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Abstract

The integration of a clinical linear acceleratangt) with a magnetic resonance
imager (MRI) will offer real time images during atenent, making tumor tracking
possible. One of the challenges of the integrasaemoving any mutual
interference between the two systems. Methodsmbveng or significantly
reducing the radiation induced current (RIC) thiesars in the MRI's radio
frequency (RF) coils when they are under the lis@irect pulsed irradiation are
investigated in this thesis. The results indichtg by using the proper
combination of coil conductor and buildup the REhde reduced to negligible
levels. This was demonstrated on a custom buitasarRF coil as well. A
preliminary investigation of how having an RF aweith or without buildup in the
treatment beam will affect the patient’s skin dese also done. Future
measurements to determine whether the measurethRRE coils significantly

affects the quality of the acquired images are sstggl.
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1. Introduction

1.1. Historical Overview

On a Friday evening, on November 8, 1895, Proféd&lnelm Conrad
Rontgen of the University of Wirzburg, Germany, waessfirst to observe the
effects of “a new kind of rays” while performingrae preliminary cathode ray
experiments with a Hittorf-Crookes’ vacuum tubegliEiweeks later, at the end of
December 1895, the “Preliminary Communication” gdi simply “On a new
kind of rays” was being published, detailing therthugh experiments with the so
called X-rays, that Rontgen had done since thaairmbservation. Within days of
this publication, Réntgen’s discovery sparked thagination and interest of both
the scientific community and the general public owlty in Germany but all
around the world. With shadowgraphs of hands ahdrdiody parts being made
on both sides of the Atlantic according to the Réntmethod, possible medical
applications of the x-rays were already being dised [1]. Then, a few months
later, in 1896, the French physicist Henry Becguees discovering natural
radioactivity [2] and two years later in 1898 theriés were reporting on their
discovery of radium [3]. These three major disc@seled the way to a whole
new era in both science and medicine. Althougletfect of the newly
discovered radiation on the biology of the livingsie was almost immediately
apparent, the interaction mechanisms were not gétumnderstood. Nevertheless,
the speed with which new technologies were beivgld@ed and implemented in
radiation therapy was unprecedented. Less thamtortths after their discovery,
Emil Grubbe became the first person to apply x-tayhe treatment of cancer in
January 1896 in Chicago [2], and in 1899 the @iesicer patient cured by
radiotherapy was reported [3]. By the beginninghef 1900’s however, the first
side effects of the exposure to radiation were hé&smming apparent, with the
first cases of radiation induced leukemia, losg@rs and skin ulcerations being

reported [2].



Over the next few decades ways of producing x-nagee efficiently and
of increasing their peak energy were investigaied913, William Coolidge
develops the ‘hot-cathode tube’ [2] capable of pidg x-rays with a peak
energy of 140 kV [4]. Within a few more years, ¥savith peak energies of 200
— 500 kV were becoming available for the so catldio-voltage treatment of
deep seated tumors. The only other source for émgingy photons for more than
twenty years since its discovery was radium, whratised by direct application,
interstitial or body cavity insertion (also knows larachitherapy) [2], or in tele-
radium units [5].

By the end of the 1940’s physicists, biologistsicians, and radiologists
had worked together, contributing immensely tolibter understanding of the
effects of radiation on the living tissue. Concdjkts depth dose and isodose
diagrams had appeared [6], the benefits of fraatexhradiotherapy had been
demonstrated, and correlations between radioseibgdind oxygenation had been
found [2]. Then in 1948, D.W. Fry develops thetfiteerapy dedicated linear
accelerator, making use of the microwave technotteyeloped in England
before and during World War 1l. The 1950’s saw tise in popularity of the high
energy teletherapy units such as the ones conggihennew artificially produced
cobalt-60 [2]. After being developed into a treatmenit by Harold Johns and his
group in Saskatoon, cobalt-60 was used to tredirgtgatient in 1951 in London
Ontario, Canada [4]. Although cobalt-60 units halléut disappeared from
clinics in the developed world, being slowly phaseitl by the higher energy
linear accelerators (linacs), their robustnesss eésise and relatively low
maintenance still makes them the unit of choicedtatherapy in many
developing countries around the world [2]. In tl6Q’'s computers were
introduced in treatment planning to calculate diis&ributions, at first only being
used to create universal isodose distribution esland later on, with the help of
computed tomography (CT), to create individualidede distributions for each
patient [4]. It had been recognized early on tltaueate localization of the tumor
and the critical surrounding structures [6], isaltb the success of radiotherapy.

In the 1970’s new imaging tools like CT and magnetsonance imaging (MRI)



started being used, allowing for diagnosis anddhbalization of both malignant
disease and the adjacent critical structures ld&seenbefore [4].

With the tremendous advances in computer power, e last twenty
years, treatment methods and techniques like tfireensional conformal
radiation therapy (3D-CRT), intensity modulatediasion therapy (IMRT),
multileaf collimation (MLC), tomotherapy, treatmegdting, adaptive radiation
treatment (ART) and others [7], have become patth@daily arsenal in the fight
against cancer. These treatment methods are magengf the information from
multiple imaging techniques ranging from x-rays,, ®RlI, to positron emission
tomography (PET), single photon emission computetbgraphy (SPECT), and
ultrasound, to deliver highly shaped, conformaledo® tumors, allowing for an
increase in the dose delivered to the primary tuwviole at the same time

minimizing normal tissue complications [4].
1.2. Image Guided Radiation Therapy

As stated in the previous section, all of the ades in radiation therapy
over the past century have been driven by the @ésimaximize the tumor
control probability (TCP) by increasing the doséhte diseased area, while at the
same time minimizing the normal tissue complicapoobability (NTCP), by
sparing as much of the healthy tissue as posg\blist this was achieved by
increasing the treatment energies from orthovoltageys to cobalt-60 to
megavoltage linacs, and more recently, by shapiegddiation field and
implementing dynamic beam motion [7]. At the sameet it was realized that
daily localization of malignant tissue and its algent to radiation beam is
critical to the success of advanced radiotheragstinents. Uncertainties in the
exact position and size of the tumor at any giwere tead to larger treatment
volumes, which in turn restrict the radiation ddsa&t can be delivered without
severe normal tissue toxicity [8]. Conventionathe patient was set up in the
treatment position with the help of surface maikss positioning method

assumed a good correlation between internal aratredtanatomy, which is not



always the case. The need for more certainty aacigpon in tumor localization
and alignment with the treatment beam led to adesntimaging technology
which, over the last couple of decades, paralldiecadvances in radiation
therapy [9].

To address the aforementioned uncertainties imtuocation, the
International Commission on Radiation Units (ICRRBport Number 50, defined
three concepts which are important to treatmemntrpley and treatment delivery.
TheGross Tumor Volume (GTV) is defined as the gross palpable or viséxteent
of malignant tissue, which may consist of the pryrtamor, or metastases. The
Clinical Target Volume (CTV) is the volume around the GTV that contains
subclinical or microscopic malignant tissue, whigs to be eliminated for the
curative or palliative therapy to be effective. TRlanning Target Volume (PTV)
is the 3D geometric margin that encompasses the &ilvaccounts for day to
day patient setup variations, CTV motion, or CT¥esand shape changes due to
internal organ motion or deformations. The PTVhis volume used for the
planning and prescription of dose, and the dogelalision delivered to the PTV
is considered representative of the dose delivierd¢lde CTV [4]. These three
target volumes, as defined by ICRU — 50 are scheaigtrepresented in Figure
1-1.

Image guided radiation therapy (IGRT) refers éatment decisions made
on the basis of frequent imaging of the patieriteéatment position, taken during
the course of a radiation therapy treatment. IGRikes use of daily images of
the patient in treatment position to better aliga tumor volume with the
radiation beam, thus minimizing day to day setupati@ns, and allowing for a
reduction in the PTV and consequently a reductiotiié volume of intentionally
irradiated healthy tissue. Current imaging methagi=d by IGRT include: 2D
radiographic megavoltage (MV) and kilovoltage (kMgaging, kV fluoroscopic
imaging, cone beam computed tomography (CBCT), nwtzaye computed
tomography (MVCT), and 3D ultrasound [9].
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Figure 1-1: A 2-D schematic representation of the target vokimeadiotherapy
according to ICRU — 50. The tumor and target volsiae all three dimensional.

The 2D radiographic MV imaging, also called arcetenic portal imaging
device (EPID), is obtained by using the treatmearb itself and an active matrix
flat-panel imaging detector. This technique givégeam’s eye view of the patient
which helps in making adjustments to the treatnpesition. However, due to the
superposition of 3D anatomy into 2D MV radiograpinsl due to poor contrast
between the various tissue types at MV photon eeerthis method suffers from
very poor soft tissue contrast, even more so coetpir the conventional kV
radiographs. Thus, by using the treatment beany,tbel position of the bone
structures and airways with respect to the treatrireld can be compared with
reference images. Unfortunately, many tumors cavenconsiderably with
respect to the bones from one treatment day togke To be able to infer the
position of the actual tumor using this methodjoagpaque markers have to be
implanted in or near the target volume [8, 9] whiefjuires an invasive procedure
and may be plagued with side effects. Typical dosdisered to patients during
the acquisition of 2D MV radiographs are betweemd 16 cGy per image pair
[10]. For this reason the modern EPIDs are maisduo measure the modulated

treatment output or the patients’ exit dose whigh be compared to the ones



calculated by the treatment planning system, thosgiging a very good quality
assurance of the treatment process [8].

Because of the limitations of MV imaging, kV imagebtained by using
machine- or room-mounted kV x-ray tubes and detsctue also being used. KV
images have better contrast, and deliver a mucbkrowse to the patient than MV
images; however, due to a 2D projection of 3D stn&s in kV radiographs,
implanted markers still have to be used to be tblecalize soft tissue structures
[8, 9], and exact beam’s eye view images can ngdpbe obtained. Also kV x-
rays have been successfully used for fluoroscaattime tracking of implanted
markers during the treatment of lung tumors [1&{] &0 asses organ motion for
the thorax and upper-abdominal cavity during treathplanning [10].

The imaging methods described so far are inhgrént dimensional, and
at least two images have to be taken to be abbtz#dize the structures that are
surrogate to the tumour (e.g. bony landmarks andipltanted markers) in three
dimensions. Moreover, the detectable patient metare limited to those about
the axes perpendicular to the imaging plane. Fetter localization of the target
volume in 3D, CBCT images are obtained using a kdtube and flat panel
detector mounted on the treatment unit with theesaris of rotation as the MV
treatment beam [9]. A kV CBCT scan acquires 3D iesagith slightly better soft
tissue contrast, delivering only a fraction of tfeese, typically between 0.5 and 4
cGy [10], compared to MV radiographs. MV CBCT imag&an also be acquired
using the EPID and the treatment beam. Howevetaltle high doses needed
for acquiring an MV CBCT scan (5 — 15 cGy [12]) ylee mainly used for
patients with orthopaedic implants that usuallyseaartifacts on kV scans.
Although the cone beam images usually offer enaaghtissue contrast to
eliminate the need for implanted markers in manpsites, they are limited to
positioning the patient before treatment, as riea tvolumetric imaging, during
treatment, is not available [8] since the data etgion requires a concentric
rotation of the source and detector assembly arthmgatient. Also, the soft
tissue contrast in CBCT images, even at kV energeagenerally inadequate for

localizing malignant tissue in pelvis, abdominalitg brain and extremities.



A tomotherapy unit (Tomotherapy, Madison, Wi) [18] treatment unit
conceptually based on a CT scanner in which the-k&y source is replaced by a
6 MV linac, and the collimating jaws are replacgdalbinary collimator.
Tomotherapy delivers highly conformal IMRT in aatonal, slice by slice
fashion while the patient is slowly translated tigb the bore [8]. This unit can
acquire daily helical MVCT scans of the patienthie treatment position which
are used to adjust for positioning errors, aligntieatment volume, or even
reconstruct the delivered dose [10]. However, tdrapy is not really well
suited for treating moving targets, due to itsesliy slice mode of treatment [8],
or for real time imaging since the treatment andgmg source are one and the
same. Also the imaging doses typically deliveredrigyhelical MVCT are
between 1 and 3 cGy [14]. Moreover, due to theaiddV photons for imaging,
the quality of CT images obtained by the MVCT isisiderably poorer compared
to diagnostic CT scanners.

Ultrasound is another 3D imaging modality usedisoialize soft tissue
before treatment, and to align the tumor with tleatiment beam. However the
use of ultrasound is limited to superficial or pellocations (usually prostate),
since a good acoustic window is required. Alsait aot be used during the
actual radiation treatment, since usually an opeiatneeded [8]. Some studies
have shown that ultrasound is an adequate methmaplfding the treatment of
prostate cancer and is simpler and more expeditmuse daily than CT [15],
while other studies found that it can not safefylaee the use of implanted
fiducial markers for treatment guidance at the sait@e[16]. It has been also
argued that ultrasound is too susceptible to useability and that the pressure
from the probes used for acquiring the signal cérmoduce shifts and
displacements of the internal organs [8].

All of the imaging methods currently used by IGRTd described so far
suffer from poor soft tissue contrast, lack tunfpeafic contrast and are currently
unable to provide real time images during the rddiapy treatment. Also, except
for ultrasound, all the other imaging modalitieg imnizing radiation, thus

slightly increasing the patient’s overall dose98,The logical next step, that



would overcome all of the above mentioned limitasiowould be to introduce
MRI in IGRT. MRI can provide exquisite soft tisscentrast and tumor
visualization by appropriate manipulation of thésgusequences, has real time
imaging capability during the delivery of the ratha beam, and does not use
ionizing radiation. An integrated radiation treatth®RI unit would be capable
of real time tumor visualisation and tracking, tfuher reducing the PTV.
Currently three groups around the world are acgtitsfing to integrate a
teletherapy system with an MRI imaging system: lwac-MR systems [17, 18]
and a cobalt-MR system [19].

1.3. Linac-MR at the Cross Cancer Institute

Our research group at the Cross Cancer InstiuEelmonton, Alberta,
proposed a Linac-MR design, which mechanically ¢éesip bi-planar low field
magnet MRI with a 6 MV linac. Currently there anetproposed design
configurations, namely transverse and parallegrrafg to the orientation that the
central radiation beam axis has with respect tartagn magnetic field. In the
transverse configuration, presented in Figure theJinac is mounted on the side
of the MRI magnet and the radiation field can reth@patient unobstructed at
any gantry angle. Both the linac and the MRI magottte together on the same
gantry [17].

A small scale prototype 0.2 T permanent bi-planagnet, attached to a
refurbished 6 MV linac and mounted on a statioramytry has been built using
the transverse configuration. This prototype walus acquire the first ever MR
images during MV photon irradiation [17]. As thegnatic field is always
perpendicular to the radiation beam, this geomatoyides a strong interaction
between the magnetic field and the secondary elesfproduced in the patient.
This results in unwanted dose perturbations imptitesnt, especially within lung,
lung-tissue interfaces and other airways wherestbetrons can travel longer
distances and change directions due to main magirelt of the MRI [20 — 25].

This effect becomes even more significant at highagnetic fields.



MR imager

Figure 1-2: Transverse configuration of the CCI Linac-MR syst&ith
permission of Emanuel Blosser.

The parallel configuration was designed to circantuthe ill-effects of the
magnetic field on the patient dosimetry. The paftdihac-MR configuration,
presented in Figure 1-3, still uses a bi-planarmeadylRl mechanically coupled
with a linac however the linac is irradiating thetipnt through an opening in one
of the poles along the magnet’s axis of symmetmyil&r to the transverse
configuration, the magnet and linac rotate togetimethe same gantry. In this
geometry, the path of electrons that travel neeallghto the magnetic field of
MRI is unaltered while the electrons escaping thediated regions may be
forced back thus sharpening the treatment beamnplerau

Our group has been investigating issues that atea coupling a linac
with an MR, such as dosimetry considerations, mutual interference between

the two systems, and has come up with solution2f3or many of them.



Figure 1-3: Parallel configuration of the CCI Linac-MR systéWiith permission
of Emanuel Blosser.

1.4. Motivation and Outline

MRI uses radio frequency (RF) coils to both expiteton magnetizations
and to receive the signal from their precessingmaig moments. During a real
time treatment imaging session with one of thessgnated units, whether the
transverse or the parallel configuration is uskd,RF coils will be exposed to the
linac’s direct pulsed irradiation. This causes asugable current to be induced in
the coil [27] that can potentially degrade the acguMRI image. For real time
tumour tracking to be feasible, each acquired intagst be spatially accurate and
must have an adequate signal to noise ratio (SthR3,any potential causes for
reduction of the SNR must be studied and eliminateat least reduced. The
work presented in this thesis, experimentally itigases methods of removing or
significantly reducing any currents induced in BR¥e coil conductor due to the

pulsed irradiation, as well as the effects thatcRiF materials, present in the
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treatment beam, have on the skin dose. It is agstina¢ the active components
such as receive/transmit switch and pre-amplifierpdoysically separated from
the RF coll structure and therefore are placedaeithe radiation beam area.
Thus, the evaluation of the effect of irradiatihgdge components is outside the
scope of this thesis. In the following, the chafgichapter outline of this thesis
will be presented.

In Chapter 2 the theory pertaining to this workitsoduced. It starts with
discussing the ways high energy photons can irtten#lc matter, with an
emphasis on photoelectric effect, Compton scatjeaird pair/triplet production.
The exponential attenuation of a photon beam astérs a material is then
presented. Some quantities describing the radidigam and energy transfer are
then introduced leading to defining and explairting differences between kerma
and dose. Electronic equilibrium is defined andaplanation of how the lack of
it can lead to radiation induced currents is thi#éared. Due to the nature of some
materials used during the work presented in thesif) electrets are defined next
and some of their properties as well as how théyabe when under high energy
photon irradiation are briefly explained.

In Chapter 3 the materials and methods used &vdhious experiments
performed, are described and explained. A genestrgption of the simplified
experimental setup used for measuring and redubmgadiation induced
conductivity in thin conductors is first offeredhdn a brief description of the
equipment is presented. The detailed descriptibmsdovidual setups and
methods used to reduce or remove the induced ¢laremiven next. For the
investigation into how placing an RF coil in thegtment beam would affect the
surface dose, the measurement setup, and the saadumaterials are presented.
The chapter concludes with the description of #tesused to record the
radiation induced current in an RF coil, both watid without a magnetic field
present.

Chapter 4 presents the results of all the experisngescribed in Chapter
3. Some preliminary results that lead to some satijgstments are first

presented. The reduction of radiation induced cuifrethin conductors and

11



factors that influence the measurements are shewt leading into the reduction
of the induced current in an aluminum surface bailt in house. The surface
dose measurements taken with various distancesbatthe solid water phantom
and the coil materials are then described, andett@ded RF coil induced current
traces with and without a magnetic field presemicbade the chapter.

Chapter 5 presents a brief discussion of thesdtsesand Chapter 6 offers
a short conclusion for all the work presented is thesis and suggests future
possible investigations.

12
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2. Theory

Since this thesis is mainly concerned with therattion of a pulsed
photon beam with the materials found in the RFscoflthe MR, a brief
overview of the various modes of photon interacthetin matter is in order. The
instantaneous effect of pulsed radiation in RFscisilthe creation of charge
imbalance in the thin conductor of the coil windiitus, the following overview
emphasizes the types of photon interactions in kwvthie electrons within the
matter gain sufficient energy and can travel fartveay from the point of energy
transfer. In the case of a thin conductor, the geter electrons have a finite
probability of leaving the conductor altogetheyghcreating the above
mentioned charge imbalance. The charge imbalamates an undesired current
which can be removed by replacing the electronangathe conductor. In the
case of a dielectric, like the Teflon used durimig tvork, the energetic electrons
cause charge deposition and polarization. In tsieskaction of this chapter some

properties of the special class of dielectrics Wrefton is a part of are described.
2.1. Interactions of High Energy Photonswith Matter

High energy photons interact with different madksiin various ways
depending on the photon’s enetgyand the material’'s atomic numb&rThe
types of photon interactions that are usually ater&d in radiological physics
are: Rayleigh (or coherent) scattering, the phetdat effect, Compton (or
incoherent) scattering, pair and triplet productiand photonuclear interactions.
The most important of these are the middle thrieeeghey result in the transfer
of energy to matter indirectly, by ionizing atomslasetting electrons in motion.
Figure 2-1 shows the regionsfindhv in which each of the photoelectric,
Compton, and pair production interactions domingteh of the above
mentioned interactions will be discussed, with eagié$hon the main three [1] and

with particular emphasis on the Compton interactsimce, as seen from Figure
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2-1, it is the dominant interaction for most madksiin the radio-therapeutic

energy range (~1 to 10 MeV).
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Figure 2-1: Relative importance of the three major types ohtegergy photon
interactions. The curves show the atomic numbedspaioton energies for which
the adjacent interactions have about the same pitdpaf happening. (Data
taken from NIST [2]).

2.1.1 Coherent Scattering

When a high energy photon passes over an atorphtiten’s associated
electric field will set the electrons in the atomhol momentary vibration. The
oscillating electrons will emit radiation of thensa wavelength as the incident
photon. These electromagnetic waves from the elestwithin the atom combine
with each other, forming the scattered wave. Thiegss is called coherent
scattering. None of the incident photon’s energyaasferred to kinetic energy in
this process. The probability (also called crossise) of coherent scattering,
usually denoted by, decreases rapidly with increasing photon enengiyveith
decreasing atomic number [1, 3] and is of littigpartance in the radiotherapy

energy range for most materials.
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2.1.2 Photoelectric Effect
In the photoelectric process, illustrated scheradl§i in Figure 2-2, a
bound electron is ejected from the K, L, M, or Nk following a collision of an
energetic photon with an atom.
Characteristic
radiation

hv

toelectron

Figure 2-2: Schematic representation of the interaction of@gihwith an atom
resulting in the ejection of a photoelectron frdra K shell.

The photon is absorbed and ceases to exist, argjatied electron, also called a
photoelectron, leaves the atom with a kinetic epkrg- E;, whereEg is the

electron’s binding energy. The atom, which is tenapty left in an excited state,
returns to the ground state by emission of charattex-ray radiation and Auger
electrons. The characteristic x-ray is emitted wiinenvacancy left by the
photoelectron is filled by an electron falling frariess tightly bound shell. Any
part of the binding energy that is not removed lzharacteristic x-ray is disposed
of by means of the Auger effect. In the Auger pescen atom with excess
energy ejects one or more of it's electrons witbuggh kinetic energy to
collectively account for the excess. The probapiliiat an electron will get
ejected from the atom through the photoelectricess is greatest when the
incident photon has just enough energy to remogekbctron from its shell [1,
3]. The photoelectric cross sectian §ecreases with increasing energy and

with decreasing atomic number. With increasing phanergy, the probability
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that a photoelectric interaction will take placemases rapidly, approximately
like 1/(hv)*. For high atomic number materials the cross seg@ratom varies
roughly as 2, while for low atomic number materials it variéeel Z* [3]. For

the materials used during the present work, thégahectric effect was the
dominant interaction for photons with energies pta about 150 keV. Thus,
although setting electrons in motion, potentialiyrvgufficient energy, the
photoelectric effect is not the main interactiogp@nsible for the charge depletion
in the conductor of a RF coil irradiated with a flvobeam in the radio-
therapeutic energy range.

2.1.3 Compton Scattering
In the Compton scattering process, illustratedigufe 2-3, a high energy
photon interacts with a loosely bound electront Bathe photon’s energywhis
imparted to the electron which is set in motionhwvdtcertain energy E at an angle
@, while the rest of the energy is carried away Iphaton of energy\i, at an

angle®.

Scattered hV'
Photon

>
- 9
\<(|>
, Recolil

€ N\ Electron

Figure 2-3: Schematic representation of the Compton scattgnogess.

hv

By using conservation of energy and momentum,vétidthe help of
Figure 2-3, the energy carried away by the scattph®ton in a Compton

collision can be shown to be:

1
hv'=hv -
1+a(l- cost) (2-1)
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While the energy of the scattered electron is:

o a(1-cosé)

E=hv-hv'=hv
1+ a(l- cosb)

(2-2)

Where, in both caseg,is the ratio of the incident photon energy todlextron

rest energy:

(2-3)

Wherem, is the electron’s rest mass ani$ the speed of light in vacuum.

From the above equations, two extreme cases anednately apparent. In
the first case, the scattered photon angle coulti-h&80°, meaning the photon
has made a direct collision with the electron anbeing scattered straight back
while the electron is travelling straight forwakgEQ°). In this case, the electron

acquires the maximum energy leaving the scattenetbp with minimum energy.

20

E e =V —— (2-4)
1+2a
: 1
hv' ;. =hvO—— (2-5)
1+ 2a

In the second extreme case, the scattered photod essentially go straight
forward with 8 = 0and the electron emerge at a right angl®0°, meaning the
photon has made a grazing hit with the electronteartsferred virtually no
energy to it, as substitutingpsd = idto Equations (2-1) and 2-2 givés= 0
and hv'=hv . Between these two cases all the intermediatéophend electron
scattering angles, and a spectrum of energiesamslpe [1, 3].

The relative probability of a Compton interactiith a free electron was
determined by Klein and Nishina with the help oagtum mechanics. According
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to their calculations the differential cross sett{do) per unit solid angled) is

given by:
1+ cog 6)rF,, (2-6)

Wherer is the so called classical electron radius giwen b

k@

- =2.81794x10"°m (2-7)
m,C

o

With k being a constang the electron chargee 1.6022x10*°C), and the
factorFgn being defined by:

Fio = {Tlcose)}{l e e)} 28)

The angledis the photon’s scattering angle as seen fromrEigtB, andx is as
given by Equation 2-3. Multiplying Equation 2-6 b2 = 272 sind d6 and
integrating over all the values 6fthe total probability that a photon will interact

by the Compton (incoherent scattering) proces$iaioed, and is given by:

UmcZZHrOZ{(Haj{Z(Ha)_In(1+20)}+In(1+20)_ 1+3a } (2-9)
a? ) 1+2a a 20 (1+2a)

In Equation 2-9g; is independent of the atomic number Z since thetedn set
in motion was considered to be free for the detlwatThis overestimates the
probability of a Compton interaction happeninggieg to substantial errors for
photon energies below about 10 keV that can onlgdoeected by taking the

electron’s binding energy into account. Overalstéiror turns out to be small
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since for photon energies below 10 keV the photteteeffect is far more
important than Compton scattering. The probabibtya Compton interaction
taking place decreases slowly with increasing eng8jj but for the radiotherapy
energy spectrum and for the RF coil materials dsethe experiments presented

in this thesis, it is the dominant type of interat

2.1.4 Pair and Triplet Production

Pair production is the process in which a phot@apipears, when passing
through a Coulomb force field, usually the fielcanan atomic nucleus, and gives
rise to an electron and a positron. This processatso take place, in the
Coulomb field of an atomic electron, however, webkser probability. The atomic
electron that provides the Coulomb field also asggisubstantial kinetic energy,
thus two electrons and a positron are leavingrberaction site. For this reason
this latter process is calledplet production. For pair production to occur in the

nuclear field the photon is required to have a mum energy of

2m,c* =1.022MeV (i.e. twice the electron rest energy).

hv

nucleus

Figure 2-4: Schematic representation of the pair productiorcgss in the
Coulomb field of a nucleus.

Any energy in excess df022 MeV that the photon might have is shared

between the electron and the positron so that:

hv-2mc*=E_+E, (2-10)
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Where E_ and E, represent the kinetic energies of the electronthagbositron
respectively. The total energy given to the charmtﬂicles(E_ + E+) can be

divided between the electron and the positronfieidint ways. One of the
particles might emerge having most of this totargy and the other almost none
or both particles may emerge with equal energiethey can have any
distribution of energies between these two extrefhge3].

The cross section of pair productiot) per unit mass is proportional to
the atomic number Z. The probability increasesdigpwvith increasing energy
above the 1.022 MeV threshold [3]. Pair and tripketduction become the
dominant interactions for photon energies of add@umMeV and above, for the RF
coil materials used (copper, aluminum, and Tefld@h)s is higher than the 6
MeV peak energy used during the experiments predentthis thesis, thus pair
and triplet production play a minor role in the fihrointeractions responsible for

the electron depletion appearing in the RF coilduator.

2.1.5 Photonuclear Interactions

In a photonuclear interaction the nucleus of amais excited by an
energetic photon (energy in excess of a few MeN(, @mits a proton or a
neutron. Protons emitted as a result of photonuateractions, although directly
contributing to ionizations and excitations in thedium are commonly
neglected, due to their low relative contributiorttie overall dose compared to
the other types of interactions. For clinical x-ggnerators (linacs, betatrons or
microtrons) that accelerate electrons to enerdid® d/eV or above, this type of
interaction is responsible for the slight contartioraof the x-ray beam with
neutrons. This fact has to be taken into accoum@nadesigning shielding, or
when servicing x-ray generator parts that couldagétated by these neutrons
and become radioactive [1]. For the photon enengsesl during the present work
(i.e. 6 MeV peak energy) this type of interacti@s a very low probability of

occurring.
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2.2. Exponential Attenuation of a Photon Beam

When a high energy photon beam impinges on a rahtdre photons
penetrate the material, and start interacting #atlatoms in all the various ways
described in Section 2.1. When a photon interadtgther its path is deflected or
whether it is completely absorbed and ceases i, éixis taken out of the beam.
Thus if the photon beam containing a numbeX @hotons is passing through a
thin layer Ax of an absorber, the beam will be attenuated, and feaver photons
when it emerges from the absorber. The changesimtimber of photons in the
beam(AN) will be proportional to the initial number of ploois(N), since the
more photons in the beam, the higher the chanteeaf interactingAN is also
proportional to the thickness of the absofpe) since the thicker the absorber,
the greater the number of atoms in the beam’s gradhagain the higher the

probability of interaction. This can be written as:
AN = -z [N [Ax (2-11)

In the above equation, the negative sign simplycateés that the number of
photons in the beam is decreasiAtso, i is the proportionality constant called
thelinear attenuation coefficient which represents the fraction of photons
interacting inAx divided byAx . Themass attenuation coefficient ( 4/ p) is used
more frequently however since unliggt does not depend on the density of the
irradiated material; it is obtained by simply diwid the linear attenuation

coefficient by the density of the attenuating mediand is measured iem?/g or

m?/kg . Equation 2-11 is strictly correct however onlytie number of photorls

remains essentially unchanged as the beam trdwelsgh the absorber. This
implies thatAN is very small compared té and that the thin layer of absorber is

infinitesimally small, such that:[Ax<< 1. If bothAxand AN are infinitesimal,

Equation 2-11 can be rewritten in differential form
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dN = -4 [N [dx (2)12

After separating the variables in Equation 2-18gnating and solving for the

constant of integration, the law of exponentiatatiation is obtained:
N=N,e*" -13)

Equation 2-13 gives the number of photons let eam which initially
hadN, photons, after it has passed through any thicknessan absorber [3].

As a typical beam of photons interacts with maateof the photon
interactions described in the previous section owur with various
probabilities, depending on the spectrum of energresent in the beam, and on
the atomic number of the irradiated material. Tfuusa high energy photon beam

the total attenuation coefficieftz,, ), is going to be the sum of the four

interaction coefficients (ignoring photonucleareirsctions):
Mot = Ocon T+ Oinc tK (2'14)

Whereogn, T, Gine, and k are the attenuation coefficients for coherenttecag,
photoelectric effect, Compton or incoherent scattgrand pair production
respectively [3]. This is illustrated in Figure 2¥Bhere the total mass attenuation
coefficient, as well as the mass attenuation coiefit for each type of interaction
(obtained by dividing each coefficient in Equat®i4 by the density) is plotted
as a function of photon energy on a log/log scateebpper. Copper was chosen

since it is the conductor used in most MRI RF coils
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Figure 2-5: Mass attenuation coefficients for each type ofraxtgon, and the
total mass attenuation coefficient for copper &sation of photon energy on a
log/log plot. (Data taken from NIST [2]).

2.3. Describing the Radiation Beam and Energy

Transfer

When measuring radiation and its effects, theravaoedifferent
considerations that have to be taken into accdtrgtly, the amount of radiation
in the beam itself has to be described, and segdhdlamount of energy the
beam deposits in the irradiated medium has to betgied [3]. Both of these
aspects are discussed below and some useful geaatie introduced and
defined.

2.3.1. Quantities Describing the Radiation Beam
A mono-energetic photon beam can be describetidopimber of
photonsdN, crossing an areda, whose normal points to the direction of the
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beam. The ratio adN to da is calledfluence, or photon fluence, is represented by

the symbokb, and is expressed in units ofTor cm?.

Fluence & = aN (31
da

Theenergy fluence, represented by the symB#| describes the amount of

energy crossing the arda, and it is expressed in units of Fmor erg cn.

dN [hy
da

Energy Fluence, W = (2-16)

Thefluencerate, ¢ is the number of photons that pass through ued a

per unit time, and it is expressed in units éfsthor cm?s™.

Fluence Rate; ¢ = a® = g(d—Nj (2-17)
dt dt\ da

Theenergy fluencerate, (. represents the energy crossing a unit area per
unit time. It is also called energy flux densityiotensity and expressed in units

of J m%s* or erg cnifs™.

(2-18)

d¥ d[dNhv
Energy Fluence Rate ¢ = =—
y SV w dt( da j

However the tele-therapy photon beams are prodogetbwing down
energetic electrons within a high density target thus contain photons with a
continuum of energy up to the maximum energy oftebms. Therefore, in order
to be able to describe a realistic photon beangukia above defined quantities,
one would need to know exactly the number of ph®tarthe beam with a given
energy as well as all the energies present. Thisines the introduction of terms
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such as spectrum (fluence differential in energy) anergy spectrum (energy

fluence differential in energy) [1, 3].

2.3.2. Quantities Describing the Energy Transferred

As inferred in Section 2.1, the interaction of higtergy photons with
matter is a two step process. During the first,gpeyt or all of the energy of the
photon is transferred to the charged particlesgliselectrons) in the irradiated
medium through a series of interactions. Duringsheond step, the energetic
charged particles (also called secondary electritvas$fer this energy to the
medium in a series of excitations and ionizatidmsdescribe the first step of this
interaction the quantity calldérma (Kinetic Energy Released per unit Ma of
the medium) was introduced by the ICRUdt@rnational @mmission on
Radiation_Uhits and Measurement$jerma is defined in terms of the energy
transferredE, ), as follows:

Kerma; K :B -192)
dm

where dEx is the mean energy transferred from the photon heatre electrons
within a volume elemerdV with massdm. Kerma is usually expressed in units of
J kg, and it most directly relates the quantities dégog the radiation beam to
its effects. For instance, for a mono-energetia@hdeam of energyv and

fluence® thekerma can be written as:
K= [ﬁﬂJ [Eu 20)

where (u/ p) is the mass attenuation coefficient for the mediant E is the

average amount of energy transferred by the phdtotige electrons of the
medium per interaction. For a photon beam withex8pm of energies, and a
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fluence spectrum differential in energ®(hv)/d hv, thekerma is the sum of

kermas from all the photons in the spectrum as shownvelo

_"pdo(hy) £ phv)) _
K = ! dhv[ﬁ p }EAmdmhu (2-21)

Kerma accounts for all of the energy transferred from photon beam to
the volume of interest, whether it is retainedhattvolume, or escapes in the form
of radiative losses or in the form of a net numiifecharged particles that take
kinetic energy out of the volume. Radiative lossesdefined as the conversion of
charged particle kinetic energy into photon enevgyich can escape the volume
of interest or even the medium. This conversiona@ne about either through
positron annihilation, or through the productiorboémsstrahlung (or “breaking
radiation”) x-rays in the Coulomb field of the at¢hj. For this reasorkerma can
be thought of as having two components:dbléision kerma (K¢) that accounts
for the kinetic energy spent by the charged pa&siah excitations and ionizations,
and theradiative kerma (K;) that accounts for the kinetic energy that isiedrr

away by photons [1]:
K=K, +K, -32)

Althoughkerma can be calculated by knowing the parameters iraigu
2-21, its experimental measurement is rather diltfii3].
The quantity that can readily be measured isaiserbed dose and is
defined as:
dEa

Absorbed Dosg; D =—— (2-23)
dm

Where dEa represents the mean energy absorbed by adnastmatter.

Thoughdm should be considered small enough such that therlabd dose can be
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defined at a point, it should not be too small silnet the statistical fluctuations in
energy deposition are significant. Although thetsioif absorbed dose are

identical to the ones &kerma, theabsorbed dose unit has a special name, the gray
(Gy), which is defined as 1 Gy = 1 J/kg [3].

Unlike kerma theabsorbed dose only accounts for the energy that is
retained and remains inside the volume of intefidst. absorbed dose is the most
important quantity in radiation physics, since altgh radiation effects have
either a direct or more complicated dependenceose,dt is certain that there are
no effects whatsoeverlif = [1]. Also of note is the fact th&erma and
absorbed dose do not take place at the same locatkerma takes place at the
location where a photon has set a charged panticteotion with a certain kinetic
energy, while thabsorbed dose will take place further along the track of that
charged particle as it looses its kinetic energy [3

2.4. Electronic or Charged Particle Equilibrium

Charged particle equilibrium (CPE) exists in a certain volume V if for
every type of charged particle that is leavingubkime with a given energy,
there is another charged particle of the same aypleenergy entering V [1, 4].
Although not strictly equivalent, CPE is also cdlébectronic equilibrium, for
although other charged particles are involved dibrminant role in radiotherapy
photon beams is played by the secondary electdjn&igure 2-6 (b) is an
approximate schematic representation of a highggnenono-energetic photon
beam incident on a homogeneous medium. As the pb@toter the material,
divided into sections labeled A to H, they statéracting in all the various ways
described in Section 2.1, setting electrons (represl by the straight arrows)
with a rangeR in motion. Each one of the symbols ( *, \, /, dpfesent on the
arrows in Figure 2-6 (b) represents an excitatioiowization through which the
secondary electrons deposit part of their energyalway to the end of their

rangeR.
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Figure 2-6: Schematic representation of two hypothetical saesakepicting
inter-relationship betweekerma andAbsorbed Dose.

Figure 2-6(a) shows therma and thedose as a function of depth for a
hypothetical case where the photon beam is natwdted at all. In this case the
kinetic energy released to the medium by the phbeam (dotted line) remains
constant with the depth in the medium, and the saumeber of electrons is set in
motion in each one of the regions A through H. @hsorbedlose is zero at the
surface, since the photon beam will need to peteetraertain distance into the
material before it first interacts. As a certaimrher of electrons leaves A, they
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deposit a little bit of energy here, so these increases by a little, but most of the
kinetic energy is taken downstream. In A thererarelectrons coming from
above replacing the ones that take kinetic eneugybthis section. In B, there is
the same number of secondary electrons being setiion as in A, and these
electrons take most of their energy further dovesstr, but now there are the
electrons from A coming through B and depositingiemf their energy here as
well. Thus thedose deposited in B is going to be higher than in AClthedose
deposited will be even higher, since although #maesnumber of electrons takes
the same amount of energy out of C as out of ABntbw there are electrons
coming from upstream, from both A and B deposigngrgy in C. In section D
the electrons that started in A come to rest ahof ahe ways through which
electrons deposit their energy are present (ieefitbt section where all of the
symbols *, \, /, and | are present). Tlelestronic equilibrium is first attained in

D, since the amount of kinetic energy taken ouhdf section is perfectly
balanced by the amount being deposited from upstraad thelose deposited is
equal to the&kerma. This will be true for all the subsequent sectign® H and
beyond [1, 3]. As indicated on Figure 2-6 the redimm the surface of an
irradiated medium to the depth@éctronic equilibriumis called theouildup
region.

Figure 2-6 (c) presents the more realistic casergvthe photon beam
undergoes some attenuation. Now kbema will decrease constantly as there are
less and less photons in the beam releasing enEngylose increases in much
the same way as for the no attenuation case, Istithpebuildup region, thedose
is consistently higher than thkerma (if radiative losses are not taken into account
or are considered negligible), and strict electa@guilibrium is no longer
attained. The lack of an electronic equilibriumtghg buildup region is due to
the fact that, as noted in the previous sectiankéhma and absorbed dose do not
take place at the same location. If the photon bae@muation is taken into
account, at any point in a medium, past the builehgpon, there will be slightly
more electrons coming to rest and depositing tiagtic energy from upstream

than electrons leaving and taking kinetic energgai@, 4].
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2.4. Radiation Induced Current (Compton Current)

For the range of energies typically used in rdaiadpy (1 to 10 MeV) the
Compton interaction dominates, as can be seenfigare 2-1. The Compton
electrons produced as a result, are preferenfiaflyard scattered [5, 6] and can
give rise to a directional current in dielectriomdiated by a high energy photon
beam [7]. If the irradiated medium is a conductahwva thickness smaller than the
average range of the Compton electrons, the coodagperiences a net electron
loss, since most electrons set in motion by the @omprocess are ejected from
it. As a result a net positive charge is left behiifi the conductor is connected to
a circuit electrons flow from the circuit to restarharge balance and the so called
radiation induced current (RIC) or Compton current appears. The RIC has been
found to be the main cause of the voltage indepatrt@arity effect in parallel
plate ionization chambers, and to be due to adhetectronic equilibrium [8]. It
has also been suggested that the RIC is respoffigitilee instantaneous current
that appears in the irradiated conductors of R ¢8].

To remove RIC from a thin conductor (such as thredactor of an RF
coil) electronic equilibrium has to be establish&kis can be done by using a
suitable material for buildup. If the buildup ma#gis thick enough and has an
identical or similar density to the conductor, therill be enough electrons
produced in it such that most Compton electronglaced from the conductor
will be replaced by other electrons set in motipstteam and coming to rest in
the conductor. Establishing electronic equilibrimemoves the charge imbalance
and the need for electrons to flow from the cirt¢aithe thin irradiated conductor,

thus effectively removing RIC.
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2.5. Electrets

Since Teflon was used for some of the experimgrgsented in this
thesis, and since Teflon is an electret, in thediee some properties of this
special class of dielectrics will be presented.

2.5.1. Definition and Properties

An electret is usually defined as the electrostatialogue of a permanent
magnet, in that it is a piece of dielectric matethat is capable of storing
electrostatic fields for long periods of time. Tibag term storage of electrostatic
fields can be caused by surface charge layersesgarges trapped in the
material, by a “true” polarization of the dielectror by a combination of these.
The first materials used to produce electrets werees, rosins, and sulphur, and
they were usually obtained by cooling the meltdostance in the presence of an
electrical field. Nowadays, thin films (10 — fén thick) made out of polymers
such as Teflon materials or polyvinylidene fluoridee being used for making
electrets. The typical electrets in use today lenesor both surfaces of the thin
film coated with evaporated metal. For the elestomiated with metal on both
sides the electric fields are completely contaiwétin the dielectric, while the
ones that are not metalized at all, or have ong/side metalized, exhibit both
internal and external electric fields. Modern alectharging techniques involve
the application of high energy ionizing radiatiornthe dielectric material.
Whether bombarding the dielectric material withedgctron beam with a smaller
range than the dielectric thickness, or using argarar high energy x-ray beam,

electrets can be charged even without the pressrane electric field [10].

2.5.2. Photon Irradiated Electrets
Charge storage effects, due to microscopic straktlefects, macroscopic
heterogeneity, electrode polarization, or dipokerfation and orientation, are seen
in most dielectrics exposed to ionizing radiatidfhen a beam of x-ray photons
with energies above about 0.3 MeV enters an elethre photons interact
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predominantly by the Compton process, creatingeéepentially forward
scattered flux of Compton electrons. The radiabeam reaches electronic
equilibrium only at a depth equal to the maximunmton electron range. Thus,
at the surface of incidence there will be an etactiepletion or formation of a
positive charge layer, since in the buildup regiogre are more electrons
scattered forward than coming in from above, asipusly explained in Section
2.4. If the electret is placed on top of a matesigh a higher atomic number
while being irradiated, an electron excess laydrfaim on the side opposite to
the surface of incidence, where the radiation dens the electret to the higher
atomic number material. This excess of electromiiesto the fact that in this
transition region, there will be more electronsksaattered from the high atomic

number material into the electret than forwardtecat from it [11].
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3.Materialsand M ethods

This chapter discusses the various experimentiapseequipment and
methods used for studying the RIC that appeard-icdils. The first set of
experiments is designed to study the method of vemgar reducing the RIC.
Additionally, the experimental procedure for studythe effect of placing the RF
coil in the path of the treatment beam on the pas&in dose is illustrated. A
simple experiment designed to highlight the diffeein the shape of the time-
dependent RIC pulse in the presence of a transweageetic field is also
discussed.

It was established in [1] that the source of th€ R MRI RF coils is the
thin conductor, and in the previous chapter, thé Ras defined as the current
resulting from the charge imbalance in thin condrgtaused by preferential
forward ejection of Compton electrons. It is suspdc¢hat the RIC could be
caused by the lack of charged particle equilibriarthe thin conductor of the RF
coil. Therefore, it is beneficial to study the RiCthin, flat conductors as opposed
to complicated shapes such as those in solenddarcage type of RF coils.
Thus a simplified setup, that would enable meagute RIC in flat conductors
in combination with various buildup materials, wed. This simplified
approach will determine the proper combinationarfductor and buildup
material that would, in turn, enable a RIC freed®H to subsequently be built.

For measuring the effect of the presence of ardtlin the treatment
beam on the patient skin dose, a set of rectangalamaterials were used in
combination with a flat solid water phantom. Thastinique made use of
available materials and avoided the necessity idliing a special phantom that
could fit inside an existing RF coil. Investigaithe effect of the transverse
magnetic field on the RIC in an RF coil, some & theasurements done in [1]
were repeated and then compared to RIC measurenh@msusing the prototype

linac-MR system with a magnetic field present.
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3.1. RIC Removal

3.1.1. Experimental Setup
The schematic representation of the experimertapss shown in Figure
3-1. Thin plates of copper and aluminum were useplodential conductors of an
RF coil. The RIC in these plates (henceforth catletéctors) was measured and
subsequently removed or significantly reduced, gistmeets of various materials
and thicknesses for buildup. A linear acceleratodpcing bremsstrahlung
photons with peak energy of 6 MeV was used to iatadthe detector and buildup

combinations.

Faraday Cage

2 [ RF Filter

Coaxial Cable
= (

Pulsed X-Rays

Digital ~
Iag. Cuir i -
Mag. Current Oscilloscope

Figure 3-1. Schematic representation of a metal plate insidd-draday cage
(dotted line). The pulsed radiation beam is focusethe plate. The RIC is
amplified then detected by a digital oscilloscapggered by the linac’s
magnetron pulses.

RF Filter

The microwave power for this particular linac veapplied to the
waveguide by a magnetron. A magnetron is a highepascillator that uses an
intense pulsed DC electric field, applied betwdendnode and central cathode,
in its production of high power microwaves. Thegad electric field is provided

by shaped voltage pulses supplied by the pulsec&powdulator to the central
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cathode [2]. Both the magnetron and the pulsed paveelulator are known to
produce significant RF noise in the linac room [@jus, the entire experimental
apparatus was placed inside a Faraday RF Cage (¥Gd£0, LBA
Technologies, Greenville, NC) in order to remove ¢fffect of any RF noise on
the measurements of the RIC.

The detector was connected to a high speed loxemuamplifier (59-179
Edmund Optics), and the radiation beam was focosdtie detector through the
RF cage, making sure the amplifier was not beiragliated. The RF cage was
grounded, and the amplifier was mounted on theéef the cage with screws,
and thus its body was also grounded. The powerlgama amplifier output
connections were brought outside the RF cage thr&kgfilters. A coaxial cable
connected the amplifier output to an Agilent (Agtidechnologies Inc., Santa
Clara, USA) DSO6104A digital oscilloscope, whichssaggered by the linac’s
magnetron pulses. The acquired time-dependentlsigitage (i.e. signal trace)
was transferred from the oscilloscope to the PCraodrded, using a Keithley
KUSB 488 GPIB interface (Keithley Instruments InCleveland, OH)
implemented with the software program DADISP (DS&/&opment
Corporation, Newton, MA).

For each thickness of buildup material, the meahsdtandard deviation of
the RIC were obtained as follows. A total of 1d@dtdependent voltage pulses
were acquired in DADISP. Each pulse contains bamkagp signal (no radiation)
and voltage pulse during the irradiation. All 109ses were then averaged to
obtain a single trace. The mean raw RIC and meekgbaund signals were then
obtained by time-averaging of the appropriate pogiof the trace, i.e. the mean
raw RIC was the time-average of uniform portiomaadiation induced pulse while
the mean background was the time-average of thiegbaend trace during the
period of no radiation. Finally, the mean RIC wasained by subtracting the
mean background from the mean raw RIC. The stardaration of RIC was
calculated as the standard deviation of the timerayed, background subtracted

RICs obtained from the top, uniform portion of lifividual traces.
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3.1.2. Equipment
In this following section a brief description oktlequipment used for this

set of measurements is presented.

Faraday RF Cage (Model FC-10, LBA Technologies, Greenville, NC)
has a welded aluminum construction, with a highdemtivity, bare aluminum
interior. The thickness of the aluminum faces &Br@m. It provides up to 70 dB
plane wave isolation (typically 50 dB at 1GHz) fra®0 kHz to 6 GHz RF range.
The easy access door panel is fitted with two hemftir portability and handling,
and it connects with the RF cage with conductivekgawhile closed. The cage
size of 61 x 76 x 61 chis large enough to house the experimental setdtas
light enough (25 Kg) to easily transport betwedndad the clinical linac vault
[4].

TheHigh Speed Low Current Amplifier (59-179 Edmund Optics) has
an input impedance of 80, variable gain switchable from 1xA® 1x16 V/IA
with a maximum bandwidth of 200 MHz (at the lowgain). Additional filter
may be used to limit the upper cut-off frequencykdHz, 10 MHz or to the full
bandwidth at a given gain setting. It features dachable AC/DC coupling, and
an adjustable bias voltage (£10 V, max. 22 mA) emted to the shield of the
BNC input connector, switchable to ground [5]. Bmeplifier was used with a
nominal gain setting of £0//A (10 MHz bandwidth) in DC coupling mode with

the detector bias normally connected to the gronmdost experiments.

The Digital Oscilloscope (Agilent Technologies Inc., Santa Clara, USA)
is a DSO6104A model. It has 4 analog input chanwéls the input impedances
of either 50Q or 1MQ. To match the output impedance of the amplifier, 30€
input impedance was used for all measurements. sMitiindwidth of 1GHz, a
sample rate of 4 Giga-samples per second, a meofi@Wipts, and an update
rate of up to 100,000 deep-memory waveforms peasrakdhis scope allows for
very fast acquisitions, detection of infrequentr@sgeand visualization of very
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subtle detail, making it ideal for recording th@gRIC induced by the pulsed
radiation beam of the linac. With all the acquiRI€ traces being framed in a 20
ps window, each acquired trace consisted of 80,@@® ploints. The scope is also
capable of performing waveform math like averagihgvave forms. The
averaging function was used before most data aitiguis to do a visual check
making sure no stray RF was interfering with thsidel RIC signal trace.

3.1.3. Detector -Buildup Combinations
All experiments were conducted in the 6 MV phob@am from a 600C
(Varian Medical Systems, Palo Alto, CA) linear decator. Initially the RIC in
copper was evaluated since most RF coils in usytbdve copper for their
conductor. Figure 3-2 shows the actual plate stetuthe copper detector, copper

buildup measurements.

Cu Buildup

Cu
Cu Backscatter = Detector —

Figure 3-2: A closer look at the copper detector, copper bjdrIC
measurement setup. The backscatter material ist~@ copper, in direct contact
with the RF cage, thus grounded. The copper detectectrically insulated on
both sides with electrical tape, and the buildugraunded as well.

The detector was a 0.12 mm thick copper sheepped on both sides
with 3M Tartan 1710 Vinyl Electrical Tape to elac#lly insulate it from the rest
of the setup. A ~2 cm thick stack of copper platewided the backscatter. For

42



this set of measurements, the backscatter coppeimadirect contact with the
bottom of the RF cage and was thus grounded. Thatian field size was 7.5 cm
by 7.5 cm at the surface of the detector, and igtarsce from the linac’s radiation
source to the top surface (i.e. SSD) of the badtexcplates was about 123.7 cm.
Using the aforementioned setup, the mean amplibfitlee RIC was measured as
a function of increasing thickness of copper bujdplates placed on top of
copper detector. The buildup needed to be groursieck during each radiation
pulse, the electrons knocked out from it would kbehind a net positive charge,
which in turn would polarize the detector inducagery short lived electrostatic
field. This electrostatic field would prevent thHearons which are barely set in
motion within the build up from reaching the detecnd the measured RIC
(representing a lack of electrons in the deteditep signal would be higher than
expected for a given buildup thickness.

The RIC was also evaluated in aluminum conducitr Weflon buildup.

Teflon was used due to its similar density to tfealuminum

(oa = 279/cM®, prge, = 220/cm®) and due to the fact that it is a non

conductive polymer that would not interfere witle fiunction of an RF coil. The
detector buildup combination setup for this sethefisurements is shown in
Figure 3-3. The “detector” was a 0.54 mm alumindate insulated on both
sides with the same type of electrical tape usebarcopper experiments. The
backscatter was provided by a 2 cm thick slab bdl seater to somewhat
simulate tissue. As before the beam was 7.5 cm®bygi and the SSD = 123.7
cm. On top of the detector, sheets of various tieskes of Teflon were placed as
buildup. The top and bottom surfaces of the Teflbeet stack were grounded
usinga ~ 0.06 mm thick aluminum tape. The naaplitude of the RIC pulse
from about 100 measurements was again recordeghfir new thickness of

buildup.
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Teflon Sheets

Al Tape

Al Detector

Solid Water Backscatter -

Figure 3-3: A closer look at the aluminum detector, Teflon duip, RIC
measurement setup. The backscatter material is & cwlid water. The
aluminum detector is again electrically insulatedboth sides with electrical
tape, and the Teflon build up sheets have grouatiedinum tape on the top and
the bottom of the stack.

The grounded aluminum tape on the top and bottiotimeobuildup
material was necessary since Teflon is a very gdectret [6], which means that
it can store electrostatic fields for long periadisime. An electret can trap some
of the Compton electrons and become polarized wineler direct irradiation.
Thus both an internal and an external electrostiafit appear in Teflon, as was
explained in Section 2.5.2. By using grounded catide electrodes on the top
and the bottom of the buildup stack the exterredtebstatic field is removed [6,
7]. Also, when using single pieces of thicker Taffor the buildup, although with
the grounded aluminum tape in place, the RIC regdimould become erratic (i.e.
would not follow an expected trend with increasingidup thickness) after a
certain number of monitor units (1 MU = 1cGy dete@ to water at a point 100
cm away from the source with a depth of 1.5 cmaisii0 cm x 10 cm field size)
was delivered. This variation among multiple regdirdepending upon the prior
irradiation history of Teflon, for the same buildtippckness was due to the
charging of the Teflon buildup. The type of Teflomildup that yielded consistent
results was a stack of about ten, 0.9 mm thickiohesheets, loosely stacked, with

grounded aluminum tape on the top and bottom oihale stack (i.e. the
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aluminum tape was on the bottom of the bottom sheeton the top of the top
sheet and all other sheets were slid in betweesettveo as seen in Figure 3-3).
Occasionally a thicker piece of Teflon (~5 mm) vadsled to the stack, in
between the 0.9 mm thick sheets (and thus in betteetwo grounded
aluminum tapes), to increase the buildup thicknEéssthis type of buildup, the
same beam that charges the Teflon and inducesv@oaitd negative charge
layers on the top and bottom side of each onee0tB mm thick sheets will also
ionize the air in between the Teflon sheets. Stheee is no grounded surface in
between the individual sheets of Teflon (just iy @and the bottom of the entire
stack has the grounded aluminum tape) there wilrbelectrostatic field in the
small air gaps present in between the Teflon sh&éts field will make positive
and negative charged ions from the air gaps amtéhdome of the negative and
positive charge layers, induced on the surfacéBeoindividual Teflon sheets. So
although this type of buildup will get charged aslywthe ions produced in the air
between the sheets, should deplete at least sothe dkflon’s charge layer
through annihilation of opposite charge carriergrensurface [8, 9] and thus
discharge the buildup at the same time.

Using the detector buildup setup from Figure 38, RIC measurements
were subsequently redone using the 0.12 mm thipke&odetector and Teflon as
the buildup material in order to evaluate the Ré@uction in a case where the

density of the build up material is substantialiffedent from that of the detector.

3.1.4. Conductor Thickness
Since the thickness of the copper conductor irc&Is varies between the

many types of coils that are in use today, an itigason into how the copper
detector plate thickness influences the amplitddeerecorded RIC was also
carried out. The setup used for this set of expemisy is shown in Figure 3-4.
This setup was similar to the one in Figure 3-Zegt there was no buildup used.
Instead, on top of a very thin copper detector &5 mm thick), electrically
insulated from the backscatter, plates of varibickhesses of copper were added

in direct electrical contact. Direct electrical tact between copper plates
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effectively increased the detector thickness. Témnisize was kept at 7.5 cm X
7.5 cm and the SSD at 123.7 cm to the surfaceedbditkscatter. The average
amplitude of about 100 RIC traces was recorde@#&oh new detector thickness.

Cu Plates

Cu Backscatter =

Electrical
Tape

Cu
Detector

Figure 3-4: A closer look at the influence of conductor thicke®n RIC
amplitude measurement setup. The backscatter mlatetri2 cm of copper, in
direct contact with the RF cage, thus grounded.cdpper detector is electrically
insulated on the bottom side with electrical tage] copper plates are added on
top in direct electrical contact to increase theed®r thickness.

3.1.5. Influence of Backscatter

MRI surface coils are placed directly in contagtwthe patient while

there may be an air gap between the coil and thempaurface in other types of

coils. Thus the placement of the backscatter nateridirect contact with the

detector in aforementioned experiments only sineglélte scenario of surface

coils. This experiment was conducted to comparestiniace coil type scenario to

the non-surface coil. It was done by changing ype bf backscatter material in

the RIC experiments.

The influence of the backscatter material on theé Reasurements was

first investigated for the copper detector, andpsr@nd Styrofoam backscatter

materials were compared. The two backscatter saigschematically

represented in Figure 3-5.
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Figure 3-5: Schematic representation of the two types of bzatkesr used.

First, the RIC was measured with the same setup Bigure 3-2, only the
whole setup was placed on top of a 2.5 cm thicklblaf Styrofoam that was
sitting on top of 5 cm of solid water (Figure 3. &his first combination of
backscatter materials was used to simulate thergaind the distance between
the patient and a coil built with copper for thendactor backscatter. Since the
SSD to the bottom of the RF cage was 125.7 cmee3SD to the surface of the
backscatter material was about 116.2 cm. Then tra &f copper back scatter
were replaced with the 2.5 cm of Styrofoam sittomgtop of 7 cm of solid water
this time, thus preserving the same SSD (Figureéb3-a&nd the RIC
measurements were retaken.This second combindtizackscatter materials was
used to somewhat simulate the patient as welladigtance between the
patient’s body and the RF coil conductor, this tinugt with virtually no
backscatter. Grounded copper plates were againasskdildup material and the
RIC was measured as a function of thickness of eoppildup plates.

The influence of the backscatter material on thenamum detector RIC
measurements was investigated next. A very siréapf setups to the ones used
for the copper detector and schematically represkint Figure 3-5 was used.

First the setup of Figure 3-3 was placed on top.bfcm of Styrofoam sitting on 5
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cm of solid water, similar to Figure 3-5.a. In thisse, the 2 cm of copper
backscatter seen in Figure 3-5a was replaced by @f solid water and the 0.54
mm thick aluminum detector replaced the copperaieteThis particular
backscatter setup simulates an aluminum coil plaocedtly on top of a patient.
The next setup was identical to Figure 3-5.b withd@n of Styrofoam sitting on
top of 7 cm of solid water making up the backscatted the aluminum detector
in place of the copper one. This backscatter seagused to simulate, as before,
an aluminum coil, built with basically no backseat{placed a distance away
from the patient. A third type of backscatter wageistigated, for the aluminum
detector. This case was similar to the one depictédgure 3-5.a with about 2 cm
of Teflon, with grounded aluminum tape on the tad Aottom, replacing the 2
cm of copper in the backscatter materials. Thusnftop to bottom, the
backscatter was 2 cm of Teflon, on top of 2.5 crétyfofoam, on top of 5 cm of
solid water. This third backscatter setup was maasimulate an aluminum RF
coil, built with the conductor practically embeddadreflon, and placed a
distance away from the patient. The same SSD of21di, as for the copper
detector measurements, was maintained, and the Beiioa from the previous
set of measurements, with grounded aluminum tagleetop and on the bottom
of the sheet stack, was used. For all the measuntsrrethis section, the field
size was readjusted to the new SSD such that istl&g.5 cm by 7.5 cm at the

detector surface.

3.1.6. Aluminum Surface Cail

Figure 3-6 shows the measurement setup usedvestigating the RIC
reduction in an aluminum surface coil using grouhd@eflon as buildup material.
The aluminum surface coil was cut from a 1.6 mmkf@Eluminum plate, tuned to
about 8.85 MHz, and provided approximately8nloadedmpedance at the
tuning frequency. The shape and size of the RFggthown in Figure 3-7.a and a
schematic of the tuning and matching circuit isvehdan Figure 3-7.b. Again, for
backscatter, about 2.5 cm of Styrofoam on top ain/of solid water was used to

simulate the patient as well as the air gap betwleeoil and the patient.
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Figure 3-6: Aluminum surface RF colil, with Teflon build up, RiBeasurement
setup.
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Figure 3-7: Schematic representation of the aluminum surfacedifbuilt for
the measurements. a) shape and dimensions of thb)cechematic diagram of
the tuning and matching circuit.

49



For buildup the same sheets of Teflon, with gradhdluminum tape
covering the top and the bottom of the stack, ftbenprevious measurements,
were used. As before, the beam size was 7.5 cm3ognT at the surface of the
backscatter, with an SSD of 116.2 cm to the tofnefoackscatter material. The
average amplitude of about 100 RIC traces was dedoior each new build up

thickness.

3.2. Skin Dose M easur ements

The bremsstrahlung beams of medical linacs progabeenergetic
photons with peak energy in the MeV range. As dised in Chapter 2, these
photons eject electrons that can travel furtherrdvam the points of interaction
within the patient. By this virtue the therapeuyimton beams are characterized
by a buildup region as the beam enters and travedsigh the patient. The dose
deposited to the skin is thus considerably smétlen the therapeutic doses
delivered to the tumor. Since the skin is an eggécting and highly radiation
sensitive tissue, adverse skin reactions largeiitdid the therapeutic doses to
deep seated tumors when using kilo voltage beamss,TMeV range photons not
only provide useful beam intensity to the deepexaitmors but also the
extremely useful skin sparing in radiation theraggwever, the placement of an
RF coll either in direct contact or with a smalpdaetween the coil and the
patient can potentially lose the skin sparing piledi by the megavoltage beams.
The following experiments were carried out to sttliy influence on the skin
dose of placing the RF coil, alone or in combimatiath the build up materials,
in the treatment beam. Again the coil and buildngierials were emulated by flat
sheets for materials to keep a simple experimeetalip.

Figure 3-8 shows the measurement setup usedeoaat the skin dose
effects that a coil, whether with or without buipdwould have if present in the

radiation beam.
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Figure 3-8: Influence of RF coil materials on patient skin dasgasurement
setup.

A Capintec PS-033 parallel plate ion chamber, eldbd in a block of
solid water was first used to measure the perogpihddose (PDD) with a Varian
600C linac, using 100 cm SSD to the surface oftiiel water phantom, and a 10
x 10 cnf field. Sheets of various thicknesses of solid watere added on top to
increase the depth of measurement point while dielt that supported the
apparatus was moved down such that the SSD wasak&p0 cm. Two readings
were taken using a Capintec 192A Digital Dosiméteeach depth of the
chamber in the solid water phantom and averageth Eeading collected the
ionization charge in the chamber for 20 MU’s wheglU represents a dose of 1
cGy at 1.5 cm depth in this experimental set ups @hata is denoted as the open
beam PDD and represents the dose as a functiogptt th a simplified, uniform
surface patient of rectangular shape. These measuats were subsequently

retaken with various, so callechil materials in the path of the treatment beam,
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placed at various distances from the phantom. Tiyyges of coils were simulated
with the materials used. First, a sheet of Polyb@aate (PC), about 1.5 mm thick,
with a 0.08 mm thick copper tape on top and a ®thick sheet of Teflon on

top of the copper (Figure 3-9, a), was used to Eitauhe backing, conductor and

cover, respectively, of a regular copper conduRtercoil.

Teflon 2)
C“l’z‘: e
Teflon b)
Aluminum
) o)
(:l]l:::l](]llnu:lg) Teflon
((foi?lggml;cl;lug:or)// -

Figure 3-9: Schematic representation of the three typemibimaterials used to
investigate the skin dose effects: a) regular coppeductor RF coil; b) regular
aluminum conductor RF coil; ¢) reduced RIC aluminconductor RF coil.

Second, another sheet of Poly Carbonate of exdtlgame thickness as
before, with a 0.06 mm thick aluminum tape on togd the same 0.9 mm thick
sheet of Teflon on top of the aluminum was usesirtwlate the backing,
conductor and cover, respectively, of a regularcBiFbuilt with an aluminum
conductor (Figure 3-9, b). For the third type ofl simulated, on top of the Poly
Carbonate sheet with aluminum tape, a stack of 9ainfeflon, with aluminum
tape on the top and the bottom of the stack waepléFigure 3-9, c). This was

the same Teflon used previously to reduce the Rlie aluminum detector plate
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measurements, and was used to simulate an RFwbilith an aluminum
conductor and Teflon buildup.

PDDs were measured with all these coil materraldirect contact with
the surface of the solid water phantom, simulatiregeffect of a surface coil on
the skin dose. In all the PDD measurements, théhdgpmeasurement refers to
the depth of the chamber in the solid water pharggohuding the coil material,
where the solid water emulates the patient. Thexetfe PDD measurements
were repeated with the coil materials at distamédscm, 2 cm, 3 cm, 5 cm, and
10 cm away from the surface of the solid water poranto study the effect of an
air gap between the coil and the patient on the d&se (i.e. surface dose in the
solid water phantom).

Parallel plate ion chambers exhibit a polarityeffin the buildup region
when exposed to a beam of high energy photons.dmaentally, the Compton
electrons leaving the collector electrode of theéhamber are not replaced by
those generated in the buildup material. Thus lber@de not only measures the
ions created in the air but also the lack of etexrin the conductor itself. This
polarity effect causes the absolute magnitude @htieasured ionization current to
be higher if the electrode is biased to collecitpasions than the opposite case,
thus, causing the change in charge collected wiepalarity of the chamber’s
biasing voltage is reversed [10]. To eliminate poéarity effect and be able to

calculate the true ionization currenh} the following formula is used:

3-1)

Wherel, andl. are the ionization currents measured with a p@sand a

negative biasing voltage respectively. This proaasgels the effect of lack of
electrons in collector electrode caused by the Gomgpurrent. The
measurements taken with the Capintec 192A Digitaideter, which could only
provide a +300V bias voltage, did not take intocaot the polarity effect. Thus, a
few of the reduced RIC aluminum conductor RF calasurements were retaken
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with a PTW Unidos E electrometer/dosmeter (PTWhtnej, Germany) capable
of switching the bias voltage between +300 V ar@D-8. The purpose of this

experiment was to assess the magnitude of theifyoddiect on measured PDDs.

3.3.Linacvs. Linac-MR RF Coil M easurements

In order to determine the influence of the tramsgenagnetic field on the
shape of the RIC pulse, the RIC measurements aoji¢ were retaken on a
Varian 600C clinical linac using the black solenBil coil shown in Figure 3-10,

and compared to measurements taken using theMiaprototype.

Figure 3-10: The black transmit and receive RF coil used ferlthac and
linac-MR RIC measurements. The coil is tuned foagng at 0.22T, and
matched at 5.

The black coil (National Research Council Canads&d for this set of
measurements is 12.0 cm long, and has a 10 cm dm@eter. The coil’s rings
are made of hollow copper pipe, about 0.64 cm amditer. Five of the rings are

connected in series with a capacitor between argeamd the next, thus providing
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a solenoid structure. The sixth copper ring ha82hpF capacitor and is used to
inductively match the coil. The black coil is artsmit/receive coil with a tuning
range between 9.2 MHz and 9.4 MHz, and was desigpedfically for a 0.22 T
MRI.

For the clinical linac measurements the same s&fup [1] was used, and
apart for the fact that the black coil was placechavooden stand inside the
Faraday RF cage (Model FC-10, LBA Technologiese@vdle, NC), the setup is
identical to the one described for the RIC rem@xgderiments. The distance from
the source of radiation to the centre of the blemkwas about 115 cm, and the
field size was 40 cm by 40 cm at the isocentre.

The setup used for the linac-MR measurementshismsatically
represented in Figure 3-11.

Biplanar Permanent  Alyminum RF Coil RF Cage
Magnet Foil

Figure 3-11: Schematic representation of the setup used fdirthe-MR RIC
measurements using the black coil.

The RF coil was placed inside the biplanar permanm&gnet on its side

so that the radiation beam would hit it at the samgle as for the clinical linac
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measurements. The coil was connected to the saghespeed low current
amplifier (59-179 Edmund Optics) that was usedlfierprevious set of
experiments, and both were inside the linac-MR’scB§e. The amplifier was
connected to the digital oscilloscope (Agilent Tealogies Inc., Santa Clara,
USA) triggered to the linac’s magnetron pulses, #nedRIC traces recorded on
the PC using DADISP (DSP Development Corporaticewidn, MA). To obtain
cleaner measurements the whole coil was wrapp#dringrounded, aluminum
foil, which removed some stray RF that was stilgant. The distance from the
source to the centre of the black coil was aboutrBpand the field size was large
enough to encompass the whole coil for this set@disurements.

For both the linac and the linac-MR measuremdrsamplifier was
placed outside the radiation beam, thus not irtadieand about one thousand
individual RIC traces were recorded and averaged.

It should be noted that the linac used in thechMR set up is the same as
used in Varian 600C clinical linac. All the ancilfehardware and software is also
identical in the two systems. However, the georoelistance from the source to
the coil can not be the same in the two experimemésto the placement of the
permanent magnet. Also, the dose per pulse inthe-MR may not be the same
as in the clinical linac since no formal attemps baen made to calibrate the
doses from the re-furbished linac in the linac-MRtem. Although both linacs
use the same waveguide, the dose per pulse isrdtinction of electron gun
current and of the microwave power maintained ewlaveguide. These two
parameters are different in the two systems foiouarreasons making the dose
per pulse different. These measurements were peetbto investigate the
influence of the magnetic field on the shape ofRi& pulse rather than to
guantitatively evaluate the difference in the atoplke of the RIC pulses in two

systems.
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4. Results

4.1. Detector-Buildup Combinations

Some preliminary results, illustrating the influeraf grounding the
buildup in the copper detector copper buildup eixpents, are presented in
Figure 4-1. The setup for this set of measuremaatsidentical to the one
described in Figure 3-2, however a 1.1 mm thickpepmletector was used. Three
typical RIC traces are presented, and for two efrttsome RF noise interference
can be observed right before and right after th@ Rllse. The only difference
between the red trace and the green trace is tunding of the buildup when the
green trace was acquired. It can be seen thaathe amount of buildup which,
when grounded, reduces the RIC to below zero auggjtbarely manages to

reduce the RIC by about 30% when not grounded.
1.2 -

—=No Buildup
=0.16 cm Cu Buildup

_0.16 cm Grounded
Cu Buildup

o
[

Micro Amps
o
(@)

2 4 6 8 10 12 14 16 18 20
Microseconds

Figure 4-1: Preliminary measurements of RIC in copper, illatstry the influence
of grounding the buildup on the RIC reduction.
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A very similar set of traces was obtained foraheminum detector when
the Teflon buildup was not placed in between twaugded electrodes. For the
case where the Teflon did not have the groundedialum tape on the top and on
the bottom the original RIC amplitude would be reelli by less than about 40%,
while with the grounded electrodes in place theictidn was approximately 90%
for the same thickness of Teflon buildup.

Another set of preliminary results showing thdetgénce between using
single pieces of incrementally thicker Teflon arsithg the stack of 0.9 mm thick
Teflon sheets for buildup in the aluminum detecb@asurements is presented in
Figure 4-2. These experiments were performed ubiegame setup described in
Figure 3-3, with a 1.3 mm thick aluminum detectod a field size of 7.2 cm by
7.2 cm. The single pieces of Teflon buildup werapypred in grounded aluminum
tape, while the 0.9 mm thick sheets had groundechialum tape on the top and

on the bottom of the whole stack.
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Figure 4-2: Preliminary measurements of RIC in aluminum, conmggthe use of
thin sheets of Teflon as opposed to single pie€axeeasing thickness.
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The measured RIC amplitudes using the singlek theflon pieces for
buildup would fluctuate, and after a few hundredhitar units had been
delivered, the RIC reduction curve would look like red curve in Figure 4-2.
This effect persisted even after weeks of not iatiag the single pieces of Teflon
used for buildup.

The stack consisting of ten 0.9 mm thick Tefloretls (with grounded
aluminum tape on the top of the top sheet and ebdttom of the bottom sheet)
yielded consistent results over and over, andfah@measurement results
presented henceforth with Teflon for buildup, wereasured using these sheets.

The RIC was measured in a simplified setup in otddretter understand
its origin. Figure 4-3 shows the mean (see 83rhdasured RIC amplitude (LA)
as a function of buildup thickness for the varicombinations of detector and
buildup materials used. The standard deviation §8e®.1) of measured data

points was, in most cases, smaller than the datkersa for the scale used.
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Figure 4-3: Measurement results for the reduction of RIC byduy for the
various detector/buildup combinations used. Therdrars in the data points are
in most cases smaller than the data markers.
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It appears that as the buildup thickness is irrg@dhe RIC amplitude
decreases indicating electronic dis-equilibriunthi@ detector as the cause of this
observed currentFigure 4-3 clearly shows that by using buildupd e+
establishing electronic equilibrium in the detegitates, the RIC can be removed
completely, if the buildup and detector materiaksidentical. This is precisely
the situation for the copper detector/copper byldombination, and Figure 4-3
shows this to be the only case when the RIC reantresamplitude. In the
aluminum detector, the RIC is reduced significabtjyabout 1.2 cm of Teflon
buildup, while in the copper detector the RIC catyde partially reduced by the
same amount of Teflon.

Electronic equilibrium was only truly obtainedthre copper detector with
copper buildup, thus, the RIC value only reached aeplitude for this
combination. To establish electronic equilibriunoegh interactions must occur
in the buildup to produce a sufficient number af lenergy electrons that stop in
the detector and balance the electrons leavirigtite density of the buildup is
much lower than that of the detector, electrongildzrium will never be truly
reached at any buildup thickness. This is the t@stne copper detector and
Teflon buildup, since the measured RIC values daeach zero amplitude.
When the density difference between the detectdtaiidup is smaller, a
significant reduction in the RIC can be obtainedsabe case of the aluminum
detector and Teflon buildup.

For the measurements performed using Teflon fddi it is expected
that some of the charge storage effects describ88.b.2 are affecting the
recorded RIC amplitude. Although sandwiching thédrein between two
grounded conductive surfaces eliminates most,tiiipof the external
electrostatic field, the Teflon itself is still @wlzed and will have an internal
electrostatic field [1]. Up to a depth equal to thaximum range of electrons in
Teflon, the Teflon buildup itself is in the eleatio dis-equilibrium region. In a
thin layer on the top side, where the photon beaimaident, there will be more
electrons leaving the layer than coming into itistka net positive charge buildup

will appear. In another thin layer, on the oppositke of the Teflon buildup, since
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the radiation is passing from Teflon to either alunm or copper, which have
higher densities, slightly more electrons are ggtbackscattered into the layer
than forward scattered from it. This leads to trenation of an electron excess
layer on the bottom side of the Teflon buildup.\Betn these two layers there is
an electrostatic field that opposes the forward emoent of electrons [2]. This
field has the potential to prevent some of the Vevwyenergy Compton electrons
from leaving the buildup and reaching the deteamce the positive value of
RIC in the detector indicates loss of electronthendetector, the measured RIC
amplitude for any given buildup thickness irrespecof the detector material is
higher than expected (i.e. if just electron tramspdthout any electrostatic field
is taken into account) because of the inabilityerfy low energy electrons to
reach the detector.

For the copper detector/copper buildup case, thearplitude actually
goes negative after it has reached zero, suggds@gomehow there are more
electrons coming into the detector than are leaitidge to Compton interactions.
To further investigate this, these measurements wegreated, this time with more
copper plates available to provide a thicker (ug.tocm) grounded buildup. The
results of this set of measurements are presentegjiire 4-4. Once the RIC
reduction curve reaches zero it is seen to quigklgown to a minimum at about
0.8 cm of copper buildup. The measured RIC slavelgs back towards zero if
the copper buildup thickness is increased furthkis indicates that the
measurement setup has a contribution from anotireert with an opposite
polarity to RIC with a magnitude that decreases$ witreasing depth of the
detector within the copper stack.

Suspecting a contribution from the ions createthieyradiation beam in
the air or electrical tape present between thectiatand the backscatter or the
detector and the buildup, the copper detector eofhper buildup measurements
were performed again with both the buildup andithekscatter plates biased at
10V using the high speed low current amplifier ba bias setting instead of
ground. Although 10 V is unlikely to attract alktfree electrons (created in

aforementioned suspected ionizations) away frondétector, it was impractical
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to house a higher voltage source in the RF cageadtassumed that even a 10 V
bias, when reversed in polarity, wowetect the presence of free charges
resulting from direct ionizations. The experimersthen repeated with the bias
voltage changed to -10 V.
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Figure 4-4: Measurement results for the copper detector campiédup with up
to 2.7 cm of copper buildup.

The field size and SSD were kept the same, anddoin one of the two
polarities about 100 traces were averaged for eveitgup thickness. lonizations
would either add or subtract from the measured &dfending on the detector
collecting either positive free charge (buildup &adkscatter at +10V) or
negative free charge (buildup and backscatter@vjIrespectively. It was also
assumed that a 10 V bias is unlikely to affecttthgectories of Compton
electrons in copper stack. Thus, for each thickoéssildup the RIC amplitude

was calculated using:

rRc=M:*M_
2

(4-1)

63



Where M. and M were the average RIC signal amplitudes measuretiéo
positive and negative polarities, respectively. @kerage RIC amplitude was
calculated and background subtracted as before8@&éel), then compared to the
data obtained without the bias voltage presenthfercopper detector/copper

backscatter case. The comparison is presentedjime=4-5.
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Figure 4-5: Comparison of the copper detector/copper buildepsarements
taken with and without the buildup and backscditased at +10 V.

It can be seen from Figure 4-5 that the RIC radaaturve obtained with
the reversed bias voltage and using the methodidedabove, has a higher zero
buildup amplitude than the curve obtained with raslyoltage. Also the curve
measured with the bias reaches zero amplitudetisiighlow 0.15 cm buildup
thickness (closer to the rule of thumb of ~0.16 ce,depth of maximum dose in
water divided by density of copper). One can rgesile that the curve obtained
with no bias voltage reaches zero amplitude at a®®7 cm which is
significantly smaller than the rule of thumb. Fdowldup thickness of 0.32 cm

the curve obtained with the reversed bias voltagthod barely drops by about
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3% of its zero buildup amplitude below zero, coneplaio a drop of almost 12%,
of zero buildup amplitude, below zero for the datasured without the bias.

So it turns out that the negative charges reguftiom the direct ionization
of residual air between the detector and the battescor between the detector
and buildup are indeed reaching the detector pidige original (zero bias)
experiment as was suggested by Figure 4-4. Tharairpossibly the insulating
tape, trapped between two electrodes (i.e. detaciigrounded copper
backscatter or detector and grounded copper byilelnulate an ion-chamber.
These negative charges are responsible for redtitoenBIC in the measured data.
As a result, the RIC in the measured data reachkesoavalue at a smaller buildup
thickness than expected. The 6 MV beam used iretegseriments reaches a
maximum dose at 1.4-1.5 cm depth in water. A sindlesity scaling would
indicate that the depth of maximum dose in coppauld/occur somewhere
between 0.1-0.2 cm (also see Figure 4-6). HowekierRIC in the measured data
for copper detector and copper buildup case inreigd3 reaches zero values
around 0.07 cm of buildup thickness. Beyond eleitrequilibrium, a negative
value for the measured RIC indicates that the tatetate receives excess
negative charges. It is suggested that these negatarges are contributed by the
direct ionization of the air in between plates. Bwg amount of air ionization
should be a function of beam intensity remaininthimbeam after being
attenuated by the buildup material beyond the tiesk that establishes electronic
equilibrium. Thus, by increasing the buildup thieks further, the air ionization is
reduced as the beam intensity is reduced, and dasumed RIC amplitude
becomes less negative as seen in Figure 4-4eWtident from Figure 4-5, that his
effect can be reduced if the buildup and backscateebiased. lonizations add to
the measured signal amplitude when the buildupbac#scatter are positively
biased (+10 V) since the detector is collectingapbsitive charges and more
electrons are needed from the circuit to restosegdhbalance. Conversely, when
the buildup and backscatter are negatively biasgdl\{) the detector collects
extra negative charges and does not need anyaedtom the circuit, in fact it

introduces extra negative charges in the circad, the measured signal
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amplitude is negative. By adding these two sigt@dether, twice the actual RIC
amplitude is obtained, with very few contributidnem air ionizations. The RIC
reduction curve obtained using this method actugikys to zero amplitude at the
expected copper thickness needed for electronitil@gum (which lies between
0.1-0.2 cm for copper buildup in 6 MV beam specframd does not drop
significantly below zero with increasing buildupdkness. It is also clear from
Figure 4-5 that a 10 V bias is not enough to colddicthe ions in the air gaps.
Usually in the small volume ion chambers, a bidsage of £300V is required to
reduce the recombination effects to negligible levéhe fraction of ions
collected will depend on the polarity due to thiéeslence in the mobility of
positive and negative ions. Therefore, a perfeatebation of the charge
collected in the detector plates for the oppos#s boltages is not possible at 10
V bias. As a result the measured RIC in the biasgeriment does not actually
stay at exactly zero value at higher buildup thedses. It should be mentioned
that the current RF cage did not allow placemera bilasing power supply that
could supply 300 V, inside the RF cage due toithédd number of electrical

contacts on the cage.

4.2. Conductor Thickness

Figure 4-6 shows the measured RIC amplitudesqu@painst the
increasing thickness of the copper detector witbumtdup. The curve, thus
obtained, displays a sharp increase in RIC amm@iaglthe detector gets thicker,
up to about 0.16 cm, where the curve reaches amemi Beyond this point the
RIC amplitude slowly decreases with increasing ctetethickness.

This data behaves like a classical depth doseeaince 0.15-0.16 cm is
expected to be the depth of maximum dose in codper.initial increase in the
RIC amplitude is due to an increasing number of Gtom electrons being
produced with increasing detector thickness, mbathich leave the detector. As
the detector thickness increases past the eledraye, not all of the Compton

electrons produced in the detector escape it angnamid the RIC amplitude starts
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to slowly decrease. Measurements agree quite willthhe expected overall trend

in this case.
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Figure 4-6: Influence of detector thickness on RIC amplitukdeven for copper
detector with no buildup.

4.3. Influence of Backscatter

Figure 4-7 shows the influence of the backscattethe copper
detector/copper buildup measurements. It can lzlglseen that electronic
equilibrium can not be attained for the copper dete if Styrofoam is the first
material in contact with the detector in the baelkisr stack.

Although almost identical, the entire RIC reduntmurve obtained with
Styrofoam for backscatter is shifted upwards by@li@0% compared to the
curve obtained with copper for backscatter. Pleade that both experiments in
this case were performed with a zero bias method.

The influence of the backscatter on the aluminetector/Teflon buildup

measurements is presented in Figure 4-8.
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It can be seen that an aluminum conductor withohdbuildup is not as
sensitive to the backscatter material as a coppaatuctor with copper buildup,
and the RIC reduction curves for solid water angd@bam backscatters converge
after about 0.7 cm of Teflon buildup. These twovesrdiffer by less than 2%
from each other for subsequent buildup thickneabese 0.72 cm. The third
curve, obtained with 2 cm of Teflon, with groundddminum tape on the top and
on the bottom, for backscatter, exhibits the saype bf behavior as the copper
detector/copper buildup curve. The RIC goes to atabout 0.63 cm of Teflon
buildup, after which it keeps dropping below zerithvincreasing buildup
thickness. This could be due to the extra ionizaticollected by the aluminum
detector (similar to explanation in 84.1), whicm@wv between two grounded
electrodes (grounded aluminum tape on bottom dfibpiand grounded
aluminum tape on top of backscatter). Note that st set of measurements was
also performed with a zero bias method.

It is clear from both Figure 4-7 and Figure 4-8ttthe backscatter material
plays a major role in the reduction of RIC with tiedp of buildup in thin
conductors. Figure 4-7 shows the 0.12 mm thick eopletector to be unable to
reach electronic equilibrium unless it has coppetbickscatter, irrespective of
how much buildup is used. The 120% jump in zer¢doyp amplitude of the RIC
reduction curve when copper is replaced by Styrofoadicates that overall the
backscatter material was contributing a signifiaaumber of electrons to the
detector. These electrons, coming from the bactescatere replacing a part of
the Compton electrons that were being knocked btiteodetector by the beam.
On the other hand it has been shown that for @nisqular setup (copper
detector/copper buildup/copper backscatter) theeeedontribution from ions
created in the air or electrical tape surroundimgdetector. These ions have been
shown to work as a reverse current that decrehseRIC amplitudes for all the
buildup thicknesses. With this in mind, and takiuoge that the data presented in
Figure 4-7 was not taken with any type of biagydd remove the effect of these
ions, one might expect the copper backscatter dorbe shifted a bit higher than
shown. The Styrofoam backscatter curve is expdotbdve higher amplitudes,
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since the major electrode (the backscatter) isingsa this particular setup. In
any case it does not seem feasible to build a RIE RF coil with a copper
conductor using both copper buildup and copper $&zatker. The backscatter
copper plates would shield the coil from receivamny signal from the patient in
the MRI studies, while removing the copper backscand just keeping the
buildup would still leave a significant residual@Ramplitude.

Figure 4-8 shows the RIC measured with the 0.54thok aluminum
detector and Teflon as buildup material, usingdtdéferent types of backscatter.
The Teflon backscatter curve has the smallestlzeitdup RIC amplitude and is
the only curve that goes to zero and below ingbisof measurements. It is
suspected that this (i.e. the negative RIC ampitusldue to the same effect as
present for the copper detector/copper buildupkaukscatter case. Since the
Teflon backscatter had a layer of grounded alumitape on the top and on the
bottom, this put the aluminum detector in the saihetion as the copper
detector. In between two grounded electrodes (adumitape on bottom of
buildup and aluminum tape on top of backscattbg,detector plate could be
collecting ionizations from the surrounding elezdtitape or air, like the copper
detector was shown to do. At the same time, haaintaterial that is so close in
density for both the buildup and the backscattéghtrhelp the RIC amplitude, in
the aluminum conductor get reduced faster, thathi®solid water and
Styrofoam backscatter setups. This drastic redaaidy happens however when
the Teflon backscatter is in between grounded reldes, which means that this
particular combination of materials is also impi@adtfor building an actual RF
colil.

For the case of zero buildup thickness, the RI@laude for the
Styrofoam backscatter is lower than for the solatexw backscatter as seen in
Figure 4-7. This may be caused by backscatteretbph resulting from the
Compton interactions. These photons are knockingnaue electrons from the
detector. Since the Compton interaction cross @ectepends on the density of
material, it could be assumed that there are mackdeattered photons in the

case of the solid water backscatter than the Sigraf Therefore, the RIC signal
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for Styrofoam backscatter material is smaller tfaarthe solid water backscatter.
This difference between the two curves disappdarest entirely after about 0.7
cm of buildup is placed on top of the detector¢csithe number of backscattered
photons produced in the solid water has decreasebithere are enough electrons
coming from the buildup to make the difference lewthe two buildups
negligible.

Although an aluminum coil built with Teflon for bdup and Teflon for
backscatter seems to be ideal in reducing the RKeito values, the need for the
grounded electrodes on the top and bottom of tbkdeatter Teflon, would shield
the coil from the inside (or the patient side) remayg it useless. However, both
the solid water (simulating as if the coil is imtact with the patient) and the
Styrofoam (simulating a small gap between the @od the patient) backscatter
help reduce the RIC to small levels. These twodygfestructures will not
interfere with the coil’s ability to measure MRfi®e induction decay while

imaging since there is no need for the groundectreldes on the backscatter side.

4.4. Aluminum Surface Cail

Reducing the RIC in an aluminum surface coil warkge well as seen in
Figure 4-9. The initial (zero buildup) RIC amplirigs small, compared to the
other measurements using aluminum for a detecéspite the surface coil being
closer to the radiation source compared to platectias in the first set of
experiments, due to the much smaller irradiatethsararea. The RIC amplitude
is reduced by 92% of its original value by only 6r8 of Teflon buildup.

This set of results indicates that Teflon is daadle material for reducing
RIC in actual coils with an aluminum conductorshiould be noticed that the
backscatter material (Styrofoam plus solid watea¥ wot the same as for the
aluminum detector measurements in this case. Zegpg mismatch between
buildup, detector and backscatter materials, tHféuildup is successful in
reducing the RIC to small values. Thus the alumim@mductor RF coil is not as

sensitive to the backscatter material as a coppafuctor RF coil might be, as
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was also suggested by the data presented in Mg8r@nd explained in the
previous section. Overall, out of all the materitlsdied, aluminum for the coil
conductor and Teflon for the buildup are well sditer reducing RIC to
negligible levels in RF coils.
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Figure 4-9: RIC reduction in an aluminum surface coil is shasra function of
Teflon buildup thickness.

4.5. Skin Dose M easur ements

Figure 4-10 and 4-11 show the percent depth d@4deB) for the
emulated (see §3.3) copper conductor and alumiramductor RF coils
respectively. The PDDs are measured at variousdeptthe solid water
phantom. The so called regular PDD (10 x 16 field size, 6 MV source with
SSD = 100 cm), is compared to the PDD’s obtaindd thie emulated coll
materials in the beam, placed at distances rarfgang 0-10 cm from the surface
of the solid water phantom.. All of the curves weoemalized to the 100% of the
regular PDD curve (~ 1. 5 cm depth in solid water)comparison purposes.
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Figure 4-10: Percent depth dose measurements in solid wateragular
emulated copper coil materials with no buildupcpldat various distances from
the solid water phantom surface.

Although the densities of the two conductors afesgantially different
(py =279g/cm®; p., =89g/cm?® )the two graphs look almost identical. The

copper conductor coil material has only about 1@hér skin dose than the
aluminum conductor coil material, for distancesgiag from 0-3 cm between the
coil materials and the surface of the phantom.5~om and 10 cm distances
between coil and phantom there are no significéférdnces between the PDD
curves obtained with the two different coil condust This is due to the very thin
conductors that were used (0.06 mm thick aluminach@08 mm thick copper),
which are actually common for certain types of Risc Despite the significant
difference in density of the two conductors, thibicknesses were too small for
the photon beam to produce substantially more skegrelectrons or to be more
attenuated in the copper conductor than in the ialum conductor. As the
distance between the coil materials and the phamoreased, some of those few

extra electrons that do get produced in the coppeductor scatter laterally and
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no longer contribute to the dose measured by thehamber. Essentially, adding
the coil material right on top of the solid watéramtom will start creating a
partial electronic equilibrium, and move the deptmaximum dose closer to the
surface of the phantom. As the coil materials aoged away from the surface of
the solid water phantom, this partial electroniailgrium is going to be lost, the
depth of maximum dose will increase again and theedt the surface of the
phantom will go down. Since the beam is not appidygiattenuated by the RF
coil materials, whether the copper or aluminum cmtalr is used, all the PDD
curves converge close to the depth of maximum dosater. This happens for
all the separation distances between the coil naédeand the surface of the solid
water phantom, because most of the extra secomtizatrons produced in the coil
materials will have either stopped and deposited those by the time the depth

of maximum dose is reached or scattered laterally.
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Figure 4-11: Percent depth dose measurements in solid watkraviggular
emulated aluminum coil materials with no buildufgaged at various distances
from the solid water phantom surface.
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In both cases the skin dose increases significtirough, from about

16% (when no coil material is present in the beemglmost 80% of the
maximum dose, for the case when the coll is rigfairast the phantom surface. As
the gap between coil materials and the phantonaseiit increased, the skin dose
is reduced reaching about 38% of the maximum dmisa 10 cm distance
between phantom and coil materials. It is also @bwithat the coil materials only
affect the surface dose and the build up regiah®fPDDs, as the PDD curves
converge at ~ 1.2 cm depth in the solid water giranOne thing to note would
be that this would be the expected increase indgtge for a patient irradiated
through an RF coll, right under the RF coil conducand not for the entire area
covered by the RF coill.

Figure 4-12 shows the PDDs for a reduced RIC alumiconductor RF
coil with 0.9 cm of Teflon buildup placed in thedration beam at various

distances from the phantom, compared to the reid® with no coil material in

the beam.
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Figure 4-12: Percent depth dose measurements for reduced Ri@ralm coil
materials with buildup, at various distances fréwa $olid water phantom.
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As before, all of the data points have been namedlto the 100% point
of the regular PDD curve for comparison purposé® Jurface skin dose
increases to 101% of the maximum dose of the rediD, when this type of RF
coil is placed in direct contact with the phantdaen with the coil materials
placed 5 cm away from the surface of the phantbmskin dose is still about
67% of the maximum dose, and with a 10 cm air §égdls to 43%. The PDD
curves don’t seem to converge anymore (at leaswvitbin the measured range of
2 cm), and for a depth greater than about 0.9 ctiharphantom the dose is lower
for all the curves obtained with coil material etbeam than for the regular
PDD.

Thus, the increase in surface dose is even mgndisant than before.
Since the goal of placing Teflon on top of the alwmm conductor was to re
establish electronic equilibrium in the conductbg skin sparing effect of high
energy photons, based on electronic equilibriumbeiig established at the
surface, is completely removed. This is obviousiftbe fact that for the PDD
measured with the reduced RIC aluminum coil rightap of the solid water
phantom the surface dose is virtually the highesedf that particular PDD
curve. As the emulated RF coil is taken further amther from the surface of the
solid water phantom the surface dose graduallysjropwever even at a distance
of 10 cm from the patient the skin dose is stilla®% of the maximum dose. The
entire depth dose profile is now affected, not jhstbuildup region, as the beam
actually does get appreciably attenuated in théomdfuildup and coil materials,
and the PDDs do not all converge anymore.

It is known that surface dose measurements, \widtfseparation parallel
plate ion chambers, are prone to errors. To rerttoe®e errors introduced by the
fixed separation of the electrodes, an extrapalatitamber is usually used. Since
one was not available for the measurements praséete, the surface dose
measured with an extrapolation chamber in Ref [8 wompared to the surface
dose measured with the Capintec PS-033 chambemmiialifference in terms
of setup between [3] and the measurements preskatedvas the Varian Clinac

2500 that was used for the extrapolation chambesorements in Ref [3]. For a
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field size of 10 cm by 10 cm and an SSD of 100 ttra,percent of maximum
ionization reported in [3] is slightly above 15% fbe surface of the phantom.
The measurements taken with the Capintec PS-038gdilre course of this work,
yielded for the same experimental conditions, betw®6% and 16.1% of
maximum ionization at the surface of the phantdme o called regular or
standard PDD). Thus the deviation in the surfacedoeasurements caused by
the fixed separation parallel plate chamber preseheérein should be around 1%.

Figure 4-13 compares some of the PDD measurertak@s with the
Capintec 192A Digital Dosimeter, which do not take polarity effect into
account, with PDD measurements taken with a PTWianE
electrometer/dosmeter, which do take the polafigceinto account, for the
reduced RIC aluminum conductor RF coil.
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Figure 4-13: Estimating the error introduced by the polaritieef. The Capintec
electrometer measurements (polarity effect notrtak® account) are compared
to Unidos electrometer measurements (polarity effd@n into account).

Specifically the regular PDD measurements werenmedas well as the O
and 3 cm separation between coil materials an@gseiigolid water phantom.
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Overall the difference is only at most 1% highdluea when the polarity effect is
accounted for. One exception is the surface dosieeafegular PDD which is

about 2% higher when the polarity effect is removed

4.6.Linacvs. Linac-MR RF Coil M easurements

Figure 4-14 presents the typically measured tiefgeddent RIC of the
black RF coil without a magnetic field, taken oWaian 600C clinical linac, and
Figure 4-15 shows the same curve for the same RRith a transverse
magnetic field (~ 0.22 T) present, taken on theqgiype linac-MR system. The
overall shape of the two curves is similar suggestihat the shape of the RIC
pulse is particular to the RF coil circuitry, aggasted in [4] or possibly to the
conductor shape as well (flat conductor vs. holfppe). The time duration of the
RIC pulses is about the same as well in the twescpsesented, suggesting this to
depend on the magnetron pulse length which isaheedor both the Varian 600C
linac and the linac-MR system. The amplitude of € pulse measured with the
magnetic field present is about 2.5 times lowenttiee amplitude of the pulse
measured without the magnetic field. This diffentoverall amplitude of the
two pulses could be, as stated before, due to arldase per pulse of the linac-
MR prototype compared to the Varian 600C clinasoAhe RIC signal in the
presence of the magnetic field seems to have dreguency ringing following
the main pulse which is not present for the trasspiaed on the clinical linac,
without a magnetic field. Further investigatiomseded to be able to conclude
for certain that this ringing is due to the magnéeld presence or to other
factors. However these measurements show that eheith or without a
magnetic field present, a RIC on the order of naonperes is induced in an

irradiated RF coil.

78



4.0 -

3.0 -

20

1.0 -

Micro Amperes

Microseconds

2 4 6 8 10 12 14 16 18 20
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1.4

1.2

1.0

0.8

0.6

0.4

Micro Amperes

0.2

2 6 10 14 18
Microseconds

Figure 4-15: Black Coil RIC trace in transverse magnetic fieldaoned on
prototype linac-MR system.




Refer ences:

. G.M. Sessler, “IntroductionTopics in Applied Physics Volume 33:
Electrets, Editor: G.M. Sessler, Springer-Verlag Berlin Halokrg New
York, 1980.

. B.Gross, “Radiation-Induced Charge Storage andri2atson Effects”,
Topicsin Applied Physics Volume 33: Electrets, Editor: G.M. Sessler,
Springer-Verlag Berlin Heidelberg New York, 1980.

. B.J. Gerbi and F.M. Khamleasurement of dose in the buildup region
using fixed-separation plane-parallel ionization chambers, Med. Phys17
(1), 17 — 26, 1990.

. B. Burke, B. G. Fallone, and S. RathRadliation induced currentsin MRI
RF coils: application to linac/MRI integration, Phys. Med. Biol.55, 735-
746, 2010.

80



5. Discussion

Effect of RIC on MR I mages

Although a more thorough analysis of the effedR&€ in RF coils is given in
a companion thesis, a brief speculative descripi@iven here. In the most
favorable operational scenario, the pulsed irramhaand MR imaging of the
patient are likely occurring asynchronously ancejmehdently of each other.
In this case, the RIC pulses are likely to fallhintthe data acquisition (i.e.
during the switching of the read gradient) of thRIMSince the signal data
acquired in MRI is the Fourier transform of the géafs spin density, the
image space is obtained from the data space (al®erkas the k-space)
through the inverse Fourier transform. Also, theadecquisition
corresponding to each line in k-space in MRI oceuth a fixed period (i.e.
repetition time) and the linac produces radiatiatsgs at regular time
intervals, thus the RIC pulses will show up asdimethe k-space. One may
also see multiple lines in the k-space if the @aiguisition window is larger
in time to encompass more than one radiation p@lse.immediate effect of
these lines is to create a background noise sigrithé MR images
reconstructed with the conventional inverse 2-Drigvuransform method.
The magnitude of this noise signal will depend los hagnitude of the RIC
pulse. Therefore, if the RIC in the coil is redutedmall levels using the
appropriate coil design, the magnitude of this lgasknd noise can also be

reduced.
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6. Conclusions and Future Wor k

The work presented in this thesis demonstrateshkaRIC can be
reduced with the appropriate combination of condactor and buildup. The
results indicate that the best combination of malters about 1 cm of Teflon
wrapped around an aluminum RF coil. In this typeaf there would be no need
for any type of backscatter for the aluminum condygcince the buildup alone
would suffice to essentially eliminate the radiatinduced currents. Future work
will assess the effect of RIC on the signal to es&io in MR images to
determine if such steps are necessary in coil deSimce the Teflon buildup
needs to be sandwiched between two grounded dlestran investigation, into
whether a coil built using the above principles tiamction properly in MRI
imaging experiments, is yet to be done.

The skin dose was found to increase significathtly to the placement of
a reduced RIC RF colil (aluminum conductor with ®afbuildup) in the treatment
beam. Even for a regular coil, whether built witbogper or aluminum
conductor, the skin dose increase is still sigarfic(from 16% of maximum dose
to almost 40 % of maximum dose). These effects babe taken into account
during the treatment planning process, or a saiutiat would allow the patient
to be irradiated in such a way that the high en&epm will not have to go
through any of the RF coil materials has to be tbun

It has also been shown that the RIC appears RFacoil both with and
without a magnetic field present. Further invedt@ais needed to find out the
effects the magnetic field presence has on theiRRF coils and on the RIC

reduction with buildup in RF coil materials.
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