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Abstract

X-ray sensors are essential to many applications which are not limited to diagnosticsaging
technologies. Such sensors are extensively used in industry, medicine, research and space technology
for applications such as safety, security, quality control, imaging and treatment. Depending on the
effect of the radiation on the matter employiadthe sensor, different types of-rdy sensors are
fabricated. However, available techniques efay detection have been under development due to
specific shortcomings such as finite life time, low sensitivity, and-pastessing requirements. This

thesis is focused on design, fabrication and characterization of novel radiation sensors based on
bio/nanomaterials.

Bacteriorhodopsin (BR), a proton pump protein in the cell membrahtalobacterium Salinarm

has been used to fabricate a sensor to meatsge and dose rate ofrXy beam in the kilovoltage

and megavoltage energy range. The mass attenuation coefficients, effective atomic numbers and
electron densities of BR and its comprising amino acids have been calculated forlOk&eV

photons to biger understand the interaction of BR withrayy photons.

A theoretical formulation for calculating the change in the conductivity of nanoparticles under
radiation is also provided. In particular, the dependence of radiation induced conductivity &bddradi
particle size is given. In addition to that, arra§ sensor based on thin film of bismuth sulfide has
been fabricated using laser micromachining and chemical deposition techniques. Thikashsen

characterized under a diagnosti@ay machine vth kilovoltage energy beam.
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Chapter 1

|l ntroducti on

1.1 General background:

Light is an electromagnetic radiation. Another way of describing light is through particle theory which
indicates that light is comprised of photons. When one assumes light as an electromagnetic wave,
different wavelengths of light are considered. Ondtieer hand, when light is discussed in particle
theory, the energy of photons is considered. According to yasticle duality principle, all particles

exhibit wave and particle properties, however, in an experiment both properties can not be observed
simultaneously. The energy of photons and the wavelength of the electromagnetic wave of light are
related bythe | anckés equation (E= h 3=h.%JsaThiseguatohis Pl anc
also valid for otheparticles such as electrons gndtons

The visible part of light spectrum has the wavelength between 380 nm and 740 nm, which are the upper
boundary of UV and lower boundary for infrared, respectively. Part of the light spectrum with wavelength
lower than UV is comprised of -Kays andgamma rays. Theedection and measurenteof the Xray

radiationis the topic of this thesis.

1.2 Units of measurement in radiation sensing:

To quantify radiation measurements, several different units of measurement are used. Tppledst

units of measting radiation aréntroduced below

1.2.1 Unit of measuring radiation energy

Electron volt (eV) is a very common unit of measuring radiation energy. In a closed electrical circuit
with a battery and a resistance, the battery creates a potential differencetlaerasistance. The work
done in the electrical circuit is the product of the potential difference and the charge passing through the

circuit. As the unit of work is joule, this concept can be used to measure energy. An electron volt is equal



to the amont of energy required to pass an electron of charge e = 1.602*% @ Gcross a potential
difference of 1 V.
leV= 1.602 x 13°CV =1.602 x 10"°J

1MeV= 1.602x10°J

1.2.2 Units of measuring radiation dose

The energy deposited or absorbed by unitnass(1 kg) of an irradiated material from radiation is called
Gray (Gy), which is the Sinit for absorbed dose. Tiodderunitist he :fir ad o

1rad =0.01 Gy

1.2.3 Unit of measuring equivalent dose and effective dose

The effective biologicalamage of the radiation depends on the absorbed dose by the human tissue and
the type of radiation. For the same amount of the absorbed dose, the biological effect can be different for
different types of radiations. This can be taken into account byimgfan radiation weighting factor

(WR), which is a coefficient that is multiplied by the absorbed dose to show the associated equivalent
dose The Sl unit for equivalent dose is Sievert (Sv)

equivalent dose (Sv) = absorbed dose (Gy) x radiation weiglatinoy f

WR is equal to 1 for Xays, gamma rays and beta particlésatel &) absorbed by human tissue, 20 for

alpha particles (H&) and a function of energy for neutrons.

Tablel.1: Radiation weighting faor as a function of energy of neutrons.

Energy of neutrons radiation weighting factor
E< 10 keV 5

10 keV<E<100 keV 10

100 keV<E<2MeV 20

2 MeV<E<20 MeV 10

20 MeV<E 5




The biological damage also depends on the irradiated organ.ffEbtve dose $v), is defined as the
product of the equivalent dose and tissue weighting factor (Wiore than one organ is irradiated, the
effective dose is the sum of all the effective doses.

effective dose (Sv) = equivalent dose (Sv)x tissue weighting factor

1.2.4 Unit of measuring radiation exposure

Exposure is the measurement of the ability of radiation to ionize air and creatie eleatges. The unit
of exposure is roentgen (1 R = 2.58%H0kg ofair). One roentgen of gamma ofrXy radiation creates ~

10 mSv tissuelose[1].

1.2.5 Unit of measuring the machine output

Linear accelerators are employed in radiation therapy and their output is measured using monitor unit
(MU).These radiation sources are calibrated for a specific energy spectrum such that 1 MU gives an
absorbed dose of dGy under réerence conditions (i.dield size of 10cmx10cirsourceaxis distance

(SAD) of 1 m etc)[1].

1.3 X-ray generation mechanisms

X-rays were discovereay Rontgen inl895 when a high electric voltageas passethrough a cathode

ray (stream of electrongube filled with gas. Heoveredthe tube, however he observed a fluorescent

light on a screen close byde named this radiation-Kays.

X-rays are generated as a result of the impact of accelerated electrons and a target atom. Two atomic

processes can producerays:



1.3.1 Bremsstrahlung (braking radiation)

Nucleus

photon

Figurel.l: Bremsstrahlung (braking radiation)

In Bremsstrahlung process, the incident electron interacts with the electrons of the target atom through
electromagnetic forces aridis slowed downlf the energy of the incident electron is high enougb, t
change in the kinetic energy of the incident electron as it slows down appearmappbotons The

energy of none of the generateday photons exceeds the initial kinetic energy of the incident electron.
The positiveelectric fieldof the nucleus may be strong enough in heavy elements to bring the incident
electron to complete stop. In this ca® total kinetic energy of the electron will be emitted asaX

radiation.X-rays generated frofaremsstrahlung processve a continuous spectrum.



1.3.2 Characteristic emission

photon

Figurel.2: electron transitins in lower energy levels of atoms and generated characteristicpfotons

Characteristic Xays are generated from electron transitions in lower energy levels of heavy l§toms.
shell(n=1) is the lowest energy level of an atom. If the energy of the incident electron is large enough to
knock out an electron from&hell, another electron from a higher energy level will fill the position of
the released electron. The difference in the inéiargy level of this electron and thesKell appears as

an Xray photon.The X-rays are called Kand K, if the transitions are from n=2 {ghell) to n=1 and

from n=3 (Mshell) to n=1, respectivelyThe emitted characteristic-bays have sharp peaks inrtain

energies associated with the difference between the atomic energy levels of the target atom.
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Figurel.3 Measured Xray spectrum of Culhe characteristic Ckigand Cu K radiationpeaksin the

photon energy range from 7.5 to 9.5 keV are shown[i]| B

1.4 Interaction of X-ray photons with matter

X-ray and gamma photons can penetrate and transmit through the irradiated matter without interacting, or

can interact and be scattered or absorbed bsndaum. The wavelength of these radiations is within the

range 1d A%o 100 A’

The associated energy and edguaguency

c

a



The transfer of energy of-Kay photons to the irradiated matter occurs thrabghprocess whergltan X

ray photon transfers its energy to an electron ejecting it from the atom and the electron depositing its
energy to the medium througgxcitation and ionization. In ionization, an electron is removed from the
atom or molecule and the target is lefthwa net positive charge. In excitation, an electron receives part

of the energy of the photon amdbovesto a higher level of energy.-Ky photons interact with matter

through several processes. The most important onelesceibed below

Tablel.2: The range of wavelength, energy and frequencyrafyxand gamma radiations.

Wavelength 10*AY 100 A’
Energy 0.124 GeV 124 ev
Frequency 3x 10° MHz 3x 10° MHz

1.4.1 Coherent scattering

photon

Figurel.4: coherent scattering
In coherent or Rayleigh scattering, the incident phattaracts with an orbit electron without any energy
transfer and it iscattered at a small ang®]. The energy of the scattered photon is the same as the
energy of the inciderghoton. Coherent scattering is likétyoccur in the interaction ddw energy

photons with high atomic number targets.



1.4.2 Photoelectric effect

photo electron

photon

Figurel.5: photoelectric effect
In photoeletric effect, a photon interacts with an electron (usually the innermost electronsthend
energy of the Xay photon iscompletely absorbed ke electronejecting it from the atorf3]. Part of
this energy is required overcome the electron binding enetgyelease the electron from the atom. The
rest of the energy of the photon appears as the kinetic energy of the released asxtkoown as the
photoelectronAccording to the conservation of energy one can write

Er = WF + KE,

where E is the energy of the incident-day photon, WF is the work function of the material which
defines the binding energy of the electron, and KE is the kinetic energy of the released photo&lextron.
atom is then left in the excited state and the electasancy is filled by an outer orbital electron with the
emission of characteristic-Kays. Absorption of the produced characteristica} photons results in the

production of moneenergetic Auger electrons.



1.4.3 Compton scattering

Compton electron
free electron 6

> omo -~ - o

scattered photon

incident photon

Figurel.6: Compton scattering
If the energy of théncidentphotonis much more than the binding energy of the interacting electron, the
electron interacts with the photon as a free elecf8n The photoninteracts withthe freeelectron
transferring part of its energy it and ejecting it from the atorithe rest of the energy appearstias
energy of the scatterguhotonwhich islower than the energy of the incident photdiis is observed as a
scattered photon with longer wavelength and a recoil electron. Theyesmdgdirection of the recoil

electron and scattered photon can be calculated using conservation of energynamdumo

Y. —p AiI-OD (1.1)
In this equation,_ is the wavelength of the incident-bédy photon and_ is the wavetngth of the
scatt er eidthgahgketofadeflectiod of the scattered photon from the direction of incident photon.

m. is the rest mass of the electron.



1.4.4 Pair production

e- electron

photon
(E>1.02 Mev)

e+ positron

Figurel.7: pairproduction
Pair production occurs whehe incident photon interacts with the electromagnetic field of the nucleus of
the target atom anan electron and a positrame createdi3]. Positron has the same mass as an electron
but with opposite electric chargéhe rest mass of an electron i$DMeV and so the minimum photon
energy required for pair production to occur is 1.02 MENe kinetic energy of the electron and positron
is originated from the difference of the energy of the incident photon and 1.02 Mev.dbisvarth
mentioningthae pair production is an example of conversi

massenergy conversion equation E=mc

1.5 Radiation measurement devices for medical applications

1.5.1 lonization Chamber

lonization chambeis based on ionization of gas undetray radiation, creation of electroion pairs and
collection ofthecharged particlept], [5], [6], [7], [8]. At higherintensities of photons, higher number of
electronion pairs are creatednd collected. The effective voltage inside the chamber atttica® be
written as the following:

® 0 o o o (L2
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Vy is the static potential applied across theteteles and/,(t) is the potential difference created by the
negative and positive charges inside the chamber at time t. According to conservation of energy, the total
potential energy due to the potential ¢ equal to the addition of the potential energy of the charged
particles inside the chamber and their kinetic eng8yy

-0w  -0w 0 Q00 0 Q00 (1.3)
In this equation, the chamber has been assumed to be comprised of two parallel flat elechr@desd

-0w are the potential energy delivered by the voltsdgandV,,, respectivelyd ‘Q0 ocand0 Q'O o
are also kinetic energies of the negative and positive charges inside the cliaimlke. intensity of the
electric field €= Vy/d, d= distance between electrodes),andv are the average velocities of negative

and positive charges, afd is the number of ion pairs at tirheThe above equation can be simplified as

the following:

O L o (1.4
Assumingw  ® ¢w we can finally findw

@ 6 —0 U o (L5

The advantages ahion chamber are as following:

(i) The ionization current is independent of the applied voltage. Therefore, small fluctugtione
supplied bias voltage do not affect theasurement

(i) The saturation current is proportional to the deposited energy by radiation.

The disadvantages of the ion chamber can be listed as following:

(i) Measurement oblw aurrent generated by lovadiationrequires shielding and low noise electronics

(i) The atmospheric conditions such as pressure and temperature may change the output of the ion

chamber.
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1.5.2 Thermoluminescence dosimeter

Certain materials such as lithium fluoride shilnermoluminescence property. Electrons which have been
moved out of theiinitial state upon receiving -¥Xay or gamma photons, are trapped within lattice defect
sites[9]. Heating causes the trapped electrons to return to their initial states. This return is compensated
by emission of photons.ndler controlled heating conditions, the intensity of photons can quantify the
absorbed radiatiodose This phenomenon is callatiermoluminescencand the materialwhich have

this propertyare used inthermoluminescerlosimeters (TLDs)These materialstore the energy of the

radiation and release the energy as photons upon heating which can be used to measure the integrated
doses. This is useful in monitoring the total dose received by personnel and semgitpmentover

longer periods of tim§L0], [11]. Thermoluminescent materials are packaged as small sealed capsules or
they are homogenously mixed with polymers and plastic materials. Béiag exposed to radiation,

TLDs are placed in a precisely temperature controlled electric heatdreangdhoton emission is read.

Each thermoluminescent mat eri al has its own <char
versus temperature is plotted to get the glow curve of the TLD. The total area under the curve is
proportional to the aconulated dose. The peaks of the glow curve are associated with the defect energy
levels and the height of each peak depends on the absorbed dose, heat transfer rate and the type of the
material. The total dose, the energy spectrum and type of the incidigiion are important factors for

the choice of the TLD for an application. Sometimes a mixture of materials sensitive to different
radiationsis used to make alD suitable for an environmemwhere different types of radiations are
present. Also the tling time of the material has to be negligible in comparisonedithe required for
irradiationand read out of the TLD. TLDs do not require any electronics for storing the exposure dosage

and they are small.LD needs to be calibrated in order to comvisrreading to absorbed dose.

1.5.3 Radiochromic film

Irradiation dhanges the color of radiochra@mmaterials[12]. The color or image formation is initiated

through a chemical process in which the energy of thayXphotons is transferred to the receptive part of

12



the leukadye or colorless photomonomer moleculeleiko dye contains molecules which can acquire
two forms, one of which is colorle§t3], [14].

The color change depends on the absorbed radiation dose and can be observed under whitekdight. D
areas of the film block the light. The absorbed dose is proportional to the logarithm of the ratio of the

intensity of the incident bearh)(to the intensity of the transmitted beal), (
081 1€ (1.6
This technique of dosimetry prowd high level of spatial resolution and uniformity. The spatial

resolution depends on the size of the monomer crystals used in the films which can be withicreab

range. However, the radiochromatic films are sensitive to UV light and temperature.

1.5.4 MOSFET dosimeters

Metal oxide semiconductor field effect transistMOSFET) is a relatively miniaturized aratcurate
dosimetel15], [16], [17], [18], [19], [20] Radiation creates electrédrole pairs in the oxide region, which
changes the threshold voltagethe MOSFET This change can be used as a measure of the deposited
energy by radiation. The small sizetbe MOSFET provides high spatial resolution and in vivo usage
capability. However, MOSFETs are very sensitive to instabilities in bias voltage and fluctuations in
temperature. They also have a short life time due to structural damage under radiatioETe@&¥Fe

applications in photon, electron and proton radiation dosimetry.
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Tablel.3: comparison of thadvantages in theurrent dosimetry technolgg

Real time/ Miniaturizable/ | Long life time | No bias No high
voltage voltage source
no post miniaturized
processing
TLD Vv Vv \Y; Vv
lon chamber \Y% \%
Film Vv Vv Vv
MOSFET \Y Vv Vv

1.6 Research objectives

The research objectigeof my PhD program have be#me design, fabrication and characterization of
novel radiation sensors. Theork includes(i) application of hew materials for the purpose of radiation
measurement and (ii) understanding the radiation sensing mechanisms involved. In this work | have
fabricakd several radiation sensors for detection and measurementagé X The sensors are fabricated

on a mechanically flexible substrate which adds to their potential applications. The fabricated sensors are
characterized at Grand River Cancer Centre andd3Raver Hospital in Kitchener, Ontario, Canada.

My original contributios to knowledgén this thesisareas following:

(i) An X-ray sensor was fabricated usiBgcteriorhodopsin (BR), a proton pump protein in the cell
membrane oMHalobacterium Salinarm This sensor was used to measure dose and dosen rite
kilovoltage and megavoltage energy range.

(i) The mass attenuation coefficients, effective atomic numbers and electron densities of BR and its

comprising amino acids have been calculated fa\t: k00 GeV

14



(iif) An equation for radiation induced conductivity for nanoparticles is giRelative radiation induced
conductivity forZnO nanoparticles with different radii am@érbon nanotubewith different diameters
have been calculated

(iv) Lasermicromachining and chemical deposition technighase been used to fabricate X-ray
sensor based on thin film of bismuth sulfide. This sensor has been characterized unday amshine

with keV energy beam.

1.7 Thesis scope

This thesis is organized ihchapters. There arecore chapters which addeethe research objectives.
The results of chapters 2-4 have been published ir8 journal papersin fiBiosensors and
Bioelect o n {2t],s 0iSensor s and Ad22ardfiiNuclesr InBtrume@ts andnVethads 0
in Physics Research: Beam Interactions with Materialsnad A t[28]mBheé results of chapter 5 have
beenpublished ina conference papein Proceedings of the IEEE Yiinternational Conference on
Nanotechnology (IEEE Nano 2011, Portland, Oregon, [B¥) The author of this thesis is the first
author of the above papers.

In Chapter 2, design, fabrication and characterization of a radiation sensor based on bacteriorhodpsin is
presented. This sensor was fabricated on a flexililstsate and wagsted under a LINAC Xay source
with MeV energy Xray beam.

In Chapter 3, characterization of the bacteriorhodopsin sensor under kay rddiation is presented.
The source of Xay for these experiments wasGulimay Medical D3000 DXRsuperficial Xray
machine.

In Chapter 4, a theoretical study of the interaction afa)X photons with bacteriorhodopsin and its
comprising amino acids is provided for energy range of 1ke¥ GeV.

In Chapter 5, the theory of radiation induced conductivity is applied topastndes. The goal is to

understand and study the change of radiation induced conductivity with the size of the materials in

15



nanometer scale and to look at the possible applications of nhanomaterials in fabrication of radiation
Sensors.

In Chapter 6, falication and characterization of a radiation sensor based on thin film of bismuth sulfide is
provided.

In Chapter 7, the conclusion of this thesis is presented and recommendations regarding the future possible

work are provided.
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Chapter 2

Bact eri orhodopsin

There are many organisms in nature which react to light. Absorption of photons in certain wavelength by
the photosensitive organism may trigger a response in its cell membrane. This resplthbe charge
separation omay be directing a flow of ions imtor out of thecell whichleads to generation ofin

electricalpotentid in the structure of the@rganism.

There are only two main types of photoreceptor molecules in nature: retinal p(diethspsinsand
chlorophylls[25]. Chlorophylls have vegetative and bacterial origin and exist in leaves of, gkeangeed
and bacteriaRhodopsins have visual and bacterial natinere are two absorption peaks in the
absorption spectrum of natural chlorophylls in the blue and near infrared. Natural retinal protein

complexes absorb a wide range of spectrum from UV to red.

Visual rhodopsin experiences a series of electrostatic esamgpn receiving and absorbing a photon.

The electrostatic changes will lead to conformational changes in the structure of the protein as well as
electrical stimulation of optic nervén contrast, bcterial rhodopsin is a molecular photosensor which
asssts the organism in its orientatiohhe bacterial rhodopsin was discovered in 1971 in a group of
bacteria called Halobacteria which lives in salt saturated (or nearly saturatedP@pter
Bacteriorhodopsin (BR) isroton pump pratinin the cell menbrane oHalobacterium salinarumThis

cell membrane is called purple membréR#) due to its color and is comprised of a tdimensional
hexagonal unidirectional crystalline array of BR molecules and ljg&ls [27], [28], [29] The absorbed
energy of light in BR is used for hydrogen ion transport across the cell membrane, to generate a potential
difference which is necessary for the synthesdainosine triphosphatATP) from adenosine

diphosphate (ADR)This photosynthesis different flom that of chlorophyll. i chlorophyll,absorption

of light energy leads to separation of electric charges and generation of electrocheteitidl

difference on the membrafig0].
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|l sol ation of BR form bacterial membrane in 1973
propertiesBR is different fromvisual rhodopsinn its excepbnal stability and functioning in harsh

conditions and its reversible photocycle.

2.1 Synthesis of PM

Halobacteria can be cultivated in lumostats in lab, at@@ with a cell division period of-8 hours.

The total cultivation time may vary between 3 tdags. Several factors such as temperature, pH, light
intensity, light spectrum and the chemical composition of the medium may affect the concentration of BR
the cellg31]. Under light exposure, PM is synthesized by the cells and the ATP content is highly

increased. An anaerobic method of growth of halobacteria is descrif#].imfhe obtained biomass is
suspended iwater mixed with DNAeenzyme. The suspension is centrifuged several times after osmotic
shock and DNA splitting. Centrifuging can also be replaced by filtering. Tdimert of the centrifuging

process is pure PM which can be suspended in distilled water to the required concentration or can be dried
in a lyophilizer (freezalryer). 400600 mg of dry PM can be obtained from 10 liters of culture extract

[25].

2.2 Properties of PM and BR

BR molecules form 75% of the structure of the PM by weight. The rest of PM is comprised ofAipids.
PM patchmay h av e widgth ahdo4.51nm ¢hitknessThe BR molecule has a molecular weight
of 26.534 DA.The purple membrane is a very stable biomaterTdle concentration of the salt in the
Dead Sea, a habitat of halobacteria, reaches 34%is RMe to keep its properties over a rangeidf20
pH, and up to 140C in dry shapeand over 80'C in water conditiond33], [34]. A concentrated
suspension of PM in water can be storedoom temperature for weeks. Tiedrigeratedsuspensioiat 5-

8" C, and the freezdried formcan beused for yeardMlonomolecular BR is not stable and what is used

is PM or a BR molecule in a lipid mediy2b].
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Such properties are important for the potential applications of BR in the fabrication of micrometer and
nanometer scale devices, structuned patterns for a wide range of applicati¢d], [36]. In most cases,

oriented single or multilayer of Bfim is coated on a substratertaximize the generated signal.

2.3 Methods of coating surfaces with BR for device fabrication

To employ BR in a device, it is necessary to immobilize the protein on a substrate and credevic8R
interface such that B R 6 s e pratem avbuld oot delgradevgr timedDryma i nt ai
form of BR has several advantages over the suspension form. Applying BR in suspension form in a
device requires sealed packagiagd which addo the complexity of the device. However, since BR

keeps its photoseitise properties in dry form, it does not denature over years in dry shape, and due to
simplicity in fabrication, methods of fabrication of dry film of BR are favorethe most important

methods of immobilizing BR on a subst&atredescribed below:

2.3.1 Layer by layer electrostatic deposition (LBL-ESD)

At pH > 5, the cytoplasmic side of Piglmore negatively chargéa comparison to the outside of the
membrane. So the cytoplasmic side can be attached to a positively charged surface such as some
polyelectrolyes, conductive polymers, enzymes, proteins or nanopatrticles. This technique is suitable for
creating an interface between BR moleculesathdr bio/nanomateriablnd opens windows to novel

functionalities which may lead to fabrication of new devices bas&Rdi37], [38].

2.3.2 Langmuir-Blodgett (LB)

In LB method, a layer of amphiphilic organic molecules is spread on water and the target substrate is
dipped in and out of the water either vertically or horizontally. This method can be used to create single or
multilayered ordered films of the amphiphilic molecules on the substrate. The cytoplasmic side of PM is
more hydrophilic than the extracellular side and so LB method is a suitable method of creating thin films

of BR. This techniqués not suitablef thicker layers of BR are required.
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2.3.3 Electrophoretic sedimentation (EPS)

PM orients very well in an electric field due torigdatively high permanent electmipole moment~

140 Debye at pH 7 in the suspension forfnd drop of BR suspension is pladeetween two parallel

electrodes and an electric field is applied between the electrodes, the PM patches will move and sit on the

anode. EPS method has several advantages over other methods of fabricating a thin filithof BR.

films of BR created by EP®¢hnique show high degree of orientation and produce higher photocurrents

[39].

Rt

<« PM solution

20-30 /c

Figure2.1: EPS method of coating BR on conductive substi8&s
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2.4 Photocycle of BR

The photocycle of BR consists of several intermediate statés.M, N, O are the intermediate states of

the photocyclendbR is the initialrestingstate. Each intermediate state has &#sa@ption peak and a life

time. The photocycle is cortgied in millisecond time rangafter absorption of lighphoton by the

retinal chromophore in the bR statlee alltransBR retinal structure converts to a-&i3 stateandseveral

structural rearragements occuT he r el ease and uptake of the proton
transitions, respectivg0]. In the intermediate state M, aproios t r ansf erred from t he

base linkage to Asp85 and a proton is released to the extracellular membrand4iijfface

bRs7

~5ms \4:}5

O 640 KEQD

~5ms ~1 s

N 560

LSEU

~5ms ~ 40 ps
M1z

H* H*

Figure2.2: Photocycle of BR40]. K, L, M, N, O are the intermediate states of the photocycle of BR. bR
is the initial stateThe absorption peaker intermediate stasare shown asubscriptsn nanometers

The life times at room temperature are also shown for each transitio
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Figure2.3: The alltrans (before photoisomerizatiomnd 13cis (after photoisomerizatiorgonfiguratiors
of BR[40].

2.5 Electron transport in BR

Proteins can be considered as uniform mediumlémtrnsto tunnelbetween separated cofactors or they

can be viewed as a complex molecular medium with setteraklingpathwayq42].

There is limited information about the underlying mechanism of electron transport via BR containing
monolayers or single PM patch@he structure of the PM is comprised of BR and lipidsa study, BR-
containing artificial lipid bilayers were sandwiched between two conductive electrodes and the current
passing via the lipidsnal BR were measured. The two major results of this study are as followke(i)

transmembrane electron transport mainly os¢iirough BR and not through the lipid bilay€ns.
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Presence of r eledronaystenois asssentiateqoiiereatifor theransmembrane

electron transport to occ{#3].

Conducting probe atomic force microscopy {&IPM) is a technique which has been used to study the
electron transport through supported biomembr@#s This technique was used to create a conductivity
map and to measure curremitage characteristics of the PM patches-AFM technique showed that

the majority of PM patches aretraonductive and only 5% of them have nanometric conductive defects

[45].

There isa correlation between theonformational change and the variation in the electron transport of
BR. Substantial increase in current is observed at a given voltage in the -waltage curve of BRfiit

is irradiatel by green light after being in dafkhich will result in a structural change in the prot¢#§)].

It has been proposed that the conductivity of BR lbe modeled by a sequential tunneling mechanism
through amino acids of the protein. The positions of the amino acids defines the conformation of the
protein and a light induced conformation change will cause a change in the conductivity of the protein

[47].

2.6 Applications of BR

2.6.1 Optical data storage

The initial state bR and the intermediate state M have absorption peaks in thaQk&T0 nm and

g r e ed= 4l2eam)part of light spectrum, respectivelyT he pr obabi |l ities of the
and MYbR reactions after the absorption of a phot
0.95, respectively. Each of the states bR and M can be assigned to a binary staR0tmsla very

hightwo photon absorption cross sectiém optical systenbbased on two photon absorpticen be

arranged to use BR as optical data stofdgg Two laser sources are usedlsticat theitheamsntersect

on BR at the position of reading and writing data and theirv e | e jragtd satsfy ge two photon

absorption condition Be,ie=1/1+ 1 /, SHere puihas to match the absorption peakshe bR oM
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statesThis condi ti on c&Ris sklected far bath wavelendth, i.ef 822nm and 1140 nm.

For wriFrtypngg146 mFm=and2#& nm are used to initiate t
transitions, respectively. For readamtp laser beams with walvee n g;t= h, 1140 nm are applied

and if BR is in its initial state, there will be a transition to M state and as a result an electric signal can be

recorded?28].

2.6.2 Solar cell

BR can be used as an energy conversion system lal lieeremployedn fabrication of solar cells.

One group have fabricated a solar cell using a mutaBRadhterfacedwith TiO,which delivers a short
circuit photocurrent density of 0dmA/cm?and the open circuit photovoltage 0.35 V under an
illumination intensity of 40 mW/cA{49]. Another tem has achieved conversion rate of 0.5% and short

circuit photocurrents of 0.02 mA/én50].

2.6.3 Image detector

An 8x8 array of BR photocellwas fabricated for the purpose of image detedBdh Each photocell in
this detector has a mulyer sandwich structure containing layers of &R/ electrolyte/Au. Sngls
conductive and transparent and it can be coated on glass substrates. In this design BR is doetdlct
with the SnQelectrode and uirectly incontact with Au electrode through electrolyte solutibine

photocell responds differentially todlincident lightand a photocurrent of 100 nA/éia observed.
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Figure2.4: (A) 1 transparent Snf@onductive layer, 2 BR film, 3 agueous electrolyte gel layer 4 Au
layer, 5 Teflon ring spacer, 6 glass substi@gAn 8x8 array of BR photocellfb1].
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2.7 Fabrication of BR sensor

In the fabrication of theadiation sensoiTO coated polyethylene terephthalate (PET) sheets are used as
the main substrate. This substrate is flexible, electrically conductive on the ITO coated side and
transparent to a wide range of wavelen@®]. BR is depositedon the conductive side of the substrate
usingEPSmethod. 20 ul oBR suspension is inserted between the ITO coated sides of two PET sheets
which act as twolectrodes. The sheets are separated by two microscope glass slides and ITO electrodes
are connected ta voltage supply. Anlectric potential difference of 3V/mm is applied between the
electrodes for 5 min. Higher electrical voltages or a longer time giamh@ quality of the response of the
coatedBR. The substrate with thBR is held in a dark boxat roomtemperature for 24 h to get dry. A
second sheet of ITO coated PET is placed on top of the first sheet such that tH@Rddedting is
sandwiched in &tween. In the area whetleere is noBR, KaptonPolyimide film (DuPont Electronics
Technologies) with 50 um thickness is used as an electrical insulation between two conductive ITO
coated surfaces of the PET sheets. The completed sensor is comprised of the following layers
respectively: PETITO-(BR, Kapton film)-ITO-PET. The sensing area has icalar shape with radius of

3mm.
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A ITO «
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Figure2.5: Fabrication of BR sensofA) BR suspension on IT®GET; (B) electrophoretic sedimentation;

(C) placing the insulation (Kapton film) tveeen ITO layers and completing the BR sensor; (D) Control

sensor is the same as BR sensor without the BR deposition.
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Figure2.6: Schematic diagram of the radiation sensor based on BR and the measurement set up.
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Chapter 3

| nt er actriaoyn phfotXxons with bacteriorh

3.1 Mass attenuation coefficient, effective atomic number and effective electron density

An understanding of how sensing materials interact with radiation is essential in the development of
radiation sensor$:unctional proteins such &R can be interfaced with solid substrates for fabrication of
micro/nano devices and sensors.

The mass attenuation coefficient” , effective atomic numbaei, ; and effective electron density are
important attribute of a material, as they can be used to better understand the interactions of radiation
with a medium. The mass attenuation coefficient of a medium is a measure of penetration of radiation in
medium at a given energy. As dominant radiatimiter interactin depends not only on radiation energy
but also on the atomic number of the target el em
number is defined. Effective electron density is also determined as number of electrons per unit mass of
the mixtue or compound. These two values vary with radiation energy. Various studies have been
performed to evaluate the above quantities in compounds and mixtures such as alloys, polymers and
biomolecules. The values 6ff", 63  and0 have been calculated for a number of amino acids and
compounds containing H, C, N and O in previous studies using a matrix njg8jp{b4]. In another

similar study[55], the &, ; values were determined through experimental data of scatteringserctssns,

and confirmed that low Z composite materials interact almost exclusively by incoherent scattering and
can be represented byua s that is merely an average atomic number of dsstituents for energies of
280-1200 keV. In a number of studies Manohara, et al. the}, ; values for certain biomolecules were
calculated by variaous methods, including a direct and interpolation m@glo@s7] and by absqation
crosssectiong58]. WinXCom is a program whicbalculates tables of cross sections for the interactions

of photons with any eleemt, compound or mixture for photons with energies between 1 keV to 100 GeV.

It is also capable of calculating thénteraction coefficients and totalttenuation coefficientsor

compounds and mixturg®9], [60]. Using the coefficients given by WinXCorthe effective atomic
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number and effective electron densities can be calculatediylfend0 values of many amino acids

were experimentally found to be in agreement with calculations of this pr¢gtam

In this chapter, we use WinXftn program to calculate the mass attenuation coefficient of BR and its
comprising amino acids for photon energies from 1 keV to 100 GeV. These amino acids include alanine,
arginine, asparagine, aspartic acid, glutamine, glutamic acid, glycine, isolelminge, lysine,
methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, valine, Asx1, Asx2, GIx1 and
GIx2. We then use that data to calculate effective atomic number and electron densities for the same range
of energy. We also emphasi on two ranges of energies {200 keV and 220 MeV) in which Xray

imaging and radiotherapy machines work.

3.2 Method of Computation

The effective (average) atomic cres=ction, and the effective electron cressction, of a compound

can be determined from the following equatifs&],

D T (3.1)

—r (3.2)

where™Q ¢ ¥B ¢ and® are the mole fraction and the atomic number of the constituent element,
respectively. * ' is the mass attenuation of thk constituent element. is the total number of atoms
of the constituent element in the molecule 8n@ is the total number of all atoms in the molecsle.
and 0 are the total number of atoms and the atomic weight ofittheelement in the molecule,

respectivelyD) isAvogadr o6s Number . Th& fcanfbéwritenasy e at omi ¢
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d’%f f <0 (3.3)

The effective electron densityy, (number of electrons per unit mass) is given as follows,

. ‘T o, ‘

Y _— 'U‘_(Qef f € (3.4)
Berger and Hubbell developed XCOM as a tool for calculating the mass attenuation coefficients and
photon interaction crossections for elements (Z=1100), compounds or mixtures in the energy range of 1
keV-100 GeV. This program waster enhanced and transferred to the Windows platfmmoh was
renamedas WinXCom[60]. The mass attenuation coefficients from different photon interactions are
obtained for BR and its comprising amiaocids (table3.1) using WinXConprogram. These values are

then used to calculate effective atomic numbBgrand effective electron density valuls for energy

range ofl keV-100 GeV.
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win
*oare

File Edit View Help

WinXCom - C:\Users\Morteza\Desktop\AMINO ACIDS.wxc

Ded @9 X & &

Substance Definition List

Partial Interaction Coefficients and T otal Attenuation Coefficients

#-(] Elements
=] Compounds
T Ala
15 Ag
@ Asn
-0 Asp
15 Glu
T G
I Gy
@ lle
-5 Leu
15 Lys
T Met
-1 Phe

Bl Mistures

"y EEESEIEE

Energy (MeV] | Coherent [cm2/g)|  InCoherent Photo Electric PAIR Nuclear PA&IR Electron Sum [cm2/g) | Sum NonCoherent
[em2/g) [em2/g) [em2/g) [em2/g) [em2/g)

1.000E-003 2.96E+002  3.49E+000 7.26E+005 0 0 7.26E+005 7.26E+005

I 1.500E-003 2.69E+002  6.99E+000 2.38E+005 0 0 2.39E+005 2.38E+005
B 2.000E-003 2.38E+002  1.08E+001 1.05E+005 0 0 1.05E+005 1.05E+005
B 2.472E-003 2.10E+002 1.43E+001 5.69E+004 0 0 5.71E+004 5.69E+004
|16 K 2.472E-003 2.10E+002  1.43E+001 6.01E+004 0 0 6.03E+004 6.01E+004
B 3.000E-003  1.82E+002 1.79E+001 3.43E+004 0 0 3.45E+004 3.43E+004
B 4.000E-003 1.39E+002  2.35E+001 1.46E+004 0 0 1.47E+004 1.46E+004
B 5.000E-003 1.09E+002 2.77E+001 7.45E+003 0 0 7.58E+003 7.47E+003
B 6.000E-003 8.84E+001 3.07E+001 4.27E+003 0 0 4.39E+003 4.30E+003
B 8.000E-003  6.22E+001  3.48E+001 1.76E+003 0 0 1.85E+003 1.79E+003
B 1.000E-002 4.71E+001  3.73E+001 8.75E+002 0 0 9.59E+002 9.12E+002
B 1.500E-002 2.78E+001 4.11E+001 2.42E+002 0 0 3.11E+002 2.83E+002
B 2.000E-002 1.85E+001 4.30E+001 9.62E+001 0 0 1.58E+002 1.39E+002
B 3.000E-002 9.69E+000 4.43E+001 2.58E+001 0 0 7.98E+001 7.01E+001
B 4.000E-002 5.92E+000  4.42E+001 1.01E+001 0 0 6.02E+001 5.43E+001
B 5.000E-002 3.98E+000  4.36E+001 4.84E+000 0 0 5.24E+001 4.84E+001
B 6.000E-002 2.86E+000 4.27E+001 2.65E+000 0 0 4.82E+001 4.54E+001
I 8.000E-002 1.67E+000 4.09E+001 1.03E+000 0 0 4.36E+001 4.20E+001
1.000E-001 1.09E+000  3.92E+001 4.92E-001 0 0 4.08E+001 3.97E+001

B 1.500E-001  4.97E-001 3.55E+001 1.31E-001 0 0 3.61E+001 3.56E+001
B 2.000E-001  2.82E-001 3.26E+001 5.17E-002 0 0 3.29E+001 3.26E+001
I 3.000E-001 1.26E-001  2.84E+001 1.46E-002 0 0 2.85E+001 2.84E+001
B 4.000E-001  7.12E-002/ 2.55E+001 6.27E-003 0 0 2.55E+001 2.55E+001
B 5.000E-001  4.56E-002/ 2.33E+001 3.38E-003 0 0 2.33E+001 2.33E+001
B 6.000E-001  3.17E-002 2.15E+001 2.11E-003 0 0 2.16E+001 2.15E+001
B 8.000E-001 1.78E-002  1.89E+001 1.06E-003 0 0 1.89E+001 1.89E+001
I 1.000E+000 1.14E-002  1.70E+001 6.62E-004 0 0 1.70E+001 1.70E+001
B 1.022E+000 1.09E-002 1.68E+001 6.16E-004 0 0 1.68E+001 1.68E+001
B 1.250E+000  7.31E-003  1.52E+001 4.18E-004 3.90E-003 0 1.52E+001 1.52E+001
B 1.500E+000  5.08E-003 1.38E+001 3.03E-004 2.16E-002 0 1.38E+001 1.38E+001
I 2.000E+000  2.86E-003  1.18E+001 1.91E-004 8.60E-002 0 1.19E+001 1.19E+001
B 2.044E+000  2.73E-003 1.16E+001 1.84E-004 9.27E-002 0 1.17E+001 1.17E+001
B 3.000E+000 1.27E-003  9.28E+000 1.06E-004 2.46E-001 3.25E-003 9.53E+000 9.53E+000
B 4.000E+000  7.14E-004 7.74E+000 7.30E-005 3.99E-001 1.33E-002 8.15E+000 8.15E+000
B 5.000E+000  4.57E-004 6.68E+000 5.53E-005 5.35E-001 2.64E-002 7.25E+000 7.25E+000

Figure3.1: Snapshot of WinXCom program.
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Table3.1: Molecular formula of comprising amino acids of bacteriorhodopsin. The amino acids in each
of the graphs are referred by their number specified in the table. Bacteriorhaotogsins an Asx1 or
an Asx2 as well as a GIx1 or a Glje2].

Number Present in

Number Name Abbreviation  Molecular Formula Bacteriorhodopsin
1 Alanine Ala CsH/NO, 29
2 Arginine Arg CeH1aN4O2 7
3 Asparagine Asn C4HgNO3 3
4 Aspartic Acid  Asp C4H/NO, 8
5 Asx1 C4H/NO, 1
6 Asx2 C4HgN203 1
7 Glutamine GIn CsH10N203 3
8 Glutamic Acid Glu CsHoNO, 9
9 GIx1 CsH10N203 1
10 GIx2 CsHgNO, 1
11 Glycine Gly C;HsNO, 25
12 Isoleucine lle CeH13NO, 16
13 Leucine Leu CsH1zNO, 36
14 Lysine Lys CeH1aN20,

15 Methionine Met CsH1NO,S 8
16 Phenylalanine Phe CoH1INO, 13
17 Proline Pro CsHgNO, 11
18 Serine Ser CsH/NO; 13
19 Threonine Thr C4HNO3 18
20 Tryptophan Trp C1H1N,0; 8
21 Tyrosine Try CoH1iNO3 11
22 Valine Val CsH1iINO, 21

3.3 Results and Discussion

3.3.1 Mass attenuation coefficients

The dependence of mass attenuation coeffi¢i@htof BR and its amino acids to photon energy is shown
in Figure 3.2. There ardwo pointsat which the slope of the totaiterctionswith the coherent plot is
significantly changed. Those points define three ranges of energies related to domaanit&ractions:
photoelectric absorption, incoherent (Compton) scattering and pair produgtiis; trend matches

previous reportg57], [58]. Also, except between 100 kel MeV, the mass attenuation coefficient
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shows variation with chemical compaosition of amino acids. This is due to the dependeng-ohatter
interaction crossections to atomic numbef the target materialnteraction crossection is an indicator
of the likelihood of interaction of the incident photons with the target aliot@raction crossection is
proportional to Z for incoherent scatterind,f@ pair production, Zor Z* (depending on the energy) for

coherent scattering and @ Z° (depending on the energy) for photoelectric absorption.

1E+4 ] .. —1
% Mass Attenuation Coeffieicnets 2
for Amino Acids 3
1E+6 % Mass Attenuation Coefficients —4
E 1E+3 E2 [ of Bacteriorhodopsin (Asx1 and Glx1) ——g
~ T .
~ = = 1E+3 1 ©
(S 1 Ca 6
S . E 7
-lg 1E+2 — ‘é 1640 = —8
'S T 5 -9
% T E 1E-3 i 10
8 1E 1 E i ——Coherent " 11
+ = § 16 + —InCoherent e
g + g T —Photoelectric 1;
. T 2 = — Pair Production - Nuclear ) T T
.(FU T 2 1E-9 [ ——Pair Production - Electron ", o » 14
g T 1 &+ —Sum (With Coherent) \\'\ 15
Q 1E+0 + T~ Sum NonCoherent \_\N
t,‘ ¥ " 1E-12 - - i P L
< T ' 1E-3 1E-1 1E+1 1E+43 1E+5 16
w 1 Energy (MeV) . 17
(7]
© 4
2 1E-1 =
1E-2 -
1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Energy (MeV)

Figure 3.2: Mass attenuation coefficients of amino acids of bacteriorhodopset shows the mass

attenuation coefficient of bacteriorhodopsin for different interactions.

34



3.3.2 Effective atomic number

The effective atomic numbers for different photon interactions at varying photonienarg shown for

BR in Figure 3.3. In the total interactions (with coherent), there are three areas where variatiqn @f
against photon energy is minimdhese areas arelD keV, 0.110 MeV and above 10@eV.

For photoelectric effect, theZ varies between 6.9 and 8.1. For coherent scatteringiath®f BR
increases until about 800 keV, then becomes largely independent of photon energies. For incoherent
scattering,d} s @f BR increases quickly untiabout 400 keV after which it is largely constant and
independent of photon energy. The valuesyof are within 6.056.85 and 2.5 3.7 for coherent and
incoherent scattering, respectively.

Pair production (electric field) does not occur until afterM@V. &, ¢ is independent of energy until
about 10 MeV where thé, ; hegins to decrease. Pair production in the nuclear field does not occur until
after 1 MeV. Thed, ; gradually decreases as the photon energy increases until about 10 GeV where it
becones almost constant.is worth mentioning that the effective atomic nhumbers can be also calculated

in an easier way using a hew software called Agd63].
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Figure 3.3: Effective atomic number of bacteriorhodopsin for partial and total interactions.
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3.3.3 Effective electron density

Effective electron density JNof BR and its comprising amino acids shothe same trend as effective
atomic number against energy of photons. This trend is observed not only inipeetadtionsbut also

in total interaction processes.

3.4 Radiation oncology applications

The BR radiation sensos designed to béested using auperficial xray machine (Gulmay Medical
D3000 DXR, Gulmay Ltd., Chertsey, UK) and a linear accelerator (Varian CLINAC 21 EX, Varian
Medical Systems, Inc.). As such, we emphasize omtes attenuation coefficien&sand N,values of

BR for 10200 keV and 120 MeV photons. The calculated results are shown in Appendix. Algand

N of comprising amino @ds of BR are given in tables 335. The above radiation sources have a
continuous spectrum of energies. Thus, for practical applicatiqp$a8 to be spectrabeighted[63].

The dominant interaction of-¥ay and target depends on the energy of the beam and the atomic number
of the target. The comprising chemical elements of amino aci8Rihmave low atomic humbers. The
dominant interaction of Xay photons with BR under superficiatrdy beam(100-150 kV tube potential)

is photoelectric effect, while Compton scattering is dominant forpB&on inteaction under Linear

Accelerator Xray keam(6-15 MV X-ray beam).
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Table3.2: Effective atomic numbers of amino acids for total photon interactions (with coherent) at photon ene2gi@&e\d.

Energy
(keV)

12.49 6.43

20 5.51 5.25 5.86 6.14 6.14 5.86 5.64 5.89 5.64 5.89 5.86 4.92 4.92 4.99 10.58 5.26 5.31 5.88 5.61 5.36 5.52 5.07
30 4.55 4.37 4.98 5.28 5.28 4.98 4.73 4.99 4.73 4.99 4.92 4.00 4.00 4.07 8.03 4.49 4.42 4.93 4.65 4.63 4.72 4.13
40 4.13 4.00 4.57 4.85 4.85 4.57 4.33 457 4.33 457 4.48 3.64 3.64 3.70 6.33 4.16 4.04 4.48 4.22 4.33 4.37 3.75
50 3.95 3.84 4.38 4.65 4.65 4.38 4.15 4.37 4.15 4.37 4.28 3.48 3.48 3.55 5.40 4.02 3.87 4.28 4.03 4.19 4.22 3.59
60 3.85 3.76 4.28 4.55 4.55 4.28 4.06 4.28 4.06 4.28 4.18 3.41 3.41 3.47 4.90 3.95 3.79 4.18 3.93 4.12 4.14 351
80 3.77 3.69 4.20 4.47 4.47 4.20 3.98 4.19 3.98 4.19 4.09 3.34 3.34 3.40 4.43 3.89 3.72 4.09 3.85 4.06 4.07 3.44
100 3.74 3.66 4.17 4.43 4.43 4.17 3.95 4.16 3.95 4.16 4.05 3.31 3.31 3.37 4.24 3.86 3.69 4.05 3.82 4.04 4.04 3.41
150 3.71 3.63 4.14 440 4.40 4.14 3.92 4.13 3.92 4.13 4.02 3.29 3.29 3.35 4.09 3.84 3.67 4.02 3.79 4.02 4.02 3.39
200 3.70 3.63 4.13 4.39 4.39 4.13 3.91 4.12 3.91 412 4.01 3.28 3.28 3.34 4.05 3.84 3.66 4.01 3.78 4.01 4.01 3.38
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Table3.3: Effective atomic numbers a@mino acids for total photon interactions (with coherent) at photon energEMeV.

Energy
(MeV)
1 3.69 3.62 4.12 4.38 4.38 4.12 3.90 4.11 3.90 4.11 4.00 3.27 3.27 3.33 4.00 3.83 3.65 4.00 3.77 4.00 4.00 3.37
2 3.70 3.63 4.13 4.39 4.39 4.13 3.91 4.12 391 4.12 4.01 3.28 3.28 3.34 4.02 3.84 3.66 4.01 3.78 4.01 4.01 3.38
3 3.73 3.65 4.16 4.42 4.42 4.16 3.94 4.15 3.94 4.15 4.04 3.31 3.31 3.37 4.07 3.86 3.68 4.04 3.80 4.03 4.04 3.40
4 3.77 3.68 4.19 4.45 4.45 4.19 3.97 4.18 3.97 4.18 4.08 3.34 3.34 3.40 4.13 3.89 3.72 4.08 3.84 4.06 4.07 3.44
5 3.80 3.72 4.23 4.49 4.49 4.23 4.01 4.22 4.01 4.22 4.12 3.37 3.37 3.43 4.19 3.92 3.75 4.12 3.88 4.09 4.10 3.47
6 3.84 3.76 4.27 4.53 4.53 4.27 4.05 4.26 4.05 4.26 4.16 3.41 3.41 3.47 4.26 3.96 3.79 4.16 3.92 4.13 4.14 351
7  3.88 3.80 4.31 4.58 4.58 4.31 4.09 4.30 4.09 4.30 4.20 3.44 3.44 3.51 4.33 3.99 3.83 4.20 3.96 4.16 4.17 3.54
8  3.93 3.83 4.35 4.62 4.62 4.35 4.13 4.34 4.13 4.34 4.25 3.48 3.48 3.54 4.40 4.03 3.86 4.25 4.00 4.20 4.21 3.58
9  3.97 3.87 4.39 4.66 4.66 4.39 4.17 4.38 4.17 4.38 4.29 3.52 3.52 3.58 4.46 4.06 3.90 4.29 4.04 4.23 4.25 3.62
10 4.00 3.91 4.43 4.70 4.70 4.43 4.21 4.42 4.21 4.42 4.33 3.55 3.55 3.62 4.53 4.09 3.94 4.33 4.08 4.26 4.28 3.66
11  4.04 3.94 447 474 474 447 425 4.46 4.25 4.46 4.37 3.59 3.59 3.65 4.59 4.13 3.97 4.37 4.12 4.29 4.31 3.69
12 4.08 3.98 451 4.77 4.77 451 4.28 450 4.28 450 4.41 3.62 3.62 3.69 4.65 4.16 4.01 4.41 4.16 4.32 4.35 3.73
13 412 4.01 454 4.81 4.81 454 432 454 432 454 444 3.65 3.65 3.72 4.71 4.19 4.04 4.45 4.19 4.35 4.38 3.76
14 415 4.04 458 4.84 4.84 458 4.35 457 4.35 457 4.48 3.68 3.68 3.75 4.77 4.22 4.08 4.48 4.23 4.38 4.41 3.79
15 4.18 4.08 4.61 4.88 4.88 4.61 4.38 4.60 4.38 4.60 4.51 3.71 3.71 3.78 4.83 4.25 4.11 452 4.26 4.41 4.44 3.82
16 4.22 411 4.64 4.91 4.91 4.64 4.42 4.63 4.42 4.63 4.55 3.74 3.74 3.81 4.88 4.28 4.14 455 430 4.44 4.47 3.85
18 4.28 4.16 4.70 4.97 4.97 4.70 4.47 4.69 4.47 4.69 4.61 3.80 3.80 3.87 4.98 4.33 4.19 461 4.36 4.49 452 3.91
20 4.33 4.22 476 5.02 5.02 4.76 4.53 4.75 4.53 4.75 4.67 3.85 3.85 3.92 5.07 4.37 4.25 4.67 4.42 4.53 4.57 3.97
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Table3.4: Effective electron densitieus_ X107 (electrons/g) of amino acids for total photon interactions (with coherent) at photon energies 10
200 keV.

Energy

(keV)
10 6.03 5.91 5.40 5.18 5.18 5.40 5.65 5.47 5.65 5.47 5.67 6.53 6.53 6.42 10.08 5.39 5.91 5.68 5.96 5.11 5.30 6.42

20 4.84 472 454 445 4.45 454 4,64 458 4.64 4.58 4.70 4.97 4.97 4.93 854 4.41 4.72 4.72 4.83 4.26 4.40 4.95
30 4.00 3.93 3.86 3.82 3.82 3.86 3.90 3.88 3.90 3.88 3.94 4.04 4.04 4.02 6.48 3.76 3.93 3.95 3.99 3.69 3.77 4.04
40 3.63 3.59 3.54 3.51 3.51 3.54 3.57 3.55 3.57 3.55 3.59 3.67 3.67 3.66 5.11 3.49 3.59 3.60 3.63 3.44 3.49 3.66
50 3.47 3.45 3.39 3.37 3.37 3.39 3.42 3.40 3.42 3.40 3.43 3.52 3.52 3.51 4.36 3.37 3.44 3.43 3.46 3.33 3.36 3.51

60 3.39 3.38 3.32 3.30 3.30 3.32 3.35 3.33 3.35 3.33 3.35 3.44 3.44 3.43 3.95 3.31 3.37 3.35 3.38 3.28 3.30 3.43
80 3.32 3.31 3.26 3.23 3.23 3.26 3.28 3.26 3.28 3.26 3.28 3.37 3.37 3.36 3.58 3.26 3.31 3.28 3.31 3.23 3.25 3.36
100 3.29 3.29 3.23 3.21 3.21 3.23 3.25 3.23 3.25 3.23 3.25 3.35 3.35 3.34 3.43 3.24 3.28 3.25 3.28 3.21 3.22 3.33
150 3.26 3.27 3.21 3.18 3.18 3.21 3.23 3.21 3.23 3.21 3.23 3.32 3.32 3.31 3.30 3.22 3.26 3.23 3.25 3.20 3.20 3.31
200 3.25 3.26 3.20 3.18 3.18 3.20 3.22 3.20 3.22 3.20 3.22 3.32 3.32 3.31 3.27 3.22 3.25 3.22 3.25 3.19 3.20 3.30
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Table3.5: Effective electron densitieus_ X107 (electrons/g) of amino acids for total photon interactions (with coherent) at photon enet@ies 1
MeV.

Energy
(MeV)

1

2 3.25 3.26 3.20 3.18 3.18 3.20 3.22 3.20 3.22 3.20 3.22 3.32 3.32 3.31 3.24 3.22 3.25 3.22 3.25 3.19 3.20 3.30
3 3.28 3.28 3.22 3.20 3.20 3.22 3.25 3.22 3.25 3.22 3.24 3.34 3.34 3.33 3.28 3.24 3.28 3.24 3.27 3.21 3.22 3.32
4 3.31 3.31 3.25 3.22 3.22 3.25 3.27 3.25 3.27 3.25 3.27 3.37 3.37 3.36 3.33 3.26 3.30 3.27 3.30 3.23 3.24 3.36
5 3.34 3.34 3.28 3.25 3.25 3.28 3.31 3.28 3.31 3.28 3.30 3.40 3.40 3.39 3.38 3.29 3.34 3.30 3.33 3.26 3.27 3.39
6 3.38 3.38 3.31 3.28 3.28 3.31 3.34 3.31 3.34 3.31 3.34 3.44 3.44 3.43 3.44 3.32 3.37 3.34 3.37 3.29 3.30 3.43
7 3.41 3.41 3.34 3.31 3.31 3.34 3.37 3.35 3.37 3.35 3.37 3.48 3.48 3.47 3.49 3.35 3.40 3.37 3.40 3.31 3.33 3.46
8 3.45 3.45 3.37 3.34 3.34 3.37 3.40 3.38 3.40 3.38 3.41 3.51 3.51 3.50 3.55 3.38 3.44 3.41 3.44 3.34 3.36 3.50
9 3.48 3.48 3.40 3.37 3.37 3.40 3.44 3.41 3.44 3.41 3.44 355 3.55 3.54 3.60 3.41 3.47 3.44 3.47 3.37 3.39 3.53
10 3.52 3.51 3.44 3.40 3.40 3.44 3.47 3.44 3.47 3.44 3.47 3.59 3.59 3.58 3.66 3.43 3.50 3.47 3.51 3.39 3.41 3.57
11  3.55 3.54 3.46 3.43 3.43 3.46 3.50 3.47 3.50 3.47 3.50 3.62 3.62 3.61 3.71 3.46 3.53 3.51 3.54 3.42 3.44 361
12 3,59 3.58 3.49 3.46 3.46 3.49 3.53 3.50 3.53 3.50 3.54 3.66 3.66 3.64 3.76 3.49 3.56 3.54 3.57 3.44 3.47 3.64
13  3.62 3.61 3.52 3.48 3.48 3.52 3.56 3.53 3.56 3.53 3.57 3.69 3.69 3.68 3.81 3.51 3.59 3.57 3.61 3.47 3.49 3.67
14  3.65 3.64 3.55 3.51 3.51 3.55 3.59 3.55 3.59 3.55 3.59 3.72 3.72 3.71 3.85 3.54 3.62 3.60 3.64 3.49 3.52 3.70
15 3.68 3.66 3.57 3.53 3.53 3.57 3.61 3.58 3.61 3.58 3.62 3.75 3.75 3.74 3.90 3.56 3.65 3.62 3.66 3.51 3.54 3.73
16  3.70 3.69 3.60 3.55 3.55 3.60 3.64 3.60 3.64 3.60 3.65 3.78 3.78 3.77 3.94 3.58 3.68 3.65 3.69 3.53 3.56 3.76
18 3.76 3.74 3.64 3.60 3.60 3.64 3.69 3.65 3.69 3.65 3.70 3.84 3.84 3.83 4.02 3.63 3.73 3.70 3.75 3.57 3.61 3.82
20 3.81 3.79 3.68 3.64 3.64 3.68 3.73 3.69 3.73 3.69 3.74 3.89 3.89 3.88 4.09 3.67 3.78 3.75 3.79 3.61 3.64 3.87
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3.5 Discussion

Electrical conductivity originates from transpart charged particles inside a medium and under the
influence of an electric field. Electrical conductivity of BR is very close to that of insulp@is
According to the model of radiation induced conductivity in insulators, the eleatanductivity of the
irradiated insulator (i.e. BR) is increased undera}{ radiation[64]. Also, in this model the time
dependent density of free electrons in an irradiated insulator is proportional to its electrical conductivity
and depends on radiation enef§$%]. Therefore, the density of freectrons in the insulatas increased

under radiation andhe electrical conductivityunder radiation depends on the energy of the beam.

Radiation induced current is a direct result of radiation induced conductivity.
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Chapter 4
Use batt eri or haosd odpnsasenn s o r

4.1 Megavoltage (MeV) X-rays beam energy range

TheBR sensor with PETTO-(BR, Kapton}ITO-PET layers was tested under Varian linear accelerator

for its response to megavoltagerdys. The results of characterization are presented in this chapter.

4.1.1 Linear accelerator

Experiments are performed using Varian CLINAC 21 EX linear acateley (Varian Medical Systems,
Inc.) at Grand River Regional Cancer Centre, Kitchener, Ontario. Ftay XYenerator is capable of
producing 6MV and 15MV Xay beam at different dose rates of 1800 MU/min. The Xray beam
source can be positioned at diffat gantry angles and distances from the target, and is capable of
providing various beam shapes. In this study, we keep 1m distance betweairtkeasd target and the

gantry is set to zero (i.beam is vertical to the sensor surfad¥e also use squafield shape only.

4.1.2 Measurement set up for experiments with LINAC

Each sensor is placed on a 10 cm block of water phantom which is intended to represent the target. The
sensor is positioned such that it is at the center of @ayXbeam with a square giel field of (i)
10cnmx10cm fordifferentdose rats, (ii) 7.5cmx7.5cm for repeatability test, (iii) 3 cxBcm, 6¢cnx6 cm, 9

cmx9 cm, 12cml2cm and 15cmil5cm for current measurement versus different field sizes. The
electrodes are directly connected to an Agilent 3458A multimeter (Agilent Technologies, Inc.). This
multimeter is able to measure nanoampere electrical current. The multimeter is contrall@dolgyam

written in Matlab on a computer. The program continuously records the real time nanoampere current
with the sampling rate of 5 Hz. No external bias voltage was applied in the measurement. The multimeter
measures current by placing an internalrshu r esi st or of 545.2 kY across
the voltage across the resistor and calculating the current by dividing voltage by resistace.
calibration of the linear accelerator is traceable to an accredited national dosimetry tghNRG,

Ottawa, Canada).
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“computer

Figure4.1 Varian linear accelerator in Grand River Cancer Centre, Kitchener, Onitarsomachine has
been used as anpdy source for characterization of the fabricated sensors.

4.1.3 Variation with dose rate and beam energy

Figure4.2 illustrates the response of the fabricated radiation sensor to different radiation dose rates. The
sensor is irradiated by 6 MV-Kay radiation for dose rates of IBD0 MU/min for 12 s.

The recorded change in the electrical current shows a steep rigefalhdollowed by a plateau. Such
response is independent of the amount of dose rate and the energy eftheadiation. This is clear in
Figure4.3 for the radiation energy of 15MVas well. Increasing the dose rate causegeasén the

generated electrical current. After thera§y beam is turned off the current also drops to its initial value
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such that no residual current in addition to the initial current is observEdyjure4.3, it is observedhat

an increase in the energy of the radiation from 6 MV to 15 MV enhances the produced current. Such
increase is amplified at higher dose rates. The respdribe sensor is also compared to a control sensor
which does not have the BR coating. The iratlelectrical current generated by the BR molecules under
X-ray radiation iscalculatedby subtracting the response of the control sample from the sensor with BR
coating.Table4.1 presents the averaged induced current generatedibgraa of BR molecules under 6

MV and 15 MV Xray radiations. Such information can be very useful in designing radiation sensors

based on BR coated on a different substrate.
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Figure 4.2: Electrical current induced in the
flexible BR sensor under 0.2 minute of 6 MV X
ray radiation. Different dose rates are applied
(100 MU/minT 600 MU/min) and the field size

is 10 cm x 10 cm.A): Response of the control
sample (substrate only). B The sensor
(substrate + BR) shows an up and down in the
beginning and then the current becomes stable.
(C): The current generated by BR molecules

only.
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Figure4.3: Increasing the energy from 6 Mié

15 MV causes a rise in the induced current for
different dose rates. A): control sample
(substrate); B): sensor (substrate + BR)C)

BR only.(field size =10 cm x 10 cm).



Table4.1: Averaged radiation induced current per area generated from BR molecules only.

6 MV 15 MV
100 0.14649 0.28434
200 0.26170 0.59558
300

0.35761 0.92012
400
500 0.45230 1.20156
600 0.52597 1.49167

0.64694 1.88327

4.1.4 Variation with field size

To test the effect of radiation field size on the induced current, the radiation sensor was irradiated by
X-ray under constant energy (15 MV), dose (100 MU) and dose rate (600 MWtmiw)th different

field sizes. The result is presentedrigure4.4. An increase in the magnitude of the induced current

is observed with the increase of theay field size. In the initial response of the senware is a rise

and fall efore the plateau which ideaer when the size of the -Xay field is much larger than the

area of the sensor (3 &® cm). This can be attributed to the scattering electrons that are released by

the background materials.
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Figure4.4:(A): Effect of choosing different Xay radiation field sizes on the induced current. The
sensor (substrate + BR) is irradiated with 100 MU of 15 MYa) radiation and under the dose rate
of 600 MU/min.(B) The sensor (substrate + BR) is irradiated with different doses of 6 &y X

radiation (100 MU600 MU) under constant dose rate of 600 MU/min. The radiation induced charge
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is calculated by integrating the current over radiation time. Sensor sh@xseadient linear response

to the dose increaggeld size = 10 cm x 10 cm).

4.1.5 Variation with absorbed dose

It is also possible to use the sensor to make measurements based on electric charge instead of electric
current. Different radiation dosassing 6 MV Xray beamare delivered ata dose rate o600

MU/min. The collected current (i) was integrated over radiation time to calculate the induced electric
charge (C), C = "M 0The result illustrates an excellent linear response for radiatiors dd<skO@

600 MU (Figure 4.4). The radiation induced charge is increased with an increase of the radiation
dosage. The befit line which includes all data points is as follows, T8tuv ¢ P @

T 1T Y Where C is the electric charge manoCoulomb (nC) and D represents radiation dose in

monitor unit (MU).

4.1.6 Repeatability test

The response of a radiation sensor has to be repeatable under the same experiment conditions. The
radiation sensor is irradiatagsing 15 MV X-ray beam(600 MU/min) for 2 s followed by 2 s of
relaxation time and this process is repeated 6 tifffiggire4.5). The radiation field size is 7.5 cm

7.5 cm. The initial response of BR is a steep rise and fall which tends to turn iateaupguickly.

The average electric current measured is 0.35 nA and the relative standard deviation iS06e90%.

results given irFigure4.5 is taken by one sensor only.
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Figure 4.5: Repeatability test result of real time current induced in the BR sensor (substrate + BR)

under 15 MV Xray radiation with dose rate of 600 MU/min (field size =éhbx 7.5 cm).

4.1.7 Sensing mechanism

X-ray interacts with matter through different ways such as photoelectric absorption, elastic and
inelastic Compton scattering, and pair production. These interactions produce different types of
electrons such as photoelexts, Auger electrons, Compton recoil electrons as well as fluorescent,
coherent or Compton Xay secondary photons. The dominant interaction and the result of the
interaction highly depend on the energy of the interactimgyXbeam and the composition thie
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target. BR consists of 2 4 8 -helinal mundlesaimsidedthe lipidh t h e
membrang28]. Amino acids contain mostly elements with low atomignbers (Z) such as C (Z =

6), H (Z = 1), N (Z=7) and O (Z = 8). In the interaction of few MVra¢ radiations with lowZ
materials, the dominant interaction mechanism is Compton scatt€hageleased Compton electron

can be collected by electrodes.

There areeviderces that BR disks have an unusuatge permanent electric dipole moment
perpendicular to the surfadé6], [67] . The permanent dipole moment is 4%DDfor membrane
fragments of 1 um diameter and it increases with the area of the membraf&¥HiSke direction of

the dipole moment is also the same as the proton pumping direction, i.e. from inside to outside of the
cell [68]. The proton pumping process in BR is related with diffusion phenomenon, however long
range electrostatic interactions between the dipole moment and the released protoetpntiag h
procesg67]. Although these results are for BR fragments in suspension, they might be also valid for
dry BR film as BR molecules keep their electrical propsrégen in the dry fornj9], [70]. We
therefore hypothesize that the permanent dipole moofdBR might be also a driving force for the
positive ions and electrons released from the BR molecules urnddiation. It also might have a

long range effect on the freed charges at the BROnterface.

4.1.8 Discussion

The totalradiationdetected by a radiation senssrcompris@ of two parts: primaryradiationand
scatterradiation[71]. The primary dose originates from those photons that the sensor is the first
material they are interacting with after being generated in the source. Wiremypphotons hit other
materials, scattered radiations are produced which isdheceof scatterradiation Radiations with

large field sizes generate more scatitercomparison with the smaller fields due to the increased
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chance of interaction of photsrwith the medium between the source and the target. This may

explain what is observed in 15&tbcm field size irFigure4.4 (A) as an initial uprise and drop.

Another phenomenon which occurs undegadiation isthe radiation nduced conductivity Some
examples in which this phenomenon has been observed include purple membrane and BR aqueous
suspensions irradiated with photons of 577 nm waveldi@@fh [73] and dry thin film of biological
macromolecules (i.e. DNA) irradiated byr&y [74]. Such effechas been also used to expl#ie
response of other-Xay sensors like diamond dosimetgf5], [76] andcarbon fiber radiation sensor

[77]. X-ray absorption studies on BR and purplembrane have shown absorption spectrum over a
wide range of Xray energie$78], [79] . When the BR disk is irradiated by MV-pay radiation, the
absorption of thednizing radiation causes a temporary change in the electrical conductivity of the BR
thin film through the production of positive ions and electrons. The movement of the produced
charged particles is affected by the current already in the circuit andcpbdharges with opposite

poles move in opposite directions. Such movement reinforces the initial current. As a result, the
electrical current passing through the BR disk increases undertimng tddiation and returns to the

initial value when the beamseaoff. The dose rate and therefore the intensity of thiayXradiation
determine the number of photons per second shined on the BR disk. This defines the number of
produced charges in the BR disk which also specifies the change in the current.

A disk ofr = 3 mm of dry BR on a 3cr3cm square of ITO coated PET substrate is able to produce a
measurable radiation induced current signal which is distinguishable from the signal of the control
substrate. Therefore, utilizing a smaller substrate while keepmn@hcoated area unchanged may
significantly increase the signal to noise ratio. The best case is expected to be the one in which BR is

coated all over the substrate. Ideally, the substrate can be as small as a BR molecule. This suggests
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the possibility ofintegrating an array of micrscale radiation sensors based on BR. BR molecules
proved to be highly sensitive to-pdy radiations. Comparing with other radiation dosimeters, BR
sensor does not require a bias voltage for operation and providesmeadse and dose rate
information BR sensor is also easy to operate and the measurements show low noise at room
temperature. The stability of dry BR film in high temperature is-aualled for patterning micrometer

and possibly nanometer scale designs on & wadge of substrates. BR can be sandwiched between
two layers and can be totally isolated from the environment around. As such, the sensor can be made
compatible to chemically harsh environments. The possibility of making BR sensors out of flexible
substates opens up opportunities for radiation monitoring applications on curved surfaces. BR is a
commercially available biomaterial. Mass production of the BR radiation sensor is possible due to the

simplicity of the deposition and fabrication process.
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4.2 Kilovoltage (keV) X-rays beam energy range

There are several applications of kilovoltageays in radiation therapy including the treatment of
basal or squamous cell carcinomas of the skin and the palliative irradiation of bone me&@tases

very good quality assurance of radiation therapy of patients should include -pptieifit in vivo
dosimetry, whereby the radiation dose delivered to the patient is measured during the treatment.
Recent radiation therapy incidents involving high dose delivery to patients in tH81JKas also
demanded the use of in vivo patient dosineter measure the radiation dose delivered for those
treatments where an independent check of dose cannot be carried out by other means. The use of
some current technology for in vivo patient dosimetry is either cumbersome or inadequate. For
example, Metabxide-semiconductor field effect transistor (MOSFET) dosimeters have short life
time, ionization chambers are not miniaturizable and thermoluminescence dosimeters (TLDs) are not
reaktime. The purpose of thisectionis to present the results of using faimirhodopsin for

superficial xray sensing, which has the potential for in vivo patient dosimetry.

4.2.1 Superficial X-ray machine

The superficial Xray machine is &ulmay Medical D3000 DXR (Gulmatd., Chertsey, UK) Xray

unit at the Grand River Regional Cancer Center in Kitchener, Ontario. There are generally two main
types of kilovoltage Xays beams used for therapy; the superficimbyX beams which typically are
generated at tube potentiagging from 50 to 160 kV, and the orthovoltageay beams which are
generated at tube potentials ranging from about 160 to 500 kV. The Gulmay D3000 DXR which was
used for this study operates at tube potentials from 80 to 150 kVp. The system is fully user
configurable across its range of operation with regatdtie potential (kVp), tube current (mA) and
external added filtration, making it possible to obtain a wide range of beam qualities. A range of

circular operended cone applicators (15 and 25 foous-to-surface distance (FSD)), are used to
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define the radiation field size on the patient. Lead cutouts are also used to further define any beam
shape or size as needed. The dose output calibration of the unit is achieved by determining the
absorbed dose lileered to a reference point for a fixed time using one reference applicator, which is
defined for each beam energy. The calibration of the unit is traceable to an accredited national
dosimetry laboratory (NR@ttawa, Canada). Different quality assuratests are performed on this

unit daily, weekly, monthly and annually to ensure the consistency and reproducibtlity output

of the unit. The unit has been configured to the radiation beam characteristics given thTable

Table4.2: Summary of the tube potential, tube current and beam quality parameters.

Effective Mean
Tube Tube | Measured| Refereme
. o Photon Photon _
Filter | External Filtration Potential | Current HVL Output
Energy Energy )
(kVyp) (mA) (mm Al [ (cGy/min)
(keV) (keV)
1 0.8 mm Al 23.3 36.6 80 4.0 1.1 350.0
2 2.0 mm Al 29.2 40.9 80 8.0 2.3 319.9
0.1mm Cu +
3 41.2 53.2 100 10.5 5.0 274.4
1.8mm Al
0.3mm Cu +
4 55.1 64.7 120 11.2 8.1 254.0
1.1mm Al
2.0mm Cu +
5 91.6 95.2 150 18.0 13.8 167.8
1.2mm Al
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electrode
- connections

Figure4.6 Superficial Xray source used for characterization of radiation sensors under kilovoltage

X-ray beam
4.2.2 Measurement set up for experiments with superficial X-ray machine
The tube potential ranges from 80 to 150 kVp, corresponding to mean photon beam energies of
36.6 keV and 95.2 keV, respectively. The tube current ranges from 4.0 mA to 10 mA and the half
value layers ranges from 1.1 mm Al to 13.8 mm Al. For a ssdelseam quality different dose rates
can be achieved by varying the source to target distance. Unless otherwise mentioned, the source to
sensor distance is 15 cm and the diameter of the cone is 5 cm.
The sensor was placed along the central axis of e la&d on a 10 cm thick block of water
equivalent phantom (solid water) to provide adequate backscatter. The electrodes are directly
connected to an Agilent 3458A multimeter (Agilent Technologies, Inc.). The multimeter records the
real time current on a ooected computer. The sampling rate of data acquisition is 10 Hz. No

external bias voltage was applied in the measurement.
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4.2.3 Results

In order to study the response of BR sensor undexyXbeam irradiation, various variables such as
radiation beam energypde rate, dose and field size aomsideredFigure4.7 presentsadiation

induced current in the BR sensor under dose rates of 50, 100 and 150 cGy/min for radiation energies
of 100, 120 and 150 kVg-or each tube potential energy, the moving average of the measured current

is also calculated based on sets of 10 data points. In each graph, the moving average is shown on the
right for more clarity. The average current increases linearly with theasemef the dose rate. The

magnitude of the radiation induced current is in the range of 10 pAto 0.1 nA.
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Figure4.7: Response of BR sensor under dose rates of 50 cGy/min (blue), 100 cGy/min (red) aGy/hf
(black) for tube potential energies of 100 kVp , 120 kVp and 150 kVp. For each energy, response of control
sample(sensor without BRor three dose rates are also presentdtich have lower values comparing with

BR sensor. Xay machine is on gtoint A, however it does not reach its set values before pointrByXs off
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at point C. For each tube potential energy, the moving average is calculated based on sets of 10 data points and

shown on right.

The initial response of the sensor is a negatignal with a sudden increase to a level which stays as

a plateau during radiation. When the radiation beam is turned off, the signal disappears with no
residual effect. Experiments are also repeated for a control sensor. The control sensor is exactly th
same as the BR sensor without the sensing material (BR). For all the above energies, BR sensor not
only resolves different dose rates but also there is a distinguishable difference between the response
of the control and BR sensor. This suggests thaintia response to-¥ay radiations is coming from

BR molecules. Radiation induced current by BR molecules is calculated by subtracting the control

signal from the sensor and the resuusnmarized iMable4.3.

Table4.3: Average radiation induced current per area generated in BR molecules only.

Dose Rate Average Radiation Induced Current per Area (pAjcm
(cGy/min) 100 kV, 120 kV, 150 kV,
50 70.81 58.56 35.99
100 114.08 89.99 54.17
150 144.48 114.76 56.76

At each energy, current rises when the dose rate is increased. The measured signal decreases slightly
as energy is increased to 150 kVp. This might be due to more contribution from Comptomeffect
higher energies in comparison with dominant photoelectric effect in lower energies. Since the main
constituents of BR are amino aci@8], BR molecules interact with-¥ays as a low effective atomic

number (low Zeff) material. While the change in energy is not dramatic, it is significant enough to
produce overlap for dose rates of different energies. However, as long as the energydidtibe i®

known, measured induced current for each dose rate is unique and can be recorded in real time. The
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dose dependence of BR sensor was tested by irradiating the sensor with»80@aMbeam at a dose

rate of 291.6 cGy/min (SSD = 15 cm) for 0.5115, 2 and 2.5 min. The collected induced current is

then integrated over radiation time to calculate radiation induced charge in the sensor, which is

presented imC. The response is relatively linear and there is an increase in charge as the irradiated

dose on sensor increas€gre4.8).
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induced charge (nC)

1.5 n

/

Figure 4.8: BR sensor for radiation dose

radiations for 0.5, 1, 1.5, 2 and 2.5 minutes

|
1.5 2.0 25

time (min)

measurement. Sensor is placed under 80-fidyp X
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We also tested the sensor under differeattiation field sizes and the average induced current

increasedy ~42% when we increased the diameteradiiationfield size from @=1 cm to @= dm

(Figure4.9). As theradiationfield size is increased, it covers an area larger than the sensor, and so

not all the photons in the beam
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Figure4.9: Response of BR sensor under different field sizes for 80 k¥ayXadiation with dos

rate of 291.6 cGy/min (SSD= 15 cm). Values shown on horizontal axis are diameters of the radiation

field. The field size is changed by replacing the cones with different diameters at the head -of the X

ray machine.
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interact with the sensor. Thereforkis not expected that the response of the sensor changes linearly
with the increase in field sizelypically, radiation dose increases with radiation field size an
gradually plateaus. Therefore, it is expected that the plateau occurs in larger field\ sigkssble

radiation sensor is one which generates repeatable signals under the same irradiation conditions. The
BR sensor was irradiated with 80 k\(ray beam a& dose rate of 291.6 cGy/min (SSD = 15 cm) for

12 s followed by 12 s of relaxation time and this process was repeatetrfasSfFigure4.10). The

average measured induced current is 34 pA and the relative staegi@tibd is 7% Also, to dieck

the reproducibility performance of two sensamhich have been fabricated equally was tested under

the same radiation conditionswo sensors were placed under 150, B/ray beam for one minute

(@= 5 cm, FSD=15 cm). The average currents measured for these sensors were 49 pA and 57.7 pA.

Relative standard deviation of the signal for these two sensors is 8.15%.
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Figure4.10: The sensor is irradiated by 80 kVpr&y with dose rate of 291.6 cGy/min (SSD= 15 cm)

for 12 s followed by 12 s of relaxation time and this process is repeated for 5 times.

4.2.4 Discussion

X-ray absorption of BR has been studied for a wide range of en§rg§lesn keV energy range, X

ray absorption of cation binding sites in the purple membrane has been studied for energies of <10
keV [79]. In the interaction of few 10s keV photons withwvid materials, the dominant interaction
mechanisms are photoelectric effect and Compton scattering. While the dominant interaction in lower
energies is photoelectric effect, in higher energies Compton scattering becomes dominant. This has

been observed imteraction of photons with amino acif8?]. To get higher dose rates, the source
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head is placed closer to the sensor. For atanhdose rate, this distance is closer for higher energies.

In this case there is less back scattering and as such less Isigrmhparison with current radiation
sensors and dosimeters, BR sensor is a biomaterial based radiation sensor and works based
measuring theadiation induced currenfs the data is collected and recorded in real time, history of
received dose with detail is stored and the total accumulated dose can be calculated. However,
sensitivity of this sensor to background dose in taaidacilities over long time has not been tested

yet. Current response time of sensor is 100 ms. A better data acquisition system is required to
measure any faster response titdader the superficial Xay machine, wénave tested BR sensor
under tube pentials ranging from 80 to 150 kVp. In diagnostic radiology, tube potentials ranging
from 40 to 150 kVp are used. The main difference between the spectrum we used and that of
diagnostic radiology is that the superficedectrum is heavily filtered to em& a relatively high

mean energy where as in diagnostic radiology the total filtration is relatively low (about 1 mm Be). If
miniaturized, an array of this sensor can also be used in beam calibraticrapfrXachines for

radiation therapy.
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Chapter 5
An -rXayensor for diagnostic radiology

bi smuth sul fide

BR sensor has been tested under a linear accelerator with megavoltage energy beam and a superficial
X-ray machine with a kilovoltag&-ray beam. The irradiation time under each of the abovayX
sources was more than 10/hen tested under diagnostier&y machines, the responseBR sensor
was not satisfactorgind the level of noise was highhe best signal to noigatio for BR £nsor was
obtainal under megavoltage -y beam.One of the important differences the application of
diagnostic Xray machinesand radiation therapyX-ray sourcess in ther irradiation time For
imaging few millisecondsof irradiation suffice, whileseveral secorsdand up to few nmutes of
irradiation may be requireth radiation therapyThe goal of this chapter is to fabricate a radiation
sensor for diagnostic-¥ay machinegor usage at room temperature

Development of radiation detectors basedigh atomic number and high density materias been

of interestfor more than a decad&hese materialbave excellent detection efficienciand higher
photon stopping powefenergy lost per unit thickness travellg8B]. They alsohave attnuation
coefficients,which are higher than that eensingmaterials frequently used in radiation detection.
For example, lead has an attenuation coefficient wigchO timeshigher than the attenuation
coefficient of germanium asomeenergiesRadiation detectors based on high atomic number and
high density materialsuch as lead iodide (RbI[84], thallium bromide (TIBr)[85] and mercury
iodide (Hgb) [86] have been fabricated arested under different radiation energies

Bismuth has a higatomic number of 83 and density of 9.78 gic8o far, severaloom temperature
radiation detectors have been fabricated based on bismuth compounds &isinulk triiodide
(Bil3) [87][88]. Bismuth sulfide(Bi,S;) is an invaluablemetal chalcogenidavith applications in
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optoelectronic, thermoelectric, and photoelectrochemical de[8&slt has awide band gap of 13

1.5 eVwhich allows low noise operation at room temperaf@f. In the nanometer scale, bismuth
sulphide can be formed in structures such as quaipts[91], [92], nanorods and nanofibei@3],

[94], [95]. These materials can be used in bottgmmicro/nanofabrication processes or for new
applications. Fo example, there are several thermoelectric applications proposed for bismuth
nanowireg96]. Polymer coated bismuth sulfide nanoparidhave also been used as contrast agent
in X-ray computed tomograph97].

In this chapterwe have fabricated a rei@ine radiation sensor capable for use in the diagnostic
radiology departments. Tfabricate the radiation sensor, an easy solth@sed fabrication method is
used to create a thin film of £8; on a mechanically flexible substrate. This sensor is capable of
detectingfew 10kilovoltage X-ray photonsunder commercially available diagstr radiology Xray

machines. It requires low bias voltage for operation and can potentially be miniaturized.

5.1 Materials and Methods

5.1.1 Bismuth sulfide

Bismuth sulfide thin film is formed othe conductive side of an indium tin oxide (ITO) coated
polyethylere terephthalate (PET) shd®t means of chemical deposition. First, the {PBT sheet is
cutinto 2.5 cm x 4.5 cm rectangles by laser and desitled tape is used to mount each rectangle on

a glass slide. Part of the ITO side where ITO electrodes wittbieed, does not require bismuth
sulfide coating and is covered by a 1 mm thick polydimethylsiloxane (PDMS) rectangle (15 mm x 25
mm). A thin layer of uncured PDMS is applied on the bottom of the cured PDMS rectangle to bond

the PDMS rectangle on ITO artds left at room temperature for 48 hours for complete curing.
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Figure5.1: Transferring the PDMS layer to the PET ITO sheet using uncured PDMS to bond the two.

lCured PDMS
Bath solution
ITO
PET

7blass (microscope slide and jar walls)
—Tape

Figure5.2: PET-ITO sheets mounted to microscope slides, sitting in the bath solution.
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For the first solution, 24.25 g of Bi(NR -5 H,O is stirred in with 70 mL of triethanolamif@€EA).

After stirring, distilled water is added to get a total of 100 mL. 5 mL of the aforementioned solution is
separately mixed in with 2 mL of a 1 M thioacetamide (TA) solution. Distilled water is added to get
50 mL total. Thickness of the depositeththim is controlled by chemical bath time. The slides were

left in the bath for six hours and then placed in a second, fresh bath for four more hours. This
technique is known as the 6édouble dipbd deposit]
digtiled water, and dried using a hair dryer [98]. Formation of bismuth sulfide thin film is
confirmed by scanng electron microscopyF{gure5.8b) andenergydispersve X-ray spectroscopy
(Figure5b.9).

The microscope slide is replaced with a clean one and the coating process is follayegadition

of a 100 nm thick layer of gold. The PDMS layer is removed and the sensor and electrodes are etched

away by laser ablation of Au, bismuth sulfide and ITgefa.

Au
.Bist

ITO

PET

Figureb.3: Laser etch cutting through surface layers to fabricate the sensing area, preventing

electrical connections across etch.
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lAu
Bi-Ss

ITO
PET
Cold Solder

—
Figure5.4: Top electrode: cold solder is used to bridge the gap from the etch to connect the gold layer
to the ITO. Bottom electrode: ITO.
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Figure5.5: Summary of fabrication process of bismuth sulfide sensor.
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Figureb.6: Etch design for an array of 3 x 3 sensors on a 50 mmx70 mm sheet and the fabricated

array of sensors.

Variation of photon mass attenuation coaeflf i ci ent

using WinXCom prograrb9], [60].

5.1.2 Diagnostic X-ray imaging machine

The Ysio digital X-ray radiography system (Siemens) at Grand River Hospital, Kitchener, Ontario
was used for irradiating the sensaosder kilovoltagediagnostic Xrays for millisecond irradiation
time. Unless otherwise mentioned, beam field size was 3 cm x 5 cm and the sensor was placed at a

distance of 25 cm from the-My target.
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Figure5.7: Diagnosic X-raymachine used for characterization of radiation sensors under kilovoltage

X-ray beam
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5.1.3 Measurement set up for experiments with diagnostic X-ray machine

For characterizationaeh sensor is placed on a 10 cm thick block of solid water phantom (30cm x
30cm) during irradiation. A Keithley 6487 picoammeter and voltage source (Keithley Instruments) is

used for current measurements.

5.2 Results

Bismuth sulfidethin film with thickness 200 nm isformed on ITO layer. Theabricated radiation
sensor is comprised of 4 layers: a flexible PET substrate, ITO coating, a thin film of bismuth sulfide
and a 100 nm thick layer of gold. Photon mass attenuation coefficients of each layer aaedaioul
photon energies rangingoim 10 keV to 150 keVHigure 5.8 d-g). It is observed that the mass
attenuation coefficients are higher forr&y photons <50 keV. Most of the mearra§ energies used

in diagnostic radiology and computed tomography machineghin such energy range.
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Figure5.8: (a) Fabricated sensor is comprised of 4 layers: a flexible PET substrate, ITO, a thin film of
bismuth sulfide and a layer of golgh) SEM image of thin film oBi,S;. The scale bar is 200 nm; (c)

This sensor is mechanically flexible. Photon mass attenuation coefficients of each layer are calculated
for photons energies in the range 118D keV (d) Au; (e) bismuth sulfide; (f) ITO; (g) PET;
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PRI

500

keV

Figure5.9: Formation of bismuth sulfide thin film on ITO surface is confirmed by endigpyersive

X-ray spectroscopy.

The sensor has a re@he response under-day irradiation. The response of the sensor is an increase

in curent when the sensor is irradiated withrag. This current is stored in a computer memory
which can be used in real time or can be accessed later. The generated signal in the sensor is
repeatable under the sanmeadiation conditions Figure 5.10) and has been observed for an

irradiation time as short as 20 ms.
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e0000:

current (pA)
X-ray on

Figure5.10: Reading was taken Au- (Bi,S;)-ITO-PET sensor for Xay radiationThis was
repeated 4.5 s later. Machine was set for typical exposure parameters for a new born childaghest X
image, thus: 0.5 mAs, 20 ms, 40 Jddbe potential, 12 cm x 20 cm field. The applied bias voltage

was 1uV.

The fabricated sensor is characterized in terms of different mAs (product of irradiation time and X
ray tube current) and mA (tube current) values of tlrayXmachine. These two values determine the

total delivered dose. Result of the charagtdion is then compared to that of an ion chamber. For

this purpose a Farmer ion chamber is used, which is widely employed for Linear Accelerator absolute
dosimetry and other dosimeter calibration. The liberated charges in the ion chamber are measured
usng an exposure meter (electrometer). In the first experiment, the exposure parametersrafythe X
machine is set from 40 mAs to 160 mAs (500 ms, 40ptk¥e potential, 3 cm x 5 cm field size) and

the signal on the sensor is measured and compared totral s@nsor and the ion chamber. The
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current per it area of the sensoFigure 5.11, black line) is higher than that of a control sensor
comprsing PETFITO-Au layers Figure5.11, redline). The response of the sensor versus the change

in mAs is linear and shows the samentt as the ion chamber (Figur®,7inset).
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Figure5.11: Changing mAsrom 40 to 160 and measuring current per sensor aréa-{Bi,S;) -
ITO-PET sensor (black). Result is compared with the control sensor (red) which does not have the
bismuth sulfide layer. The setting on theay machine was as following: 500 ms, 40, kibe
potential, 5 cm x 3 cm field. The applied bias voltage was 1mV. Inset shows reading of a Farmer ion

chamber under the same experiment conditions.

In the second experiment, the tube current in th@yXgenerator is changed from 400 to 560 mA
(200 mAs, 40 kV, tube potential, 12 cm x 20 cm field). The response of the sensor varies linearly
with the change of current (Figurel®). This current directly determines the photon fluence. The

linear trend is also confirmed by the remgdon the ion chambdFigure5.12, inset).
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Figure5.12: Changing tube current from 400 mA to 560 mA omna¥ machineand measuring
current with Au (Bi,S;) -ITO-PET sensor. The setting on thaa§ machine was as following: 200
mAs, 40 kV, tube potential, 20 cm x 12 cm field. Inset shows reading of an ion chamber under the

same experiment conditions.
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Figure5.13: Changing tube potential from 40 kVp to 150 kVp omay machine and measuring
currentwith Au- (Bi,S;) -ITO-PET sensor. The setting on thaa§ machine was as following: 100
mAs, 500 ms, 40 kMtube potential, 20 cm x 1@n field. No bias voltage was applied for current

measurement. Inset shows reading of an ion chamber under the same experiment conditions.

The fabricated sensor is sensitive to beam energy. The response of the sensot30 &Y, tube
potentialsis presented inFigure 5.13. The generated current increases with increase of the tube
potential. This no#inear response is also confirmed by the megf the ion chamberf~{gure5.13,

inset). In comparison to other energies, the sensor shows relatively constant current at 40 gnd 60 kV
One may roughly estimate the range of the meaayXenergies to be ~ 3 keV for 40- 150kV,.

In this range of energy (up to 50 keV), photoelectric absorption is dominant for relatively high atomic
number medium (i.e. bone) will absorb several times as much energy than relatively low atomic

number materials (i.e soft tissue). In comparisdnhigher energies, where Compton is the main
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interaction process (200 keV to 2 MeV), all materials, mass for mass, absorb nearly the same amount
of radiation.

One of the advantages of this sensor is its capability to operate under very low bias voliages. T
response of the sensor to negative and positive bias voltages is gikeguia5.14. For all bias
voltages, the induced current increases under irradiation. A difference in the magnitude of the induced
current is also observed when the sign of the bias voltage is changed dhe to the difference in

charge to mass ratio of negative and positive charges and ions.
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Figureb5.14: Changing bias voltage and measuring current Mith(Bi,S;) -ITO-PET sensor. The
current is increased under radiation (pink). An asymmetry is observed due to the difference in charge
to mass ratio of negative and positive charges and ions. The setting onapengchine was as
following: 100 mAs, 500 ms, 40 kMube potential, 5 cm x 3 cm field. Inset shows reading of an ion

chamber under irradiation for the same setting eayXmachine.
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5.3 Discussion

The fabricated sensor has proved to be capable of measuring rddiation for very short exposure

time. However this does not restrict the application of the sensor to only diagnostig Machines.

In radiation therapy, the exposure time is in the range of a few ten seconds while in diagnostic
applications the exposure time is within millisecond range. As duishrequired that the dose data is
recorded for longer period of time when used in radiation therapy. The drawback may be an increase
of thermal effect in bismuth sulfide over longeadiation time which may significantly decrease the
signal to noiseatio[99], [100].

Dominant interaction of Xay photons with matter depends on atomionber of the irradiated
material and the energy of therdy beam. Bismuth sulfide is a highmaterial with an ffective

atomic number varying between 78.5 and 82.75 felSM keV photon energiesigure5.15). The

dominant Xray matter interaction for such atomic number and eneripeghotoelectric effect.
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Figure5.15: Effective atomic number of bismuth sulfide from 180 keV photon energies.
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An ion chamber works based on collection of charges and ions produced by ionization in gas under
radiation, however in the fabricated sensor the ionization in solid mategapisited to allow the
detection of radiation. In addition to that, there is an increase in the conductivity under radiation.
Transport of charged particles inside a medium and under the influence of an electric field is the
source of electrical conducttyiin materials. lonizing radiations such agays are able to increase

the conduction in insulators and semiconductors by depositing energy in the material and exciting
valence electrons to the conduction band. This phenomenon is called radiation icahuaactivity

(RIC). RIC is the difference between the conductivity of the material measured under irradiation and
with no radiation[24]. Due to the presence of the bias voltage, the charges and ions generated are
directed towards the opposite poles and an increase in current is obJdm@etiovement of the
induced charged patrticles is affected by the current already in the circuit ageindgrated charges

with opposite poles move in opposite directions. Such movement and RIC effect reinforce the initial
current. RIC has been used to explain the response of oftagrsénsors such as diamond dosimeters
[75], [76]. RIC is also not limited to Xay radiations and has been used for sensing other types of
radiationg64], [101]. As such, the fabricated sensor may find other applications in radiationggensin
space technology and the nuclear industry.

An advantage of the fabricated sensor is the possibility of scale down to micrometer scale.
Miniaturization of such dosimeter may lead to fabrication of an array of small dosimeters which can
be used forbeam symmetry and flatness checks, radiation and field light coincidemtdeam
detection purposes. As the fabrication process is relatively easy and cheap, this sensor will be mass
producible and cost effective. The flexibility of this dosimeter mayded for new applications in
radiation dosimetry on curved surfaces. While the response of the fabricated sensor can be compared

to that of an ion chamber, it does not require high bias voltage for operation and this can introduce
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novel applications forhis sensor for accurate dosimetry. Since the response of the sensor is recorded
and stored on a computer memory, the data can be accessed later and cumulative dose can be
calculated. As such, the fabricated sensor can be used for patient specific insiiwetdy to manage

patient and target dose before and during radiation treatment.
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Chapter 6

Radi ation sensors based on nanor

Application of a biomaterial in a radiation sensor has its own advantages and disadvantages. While
the performance of the sensor is satisfactory and the fabrication process is easy, the cost of the
biomaterial per unit weight is relatively high. Other mni@e which are more cost effective are
nanomaterials. 1 mg of BR is sold for $658awever, 250 mg of singiealled carbon nanotube costs
$356. The multwalled carbon nanotubes are 100 times cheaper than-siatieel per unit weight
(SigmaAldrich Co). In addition to solving the cost issue, nanomaterials can be a candidate for
fabrication of radiation sensors due to their specific physical and chemical properties: (i) Some of
them(i.e. carbon nanotubgsre radiation resistant, which adds to the dlitglif the radiation
sensof102]; (ii) Depending on their geometry and size, their band gap can be engifi®3jed

which provides flexibility in designing the radiation sengii); The fabrication processes related to

application of nanomaterials in sensors have been well devdlbpéid

The motivation of this chapter is to make the connection between engineering the bandgap of the
nanomateriathrough size changend its result on the output of the measured radiation induced

conductivity orcurrent under irradiation.

6.1 Conductivity

Conductance of an object is the ratio of the current passing through that object to the applied voltage
across the object. The Sl unit of conductance is seimens (S) which is equal to the coadicanc
object which carries 1 A current if 1 V potential difference is applied across the object. Conductance,

G, is equal to the inverse of resistarie¢, S =Y
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Electrical conductivity or specific conductandg,is the ability of a material to conduct an electric
current. The Sl unit of electrical conductivity is siemens per meter'§S.m
Conductance and specific conductance of an object with léragitd crossectionA are related by
the following equation:

o ,- (7.1
This equation is valid as long as the current density is uniform in the conductor. Long thin conductors
such as wires have this condition.
Conductivity is based on the existence of free charge carriers in the materials (i.e. electetads
and ions in a melting or dissolving salt).
Conduction can be explained by the electronic structure of the material and the band model. An
energy band is a range of allowed electron energies. According to this model, there are two energy
bands (alence and conduction band). The population of electrons in each band and the width of the
band gap between them affect the conductivity of the material. The band gap is the energy difference
between the top of the valence band and the bottom of the ¢mmdband. Insulators have large
band gaps and semiconductors have smaller band gaps. Conductors have very small band gap or
none, because of the overlap of the valence and conduction band.
In metals, the valence band is nearly filled with electronsthack are many free electrons in the
conduction band. In semiconductors only few electrons exist in the conduction band and an insulator

has almost no free electrons in the conduction band.

6.2 Radiation induced conductivity (RIC)

lonizing radiations such as(-rays are able to increase the conduction in insulators and
semiconductors by depositing energy in the material and exciting valence electrons to conduction

band. This phenomenon is called radiation induced conductivity (RIC). RIC is the differencenbetwee
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the conductivity of the material measured under radiation and with no radiation. RIC has been
studied well for insulator and semiconductor bulk materials.
RIC is a temporary change in the conduction of the material and the carrier life time ofdladda
material determines the response ti@arrier life time can be changed by introducing trapping sites
in the target material by doping. If the material is pure crystalline, then the ionizing radiation can also
change carrier life time by introducimgdiation damage to its structure.
Standard theories of RI[101] predict that the increase in the conductivity of the irradiated material
is proportional to the rate of absorption of raidiatenergy by unit mass of the irradiated material i.e.
dose rate:

, Oy T rvys?¥ (7.2)
The proportionality factofQ , is a function of temperature and properties of the irradiated material,

while ¥ "Y depends on the temperature only:

— ¢ — & a (7.3)

X& 8

In (7.3), i is capture cross section of conduction electrons by fixed hioleandd  are the electron

and hole effective masse€s. is the mass densityQis the charge of an electron, anglis electron
mobility. 'Q also depends on the average energy absorbed to excite an electron from the valence
band into the conduction band, which is shown .as

Y "Y is a function of the temperature of thergde (T) "Y is a constant of the material which has the
dimension of temperature and lies between T and198%], [106] [107], [108] If "YI| Y, then

YO p. Also, if"Y© "YthenY© 1@. These two limits set the top and bottom value¥ wf be 0.5 and
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1@ Y p). WhileY p shows a uniform distribution of traps in enerdy, T® represents a
material with a steeply exponential distribution of trapBquations 7.3) and {.4) are driven with

the assumption that at equilibrium, the distribution of trapped statasaked exponentially below

the conduction band edge:

¢ O & QunorQry (7.5

In (7.5), O is the difference between the energy level of the state at the bottom of the conduction

band and the saely state Fermi level generated due to irradiation.

6.3 RIC for radiation sensing

RIC can be used for measuring radiation. RIC sensors and detectors have the advantage of measuring
radiation in the sulmanosecond domain. To experimentally measure RIC in a sample under radiation,
the sample is connected to two electrically conductive electrodes and a bias voltage is applied to
define a direction for the flow of induced charges. Indungdent is then measured. The range of this
current isbetweennanoampere to picoampere. In another way, electrical resistance of the sample is
directly measured under radiation and then conductivity is calculated according to the geometry of the
sample.

The focus of this chapter is to investigate the possibility of fabricating nanosensors for radiation
sensing based on RICThe fabrication process of radiation sensors based on nanomaiterials
bottomup process compared the topbottom strategy usefr bulky materials. As such, there is a

lot of flexibility on the geometry of the sensor and its customization according to its applications.
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6.4 Dependence of band gap on particle size

The effective mass model of quantum confinement shows the dependetiee lind gap of a
nanomaterial to its siZg 09], [110] Equation {.6) shows that for a nanopatrticle, the band ¢&p (

depends on the particle radiu$ és well as its electrical properties:

GeO 2 8 8 (7.6).

- o}

Here,O is the bulk band gap in eV, is the mass of a free electrpnis the relative permittivity

and is the permittivity of free space.

6.5 Radiation induced conductivity in nanomaterials
According to 7.3), the proportionality factor @  can be written as the product of two terms: one
contains the average lihigap energy and the second part+), which is a function of electrical

properties of the sample and temperature,

Q -8 7 (7.7)

— (— &4 (7.9).

As nanomaterials are usually comprised of only low number of atoms, one can estimate the average
band gap to be equal to the band gap of the single nanomategal@ ). Equation 7.6) can then be

written as below:

e o - — X&)

pFQ ﬁ “0 P P

T Q 4 & & a X® T
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. TH ¢ Q P p
© 2 T“F a a a & X® p

The proportionality factorQ can then bealculated by substitution of.Q) in (7.7):

o _g. - L7 X® ¢8

Substituting 7.11) in (7.1), relation of RIC with particle size and radiation dose rate can then be

determined by:

” -8 < T 8\ Y X®¢ o

6.6 Carbon nanotube radiation sensor

6.6.1 Fabrication

A glass capillary with the size of 0.02 mn®2 mm x 5 cm is filled with single wall CNT suspension

(1 mg in 100 ml DI water). The ends of the capillary are closed and connected to wires by cold solder.

6.6.2 Set up

The sensor iplaced under 15 MV Xay radiations with dose rate of 600 MU/min. Thedislze is
10 cm x 10 cm and there is a distance of 100 cm between the source and the sensor. The wires are
connected to a multimeter which measures and records the change in electrical resistance of the

sensor.
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6.6.3 Results

Figure 6.2 shows experimental data for a radiation sensor based on carbon nanotube (CNT)
suspension that works based on RWore than 7% increase in the conductance of CNT suspension is

observed undeadiation. The conductance gimmediately after Xay is off.

Capillary glass tube filled with CNT suspension

[

Cold solder electrodes

Figure6.1: Fabrication of CNT sensor using a capillary tube
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Figure6.2: Radiation induced conductivity in carbon nanotube suspension under 15 MV, 600

MU/min X-ray radiation.
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For single wall CNTs with diameter of 3 to 5 A, band gap varies between ~ 0.24 to 0.0D21§V
The associated change in RIC is calculatsithg equations 7.2 and 7Bigure6.3). ForY p, RIC

increases ~ 10 times if the radius of CNT is incredse2i A.
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3.0 35 4.0 4.5 5.0

Diameter of carbon nanotube (A)

Figure6.3: Comparison of calculated relative radiation induced conductivity for different diameters

of carbon nanotubes.

6.7 Zinc oxide nanoparticle radiation sensor

As another example, we compare RIC for different sizes of ZwaDoparticles.ZnO is a
semiconducting and piezoelectric material which has been fabricated in several different geometries
such as nanocombs, nanorings, nanohelixes, nanobelts, nanowires and nanocages. Such great variety

of nanostructures have led to &pation of ZnO in nanosensors, nanocantilevers and field effect
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transistord112]. ZnO has been also used in radiation seng3], [114] For ZnO nanopatrticles
(0] 3.2eV, a 0.26,a 0.59 and 8.59109]. The band gap varies between ~ 4.7 to 3.2

eV for respective particle radius of 1 to 5 nfhese values are used équations 7.2 and 7.3 to

calculate the relative values of RIC.

6.7.1 Results

Figure 6.4 shows the dependence of RIC to size of ZnO nanoparticles at constant dose rate.
Depending on the value df change of the radius of ZnO nanoparticle from 1 to 5 nm increases the

value of RICfor 10% to 20%.
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Radius of ZnO nanoparticle (nm)

Figure6.4: Comparison of calculated relative radiation induced conductivity for different radii of

ZnO nanoparticles.

6.8 Discussion

When an insulating or a semiconducting substance is irradiated with ionizing radiations, the electrical
conductivity is increased. This is due to the increase in the number of charge carriers under radiation.
Under radiation, an electron is excited inton@doction levels, where it can either recombine with a

hole or becomes temporarily trapped. The trapped electron will be later thermally released into
94



conduction levels again. This electron is finally captured by a bound state and will recombine with a
hole The length of time that an electron remains in the conduction level is inversely proportional to
the numbenf traps. The photon energy ofrdy radiation is much larger than the bandddy) ¢f the
sensing material. On the averag&@ is required @ produce one free pair of carrigég].
Photoconductivity is a phenomenon related to absmrptf electromagnetic radiations. Such
radiations can be from ultraviolet, visible or infrared part of spectrum, for instance. In general,
photoconductivity is a special type of RIC. In fact, RIC can occur due to both electromagnetic and
nortelectromagneti radiations and as such is a more general term in comparison with
photoconductivity.

We employed the standard theory of radiation induced conductivity (RIC) and we showed that in
nanomaterials, RIC depends on the size of the particle. This is duefactthieat RIC is a function of

the band gap, which itself depends on the particle size in nanomaterials. In particular, we calculated
RIC for CNTs and ZnO nanoparticles. For CNTs, RIC increases dramatically when CNTs with larger
diameters are used. Thisdue to the fact that the band gap of CNT highly depends on its geometry

[111]
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Chapter 7

Concl usi on

7.1 Conclusions and contributions

The goals of this research were design, fabrication and characterization of novel radiation sensors
based on biomaterials andnomaterials. BRvas usedor real time measurement of kilovoltage and
megavoltage Xay beams. Furthermore, the potential application of nanomaterials in radiation
sensing was studied.

The major contributions and conclusions emerging from this researtistad below.

1 This research investigates the design, fabrication and characterization of a sensor based on BR for
the purpose of detecting-bay radiations. BR thin film coated and dried on ITO electrodes is
used to monitor Xay radiation exposure thugh changes in radiation induced electric current.

The performance of the sensor is evaluated for different dose rates, energies and field sizes. The
experiments under megavoltageray beam show that the output electric current of the sensor
increases athe dose rate or energy increases. The sensor also detects a higher signal when the
field size increases. It also measures a linear response in terms of integrated electric charge to the
change of radiation dosage. The response ofstdresor is in real tim andrepeatable. As
compared to other Xay sensors, the BR sensor is easy to fabricate, operate and can be
miniaturized. It is also cost effective and can be mass produced.

1 In addition to megavoltage-Kay beam, BR sensor was tested undeayXbeams 080 150 kVp
tube potentials, and for dose rates of 50, 100 and 150 cGy/min. A slight reduction in the radiation
induced current was observed as the energy of the radiation was increased. Under kilovpltage X
beam, BR sensor has a relatively linear resptosiose ad dose rate and providespeatable
results. Moreover, using BR sensor, ke\fay beams are measured in real time.
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1

The photon mass attenuation coefficients, the effective atomic numbers and electron densities of
BR and its comprising amino acidss calculated for the photon enerdidsee\i 100 GeV.

The theory of radiation induced conductivity (RIC) was applied to nanomaterials and dependence
of RIC to the size of the nanostructures was calculated. In carbon nanotubes (CNTs), RIC
increases dramiaglly when CNTs with larger diameters are used.¥omp, RIC increases ~ 10

times if the radius of CNT is increasbgl 2 A (from 3 A to 5 A) . The change in the radius of

ZnO nanoparticle from 1 to 5 nm increases the value of RIC for 10% to 20% (dependine
temperature) This result shows that in general, carbon nanotubes and ZnO nanoparticles of

higher radius magxhibit highervalues ofradiation induced current underadiation

The advantages of using biomaterials in fabricationrafigation sensor are as follew

T

Biomaterials have effective atomic number close to that of tissues. A tissue equivalent radiation
sensing material can be used in routine quality assurance and quality control in both diagnostic
and therapeutic Xay machies.

Functional biomaterials can be easily coated on conductive substrates.

BR has proved to havelatively goodsignal to noise ratio for radiation induced current under

megavoltage and kilovoltage-pays.

The advantages of using nanomaterials imi€ation of a adiation sensor are as follows

)l
T

Nanomaterialgan beused in bottorup fabrication techniques.

There are several techniques of coating and alignment of high aspect ratio nanostructures which
can be used for coating conductive amahconductive substrates. Not all of these techniques

require clean room facility or high vacuum systems.
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1 High aspect ratio nanostructures such as nanotubes and nanowires extensively increase the
surface area of the coated region.

9 The radiation induced oaluctivity is tunable according the geometry of the nanostructure.

Table7.1: Significant advantages of the fabricated sensors.

Real time/ Miniaturizable/ | Long life No bias No high
time voltage voltage
no post miniaturized
source
processing
Carbon \Y, \% \% Vv
nanotube
Bismuth V Vv \% \%
sulfide sensor
BR sensor Vv \% \% \% \

7.2 Recommendation for future studies

1 The Xray sources are not the only radiation sources available at hospitals and cancer centers. The
fabricated sensors can be tested under other radiation sources such as electron beam.

1 Radiation oncology is not the only application where radiation sensors and dosimeters are
required. The sensors and method of fabrication can be adjusted to requireinagbcations
in other industries such as space and security.

1 The fabricated sensors can be potentially miniaturized.
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An array of sensors and dosimeters can be fabricated. This willoatiee application of the

radiation sensor and enables the uséatee spatial distributiodata forthe measured quantity.

The sensors can be modified to become implantable. For this purpose, a wireless tramshatter a

biocompatable packaging hatgebe considered in design of the sensor.
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Appendix A
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22MeV only)
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Appendix B

Calculated data for bacteriorhodopsin and its comprising amino acids
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Figure 4 Effective atomic number of amino acids of bacteriorhodopsin for partial and total interactions.

105



6.1E+23 7_ Coherent 3.58+23 I Incoherent 3.268+23 Pair Production (Electron)
[ o —— 3.24E+23
6E+23 T
r 3£423 1 3.226423 )
5.0E+23 | . | 1 L \ Asx1 Glx1
. ] Asx1l Glxl 1 ’c; 3.2E+23 I !\ - Asx1 GIx2
= Asx1 Glx2 T F
= ] _ + ~ Asx1 Glx1 =3.18E423 \ Asx2 Glx1
E8 \
; 5.8E+23 - Asx2 GIx1 -Eg" 256423 " — Asxl GIx2 \E- : A ~ Asx2 Glx2
g 1 —Asx2 GIx2 5 ;/ Asx2 Glx1 $3.16E423 \
B 5.7E+23 S ¢ : g E
s 3 1 Asx2 Glx2 33146423
] s 2E+23 T
Z 5.6E+23 2 + Z23.12F+23 — \
5 5E423 [ 3.1E+23 ©
T 156423 7 3.086+23
5.4E+23 L
1 3.06E+23 —
5.3E+23 | 1E+23 W 3.04E+23 ‘ ‘ .
1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+45 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Energy (MeV) Energy (MeV) Energy (MeV)
T 7.5E+23 T . 7E+23 T
5.36+23 Pair Production (Nuclear) Photoelectric Total
5.34E+23 = Asx1 Glx1
6E+23 o = Asx1 GIx2
+
5.32e+23 — Asx1 Glx1 Asx2 GIx1
= Asx1 GIx2 T “ Asx2 GlIx2
5.3E+23 Asx2 Glx1 = 7E+23 .
I > )
> “Asx2 GIx2 go: T & 5E+23
S 5.28E+23 = s guaret SO vemervesetens
=1 o =
] < 8
[} T o
T 5.26E423 = ~Asx1Glkl | \ ,’fﬂ
> z T AsxlGhke | FAE23 ] \
5.24E+23 6.5E+23 Asx2 GIx1 b
| ~ Asx2 GlIx2 "\.,W
5.22E+23 ) : ‘u‘ 3E+23
i 5 S 1
5.2E+23 - e o
5.18E+23 —HHHHH——— HHHH—— - H——— - HHH 6E+23 2E+23
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E-3  1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Energy (MeV) Energy (MeV) Energy (MeV)

Figure 5 Effective electron density of bacteriorhodopsin for partial and total interactions.
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Figure 6 Effective electron density of bacteriorhodopsinX&20 MeV photons.
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