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ABSTRACT

Many new techniques in the delivery of radiatioarttpy are being developed for the
treatment of cancer. One of these new techniquestprp therapy is becoming
increasingly popular due to the presence of theadheristic proton Bragg peak,
which allows for better conformation of the dose ttee tumour volume. The
production of high LET secondary particles in theaim line and within the patient
however could result in a significant contributitnthe integral dose and diminish
this potential advantage. Measured secondary feartioses from clinical proton
facilities vary greatly; this is partly due to tbdferences in beam delivery methods
at different centres and due also to the diffensyethods used to measure this

secondary particle dose.

The potential of quantification of this mixed pal#i dose can be achieved through
practical and simple measurements of non-ionizimgrgy losses (NIEL) and
ionizing energy losses (IEL). The suitable sensoNIEL measurements is a silicon
PIN diode, through the development of the silicdN Biodes the possibility of the
quantification and therefore significance of theselaelivered by the primary and

secondary particles can be realised.

This thesis investigates the characterisation @fréfsponse of silicon PIN diodes for
use in proton therapy, of particular interest s ithfield forward bias response of the
PIN diodes as well as their dependence on temperand light.

Monte Carlo calculations are performed using thar®e platform to characterise the
response of the silicon PIN diodes when placedeld fduring proton therapy. The

forward bias response of the detector when placdéeld was found to be dependent
on protons only, with the neutron component of résgponse being negligible. This
allows for the possibility of characterisation betPIN diodes on the central axis of

the beam.

The relative sensitivity of the PIN diodes to prigowas found by dividing the

forward bias response by the theoretical depth dasget was found that the relative
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sensitivity of the diode is independent of the gbhammaterial and depends only on

the initial energy of the primary proton beam.

Experiments are performed in order to charactehseresponse of the PIN diodes
under various conditions. The effect on the forwaias response of the PIN diodes
when exposed to visible light was examined by tgkorward voltage measurements
on each of the diodes both exposed and not expgosasible light. It was found that
the difference in forward bias voltage measuremetitts light incident on the diode
and when light is blocked is no greater than theeuainty involved in the

measurement, using the dedicated forward biasg®itead — out system.

In order to investigate any change in forward biakage across the temperature
range of interest each of the PIN diodes forwaiak hioltage is measured over a
range from 25 - 35°C. The average temperature iceeif was found to be
0.75mV/°C at 1mA and 1.8mV/°C at 20mA. Considerihgt the variation in room
temperature was expected to be minimal (< 1°C)tdmperature of the diodes
should differ very little over the several hourgvibeen pre and post irradiation read

out.

The linearity of the current source in the readsygtem is tested at current values of
1, 10, 15 and 20 mA over a wide range of resiswanoeensure that the current
remained constant over these values. A changeeriitear relationship between
voltage and resistance was observed in the 10nhds28 mA characteristics. This
change was attributed to the fact that the cursentce is no longer putting out a
constant value, highlighting the limit of power time forward bias voltage read-out

device.
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1. INTRODUCTION

1.1 Vision of the Project

The vision of this project is to predict the relatiresponse of forward biased silicon
PIN diodes for use in proton therapy, through teeetbpment of a system based on
semiconductor detectors. If the vision of this pobjis realised the diodes have the
potential use for separation of components the dixeoton neutron doses
experienced in proton therapy. Therefore the diaoedd potentially assist in the
guantification of the dose delivered out-of-field these proton therapy fields and
contribute towards quality assurance procedures esioation of neutron risk

associated with proton therapy delivery.

1.2 Motivation

Measured secondary particle doses from clinicaloprdacilities vary greatly; this is

partly due to the differences in beam delivery rodthat different centres and due
also to the different methods used to measure gbcondary particle dose. The
number of proton therapy facilities worldwide iogting rapidly [9] and the debate
regarding the significance of these secondary @esti(in particular neutrons) to the
total dose is still a topic of debate in the litara [10], [11], [12], [6]. The

contribution of neutrons to this total dose is jgatarly significant due to their

relatively large range in tissue and their deposif dose via charged particles of
high linear energy transfer (LET). LET is a measofeenergy transferred to a
material as a charged particle passes throughhitough the development of the
silicon PIN diodes the possibility of the quantfimn and therefore significance of
the dose delivered by the primary and secondarijcfess can be realised, through
the separation of dose delivered from protons aedtrans. This will therefore

contribute towards the prediction of the risk oveleping secondary cancer from

this secondary particle dose.



1. 3 ThesisOutline

The aim of this thesis is to continue research théocharacterisation of the response
of silicon PIN diodes for use in proton therapynéw approach for the separation of
secondary particle dose was considered. This aplprewas based on a dual detector
method, represented either by a single PIN diodekiwg in non-ionizing and
ionizing energy mode simultaneously, or by a PINdéi working in combination
with a tissue equivalent ionization chamber. Mofarlo calculations are used
extensively throughout this thesis and thereforap@dr 3 is dedicated to providing

an introduction to the Monte Carlo method and adeson the Geant4 toolkit.

Chapter 4 describes the various experiments peefdrim order to characterise the
response of the PIN diodes under various conditemd testing of the read-out
system used with the diodes. The dependence ofotivard bias response of the
diodes on temperature as well as visible lightasadibed as is the linearity of the
read-out system over a wide range of resistandes.eXperiments are performed in
order to estimate the uncertainty in measuremesta eesult of changes in these

parameters.

Chapter 5 is dedicated to the description of MoGtlo calculations using the
Geant4 platform used to characterise the respoh#igecsilicon PIN diodes when
placed in-field during proton therapy. The forwdnds response due to protons and
neutrons is investigated as is the depth dosel@mifthe beam. The responses of the
PIN diodes are then theoretically predicted andltesompared with experimental

measurements.



2 LITERATURE REVIEW & BACKGROUND

2.1 Proton Therapy

2.1.1 Introduction to Proton Therapy

Over the last two decades external beam radialierapy has been a mainstay of
cancer treatment and cure around the world. Dutfiigy time period sophisticated
technigues such as intensity modulated radiatierafty (IMRT) and proton therapy

have evolved, allowing for conformal dose delivery.

Proton therapy is becoming increasingly popular wuis ability to provide highly
conformal dose distributions, thereby sparing Ihgaltissues and resulting in a
potentially lower whole-body dose. The potential ifaprovement may be based on
exploiting features of the Bragg peak in the praveam [2]. The Bragg peak is the
phenomenon where the absorbed dose deposited tonpriacreases significantly at
the end of the proton range; this gives rise toaximum dose at a depth which is
greater than the entrance dose. A typical Bragd pea&hown in Figure 2.1. The
protons range is also well defined and dependshennitial energy of the protons.
There is a sharp dose fall off distal to the Brpggk, scattering in tissue produces a
small penumbra [2], [13], [14], [9].



Normalised
absorbed dose
(%)

100 -

80 |

60 J

40 .
i

20 | -

— I Il 1 1
5 10 15 20 25 30

Depth in phantom {mm Perspex)

Figure 2.1 A typical proton Bragg peak. 62 MeV probeam [2].

In order to provide uniform coverage over the tumanget, it is necessary to spread
out the initially narrow pencil beam through thes ug a number of beam modifying
devices. Most of the current proton therapy fdedit achieve this through by
inserting a scattering material into the beam gp#ssive scattering). These passive
systems are based entirely on absorbers, scattésitsgand collimators, whose
thickness and shape are designed to provide the&edeangular and energy
distribution of the beam [10]. The proton field asnformed to the tumour shape
through the use of collimators. The conformalitydepth is achieved through the use
of a rotating wheel of variable thickness calledaage modulator [10]. This is
necessary in order to achieve a homogeneous ddke target volume and a sharp
dose falloff at the distal edges of the target. iddally, for each patient, individual
compensators must be fixed in the proton beam ipatinder to conform the distal

dose falloff to the target volume [8].

Another delivery technique used for proton therepynown the scanning technique.
This technique utilises a system of deflection neagrto scan the tumour in the
direction normal to the beam axis. In order to eckithe desired depth distribution
using a cyclotron a passive range modulator camskd, although if a synchrotron is
used for the source of the protons modulation carpérformed by continuously
varying the extraction energy [10]. Thus, thereadsneed for scattering, flattening

and compensating devices in this method [8]. Inrtrethod of spot scanning the
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tumour is subdivided into volume elements wherglsiispot irradiations are carried
out during treatment [15]. Other methods of scagnised in proton therapy are

uniform scanning [16] and wobbling [17].

As passive scattering necessarily introduces a purmbmaterial components into
the beam line, proton interactions with these camepts can result in the production
of high-energy secondary neutrons. In clinical pesdg scattered proton beams, the
largest source of these neutrons, in terms of fkixhe range modulator wheel [18].
However, most of these secondary neutrons are lads$dry other beam modifying
devices before reaching the patient [18]. The fic@limator, located close to the
patient is also a large source of neutrons. Thiknzator is fabricated out of brass
with a patient specific aperture shaped to matehténget [12]. As well as these
secondary neutrons, depending on the beam entryt, pibie patient may extend
beyond the shadow of the final collimator and éta#liy scattered protons deflected
out of the defined field will pose a potential treant hazard [11]. Due to the
absence of scattering materials in the beam lingctive scanning, mostly neutrons
produced by the proton beam within the patient rdounte to secondary dose [8].
Therefore, the spot scanning method is expectéadte a much lower neutron doses

than passive scanning [8].

2.1.2 Secondary Particles in Proton Therapy

Measured secondary particle doses from clinicalgordacilities vary greatly; in part

due to the use of different measuring techniqudee production of secondary
neutrons also depends strongly on beam geometratgorésent, there is no standard
configuration for beam geometries and materialgsh@ beam path [10]. These
secondary neutrons and protons, originating froastel nuclear collisions both in

the beam line and within the patient are of intefessa number of reasons. Firstly, it
needs to be considered whether all nuclear rea@ioducts deliver a significant

contribution to the total dose. Also, there couldn enhanced relative biological
effectiveness (RBE) due to low energy and/or hesagondaries. Finally, neutrons
and protons originating from nuclear interactiorsyrdeliver dose outside the target

volume [6].



Non-elastic nuclear interactions between protors the target nucleus within the
patient produce particles such as neutrons, alphiecles, and recoil protons which
can have high LET. These particles can affect theedistribution and biological
effectiveness of the beam [5]. Wrek al. [5] studied the dosimetric effect of these
interactions by means of Monte Carlo simulationge Tresults highlighted the
importance of the nuclear interactions in deterngnithe amplitude and position of
the Bragg Peak as well as the peak to entrancerdtiee The study was carried out
for monoenergetic 60 and 200 MeV proton beams withinumber of different

phantoms. The results obtained for the 200MeV prdieam are shown in Figure
2.2.
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Figure 2.2 Comparison of depth dose distributiamsafmono-energetic 200
MeV proton beam incident on a number of differemamom materials [5].

Figure 2.2 shows the effect non-elastic reactiangelon the amplitude of the Bragg
peak. A decrease in peak to entrance dose ratimbserved to be approximately 5-
8% for 60 MeV protons and greater than 30% for 200 MeV beam. The dose

distribution depends on the phantom material aedetinergy of the incident proton
beam.
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In the case of the simulation that included norst&tareactions, some dose is
deposited distal to the Bragg peak due to longeamgn-elastic products such as
neutrons and photons. The absorbed dose distadletdBtagg Peak is orders of
magnitude smaller than the peak dose; howeverayt Ine important to consider this
dose due to the possible high RBE of some of tberskary particles, especially for
treatment of tumours close to the critical orgarterg proton therapy has a great
advantage. Additionally, the superposition of a bemof peaks in order to form the
superimposed Bragg peak will result in a supermosivf this tail. This could result

in a biologically significant dose to sensitiveustiures situated beyond the Bragg

peak as the particles present in this region havghaLET [5].

Paganetti [15] studied theoretically the particleeldy from different nuclear
interactions, as a function of proton penetratieptt, and for different proton beam
energies. Three-dimensional dose distributions fppimary and secondary particles
were simulated for a superimposed Bragg peak, phantom (size 3 x 3 x 3 ¢én
originated by an un-modulated 160 MeV proton beam.

The simulated two dimensional spread out Bragg peakhown in Figure 2.3
together with the contributions of various dose ponents, deriving from different
particles. The dose contribution frofile anda-particles is below 0.2% and the
contribution of secondary protons is about 5% at firoximal edge of the

superimposed Bragg peak [6].

The dose deposited distal to the Bragg peak was @kulated for beams with
energies of 160, 190, 220 and 250 MeV. It was foinad the dose in this region was
mainly delivered by protons generated by secondangtrons via the (n,p) reaction
and the dose deposited decreased exponentiallyfascion of depth. The neutron
dose lateral to the target volume was found tonbiné same order of magnitude as
the distal area behind the Bragg peak [6]. Therdmution of nuclear secondaries
rises in this area because the primary proton fleea decreasing rapidly whereas
there is a contribution of secondary protons fromn(p) reactions [6]. The situation
in the region distal to the Bragg Peak is simitaithe plateau region of the Bragg
peak where the high-LET components are entirely tdusecondary particles, but
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opposite to the peak area where the fluence ofrsleces is much lower than the

primary proton fluence [6].

Since the neutron dose depends on the number tidl iprotons incident on the
irradiated volume, the dose also depends on tlantent volume. Zheng al. [7]
aimed to estimate the neutron dose equivalenthyeeapeutic absorbed dose (H/D) as
a function of field size. Monte Carlo methods weised in order to estimate the
neutron dose equivalent (H) and therapeutic abdodimse (D), as well as the

distribution of dose equivalent in neutron enerdizH7].
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Figure 2.3 Depth dose distributions for a moduldtéd MeV proton beam
incident on a water phantom in linear scale (upigeire) and in a logarithmic
scale showing contributions of heavier secondariighes (lower figure) [5].

To assess the influence of proton field size om#ngron dose equivalent the ratio of
neutron equivalent dose to therapeutic absorbed, d@dues for specific field sizes
with the H/D value of a field size of zero were exaed. It was found that when the
aperture size was decreased from 18x1& t¢on 10x10 crfi the neutron dose
equivalent increased by approximately 29% at ismeeB3% at 150cm distal to the
isocentre and 9% at 150cm lateral from the isoed . As the collimating aperture
size increased, a greater number of protons escéped the nozzle without

producing neutrons.
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The energy weighted neutron fluence and neutroe dgsivalent spectra are shown
in Figures 2.4 and 2.5 respectively. High-energytmmas produced from direct
(nucleon-nucleon) reactions contribute to about-lelé of the neutron dose
equivalent and isotropically emitted low energy tn@us from evaporation processes

contribute to about one-third of the dose equivialéh
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Figure 2.4 Energy-weighted neutron fluence spddif&,).E,) as a function of
neutron energy (f around a passive scattering nozzle, with a 250Mesm
entering the nozzle using a closed final prototiroating aperture [7].
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Figure 2.5 Energy-weighted neutron dose equivapeattra (H(E).E,) as a function
of neutron energy (ftaround a passive scattering nozzle, with a 250ke&Mm
entering the nozzle using a closed final prototiroaking aperture [7].
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Since the high energy component is forward peakedn be seen to fall off rapidly
as distance from the beam axis increased (ncreased from 0 to 90°). Also, the
evaporation process is isotropic, so the low-en@gyponent varies mainly with
nozzle to receptor distance. At a fixed isocertareteptor distance (r = 150cm) the
nozzle to receptor distance decreases only sligistyincreases from 0 to 90°. This

results in a slight increase in the magnitude efltw energy peak at large angles

[7].

An article published by Binns and Hough [11] acke@similar results to those found
by Zhenget al. using a spherical tissue-equivalent proportioranter. A fast

neutron dose component was identified at the patposition that decreased
progressively with lateral displacement and radiatance from the final collimator.
Also, extending beyond the periphery of the patiewsitimator a forward peaked
cone of scattered high energy protons was evid&mj. [The neutron spectral
fluencies were also investigated by Yetral. in several locations out of field with
Bonner sphere measurements and established bydingfaechniques [19], however

these measurements were done outside of the phamarim free air geometry.

Other measurements have been performed to assed®th equivalent outside the
primary proton treatment field. Wroat al. [4] used a silicon-on-insulator (SOI)
microdosimeter placed at several positions bothamd on the surface of an
anthropomorphic phantom to determine the dose atpnv as a function of depth
and lateral distance from the primary field edde [4
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It is evident from the results that the aperturel &@olus used within a typical

treatment can affect the dose equivalent. The @s&@ collimation present in the
case of the patient specific aperture resulted greater interaction of the primary
proton beam with the collimator, leading to incexhslose equivalent outside the
treatment field [4]. Figure 2.7 shows that theiahlilose equivalent values at the
surface of the phantom decreased by 38% afterrsiange5 cm of phantom material.

Thus, it can be concluded that many secondarygestproduced within the passive
scattering system do not penetrate to a great dsptiin the phantom and such

particles are most likely to be thermal neutrorjs [4

In work published by Agesteet al. [10] three different existing beam delivery
configurations are considered and the neutron &otbp dose estimated with Monte
Carlo simulations. The work considered an eye rmeat facility (65 MeV) which
utilises a passive beam delivery system, a 200 Maskive scattering system for
deep-seated tumours, and a 200 MeV isocentric yamith an active system
performing three-dimensional conformal irradiat[@Q].

The dependence of the absorbed dose due to semmadependent on the energy
of the primary proton beam. This was evident inrégults achieved by Agesteo et
al. as the dose due to secondaries was foundlarder for the scanned proton beam
used for treating deep-seated tumours than fopalssive beam system related to eye
treatment where the passive beam used for eyeneeahas a lower primary proton

energy than the scanned beam [10].

Schneideet al. further investigated the dose due to secondaritsnausing the spot
scanning technique [8]. Measurements of the secgndeutron dose were
performed during irradiation of a water phantomhwit77 MeV protons using a
Bonner sphere. These measurements were compaltetheitesults of Monte Carlo
simulations. The results obtained when measurindifégrent distances from the
central axis were compared with the data publidhed@inns and Hough [11]. The

results of the comparison can be seen in Figure 2.8
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Figure 2.8 Plot of the measured neutron ambierg égsiivalent as a function of
lateral distance from the beam. The squares canesfp measurements in a
scatter beam line, the triangles correspond to ureagents obtained at a spot

scanning beam line [8].

Figure 2.8 shows the advantage of using the s@oinsitg technique increases with
the distance from the beam. The steeper gradietiteirspot scanning curve stems
from the fact that a considerable number of nestrare produced in the water
phantom; however in the experiment of Binns anddfomo phantom was irradiated
and a flatter gradient on the curve can be seenS@jneideet al. concluded from
these measurements that the dose deposited bydsegomeutrons during proton
radiotherapy using the spot scanning technique beameglected in the treatment

region.

2.1.3 Risk of Secondary Cancer in Proton Therapy

As well as quantifying the dose due to secondartighes there has been significant
research conducted in estimating the risk of dgefpsecond cancer from this dose
[15], [12]. Brenner and Hall used estimated neutdmse equivalent to relevant
organs to calculate lifetime cancer risks. They leygd standard techniques, such as
those described in the US National Academy of SEsMBEIR-VII report [3].

In order to estimate a cancer risk from these s#myn particles, in particular

neutrons, an RBE factor must be applied to stanibavel ET cancer risk estimates.



14

In general, this RBE is both dose and energy deg@nd his results in relatively
uncertain values for neutron RBE’s, as all avadabuman and animal data from
neutron carcinogenesis may be derived from fisagutrons with energy lower than
10 MeV [12]. In contrast, neutrons produced in @&t@m therapy context are
predominantly of high energy with more than twadbi of the neutron dose coming
from neutrons with energies greater than 100 Me)V Fg&yure 2.9 below shows the
total estimated cancer risks (over all organs) amation of age for both males and

females. These results were confirmed by a studjablgkog and Paganetti [20].
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Figure 2.9 Total estimated lifetime second canisisrdue to externally produced
neutrons, for a 72Gy proton therapy lung-tumounaa passively scattered
facility [3].

Zacharatou Jarlskog and Paganetti [15] followed dme approach as above by
using the BEIR-VII Report [3] to estimate seconahaz risks through functional
relationships between radiation dose and inducedera Monte Carlo simulations
were used to gain the neutron data and similaidteeguBrenner and Hall [12] were

achieved.

It was found that the female had significantly geedifetime attributable risk values
than the male (approximately a factor of 2.5). Tisk was also found to decrease
rapidly with age at exposure, with the lifetimeriagtitable risk for a 9 month old boy
and 39 year old at 1-2% and 0.1-0.2% respectivigy. [The research also found that

neutrons generated in the treatment nozzle, inotudill patient specific devices
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were responsible for 82-98% of the total risk, aeeg on the proton beam
properties [15].

2.2 MonteCarlo Methods

The Monte Carlo technique has become ubiquitousedical physics in the last 50
years [21]. In medical physics Monte Carlo codes andely used to solve
dosimetric problems in radiotherapy, radiation ectibn, and diagnostic x-ray
applications [21]. They are also used to charaderand optimise detector
specifications for use in dosimetry. As computirgypr continues to increase the
possibility of using Monte Carlo techniques foratirment planning is becoming
increasingly feasible. Monte Carlo simulations agle to calculate accurately
dosimetric quantities of interest, with no approatrans. However the execution
time of Monte Carlo simulations are often prohimtifor the use of Monte Carlo
calculations in clinical circumstances. Solutiors grovide a quick simulation
response are one of the objects of current conputgsearch, as parallelised

execution of simulations on clusters of computerex@cution on GPU.

In medical physics, a number of different radiattamsport codes are available for
use. | adopted Geant4, as it is an open-sourcdi-purpose Monte Carlo simulation
toolkit.

2.2.1 The Geant4 Monte Carlo Simulation Toolkit

The GEANT4 toolkit is a general purpose code dewedo for particle physics
applications describing the interactions of pagtielith matter. It is able to simulate
the transport of many particle types and has pusiyobeen used for a variety of
applications in radiotherapy physics, high energysics and radiation protection in
space [21]. It provides basic functionality of siation as to describe detector
geometry and materials, to transport particle mdoran to describe detector
response and to visualise simulation experimemialp and particle tracks. It also
provides an extensive set of physics models, torttesinteractions of particles with
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matter across a wide energy range [22]. By usingabloriented technology and

C++ language, a flexible and extensible simulatawikit has been created.

GEANT4 has a wide range of applications in medgtatsics. It is currently used in
radiotherapy with external photon beams in ordepltm treatments [23]. Starting
from a CT image it is possible to perform a patidetlicated treatment plan to
simulate the correct dose distribution on the taf@d]. Many other significant

activities are in progress in the medical physie&dfboth in diagnostic (e.g. PET)

and therapy (e.g. IMRT and hadron therapy).

2.3 Semiconductor Detectors

The use of a solid detection medium is beneficralmany radiation detection
applications. This is due to their superior enamgolution, compact size, relatively
fast timing characteristics and an effective thessthat can be varied to match the

requirements of the application [25].

When a charged particle passes through a semictoidbe overall significant effect
is the production of many electron-hole pairs alding track of the particle. The
electric field that exists at the junction of seamductor diode detectors causes any
electrons (and therefore holes) created in or tieajunction to be swept towards the
n-type and p-type regions of the detector respelgtivihis motion that constitutes
the basic electrical signal created when chargetitfes interact with the detector.

If the situation is reversed, and thaide of the junction is made more negative with
respect to tha side, the junction is reversed biased. Under thegsamstances, it is
the minority carriers that are attracted across jthection and, because their
concentration is relatively low, the reverse curraeross the diode is quite small. A
reverse biased diode makes an attractive radiakbector because charge carriers

created within the depletion region can be quickiy efficiently collected.

At any nonzero temperature, some thermal energpased by the electrons in the

crystal. It is possible for a valence electron &ngsufficient thermal energy to be
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elevated across the bandgap into the conductiod. lBrysically, this process simply
represents the excitation of an electron that rsnadly part of a covalent bond such
that it can leave the specific bonding site andt dhroughout the crystal. The
electron in the conduction band can be made to mmger the influence of an
applied electric field. The hole, which is createden the excited electron leaves a
vacancy in the valence band, will also tend to movan electric field, but in a
direction opposite to that of the electron. The iomotof both these charges
contributes to the observed conductivity of theemat [25].

The probability per unit time that an electron-hplair is thermally generated is

given by
p(T) = CT”/2exp (—22) ®)

WhereT is the absolute temperatuig, is the bandgap energl,is Boltzmann’s
constant andC is a proportionality constant characteristic oé tmaterial. As
reflected in the exponential term, the probabibfythermal excitation is critically
dependent on the ratio of the bandgap energy taaliselute temperature. In the
absence of an applied electric field, the thermaligated electron hole pairs
ultimately recombine, and equilibrium is establdhe which the concentration of
electron hole pairs observed at any given timeoep@rtional to the rate of formation
[25].

2.3.1 PIN Diodes

PIN diodes were investigated as detectors for misadiations fields in proton
therapy [26]. In many applications electronic degi@re operated in mixed radiation
fields. In such fields, the operating lifetime i$fidult to predict due to the different
damage mechanisms resulting from exposure to v@gomponents of the radiation
field [27]. The main mechanisms of damage by raatiain silicon devices are due to
the deposition of ionizing and non-ionizing energlractical and simple
measurements of non-ionizing energy losses (NIEL] &nizing energy losses
(IEL) in neutron and proton fields is an importégue for quality assurance in the

radiation environment at different radiation faeiis [28].
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NIEL are proportional to the bulk radiation damaige semiconductor devices

resulting from displacement of atoms from theiesitFor NIEL, the silicon device

effects are understood in terms of displacement MERKinetic energy released per
unit mass) in silicon. The change in electrical relteristics acts as a suitable
monitor of NIEL in devices affected by such atormdisplacement which are

producing spectra of localised energy centres irfodbidden gap acting as

recombination centres and concentration compemsaéntres in a bulk of Si device.
The forward voltage of the PIN diode increases wueadiation degradation of the
carrier lifetime and the changing resistivity oetimaterial. Detailed theory of the
forward voltage mode PIN diode response to neutcansbe found in [29], [30] and

[28].

A specially designed planar Si PIN diode operatedorward bias mode can be
sensitive for NIEL measurements and was succegsépblied for fast neutron

dosimetry in mixed gamma neutron fields includirastf neutron therapy and
1MeV(Si) neutron equivalent fluence [29], [31], [3B3] [34]. The advantage of the
PIN dosimetric diode operated in a forward voltagede of operation is that its
response is almost insensitive to gamma radiattmhhe@s much less sensitivity to
protons per unit of tissue absorbed doses in casgrawith neutrons. The response
of the PIN diode in mixed neutron-proton-gammadfiathen operated in forward

bias mode is given by

AV; = Crp(Dpy + Dpn) + B, Ksi(En)P(E,)dEy, 3)

whereDp, andDp, are the respective absorbed tissue doses fromnsrqroduced
by protons and protons produced by neutr@isands are constantKg(E,) is the
neutron damage KERMA in silicon as a function otitnen energy,®(E,) is the
neutron fluence as a function of energy aigis the shift in forward voltage of the
detector due to NIEL.
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It is discussed in [28], [29] and [30] that theisabf neutron damage KERMA in
silicon and neutron damage KERMA in water is appr@ately constant for neutron

energies above 250 keV. That is,

damage
KSi,n
damage

Kwater,n

= const. 4)

This means that it is possible to approximgofel{si(En)qf)(En)dEn asaD,. Equation

3 now becomes
AVf = Cprpp + Cprpn + ﬁaDn. (5)

Finally, as the absorbed dose deposited by proppoduced by neutrons can be

attributed to neutrons, thép, = D, and equation 5 becomes
AVf = Cprpp + (Cfp + Cfn)Dna (6)

whereaf = Cs,. The same detector can also be used for IEL meamsnts. When
operated in a current mode (reverse bias) the wetacts as a charge collector, its

response when operated in this mode is given by
I, = C,,(Dp, + Dpy), (7)

wherel, is the current mode response of the detector auElt, C,, is a constant,

andep andDp,, are the dose rates due to protons and neutropsatagely. This

equation is valid assuming charge-equilibrium ctiods are met; the typical
thickness of the silicon PIN diodes is 3t [35], which corresponds to proton
energies of approximately 0.15 MeV. Considering thgroton therapy, the average
energy of protons at all depths is much greaten ttlas value [11], charge-
equilibrium conditions are achieved. Thus, a duetedtor system is able to be
realised with the one diode by solving equationarél 7 simultaneously and

separating the mixed field dose.
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Silicon diodes in a current (IEL) mode are usedr&ative absorbed dosimetry in
proton therapy and demonstrated good agreement watlization chamber

measurements [36]. Some disagreement was observageak of the Bragg dose
curve that is related to dose rate effect in sonegles and difference in sizes

between diodes and ionization chambers.

These planar and bulk silicon PIN diodes have #®mreloped at the Centre for
Medical Radiation Physics (CMRP) at the Universdly Wollongong (UOW).
Measurements with these diodes in a neutron fietdewcarried out in order to
understand the effect of geometry on the resporisthe diodes [28]. It was
demonstrated that the circular planar diodes haedigtable 1 sensitivity where t is
the radial distance between theqore and h periphery of the PIN structure. The
effect of NIEL damage due to neutrons on the IEdpomse of the detectors was also
investigated. The charge collection of the diodeskimg in IEL mode was studied
both before and after irradiation with a neutromefice of 3x18 n/cnf [28]. The
diodes displayed excellent current voltage charesties after neutron irradiation
with more than 500V reverse bias being applied teefveakdown and 100% charge
collection occurring on a 3MeV proton beam [28].e$& properties make them
useful for simultaneous application for NIEL andLIEheasurements at the same
point in a phantom utilizing a paired detector noethfor separate component

dosimetry in mixed radiation fields.
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3 THE GEANT4MONTE CARLO TOOLKIT

The Geant4 toolkit is a general purpose code deeeldy the CERN based RD44
collaboration for high energy particle physics aations. It is able to simulate the
transport of many particle types and, in recentrgjetne capability to model low
energy interactions has been added. This makeS&SHEA&NT4 toolkit useful for a
variety of applications in radiotherapy physics][4fiprovides basic functionality of
simulation as to describe detector geometry anckmadg, to transport particles, to

describe detector response and to visualise sironleglated information.

Geant4 is currently used in radiotherapy in oradeverify treatment planning [23].
Starting from a CT image it is possible to perfaratient dedicated treatment plan
to calculate the dose distribution in the targetuaately [24]. Many other significant
research activities, based on Geant4 studies,napeogress in the medical physics
field both in diagnostic (e.g. PET) and therapg.(6VMRT and hadron therapy).

In dosimetric proton therapy studies both electrginedic and hadronic interactions
play a crucial role. Geant4 offers complementarg alternative physics models, to
describe both these kind of processes [4].

Geant4 electromagnetic physics manages the eleagnoetic interactions of leptons,
photons, hadrons and ions over a wide energy rasmgmning from 1 keV up to

1000 PeV. The physics processes modelled in Gealegtromagnetic packages
include: multiple scattering, ionization, bremsktumg, positron annihilation,

photoelectric effect, Compton and Rayleigh scattgrpair production, synchrotron
and transition radiation [37]. Two main packageadia alternative approaches to
model the electromagnetic interaction of partieléth matter: the Standard and Low

Energy Package.

The Geant4 Standard electromagnetic package psowidiariety of models based on
an analytical approach, to describe the interastwinelectrons, positrons, photons,

charged hadrons and ions in the energy range frdceVl— 10 PeV. The models
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assume that the atomic electrons are quasi fred; linding energy is neglected
except for the photoelectric effect; the atomiclaus is assumed to be fixed and its

recoil momentum is neglected [37].

The Geant4d Low Energy electromagnetic package dstethe coverage of
electromagnetic interactions in Geant4 below 1 kaN,energy range that is not
covered by the Standard package, up to 100 GeV [BRAandles the interactions of
electrons, positrons, photons, charged hadrons,i@arg] offering different sets of

models for each of the physics processes involved.

Low energy processes are available to handle thigaton by hadrons and ions.
Different models, specialized for energy range,tipler type and charge, are
provided. In the high energy domain ( > 2 MeV) Bethe-Bloch formula is applied;
below 1 keV the interactions are described by tikee £lectron gas model. In the
intermediate energy range parameterized modelsdbaiseexperimental data from
the ICRU.

The Geant4 hadronic physics component providesigésa of hadronic elastic and
inelastic scattering for hadrons and ions. The dasguirements on the physics
modelling of hadronic interactions in a simulatimolkit span more than 15 orders
of magnitude in energy. The energy ranges fromntaéfor neutron cross-sections
and interactions, through 7 TeV for LHC experimemtseven higher for cosmic ray
physics. In addition, depending on the set-up bsinwlated, the full energy range
or only a small part might be needed in a singlgliegtion. The complex nature of
hadronic showers and the particular needs of tiperaxent require the user to be
able to easily vary the models for particular e and materials depending on the
situation [37].

The Geant4 hadronic package addresses the intraosiplexity of this physics
domain through a sophisticated software design. ddsegn identifies the processes
involved, such as, elastic or inelastic-scatteramgl defines a framework for the

articulation of the different models implementirgtn. Models are characterized by
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different conceptual approaches, by the energy eatmyered, and by specified

features.

Data driven modelling is used in the context of trmu transport, photon
evaporation, absorption at rest, and isotope ptamlucThe main data driven models
in Geant4 deal with neutron and proton inducedop®tproduction, and with the
detailed transport of neutrons at low energies. @pproach is limited by the
available data to neutron kinetic energies up t®/2¥, with extensions to 150 MeV
for some isotopes [37]. The data driven approacalse used to simulate photon
evaporation at moderate and low excitation energied for simulating radioactive

decay.

Neutron fission and capture are described by meaparameterized model, as well
as elastic scattering and inelastic final statelpction. The Bertini Elastic Scattering

model is an alternative to the Parameterised elastttering [37].

Theoretical models are articulated over the variplhiases of nuclear interactions:
nuclear de-excitation, pre-equilibrium, intra-nwleransport, etc. Below 5 GeV
centre of mass energy, intra-nuclear transport tsaae provided. For cascade type

models, the alternative Binary cascade and Bariodel are available [37].

By using Object-Oriented technology and C++ cod@lamentation, a powerful,
flexible and extensible simulation toolkit has beesated.

The Geant4 Monte Carlo toolkit requires the usemttte his or her own C++
program using classes which inherent behaviour fkemel Geant4 classes. The
kernel Geant4 classes are grouped in independedaraes, with defined roles, as

shown in Figure 3.1.

The classes which need to be implemented in denvgjogp Geant4 application are
described in the following sections.
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Figure 3.1 - The Top Level architecture of Geatiitée open circle represents a
using relationship; the category at the end ofcihgde uses the adjoined category.
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3.1 User Action Classes

These are virtual classes whose methods contraie¢beetry of the simulation, the
definition of particles and their physics processasd the generation of primary
particles. They also control the flow of the sinigda and allow the retrieval of

useful information concerning track structure, rattions, energy depositions, etc.,

in the simulation experimental set-up.

3.1.1 GA4UserDetectorConstruction

This base class controls the definition of the expental set-up, in terms of
geometrical components and material compositiongedmetrical component is
defined in terms of shape, material, position astdtion in the experimental set-up.
Visualisation attributes can be defined at thieleto allow the visualisation of the
experimental set-up. In a Geant4 simulation thtedaler is just a component of the
experimental set-up, declareehsitive, where we can retrieve information about the
hits. A hit is a snapshot of the physical interactions obakiin the sensitive region
of the detector. The concept oftieack represents physics information (position,

energy deposition, mass, spin, etc.) of the partidder propagation [22].

3.1.2 G4VUserPhysicsList

There are three methods of this class which mushpkemented.

The ConstructParticle() method defines all particles, involved in the expental
set-up. GEANT4 provides the implementation of &k tparticles defined in the
Particle Data Group Book [38], however the partidievolved in the experimental

set-up of the simulation must be explicitly invokadhis method.

The ConstructProcess() method determines the models of interaction farséh
particles. All interaction processes are treatethensame manner from the tracking

point of view; this enables the user to createacgss and assign it to a particular
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particle type. This transparency allows the cussatmn of physics processes by

individual users.

The final method isSetCuts() which determines the threshold of production of
secondary particles, expressed in range. If a skeggmparticle is generated with a
residual range in the material less than this vatoue particle will not be generated
and tracked, but its energy will be considered llgcdeposited in the medium.
Otherwise (residual energy > cut) the secondaryigk@arwill be generated and

tracked.

To support the users, the Geant4 Collaborationigesvexamples of Physics Lists,
realised within the Toolkit every six months, to &sivated directly in the specific

Geant4 application.

3.1.3 G4VUserPrimaryGeneratorAction

This class allows modelling of the radiation figd@testing the experimental set-up of
the simulation, in terms of type of particle, padation, position, direction, energy,
time. The number of primary particles to be gersgtah one event must also be

defined. Anevent consists of a collection of primary particles #tbacked.

3.1.4 GA4VUserEventAction

An event in Geant4 begins with the initiation of trackingeoor more primary
particle (as defined in therimaryGeneratorAction, see Section 3.1.3) and finishes
with the completion of tracking all secondary’s.eTG4VUserEventAction class
possesses two virtual methods which are invokddeabeginning and at the end of
each event, thBeginOfEventAction() and theEndOfEventAction(), respectively.
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3.1.5 G4UserRunAction

The concept ofun in Geant4 is to keep a set of events to be simdlasing the
same detector geometry, the same event-generaothansame physics processes
[22]. The G4UserRunAction class has several methods. One method that is
commonly used is thBeginOfRunAction() method which is invoked before entering
the simulation event loop. The secondEIOfRunAction() which is invoked at the
very end of the event processing.

3.1.6 G4UserSteppingAction

The tracking category manages the propagation pérticle through the detector

taking into account its physics interaction withttea

The concept of atep in Geant4 describes the transport of a particlevéen two
points in space. At this level the user can acoafsmation as energy, position,

direction of the particle, energy deposition, etc.

3. 2 Interface Commands

Geant4 has various built-in user interface commambese commands can be used
interactively via a user interface (GUI), or in ¢ddatmode in a macro file. User
defined commands can be implemented in user defitesges, inheriting behaviour
from G4UIMessenger base class, which represents a messenger thaerdethese
commands to a class object. These commands areupatty useful when the
geometry, primary beam, or physics parameters neede altered between
simulations. In this way one may execute sevemaukitions using a macro file,
containing a number of suitable commands, to chahgeexperimental set-up ad

hoc.
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3. 3 Visualisation

Geant4 has the capability to visualise detectonmanents, particle trajectories and
tracking steps and hits of particles in detectonpgonents. Although many methods
of visualisation are possible, the one employedimulations of this thesis was the
OpenGL driver. The OpenGL driver is most useful ¥eualising, with the aim of

debugging, the generation of primary events andrdwking of these events through

the geometry.
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4 PIN DIODE EXPERIMENTAL CHARACTERISATION

One of the aims of this thesis is to experimentalyaracterise the forward bias
response of the planar silicon PIN diodes and @gelit voltage read-out system
under different conditions. This chapter outlindse tinvestigation into the
temperature dependence of the forward bias respuirtbe PIN diode as well as the
effect of light on this response and also the litgaf the pulsed current source in
the dedicated forward bias read out system. Allheke parameters are relevant to
application of PIN diodes for separate neutron predon dosimetry, out-of-field in

proton therapy.

4.1 Introduction

The temperature dependence of the PIN diode forlwas voltage was examined
across the range of temperatures that may be etarednin the experimental
environment for in phantom measurements on prdierapy facility. Any variance
in forward bias response across this range of teastyres should be accounted for
and a correction factor applied for accurate dosiyne

The voltage across the junction in diodes with thases is proportional to the
natural logarithm of the current density. Thattle familiar junction diode equation
where current is proportional &xp(eV/2kT) wheree is the electronic charg¥,is the
voltage across the junctiok,is Boltzmann’s constant andis the temperature. The
effect of temperature on current density can hébated to the thermal excitation of
electrons from the valence band to the conducteomdbThis leaves vacant orbitals
known as holes in the valence band which contriboithe conductivity. Thus, by
increasing the temperature of the diode more @estrare excited into the
conduction band and less bias voltage is neededdigr to achieve a desired current.
Diodes with long base lengths on the other handatieeted differently, a detailed
description of long base diode forward bias respamith change in temperature can
be found in [39]. The effect of this change in temgiure over the range from 25-

35°C on the forward bias response of the diodaevestigated in this chapter.
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Due to the relatively low amount of energy requitegrroduce an electron-hole pair
in a semiconductor device (about 3 eV at room teaipee [25]) in addition to

thermal excitation, photons of visible wavelengtimay also contribute to the
conductivity. The visible light range consists adwelengths ranging from 400 — 700
nm, corresponding to energies of 3.1 — 1.7 eV. Tsible light may contribute to

the conductivity of the device. The effect on tleeward bias response of the PIN
diodes when exposed to visible light is examinethis chapter in order to determine

if an opaque encasing is required during experiment

Some authors conducting experiments aimed at desising silicon damage cross
sections describe readers based on constant cwoartes [40], [41] whilst others
describe investigating readers with pulsed cursmitrces with a longer duration
(approximately 10ms) [42]. Each of these studiesébtheir method caused heating
of their diode and subsequent annealing of radiatiduced defects. The output of
the system employed for the purposes of this rebaardescribed in Figure 4.1. The
output is either 1 mA or 20 mA pulses for 10 at 100 Hz. This minimises any
heating of the diode and annealing of the radiatlefects during the readout. The
linearity of the in-built constant current sourcethe dedicated forward bias read-out

system developed at CMRP was investigated acregdearange of resistances.

20 mA

Il mA
\4
«—>

100ps 10 ms

V‘

A

Figure 4.1 - The output of the in-built pulsed emtrsource, with the 20 mA
output shown in red and the 1mA output shown ickla
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4.2 Methods

4.2.1 Linearity of Pulsed Current Source

The linearity of the current source in the read-®ygtem was tested at a number of
different current values over a resistance range. @3k2 - 12.1Q to ensure that the
current remained constant over these values. Tkpergnent was performed to
ensure that the response of the read-out systenteovesant for diodes of differing

resistance.

The experimental apparatus used to perform tharityemeasurements is shown in
Figure 4.2. The resistors placed across the cuseuntce ranged from 6.6Qk-

12.1Q and currents of 1, 10, 15 and 20 mA were investjaFor each resistor the
voltage was read directly from the display of tead-out system (with the inbuilt
current source) and externally from a multi-metéhe current was then also
measured by connecting a current probe to the mupsobe amplifier and then

reading the output directly from a Cathode Ray [xstope (CRO).

CRC

output
Current

Probe Current Source

Amplifier
input +ve -ve
I
' Probe
\/\/\
Multimeter

Figure 4.2— Experimental set-up for linearity measents of pulsed current source
for pin diode forward bias measurements.
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4.2.2 Effect of Light Exposure on PIN Diode Response

The effect on the forward bias response of the @itidles when exposed to visible
light was examined by first taking voltage measwgrts on each of the diodes using
the dedicated forward bias voltage read out systeboth 1 mA and 20 mA forward
current with the diodes exposed to light. The mesments were then repeated with
each of the diodes encased in a light tight boxesEhmeasurements were repeated
five times. The differences between the forwardsbraltage measurements with
light exposed and light blocked were then exammvedst also taking into account

variation between the individual measurements.

4.2.3 PIN Diode Temperature Dependence

To investigate any change in forward bias voltagess the temperature range of
interest each of the PIN diodes forward bias vatags measured at both 1 mA and
20 mA over a range from 25 - 35°C. This was addethrough the creation of a
temperature controlled environment which was firsated to 40°C and allowed to
cool down to room temperature (22°C). The tempeeabf the environment was
measured using a digital thermometer with an acgucd measurement of 0.1°C.
The average cooling rate was approximately 0.5°&/mdihis ensured that the
thermometer, the diode and the surrounding enviesimwere in thermal
equilibrium. Depending on the base length, differémeories of the effect of
temperature on the forward bias response of the dithde can be applied, as
discussed in [39].
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1m coaxial cable

10:1
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Digital
Thermometer

Forward
Bias
Read-out
System

Figure 4.3— Experimental set-up for PIN diode terapge dependence
measurements, the area of temperature contraflisated by the dashed line.

4.3 Results& Discussion

4.3.1 Linearity of Pulsed Current Source

The linearity of the constant current source arauexy of the forward bias voltage
read out system were investigated using the exje@tiah configuration described in
Figure 4.2. Figures 4.4 - 4.7 show the forward agdt measured with both the
voltage read out system and the externally attachatlimeter as a function of
resistance at 1mA, 10mA, 15mA and 20mA.
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Figure 4.4— Forward Bias Voltage measured on thage read out system (red
curve) and an externally attached multimeter (loluee) at 1mA as a function of

Voltage (V)

resistance.
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Figure 4.5 — Forward Bias Voltage measured on diage read out system (red
curve) and an externally attached multimeter (loluere) at 10mA as a function

of resistance.
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Figure 4.6 - Forward Bias Voltage measured orvttage read out system
(red curve) and an externally attached multimdikre curve) at 15mA as a
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Figure 4.7— Forward Bias Voltage measured on thage read out system (red
curve) and an externally attached multimeter (lchuee) at 20mA as a function of
resistance.
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From Figures 4.4 - 4.7 it can be seen that the daivbias voltage read-out system
agrees well with the externally attached multimeteasurements over the range of
resistances considered. A change in the lineatiorkhip between voltage and
resistance can also be seen in the Figures shothiegl0, 15 and 20 mA
characteristics (4.5 — 4.7). This change can béatéd to the fact that the current
source is no longer putting out a constant vals@ated with 9V battery power
supply used in this pulsed current portable reader.

The values of forward current measured on the CROshown in Figure 4.8 as a
function of resistance. This Figure clearly shows value of resistance at which
each current value begins to change. In the catenoh the output remains constant
over the resistance range considered, the 10 mArecshows a change at

approximately 50Q, the 15 mA curve at 38Dand the 20 mA curve at 220

22 —————r - —
20| mEEEEEEEE mE mEE —m— 20mACurrent |
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Figure 4.8— Output of the pulsed current sourck &0, 15 and 20 mA as a
function of resistance.
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This change in the value of current as the resistés increased highlights the limit
of power in the forward bias voltage read-out devithe device is powered by a 9V
battery, with approximately 1.4V used to power comgnts of the device such as
the screen. This leaves approximately 7.6V avialab power the pulsed current
source. As the resistance is increased and motageois required to push the current
through the device, the linear relationship betweeltage and resistance no longer
exists. This is due to the 7.6V limit of the devieed because of this the current
begins to decrease and is therefore no longer aoinst

Based on these experiments for used reader todaigehof the forward voltage for
the diode should be not more than 7.6V to be atlinearity of the response is not
affected. This range is sufficient for planned axpents and allowed measurements
of neutron absorbed TE dose about 3500cGy thatighmmore than expected for the
purpose of our experiments. For out of field dosmnethe relevant problem is
increasing sensitivity of the diode in NIEL modehi§ can be achieved, as
mentioned, by increasing the length of the diodsebar using increased readout
current. We have developed and fabricated diffeptsubar PIN diodes with radial
base lengths ranging from 0.2-1.2 mm correspontiregneutron sensitivity range of
0.2-2.5mV/cGy (TE) neutron dose for 1mA readoutent. A readout current of 20

mA will further increase this sensitivity.

4.3.2 Effect of Light Exposure on PIN Diode Response

The PIN diodes forward bias voltage were measuteal farward current of 1 mA
and 20 mA with visible light exposed to the diodesl with diodes placed in a light
tight box. Tables 4.1 — 4.3 summarise the restilt®tn 1 mA and 20 mA for each of
the planar silicon PIN diodes.
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Detector 1mA (V) 20mA (V) Uncertainty (V)
1 0.657 0.893 +0.001
2 1.035 1.718 +0.001
3 0.98 1.548 +0.001
4 1.001 1.605 +0.001
5 0.659 0.901 +0.001
6 0.797 1.093 +0.001
7 0.813 1.124 +0.001

Table 4.1- Forward bias voltage and uncertaintidsred and 20 mA with light

exposed on the PIN diodes.

Detector 1mA (V) 20mA (V) Uncertainty (V)
1 0.656 0.892 +0.001
2 1.035 1.717 +0.002
3 0.982 1.546 +0.003
4 1.001 1.605 +0.001
5 0.658 0.9 +0.002
6 0.799 1.094 +0.001
7 0.815 1.126 +0.003

Table 4.2— Forward bias voltage and uncertaintidsraA and 20 mA with light

blocked from the PIN diodes.

Detector Differenceat 1mA (V) Difference at 20mA Uncertainty (V)
(V)
1 0.001 0.001 +0.001
2 0 0.001 +0.002
3 0.002 0.002 +0.003
4 0 0 +0.001
5 0.001 0.001 +0.002
6 0.002 0.001 +0.001
7 0.002 0.002 +0.003

Table 4.3- Difference in forward bias voltage abA and 20 mA, compared to the
uncertainty in these measurements.

Table 4.3 shows that the difference in forward walséage measurements with light

incident on the diode and when light is blockedh@sgreater than the uncertainty

involved in the measurement, using the dedicateda bias voltage read-out

system. As was shown in Figures the response ofotineard bias voltage read out

system is accurate over this voltage drop rangas Tie effect of visible light on the

forward bias response of the planar silicon PINdd® is negligible and there is
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therefore no need to encase them in an opaque dovirg experimentation. It is
this fundamental difference between using PIN diodBIIEL mode and IEL mode
where reverse current is affected strongly by Jigimd thus requires special
packaging of the diode. An unpackaged diode haarddyges as secondary particles
(neutrons and protons in this case) are not affebfepackaging and are based on

phantom material only.

4.3.3 PIN Diode Temperature Dependence

The forward bias voltage was measured at a cumént mA and 20 mA at
temperatures of 25, 28, 30, 32 and 35°C which msiciered to adequately cover the
possible operating temperature range of the doemsetThe voltage versus

temperature data for one of the diodes is shoviigare 4.9.

I *1mA
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R =0.9932 m20mA
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Figure 4.9— Forward bias voltage temperature chenatic of PIN diode dosimeter.

Measurements of the variation in forward bias \g@teaof the PIN diodes as a

function of temperature were performed using atdighermometer and dedicated
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voltage read-out system in a temperature controdadironment. The average
temperature coefficient was found to be 0.75mV/fCraA and 1.8mV/°C at 20mA.

Taking into account that all measurements are @rmna water phantom with real

time readout before and immediately after irradratve are expecting a change of
temperature during irradiation much less then 18Caavater phantom is a good
thermostat. Thus, any small change in room temperaduring the several hours
between pre and post irradiation read out will In@te any significant effect on the
accuracy of the results. Also, because of this Istaadperature coefficient across the
temperature range considered, the effect of basgthHeon the type of coefficient

produced is expected to be minimal.
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5 SIMULATION OF PIN DIODE IN FIELD PROTON THERAPY
RESPONSE

5.1 Introduction

This chapter describes the investigation of théecail PIN diode forward bias
response in a proton therapeutic beam, for useosintetry in proton therapy. In
particular the device was studied in-field, cormsging to central axis of the proton
field in the region in the phantom, invested by theident proton beam, along the
Bragg peak (as described in Chapter 2.1).

In mixed proton and neutron fields both ionizingersgy losses (IEL) and non-
ionizing energy losses (NIEL) are important. NIEke groportional to the bulk
radiation damage in semiconductor devices resuliom displacement of atoms
from their sites in the crystal lattice. For NIEhe device effects are quantified in
terms of displacement KERMA (kinetic energy relebper unit mass) in silicon [1].
These displacement KERMA values in silicon are wletumented for both protons
and neutrons over a wide energy range [1]. Whemnabge in forward bias mode the
specially designed planar silicon pin diode desatiimn Chapter 2.3.1 is sensitive to

NIEL and almost insensitive to IEL.

Experimentally the macroscopic quantity measurearder to determine the damage
imparted onto the PIN diodes is the forward bialsage for a fixed small current. In

principle it is possible to directly measure theampe in carrier lifetimes by

observing voltage decay across the diode irradidtedlight pulsed source or

switching the PIN diode from injection mode to nse2mode. This voltage decay
represents the recombination of carriers closénéojiinctions and the slope of the
curve allows the carrier lifetime to be determinethwever this technique is not

practical, and since the forward voltage of the BIbde increases due to radiation
degradation of the carrier lifetime, it can be uasa suitable monitor for NIEL [1].

As part of the investigation into this method ofpkgation, my study aims to

simulate the PIN diode forward bias response placea water phantom as a
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function of depth in a water phantom for numbetypical proton therapy fields, by

means of dedicated Monte Carlo simulations (Chap®r.

5.2 Methods

The Monte Carlo simulation application was writi@nC++, using classes which
inherit behaviour from base classes of the GEANJatkit [43]. The classes of the
Geant4-based application manage different aspdctiseosimulation, such as: the
experimental set-up (PIN diode detector and phaptdhe radiation field, the

particle interactions, and the actions carried authe end of each particle event,
output of the simulation (i.e. energy fluence obtpns and neutrons in the PIN
diode, necessary to calculate the silicon displamgnmKERMA). The gamma

component was not important in our case due tondgigible effect on radiation

damage of the diode.

The experimental set-up of the simulation is showrkigure 5.1. Two different
phantoms were used in the simulation study, eacthefsame geometry but with
different compositions. The phantoms were made atewand Lucite alternatively.
This choice was driven by the fact that Lucite Perspex) and water tank phantoms
are commonly used in quality assurance procedategroton therapy facilities.
These materials are considered an adequate apm@txmmof human tissue, for
dosimetric purposes. The composition of the phantoraterials were made
according to fraction by weight definitions givey HIST [12]. The phantoms were

of dimensions 30 x 30 x 40 éto fully contain the incident proton beam.

The silicon PIN diode was modelled as 1cm x 1cn®xuh silicon block, placed in
the phantom, with the 1 cm x 1 cm side facing tkanb straight on. The silicon
detector was placed at different depths along theg@® Peak curve, in-field, as

indicated in Figure 5.1.
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Figure 5.1-Experimental s-up adopted of the Geant4 application. The sens
silicon block was placed at different dhs within the phantom, in tt
configurations indicated by the red boxes. The pirans made of water ar
Lucite alternatively. The primary field directios indicated by the blue arrc

The initial positions of the primary protons weamdomly sampled on the surface
the phantom within the lateral dimensions of 5cn#. This model ignores the effe
of the beam line components on the proton field amg interactions of the proto
with beam modifying components; this is justifiezifar the purpose of this resea
only proton interactions within the phantom are inferest. The production ¢
neutrons by nuclear reactions within the beamdixe be reduced through the use
the spot scanning delivery method as described hap@r 2.1.1, but neutroi

produced by protons within the phantom (or patiant)unavoidabl[8] .

The primary proton beam was modelled to be norniatlident on the 30 x 30 ¢
face of the phantom, 150 MeV and 225 MeV m« energetic proton beams we
considered. These beam energies were selein order to match commc
experimental conditions, under study in my the$ise 150 MeV beam energy
commonly used in paediatric and intracranial tremits[44] whereas the 225 Me

beam energy is commonly used for prostate trea8[45]. This model of radiatio
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field is simplified, as it does not consider theergyy spread of the incident proton
beam that is unavoidable in a passive beam delivewever practically negligible,

but it retains the essential characteristics talystine suitability of PIN diodes as
detector for mixed proton neutron fields, in protbarapy.

Because of the large difference in the energy etwo considered proton beams, the
positions of the sensitive silicon volumes along ttentral axis were altered to
account for the change in Bragg Peak position.d &t lists the positions where the
silicon diode was set, along the Bragg peak, irhesimulation. A total of 10

primary protons were used for each simulation, redpce statistically meaningful
results.

150 MeVv 150 MeV 225 MeV 225 MeV
Lucite Water Lucite Water
2.5cm 2.5cm 2.5cm 2.5cm

5cm scm 10cm 10cm
8.5cm 8.5cm 15cm 15cm
10.5cm 10.5cm 21cm 21cm
11.5cm 12.5cm 25cm 25cm
12.5cm 13.6cm 26cm 28cm
13cm l4cm 26.25cm 29cm
13.25cm 14.5cm 26.75cm 30cm
13.5cm 15cm 27cm 30.5cm
13.613cm 15.25cm 27.403cm 31lcm
13.85cm 15.76cm 27.8cm 31.5cm
15.85cm 32cm
32.5cm

Table 5.1- Positions of silicon volumes along thadg peak in each simulation.
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The particle interactions modelled are based otudysby Jarlskog and Paganetti
[20] that investigated and selected the Geant4 iaoaleich describe with the most
accuracy the dosimetric measurements performecbiomtherapy.

The G4EmStandard Package was selected to deschibe electromagnetic
interactions of photons, electrons, positrons, @aslirand ions. The energetic
threshold of production of secondary particles waisequal to 1 keV, equal to the
low energy limit of package model validity.

The G4BinaryCascade model was used to describeearudiadronic inelastic
scattering of protons, neutrons, pions, up to 1U.Gde G4LEPionPlusinelastic and
G4LEPionMinuslinelastic models were used to desdnleéastic interactions up to
25 GeV for pion+ and pion— particles respectivéliso, the G4LEAIlphalnelastic,
G4LEDeuteronlnelastic and G4LETritonInelastic mad&ere used to describe
inelastic scattering of alpha particles, deuterams triton particles respectively. The
hadronic elastic scattering was described by meérise G4UElastic Model. The
simulation execution time was improved thanks te #doption of the Geant4
CutsPerRegion, as shown in Figure 5.2. The delta electron tragkse simulated
only in the region close to the detector, and m dletector itself, where the highest

accuracy is required.

The goal of the simulation was to calculate theerilce of protons and neutrons,
traversing the silicon diode, set at different @iepin the phantom, along the Bragg
peak. The protons can be primary or secondary gesti generated by nuclear
interactions. This information was then used tacuale the relative forward bias
response of the PIN diode based on simulated sikiBRMA.

In the simulation, whenever a primary or secondagton traverses the sensitive
silicon volume, its kinetic energy was retrievedd astored into a histogram with
range between 0 and 150 MeV, and bin width equal tkeV from 0.001 - 1MeV,
and 1 MeV from 1- 150 MeV. These bin widths weresdn in order to match the
values given for proton and neutron displacemeriRKIA in silicon from [1].
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The forward bias mode PIN diode response was eabxifor the proton and neutron
fields, separately, along the Bragg peak, in ondeevaluate and compare their

contribution to the total response.

Figure 5.2— Detector geometry showing the residaradie cuts by region.
Charged particles produced within the red regiorelrange cuts ofyin, the
yellow region has cuts of 1h and the white region has cuts of 1mm. The
primary field direction is indicated by the blueaw.

The energy fluence of the protons (or neutrons) tmios convolved with

displacement KERMA values, according to Equation 8:

AVp = A [ @, (E,)Ksi(E,)dE, (8)

where ®@y(Ep) is the energy fluence arkk(Ey) is the proton displacement KERMA
values in silicon as a function of energy and Aaigonstant. In the case of the
neutron energy fluence, the same equation (8) wad, bbut substitutings(Ep) with
Ks(En) for neutrons.
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A complementary Geant4 simulation study was addrkess the calculation of the
dose distribution in the phantom, deriving from 5@ 225 MeV proton beams, to
be used as a reference when discussing the siitaifiPIN diodes for dosimetry, in

proton therapy. The energy deposition was calcdl@evolumes with the same

shape and size of the PIN diode, but with the seomeposition of the phantom (see
Figure 5.3).

Figure 5.3 - The dose distribution along the Brpggk was calculated in
sensitive volumes (shown in red) — 1 x 1’eplaced face to face along the
central axis of the beam covering the entire lerdtine phantom. The sensitive
detectors are made of water or Lucite, dependintpemphantom configuration

under study. The primary field direction is shownthe blue arrow.
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5.3 Resaults& Discussion

5.3.1 PIN Diode Forward Bias Response to Protons

The relative response of the PIN diode detect@rodons in forward bias mode as a
function of depth, along the Bragg peak, in thenpbtiam, was simulated for the

following configurations:

150 MeV protons incident on a Lucite phantom,

150 MeV protons incident on a water phantom,

225 MeV protons incident on a Lucite phantom,

225 MeV protons incident on a water phantom.

Figure 5.4 shows the proton fluence vs proton gneatpng the central axis of the
beam, at the entrance of the silicon diode, asnatiion of depth in the Lucite
phantom, as a result of the simulation study. ¥seeted, the average energy of the
protons decreases with increasing depth as theyarttwith the phantom material.
This also accounts for the decrease in fluencaeptotons with increasing depth, as
protons are scattered out from the central axisuiclear interactions. When depths
around the region of the Bragg peak are reacheex@ected, the fluence consists of
low energy protons and there is a larger spredatiérenergy distribution compared

with shallower depths.



49

0.01 ¢ . , :
f —=—27cmDepth
r —e— 21cmDepth 1
1E-3 E—+— 15cmDepth E
i 25cmDepth & 3

*
/
*

|

oo™

1E-4 |

' |
A I
esf 3 S
3
|

| o .
1E6 | .
E A \ | ]
g ] t ]

187k "

Fluence/Incident Proton/cm?

i | * \
1E-8 . , . , . , . , :
0 50 100 150 200 250
Energy (MeV)

Figure 5.4 — Proton Energy Fluencefcmer incident proton, shown at various

depths in a Lucite phantom, as indicated in therelg The results are affected

with an uncertainty of 1%. The initial primary beamergy of the protons was
225 MeV, corresponding to a range of 32.61 cm.

The proton energy fluence curves, plotted in Fighi#® were convolved with the
displacement KERMA values according to Equation t5each of the depths
considered. These displacement KERMA values adepdlais a function of proton

energy are shown in Figure 5.5.

The units of the displacement KERMA values are giveD/95MeVmB.D is the so
called displacement damage cross-section of unid/B. Damage defects by
energetic particles in the bulk of any material preportional to this damage cross-
section. 1 MeV neutrons are set to have a normglizvalue D(1MeV) =
95MeVmB, thus the normalizing value given in Figbtd is known as the radiation
hardness factor. This quantity is responsible fepldcements of atoms in the crystal
lattice. The damage cross section, plotted in Eigous decreases rapidly at low
proton energies before becoming approximately eonsat energies approaching
100 MeV.
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Figure 5.5 - The relative forward bias responsehef PIN diode as a function of

depth for each of the situations simulated.
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5.3.2 Depth Dose Comparison

Figure 5.7 shows the dose distribution, in the pdran calculated by means of
Geant4. The proton ranges extrapolated from the Bragg peakes were compared
to the reference ICRU data [35]. The agreement ilndda between the two
demonstrates the accuracy of the model of the pyito@am, of the phantom, and the
physics component of the Geant4 simulation, frosofiware point of view. The
range values calculated by means of the Geantdatiom are approximately 5om.
An error of 2% is estimated for the ICRU tabulatadges [46]. Table 5.2 shows

the comparison of the proton ranges calculated égns of Geant4 and ICRU data.

S S B S B I L L L B B S S DL WL L
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—e— 150MeVWater
5t 225MeVLucite 4

—&— 225MeVWater

Relative Dose
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Depth (cm)

Figure 5.7 - Comparison of depth dose profilesrtaiacertainty of 1% for each
of the situations outlined in the legend. The epe@lgposition distribution was
normalised at 2.5 cm depth, in the phantom.

Figures 5.8 — 5.11 show the comparison betweemelaéve forward bias response
of the PIN diode as a function of depth along thagg Peak, and the depth dose
profile in the phantom, for each of the experimentafigurations considered in the
simulation study. The curves were normalised t@laesof 1 at 2.5 cm depth which

Is the shallowest depth where the forward biasaesp was calculated.
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NIST Range (cm) | Geant4 Range (cm)
150 MeV Protons, L ucite Phantom 13.6 +£0.3 13.5 + 5x10
225 MeV Protons, Lucite Phantom 27.4+0.6 27.3 £ 5x10
150 MeV Protons, Water Phantom 15.8+0.3 15.7 + 5x10
225 MeV Protons, Water Phantom 31.7+0.6 31.7 + 5xI0

Table 5.2 — Comparison of range of primary protoosy simulation study and NIST
data.
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Figure 5.8— Relative forward bias PIN diode respar@mmparison with
theoretical depth dose distribution to an uncetyawf 1% in a Lucite
phantom with 150 MeV primary beam.
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primary beam.
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Figure 5.10 — Relative forward bias PIN diode resgocomparison with
theoretical depth dose distribution with an undgetyeof 1% in a Lucite
phantom with 225 MeV primary beam.
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Figure 5.11 — Relative forward bias PIN diode resgocomparison with
theoretical depth dose distribution, with an uredety of 1% in a water
phantom with 225 MeV primary beam.

From Figures 5.8 - 5.11 it can be seen that thedad bias response of the silicon
PIN diode as a function of depth does not matchdéy@h dose distribution in the
phantom. When the detector is operated in forwaad mode the response depends
on the amount of damage KERMA (the displacemerdtomms) in the detector, and
not on the amount of energy deposited in the devidee depth dose profile depends
mainly on the stopping power of the protons, wherise forward bias response of
the detector depends on the displacement KERMA.
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Figure 5.12 — Comparison of the change in eleatrsttpping power in silicon as
a function of energy with the displacement KERM#Asilicon as a function of
energy.

When the stopping power is plotted along with thepldcement KERMA as a
function of energy, as shown in Figusel2,it can be noted that the stopping power
increases more rapidly than the displacement KERiAnergies between 1 and 25
MeV. As shown in Figure 5.4 the fluence of protoanghe Bragg peak region is
comprised almost entirely of protons between thesergies. Taking this into
account it is now evident why there is an undepoese of the PIN diode with depth

along the central axis of the beam.

5.3.3 PIN Diode Forward Bias Response to Neutrons

As well as investigating the forward bias respoaséhe PIN diodes to protons in
field, the response to neutrons was also simuldtbis. was study was performed to
evaluate the relative contribution of the totalp@sse of the PIN diode from protons
and from neutrons. The response due to neutronsiwagated for the situation of a
150 MeV primary proton beam incident on a waternpba as well as a 225 MeV

primary proton beam incident on a Lucite phantoime $ame method that was used
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for protons as outlined in Chapter 5.2 was usedHerneutron simulation. Figure

5.13 shows how the neutron fluence changes witthdapghe phantom.

As can be seen from Figure 5.13 the average newtrmrgy decreases with
increasing depth in the phantom and the fluencéowf energy neutrons remains
relatively high across all depths. What is alsadent is that there is an increase in
the fluence of neutrons at intermediate depth&ienphantom e.g. 10 cm and 15 cm
depths.
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Figure 5.13— Neutron Energy Fluence/Incident Prgio2 shown at various
depths in a Lucite phantom, with an uncertaint§%f. The initial primary beam
energy of the protons was 225 MeV.

These energy fluence curves were then convolvel thié displacement KERMA
values for neutrons in silicon [1]. These disptaeat KERMA values are plotted as
a function of neutron energy in Figure 5.14. Théasuof collisional KERMA are the

same as given for proton KERMA.

Figures 5.15 and 5.16 show the comparison of thiedfdde response in field due to

neutrons and protons, in two experimental confityoing under study. The response
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of the PIN diode was calculated per incident praind per crin order to compare

accurately the response due to each patrticle.
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Figure 5.14 - Neutron Displacement KERMA values dsnction of energy [1].
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and protons, with an uncertainty of 1% in a wategrgom with a 150 MeV
primary proton beam.
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Figure 5.16 — Comparison of the PIN diode forwaas$lvesponse due to
neutrons and protons, with an uncertainty of 1% krucite phantom with a 225
MeV primary proton beam.

As can be seen from Figures 5.15 and 5.16, thearegbntribution to the forward
bias response of the PIN diode in field in protberapy is extremely small, and the
PIN diode is sensitive almost entirely to protonsew placed in field. There is a
small increase in the neutron response at inteateediepths due to the increase in
neutron fluence but even at this point the neutmmtribution remains below 5% of

the total response.

When the response to both protons and neutronsnisidered, that total change in

forward bias voltage can be written as

AVs = aD, + BD,, ) (9

whereD, andD,, are the respective neutron and proton absorbsaktidosesy andfg
are constants andlV; is the shift in forward voltage of the detectoedo NIEL. As

Figures 5.15 and 5.16 show, the neutron contribytiwitten asxD,, in Equation 9 is
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negligible. Thus, when the diode is placed in figlgroton therapy its forward bias

response can be approximated to be

AVy = BD,. (20)

5.3.4 Calculation of Functioi

The functionp can be plotted with depth along the Bragg peakdiwding the
forward bias response by the dose deposited. Figdieshows the plot ¢f for each
of the situations considered, with results converte water equivalent depths,
achieved by multiplying by the respective depthgh®ydensity of Lucite. Thug,is
independent of the phantom material and dependsamlkhe initial energy of the
primary proton beam.
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Figure 5.17 - plotted as a function of depth with Lucite deptbaverted to
water equivalent depths, with an uncertainty of 2%.

The functiong is also able to be plotted as a function of pra&oargy, using the data

shown in Figure 5.4. As the proton fluence at edepth is known, the average
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energy at each depth can be calculated and platiea function off, as shown in
Figure 5.18.
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Figure 5.18 4 plotted as a function of average proton energih amn
uncertainty of 3%.

As can be seen from Figure 5.18, there is an appadg linear dependence of the
function with proton energy. By only using the age energy at each depth (as was
done in Figure 5.18), proton energy stragglinggisored, this straggling increases
with depth, as can be seen in Figure 5.4 and shmilthken into account in future
analysis. The response of the PIN diode is reltdetthe spectra of protons and not
just a single energy. However, Figure 5.18 doesvstimat the calibration of PIN
diodes can be performed along the central axishef groton beam, provided

information is known about the spectra of protonsazh depth.

An article published by H. Paganetti [6] shows thiattons are the major contributor
to dose deposition in field in proton therapy. Fegb.19 shows the percentage of the
absorbed dose delivered by different particlesafd60 MeV proton beam incident
on a water phantom in linear and in logarithmiclesceummed over the lateral
dimensions up to 3 cm from the beam centre. Agthphs show, the dose delivered

in field is deposited almost entirely by primarydasecondary protons. The largest
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contribution other than protons being alpha pasictesponsible for 0.1% of the

absorbed dose in field. Other particles suciHasions, deuterons and tritons only

contribute a percentage orders of magnitude lesstthis. The similarity between the

results of secondary protons in Figure 5.18 andraes in Figures 5.15 and 5.16 can

be attributed to the fact that secondary protoriseafrom interactions due to

neutrons. The similarity between the two resultglsado the validity of the

simulation.
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Figure 5.19 — Depth Dose distributions (Bragg peatnalized to 100%) for a
160 MeV proton beam incident on a water phantone. Upper figure shows the
total dose and the dose due to primary and secppdaions. The lower figure
compares, on a logarithmic scale, the doses dd#fépent types of particles [6].

A consequence of this is that through measurindgdta¢ dose along the depth of the

phantom, the assumption can be made that the deasumed is essentially the dose

deposited by protons. Then, fifis known for specific proton energies (and water
equivalent depths are used), through measurinéptiaard bias response of the PIN

diode, it is possible to measure the dose depobitqatotons as well as the response

due to damage KERMA in the one measurement. Algocalse of the absence of a
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significant contribution to the total responselw PIN diode in field from neutrons,
a calibration of the PIN diode forward bias resmoadong the central axis of a

proton beam is possible.

5.3.5 Experimental Comparison

Figure 5.20 compares the simulation results forsiheation of a 150 MeV primary
proton beam normally incident on a water phanton wkperimental results from a
similar situation. The PIN diodes used for the expental measurements were
irradiated at the KEK Proton Therapy Facility, Jagd7]. Measurements were
performed in a water phantom along the central akia 150 MeV pulsed proton
beam with the diode in a hermetically sealed sleBwe comparison, measurements

were taken with a charge sensitive commercialailieIN diode.

The proton therapy facility uses the KEK 500 Me\bsi@r synchrotron as a beam
source [47]. This source was originally designedH&P experiments and since the
energy and intensity are too high for medical aggpions, the beam energy is
degraded down to 250 MeV using carbon based degaaditional filters reduced
this to 150 MeV. This synchrotron produces 50 nisqmiwith an initial 2x10
protons per pulse. The time interval between puksabout 0.05 seconds for medical
treatment. In full beam mode, the dose rate is @B0Q cGy/min. The initial beam
intensity is reduced by the carbon degrader folthlwg a collimator such that around
104 protons/pulse are transported to the medicambéne. Then the beam is
momentum filtered and shaped to a 10 x 16 fietd.

This beam presents a difficult experimental chgeeaven when using the small area
of the silicon based PIN diode. Clearly, the higiminosity of this beam prevents the
use of a proportional gas counter for microdosiynelne to strong pile up effects

[48].
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Figure 5.20 — Experimental comparison of the poddiforward bias response
for a 150 MeV primary proton beam in a water phamtwith an uncertainty
of 1%.

The blue curve and green curve of Figure 5.19 shwmvsimulated forward bias

response and experimentally obtained forward keapanse respectively. The peak
to entrance ratio of the response is similar fahlbourves but the depth of the peak
and the sharpness of the distal fall off do noeagwell. These differences can be
accounted for by considering that not only doedriagliation of the diode result in a

change in carrier lifetime in the material but thés also a change in resistivity. This
change in resistivity due to the fluence of prot@msl neutrons also results in a
change in the forward bias response of the PINedipthis effect was not taken into

account in the simulation study.

There are also some discrepancies between the ldaclke which shows the
simulated depth dose response and the red curvehvdhiows the response of a
charge sensitive PIN diode with depth. The diffeeein the peak to entrance dose
ratio between the two curves is due to the fadt plagticles produced in interactions
with beam modifying devices were not consideretha simulation, these particles
would contribute to the dose, with the possibibfydecreasing the peak to entrance

dose ratio of the simulated response. There isaldecrease in the sharpness of the
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distal part of the beam in the experimental cuthes can be accounted for by the
fact that in the simulation a ideal 150 MeV beanswansidered whereas in the
experiment there was a considerable spread ingbambkenergy due to the presence
of the carbon based degraders and filters in platélde beamline. Also, the use of
diodes in the Bragg peak region of a proton beaenrat ideal for depth dose

measurements due to charge pile effects as a idhke high dose rate in the region
[36].

The comparison highlights the need for more specifimulations when
characterizing the response of the pin diodeseild fin proton therapy. In order for
an accurate comparison between the simulated amerimental results the
simulation needs to take into account the protaambéne as well as the electronic
specifications of the detector. Through simulatainthe components of the beam
line such as the scattering system and final caliors accurate beam characteristics
can be reconstructed. Also, by taking into accaletector characteristics such as
noise and resolution in the detector response riogela more a more valid
comparison can be obtained. This approach is stgpbdyy Geant4-based work
published by Cirrone et. al. [49], on the dosinetthalysis of the hadron-therapy
beamline of the Centro di AdroTerapia ed ApplicazidNucleari Avanzate
(CATANA). In this case the proton beam line elenseiats the scattering system, the
diagnostic monitor chambers, range shifters anal follimators, were included in
the simulation experimental set-up. The responsa bfarkus chamber (for Bragg
peak reconstruction) was also modelled specificallye paper reports simulated
proton range values and depth dose distributionwitbin 1.4% agreement with

experimental results.
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6 CONCLUSIONSAND RECOMMENDATIONS

6.1 Conclusions

The dependence of the forward bias response dilihen PIN diode on temperature
was determined through experimental methods. It ¥easd that across the
temperature ranges commonly associated with lafxyranvironments the variation
in the forward bias voltage at 1 mA and 20 mA wagimal. The average

temperature coefficient calculated, given in mVM@s found to be less than the
limit of uncertainty in the measuring device. Thas)y small change in room
temperature during the several hours between pepast irradiation read out will

not have any significant effect on the accuracthefresults.

The effect of visible light on the forward bias pease of the silicon PIN diode was
also investigated through experimental methodsil&irto temperature it was found
that at both 1 mA and 20 mA the difference in famvaias voltage measurements
with light incident on the diode and when lighthkcked is no greater than the
uncertainty involved in the measurement, usingdédicated forward bias voltage
read — out system. Thus it was concluded that tisen® need to encase the silicon

PIN diodes in an opaque cover during experimentatio

The final experimental investigation examined timedrity of the current source in
the dedicated forward bias voltage read — out systewas found that the current
remains constant over the range of resistancesdawed at 1 mA, to 500 at 10
mA, 3302 at 15 mA and 27Q at 20 mA. This change in the value of currenthas t
resistance is increased highlights the limit of powm the forward bias voltage read-
out device. The device is powered by a 9V batterth approximately 1.4V used to
power components of the device such as the scieaming approximately 7.6V

available to power the pulsed current source.

The response of the silicon PIN diode was alsoatharised when placed in field
during proton therapy through the means of MontddCzalculations on the Geant4
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platform. The response was investigated for a nunolbedifferent primary beam

energies and phantom materials. It was found tmatfdrward bias response of the
detector due to protons was dependent on primagmbenergy and phantom
material through differences in range. It was alsond that the forward bias

response of the detector due to neutrons was fitegligcompared to that of protons.

The relative sensitivity of the device to protonaswound by taking the ratio of the
forward bias response of the detector due to psoteith the dose deposited as a
function of depth. This sensitivity was found to deependent only on the primary
beam energy when water equivalent depths in diffephantoms were considered.
The calibration of the PIN diode forward bias resg along the central axis of a

proton beam was also found to be possible.

Results from the Monte Carlo calculations were carap@ with those obtained from
experiment, although the agreement between thewa® not favourable. It was
concluded that this was due to assumptions madegltire simulations that did not

reflect the experimental conditions accurately.

6. 2 Recommendations

The use of Monte Carlo calculations to further elsgerise the radiation field in
proton therapy is strongly recommended. Althougtoider to correctly compare
results obtained with those from experiments thmukations should model the
experimental conditions with more accuracy thantwhes taken into account in this
thesis. The radiation field present within the @ati(or phantom) depends on the
beam production method used due to the presensecoindary particles produced
during interactions in the beam line and the spiegatimary beam energy, both of
which were not considered in this thesis. This geaim radiation field will have an
effect on the response of the detector and shoellthiestigated further in future

work.

The detector response and read — out electronmddlalso be investigated further

in future work. Geant4 is purely a radiation tram$gode; it provides no insight into
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how the change in resistivity of the silicon deteanay influence the forward bias
response. Also, the effect of modelling the deteclionensions more accurately

during the Monte Carlo calculations could be inigeded.

The use of Monte Carlo calculations as well as rpts to study the possibility
of using the silicon PIN diodes in reverse biasdepth dose measurements could
also be considered in future work. Through expenitslemethods such as lon Beam
Induced Charge Collection (IBICC), the charge auiten characteristics of the
diodes can be studied. Then through incorporatigyihformation into Monte Carlo
calculations, the suitability of the diodes for ttelose measurements can be
determined. The effect of irradiation by hadronsewlin forward bias on the charge
collection properties and reverse bias breakdowtage could also be investigated.
This would allow for the use of combined forwardlarverse bias measurements to
more accurately separate and quantify the combimadron and proton dose in

proton therapy.
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