuration, a good compromise for shield length is around 400 mm. If the
length increases beyond this, the shielding factor still increases, but at a slower rate. As was
the case for the axial results, similar conclusions about the different shielding geometries are
drawn regardless of the particular thickness or permeability of the shield tested.

Shielding Factors in axial fields
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Figure 38: Shielding factors in axial fields for each of the four shield geometries shown in Figure 3. Different
combinations of permeability and thickness are plotted; A) thickness =2 mm, p,=2000 B) thickness=4 mm, p,-10 000,
C) thickness=2 mm, pn,=BH curve of carbon steel (i.e. the non-linear behavior is modelled here).
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Shielding Factors in perpindicular fields
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Figure 39: Shielding factors in perpendicular fields for each of the four shield geometries shown in Figure 3. Different
combinations of permeability and thickness are plotted; A) thickness =2 mm, p,=2000 B) thickness=4 mm, p,-10 000,
C) thickness=2 mm, p,=BH curve of carbon steel (i.e. the non-linear behavior is modelled here).

4.3. Investigation of RF port shielding and partially closed
shields

Figure 7 shows the impact of magnetic shielding around the RF port. For both axial and
perpendicular fields, the impact of shielding or not shielding the RF port is not particularly
pronounced in terms of the overall effect on the shielding factors. However, a surprising
result is obtained for axial fields: increasing the height of shielding around the port actually
results in a decrease in shielding factor, and the peak shielding factor is obtained when the RF
port hole is simply left open. Noting that the length of the shields was held constant at 400
mm in this section, the mechanism for this effect is again the demagnetising factor. When the
port hole is simply left open, the same mechanism which results in a peak in the shielding
factor as a function of length (Figure 5) results in increased shielding factor compared to the
case with no hole left for the RF port. For perpendicular fields, the results are closer to what
would be intuitively expected; as the height of shielding around the RF port increases, the
shielding factor also increases. For PH=100 mm, the shielding factors are very close to what
would be achieved with no hole left for the port at all.
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Impact of port height shielding
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Figure 40: The impact of increasing the height of the port shielding (dimension PH in Figure 3). A) Axial fields, and
B) Perpendicular fields. The solid lines show the shielding factor when the port hole is completely closed. Note that
PH=40 mm is equivalent to simply having an open hole for the shield. In this data, the shield length is 400 mm, the
shield thickness is 2 mm, and the material is steel 1020.

Impact of partially closing the end of the shield
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Figure 41: The impact of partially closing the open end of the shield around the linac. The solid lines show the value
when the shield is completely open, whilst the dotted lines show the impact of a closed shield with a circular opening
cut into the centre. In this data, the shield length is 400 mm, the shield thickness is 2 mm, and the material is steel
1020.
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4.4.

Figure 9 shows the impact of splitting a shield into multiple layers whilst holding the total
thickness of shielding material constant. It can be seen that this approach can have a dramatic
impact on the shielding factors. For axial fields, the shielding factor for the gun increases
from 36.0 to 56.0 at 4 layers, an improvement of 56%. (Note the shield length for the axial
case is 200 mm; in other words, no effort has been made to shield the linac region in Figure
9A). For perpendicular fields, the increase is even more pronounced; in the gun an increase of
165% is observed (62.6 to 166.1), and in the linac a 104% increase (50.4 to 102.4). Not that
although the thickness of shielding is held constant, there will be a small change in the total
volume of shielding material, e.g. the volume of the 5 layer shield of length 400 mm is 4%
more than the single layer shield.

Investigation of shield layering

Impact of splitting shield into layers
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Figure 42: Impact of splitting the shield into multiple layers whilst holding the total thickness constant at Smm. A)
Axial fields. Note the length of the shield here is 200 mm, and as such the linac region is not shielded. B)
Perpendicular fields. The length of the shield in this simulation is 400mm.

Figure 10 shows the impact of increasing the spacing between layers. The number of layers is
held constant at 4 mm and the thickness of each layer is 1.25 mm. For axial fields (Figure
10A), the gun shielding factor has a maximum of 73.7 at a layer spacing of 10.25 mm. This
represents a 105% increase on the shielding factor of the single layer shield, and a 32%
increase compared to the initial spacing of 1.25 mm. For perpendicular fields, maximum
shielding factor factors in the gun and linac are 404.2 and 173.0 respectively, again for a
layer spacing of 10.25 mm. These values represent increases of 548% and 243% compared to
the single layer case, and 252% and 72% compared to the initial layer spacing. It can also be
seen that when the spacing is increased beyond 10.25 mm, the shielding factors start to
decrease. This also occurs for the axial case although it is not as obvious. When the material
innermost layer was replaced with mu-metal and the spacing kept set to 10 mm, even more
substantial improvements in shielding were seen; for axial fields, the gun shielding factor
increased to 252.7 — a further increase of 240% to the layered steel shield. For perpendicular
fields, the gun shielding factor increased to 16047, and the linac shielding factor to 2612.
This represents percentage increases of 3900% and 1400% on the steel shields! Figure
11shows the field distribution in the layered shields with an inner mu-metal layer.
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These results show that care must be taken in choosing the number and configuration of
shield layers. The obvious disadvantage in increasing either the number of layers or
(particularly) the spacing of layers is the total volume taken up by the magnetic shield will
increase. The significance of this depends on the extent to which one is volume constrained.
In the case of MRI-Linacs, it is unlikely to be a major issue. However, what has yet to be
assessed is the impact on magnet homogeneity of these techniques. The fact that utilising
shield gaps substantially larger than the thickness of each layer yielded these improvements
came as something of a surprise, given the literature had indicated that maximal shielding
should be obtained when the thickness and the gap were equal or approximately equal [27].

Impact of spacing between layers
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Figure 43: Impact of increasing the spacing between layers for A) Axial fields, and B) Perpendicular fields. In this
data, there are 4 layers, each of thickness 1.25 mm. The shield length for the axial simulations is 200 mm, whilst for
the perpendicular case it is 400 mm.
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Figure 44: Examples of the magnetic field distribution in one of the shield designs. These shields had a total
thickness 5 mm split across 4 layers, with the inner layer being made of mu-metal and the outer three carbon steel
1020. The shield length for axial fields is 200 mm, and the perpendicular case is 400 mm.
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4.5. MRI magnet model

The MRI model with no magnetic shielding solved in around 5 minutes, and had
homogeneity of 7ppm within a 30 cm DSV. Figure 12 shows an example field plot from a
converged solution, whilst Figure 13 shows the fringe field in both the axial and
perpendicular directions as a function of distance from the magnet.
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Figure 45: An example of a solved simulation of a magnetic shield. The fields and field lines are potted on a log scale

as indicated by the color bar. In this instance, the shield is 400 mm long and 20 mm thick. In this case, the shield is in
the ‘in-line’ configuration.
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Figure 46: the absolute magnetic field of the MRI scanner in both the axial and the perpendicular direction. Note that
the Y axis uses a log scale.
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4.6. Impact of magnetic shields on MRI magnet homogeneity

Figure 14 shows the impact of incorporating a large (length=400 mm, thickness =20 mm)
elliptical shield into the MRI model at various SIDs. The main consideration here is the DSV
distortion (Figure 14A), as the goal of this simulation was not to design an optimal shield, but
rather to get a sense of the distortion which could be induced. It can be seen that overall, the
distortion falls well below the 300 ppm criteria. Only two data points exceed this, (they are
not shown on the graph as the distort the range too much) For the axial orientation at SIDs of
900 mm and 1000 mm, the DSV distortion was 1090 and 589 respectively. Also, in general
the distortion is less in the perpendicular direction than the axial direction (the exceptions to
this statement are around the zero field position in the axial direction at 1243 mm (Figure 13).
This is quite an interesting result, as the perpendicular field is substantially higher than the
axial field (Figure 13), and as such one might intuitively expect the shield would become
more magnetised and hence induce greater distortion. The following simulations all utilised
an SID of 1500 mm.

Impact of varying SID
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Figure 47: The impact of varing the SID on A) The distortion in the DSV B) The magnetic fields within the gun and
linac volumes and C) on the shielding factors of these volumes. The shield simulated here was a single layer shield of
thickness 20 mm, length 400 mm and with the port height shielding set to 100 mm from the centre of the shield.
Figure 15 shows the impact of varying the shield length. Again, it can be seen that for the
same shield geometry the axial configuration tends to induce more distortion than the
perpendicular orientation. Also, there is a peak in the axial shielding factor of the gun as a
function of length, similarly to what was observed in the preceding sections. Based on this
data, the shield length of the perpendicular shield was set to 400 mm, and the axial shield to
200 mm. For the axial case, we again assume that shielding of the linac is not an important
consideration. (Also, slightly better shielding could be obtained for a shield length of 250
mm, but by keeping it at 200 mm we better avoid mechanical interference with the RF port).
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Impact of varying shield length
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Figure 48: The impact of varying the shield length on A) The distortion in the DSV B) The magnetic fields within the
gun and linac volumes and C) on the shielding factors of these volumes. The SID for this simulation was 1500 mm,
and the shield thickness was 20 mm.

Figure 16 shows the impact of varying the shield thickness. Again, it is important to stress
that the axial shield had a length of 200 mm at this point compared to 400 mm for the
perpendicular case. This explains the fact that the perpendicular shields in this case induce
more distortion in the DSV. It can be seen that increasing the thickness results in a steady
increase in both distortion and shielding efficacy. However, at some point it becomes
inefficient to continue to increase the shielding thickness as the increase in shielding efficacy
begins to slow. Based on this data, the thickness of the axial shield was set to 10 mm, and the
perpendicular fields 20 mm.

Impact of varying shield thickness
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Figure 49: The impact of varying the shield thickness on A) The distortion in the DSV B) The magnetic fields within
the gun and linac volumes and C) on the shielding factors of these volumes. The SID for this simulation was 1.5 m. A
different shield length was used for the two different MRI-Lianc orientations on the basis of Figure 15; the axial set
up had a shield length of 200 mm and the perpendicular congiuration had a shild length of 400 mm. This is the
reason that the perpindicular shield induced higher distortion than the axial set up.

Figure 17 shows the impact of splitting the shield into different layers. For the axial fields,
small increases in both the shielding factor and induced distortion were observed. For
perpendicular fields, a large increase in the shielding factors is observed — for instance the

gun shielding factor goes from 147 to 1428, with an associated magnetic field in the gun of
4.7 G to 0.5 G, and causes only a small increase in distortion (38 ppm to 58 ppm). On the
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basis of this data, the axial shield was split into three layers, and the perpendicular shield into
five layers.

Impact of varying number of layers
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Figure 50: The impact of varying the number of layers on A) The distortion in the DSV B) The magnetic fields within
the gun and linac volumes and C) on the shielding factors of these volumes. The SID for this simulation was 1.5 m. A
different shield length and total thickness was used for the two different MRI-Lianc orientations on the basis of the
data in Figure 15 & Figure 16; the axial set up had a shield length of 200 mm and total thickness of 10 mm and the
perpendicular congiuration had a shild length of 400 mm and total thickness of 20 mm.

Figure 18 shows the impact of increasing the spacing between each layer. In constant fields,
this yielded quite large increases in the shielding factors (Figure 10) however this effect is not
reproduced to the same extent here. When the spacing is increased from 3 mm to 6 mm, a
moderate increase in the shielding factors is observed (for perpendicular fields, the gun
shielding factor increases from 1279 to 1494, for axial fields from 88.8 to 96.21). Beyond
this, the shielding factors begin to drop. Again, the impact on DSV distortion is quite small.
On this basis, the spacing was set to 6 mm for both cases. The shielding factors, magnetic
fields in the volumes of interest, and induced distortion in the MRI scanner for the final
shield geometry are outlined in Table 1.

Impact of varying layer spacing
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Figure 51: The impact of varying the layer spacing on A) The distortion in the DSV B) The magnetic fields within the
gun and linac volumes and C) on the shielding factors of these volumes. The SID for this simulation was 1.5 m. A
different shield length and total thickness was used for the two different MRI-Lianc orientations on the basis of the
data in Figure 15, Figure 16 & Figure 17; the axial set up had a shield length of 200 mm, total thickness of 10 mm and
three layers. The perpendicular congiuration had a shild length of 400 mm, total thickness of 20 mm, and 5 layers.
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Table 7: Parameterisation, impact, and efficacy of the shield designs which were arrived for shielding at an isocentre
of 1.5 m in the 1.0 T superconducting MRI magnet. Note that the thickness of each layer is the total thickness divided
by the number of layers. The shape of each shield is very similar to those shown in Figure 11, although the
parameterisation is different.

Parameter In-line shield Perpendicular shield
SID 1500 mm 1500 mm
Total shield thickness 10 mm 20 mm
Shield length 200 mm 400 mm
Number of layers 3 5

Port height shielding 0 100 mm
Gun shielding factor 96.2 1494
Average field in gun 43G 05G
Linac shielding factor 1.4 478
Average field in linac 3548 G 21G
Distortion induced in DSV 18 ppm 57 ppm

5. Discussion

In this work, passive magnetic shielding for MRI-Linac systems was explored. This was
undertaken in two phases. In the first phase, basic principles of magnetic shielding were
explored based references available in the literature and simulations within a constant
magnetic field environment. In the second phase, these principles were utilised to design
passive magnetic shields in both the perpendicular and in-line MRI-linac orientations of a
superconducting 1.0 Tesla MRI magnet.

The advantage of simulating shields in constant magnetic fields (Section 4.1 to 4.4) is
advantageous as the models can be more quickly solved; also the results tend to be cleaner
and simpler to interpret. Using this approach, we demonstrated the impact that different
shielding geometry can have on shielding efficacy (Figure 6). It was shown that an elliptical
shield shape was superior to the previously presented cylindrical shield shape [8] across a
wide range of scenarios, despite the fact that it actually contains less ferromagnetic material
than a corresponding cylindrical shield (e.g. for length 400 mm and thickness 20 mm, the
elliptical shield volume is 17% less than the cylindrical shield) and as such is expected to
induce less distortion into the magnet. We also showed that for the in-line case, there is a
peak in the shielding efficacy as a function of length. A similar effect was observed in [8],
which was ascribed to saturation effects. Although saturation may play a role, the fact that
this effect was also observed in linear shield models (Figure 5) shows that this is not the main
cause of this effect; instead this effect is a result of the demagnetising fields from the shields.
In fact, it makes sense that there must be peak at some length when one considers the fact that
for both zero length infinite cylinders in axial fields, the shielding factor must be zero [15].
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Also in this section, we observed that the same shield shape tends to have much better
shielding efficacy in perpendicular fields than axial fields (Figure 5 and Figure 6). We also
investigated the effect of the two shield openings (one for the RF port, and one at the end of
the linac) in the constant field environment and found that the impact tended to be quite small
(Figure 7 & Figure 8). For this reason, the shields were left open ended throughout the
remainder of the study as this also facilitates ease of installation and access. For axial fields,
shielding around the RF port was actually a disadvantage. Again the mechanism for this
counterintuitive result is that the demagnetising fields are decreased by shielding the port.

In phase two of the study, we aimed to apply the principles learnt in the first phase to develop
passive magnetic shields for a 1.0 Tesla MRI magnet (Section 3. 6). A number of comments
can be made about the findings of these simulations. Firstly, the distortion induced in the
DSV of the magnet was in general quite low compared to the 300 ppm limit that is
conventionally adopted. An interesting finding of this work is that the distortion tended to be
lower in the perpendicular configuration when the same shield geometry was solved (Figure
14 and Figure 15). Given that the fringe field of the magnet is actually substantially higher in
the perpendicular direction (Figure 13), this leads us to hypothesise that this is a result which
could be extended to other magnets as well. Coupled with the fact that shielding factors tend
to be intrinsically higher for perpendicular fields (Figure 5 & Figure 6), this goes some way
to compensating for the fact a much larger volume needs to be shielded and substantially
increased sensitivity in the perpendicular orientation (Section 3. 2).

We aimed to implement passive shields at an isocentre distance of 1.5 m. The fringe fields
were still quite high here, so this was considered a challenging case (Section 4.6).
Nevertheless, we were able to reduce the fields to well below those which we initially aimed
for (section 3. 2). In the axial direction, the field in the gun was reduced from 413 Gto 4.3 G
at a cost of 18 PPM induced distortion. In the perpendicular direction, the fields in the gun
have been reduced from 715 G to 0.5 G, and in the Linac from 985 G to 2.1 G, at a cost of 57
PPM distortion. In both cases, the induced distortion is well below the 300 PPM limit. (It is
worth noting however that the magnetic shields are far from the only parameters which
influence linac homogeneity). In terms of designing a magnetic shield in magnetic fields, we
suggest the approach we took her (sequentially optimise length, thickness, and layering) is
the best way to approach the first run of a magnetic shield. The basic shield which results
from this process could then be further optimised if necessary (this is discussed below).

A few limitations and suggestions for future work should be mentioned. Firstly, we have not
addressed in this study is the practical fabrication and implementation of magnetic shields.
Fabrication is important is the processing of magnetic steel can affect the magnetic
properties. Also, real magnetic materials exhibit hysteric effects, which are not included in
this study; nor are the effect of magnetic domains. In addition, the exact BH curve of the
material from which the shield is constructed may not be precisely known. For all these
reasons, there is expected to be some variation between simulated results and experimental
results; we hope to quantify this in future work. Magnetic shielding material is normally sold
in thin layers; therefore in order to fabricate a shield of s given thickness, the simplest
approach is probably to 3D print a cast of the desired shape and wrap an appropriate number
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of layers around it. Closely spaced layers of thin material should behave quite similarly to a
single thicker layer. Shield layering could then be achieved by adding spacers of any
nonmagnetic material (foam, rubber, cloth, etc.). A more finessed approach would be to have
the desired shield formed from scratch; of course this would also involve additional expense.

Secondly, throughout this study, we assumed that the linac did not have to be shielded in the
in-line direction. A number of studies have demonstrated that beam current loss is minimal in
the linac for axial fields .On the other hands, magnetic lensing effects can occur which cause
the spot size to either focus or defocus [4, 6]. Over focusing of the electron beam could lead
to target life time issues. For this reason, whilst it is possible to operate the linac unshielded,
the magnetic field environment it is operated in should still be chosen with care.

Because a non-linear solver is used in this study, the starting point of the solver can result in
slightly different final solutions. This did not cause any measurable difference in the
shielding factors, but we did observe that the PPM values could vary slightly (on the order of
1 PPM) when different runs of the same geometry were solved. This effect can be seen can be
seen for instance in the axial series of Figure 18, which was ruin over a few different times
instead of one smooth parametric sweep. The PPM is by definition a very sensitive quantity
(parts per million) and this is why a small effect can be observed. This could be reduced by a
reduction in the stopping criterion of the non-linear solver; however this would substantially
increase the solving time and the small variations seen in the ppm values are not considered
important.

Finally, although we have demonstrated the appropriate principles to be taken into account in
shield design, we have not designed or attempted to design truly optimal shields. This could
be achieved in a proper optimisation framework where the distortion induced in the DSV was
minimised while requiring a certain maximum or average field within the volume of interest.
In particular, the thickness and spacing of successive layers could be optimised further than
we have done here.

In this work, the fundamental principles of passive magnetic shielding have been explored in
an FEM framework, and then applied to the design of passive shielding of linear accelerators
for MRI-Linac systems. Passive magnetic shields were designed for an Isocentre of 1.5
meters in both the axial and in-line directions which reduced the magnetic fields in the linac
and gun region to levels such that the linac should perform acceptably. The distortion induced
in the MRI magnet was 18 ppm for the in-line orientation and 57 PPM for the perpendicular
orientation, both falling well below the upper limit of 300 ppm.
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Abstract

Purpose

MRI guided radiotherapy is a rapidly growing field; however current electron accelerators are
not designed to operate in the magnetic fringe fields of MRI scanners. As such, current MRI-
Linac systems require magnetic shielding, which can degrade MR image quality and limit
system flexibility. The purpose of this work was to develop and test a novel medical electron
accelerator concept which is inherently robust to operation within magnetic fields for in-line
MRI-Linac systems.

Methods

Computational simulations were utilised to model the accelerator, including the thermionic
emission process, the electromagnetic fields within the accelerating structure, and resulting
particle trajectories through these fields. The spatial and energy characteristics of the electron
beam were quantified at the accelerator target and compared to published data for
conventional accelerators. The model was then coupled to the fields from a simulated 1 T
superconducting magnet and solved for cathode to isocenter distances between 1.0 and 2.4
meters; the impact on the electron beam was quantified.

Results

For the zero field solution, the average current at the target was 146.3 mA, with a median
energy of 5.8 MeV (interquartile spread of 0.1MeV), and a spot size diameter of 1.5 mm Full-
Width-Tenth-Maximum (FWTM). Such an electron beam is suitable for therapy, comparing
favourably to published data for conventional systems. The simulated accelerator showed
increased robustness to operation in in-line magnetic fields, with a maximum current loss of
3% compared to 85% for a conventional system in the same magnetic fields.

Conclusions

Computational simulations suggest that replacing conventional DC electron sources with an
RF based source could be used to develop medical electron accelerators which are robust to
operation in in-line magnetic fields. This would enable the development of MRI-Linac
systems with no magnetic shielding around the linac and reduce the requirements for
optimization of magnetic fringe field, simplify design of the high-field magnet, and increase
system flexibility.
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1. Introduction

Several research groups are developing coupled medical linear accelerator and Magnet
Resonance Imaging devices (MRI-Linac). The goal of these efforts is to enable in-room MRI
for anatomic and physiological treatment adaptation and response monitoring [1]. Integration
of these two devices is challenging, as both produce external electromagnetic fields, and the
combined device must function within the net electromagnetic field environment. The
resultant electromagnetic coupling of the two devices results in many engineering and design
challenges, one of which is the production of an acceptable treatment beam - the subject of
this paper.

Typical treatment beam requirements for photon radiation therapy are beam energy of 4-20
MYV and dose rate on the order of 500 cGy per minute at the treatment isocenter [2]. A simple
medical linear accelerator (linac) can be considered to comprise of two subcomponents: a
thermionic electrostatic electron gun which serves as the source of the beam, and a series of
coupled resonant radiofrequency (RF) cavities which are used to accelerate the electron beam
to MeV energies. The accelerated electron beam is then typically collided with a tungsten
target to produce a bremsstrahlung photon beam. It is challenging to operate a linac in MRI-
Linac systems, as moving electrons are subjected to Lorentz forces from the magnetic fields
of the MRI scanner. If not compensated for, this can cause severe aberrations in the linac
behaviour, up to and including complete beam loss [3, 4]. The exact behaviour of a linear
accelerator when subjected to external magnetic fields depends on the magnitude and
orientation of those fields. As such, the orientation of the accelerator with respect to the MRI
scanner becomes important. Two orientations are feasible; the in-line setup, in which
electrons are accelerated in the same direction as the magnetic field of the MRI-scanner, and
the perpendicular setup, in which the electrons are accelerated perpendicular to the magnetic
field. Each of these configurations has unique advantages and disadvantages associated with
it which have been discussed elsewhere [S] — however, if one considers particle acceleration
in isolation, then the in-line configuration is indisputably the superior option. This is because
magnetic force on a charged particle is minimised when the particle is travelling in the same
direction as the magnetic field lines (to be precise, the magnitude of magnetic force is zero
when a particle travels parallel to a magnetic field, and maximal when it travels
perpendicular).

The effects of both in-line and perpendicular magnetic fields on linear accelerator operation
have previously been studied via computational simulations. For the perpendicular case, total
beam loss occurred at 14 G, and 45 % at 6 G [3, 4]. This means that in order to produce a
treatment beam for the perpendicular orientation, the linac must be operated in a near zero
field environment. This can be achieved by modifying the magnet and magnetically shielding
the linac [6] — however, MRI magnet design (and redesign) is not a trivial task, and magnetic
shielding perturbs the field homogeneity in the imaging volume of the MRI scanner. For the
inline case, the maximum beam loss was 79 %, which occurred at a field of 600 G [3, 7]. It
was also shown that the effect of magnetic fields on the electron accelerator is nearly entirely
on the electron gun — that is, operation of the accelerating cavities is largely unaffected [8, 9].
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As such, to produce a treatment beam in the in-line orientation, the only component which
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Figure 52: A) conventional medical electron accelerator utilizing a steady state stream of electrons, however B)
performance is compromised in in-line MRI-Linac systems. C) In this work we are proposing a novel electron
accelerator utilizing an RF electron source which is robust to operation in magnetic fields.

needs to be customised is the electron gun. Two solutions for operating the electron gun in in-
line magnetic fields have been proposed. The first is to redesign the optics of the electron gun
taking the presence of in-line magnetic fields into account such that the modified gun
functions within these fields [9]. The second is to place magnetic shielding around the gun
such that the field is reduced enough that acceptable gun performance is obtained [10]. Both
these approaches were shown to be very effective, however both have drawbacks. Redesign
of the gun optics requires a bespoke gun design for each different field it is to be used in. The
published solution operates optimally only in the relatively high field of 1000 G or higher,
and it is not clear if acceptable solutions of this nature exist at lower field strengths. The
alternative, ferromagnetic shielding, causes distortion in the imaging field of the MRI
scanner. This distortion can be corrected up to a point, as evidenced by current first
generation MRI-Linac systems which successfully utilize magnetic shielding for either the
electron gun or the entire linac [1]. However for higher field strengths and smaller SIDs, this
becomes more difficult. It also limits the flexibility one has with which to compensate for
other components which can cause magnetic distortion or require shielding, such as multi leaf
collimators [11, 12].

The ideal accelerator for in-line MRI-Linac systems would be robust to operation in a range
of field strengths without magnetic shielding. A solution which could meet these criteria and
that has not previously been explored is a radiofrequency (RF) electron gun based system. As
the name implies, instead of the steady state fields used to produce an electron beam in
conventional systems, RF electron guns utilise RF fields. RF guns are widely used in other
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particle accelerator fields, for instance as injectors to synchrotron beams [13]. An RF gun
based accelerator has two theoretical advantages over a DC based gun setup for MRI-Linac
systems. (1) The beam is accelerated to relativistic velocities over a much shorter distance,
resulting in a ‘stiffer’ electron beam which is more difficult to bend, and (2) the cathode is
subjected to much higher electric fields, which could reduce the need for transverse beam
focusing — the main problem with conventional electron gun operation in in-line MRI-Linac
systems [9]. The purpose of this paper was to investigate these hypothetical advantages, and

determine if an RF-gun based accelerator could produce a beam suitable for radiotherapy
treatments.

2. Methods and Materials

Computational simulations were utilised to investigate the behaviour of an RF gun based
accelerator in in-line magnetic fields.

2.1.Model of thermionic emission

In conventional medical DC electron guns, a relatively low (kilovoltage) electrostatic field is
applied to a thermionic cathode, resulting in space charge limited thermionic emission (the
space charge of the beam limits the emitted current).

Table 8: Parameter values used in
a5l | Richardson’s equation (Equation 1)
’ Conventional Linac: /
| Space Charge i
e limited cathode\ his worke Parameter | Value
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Figure 53 Theoretical current extracted from a
thermionic cathode versus potential difference. Note
that the potential here includes the field of the extracted
beam itself, and is assessed at a distance 0.5 mm from
the cathode

Chapter 5 Page 113



]TL = AT? exp —-w Equation 19: Richardson’s law for temperature limited thermionic emission. A
kpT is Richardson’s constant, T is temperature, w is work function, and kp is
Boltzmann’s constant.

]SC - KV3/ 2 Equation 20: Child’s law for space charge limited emission. K is a geometry
dependent constant often termed the perveance, and V is the electric potential
assessed close to the cathode (a typical sampling distance would be 0.5 mm)

Equation 21: Thermal emittance on the surface of a thermionic cathode (in m
10 k b T rad), where 7 is the cathode radius, k, is Boltzmann’s constant, T is the
cathode temperature, m, is the electron rest mass, and c is the speed of light.

2 |mgc

In the proposed configuration, the megavoltage electric field at the cathode is constantly
changing as the electric field oscillates back and forth. Half the time no current will be
emitted at all as the electric field is pointing in the wrong direction. For the other half, current
emission is modelled using Richardson’s law for temperature limited thermionic emission
(Equation 1), which describes the current extracted from a thermionic cathode assuming no
space charge effects. This emission model is appropriate as the electric field in the RF cavity
is hundreds of times higher than that in a DC electron gun, and temperature limited emission
will dominate over space charge limited emission. An estimate of the total space charge
limited contribution to the current can be obtained as follows: an accelerating RF pulse is
defined by an input value for the peak RF field at the cathode. The point at which the cathode
becomes temperature limited is then calculated; i.e. where Jsc (Equation 2) > Jy (Equation
1). The remainder of the pulse, which is considered space charge limited, is spilt into 10 bins,
and in each bin the space charge limited current is calculated according to Equation 2. The
electric field is converted to potential difference for Child’s law using V=E.d, where d was
chosen as 0.5 mm — a typical value for this kind of calculation. Using a value of 4 MV/m for
peak field at the cathode we estimate space charge limited emission will account for less than
5% of the emitted current. As will be seen in the results section 3.2), 4 MV/m is a very
conservative value. Higher fields further limit the impact of space charge. The values used in
Richardson’s equation are show in Table 1, and match commercially available cathodes and
experimental observations [14-16].

The transverse RMS emittance of the beam is often used as a figure of merit to quantify
electron beam quality [17]. For a thermionic cathode, the intrinsic, or thermal RMS emittance
is given by Equation 3 and is generally considered a lower bound on what can be practically
achieved [17, 18].

2.2. Radiofrequency field calculation

The next step was to calculate the RF fields to which the electrons will be subject while in the
accelerating structure. We have utilised the basic S band cavity design presented by St. Aubin
[19]. This basic structure was staggered to develop an RF structure with five full accelerating
cavities and one half cavity (Figure 4). The fields within the cavities are solved using an
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eigenmode solver (CST, Darmstadt, Germany). The solver is based on the finite element
method and utilises a tetrahedral mesh with quadratic shape functions. An adaptive meshing
strategy was utilised such that the discretisation error in the frequency of the returned solution
was less than 0.5 MHz. In order to minimise computational cost, a lossless eigenmode solver
was utilised, which assumes perfect conductivity at all boundaries — a reasonable
approximation for copper. The losses in the waveguide were calculated as a post processing
step, which uses perturbation theory based on the magnetic field distribution at the walls. A
conductivity of 5.8x10” S/m (copper) was used. Further details on this method can be found
in [20]. A small ring like structure was added around the cathode in order to increase the
radial focusing fields at the point of emission.

2.3.Particle trajectories

In order to calculate the particle trajectories, the RF fields from section 2. 2) were imported
into a Particle in Cell (PIC) solver (CST, Darmstadt, Germany) as ASCII files. The electric
fields in the central region where the radial coordinate is less than 5 mm were sampled on a
0.1 mm Cartesian grid, whilst all other fields were sampled on a 1 mm grid. The resulting
ASCII data took up around 6 Gb of disk space. The PIC solver is a fully integrated solution
which incorporates space charge and wake field effects of the electron beam based on the
finite integration technique (FIT), a formulation of the finite difference time domain (FDTD)
method. Exactly the same geometry as in section 2. 2) is used. The waveguide structure was
discretised into 4.97e6 hexahedral mesh cells. The electron source was defined based on the
data from section 2. 1). Particle tracking was carried out over a time period of 1850 ps,
representing around 6 RF cycles and 2 full electron bunches at the target plane. Rather than
explicitly simulate each individual electron trajectory, electrons are grouped into macro
particles. Each macro particle in this work represented around 200 electrons, and around 3
million macro particles reached the target in each simulation.

2.4. Beam Assessment at the Target

In order to assess the performance of the RF gun based accelerator, a beam monitor was
placed at the exit of the simulation; particle information was scored as it crossed this monitor
and exported to Matlab for further analysis. The mean current, spatial and energy
distributions were evaluated to assess suitability of the beam for radiotherapy treatments. The
normalised emittance at the target was calculated using Equation 4 [17]. Note that we
calculate normalised emittance instead of the geometric emittance which has been used in
previous recent publications in this journal [3, 9, 10, 19, 21, 22]. This is because the former
quantity is a more appropriate and robust metric in instances where the beam energy is
changing [17, 23]. If it is assumed that if the relativisticy and [ distributions are single

valued, normalized emittance can be also described as &z = N / By [17], where &; is the

geometric emittance which has been utilised in other recent publications [9, 19, 21].

Equation 22: Normalized emittance of a particle beam, where x is the x
EN= \/ <x2)<P925)—( x-px>2 coordinate, and p, is the scaled momentum, defined using the special relativity
parameters such that p,=ypx.
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2.5. Back-bombardment power

An issue for all microwave accelerators which utilize a thermionic cathode is back
bombardment. This refers to electrons which are accelerated back towards the cathode, where
they deposit unwanted power. This has two effects — firstly, it can damage the cathode and
reduce its lifetime. Secondly, whilst the RF is on (~ 5 us in medical systems), the temperature
of the cathode can be expected to rise steadily at a rate dependent on the power being
delivered by back accelerated electrons [2, 18, 24]. As such, back bombardment is one of the
principle effects which limit the achievable pulse length in thermionic guns used in both
accelerator physics and in therapeutic systems. Conventional DC medical electron guns can
be expected to have two advantages compared to the RF type cathode described here when
considering back bombardment. Firstly, because they are operated in a space charge limited
mode of emission (as opposed to temperature limited) the impact of additional heating during
the pulse should be smaller. Secondly, any electrons striking a DC cathode have to first
navigate the anode drift tube and overcome the DC electric potential of the electron gun —
meaning a cathode in a DC system has inherently greater protection from back bombardment.

In order to quantify the extent of back bombardment occurring in the proposed design, the
back accelerated electrons striking the cathode plane in the simulation described in section
2.3) were exported to matlab for further analysis. In order to compare this to a conventional
system, the RF source from section 2.1) was replaced with a DC source exported from an
Opera electron gun simulation which has been previously described [9, 22]. The particles
striking the wall of the first cavity of this simulation were imported into a separate PIC
simulation which incorporated DC electron gun geometry along with the associated
electrostatic field, and the electrons reaching the DC cathode were exported to matlab. As
will be seen in section 3.4) it takes some time for back bombardment power to reach a steady
state, so the simulation time was extended to 4000 ps for these simulations.

2.6. Performance in magnetic fields

In order to assess the performance of the RF gun accelerator in the presence of in-line
magnetic fields, the particle in cell model from section 2. 3) was coupled to a previously
published model of a 1 Tesla MRI magnet [11]. This magnet is being constructed for the
Australian MRI-Linac program [5]. Since this field is axially symmetric in the in-line
orientation, it can be characterised by the central axial field as outlined in [9]. This field
expansion is accurate to within a few gauss within the 2.5 mm radius beam line of the present
accelerator structure. CST contains a built-in interface for adding a magnetic field in this
manner which was utilised. The simulation was repeated for cathode to isocenter distances
from 1 to 2.3 meters in 0.1 meter steps; the magnetic field at the cathode ranged from 141 to
2186 G over this range. For each step the beam assessment was repeated. Note that the source
to isocenter distance (SID) is approximately 300 mm smaller than the cathode to isocenter
distance.
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3. Results

3.1. Model of thermionic emission
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Figure 54: Comparison of the electron current from a conventional and RF electron source at the beginning (source)
and end (target) of the accelerator. Note that current is not a particularly well defined concept when dealing with
electron bunches over short time scales, and this is the cause of the variability in the target current peaks.

Based on Equation 1, a cathode of radius 2 mm and work function 1.8 eV operated at a
temperature of 1245 K will emit a current of 600 mA in the temperature limited regime.
These values are all well within the capabilities of modern tungsten dispenser cathodes [14].
Figure 3 shows a plot of the net current passing through a plane placed 1 mm in front of the
start of the accelerating waveguide and at a plane at the end of the accelerating waveguide for
the RF based electron source and a DC based electron source. The conventional DC source
modelled here is the diode gun published by St. Aubin [22] and frequently utilised in
publications in this area [9, 10, 21]. It can be seen that whilst the source currents of the two
electron sources show considerable difference, the target currents for the RF based model and
the DC based model are very similar. The mean target current of the RF based source is 146.3
mA; well within the current requirements outlined by Karzmark for a low energy medical
linac and experimental values for similar systems [2, 22]. Also, if needed the current can be
further increased by increasing either the size or temperature of the cathode. As such, we
conclude that a temperature limited RF cathode can easily generate the target currents
required for radiotherapy. The expected thermal emittance of the electron beam on the
cathode surface is 0.46 mm mrad (Equation 3).
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3.2. Radiofrequency field calculation

The electromagnetic field solution is shown in Figure 4 (Multimedia view).

Table 2 shows the frequency, shunt impedance and quality factor for a single uncoupled
accelerating cavity and for the final coupled structure. For comparison, previously published
values for the same accelerating cavity are also included. Although further optimisation of the
RF structure could be undertaken, we did not do this as our goal was to provide a proof of
principle, and this was achieved with minimal modifications to the original geometry.

E field (V/m)

150 200 2680

0 80 100
position {mm)

Figure 55: (A) The accelerator structure used and the electric field eigenmode solution (B) The axial electric field
along the length of the accelerator (Multimedia view)
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Figure 56: A) shows a cutaway view of the focusing ring around the cathode, shown in blue. B)

shows the impact of this structure of the radial fields, plotted 1 mm in front of the cathode. Note

that the asymmetry evident in the plot without the focusing ring is due to the presence of the

coupling cavity.
As such, there are only two changes to the initial geometry published by St. Aubin. Firstly in
the last cavity, the nose cone length was increased by 0.08 mm to compensate for the fact that
there is only one coupling slot present.

Secondly, we added a focusing ring around the cathode to increase the radial focusing fields
at the point of emission. This ring can be described as a half torus with major radius of 2.1
mm and inner radius of 0.2 mm. Further optimisation of this structure would be needed for a
physical system, but this simple implementation was sufficient for the present work.
Although the addition of the focusing ring did slightly affect the RF solution, the frequency,
shunt impedance and quality factor all changed by less than 1%, so no further corrections
were made for this.

In general, the field amplitudes obtained from an eigenmode solver are normalised in a
manner specific to a given solver implementation, and must then be scaled to levels
appropriate for the need at hand. However in the present instance, the original amplitudes
were adequate and no further scaling of the fields was required.

Table 9: Various figures of merit extracted from the simulations. “Single Cell” refers to a single uncoupled
accelerating cell, whilst the final structure is that shown in Figure 4. For comparison purpose, the values published by
St. Aubin are also included. Note that the uncertainties here refer only to the numerical noise introduced by the mesh
size — no other uncertainties are included.

Metric Single cell | Single cell values | Complete
values published in [19] Waveguide

Frequency (MHz) 3007.5+.5 3007.23 £ .01 2998.5+.5

Quality Factor QO 17509 17521.3 16542

Shunt Impedance (MC/m) 165.5 165.24 109.5 (effective)

Transit Time Factor 8371 .8381 N/A

Chapter 5 Page 119




3.3. Particle Trajectories & Beam assessment

Figure 6 shows a representative snapshot of the particle trajectories (Multimedia view). The
particles were scored at the accelerator exit for assessment. The following values were
calculated; mean target current 146.3 mA, Median Energy 5.8 MeV, Energy spread
(Interquartile range, IQR) 0.1 MeV, spot size (Full width at tenth maximum, FWTM) 1.5
mm, and normalised emittance 6.5 mm mrad. The geometric emittance is 0.6 mm mrad. The
energy and spatial distributions of the beam are shown in Figure 7. The spot size is quantified
by fitting a circle to the 10™ percent intensity iso-line (effectively FWTM). Although we have
not explicitly modelled the bremsstrahlung phase space resulting from this electron beam, the
spatial and energy parameters listed above are comparable with published values [25, 26].
Also, relatively little sensitivity in radiation dose distributions has been shown to the target
electron beam parameters - the most important factors are mean energy and current [26]. As
such, we can conclude that an RF source based accelerator is capable of producing an
electron beam suitable for radiotherapy.
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Figure 57: Electron trajectories. Note the way that low energy electrons are deflected when they pass through the
nose cones at the wrong phase (Multimedia View)
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Figure 58: (A) Spatial distribution at the target. FWTM is 1.5 mm (red circle) (B) Energy histogram at the
target. Median Energy is 5.8 MeV, Interquartile range is .1 MeV.

3.4. Back-bombardment power

Figure 8 shows the instantaneous power (defined as the energy delivered every 10 ps) and the
bunch power, defined as the energy delivered in a bunch multiplied by the frequency of the
RF fields (2998.5 MHz). It can be seen that the bunch power rises steadily before plateauing;
this behaviour occurs because the mean energy of the back bombarded electrons increases as
the forward directed beam propagates further down the accelerator. The steady state back
bombardment power is 23.2 kW for the RF system, and 14.3 kW for the DC system. The
mean electron energies are 0.16 MeV and 0.13 MeV respectively. These numbers take into
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Figure 59: Back bombardment power for A) the RF system proposed in this work, and B) a DC based system
which has previously been published. The bunch power indicates the mean power delivered per bunch, and
steadily rises before reaching a steady state. The bunch segmentation is indicated by the dots along the
horizontal axis.

account all back accelerated electrons. If electrons with a radial coordinate greater than 2 mm
(the cathode radius used in this work) are filtered out then the RF back bombardment power
decreases to 19.6 kW, whilst the DC back bombardment power remains unchanged. It is
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Beam Current (% of nominal)

important to note that none of the models tested here were actually designed to mitigate back
bombardment. It is highly likely that the simulated back bombardment power could be
greatly reduced for both systems modelled here — this is discussed in more detail in section 4.
The stated results are during the ~5 us beam pulse — the overall mean will be around an order
of magnitude lower than this given medical systems are typically operated with a duty cycle
of 0.1% [2].

3.5. Performance in magnetic fields

The last step of the study was to compare the zero magnetic field behaviour of the novel
accelerator with its performance in magnetic fields. Figure 9(A) shows the target current as a
function of SID within the fringe field of the 1 T superconducting magnet — for comparison
purpose, the current of the conventional diode gun is also plotted. Note that since the
accelerator itself is not strongly affected by in-line fields, the losses in target current are
proportional to the losses in the electron gun plotted here.

It can be seen that the target current of the proposed system is far more robust to operation in
in-line magnetic fields, experiencing a maximum of 3 % current loss versus 85 % for the
conventional system. Again, it can be seen that these fields do not affect the behaviour of the
accelerator. As such, we conclude that an RF gun based accelerator is capable of robust
performance without magnetic shielding in a wide range of in-line magnetic fields.
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Figure 60: (A) Comparison of the current loss versus distance from magnet isocenter for proposed system and a
conventional DC electron gun. (B) Various beam metrics at the target versus isocenter position. All metrics are
normalized to the zero field values from section 3.3.

In Figure 9B, the median energy, energy interquartile range, spot size (FWTM) and current
are plotted. Each metric is normalised to the zero field values from section 3.3; respectively
5.8 MeV, 0.1 MeV, 1.5 mm, 143.6 mA. It can be seen that whilst the median energy and
current are barely changed by the addition of in-line fields, the spot size and interquartile
range undergo large deviations compared to the zero field values. The maximum value of the
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interquartile range is 0.16 MeV, which is still a very small energy spread. However the spot
size ranges from 0.32 mm to 2.2 mm — this is discussed further in section 4.

4. Discussion

In this work we have proposed a novel medical electron accelerator with robust target current
in a wide range of axial magnetic fields. Further, it does not require ferromagnetic shielding
and so does not interfere with the MRI scanner. There are currently three MRI-Linac systems
under development. Two utilise the in-line configuration tested in this work, while the third
utilises the perpendicular configuration. Whilst the proposed accelerator design is likely to be
slightly more robust to operation in perpendicular fields due to the stiffer beam, this has not
been tested in this work. The potential improvement will not be anywhere near as stark as for
the in-line case, and a combination of careful placement in low field and magnetic shielding
would still be required for optimal performance.

One interesting result is the large variations which occur in spot size as a result of in-line
magnetic fields. This is a result of well understood magnetic lensing effects and is explained
by Busch’s theorem [27]. These effects will occur regardless of the electron source used and
have not previously been reported in other work looking at in-line systems. Although this will
impact penumbral width, it is expected to have minimal impact on clinical dose distributions,
as a number of studies have found that the radiation dose is quite insensitive to the spot size
[22, 26, 28]. More significant effects may be the local heat load on the tungsten target and
source occlusion in small field radiotherapy. Both these effects need be explored in more
detail in future work.

We have assumed perfect alignment of the accelerator with the magnetic field in this work. In
reality, perfect alignment is not possible. Misalignment between the accelerator and magnetic
field increases the radial fields the electrons are subject to, which will cause the electron
beam to bend. For small offsets, this will result in a shift in the focal spot, whilst for large
enough offsets, partial or full beam loss could result. However, such effects were previously
investigated by St. Aubin and found to be small even for exaggerated misalignments [29].
Although the fields tested here are much stronger than those previously investigated,
preliminary investigations suggest that the impact of misalignments remain small as long as
the alignment is within about 2 mm and the SID is greater than 1 meter. For SIDs less than 1
meter, the magnetic field becomes much stronger, and substantial beam loss could occur. In
this scenario more precise alignment would be required.

There are a number of potential downsides to the use of RF gun based electron
sources for medical accelerator systems which have not been simulated here, and indeed
would be difficult to simulate within the present framework. One of these is beam stability.
Operating an electron source in the space charge limited regime provides inherent stability, as
the resultant current is dependant only on voltage — something which can be controlled with
high accuracy and precision. However, in the temperature limited regime, the current is
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dependent on the cathode temperature and the work function, both of which are more difficult
to control. The temperature can fluctuate due to the large temperature gradients present and
due to the energy deposited by back accelerated electrons. In existing systems this is
compensated for by active feedback, resulting in pulse to pulse variations of less than 1%
[23]. As such, we believe that with the present ability to accurately monitor integrated dose,
this could also be overcome.

A second issue which would need to be quantified for the proposed system is that of beam
on/ off latency. Most conventional medical Linacs ‘gate’ the beam using a triode electron
gun. In the case of systems which do not use triode guns, rather long beam on/off latencies
have been observed [30]. The current system would likely exhibit similar latency — however
it is worth noting that the same criticism can be made of currently proposed MRI-Linac
systems, which appear to be using diode rather than triode guns at this stage. There have also
been triode based RF guns proposed — such a structure may be able improve the system
latency to that achievable with DC triode guns [31].

Perhaps the most substantial barrier to clinical implementation of a system such as that
described here is the increased back bombardment power deposited by back accelerated
electrons. The results presented in this work suggest that the back bombardment power is
only around 1.5 times higher for the RF cathode than the DC system. However, these results
are probably not representative of what would be obtained in real systems for several reasons.
Firstly, the field magnitude in the first half cell is typically reduced compared to the field in
the rest of the accelerator. This was not done in this work, and would reduce the amount of
back bombarded power. In the case of the DC system, the anode drift tube geometry could
also be optimized such that back bombardment was substantially reduced. As such, the
results presented in section 3.4) must be considered preliminary. We were not able to find
any published literature on the typical extent of back bombarded power in medical DC
electron guns or any information on how much back bombardment would be acceptable or
unacceptable. However, from speaking to industry representatives this appears to be an area
to which each accelerator manufacturer has devoted substantial in-house effort. A naive
interpretation of the data presented in 3.4) coupled to CSDA electron ranges [32] and data on
tungsten cathodes presented in reference [18] would lead one to conclude that the
temperature of the cathode proposed in this system might rise by over 100 degrees during the
beam pulse. However, this ignores that both radiative and conductive heat dissipation is
occurring. Based on the published data we could find (which concerns synchrotron injector
guns), a better (but still extremely rough) estimate would be around 50 degrees [18]. This
would still be a serious issue, resulting in a change in the emitted current by roughly a factor
of two, which would also effect the beam loading and hence energy spectrum of the beam at
the target. On the other hand, if the dose per pulse remains consistent (i.e. the effect is
reproducible), this may not be as large a problem therapeutically as it is for high energy
applications where consistent beam quality is extremely important. Further investigation into
back-bombardment, its impact on therapeutic beam quality, and mitigation strategies would
require full Monte Carlo simulation of electron transport through the cathode coupled to
models (e.g. FEM) of thermal energy loss. However, this is beyond the scope of this work. A
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large amount of strategies to mitigate the back-bombardment effect in RF guns have already
been published, and given that there is already at least one system in existence operating at
similar pulse lengths and energies as would be required for this system (The Kyoto
University free electron laser injector) it is reasonable to believe that this effect could be
managed [18, 31, 33].

A potential limitation of this work is that no power input port was incorporated into the
simulation. It has been previously shown that the presence of a coupling port does introduce
further asymmetry into the beam [19]. It will also lower the loaded quality factor and shunt
impedance of the final structure. However, this work is intended as a proof of principle, and
the explicit modelling of an input power port is not anticipated to significantly affect the
results. The required input power is dependent on the power losses within the accelerator. As
the sources of loss (losses to the conducting walls and to the beam) are very similar to
previously published work, the required input power will also be similar to this — around 2.3
MW [19]. In a real system, further asymmetry would be introduced into the final electron
beam distribution, however this is the case regardless of the electron source, and is not a
significant problem for therapeutic beams in any case [25, 26]. Previous publications have
used a technique whereby the first and last bunch (or half bunch) was removed from the
analysis pipeline in order to remove ‘end effects’ from the simulation. We observed minimal
bunch to bunch variation in this study (less than 3%) and as such, all macro particles reaching
the target were included in the analysis.

We have made minimal effort to optimise the RF structure for a temperature-limited cathode
— for instance, further optimisation of the radial focusing fields around the cathode could be
undertaken, and the spatial energy distribution at the target could be optimised by lowering
the fields in the first half cavity [19]. The focusing ring used in this study would not be
suitable for a physical system, as both joule heating from the RF fields and thermal isolation
from the hot cathode must be considered. However, both issues have been solved in many
other RF guns previously and as such are not anticipated to present major challenges [13, 23].
Again, the purpose of this study was to provide a proof of principle and whilst the above are
all interesting directions for future research, they do not counter the proof of principle that
has been provided.

5. Conclusion

We have investigated the use of an RF electron source based linear accelerator for delivering
MRI-Linac radiation therapy. Through the computational simulations we have shown that
such a system is capable of generating an electron beam suitable for therapeutic applications.
We have also shown that such a system is far more robust than conventional systems to the
presence of in-line magnetic fields, and as such could be an ideal solution for next generation
in-line MRI-Linac systems.
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Chapter 6

Experimental
characterisation of an RF
gun in magnetic fields




1. Introduction

MRI-Linac therapy holds great promise for increasing radiation therapy patient outcomes,
and is under development by several academic and commercial groups [1-5]. It is a
requirement of MRI-Linac therapy that that a linear accelerator (linac) functions within the
magnetic fringe field of a MRI magnet. Conventional medical linacs are extremely sensitive
to external magnetic fields, as has been detailed in a number of publications [6-8]. As such,
integration into an MRI Linac system requires that the linac is (1) operated in a very low
magnetic field (requiring intelligent magnet design and magnetic shielding) or (2) redesigned
to be more robust in magnetic fields. The latter option was previously investigated in-silico
for the ‘in-line’ MRI-Linac configuration (Chapter 5, reference [9]). In this work, a novel
medical accelerator based on an RF gun configuration was proposed. The performance of the
proposed device was simulated within the fringe field of a 1 Tesla MRI magnet, and found to
operate with a maximum of 3% current loss when operated at Source to Isocentre Distances
(SIDs) of 0.9-2 meters. This compared with a (simulated) conventional system, which had a
maximum current loss of 85% over the same conditions. As well as this, it was found that
magnetic lensing effects within the accelerator could cause large variations in spot size at the
x-ray target [9].

The purpose of this work was to collect experimental data supporting these findings
(robustness to axial fields, and magnetic lensing), as well as to benchmark the accuracy with
which the experimental results could be predicted in-silico. The latter data is important not
only for the medical RF-gun approach, but also in the broader field of MRI-Linac therapy.
Whilst a large number of publications exist in which the impact of magnetic fields on
electron accelerators has been quantified in-silico [6-8, 10-14], this is the first time that
experimental verification of in-silico results has been carried out. In order to provide
experimental data, a purpose built beamline was designed, constructed, and installed at SLAC
national laboratory. The electron source was a 1.5 cell RF gun, and the magnetic field was
generated using room temperature magnetic coils.

2. Methods and Materials

I. Experimental beam line

A purpose built beam line was designed and constructed at SLAC national laboratory. A
CAD layout of this design is shown in Figure 1. The beam line was installed in a radiation
shielded bunker and utilized the infrastructure from the (now defunct) SSRL gun test facility
[15]. The beam line consists of a 1.5 accelerating cell RF gun (detailed in section II) located
between two magnetic coils (detailed in section III). In order to monitor the beam current, a
toroid current monitor was installed (Figure 1D). In order to monitor the beam size, two
fluorescent screens with viewports and cameras (Allied Vision Technology, Manta G-033)
were installed (Figure 1B). The screens can be moved in and out of the beam line with the
use of pneumatic actuators (Figure 1C). The first of these screens is a 10 mm piece of
phosphor, whilst the second is a 18 mm circular screen of Yttrium aluminum garnet doped
with cerium (hereafter referred to as YAG) [16]. These choices were made largely on the
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basis of what was available at the time of construction. The beam is disposed of by dumping
it into water cooled and a radiation shielded slug of copper. Prior to installation, the entire
beam line was vacuum baked to ~200°C over two days. Vacuum is maintained by two ionic

vacuum pumps; one in the gun and one near the beam dump RF power was supplied to the
gun by a XK-5 SLAC Klystron [17].

.

A: Magnetic Coil

B: Camera viewport

C: Screen actuator

D: Toroid current monitor

a

-

-
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Figure 61: The experimental beam line which was developed and used for these experiments. The source of the
electron beam is a 1.5 accelerating cell RF gun, which is located between the three magnetic coils. The labels indicate
particular components of interest; A) Magnetic coils generate an axial magnetic field along the beam line (note that
the far left coil was not used in these experiments) B) Camera viewports (cameras can be installed to capture images
of the beam colliding with fluorescent screens) C) Screen actuators (these pneumatically move fluorescent screens in
or out of the beam line) D) Toroid beam current monitor.

Figure 2 shows the geometry of the YAG screen and camera relative to the beam. The screen
is tilted 60° relative to the beam in the x direction. Trigonometric calculations can be used to
show that the width in the horizontal axis is half the width of the vertical axis from the beam

perspective. A coordinate system for the images was constructed based on the known
dimensions and orientations of the screen.
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Figure 62: A close up of the second viewport from Figure 1, showing the screen geometry which was used for image
collection. The screen has an angle of 60° relative to the beam in the x direction and can be retracted in and out of the
beam line using pneumatic actuators.

II.  The SSRL RF gun and computational simulation of beamline

We did not have the resources available to build an RF gun prototype from scratch; therefore
we utilized an existing RF gun which was available at SLAC. The RF gun which was tested
in this work is normally used as the injector for the Stanford Synchrotron Radiation Light
Source (SSRL) [18]. The SSRL gun is a thermionic side coupled S band RF gun consisting of
1.5 accelerating cells, and can generate energies up to ~3 MeV. In contrast, a typical low
energy medical linac would consist of 5.5 accelerating cells and produce energies of ~ 6
MeV|[9, 19]. Despite the differences in these two systems, the SSRL gun is similar enough to
the design proposed in chapter 5 in that it provides an excellent basis for experimental testing.
An in-silico model of this gun was developed based on the information available in ref. [18],
and using CST particle studio (Darmstadt, Germany) as detailed in Chapter 5. Whilst the
geometry of the two accelerating cells is known, the exact geometry of the side coupled cell
is not. Therefore, we developed a model of the gun which did not incorporate the side
coupling cell. This means that the field in each cell is solved separately, before being
combined with the correct scaling in the PIC solver based on ref. [18]. The magnetic fields
generated by the magnetic coils (Section III) were also added into the PIC model, which was
then solved for coil currents between 0 and 20 A.

III. Magnetic coils and magnetic lensing theory

To generate magnetic fields along the beam line, two magnetic coils (Stangenes Industries)
were installed (Figure 1). These coils are powered in parallel by a single DC power source
capable of generating currents up to 160 A, meaning a theoretical maximum of 80 A was
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available for each coil. When the coils are operated, they heat up due to resistive losses. The
maximum coil temp is limited by the melting temperature of the insulation around the copper
wire, which based on feedback from the manufacturer, was ‘at least’ 130° C. FEM models of
the coils (Comsol, Burlington) were developed based on gauss probe measurements of the
axial field and geometry (external dimensions and wire dimensions) of the coils, and time
domain thermal modeling was carried out in using a convective heat flux condition on the
coil boundary. The heat transfer coefficient was set to 10 W/K/m**°. These simulations
suggested that it should be possible to utilize at least 40 A through each coil for five minutes
at a time without the temperature exceeding 100 degrees Celsius. Thermocouples were
installed on the coils which cut power to the coils if there temperature exceeded 70°C (a large
safety margin was used as the uncertainty in the FEM models is not quantified). The axial
magnetic field produced by these coils at various locations along the beam line is shown for a
coil current of 30 A. The magnetic field scales linearly with coil current.
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Figure 63: The axial magnetic field amplitude produce by running 30 A through all three coils. The ‘solenoid’ field
refers to the two downstream coils (Figure 1) whilst the ‘bucking’ field refers to the single upstream coil. The location
of various important beam line diagnostics is indicated on the figure.

The theoretical description of the impact of electron kinematics in axial magnetic fields is
given by Busch’s theorem, which describes the trajectory of a charged particle in axial fields
as a function of conserved canonical angular momentum [20]:

e
ymyr?0' + ﬁ(DB = constant  Equation 23

In equation 1, y is the relativistic gamma factor, m, is the electron rest mass, e, the electron
charge, r is the radial coordinate of the electron, 8’ is the angular velocity, and @g is the
magnetic flux passing through a cylinder of radius r. Equation 1 is difficult to interpret at
first glance, but it describes the fact that charged particles travelling in axial fields will tend
to circle around the field lines, and each circular trajectory will tend to cross through the axis

2 http://www.engineersedge.com/heat_transfer/convective_heat_transfer coefficients_13378.htm
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of magnetic symmetry. When the strength of the axial field is increased, the radius of each
individual electron trajectory decreases, and vice versa. As such, electron beams in axial
fields tend to exhibit ‘scalloping’ behaviour where the width of the beam increases and
decreases as a function of distance [6]. This means that under various conditions, either
focusing or defocusing can be caused by axial fields, and exactly what is observed depends
on both the field which is applied, and the location of the screen. An excellent overview of
the effect of axial magnetic fields on electron trajectories is given in [20].

IV.  Control of beam energy, beam current, and RF power

The gun utilizes a 6 mm thermionic tungsten dispenser cathode and is operated in the
temperature limited mode of emission current (chapter 5). As such emission is controlled by
the power supplied to the cathode heater. The beam current is simply the emission current
multiplied by the proportion of this current which actually exits the gun. This proportion is
determined by the magnitude of the electric field in the gun, and hence RF power [18].
Therefore, the beam current exiting the gun is a function of both the cathode heater power
and the RF power levels. The RF power generated by the Klystron is determined by three
factors: the high voltage (HV) setting in the klystron, the klystron beam current (which in fact
is also a function of the HV), and the power of the input RF power, called the drive power. In
practice, the drive power was used to adjust the RF power level. This is because the Klystron
and pulse forming network is ‘happy’ operating at a given high voltage, and moving it far
from these levels results in performance degradations, such as less homogenous power
pulses, multipacting in klystron, and electric break down in the klystron or PFN. In this work,
the klystron was operated with a high voltage of ~230kV and a current of ~150 A. The drive
power was set to ~100 W. The ~symbol is used as all of these parameters were tweaked at
various points throughout the experiments to maximize stability. These settings resulted in a
power output (forward power) from the klystron of ~4 MW. The forward power will be
reflected at any location there is an impedance mismatch, the most important location being
the gun itself. To optimize impedance matching to the gun, minor frequency tuning can be
achieved by changing the water cooling temperature to control thermal expansion of the
cavities. This means that there is both forward and backward travelling power in the RF
waveguides, which was monitored using diode type detectors (Keysight technology, USA) in
two locations: just outside klystron, and just before the ceramic window separating the RF
waveguide from the gun. In order to avoid damage to the klystron, power reflected from the
gun is directed to a cooled load using a RF ferrite circulator. The power in the gun (and hence
beam energy) must be inferred from the forward and backward power at the power monitor
outside the gun as there is no RF power probe inside this gun.

V. Experimental data collection

Prior to turning on the beam for the first time, RF processing, interlock testing, and radiation
surveys were carried out. The first beam on was on the 31* of July 2016. The first data under
magnetic fields was collected on the 1% of August with the following system settings:
Klystron HV: 232 kV, Klystron beam current: 147 A, Forward RF power at gun: 3.75 MW,
Backward RF power at gun: 0.13 MW, Inferred power inside the gun: 3.62 MW, Inferred
beam energy (median): 3 MeV, inferred beam current (during beam pulse): 25 mA. Low
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beam current was used, as this minimizes scattered radiation and the risk of overheating the
beam diagnostics or creating vacuum faults. At the time of running, only one camera was
available; since only one of the two installed screens could be utilized, it was decided to use
the downstream YAG screen. This decision was made on the basis that this screen was less
likely to saturate, less likely to cause vacuum issues, was larger, and was easier to access for
camera installation. Next, current to the two solenoids was increased in 5 A up to 20 A (note
that as they are wired in parallel, the current in each coil is half the current output of the
power source). The bucking coil was not powered at this time. Images of the beam on the
YAG screen were collected at each magnetic field strength.

The beam was next run on 6™ of August; unfortunately in the afternoon of the 6™ of August a
vacuum fault developed on the beam line which meant we were not able to run the next day.
It is believed that the electron beam was being scattered onto the ungrounded viewport
window, which eventually arced to the nearest grounded component causing cracking and the
resultant vacuum fault. This was being resolved at time of writing, with an aim to complete
experimental data collection in October.

VI. Image analysis

Due to the fact that the vacuum leak developed before the experimental procedure was
complete, the experimental data which exists to date is images of the beam colliding with the
YAG screen with coil currents of 5, 10, 15 and 20 A. To quantitatively analyze these images,
each image was masked such that all background except the screen was deleted. Next, a
coordinate system was constructed based on the known dimensions and orientation of the
YAG screen (Figure 2). The masked images were median filtered to remove speckle noise
(filter size 3x3). Next, the coordinates of pixels having greater than 50% relative intensity
were extracted. A confidence ellipse was fitted based on the covariance matrix of these
points. From this ellipse, a measure of spot size and position was extracted. In addition, to
obtain some measure of the total current intersecting the screen, the sum of all pixel values
was calculated for each image. However, this result should be interpreted with caution, as the
exact response of the YAG screen to energy and current is not well understood at this stage.
The same procedure was run on the simulated data so that the two could be compared.

Chapter 6 Page 135



3. Results

I. Experimental Data

Figure 64: The first image acquired, showing the electron
beam impinging onto the YAG screen. The speckle noise
which can be seen is radiation damage to the camera. The
bright and dark edges are simply the result of optical
shadows.

Figure 4 shows the first collected image of
the beam colliding with the YAG screen.
The bright spot in this image is the
electron beam. This image was taken at
very low current and high camera gain as
the beam current was carefully increased.
The speckle noise seen in this image is due
to radiation damage to the camera. Figure
5 shows beam images which were
collected under the influence of magnetic
fields. The ellipse which was fitted to the
spot size is shown in red. The influence of
the magnetic fields on the electron beam
can be seen in the way the spot size rotates
and changes size. The rotation of the
electron beam around the centre of the

screen indicates that imperfect alignment between at least one of the coils, beam line, YAG
screen, and electron beam. This misalignment is not a huge surprise given that the beam line

had to be constructed very quickly.
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Figure 65: The images collected under magnetic fields. The raw image shown in figure 4 has been masked and
median filtered to remove speckle noise. An ellipse has been fitted to the 50% intensity line of the image.
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Figure 6 shows A) the spot size (as defined by the area of the ellipse in Figure 5 versus the
current in the coils, and B) the sum of every pixel in the image, which is a surrogate for beam
power. It can be seen that both the spot size and total YAG signal steadily increase as the coil
current is turned up.
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Figure 66: A) The spot size of the beam (defined by the ellipse in Figure 5) versus coil current. B) The sum of all pixel
values in each image (Figure 5) versus coil current.

II. Simulated gun model

Figure 7 shows a 2D cross section of the gun model and the electric field distribution within
it. Note that the actual gun has a side coupling port which couples the two cells, and an RF
input port in the second cell. These have not been included in the gun model as their
geometry is not known. Whilst both will perturb the electromagnetic field distribution in the
gun, and hence the electron beam, simulation of the axial geometry should be adequate to
obtain a first order estimate of the beam behavior. The following beam parameters were
calculated at the exit of the gun model: median energy 2.7 MeV, beam current 25 mA,
emittance 5.7 mm mrad, showing good agreement with ref. [18].
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Figure 67: A 2D profile of the gun geometry, showing the electric field distribution at 0 phase.

I11. Simulated data

Figure 8 and Figure 9 show the results of passing the simulated data through the same
analysis pipeline as the experimental data (Section 2 VI). It can be seen that there is not
particularly good agreement between the two data sources; In particular the spot size
calculated by the 50% thresholding method yield is substantially smaller in the simulated data
(~4 mm* versus ~20 mmz). Also, the simulated data predicts a minimum in spot size at A
(Figure 9) which was not seen in the experimental data (Figure 6). However, after this both
data sets show that the beam size and total pixel count increases when the magnetic field is
increased. A few comments should be made about the simulated data. Firstly, it can also be
seen that the resolution of the simulated data is quite poor (Figure 8) which makes the images
quite difficult to interpret. This low resolution is a result of the simulation settings, in
particular the number of particles simulated. This can (and will) be improved, but comes at
the cost of a substantial increase in simulation time. Also, it cannot be assumed that the direct
comparison of Figure 8 and Figure 5 is valid; whilst Figure 8 shows the (normalised) total
beam energy passing through each pixel, the signal in the YAG images will be some
(potentially non-linear) function of current and energy. At this stage, this function is not well
known and further review of the literature is needed to better understand this. Finally, whilst
the position of the two screens in the beam line is the same, the geometry is different; whilst
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the YAG screen is angled at 60 degrees with respect to the beam (Figure 2), the simulated
screen is normal to it. An angled particle monitor is not supported by the CST software.
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Figure 68: Simulated data passed through the same analytic pipeline as the experimental data. Note that the ‘screen’
in this case is normal to the beam direction, which is different from the geometry of the screen in Figure 5. This is
because CST does not support non-normal beam monitors at his point.
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Figure 69: Simulated spot size and total pixel count versus coil current, as based on the simulated data

4. Discussion

In this work, an experimental beam line has been designed, constructed and installed at
SLAC national laboratory. This project is ongoing. To date, the first beam on has been
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achieved, and preliminary data under magnetic fields collected. The next beam on is planned
for October 2016. The data collected and presented thus far is only preliminary, and as such
so are any resultant conclusions.

The aims of this project are to (1) experimentally demonstrate that an RF gun can operate
with minimal current loss in axial magnetic fields and (2) test how accurately computational
electrodynamics codes predict the behavior of Megavoltage electron beams in magnetic
fields. Because we do not currently have the torroid current monitor data, the first aim cannot
be addressed at this stage. Regarding the second aim; only moderate agreement has thus far
been obtained between the experimental and simulated data. There are a number of
uncertainties which could limit the agreement between the two sets of data. For the
experimental beam, a major source of uncertainty is mechanical misalignment (the effects of
which can be clearly seen in the off center experimental images (Figure 5). A better
understanding of the alignment issues could be obtained by taking measurement using both
viewports and screens (Figure 1). As yet, it has not been possible to use the first screen as we
did not have a camera available. Even if a camera is available, it is not clear whether it will
ultimately be possible to use the first screen since it may cause vacuum trips (it is very close
to the gun where one of the vacuum pumps is, and phosphor is known to cause vacuum issues
under irradiation. Another source of uncertainty is the power levels of the gun. We have
inferred the power levels from the forwards and backward power monitors just before the
ceramic window which separates the gun from the SF6 filled RF waveguide. From this and
from previous data [18] we inferred the energy distribution of electrons leaving the gun, but
this is not equivalent to proper spectroscopic data.

For the simulated data, the major uncertainty is the resolution of the data, which will be
improved in the future by running simulations with more particles and a more densely
discretized cathode surface. In addition, the simulated gun model does not include the side
coupling or input RF port, which will alter the modeled particle distribution exiting the gun.

Despite these shortcomings, there is also some agreement between the two sets of data. The
most important is simply that axial magnetic fields have an observable impact on the radial
beam intensity distribution at a given location. This was predicted in our previous work, and
as discussed this could have serious implications on the x-ray target lifetime. In addition,
there is general agreement between the two sets of data that the spot size increases as the
magnetic fields are increased, although the simulated data predicts a minimum at 5 A which
was not seen experimentally. One of the goals of this work was to quantify agreement
between simulated and experimental data. However, given that the experimental work has
only just begun, we feel that it would be premature to attempt to make any conclusive
statement on this. Future experiments will be carried out to complete data collection, and
hopefully to collect more data at higher magnetic field strengths.

5. Conclusion

An experimental beam line incorporating a thermionic RF electron gun has been designed,
constructed, and installed at SLAC national laboratory, with the goal of benchmarking and
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verifying the in-silico predictions made in our previous work. Thus far, some early data
showing the electron beam impinging on a YAG screen in axial magnetic fields has been
collected. Only moderate agreement with the simulated results has been obtained at this
stage, however both data sources clearly show that the presence of axial magnetic fields can
have a substantial impact on electron spot sizes. Both the in-silico modeling and experimental
data collection are ongoing, and the results presented here are preliminary.
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Abstract

Purpose: Slow patient rotation in radiotherapy could greatly simplify radiation therapy
delivery, with particularly important ramifications for fixed beam treatment with protons,
heavy ion, MRI-Linacs, and low cost linear accelerators. Patient tolerance is often cited as a
barrier to widespread implementation to patient rotation, however no quantitative data
addressing this issue was found in the literature. In this study, patient reported experiences of
slow, single arc rotation in both upright (sitting) and lying orientations were collected.

Methods: Fifteen patients previously or currently being treated for cancer were slowly (~2
rpm) rotated in both upright and lying orientations using an existing medical device normally
used to assess balance disorders, the Epley Omniax. Patients were rotated a full 360 degrees
in increments of 45 degrees. The rotation was paused for 30 seconds at each 45 degree
increment to simulate beam delivery; in total 8 beams were simulated. Patients were rotated
in both an upright and lying position in the same session. Response was monitored via
validated psychometric questionnaires for claustrophobia, anxiety and motion sickness. The
Wilcoxon signed rank test was used to test for significant differences in anxiety and motion
sickness before, during and after the study.

Results: No significant differences in anxiety or motion sickness were found between before
and after the study, or upright and lying rotation (p > 0.05). The median percentage scores for
anxiety and motions sickness immediately following the study were both 0. In general,
anxiety and motion sickness scores were low throughout the trial. All patients except one
completed the study without interruption.

Conclusions: Slow, single arc rotation in both upright and lying orientations was well
tolerated in this study. These results support the need for further studies into the clinical
implementation of patient rotation, which has the potential to have a major impact on the
practice and cost of radiotherapy.
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1. Introduction

Radiation therapy is a pillar of modern cancer treatment, with approximately 50% of all
cancer patients indicated for at least one course of radiation therapy as part of their treatment
[1, 2]. The fundamental goal of radiation therapy is to deliver a prescribed radiation dose to
the tumour, whilst simultaneously minimising the dose to surrounding healthy tissues,
thereby minimising treatment side effects. For external beam radiation therapy techniques,
the most obvious and effective means of achieving this is to utilise multiple beam angles
intersecting at the tumour, which requires relative rotation between the beam and the patient.
This relative rotation is typically achieved in modern radiation therapy by rotating a complex
and heavy beam forming apparatus around a patient positioned at the rotation centre.
However, much simpler gantry engineering designs would be possible with the alternative
approach of slowly rotating the patient within a fixed beam line. Simplified gantry design
would be of particular benefit for emerging treatments such as proton therapy, heavy ion
therapy, MRI-Linac therapy, and medical applications of synchrotron radiation [3], where
rotating gantries are either far more complex than their conventional counterparts or (in the
case of synchrotron radiation) completely impractical (Figure 1). Fixed beam line systems
could also enable the construction of more conventional X-ray systems [4] at much lower
cost to help address the growing shortfall of treatment units in low and middle income
countries, which is estimated to be 22 000 by the year 2035 [5]. As well as this, for some
patients upright treatments can be beneficial in terms of both dosimetry and tolerance [6].
However, there are also challenges with patient rotation, most notably (1) rotation induced
anatomic deformation and (2) patient tolerance to rotation - the focus of this work.

Assumed lack of patient tolerance has been a recurring theme in our discussions with
radiation therapy stake holders (oncologists, therapists and physicists). Motion tolerance of
radiation therapy patients has been previously assessed in the context of continuous couch
motion for adaptive radiation therapy. Prior to the collection of empirical data for this
application, similar sentiments regarding patient acceptance were expressed within the
radiation oncology community [7]. However, study results did not show any evidence for a
lack of tolerance, inertial anatomic motion, or changes in breathing patterns [8, 9]. Limited
patient rotation is currently in clinical use in some specialist centres including The Francis
Burr Proton Centre at Massachusetts General Hospital, and the Heavy Ion Medical
Accelerator (HIMAC) in Chiba, Japan. In other areas of medicine, patient rotation is common
place [10]. The purpose of this study was therefore to collect the first cancer patient reported
outcomes of slow, single arc rotation in both the upright and lying positions which could be
used to deliver radiation therapy without a rotating gantry.
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Figure 70: There are a number of treatment modalities which could derive considerable benefit from patient rotation.
A) Heavy ion and proton therapy utilise much larger and heavier gantries than conventional therapy. Shown here is
the rotating carbon ion gantry at the Heidelberg Ion Therapy Centre. B) Integrated MRI-Linac systems result in
very complicated gantry mechanics. (Adapted with permission from Constantin et al. [11]) C) Patient rotation can
help to address a devastating global short fall of linear accelerators. Show here is the Nano-X device. (Adapted with
permission from Eslick et. al. [4])

2. Methods

2. 1. The Epley Omniax

In order to carry out slow, single arc patient rotation, this study utilised an existing device
from the field of balance disorder therapy; the Epley Omniax (Figure 2). The Epley Omniax
is most commonly used to treat benign paroxysmal positioning vertigo (BPV) [12, 13].
However, the fact that it can rotate 360 degrees around every axis also makes it is an ideal
device to collect cancer patient reported outcomes of rotation.

A) Upright/sitting B) Horizontal/lying

Figure 71: Patient set up in the Epley Omniax. (A) for upright rotation, (B) for lying rotation. The rotation axis is
indicated by the curved arrow.
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2. 2. Study design

This study was designed to assess the aspects of most concern regarding patient tolerance to
rotation; (1) Would the restraint necessary to secure the patients trigger claustrophobia? (2)
Would patients experience motion induced nausea? (3) To what extent would patients
experience discomfort, breathing difficulties, and pain? As such, we adopted validated patient
surveys to assess claustrophobia, motion sickness, and anxiety.

To quantify the claustrophobia of participants, the Claustrophobia Questionnaire (CLQ) was
used. The CLQ tests for a fear of suffocation and a fear of restriction. It consists of 26
scenarios which respondents rate in terms of how anxious they would feel in each case on a
scale of 0 (not at all anxious) to 4 (extremely anxious). The score is the sum of all answers
[14]. To quantify the state (i.e. current) levels of anxiety among participants, the short form
of the State Anxiety Test (STAI) was used. The short version was adopted to minimise the
amount of paperwork participants were filling out, especially for questionnaires which would
be repeatedly administered. This questionnaire has only 6 items which are scored between 1
and 4 and has been shown to correlate very well with the state section of the full form STAI
[15, 16]. To derive the final score, ‘pro anxiety’ items (e.g. ‘I feel tense’) are added, and
‘anti-anxiety’ items (‘I feel calm’) are subtracted, resulting in a state anxiety score between 6
and 24. Finally, to measure motion sickness, we used the Fast Motion Sickness Survey
(FMS). Again, part of the reason this survey was chosen was that it is simple and quick;
patients are asked to rate their level of motion sickness or nausea on a scale from 0-20, where
0 is not sick at all, and 20 is extremely nauseous. The FMS has been shown to have high
correlation to other more extensive motion sickness questionnaires [17]. For simplicity, all
test scores were subsequently normalised such that the minimal possible score was 0 and the
maximum possible was 100.

The study was powered based on the STAI anxiety test. Assuming a standard deviation of 20
based on previous studies of claustrophobia in MRI patients [18-21], we estimated that we
would have a 90% power to detect differences in score of 16 or more on the normalised (i.e.
score 0-100) STAI using a paired t-test with 15 patients. This sample size was considered
sufficient for this early stage work, and so we planned to recruit 15 patients to this study. The
inclusion criteria were as follows: (1) A diagnosis of abdominal, pelvic, or thoracic cancer,
any stage, (2) 18 years of over, (3) Currently or previously being treated for cancer, (4) Any
prior therapy allowed. The exclusion criteria were: (1) No pregnant women, (2) No mentally
impaired patients or patients for whom obtaining informed consent would be difficult.
Patients were recruited through a number of different cancer centres and support groups in
Sydney. Ethics approval for this study was granted by the Sydney Local Health District
Human Research Ethics Committee.

2. 3. Trial Procedure

At the beginning of each study, the following demographic information was collected: Age,
gender, weight, primary tumour site, time since last cancer treatment (if not currently on
treatment), and whether any medication was being taken which could cause nausea. Patients
then completed the questionnaires for claustrophobia (CLQ), baseline anxiety (STAI), and
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baseline motion sickness (FMS). Following this data collection, patients were securely set up
in the Omniax using a variety of pillows, straps, a padded harness, and airbags, in an identical
manner to patients undergoing clinical treatments on the Omniax for balance disorders
(Figure 2). The support system is designed to hold the patient in place extremely securely and
safely, and also to minimise patient discomfort by minimising any pressure points.

STAI, FMS, Rotation Rotation
cLQ (Orientation

STAI, FMS : .
administered (oremiEifa

administred 1) 2)

STAI, FMS
administered

Figure 72: Study workflow. STALI is the anxiety questionnaire, and FMS is the motion sickness questionnaire.

Patients underwent slow, single arc rotation in two orientations; upright (sitting) and lying
(Figure 2). Half the participants were rotated the upright position first, and half in the lying
position first. Patients were rotated a full 360 degrees in increments of 45 degrees. The
rotation was paused for 30 seconds at each 45 degree increment to simulate beam delivery.
The ‘very slow’ setting was used for the angular velocity of the rotation, which is about 2
revolutions per minute. After completing each rotation arc, the questionnaires for motion
sickness and anxiety were repeated (the claustrophobia questionnaire is designed as a
predictive measure of susceptibility to feelings of claustrophobia and only needs to be
administered once). After the first rotation, the participants verbally completed the
questionnaires as they were still set up in the Omniax. After the second rotation, participants
filled out written questionnaires. The entire study took typically took less than 40 minutes,
with less than 15 minutes spent in the Omniax. In addition to the validated questionnaires,
after the study we asked patients an open ended question requesting feedback about their
experiences.
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2. 4. Data analysis

To test for differences in either anxiety or motion sickness at any stage of the trial, test scores
from before and after the rotation procedure, and between the upright and lying rotations,
were compared using a two tailed paired Wilcoxon signed rank test. This test was used
instead of the paired t-test because normality could not be assumed. To estimate the
correlation between CLQ/STAI and CLQ/FMS Spearman’s rank and Pearson’s correlation
coefficient was used. P-values less than 0.05 were considered statistically significant. All
analyses were conducted in Matlab version 2014.

3. Results

3. 1. Study Cohort

The characteristics of the recruited patients are summarised in Table 1.

Table 10: Characteristics of the patient cohort recruited for the study.

Patient Age Weight | Gender | Treatment Time Claustrophobia
Number (yrs) (kg) Site since last | Score
treatment
(weeks)

1 NA NA M Prostate 0 28

2 73 90 M Prostate 8 44

3 65 82 M Lymphoma 728 3

4 41 73 F Breast 0 2

5 78 67 M Prostate 0 53

6 65 62 F Uterus 28 9

7 57 100 F Uterus/ 102 52
Breast

8 39 73 F Hodgkin’s 104 1
Lymphoma

9 61 65 F Breast 32 37

10 67 82 M Prostate 96 21

11 78 70 M Prostate 12 0

12 75 59 F Breast 364 0

13 72 48 F Breast 0 0

14 69 75 F Endometrium | 26 39

15 69 75 M Prostate 3 0

MeanzSTD | 65+12 | 73 7M, 8F 107+195 19+20
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3. 2. Patient Tolerance to slow single arc rotation

Figure 4 and Figure 5 show the percentage anxiety and motion sickness scores returned
before the patient was set up in the Omniax, and after they had been rotated in both
orientations. In general, the scores for both tests were very low, and we could not detect any
significant difference in the scores using the signed Wilcoxon signed rank test. Similarly,
Figure 6 and Figure 7 show the percentage anxiety and motion sickness between the upright
and lying rotation. Again, no significant differences were detected. One patient did return the
maximum anxiety score directly after the ‘lying’ rotation study (Figure 4, Figure 6, patient 7).
Discussing their experience afterwards, they mentioned that although they felt very anxious
during the rotation, having completed it they felt that they would be less anxious if they were
to undertake the study again. In addition, patient 1 did not complete the study, terminating it
during the ‘lying’ stage (interestingly, this patient still returned quite low anxiety scores).
Both patients weighed over 90 kg, and both reported feeling insecure during the rotation. The
Omniax harness is rated at up to 300 kg and so the participants were always safe, but this is
an example of the importance of patient perceptions on patient tolerance. Very little motion
sickness was reported at any point throughout the study, either via the FMS questionnaire or
from discussions with participants afterwards. Overall, qualitative feedback from participants
after the study was that whilst they didn’t particularly enjoy being rotated, they also didn’t
think it was that bad. Many also made statements along the lines of “if it was necessary for
my treatment, of course I’d tolerate it”. Most patients found the lying rotation more
challenging than the upright rotation, but found both were acceptable. This is reflected
quantitatively in that no significant differences occurred in the STAI scores occurred between
upright and lying. The correlation between the claustrophobia score (CLQ) and the maximum
anxiety (STAI) and motion sickness score returned at any point during the study are shown in
Figure 8. The anxiety scores show moderate correlation (Pearson’s coefficient 0.6 (p=0.02),
Spearman’s coefficient .4 (p=0.1), whilst the motion sickness scores show minimal
correlation (Pearson’s coefficient: -0.2 (p=0.4), Spearman’s coefficient -0.1 (p=0.7).
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Figure 73: Percentage anxiety (STAI) scores returned before and after the study. 0 indicates the lowest possible score,
and 100 indicates the maximum

Motion sickness before/after

100+
I Before .
90l B Afer || All Patients
80+
+
o 70} L No significant difference
Q =0.6
? 60 | (p=05)
e}
g S0r +
©
£40-
S +
Z 30+
n
20r
+
10+
0 L - -

12 3 4 56 6 7 8 9 10 11 12 13 14 15 Before After
Patient number

Figure 74: Percentage motion sickness (FMS) scores returned before and after the study. 0 indicates the lowest
possible score, and 100 indicates the maximum
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Anxiety lying/upright
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Figure 75: Percentage anxiety (STAI) scores returned for upright and lying rotation. 0 indicates the lowest possible
score, and 100 indicates the maximum

Motion sickness lying/upright

100+
I Lying :
90k B Upright | | All Patients
80
+
g?O I I No significant difference
?60r | (p=0.3)
O
L50¢ - +
240
= +
230}
+ +
201
10+
Ot I

1 2 3 4 5 6 7 8 9 101112 13 14 15 Lying Upright
Patient number

Figure 76: Percentage motion sickness (FMS) scores returned before and after the study. 0 indicates the lowest
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A) Claustrophobia/anxiety correlation B) Claustrophobia/motion sickness correlation
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Figure 77: A) Correlation between claustrophobia score (CLQ) and the maximum anxiety (STAI) score returned at
any point during the study. B) Correlation between claustrophobia score (CLQ) and the maximum motion sickness
(FMS) score returned at any point during the study.

4. Discussion

In this study, we measured patient reported outcomes from 15 current or former cancer
treatment patients who experienced slow, single arc rotation, as needed to deliver
radiotherapy in fixed beam systems. Validated questionnaires were used to assess anxiety and
motion sickness throughout the study, as well as a baseline claustrophobia score. The
successful implementation of patient rotation in radiotherapy could allow the development of
treatment machines without rotating gantries. Enabling patient rotation would have
substantial ramifications for the cost and availability of emerging modalities such as proton
therapy, heavy ion therapy, and MRI-Linac therapy. It could also enable the development of
low cost linacs to service low and middle income countries, where radiotherapy utilisation
falls far below established benchmarks [1, 5].

We did not detect any significant differences in anxiety or motion sickness throughout the
study, and anxiety scores returned during this study were overall very low. We observed
moderate correlation between claustrophobia and anxiety in this study, suggesting that
minimising claustrophobia triggers may be an important means to minimise anxiety during
rotation. Claustrophobia is most commonly understood to consist of two separate fears: a fear
of suffocation and a fear of being trapped. As such, to minimise claustrophobia induced
anxiety, it is important that patients feel that they could free themselves, and have a clear
field of view around them.

There are some limitations to the results of this study. Firstly, only a small sample size was
collected, and some patients had not been actively treated for cancer for some months.
However, this work demonstrates that a cohort of patients who would find patient rotation an
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acceptable treatment technique. Given the potential impact of patient rotation on the global
practice of oncology, these results support the need for further studies on a larger and more
representative patient population. If a similar methodology to the present study was adopted,
we would also suggest some minor improvements to the study design. Firstly, it would have
been appropriate to include a simple performance status questionnaire in the design such as
ECOG Performance Status [22]. Secondly, we asked participants to circle a number between
1 and 4 to indicate their responses on the STAI test, where each number was associated with
a given response, i.e. ‘not at all’. Although this reflects the format of the questionnaire as
published [15], we found that patients sometimes became confused about what the numbers
meant when filling out the form. As such, we would suggest that all numbers are simply
replaced by their relevant text (i.e. ‘very much so’ ‘not at all’). Finally, the inclusion of a
semi structured interview after the study would have likely provided more consistent and
high quality qualitative data on patient experiences.

The concept of rotating patients for radiation therapy is not new - in fact in earlier
incarnations of radiation therapy utilised positioning equipment to move the patient within a
stationary beam was common place [23-25]. Historically, there are very good reasons why
this approach was abandoned in favour of moving gantry techniques. Movement of the
patient can introduce large geometric uncertainties, which if not properly compensated for
can limit treatment efficacy. Furthermore, by moving to isocentric techniques facilitated by a
moving gantry, the (then) difficult task of predicting dose distributions in the body was
greatly simplified [26-28]. Today, there are a number of reasons why the role of patient
positioning in radiation therapy should be revaluated. Vastly increased computational power
and advanced imaging science mean that it is feasible to measure and adapt for patient
motion — indeed, this is the exact premise upon which so much flagship medical physics
research into adaptive radiotherapy is based. Whilst the problem of quantifying and adapting
for rotation-induced anatomic deformation was not assessed in this study, in modern
radiotherapy, it is becoming increasingly common to measure and adapt for patient motion,
and there is already a great deal of research focused on increasing this capacity [29-33]. As
such, it not unreasonable to hypothesise that anatomic deformation resulting from rotation
could be adapted for. Based on the results presented in this work, future studies are planned
to collect the data necessary to develop techniques to deliver high quality radiotherapy in the
presence of such deformation.

5. Conclusion

Slow, single arc rotation in both the upright and lying orientations was well tolerated by the
patients in this study. This work supports the need for further research into the clinical
implementation of patient rotation, which could globally impact the practice of radiation
oncology.
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Abstract

Purpose: Conventionally in radiotherapy, a very heavy beam forming apparatus (gantry) is
rotated around a patient. From a mechanical perspective, a more elegant approach is to rotate
the patient within a stationary beam. Key obstacles to this approach are patient tolerance and
anatomical deformation. Very little information on either aspect is available in the literature.
The purpose of this work was therefore to design and test an MRI compatible patient rotation
system such that the feasibility of a patient rotation workflow could be tested.

Methods: A patient rotation system (PRS) was designed to fit inside the bore of a 3T MRI
scanner (Skyra, Siemens) such that 3D images could be acquired at different rotation angles.
Once constructed, a pelvic imaging study was carried out on a healthy volunteer. T2 weighted
MRI images were taken every 45° between 0° and 360°, (with 0° equivalent to supine). The
prostate, bladder, and rectum were segmented using atlas-based auto contouring. The images
from each angle were registered back to the 0° image in three steps: (1) Rigid registration was
based on MRI visible markers on the couch. (2) Rigid registration based on the prostate
contour (equivalent to a rigid shift to the prostate). (3) Non-rigid registration. The Dice
similarity coefficient (DSC) and mean average surface distance (MASD) was calculated for
each organ at each step.

Results: The PRS met all design constraints and was successfully integrated with the MRI
scanner. Phantom images showed minimal difference in signal or noise with or without the
PRS in the MRI scanner. For the MRI images the DSC (mean+standard deviation) over all
angles in the prostate, rectum, and bladder was 0.60+0.11, 0.56+0.15, and 0.76+0.06 after
rigid couch registration, 0.88+0.03, 0.81+0.08, and 0.86+0.03 after rigid prostate guided
registration, and 0.85+0.03, 0.88+0.02, 0.87+0.02 after non-rigid registration.

Conclusions: An MRI compatible patient rotation system has been designed, constructed,
and tested. A pelvic study was carried out on a healthy volunteer. Rigid registration based on
the prostate contour yielded DSC overlap statistics in the prostate superior than interobserver
contouring variability reported in the literature.
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1. Introduction

In external beam radiation therapy, relative rotation between the patient and treatment beam
is required in order to achieve conformal dose distributions. Relative rotation can be achieved
by rotating the treatment head, the patient, or both. In modern radiotherapy it is most
common to rotate the treatment head. However, there are a number situations where
substantial benefit could be derived if instead the patient was rotated, resulting in greatly
simplified design. Examples of applications where patient rotation should prove particularly
beneficial include hadron therapy in which rotating gantries can weigh up to 600 tonnes,
MRI-Linac therapy in which the presence of an MRI magnet considerably complicates gantry
design [1], medical applications of synchrotron radiation [2, 3], and the development of low
cost treatment delivery systems (it is estimated that 22 000 new Linacs are needed by the year
2035 to meet global demand) [4].

There are two distinct orientations in which patients could be rotated; upright or lying. Whilst
both orientations address the applications outlined above, lying rotation has an important
advantage compared to upright rotation: unlike upright rotation, lying rotation workflows are
compatible with common medical imaging devices (CT and MRI) which are essential for
radiotherapy treatment planning. As such, a lying rotation approach could utilise
conventional imaging equipment which either already exists within hospitals, or is much
easier to access or acquire second hand than specialized upright scanners. The obvious
problem with lying rotation is that gravitationally induced anatomic deformation will occur
due to rotation between the gravitational field and the patient. If not taken into account during
planning and delivery, this deformation will introduce uncertainties into the treatment. In
order to unlock the potential benefits of lying rotation for modern radiation therapy, it is
necessary to quantify the mechanics of deformation and adopt strategies to sculpt high quality
dose distributions in the presence of such deformation, which will almost certainly require in-
room adaption. To date, there is very little published data which addresses this issue. To
address this gap in scientific knowledge, the goal of this study was to design and investigate
an MRI compatible patient rotation system (PRS) to be used in conjunction with our 3 Tesla
MRI scanner. In this work, the design and construction of the PRS is reported, and the first
images and quantification of organ deformation from a volunteer study in the prostate region
are presented.

2. Methods

2.A. Patient Rotation System design

The PRS was designed to meet the following criteria: rotate 360 degrees lockable at 1 degree
increments, safely and comfortably support patients up to 100 kg and 190 cm at any angle
with no more than 3 mm of flexion, ensure patient is safely restrained such that no strain
occurs on the neck or spine, minimise torque forces on the PRS (i.e. centre of gravity of
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patient near centre of rotation), combined weight of patient and PRS must be less than 160
kg. In addition, the device had to be compatible with our 3 Tesla MRI scanner (Skyra,
Siemens, Germany) which added two more design constraints; the device had to be small
enough to fit within the 70 cm bore of the MRI scanner, and be entirely constructed from
MRI compatible materials. It was also decided that the device would be manually positioned
by operators in order to avoid electromagnetic interference between motors and the MRI
scanner. Another consideration was whether to incorporate additional MR receive coils
within the PRS, or acquire images using only the in-built body coil of the scanner. After some
preliminary testing, it was decided to proceed without imaging coils, but to design such that
they could be retrospectively added if necessary.

To ensure MRI compatibility and mechanical tolerance within the MRI bore, a commercial
bioengineering company was engaged. To maximise the amount of space available for the
patient rotation system, the standard MRI couch was fully withdrawn from the scanner bore.
This also meant that the existing track structure of the scanner could be utilised inside the
bore. Outside the bore, the standard couch was used to support the patient rotation device. A
drawback of this approach is that the conventional couch must be manually positioned at the
correct height before use. The maximum cylinder diameter which fits into the MRI bore with
the couch withdrawn is 600 mm (Figure 1B) — however, when the required support structure
of the PRS was taken into account, 567 mm was available for the outer cylinder of the PRS
system, resulting in an internal ‘bed’ width of 438 mm. Based on the NHANES
anthropometric database of US civilians, it was anticipated that the PRS would be of
sufficient dimensions to accommodate around 60% of males and 80% of females [5].
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Pinch Points

B)

Figure 78: A) The Skyra MRI scanner with the couch retracted. In the bore there is a measuring device used to
measure clearances. B) Diagram of the bore structure, showing the maximum cylinder which can fit inside, and
where it is restricted (pinch points) C) Diagram of the PRS mounted onto the MRI scanner. The scanner
superstructure is sketched in black and white, whilst the PRS is rendered in colour. For clarity, the patient support of
airbags and strapping is not shown D) Close up of the rotation support structure, showing the external rails which
mirror the rails built into the bore (red), the rotation support structure which moves axially in and out of the bore
(blue), and the supporting structure which rotates (green).

To facilitate axial movement in and out of the scanner, the track structure of the bore was
replicated into a track structure which could be mounted onto the conventional couch. The
standard couch can be completely undocked from the scanner, meaning the rotating couch
and track structure could be mounted on the standard couch external to the MRI room, before
being wheeled back in and attached to the scanner. The section of the PRS which entered the
bore of the magnet was mainly constructed from acrylic and acetal, with smaller amounts of
polyester, polyurethane foam, PVC, vinyl, and nylon. All materials which were to enter the
bore were tested for MRI compatibility prior to manufacture. The externally mounted rails
which sit outside the bore were constructed from aluminium, and polymer and glass ball
bearings were used throughout.

To ensure the device was as patient friendly as possible, a number of experts were consulted
during the preliminary design stage, including radiation therapists, physicists, and
oncologists. Importantly for the final design, clinical researchers from the field of balance
disorder therapy (in which it is common to rotate patients) were consulted. On the basis of
their advice and experiences, three inflatable airbags inserted between the bore of the PRS
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and the patient torso were chosen as the primary patient support. This facilitates even loading
across the patient surface, minimising pressure points. The PRS was also designed for
patients to have as large field of visibility as possible while they were being imaged, to
minimise claustrophobia.

2.B. Phantom study to assess MRI compatibility

To test the MRI computability of the device, a spherical 25 cm diameter oil filled QA
phantom was imaged using a spin echo QA sequence (TE 30 ms, TR 1000 ms, pixel size
1.76x1.76 mmz,slice thickness 5 mm, FOV 45 cm) both with and without the PRS. For the
latter case, the phantom was positioned on the conventional couch. For both cases, only the
body coil was used to acquire the images. As the MRI scanner is used for radiation therapy
simulation, it is already equipped with a laser positioning bridge (Figure 1). These lasers were
used to reproduce the phantom positioning as accurately as possible between scans. The
signal to noise Ratio (SNR) was assessed as the ratio of the mean signal in the phantom to the
standard deviation of the signal outside the phantom [6], using regions of interest which are
shown in section 3.B.
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2.C. Volunteer study

A healthy male volunteer was scanned using a modified version of the prostate protocol used
for MRI simulation in our clinic. T2 weighted MRI images were taken at 45 degree
increments over 360 degrees. A turbo spin weighted echo sequence was used (TE=96 ms,
TR=6910 ms, turbo factor 15, pixel size 1.4x1.4 mmz, slice thickness 3mm, FOV 45 cm).
The bandwidth was 400 Hz/pixel and 3D distortion correction was applied. Each image took
approximately 2 minutes to acquire and the total study time was 45 minutes. MRI visible
markers were placed on the underside of the PRS couch (Figure 4) to aid in registration. To
extract deformation information, the MRI images were processed as follows:

(1) Each non-0 degree MR data set was rigidly registered manually back to the 0 degree data
using the couch markers using Slicer3D [7]. This essentially puts all data back into the
same coordinate system. For each data set, the prostate, bladder, rectum, body and bones
were automatically contoured using a previously published multi-atlas local weighted
voting method [8].

(2) Structure guided registration based on the prostate contours was used to register each
data set back to the 0 degree data. Only translation was used in this step to avoid rotation
errors due to spherical shape of the prostate. This code was written in C++ using classes
from the Insight Toolkit?’ (Metric: Mean Squared Error; Optimizer: Regular Step
Gradient Descent (maximum step length 4.00, Minimum step length 0.01, 200
iterations); Transform: Translation). The transform from each prostate registration was
then applied to globally the parent data (including contours.)

(3) To quantify residual deformation after rigid prostate guided registration, the output from
each angled data set from step 2 was registered to the 0-degree data using demons based
non-rigid registration [9]. The deformation field was applied to the contours output from
step 3.

(4) The structures from each steps 2 and 3 were compared using the Dice Similarity
Coefficient (DSC), and the Mean Absolute Surface Distance (MASD). The results from
step 2 are representative of the geometric errors which would occur if a simple rigid shift
adaption was used, as is common practice before treatment in conventional radiotherapy
[10]. The deformation vector fields were analysed within each contour.

7 https://itk.org/
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3. Results

3.A. MRI compatible patient rotator

Figure 79: A volunteer in the patient rotation system (A) 0 degree position (B) 90 degree position, partially inside the
scanner bore.

Figure 2 shows a volunteer in the PRS at two different angles. It can be seen that the PRS is
mounted on the standard couch with the use of custom built rails. These rails mirror the rails
within the bore of the MRI scanner, allowing the PRS to translate into the scanner. Also note
the use of airbags to produce a distributed load across the patient surface. The delivered
device met or exceeded all design constraints.

3.B. Assessment of MRI compatibility

Figure 3 shows a comparison of the phantom images taken with and without the PRS. It can
be seen that only minimal differences exist between the two cases, indicating the MRI
compatibility of the PRS. It can also be seen in Figure 3C that there was not perfect
alignment of the phantom between the two scans — however, this is not entirely surprising as
it is quite difficult to line up the object exactly, particularly on the MRI scanner couch which
has a curved bed. When examining the pixel values in the two indicated circles we found
there was a small but statistically significant (p<<0.05) difference in both the signal and noise
regions of the two images. The SNR was actually slightly higher with the PRS inside the
couch, although we believe this is simply due to normal experimental variation.
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Figure 80: Assessment of image quality both with and without the presence of the PRS. A) Phantom with PRS. The
two circles indicate the regions used to assess the SNR. B) Phantom image with the conventional couch. C) Difference
of images A and B. D) Distribution of pixel values within the signal region of interest indicated on A and B. E)
Distribution of pixel values within the noise region of interest F) Profile across the centre of images A and B.

3.C. Anatomical deformation

Figure 4 shows examples of the MRI images before and after image registration. The top row
(a-d) shows the original images taken at each angle. The second row (e-g) shows the same
images after they have been registered back to the 0 degree image (a) using prostate guided
rigid registration. The third row (h-j) shows each image after being registered back to the zero
degree image using non-rigid registration with the resultant vector field overlayed. The vector
fields show non rigid deformation within the prostate region is quite low. It also appears that
there is sometimes a torque-like force around the exterior part of the body, which could be a
result of interplay between gravitational force and the patient support system. It can be seen
that good image quality was maintained over all imaging angles, with clear anatomical detail.
This implies that the volunteer was able to remain quite still throughout the study
(approximately 45 minutes), as larger image artefacts would be expected otherwise.
Unfortunately, truncation of the bladder did occur in some of images, which should be taken
into consideration when interpreting the contour analysis presented below.
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Figure 81: Representative MRI images. Top row shows the original images taken at a) 0, b) 45, ¢) 90, and d) 180
degrees. Second row shows each image after rigid contour guided registration back to the 0 degree image. Third row
shows each image after non rigid registration back to the 0 degree image. The DVF from this step is overlayed on
each image. (Note to reviewers: a high resolution version of this figure will be linked to from the caption)

The data in this study were registered in a three stage process (section 2.C). The first stage
was a rigid registration based on an MRI visible marker placed on the couch, which
essentially puts all data back into the same coordinate system. After this step, the mean DSC
over all angles in prostate, rectum, and bladder was 0.60+0.11, 0.56+0.15, and 0.76+.06
respectively, and MASD differences were 3.76+1.22, 4.55+1.90, and 4.83+1.22 mm. The
next stage was a contour guided rigid registration based on the prostate contour. After this
step, the same results were: 0.88+.03, 0.81+0.03, and 0.86+0.03 (DSC), and 0.87+0.25,
1.75+€0.77 and 2.81+1.12 mm (MASD). Finally, a non-rigid registration was applied. After
this step, the same results were 0.85+0.03, 0.88+0.02, and 0.87+0.02 (DSC) and 1.14+0.34,
1.07£0.18, and 2.55+0.88 mm (MASD). Table 1 gives a summary of DSC values for
prostate, rectum and bladder over all angles for each registration strategy. Note that both the
DSC overlap and MASD offset of the prostate are slightly higher after non-rigid registration
as this step is based on the entire image rather than just the prostate.
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Table 11: DSC values for prostate, rectum, and bladder for the three registration strategies. Couch registration refers
to the rigid rotation alignment based on the couch marker (i.e. this step simply puts all data back into the same
coordinate system). Rigid prostate registration refers to the contour guided rigid registration step. The bottom row
shows the mean overlap across all angles.

Angle [ Couch registration Rigid prostate J| Non-rigid registration
registration

Prostate | Rectum | Bladder J| Prostate | Rectum | Bladder | Prostate | Rectum | Bladder

45° 0.56 0.52 0.73 0.83 0.80 0.80 0.80 0.88 0.89

90° 0.42 0.26 0.66 0.83 0.70 0.80 0.82 0.89 0.89

135° 0.67 0.53 0.83 0.87 0.65 0.88 0.82 0.86 0.91

180° 0.62 0.66 0.81 0.92 0.86 0.89 0.86 0.89 0.84

225° 0.67 0.70 0.83 0.92 0.85 0.89 0.87 0.85 0.86

270° 0.49 0.42 0.75 0.86 0.86 0.88 0.82 0.85 0.86

315° 0.53 0.53 0.75 0.90 0.86 0.87 0.88 0.88 0.83

360° 0.80 0.83 0.84 0.90 0.88 0.88 0.90 0.90 0.87

MEAN | 0.60 0.56 0.76 0.88 0.81 0.86 0.85 0.88 0.87
+STD | +0.11 +0.15 +0.06 +0.03 +0.08 +0.03 +0.03 +0.02 +0.02

4. Discussion

In this work the design and construction of an MRI compatible Patient Rotation System was
presented, which to the best of our knowledge is the first of its kind. Using this system,
prostate images of a healthy male volunteer at imaging angles between 0° and 360° were
acquired, and deformable image registration was used to quantify the resulting anatomical
deformation.

The first registration performed was a rigid couch registration step, which simply rotates all
data back into the same coordinate system. Based on the results from this step (mean prostate
DSC overlap of 0.60+.11 and MASD offset 3.76+1.22 mm) it is clear that in order to achieve
this accuracy in a treatment approach based on patient rotation, an adaptive radiotherapy
technique would have to be adopted. The results from the second stage of the registration
steps (prostate contour guided rigid registration) are representative of the geometric accuracy
which could be achieved with a simple rigid alignment to the prostate before each beam. This
kind of adaption is commonly used for pre-treatment alignment in current clinical practice
[10], and as such it is reasonable to believe it could be incorporated into a patient rotation
workflow. After this step, the mean DSC coefficient for the prostate was 0.88+.08, and mean
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MASD differences 0.87+0.25 mm. To put these numbers in context, 0.88 DSC is higher than
reported interobserver contouring variability on prostate [8, 11] and 0.87 mm is less than the
levels of intrafraction motion which can commonly occur for prostate cancer patients treated
with conventional techniques [12, 13]. The agreement for rectum and bladder was also quite
high after the prostate guided rigid registration step (DSC>0.8, MASD<3 mm) however
there is very little information in the literature regarding geometric uncertainty in organs at
risk, and so these results are more difficult to contextually interpret. Based on the prostate
data alone, these results suggest that even the simple adaption strategy of rigidly shifting
beams to the prostate may be effective in adapting for the deformation observed in this study.
More advanced adaptive strategies could also be applied to compensate for the anatomic
deformation, which could bring the geometric accuracy of the therapy to the levels seen after
the non-rigid registration step. One interesting approach to adaptive radiotherapy was
recently proposed in ref. [14]. In this work, the plan was adaptively updated in response to
the real time position of the organs, whilst also taking into account the dose which has
already been delivered. Such an approach may prove ideally suited for a rotation based
radiotherapy workflow. A limitation of the data in this study is that it comes from only one
healthy volunteer. To properly test the efficacy of different adaption strategies and extend the
results to a population level, more data from a more representative patient cohort needs to be
obtained, and appropriate treatment planning studies carried out.

It is expected that different treatment sites will show different levels of gravitationally
induced motion; for instance we would expect that the lung region would exhibit greater
motion than the prostate, as the latter organ is much more constrained by surrounding
structures. Different imaging and analysis approaches will also be required for different
regions, especially where there is already large motion such as lung. It is also likely that the
exact mechanism used to secure the patient has a bearing on the deformation results,
especially around the outer parts of the body. This was not explicitly investigated in this
study; however from the authors experience, the combined airbag and nylon strapping
support structure does do a very good job of supporting the patient securely in place. A
potential issue with the implantation of a patient rotation based workflow in radiation therapy
is patient comfort and tolerance. The healthy volunteer investigated this study did not report
any substantial discomfort during or after being imaged in the PRS. However, this was not
the focus of the present study and was not quantitatively investigated. Quantitative data
addressing these issues in a larger patient cohort is needed, and will be collected in future
studies via validated questionnaires to assess anxiety, claustrophobia, and motion sickness,
e.g. see refs. [15-17].

We initially had some concerns about the image quality which could be obtained using only
the in-built ‘body’ coil of the MRI scanner, which is why the device was designed such that it
could be retrofitted with additional receive coils if required. The images taken thus far have
been of sufficiently high quality that this may not be necessary; however this may be a
pathway to improved imaging performance in future versions of the system. Similarly, MRI
imaging performance does not appear adversely affected by the presence of the PRS in the
bore (section 3.B). Due to the fact that imaging often occurs close to the edge of the MRI
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field of view, some distortion is anticipated around the periphery of the images. Based on
previous work [18], it is expected that around the periphery of the images machine based
distortion on the order of 2mm may be occurring, although when looking at the images no
obvious distortion artefacts can be seen. Machine based distortion for the PRS will be
quantified in the future using a similar approach as our previous work [18]. Other limitations
of the current version of the MRI compatible PRS are the restrictions on patient size and
weight, the fact that it must be manually positioned, and the difficulty that low performance
status patients may have getting in and out of the system.

The potential benefits of patient rotation in radiotherapy are obvious: greatly simplified
gantry engineering, more cost effective treatments, and better patient access to radiation
therapy. As such, a number of proposals for patient rotation have been made previously (for
example, refs [19-23]). Typically, these have focused on upright rotation — however, this
creates difficulties in terms of patient treatment planning as most medical imaging equipment
cannot image patients in an upright position. A lying rotation workflow could be made
compatible with existing imaging machines, but introduces obvious difficulties into the
treatment workflow in terms of anatomic deformation. As such, an intriguing research
question is whether high quality radiotherapy can be planned and delivered in the presence of
such deformation. The increasing capacity in modern radiotherapy to quantify and mitigate
anatomic uncertainty through motion modelling, robust treatment planning [24], and in room
adaptation, gives reason to believe that this may indeed be possible. In particular, first order
strategies to monitor and adapt for tumour motion using electromagnetic transponders, kV x-
rays, and MRI already exist [25-27]. As such, and given the potential benefits of lying
rotation, we believe that the challenge of delivering high quality radiotherapy via lying
rotation is worthy of further investigation. To do this, data on the mechanics of gravity
induced organ deformation is needed, and this is precisely the data the MRI compatible PRS
has been built to capture.

Conclusion

An MRI compatible patient rotation system has been designed, constructed, and tested. A
prostate study was carried out on a healthy volunteer. Rigid registration based on the prostate
contour yielded DSC overlap statistics in the prostate superior than reported intra observer
contouring variability taken from the literature.
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Chapter 9
Conclusions




The work undertaken in this thesis was part of the Australian MRI-Linac research program,
which aims to develop an experimental MRI-Linac system. The work in this thesis can be
split into two distinct sections, both related to the development of the MRI-Linac system. In
the first section (Chapters 3-6) electromagnetic coupling effects between the MRI and Linac
were explored, with a particular emphasis on electron transport in the linear accelerator.

In Chapter 3, an FEM model of a clinical gridded electron gun was developed based on
accurate 3D laser scanning and electrical measurements. This is the first model of a clinical
gridded electron gun to be presented in the literature, and the first electron gun to be
characterised in magnetic fields which was actually based off the measured geometry of a
gun which is in current clinical use. We found that this gun was over two times more
sensitive to axial magnetic fields than the less realistic models which had previously been
presented.

In Chapter 4, the principles of magnetic shielding were explored and applied to the 1.0 Tesla
magnetic of the Australian MRI Linac program. We were able to design shields which would
enable a standard linac to operate in an MRI environment for both the in-line and
perpendicular MRI-Linac configurations, despite purposefully choosing a challenging source
to Isocentre of distance of 1.5 meters. In addition, the shield introduced only moderate
distortion into the MRI scanner; substantially below the upper limit of 300 PPM.

In Chapter 5, an alternative approach to operating an electron accelerator in an MRI
environment was presented: to redesign the accelerator. We showed that using an RF-gun
concept, an accelerator could be designed which could operate in a wide range of axial fields
with minimal current loss. We also showed that axial fields could affect the spot size of the
electron beam at the target, which potentially has serious ramifications for target heating and
lifetime. We also quantified back bombardment power of the in-silico models for both the
RF-gun accelerator and a standard accelerator, showing that one limitation with the RF-gun
concept may be back bombardment power at the cathode.

In Chapter 6, an experimental beam line was developed in collaboration with the Stanford
Linear accelerator facility (SLAC). The goal of this work was to validate and benchmark the
in-silico findings of Chapter 5. At the time of writing, this work was ongoing; however the
first beam on has been achieved, and preliminary results demonstrating the effect of magnetic
fields on the electron spot size collected.

The second part of this thesis studied the problem of patient rotation in radiotherapy (Chapter
7 and chapter 8). Whilst patient rotation has potential to benefit a broad range of radiotherapy
treatments, it could be of particular utility in MRI-Linac systems. This is because (1) the
reduction in gantry engineering complexity is expected to be particularly beneficial for MRI
linac systems, and (2) the MRI can be used to compensate for anatomic deformation in real
time. In Chapter 7, a clinical study was undertaken showing that patient acceptance of slow,
single arc rotation was quite high. This is the first quantitative data addressing this important
issue and is supportive of the need for further studies in a larger cohort of patients.
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The second major issue with patient rotation is the anatomical deformation which will result.
There is very little data available to address this problem, however in Chapter 8, a unique
medical device was constructed and tested which will allow the collection of high quality
MRI data of patients under rotation. We also used this device to carry out a volunteer study
and demonstrated the use of deformable image registration to quantify anatomic deformation.

Finally, appendix one details a data mining approach which was carried out as part of my
engagement with the American Association of Medical Physicists (AAPM). This work details
an algorithm which links NIH records back to AAPM membership records, allowing the
creation of the AAPM research database. We used the resultant data to perform a top level
analysis of AAPM funding dating back to 2002, showing that inflation adjusted funding of
AAPM members is stagnating even whilst membership increases.
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Abstract

Purpose: To produce and maintain database of National Institutes of Health (NIH) funded
research projects held by American Association of Physicists in Medicine (AAPM), and to
make this data (hereafter referred to as the AAPM research database) available for the use of
AAPM and its members.

Methods: NIH funded research dating back to 1985 is available for public download through
the NIH exporter website, and AAPM membership information dating back to 2002 was
supplied by the AAPM. To link these two sources of data together, a data mining algorithm
which matched records based on investigator name, institution, and record date was
developed in Matlab. The goal of this process is to link the NIH unique investigator number
‘PIL_ID’ to AAPM investigators. Accuracy was assessed in terms of false positive and
negative rates; false positives were manually estimated based on a random sample of 100
records, while false negatives were assessed by comparing against 99 member supplied PI_ID
numbers. The AAPM research database was queried to produce an analysis of trends and
demographics in research funding dating from 2002 to 2015.

Results: A total of 566 PI_ID numbers were matched to AAPM members. False positive and
negative rates were respectively 4% (95% CIL: 1-10%, N=100) and 10% (955 CI:5-18%,
N=99). Analysis of the AAPM research database showed that in 2015 the NIH awarded
$USD 110 to members of the AAPM. The data can be quickly updated each year as more
data becomes available. The four NIH institutes most likely to fund AAPM members were
the National Cancer Institute, National Institute of Biomedical Imaging and Bioengineering,
and National Institute of Neurological Disorders and Stroke. These four institutes awarded
over 85% of the total NIH research funding awarded to AAPM members in 2015; 1.1% of the
combined budget of these four institutes was awarded to AAPM members. Members of the
AAPM received less research funding in 2015 than in 2003 once inflation was adjusted for.
In the same period of time, the number of AAPM members nearly doubled.

Conclusions: A database of NIH funded research awarded to AAPM members has been
developed and tested using a novel data mining approach. The database will be maintained on
annual basis, and is available to the AAPM, its committees, working groups, and members
for download. A wide range of questions regarding financial and demographic funding trends
can be addressed by this data.
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1. Introduction and background

The American Association of Physicists in Medicine (AAPM) is the representative body of
most medical physicists in the USA, and is the principal organization promoting the
professional practice, educational activities, and research endeavors in the field of Medical
Physics. At time of writing, the membership of the AAPM consisted of approximately 8350
members working across hospitals, universities, and industry. Broadly speaking, medical
physicists perform two important roles in a modern health care system: firstly, to ensure the
optimal and safe performance of a variety sophisticated therapeutic and diagnostic machines,
systems and processes; secondly, to perform research ranging from basic science and
technology development to the invention of new techniques, procedures, and translation of
new scientific findings into clinical practice. With research presenting a critical aspect of the
state and future of medical physics, and with the National Institutes of Health (NIH)
presenting a major source of research support in these areas, this paper reports on the
development of a database of NIH research funding of AAPM members.

Performing scientific research requires funding sufficient to support resources and personnel.
In areas like healthcare, the innovation and improvements that result from research are in the
national interest [1]; as such, many nations dedicate a substantial proportion of their annual
budget to medical research [2]. In the United States, approximately 2.5% to 3% of the federal
budget is dedicated to scientific and medical research. The main federal funding body of
healthcare in the USA is the National Institute of Health (NIH) that attracted approximately
0.75% of the total US budget in 2016 (equating to approx. 32 billion USD) [3]. This money is
allocated to medical researchers through a competitive peer review process [4]. Through this
process, researchers (including many AAPM members) apply for and are awarded research
funding of various amounts and with various degrees of success. Exactly how much a
researcher receives, whether this proportion is changing with time, which research areas are
funded each year, and which AAPM members are receiving funding are all questions that
have been difficult to answer in the past, even though such information is in principle
available in the public domain.

Obtaining this information is important to both to the AAPM, who must ensure that its
members continue to perform clinically relevant and nationally competitive research, and to
the NIH, which should aim to ensure the discipline that gave the world CT, MRI, ultrasound,
radiation therapy, medical lasers, etc. (to name but a few [5]) continues to attract funding
commensurate with the potential of this research to positively impact human health. The
purpose of this paper is twofold; (1) present the development and testing of a research
database of AAPM members awarded research funding by the NIH, and (2) present a top
level analysis of trends in this funding. Although the NIH records dating back to 1985 are
publicly available, it is not straightforward to extract the data associated with a given field or
organization. This work presents a data mining approach which can extract funding records
associated with an input list of AAMP members from data available from the NIH
RePORTER tool [6]. This project was undertaken as part of the activities of the AAPM
Working Group for the Development of a Research Database (WGDRD) with support of the
AAPM Science Council, and the resultant data will be made available to AAPM members.
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2. Methods

The process for creating the AAPM research database is shown in Figure 1. Each stage
involved in creating the database is described in detail below.

2.1. Input Data

This work utilizes two databases: NIH RePORTER records and AAPM membership records.
The AAPM data extends back to 2002, as well as containing a ‘member since’ field that
extends back to 1962. Each AAPM member is identified by a unique ‘STATUS_ID’ number,
and First, Last, and Middle names are stored in separate fields (note that throughout this
manuscript, searchable fields are indicated by THIS FORMATING). All fields in the AAPM data
are shown in Table 1.

NIH RePORTER funding records are publicly available for download and can be queried
online [6, 7]. A brief outline of this data is shown in Table 2; a more detailed description of
the contents of these records is available online [8].The data extends back to 1985, although
funding amount is only recorded from 2000 onwards. Each principal investigator (PI) is
assigned a seven or eight digit ‘PI_ID’ number, which typically remains constant throughout
their career (occasional exceptions do exist as discussed in Section 4). PI names are stored in
a single field, in the format ‘last, first’. The last name is straightforward to interpret, however
the first can include multiple names as well as middle initials. In this work we separate the
‘first’ string by spaces, and take the first space separated string to be the first name of that
investigator. From 2006 onwards, the NIH introduced a multi PI application model. In these
cases, each record in the NIH data can have more than one PI. Each PI name and number is
stored in the same field separated by a semicolon. The PI who submits the grant and is
responsible for communication with the NIH is assigned as ‘contact’. In such a case, the PI
name field might read: ‘PInamel; PIname2 (contact); PIname3’, where each name follows
the ‘Last, First’ convention described above. The same structure is applied to the PI_ID field.

In order to extract records relating to research grants held by AAPM members from the NIH
funding records, the unique AAPM identifier ‘STATUS ID’ must be associated with the
unique NIH identifier ‘PI_ID’. However, there is no straightforward means to do this:
therefore a data mining approach was developed and is described below.
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Table 12: Structure of the AAPM data. The shaded entries represent the fields that are queried at least once in the

present work. Note that the last two fields show the time period each record is valid (e.g. 2002-2006)

Field Example

Status ID (internal unique identifier) | 4134

Title prefix Dr

First name Jane

Middle name/ initial A

Last name Doe

Title Suffix Jor.

Date of Birth 12-30-1969

Job title Asst. Professor
Organization Ivory Tower University
Department Medical Physics
Highest academic degree PhD

Gender F

Email Jane.doe@institute.edu
Member since 2001

Dues category Full

Dues sub category Full

Phone Number

555-555-5555

Extension? None
Fax number 555-555-5556
Fellow Y
Charter member N
Active from 2002
Active till 2015
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Table 13: Relevant fields from the NIH records. Fields that are queried at least once in this work are shaded grey.
Other fields shown here were not queried, but may be useful in future work. Note that a complete description of NIH

records can be found online [8].

Field Example
Application_ID 8913171

Activity RO1

ARRA Funded? No

IC Name National Cancer Institute

NIH spending Cats

Cardiovascular; Heart Disease;
Neurosciences; Rare Diseases;

Lung;

Org City

Dubbo

Org Country

USA

Org Department

Biomedical Engineering

Org name The University of Dubbo
Org_state CA
PI IDs 7682827
PI Names Doe, Jane
ProgramOfficerName Steven Stevens
Suffix S1
Direct cost_amt 100
Indirect cost amt 100
Total cost 200
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2.2. Data mining algorithm

While multiple common fields exist in each data set, there is no unique field that would allow
simple, reliable, and unambiguous information linkage. Therefore, the approach taken was to
query multiple non-unique fields and consider the combined net evidence before making a
decision. For example, querying according to LAST NAME and INSTITUTION provides far better
discriminatory evidence than LAST NAME alone. Extraction of grants is a three stage process,
broadly outlined in Figure 1 and described in detail below.

I.  Initial filtration and processing of NIH data.

The first stage is an initial query of the NIH data, in which all grants from PIs with the same
LAST NAME and FIRST INITIAL as an AAPM member (e.g. ‘smith, j’) are extracted, processed,
and written to a separate excel spreadsheet. The purpose of this is threefold: (1) it cuts down
the amount of data that must be subjected to more detailed analysis downstream; (2) it
preprocesses the (occasionally messy) NIH data into a consistent and easy to read format to
avoid downstream errors; and (3) it splits up multi PI grants into records that can be
individually queried. This last step warrants further description. For each multi PI grant, the
‘contact’ PI_ID and PI_NAMES are extracted, and other Pls are deleted (see section 2A for a
description of the data format). Note that this does not discard any useful data because we
rely on the institution field downstream, and the NIH stores this data only for the ‘contact’ PI.
Also, at this stage we are only trying to find PI_ID numbers. Once found, they are still used to
query multi PI grants including non ‘contact’ Pls, as described in section III. At the end of
this step, the data is reduced from ~900 MB to ~10 MB, and comprises ~222,000 records in
the format: LAST NAME, FIRST NAME, PI ID, FINANCIAL YEAR OF RECORD, PI INSTITUTE, and
PROJECT NAME.

II.  Associate AAPM members with their PI_ID

The next step is to apply a series of more detailed tests to the data from part I to associate
AAPM members with their NIH PI_ID. To do this, we consider the net evidence provided by
comparisons between the NIH record and the AAPM record, querying: FIRST NAME, FIRST
INITIAL, LAST NAME, AND INSTITUTE. In cases for which the PI changes institution during the
period of a grant project, both institutions are listed within the NIH record, and the total cost
that year is the sum of the records from each institution. As well as this, the funding body
from the NIH data is checked. Explanation of the tests used is given in Table 3, and the
combined test results that trigger a match are described in Table 4. This process was
undertaken for each year of NIH records from 1985 to 2015. For each year, the algorithm
reads all recorded NIH funding, and AAPM members who were active within one year of the
year being tested. For example, if the year 2000 was being tested, AAPM members active
from 1999 to 2001 (inclusive) would be included in the testing process. Because the PI_ID
does not (usually) change from year to year, this approach gives multiple opportunities to
make a positive match. In any single year, errors may occur in either data set that can
confound the test results; however, when multiple years are analyzed it can substantially
reduce the impact of these errors.
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The results from each year are stored in separate sheets of a Microsoft Excel workbook,
along with the binary indicators for each of the test results, as outlined in Table 4. Based on
these test results, the PI_ID associated with each record is either included or discarded. The
inclusion criteria are shown in Table 4. After the final year, all results are analyzed and
consolidated into a list of unique PI_ID numbers. When multiple matches for the same PI_ID
number are found, the binary flags shown in Table 4 are updated, and the best case
(determined by the binary flags) is kept. Also at this stage, a list of PI_ID corrections from
previous iterations is read — known false positives are discounted, while previously identified
‘manual review’ numbers are un-flagged.

Two lists must be defined before running this part of the code. The first is a list of words not
to include in the institute match test. The second is a list of ‘danger names’ (Table 5). This is
a list of very common last names that were observed to cause a large number of false
positives. If the last name is a ‘danger name’, then inclusion instance 2 (which allows a match
if the first name does not match) is not used, and the entry is automatically flagged for
manual review. Both lists have been developed based on repeated running of the code and
identification of failure points; both can also be very quickly updated as required for future
use.

Before continuing to the next step, the returned list of PI_IDs is subjected to manual QA.
Firstly, any entries flagged for manual review are checked. Entries can be flagged for manual
review based on several reasons: the entry was included based on criteria 3, the last name was
a danger name, the PI_ID was matched to more than one person, or the investigator had
multiple PI_IDs assigned to them. When errors are found in the PI_ID list, they are stored on
a separate worksheet so they don’t appear again, and deleted from the final list. Similarly,
when entries that were flagged for manual review pass inspection, they are added to a ‘un-
flag’ list so they are not flagged again in subsequent iterations. In addition to the review of
flagged entries, additional QA is carried out on this list to estimate false positive and negative
rates. This is described in section 2C.

III.  Using the PI_ID list to extract AAPM grant records

Using the list of PI_IDs described above, the NIH data was again queried, and all grants from
those PIs were extracted and stored in an Excel workbook, with grants from each stored on a
separate sheet. Note that we now query the full NIH data set, and not the filtered intermediate
data that was used to obtain the list of PI_IDs in step II. When a positive match is found, the
NIH data is appended with additional data which is only available in the AAPM records:
Date of Birth, Gender, and the unique AAPM identifier STATUS_ID, which allows each grant
to be linked back to AAPM records. Grants are recorded by the expenditure each year, so for
example, a grant running from 2001 to 2003 will have a record in each of those years.
Multiyear projects can easily be consolidated if desired, since each NIH project has a unique
ID, APPLICATION_ID.

Occasionally, a single project has multiple entries in the NIH database in one year. There are
a number of reasons why this occurs: most commonly, the grant has been appended or
supplemented, which means that some change was made to the project. In this work,
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duplicate records are treated as follows: if funding information exists for both records, then
records are combined and total funding updated. If funding information exists for one record
but not for the other, the empty record is deleted. If funding information exists for neither,
then one is deleted and one kept. In this way, both overall funding and number of grants
awarded are as accurate as possible.

In the case of multi PI grants, two additional databases are created; one for the case where the
‘contact’ PI is an AAPM member, and another where the ‘contact’ PI is not an AAPM
member but an AAPM member is listed elsewhere as an investigator. Unless otherwise
stated, the results presented below are the combined data from single PI grants and multi-PI
grants where the ‘contact’ investigator is an AAPM member. In other words, multi PI grants
where the lead investigator is not an AAPM member are excluded from most of the analysis
below (To get a sense of the amount of funding attributed to each case, see Figure 6).
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Figure 82: The basic process used to generate the AAPM research database. This process is described in detail in the
methods section 2B

Appendix 1 Page 188



Table 14: Description of the tests used to decide whether each record should be matched to an AAPM member

Test

Pre processing

Criteria for positive result
('T")

AAPM data

NIH data

Last
name

Last name already has
its own field. Spaces,
dashes etc. are
removed from string.

Names are stored as
Last, First Middle. Last
name extracted, then
spaces, dashes etc.
removed from string.

Case insensitive string match

First
name

First name already has
its own field.

First name is taken as
the first space separated
string after the comma
(see above)

Case insensitive string match

First
1nitial

First character of first
name.

First character of first
name.

Case insensitive string match

Institute

institute
are

1. Common
abbreviation
‘unfolded” , e.g.
‘UCLA’  becomes
‘UCLA  University
of California Los
Angeles”

2. All common words
such as ‘university’
removed from name
Table 5)

3. Remaining  string
separated into words
using the space
character

1. Common institute
abbreviation are
‘unfolded” , e.g.
‘UCLA’ becomes
‘UCLA University
of California Los
Angeles”

2. All common words
such as ‘university’
removed from name
(Table 5)

3. Remaining  string
separated into words
using the space
character

All words between the two
data sets are compared using a
lower case string match. Only
one match between the two
sets of words is required for a
positive result.

Funding
Body

NA

Funding body stored in
the “IC_NAME” field
of NIH data.

If funding body is one of:
‘National Cancer Institute’,
‘National Heart, Lung and
Blood Institute’,

‘National Institute of
Biomedical Imaging and
Bioengineering’,  ‘National
Institute  of  Neurological
disorders and stroke.’
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Table 15: The test results required to identify a positive match between an NIH record and an AAPM member. Three
inclusion instances are currently supported; these could be extended.

Inclusion | Last First First Institute | Funding Manual
instance | Name Name Initial Body review
1 T T T T T F
2 T F T T T F
3 T T T T F T
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Table 16: The list of common words removed before institution matching and a list of last names that have been
identified as producing a high number of false positives. For these names, inclusion instance 3 (Table 4) is excluded

Words removed | university, univ, univ., of, the, institute, hospital, medical, center, college,
from institution | school, cancer, therapy, centre, center, NaN, na, for, city, physics,
matching program, national, health, inc., specialists, centers, ctr, ctr., oncology,
royal, and, &, medicine, at, hospitals, clinic, inc, inc., state

Danger names kim, lee, chen, zhang, huang, wang

2.3. False positives and false negatives

The above process is by no means infallible; some records will be missed (false negatives)
while others will be incorrectly included (false positives). For the data to be useful, it is
important to have a method for estimating the false positive and false negative rates. As both
false positives and false negatives are binary quantities (true/ false), confidence intervals for
the results were assessed using binomial statistics [9].

To assess the false positive rate, a list of 100_PI_IDs was randomly extracted with
replacement from the total list of ~600, and each of these was entered into the ‘Principal
Investigator (PI) / Project Leader’ field of the NIH reporter website with all available years
selected [6]. Based on the returned grants, PI name, and institution, each record was
examined manually to determine whether or not this PI_ID should legitimately be associated
with an AAPM member. This process was repeated numerous times throughout the
development of the algorithm to identify failure points and improve the algorithm. Each time
this was performed, the false negatives were stored on a separate spreadsheet and excluded
from the next iteration of the algorithm. Although it could be argued that such a process
biases the final false positive results presented below, in the future less than 20 new PI_ID
numbers are expected each year, and these can and should be quickly checked manually in
the manner described above to ensure the ongoing fidelity of the database.

False negatives are somewhat harder to detect than false positives, as by definition one is
dealing with data that has not been detected. Therefore, a secondary source of data is required
against which comparisons can be made. Fortunately, we had at our disposal a list of 99
AAPM member supplied PI numbers, which were obtained as part of an alternative approach
to obtain the NIH funding data. By assessing how many of these PI IDs our algorithm could
detect we were able to obtain a measure of the false negative rate. This was also repeated
throughout the algorithm development, and the results were used to fine tune the algorithm.

3. Results

3.1. Accuracy of PLID Data

The data mining algorithm identified 560 PI _ID numbers associated with the AAPM since
1985, of which 272 were active members at the time of writing. Manual testing of this list of
numbers as described above resulted in a false positive rate of 4%. A binomial fit to this data
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results in a 95 % confidence interval of 1-10 %, with N=100. Comparison with the member
supplied PI_ID numbers yielded a false negative rate of 10 %, with a 95% confidence interval
of 5-18 %, N=99. Note that after testing, the 10 false negatives were added to the list of
PI_IDs used to generate the rest of the data in this report, while the 4 false positives identified
were removed, such that 566 PI_IDs were used to generate the results reported below.

Note that while the exportable NIH data extends back to 1985, the online records only extend
back to 2000 — also, funding amount is only available from 2000 onwards. As such, data prior
to the year 2000 cannot be easily manually tested for false positives. Also, recall that the
AAPM data only extends back to the year 2002, so data prior to this cannot easily be tested
for false negatives. Therefore, the above results can only be considered valid for data after the
year 2002. Although we present data before this, we caution that data prior to 2002 should be
interpreted with the above information in mind.

3.2. Analysis of funding data

A top level analysis of NIH funding of members of the AAPM is presented in the following
section. Firstly, some general points: Wherever a funding amount is shown, it is in USD, and
no adjustment for inflation has been made unless otherwise stated. Where adjustment for
inflation is made, it is to 2015 USD, based on USD using the Biomedical Research and
Development Price Index [10]. Where box plots are used, the ‘box’ represents the 25™ and
75" percentiles of the data, and points lying outside q3+1.5%(q3-ql) are classed as outliers,
where ‘q’ represents data quartiles. Although no error bars are shown on the plots, they
should be interpreted bearing in mind the false positive and negative rates outlined above (4%
and 10%, respectively).

Figure 2 shows the yearly expenditure of grants held by AAPM members each year. In this
plot, a grant running for three years would have one data point in each year, corresponding to
the ‘total cost’ column of the NIH data in that year. The red line indicates the mean value. In
2015, the mean expenditure each year was $447k. In the year 2000 the mean expenditure
each year was $328k, or $522k in 2015 dollars, suggesting this metric has for the most part
kept pace with inflation.

Figure 3 shows the age of members receiving funding in each year; no strong trend is
immediately apparent. We note that there do appear to be some errors in this member entered
data. For instance some grants were apparently awarded to Pls at the age of 14. In the data
shown, any grants whose PI age was less than 18 have been discarded on the assumption that
this is a data entry artifact.

The number of grants awarded to members of the AAPM each year, as well as the number
awarded to male and female members is shown in Figure 4. In 2015, 11% of grants held by
AAPM members were held by female members. In the same year, 22% of all AAPM
members were female, suggesting that males are twice as likely to hold research funding
compared to females.
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Figure 4 shows the total funding awarded to the AAPM, compared to the ‘funding pool’. This
is defined as the total budget of the top four funding agencies providing research grants to
members of the AAPM over all years, outlined in Figure 7 and Table 6. These four funding
agencies (NCI, NIBIB, NHLBI, and NINDS) represent approximately 81% of the total
funding granted to members of the AAPM since such records were available. Some features
of this graph can be explained by the political and economic climate at that time. In 2009 and
2010, a large spike appears in the total AAPM funds. This is due to the American Recovery
and Reinvestment Act (ARRA) [11]. Note that the ARRA allocated funding is not included in
the NIH budget, which explains why the NIH budget does not show the same trend during
these years. In 2013, there is a sharp dip in the NIH funding pool. This is due to a budget
sequestration [12]. At the time of writing, the NIH had not published its 2015 budget online
and so this data point is missing.

To give a better insight into grant funds held by members of the AAPM as a percentage of the
available funds, Figure 6 shows the proportion of the ‘funding pool’ that was allocated to
members of the AAPM in each year. The horizontal red line shows the proportion at the latest
available data point, in 2014. Again, the apparent spike in 2009 and 2010 is due to the ARRA
funding, which does not appear in the NIH budgets.

Figure 7 shows the amount to which the various national institutes comprising the NIH have
awarded grant funding to members of the AAPM. This graph shows funding data across all
available years; the top four funding agencies have been the National Cancer Institute, the
National Institute of Biomedical Engineering and Biomedical Engineering, the National
Heart, Lung and Blood Institute, and the National Institute of neurological disorders and
stroke. The budget for these four funding bodies is used to define the ‘funding pool’ in Figure
5 Figure 6. For information on the abbreviations and for the amount of funding awarded to
AAPM members, see Table 6.

Figure 8 shows the different grant types which AAPM members have been awarded; we see
that funding has most prevalently been awarded through the RO1 project grant mechanism.
An explanation of the different funding types can be found in ref. [13]

Finally, Figure 9 shows the inflation adjusted ‘funds per member’ in year 2000 USD,
compared to the membership of the AAPM. It can be seen that, while the cumulative research
funds awarded to members of the AAPM has stayed approximately constant, membership has
steadily grown, meaning less research is funding is available on a ‘per member’ basis over
time.
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Figure 85: The total number of grants awarded to AAPM members each year, and total grants awarded
to male and female PIs.
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Figure 90: Dollars per member adjusted for inflation (USD year 2000, in thousands)

number of members from 2002 to 2015.
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Table 17: The extent to which different organizations awarded funding to AAPM members in 2015. *For NIAMSD,
the 2015 budget was not available at time of writing, so the 2014 figure was used.

Institute Full name Number of | Total 2015 Percent of
abbreviation AAPM funding of | budget budget
member AAPM (billions) | allocated to
grants member AAPM
funded in grants in member
2015 (% 2015 in USD grants
total) millions (%
total)
NCI National Cancer 124 (52%) | 60.9 (53%) 4.95 1.2
Institute
NIBIB National Institute 60 (25%) 26.1 (23%) 0.3 8.7
of Biomedical
Imaging and
Biomedical
Engineering
NHLBI National Heart 19 (8%) 8.4 (7%) 2.9 0.7
Lung and Blood
Institute
NINDS National Institute 12 (5%) 3.6 3%) 1.6 0.2
of neurological
Disorders and
Stroke
NIDDK National Institute 2 (1%) 0.6 (1%) 1.7 0.04
of Diabetes and
Digestive and
Kidney Diseases
NIAMSD National Institute 3 (1%) 1.0 (1%) 0.5% 0.2

of Arthritis and
Musculoskeletal
and Skin Diseases

4. Discussion

In this work, we have developed and tested a data mining algorithm that extracts PI ID
numbers from NIH records based on tests of name, institution, funding body, and temporal
correlation. The utility of the algorithm has been demonstrated using AAPM membership
data. We have tested the resultant PI_ID list for false positives and false negatives, obtaining
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rates of 4% and 10%, respectively. Using this PI_ID list, we have extracted an estimate of
NIH funding granted to AAPM members going back to 1985, although the accuracy of the
data is likely to be degraded for years prior to 2002. We then presented a top level analysis of
the resultant ‘AAPM member research grant funding database’. Importantly, the input data
required to extract this information is quite simple. This means the code could be quickly
adjusted to produce similar databases for other groups of medical scientists, whom would
presumably also be interested in such data. The highlighted columns in Table 1 show the data
which is needed to adapt this algorithm to other groups.

The data generated in this work will be made available to AAPM members through the
AAPM website. There are a number of uses of this database. The information could facilitate
the AAPM board, councils, working groups and task groups and its members to:

(1) Provide general information about research activities

(2) Understand the magnitude and breadth of AAPM member research activities

(3) Determine trends of overall funding, and trends within specific research areas

(4) Identify funding opportunities where members have been successful in the past

(5) Track the success of AAPM members to specific research initiatives of the NIH

(6) Understand the demographics of successful researchers and identify and address
areas with disparities

(7) Identify speakers for the AAPM annual meeting and chapter meetings

(8) Select reviewers for the AAPM annual meeting

(9) Lobby grant-funding bodies for increased consideration of medical physics
applications

(10) Perform strategic planning

For non-AAPM members the database could allow:

(1) Media personnel to contact domain experts

(2) Grant funding agencies to seek appropriate reviewers

(3) Related societies (e.g. the American Institute of Physics) to solicit speakers for
meetings

The approach we have taken appears novel with respect to analysis of NIH records. Although
multiple authors have published on the overall NIH budget, we could not find any other
publications where funding records associated with a given national (or international) cohort
of investigators. Ref [14] attempted to extract information on radiation oncology funding
based on the ‘department’ field of the NIH records, identifying 26 medical physics grants in
2013. A significant limitation of this approach, as acknowledged by the authors, is that the
‘department’ field is often left blank — for instance, in the year 2013, PERCENT of all NIH
records had no recorded department.

There are several limitations of the current algorithm and initial results, and a variety of
means by which the analysis could be improved. Probably the foremost of these is the point
that the data used to develop the algorithm and the data used to detect false negatives was the
same. It is important to note that the algorithm described in this paper is not data driven, but
logic driven. As such, the data used in the development phase will not have as strong an
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impact on the results as, say, a machine learning approach. Nevertheless, it is likely that the
true false negative rate is somewhat higher than the 10% identified in this work, as there are
probably failure points that have not been identified yet. However, identifying 89 of 99
member supplied PI_IDs gives us confidence that the obtained results are representative of
the truth. The detected false negative rate of 4% is also encouraging. Although this was
achieved after multiple iterations of manual curation of the data, we believe it is possible to
maintain or improve this in future iterations. Regarding future improvements to the
algorithm: there are a number of data fields we have not queried that could provide additional
discriminatory evidence. These include the department name, study section name, and the
grant title itself. However, given that the false positive and negative rates outlined in this
work are fairly good, further improvements to the algorithm at this point, while certainly
worthwhile, may be pursuing diminishing returns.

Regarding the use of the PI_ID number to extract grants: according to the NIH, the PI_ID is a
unique number that remains constant throughout a PI's career [8]. While we did not find any
exceptions to the ‘uniqueness’ claim, there are several instances in which one PI does have
multiple PI_IDs. In this work, both PI_IDs were kept in such instances, although the records
are flagged for review. These cases all occurred in the early NIH records before funding
information was available (i.e. before year 2000). Another limitation is that in this work, once
a PI_ID number is associated with a member of the AAPM, it stays that way for all time. So
for instance, if an investigator at one point was an AAPM member before changing fields, all
subsequent grants would be incorrectly attributed to membership of the AAPM. We suspect
that such cases are rare, but it is an area that can be improved upon in future work. Finally, at
the present time, the code cannot process names with nonstandard alphanumeric characters
(such as umlauts and commas), which means a number of names are skipped each year. This
is another clear area in which to improve, although it did not result in any detected false
negatives in the current analysis.

The original motivation for this work was to capture data relating to NIH funding awarded to
AAPM members as Pls. Figure 6 shows how much funding members of the AAPM are
awarded each year as a proportion of total available funding. For the total funding, we have
used the combined budget of the top 4 funding institutes associated with the AAPM research
community (Figure 8), since this should provide a more relevant baseline than the overall
NIH budget. From 2000 to 2007, the proportion of funding captured by AAPM members was
trending upwards. Between 2007 and 2014, this proportion has either dropped or stayed about
the same (depending on whether you include multi PI grants on which AAPM members were
not the contact PI). This analysis is complicated somewhat by the presence of the ARRA
funding in 2009 and 2010, and the multi PI grant model introduced in 2006. Regarding the
latter, it can be seen that the multi PI model is being utilized with increasing frequency by
AAPM members, while the proportion of single PI grants is steadily falling. Figure 5 shows
the overall amount of funding attributed to members of the AAPM between 2000 and 2015. It
can be seen that the general trend here is upwards, and in 2015, a total of 115 million USD
was awarded to AAPM members. When inflation is taken into account, however, it is clear
that funding for AAPM researchers is in real terms lower in 2015 than it was in 2007. In this
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time, the membership of the AAPM increased 33%, which means that the research funds per
member in real terms has reduced by almost a factor of 2 since 2000 (Figure 9). The members
of the AAPM are likely not alone in suffering this dilution of research support; the NIH
budget itself has barely kept pace with inflation, a fact that has attracted much discussion [15-
17].

Another important finding of this work is that among AAPM members, males were found to
be about twice as likely to hold research funding as females. This inequality is likely not
unique to the AAPM, and the data evident in this analysis is representative of more
widespread gender disparity in research grant funding. Reference [18] gives an excellent
overview of issues surrounding women’s application and success rates with the NIH funding.
The root cause deserves further consideration - for example: are females less successful in the
NIH review process, or do they not submit as many grants applications? The data in this work
cannot definitively answer with respect to the AAPM membership, but based on other studies
conducted in the field of biomedical research, it appears that the number of applications
submitted by females is a major factor [18]. The analysis therefore suggests that to address
this inequality the AAPM consider developing mechanisms that better encourage and support
female members applying for research funding.

It is important to note that this analysis captures only one source of research funding of
AAPM members. Other important sources include federal funding agencies (NSF, DOE etc.)
and industry research collaboration. The latter is likely to be particularly important, and
particularly difficult to capture. It would appear that private industry invests on the order of
twice as much money as the NIH into biotechnology research [19, 20], however it not clear
how much of this is outsourced as opposed to performed in house. Capturing meaningful data
in this regard is likely to prove challenging, but may be possible in part by parsing conflict of
interest declarations required on journal publications and abstracts submitted to the AAPM
Annual Meeting each year.

Our analysis shows that the amount of funding per AAPM member is decreasing at a rapid
rate (Figure 9) - a result of increasing membership and a flat or declining NIH budget. The
AAPM is hardly alone suffering such effects; however, there should still be cause for
concern. Research drives scientific advances, and with science among the three pillars of the
AAPM mission, the Association should consider the ramifications of its membership engaged
less and less in research. If science is to remain a pillar of the AAPM, then the Association
should recognize the downward trend in research leadership among its membership and
prioritize means by which to better promote and sustain research as a vital aspect of medical
physics. One aspect of this is to ensure that scientists who perform research in our core areas
find an appropriate home in the AAPM and are not lost to other organizations. Another is to
ensure that the AAPM remains aligned with important and competitive research fields
pertaining to physics in medicine, and not limit itself to traditional areas. Finally, it is
important that medical physicists participate in the definition of NIH funding priorities and its
grant review process to stimulate funding opportunities for medical physics researchers and
to recognize high quality research grants in medical physics.
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As a final point, AAPM members with interest in research and/or analytics pertaining to our
Association should recognize the important role that they play in improving the accuracy of
the data presented here. AAPM members who have at any point received research funding
from the NIH should register their PI_ID within their AAPM member profile information.
The PI_ID tag is the single most important identifier in correlating member data to NIH
funding data. Note that one's PI_ID is not the same as one's eRA Commons name. To look
up one's PI _ID, a person needs simply to login to their eRA Commons account, go to
Personal Profile, then View 'Name and ID'. The PI_ID can be added to one's AAPM member
profile by logging into the AAPM website, going to one's member profile page, and click the
link entitled ‘funding’.

In this work we have presented an algorithm that can extract records associated with an input
list of researcher. This resultant database is a sustainable resource that can be queried by the
AAPM board, councils, working groups task groups, and members to address a wide range of
questions pertaining broadly to research funding and grantmanship. The APM research
database is available for AAPM members to download through the AAPM website.
(reviewers note: Will be made available before report is published)
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Appendix 2
Discussion of simulation
uncertainty




Chapters 3, 4, 5, and 6 of this thesis all rely on some form of simulated data. An important
question one must ask when working with simulated data is: how closely are the simulated
results likely to match real world results?

The potential sources of disagreement between simulation and experiment can be split into three
categories, described below.

1.

Simulation uncertainties inherent to the simulation. These uncertainties occur from
sources fundamental to the solving methods; for instance the discretisation of space into a
number of finite elements. In general these are relatively small, and can be controlled to a
desired accuracy. A table outlining the inherent sources of error in the simulations is
included below.

Simulation uncertainties relating to unknown inputs. These uncertainties arise when
one is unsure of the exact geometry of the component being simulated (to a lesser extent,
uncertainty in material properties also plays a part). Since this is the general case when
simulating proprietary linac components, it is a very important uncertainty for MRI-linac
systems. However, the extent to which these inputs are incorrect and the impact of this
will be situation dependant.

Uncertainties inherent to the experimental setup. These errors differ from case 2 in
that the (ideal) component geometry may be perfectly known, but unknown errors occur
during manufacture or assembly. These will be unique to each experimental setup. This
is a very important source of uncertainty in chapter 6, where we believe that experimental
alignment is substantially affecting the experimental results.

Table 18: Uncertainties inherent to the simulations carried out in this thesis (Case 1 from above)

Error source | Comments Models effected

in this thesis

Discretisation | Errors arising from splitting continuous aspects of a | All

errors. system into discrete elements. Two such cases exist in the

simulation in this thesis:

Geometry is discretised into a number of discrete
elements (finite element method)

Electron beams are discretised ‘macro particle’ bins, e.g.
100 identical electron trajectories are simply simulated as
one macro particle having the properties of 100 electrons.

These errors can be quantified and controlled to a desired
accuracy which with modern computers should generally
be very low. In the models in thesis this error is always
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well within 1%.

Emission
model errors

As discussed in chapter 3, the emission models appear to
be very sensitive to input parameters and to differ
between programs. Without extensive experimental
characterisation, these errors are difficult to quantify and
control. On the other hand (and as discussed in our
response to chapter 3), they do not have a strong impact
on other results reported in this thesis.

Particularly  DC
electron guns. To
a lesser extent, RF
electron guns

Material
property errors

Often simplified material models are used in the
simulated models. For instance; perfect conductivity is
assumed at metallic walls, perfect vacuum is assumed
inside accelerator systems, and average BH curves are
used to represent magnetic materials.

It is often difficult to quantify the extent to which these
simplifications affect the solution. However, in general it
would be expected to be low

all

Missing
physics

In general, there are multiple sets of physics at play in the
performance of a given component. However, usually
only one set of physics is simulated at a time.

To give an example of this: in the RF electron gun
simulation (chapter 5) the cathode is at a temperature of
1245 K. In real life, this would heat up the nearby copper,
causing thermal deformation, in turn slightly changing the
resonant frequency of that cavity.

Another example would be in solving the RF fields; the
loss of energy to the walls will also result in heating.
Also, if the field becomes too strong in local areas the RF
breakdown will occur.

These are effects which could be investigated via
simulation, but so far has not been. Overall, these are
expected to be second order effects; the general behaviour
of a system is characterised by the primary physics, but
corrections may have to be made in the real world to
compensate for e.g. thermal deformation.

All
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Statements of authorship contributions

I hereby declare that the below authorship attribution statements are correct. In addition, I am the
corresponding author on all papers which have been published or submitted.

Brendan Whelan Date: 30/09/2016
As supervisor for the candidature upon which this thesis is based, I confirm that the authorship
attribution statements below are correct.

Paul Keall Date: 30/09/2016

A

Chapter 3 - Triode electron gun

The project was conceived by Dragos Constantin, Lois Holloway, Paul Keall, Rebecca Fahrig
and Brendan Whelan. Brendan Whelan led the project, performed all electromagnetic modeling,
and data analysis. Lois Holloway and Dragos Constantin provided expert advice into the use of
Opera software and supplied code from previous projects. Brad Oborn supplied an electron gun
through his institution, and arranged for it to be dismantled at their local workshop such that each
individual electrode could be studied in detail. Magdalena Bazalova-Carter performed the
experimental measurements on the true beam linacs. Rebecca Fahrig and Paul Keall provided
scientific guidance and oversight throughout the study. Brendan Whelan drafted the manuscript;
all authors contributed to revising the finalized manuscript.

Chapter 4 - Magnetic shielding

The project was conceived by Brendan Whelan. Brendan Whelan led the project and performed
all electromagnetic modeling and data analysis. Brad Oborn supplied the comsol MRI magnet
model which was used. Paul Keall provided scientific oversight and guidance. Brendan Whelan
wrote the chapter.

Chapter 5 -RF gun in-silico

John Schmerge had the initial idea that an RF gun could be used in radiation therapy. Rebecca
Fahrig, Lois Holloway, John Schmerge, Paul Keall and Brendan Whelan were all involved in the
early project conception. Brendan Whelan performed all 3D modeling and analysis. Stephen
Gierman contributed expert knowledge and advice about the practical workings of RF guns, and
more generally about accelerator and beam physics. Paul Keall and Rebecca Fahrig provided
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scientific oversight and guidance. Brendan Whelan drafted the manuscript; all authors
contributed to revising the finalized manuscript.

Chapter 6- Experimental beam line

Rebecca Fahrig initiated this project. Stephen Gierman, John Schmerge, Aaraon Tremaine, Ben
Scott, Sami Tantawi, and Brendan Whelan were also all involved in the early stages of the
project synthesis. All these people were also involved in the design of the beam line. Brendan
Whelan performed 3D electromagnetic simulations to inform the design stage. A large number of
technical staff at SLAC contributed to the construction and installation of the beam line and are
listed below. Once the beamline was installed, Stephen Gierman led the process of
commissioning the beam and collection of data, with assistance by Brendan Whelan. Brendan
Whelan carried out the data analysis.

CAD schematics: Ann Trautwein, Ben Scott, and Abdullah P Rashed Ahmed
Vacuum systems: Mike Nalls, Mark Jacobson, Joe Vargas and Jon Dickey,
Installation and mechanical support: Robert DiMattie and Jose Eduardo Guerra
Radiation Safety: Shanjie Xiao

Power systems: Antonio de Lira, Greg Johnson and Tony Beukers

Machine protection: Luc Lessard

Chapter 7 - Omniax trial

Paul Keall conceived the initial study idea. Brendan Whelan, Paul Keall, Lois Holloway,
Michael Barton, Robin Turner, Kuldeep Makhija, Leigh McGarvie and Miriam Welgampola
contributed to the study design. Brendan Whelan coordinated patient recruitment with assistance
from Michael Jackson and Ilana Feain. Brendan Whelan, Kuldeep Makhija, Leigh McGarvie and
Miriam Welgampola ran the clinical sessions. Miriam Welgampola and Leigh McGarvie ran the
Omniax device. Robin Turner provided expert advice into the statistical analysis of the data.
Brendan Whelan performed the data analysis. Brendan Whelan drafted the manuscript; all
authors contributed to revising the finalized manuscript.

Chapter 8 - MRI compatible patient rotation device

Paul Keall and Michael Barton conceived the project idea. Brendan Whelan, Paul Keall, Michael
Barton, Lois Holloway, Leigh McGarvie, Gary Liney and Robba Rai all made substantial
contributions to the design process. Rob Wilkins led the design and construction of the PRS.
Project management during the design and construction phase was carried out by Brendan
Whelan. Ilana Feain took over this role when Brendan Whelan was overseas. Once the device
was made, Gary Liney, Robba Rai, and Brendan Whelan performed the MRI imaging studies.
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Gary Liney, Brendan Whelan, and Lois Holloway carried out the phantom imaging
measurements. Brendan Whelan, Jason Dowling, Gary Liney, Lois Holloway and Paul Keall
designed the data analysis process. Jason Dowling carried performed all image registration and
contour deformation analysis. Brendan Whelan drafted the manuscript including all figures and
tables. All authors provided input into the manuscript draft.

Appendix 1 - NIH data mining

The initial concept of developing a research database for the AAPM was developed by Paul
Keall, Rebecca Fahrig, Jeff Siewerdsen, and Eduardo Moros. For a number of years, the
Working group attempted to implement this project by using AAPM coders, to little success. Jeff
Siewerdsen and Thomas Y1 first demonstrated a proof of concept of downloading NIH data and
parsing it with Matlab. Thomas Yi wrote the code for this proof of concept stage. Brendan
Whelan then conceived and implemented the data mining concept of testing multiple fields and
using the combined evidence to make a decision. Brendan Whelan wrote all the code used in the
final algorithm, and repeatedly tested and updated the algorithm to fine tune it. Brendan Whelan
performed the analysis of trends in research funding which is presented in the report. Brendan
Whelan drafted the report; all authors contributed to revising the report. James Deye provided
expert knowledge about the NIH system and data; Michael Woodward performed the same role
for the AAPM.
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