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Abstract

X-ray sensors are essential to many applications which are not limited to diagnostics and imaging
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 employed in the sensor, different types of X-ray sensors are
fabricated. However, available techniques of X-ray detection have been under development due to
specific shortcomings such as finite life time, low sensitivity, and post-processing 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 membrane of Halobacterium Salinarum,
has been used to fabricate a sensor to measure dose and dose rate of X-ray 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 for 1 keV-100 GeV
photons to better understand the interaction of BR with X-ray 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 to irradiated
particle size is given. In addition to that, an X-ray sensor based on thin film of bismuth sulfide has
been fabricated using laser micromachining and chemical deposition techniques. This sensor has been

characterized under a diagnostic X-ray machine with kilovoltage energy beam.
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Chapter 1

Introduction

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. On the other hand, when light is discussed in particle
theory, the energy of photons is considered. According to wave-particle 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 by the Planck’s equation (E= h v=h.c/A) with Planck constant h = 6.626x10** J.s. This equation is
also valid for other particles such as electrons and protons.

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 X-rays and gamma rays. The detection and measurement of the X-ray

radiation is the topic of this thesis.

1.2 Units of measurement in radiation sensing:

To quantify radiation measurements, several different units of measurement are used. The most applied

units of measuring radiation are introduced 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 difference across the resistance. 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 amount of energy required to pass an electron of charge e = 1.602 x 10 ™ C across a potential
difference of 1 V.
leV= 1602x10™CV=1.602x10"]J

1MeV= 1602x10™" ]

1.2.2 Units of measuring radiation dose

The energy deposited in or absorbed by unit mass (1 kg) of an irradiated material from radiation is called
Gray (Gy), which is the SI unit for absorbed dose. The older unit is the “rad”:

1lrad =0.01 Gy

1.2.3 Unit of measuring equivalent dose and effective dose

The effective biological damage 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 by defining a 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 weighting factor

WR is equal to 1 for X-rays, gamma rays and beta particles (¢” and e*) absorbed by human tissue, 20 for

alpha particles (He*") and a function of energy for neutrons.

Table 1.1: Radiation weighting factor 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. The effective dose (Sv), is defined as the
product of the equivalent dose and tissue weighting factor (WT). If more 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 create electric charges. The unit
of exposure is roentgen (1 R = 2.58%x10™ c/kg of air). One roentgen of gamma or X-ray radiation creates ~

10 mSv tissue dose [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 1 cGy under reference conditions (i.e. field size of 10cmx10cm, source-axis distance

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

1.3 X-ray generation mechanisms

X-rays were discovered by Rontgen in 1895 when a high electric voltage was passed through a cathode
ray (stream of electrons) tube filled with gas. He covered the tube, however he observed a fluorescent
light on a screen close by. He named this radiation X-rays.

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

processes can produce X-rays:



1.3.1 Bremsstrahlung (braking radiation)

Nucleus

photon

Figure 1.1: Bremsstrahlung (braking radiation)

In Bremsstrahlung process, the incident electron interacts with the electrons of the target atom through
electromagnetic forces and it is slowed down. If the energy of the incident electron is high enough, the
change in the kinetic energy of the incident electron as it slows down appears as X-ray photons. The
energy of none of the generated X-ray photons exceeds the initial kinetic energy of the incident electron.
The positive electric field of the nucleus may be strong enough in heavy elements to bring the incident
electron to complete stop. In this case, the total kinetic energy of the electron will be emitted as X-ray

radiation. X-rays generated from Bremsstrahlung process have a continuous spectrum.



1.3.2 Characteristic emission

photon

Figure 1.2: electron transitions in lower energy levels of atoms and generated characteristic X-ray photons

Characteristic X-rays are generated from electron transitions in lower energy levels of heavy atoms. K-
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 K-shell, another electron from a higher energy level will fill the position of
the released electron. The difference in the initial energy level of this electron and the K-shell appears as
an X-ray photon. The X-rays are called K, and Kg if the transitions are from n=2 (L-shell) to n=1 and
from n=3 (M-shell) to n=1, respectively. The emitted characteristic X-rays have sharp peaks in certain

energies associated with the difference between the atomic energy levels of the target atom.
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Figure 1.3 Measured X-ray spectrum of Cu. The characteristic Cu K, and Cu Kg radiation peaks in the
photon energy range from 7.5 to 9.5 keV are shown in B [2].

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 by the medium. The wavelength of these radiations is within the

range 10 A’to 100 A". The associated energy and frequency can be calculated by Planck’s equation.



The transfer of energy of X-ray photons to the irradiated matter occurs through the process whereby an X-
ray photon transfers its energy to an electron ejecting it from the atom and the electron depositing its
energy to the medium through excitation and ionization. In ionization, an electron is removed from the
atom or molecule and the target is left with a net positive charge. In excitation, an electron receives part
of the energy of the photon and moves to a higher level of energy. X-ray photons interact with matter

through several processes. The most important ones are described below:

Table 1.2: The range of wavelength, energy and frequency of x-ray and gamma radiations.

Wavelength 10 A 100 A’
Energy 0.124 GeV 124 ev
Frequency 3% 10" MHz 3x 10" MHz

1.4.1 Coherent scattering

photon

Figure 1.4: coherent scattering
In coherent or Rayleigh scattering, the incident photon interacts with an orbit electron without any energy
transfer and it is scattered at a small angle [3]. The energy of the scattered photon is the same as the
energy of the incident photon. Coherent scattering is likely to occur in the interaction of low energy

photons with high atomic number targets.



1.4.2 Photoelectric effect
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Figure 1.5: photoelectric effect
In photoelectric effect, a photon interacts with an electron (usually the innermost electrons) and the
energy of the X-ray photon is completely absorbed by the electron ejecting it from the atom [3]. Part of
this energy is required to overcome the electron binding energy to release the electron from the atom. The
rest of the energy of the photon appears as the kinetic energy of the released electron also known as the
photoelectron. According to the conservation of energy one can write

Er = WF + KE,

where E, is the energy of the incident X-ray 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 photoelectron. The
atom is then left in the excited state and the electron vacancy is filled by an outer orbital electron with the
emission of characteristic X-rays. Absorption of the produced characteristic X-ray photons results in the

production of mono-energetic Auger electrons.



1.4.3 Compton scattering
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Figure 1.6: Compton scattering
If the energy of the incident photon is much more than the binding energy of the interacting electron, the
electron interacts with the photon as a free electron [3]. The photon interacts with the free electron
transferring part of its energy to it and ejecting it from the atom. The rest of the energy appears as the
energy of the scattered photon which is lower than the energy of the incident photon. This is observed as a
scattered photon with longer wavelength and a recoil electron. The energy and direction of the recoil

electron and scattered photon can be calculated using conservation of energy and momentum:
h
Ar = A =01 = m—ec(l —cos6) (1.1)
In this equation, 4; is the wavelength of the incident X-ray photon and A is the wavelength of the

scattered photon. 0 is the angle of deflection 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
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Figure 1.7: pair production
Pair production occurs when the incident photon interacts with the electromagnetic field of the nucleus of
the target atom and an electron and a positron are created [3]. Positron has the same mass as an electron
but with opposite electric charge. The rest mass of an electron is 0.51 MeV and so the minimum photon
energy required for pair production to occur is 1.02 MeV. The kinetic energy of the electron and positron
is originated from the difference of the energy of the incident photon and 1.02 Mev. It is also worth
mentioning that pair production is an example of conversion of energy to mass according to Einstein’s

mass-energy conversion equation E=mc?.

1.5 Radiation measurement devices for medical applications

1.5.1 lonization Chamber

lonization chamber is based on ionization of gas under X-ray radiation, creation of electron- ion pairs and
collection of the charged particles [4], [5], [6], [7], [8]. At higher intensities of photons, higher number of
electron-ion pairs are created and collected. The effective voltage inside the chamber at time t can be

written as the following:

Veff(t) =V — Vnp(t) (1.2)
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V, is the static potential applied across the electrodes and V,(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 V, is equal to the addition of the potential energy of the charged

particles inside the chamber and their kinetic energy [8],
“CVE = SCV, + NoeEvyt + NoeEvyt  (1.3)
In this equation, the chamber has been assumed to be comprised of two parallel flat electrodes. %C‘Vo2 and

%CVnzp are the potential energy delivered by the voltage Vo and Vy,, respectively. NoeEv,t and NoeEv,t

are also kinetic energies of the negative and positive charges inside the chamber. E is the intensity of the
electric field (E= Vo/d, d= distance between electrodes), v, and v,, are the average velocities of negative
and positive charges, and N, is the number of ion pairs at time t. The above equation can be simplified as

the following:

(Vo = Vip) (Vo + Vi) = ZNC"ZOe (vn + vp)t  (L.4)

Assuming V,, + V,,, = 2V, we can finally find Vs,

Vers () =22 (vn + v,)t  (L5)

The advantages of an ion chamber are as following:

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

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

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

(i) Measurement of low current generated by low radiation requires 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 show thermoluminescence property. Electrons which have been
moved out of their initial state upon receiving X-ray 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. Under controlled heating conditions, the intensity of photons can quantify the
absorbed radiation dose. This phenomenon is called thermoluminescence and the materials which have
this property are used in thermoluminescent dosimeters (TLDs). These materials store 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 sensitive equipment over
longer periods of time [10], [11]. Thermoluminescent materials are packaged as small sealed capsules or
they are homogenously mixed with polymers and plastic materials. After being exposed to radiation,
TLDs are placed in a precisely temperature controlled electric heater and their photon emission is read.

Each thermoluminescent material has its own characteristic “glow curve”. The output light intensity
versus temperature is plotted to get the glow curve of the TLD. The total area under the curve is
proportional to the accumulated 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 incident radiation are important factors for
the choice of the TLD for an application. Sometimes a mixture of materials sensitive to different
radiations is used to make a TLD suitable for an environment where different types of radiations are
present. Also the fading time of the material has to be negligible in comparison to the time required for
irradiation and read out of the TLD. TLDs do not require any electronics for storing the exposure dosage

and they are small. TLD needs to be calibrated in order to convert its reading to absorbed dose.

1.5.3 Radiochromic film

Irradiation changes the color of radiochromic materials [12]. The color or image formation is initiated

through a chemical process in which the energy of the X-ray photons is transferred to the receptive part of
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the leuko-dye or colorless photomonomer molecule. A leuko dye contains molecules which can acquire
two forms, one of which is colorless [13], [14].

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

intensity of the incident beam (I;) to the intensity of the transmitted beam (1),
D o« log()  (16)
t

This technique of dosimetry provides 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 within sub-micron

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

1.5.4 MOSFET dosimeters

Metal oxide semiconductor field effect transistor (MOSFET) is a relatively miniaturized and accurate
dosimeter [15], [16], [17], [18], [19], [20]. Radiation creates electron-hole pairs in the oxide region, which
changes the threshold voltage of the MOSFET. This change can be used as a measure of the deposited
energy by radiation. The small size of the MOSFET provides high spatial resolution and in vivo usage
capability. However, MOSFETSs are very sensitive to instabilities in bias voltage and fluctuations in
temperature. They also have a short life time due to structural damage under radiation. MOSFETSs have

applications in photon, electron and proton radiation dosimetry.
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Table 1.3: comparison of the advantages in the current dosimetry technology

Real time/ Miniaturizable/ | Long life time | No bias No high
voltage voltage source
no post miniaturized
processing
TLD v v v v
lon chamber v v
Film v v v
MOSFET v v v

1.6 Research objectives

The research objectives of my PhD program have been the design, fabrication and characterization of
novel radiation sensors. The work includes (i) application of new materials for the purpose of radiation
measurement and (ii) understanding the radiation sensing mechanisms involved. In this work | have
fabricated several radiation sensors for detection and measurement of X-rays. 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 and Grand River Hospital in Kitchener, Ontario, Canada.

My original contributions to knowledge in this thesis are as following:

(i) An X-ray sensor was fabricated using Bacteriorhodopsin (BR), a proton pump protein in the cell
membrane of Halobacterium Salinarum. This sensor was used to measure dose and dose rate in the
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 for 1 keVV-100 GeV.
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(iii) An equation for radiation induced conductivity for nanoparticles is given. Relative radiation induced
conductivity for ZnO nanoparticles with different radii and carbon nanotubes with different diameters
have been calculated.

(iv) Laser micromachining and chemical deposition techniques have been used to fabricate an X-ray
sensor based on thin film of bismuth sulfide. This sensor has been characterized under an X-ray machine

with keV energy beam.

1.7 Thesis scope

This thesis is organized in 7 chapters. There are 5 core chapters which address the research objectives.
The results of chapters 2-4 have been published in 3 journal papers in “Biosensors and
Bioelectronics ’[21], “Sensors and Actuators B: Chemical” [22] and “Nuclear Instruments and Methods
in Physics Research B: Beam Interactions with Materials and Atoms ’[23] . The results of chapter 5 have
been published in a conference paper in Proceedings of the IEEE 11" International Conference on
Nanotechnology (IEEE Nano 2011, Portland, Oregon, USA)[24]. 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 flexible substrate and was tested under a LINAC X-ray source
with MeV energy X-ray beam.

In Chapter 3, characterization of the bacteriorhodopsin sensor under keV X-ray radiation is presented.
The source of X-ray for these experiments was a Gulmay Medical D3000 DXR superficial X-ray
machine.

In Chapter 4, a theoretical study of the interaction of X-ray photons with bacteriorhodopsin and its
comprising amino acids is provided for energy range of 1keV-100 GeV.

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

understand and study the change of radiation induced conductivity with the size of the materials in
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nanometer scale and to look at the possible applications of nanomaterials in fabrication of radiation
Sensors.

In Chapter 6, fabrication 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

Bacteriorhodopsin

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 response could be charge
separation or may be directing a flow of ions into or out of the cell which leads to generation of an

electrical potential in the structure of the organism.

There are only two main types of photoreceptor molecules in nature: retinal proteins (rhodopsins) and
chlorophylls [25]. Chlorophylls have vegetative and bacterial origin and exist in leaves of plants, seaweed
and bacteria. Rhodopsins have visual and bacterial nature. There 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 changes upon 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 nerve. In contrast, bacterial rhodopsin is a molecular photosensor which
assists the organism in its orientation. The bacterial rhodopsin was discovered in 1971 in a group of
bacteria called Halobacteria which lives in salt saturated (or nearly saturated) water [26].
Bacteriorhodopsin (BR) is a proton pump protein in the cell membrane of Halobacterium salinarum. This
cell membrane is called purple membrane (PM) due to its color and is comprised of a two-dimensional
hexagonal unidirectional crystalline array of BR molecules and lipids [26], [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 synthesis of adenosine triphosphate (ATP) from adenosine
diphosphate (ADP). This photosynthesis is different from that of chlorophyll. In chlorophyll, absorption
of light energy leads to separation of electric charges and generation of electrochemical potential

difference on the membrane [30].
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Isolation of BR form bacterial membrane in 1973 has attracted a lot of attention due to BR’s distinct
properties. BR is different from visual rhodopsin in its exceptional stability and functioning in harsh

conditions and its reversible photocycle.

2.1 Synthesis of PM

Halobacteria can be cultivated in lumostats in lab, at 30-40° C with a cell division period of 7-8 hours.
The total cultivation time may vary between 3 to 7 days. Several factors such as temperature, pH, light
intensity, light spectrum and the chemical composition of the medium may affect the concentration of BR
the cells [31]. Under light exposure, PM is synthesized by the cells and the ATP content is highly
increased. An anaerobic method of growth of halobacteria is described in [32]. The obtained biomass is
suspended in water mixed with DNAse enzyme. The suspension is centrifuged several times after osmotic
shock and DNA splitting. Centrifuging can also be replaced by filtering. The sediment 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 (freeze-dryer). 400-600 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 of lipids. A
PM patch may have up to 1 um width and 4.5-5 nm thickness. The BR molecule has a molecular weight
of 26.534 DA. The purple membrane is a very stable biomaterial. The concentration of the salt in the
Dead Sea, a habitat of halobacteria, reaches 34%. PM is able to keep its properties over a range of 0-12
pH, and up to 140 'C in dry shape and over 80 "C in water conditions [33], [34]. A concentrated
suspension of PM in water can be stored in room temperature for weeks. The refrigerated suspension at 5-
8 ° C, and the freeze-dried form can be used for years. Monomolecular BR is not stable and what is used

is PM or a BR molecule in a lipid medium [25].
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Such properties are important for the potential applications of BR in the fabrication of micrometer and
nanometer scale devices, structures and patterns for a wide range of applications [35], [36]. In most cases,

oriented single or multilayer of BR film is coated on a substrate to maximize 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 create a BR-device
interface such that BR’s functionality is maintained and the protein would not degrade over time. Dry
form of BR has several advantages over the suspension form. Applying BR in suspension form in a
device requires sealed packaging and which add to the complexity of the device. However, since BR
keeps its photosensitive 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 favored. The most important

methods of immobilizing BR on a substrate are described below:

2.3.1 Layer by layer electrostatic deposition (LBL-ESD)

At pH > 5, the cytoplasmic side of PM is more negatively charged in comparison to the outside of the
membrane. So the cytoplasmic side can be attached to a positively charged surface such as some
polyelectrolytes, conductive polymers, enzymes, proteins or nanoparticles. This technique is suitable for
creating an interface between BR molecules and other bio/nanomaterials and opens windows to novel

functionalities which may lead to fabrication of new devices based on BR [37], [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 technique is not suitable if thicker layers of BR are required.

19



2.3.3 Electrophoretic sedimentation (EPS)

PM orients very well in an electric field due to its relatively high permanent electric dipole moment (~

140 Debye at pH 7 in the suspension form). If a drop of BR suspension is placed between 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 film of BR. Thin

films of BR created by EPS technique show high degree of orientation and produce higher photocurrents

[39].
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Figure 2.1: EPS method of coating BR on conductive substrates [39].
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2.4 Photocycle of BR

The photocycle of BR consists of several intermediate states. K, L, M, N, O are the intermediate states of
the photocycle and bR is the initial resting state. Each intermediate state has an absorption peak and a life
time. The photocycle is completed in millisecond time range. After absorption of light photon by the
retinal chromophore in the bR state, the all-trans BR retinal structure converts to a 13-cis state and several
structural rearrangements occur. The release and uptake of the proton occur in the L—M and M—N
transitions, respectively[40]. In the intermediate state M, a proton is transferred from the retinal’s Schiff

base linkage to Asp85 and a proton is released to the extracellular membrane surface [41].
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Figure 2.2: Photocycle of BR [40]. K, L, M, N, O are the intermediate states of the photocycle of BR. bR
is the initial state. The absorption peaks for intermediate states are shown as subscripts in nanometers.

The life times at room temperature are also shown for each transition.
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Figure 2.3: The all-trans (before photoisomerization) and 13-cis (after photoisomerization) configurations
of BR [40].

2.5 Electron transport in BR

Proteins can be considered as uniform medium for electrons to tunnel between separated cofactors or they

can be viewed as a complex molecular medium with several tunneling pathways [42].

There is limited information about the underlying mechanism of electron transport via BR containing
monolayers or single PM patches. The structure of the PM is comprised of BR and lipids. In a study, BR-
containing artificial lipid bilayers were sandwiched between two conductive electrodes and the current
passing via the lipids and BR were measured. The two major results of this study are as follows: (i) The

transmembrane electron transport mainly occurs through BR and not through the lipid bilayers. (ii)
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Presence of retinal or a similar w-electron system is an essential requirement for the transmembrane

electron transport to occur [43].

Conducting probe atomic force microscopy (CP-AFM) is a technique which has been used to study the
electron transport through supported biomembranes [44]. This technique was used to create a conductivity
map and to measure current-voltage characteristics of the PM patches. CP-AFM technique showed that
the majority of PM patches are not conductive and only 5% of them have nanometric conductive defects

[45].

There is a correlation between the conformational change and the variation in the electron transport of
BR. Substantial increase in current is observed at a given voltage in the current-voltage curve of BR if it
is irradiated by green light after being in dark (which will result in a structural change in the protein) [46].
It has been proposed that the conductivity of BR can be 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 the blue (An.x= 570 nm) and
green (Amax = 412 nm) part of light spectrum, respectively. The probabilities of the occurrence of bBR—M
and M—bR reactions after the absorption of a photon (quantum efficiency of the reactions) are 0.65 and
0.95, respectively. Each of the states bR and M can be assigned to a binary state 0 or 1. BR has a very
high two photon absorption cross section. An optical system based on two photon absorption can be
arranged to use BR as optical data storage [48]. Two laser sources are used such that their beams intersect
on BR at the position of reading and writing data and their wavelengths A; and X, satisfy the two photon

absorption condition 1/ Aexcie =1/ Ay + 1/, . Here, dexcire has to match the absorption peaks of the bR or M
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states. This condition can be fulfilled if 2A.it IS Selected for each wavelength, i.e. 824 nm and 1140 nm.
For writing, A; = A, = 1140 nm and A; = A, = 824 nm are used to initiate the bR—M and M—bR
transitions, respectively. For readout, two laser beams with wavelengths A; = A, = 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 and it has been employed in fabrication of solar cells.
One group have fabricated a solar cell using a mutant of BR interfaced with TiO, which delivers a short
circuit photocurrent density of 0.09 mA/cm?and the open circuit photovoltage 0.35 V under an
illumination intensity of 40 m\W/cm?[49]. Another team has achieved conversion rate of 0.5% and short

circuit photocurrents of 0.02 mA/cm? [50].

2.6.3 Image detector

An 8x8 array of BR photocells was fabricated for the purpose of image detection [51]. Each photocell in
this detector has a multi-layer sandwich structure containing layers of SnO,/ BR/ electrolyte/Au. SnO, is
conductive and transparent and it can be coated on glass substrates. In this design BR is directly in contact
with the SnO, electrode and indirectly in contact with Au electrode through electrolyte solution. The

photocell responds differentially to the incident light and a photocurrent of 100 nA/cm? is observed.
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Figure 2.4: (A) 1 transparent SnO, conductive layer, 2 BR film, 3 aqueous electrolyte gel layer 4 Au
layer, 5 Teflon ring spacer, 6 glass substrate (B) An 8x8 array of BR photocells [51].
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2.7 Fabrication of BR sensor

In the fabrication of the radiation sensor, ITO 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 wavelength [52]. BR is deposited on the conductive side of the substrate
using EPS method. 20 ul of BR suspension is inserted between the 1TO coated sides of two PET sheets
which act as two electrodes. The sheets are separated by two microscope glass slides and ITO electrodes
are connected to a voltage supply. An electric potential difference of 3V/mm is applied between the
electrodes for 5 min. Higher electrical voltages or a longer time damage the quality of the response of the
coated BR. The substrate with the BR is held in a dark box at room temperature for 24 h to get dry. A
second sheet of ITO coated PET is placed on top of the first sheet such that the dried BR coating is
sandwiched in between. In the area where there is no BR, Kapton Polyimide 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: PET-ITO-(BR, Kapton film)-ITO-PET. The sensing area has a circular shape with radius of

3mm.
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Figure 2.5: Fabrication of BR sensor. (A) BR suspension on ITO-PET; (B) electrophoretic sedimentation;
(C) placing the insulation (Kapton film) between ITO layers and completing the BR sensor; (D) Control

sensor is the same as BR sensor without the BR deposition.
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Figure 2.6: Schematic diagram of the radiation sensor based on BR and the measurement set up.
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Chapter 3

Interaction of X-ray photons with bacteriorhodopsin

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 sensors. Functional proteins such as BR can be interfaced with solid substrates for fabrication of
micro/nano devices and sensors.

The mass attenuation coefficient u/p, effective atomic number Z ¢ and effective electron density N,; are
important attributes 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 radiation-matter interaction depends not only on radiation energy
but also on the atomic number of the target element, for a mixture or compound an “effective” atomic
number is defined. Effective electron density is also determined as number of electrons per unit mass of
the mixture 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 of u/p, Z. and N,; have been calculated for a number of amino acids and
compounds containing H, C, N and O in previous studies using a matrix method [53], [54]. In another
similar study [55], the Z.¢ values were determined through experimental data of scattering cross-sections,
and confirmed that low Z composite materials interact almost exclusively by incoherent scattering and
can be represented by a Z g that is merely an average atomic number of its constituents for energies of
280-1200 keV. In a number of studies by Manohara, et al. the Z ¢ values for certain biomolecules were
calculated by variaous methods, including a direct and interpolation method [56], [57] and by absorption
cross-sections [58]. WinXCom is a program which calculates tables of cross sections for the interactions
of photons with any element, compound or mixture for photons with energies between 1 keV to 100 GeV.
It is also capable of calculating the interaction coefficients and total attenuation coefficients for

compounds and mixtures [59], [60]. Using the coefficients given by WinXCom, the effective atomic
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number and effective electron densities can be calculated. The Z 4 and N,; values of many amino acids
were experimentally found to be in agreement with calculations of this program [61].

In this chapter, we use WinXCom 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, isoleucine, leucine, 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 emphasize on two ranges of energies (10-200 keV and 1-20 MeV) in which X-ray

imaging and radiotherapy machines work.

3.2 Method of Computation
The effective (average) atomic cross-section o, and the effective electron cross-section g, of a compound

can be determined from the following equations [56],

1
00 = 37 ) St /o), (1)

1 fiAi Oq

e NAZi Z 1/p)i Zos; 3.2)
where f; =n;/¥;n; and Z; are the mole fraction and the atomic number of the constituent element,
respectively. (u/p); is the mass attenuation of the ith constituent element. n; is the total number of atoms
of the constituent element in the molecule and };; n; is the total number of all atoms in the molecule. n;

and A; are the total number of atoms and the atomic weight of the ith element in the molecule,

respectively. N, is Avogadro’s Number. The effective atomic number Z.¢ can be written as,
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The effective electron density, N,; (number of electrons per unit mass) is given as follows,

_ u/p)c _ Ny

Ng; o ﬁzeffzini (3.4)

Berger and Hubbell developed XCOM as a tool for calculating the mass attenuation coefficients and
photon interaction cross-sections for elements (Z=1-100), compounds or mixtures in the energy range of 1
keV-100 GeV. This program was later enhanced and transferred to the Windows platform and was
renamed as WinXCom [60]. The mass attenuation coefficients from different photon interactions are
obtained for BR and its comprising amino acids (table 3.1) using WinXCom program. These values are
then used to calculate effective atomic number Z and effective electron density values Ng for energy

range of 1 keV-100 GeV.
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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

Figure 3.1: Snapshot of WinXCom program.
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Table 3.1: 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. Bacteriorhodopsin contains an Asx1 or
an Asx2 as well as a GIx1 or a GIx2 [62].

Number Present in

Number Name Abbreviation  Molecular Formula Bacteriorhodopsin
1 Alanine Ala CsH/NO; 29
2 Arginine Arg CsH14N4O, 7
3 Asparagine Asn C4HsN20; 3
4 Aspartic Acid ~ Asp C4H/NO,4 8
5 Asxl C4H/NO, 1
6 Asx2 C4HgN2O3 1
7 Glutamine Gln CsH10N203 3
8 Glutamic Acid  Glu CsHgNO, 9
9 Glx1 CsH10N:03 1
10 GIx2 CsHgNO, 1
11 Glycine Gly C;HsNO, 25
12 Isoleucine lle CeH13NO; 16
13 Leucine Leu CsH1sNO; 36
14 Lysine Lys CsH14N20, 7
15 Methionine Met CsH1:NO,S 8
16 Phenylalanine  Phe CoH1iNO; 13
17 Proline Pro CsHgNO, 11
18 Serine Ser CsH;NO; 13
19 Threonine Thr C4HgNO; 18
20 Tryptophan Trp CuH1N0;, 8
21 Tyrosine Try CoH11NO; 11
22 Valine Val CsH1;NO; 21

3.3 Results and Discussion

3.3.1 Mass attenuation coefficients

The dependence of mass attenuation coefficient u/p of BR and its amino acids to photon energy is shown
in Figure 3.2. There are two points at which the slope of the total interctions with the coherent plot is
significantly changed. Those points define three ranges of energies related to dominant X-ray interactions:
photoelectric absorption, incoherent (Compton) scattering and pair production. This trend matches

previous reports [57], [58]. Also, except between 100 keV-10 MeV, the mass attenuation coefficient
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shows variation with chemical composition of amino acids. This is due to the dependence of X-ray-matter
interaction cross-sections to atomic number of the target material. Interaction cross-section is an indicator
of the likelihood of interaction of the incident photons with the target atom. Interaction cross-section is
proportional to Z for incoherent scattering, Z*for pair production, Z* or Z* (depending on the energy) for

coherent scattering and Z* or Z° (depending on the energy) for photoelectric absorption.
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Figure 3.2: Mass attenuation coefficients of amino acids of bacteriorhodopsin. Inset shows the mass

attenuation coefficient of bacteriorhodopsin for different interactions.
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3.3.2 Effective atomic number

The effective atomic numbers for different photon interactions at varying photon energies are shown for
BR in Figure 3.3. In the total interactions (with coherent), there are three areas where variation of Z g
against photon energy is minimal. These areas are 1-10 keV, 0.1-10 MeV and above 100 MeV.

For photoelectric effect, the Z. varies between 6.9 and 8.1. For coherent scattering, the Z.; of BR
increases until about 800 keV, then becomes largely independent of photon energies. For incoherent
scattering, Z.; Of BR increases quickly until about 400 keV after which it is largely constant and
independent of photon energy. The values of Z.; are within 6.05-6.85 and 2.5 - 3.7 for coherent and
incoherent scattering, respectively.

Pair production (electric field) does not occur until after ~2 MeV. Z is independent of energy until
about 10 MeV where the Z.¢ begins to decrease. Pair production in the nuclear field does not occur until
after 1 MeV. The Z gradually decreases as the photon energy increases until about 10 GeV where it
becomes almost constant. It is worth mentioning that the effective atomic numbers can be also calculated

in an easier way using a new software called Auto-Z[63].
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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 Ng of BR and its comprising amino acids shows the same trend as effective
atomic number against energy of photons. This trend is observed not only in partial interactions but also

in total interaction processes.

3.4 Radiation oncology applications

The BR radiation sensor is designed to be tested using a superficial X-ray 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 on the mass attenuation coefficients, Z.iand N values of
BR for 10-200 keV and 1-20 MeV photons. The calculated results are shown in Appendix. Also, Zand
Ne of comprising amino acids of BR are given in tables 3.2-3.5. The above radiation sources have a
continuous spectrum of energies. Thus, for practical applications, Z.s has to be spectral-weighted [63].
The dominant interaction of X-ray and target depends on the energy of the beam and the atomic number
of the target. The comprising chemical elements of amino acids in BR have low atomic numbers. The
dominant interaction of X-ray photons with BR under superficial X-ray beam (100-150 kV tube potential)
is photoelectric effect, while Compton scattering is dominant for BR-photon interaction under Linear

Accelerator X-ray beam (6-15 MV X-ray beam).
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Table 3.2: Effective atomic numbers of amino acids for total photon interactions (with coherent) at photon energies 10-200 keV.

10 6.86 6.58 6.97 7.16 7.16 6.97 6.86 7.04 6.86 7.04 7.06 6.46 6.46 6.49 12.49 6.43 6.64 7.09 6.94 6.41 6.64 6.57

20 551 525 586 6.14 6.14 586 5.64 589 564 589 586 492 492 499 10.58 5.26 5.31 5.88 5.61 536 5.52 5.07

30 455 437 498 5.28 5.28 4.98 4.73 499 473 499 492 4.00 4.00 4.07 8.03 4.49 4.42 493 4.65 4.63 4.72 4.13

40 4.13 4.00 4.57 4.85 4.85 4.57 433 457 433 457 448 3.64 3.64 3.70 633 4.16 4.04 448 4.22 433 437 3.75

50 395 3.84 4.38 4.65 4.65 438 4.15 4.37 4.15 437 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 4.55 455 4.28 4.06 4.28 4.06 4.28 4.18 3.41 3.41 3.47 4.90 395 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 4.43 443 417 3.95 4.16 3.95 4.16 4.05 3.31 3.31 337 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 3.92 413 3.92 413 4.02 3.29 3.29 335 4.09 3.84 3.67 4.02 3.79 4.02 4.02 3.39

200 3.70 3.63 4.13 439 439 4.13 391 4.12 391 4.12 4.01 3.28 3.28 3.34 4.05 3.84 3.66 4.01 3.78 4.01 4.01 3.38

38



Table 3.3: Effective atomic numbers of amino acids for total photon interactions (with coherent) at photon energies 1-20 MeV.

1 3.69 3.62 4.12 4.38 4.38 4.12 390 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 4.13 439 4.39 4.13 391 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 4.16 394 4.15 394 4.15 4.04 331 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 4.19 397 4.18 3.97 4.18 4.08 3.34 3.34 340 4.13 3.89 3.72 4.08 3.84 4.06 4.07 3.44
5 3.80 3.72 4.23 4.49 449 423 401 422 401 4.22 412 3.37 337 3.43 419 392 3.75 4.12 3.88 4.09 4.10 3.47
6 3.84 3.76 4.27 4.53 453 4.27 4.05 426 4.05 4.26 4.16 3.41 3.41 3.47 4.26 396 3.79 4.16 3.92 4.13 4.14 351
7 3.88 3.80 431 4.58 4.58 431 4.09 430 4.09 430 4.20 3.44 3.44 351 4.33 399 3.83 4.20 396 4.16 4.17 3.54
8 3.93 3.83 435 4.62 462 435 413 434 413 434 425 348 3.48 3.54 440 4.03 3.86 4.25 4.00 4.20 4.21 3.58
9 3.97 3.87 439 466 4.66 439 417 438 4.17 438 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 4.43 470 4.70 4.43 421 4.42 421 442 433 355 3.55 3.62 453 4.09 3.94 433 4.08 4.26 4.28 3.66
11  4.04 394 4.47 474 474 447 425 4.46 4.25 4.46 437 3.59 3.59 3.65 459 4.13 3.97 437 412 429 431 3.69
12 4.08 3.98 4.51 4.77 4.77 451 4.28 450 4.28 450 4.41 3.62 3.62 3.69 4.65 4.16 4.01 441 416 432 435 3.73
13 412 4.01 454 481 4.81 454 432 454 432 454 444 365 3.65 3.72 471 4.19 4.04 445 419 435 4.38 3.76
14 415 4.04 458 4.84 484 458 435 457 435 457 4.48 3.68 3.68 3.75 4.77 422 4.08 4.48 423 438 4.41 3.79
15 418 4.08 4.61 4.88 488 4.61 438 4.60 438 4.60 4.51 3.71 3.71 3.78 4.83 4.25 4.11 452 426 4.41 4.44 3382
16 422 411 464 491 491 464 442 463 442 463 455 3.74 3.74 3.81 488 428 4.14 455 430 4.44 4.47 3.85
18  4.28 4.16 4.70 4.97 4.97 470 4.47 469 447 469 4.61 3.80 3.80 3.87 4.98 433 4.19 461 436 449 452 391
20 433 4.22 476 5.02 5.02 4.76 453 475 4.53 475 4.67 3.85 3.85 3.92 5.07 4.37 4.25 4.67 4.42 453 4.57 3.97
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Table 3.4: Effective electron densities N,; x10%® (electrons/g) of amino acids for total photon interactions (with coherent) at photon energies 10-
200 keV.

10 6.03 591 5.40 5.18 5.18 540 5.65 5.47 565 547 5.67 6.53 6.53 6.42 10.08 539 591 5.68 596 5.11 5.30 6.42

20 4.84 472 454 445 445 454 464 458 4.64 458 470 4.97 497 493 854 441 472 472 483 4.26 440 4.95

30 4.00 393 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 3.54 351 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 3.51 436 3.37 3.44 3.43 3.46 3.33 336 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 3.44 344 343 395 3.31 3.37 335 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 3.34 343 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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Table 3.5: Effective electron densities N,; x10%* (electrons/g) of amino acids for total photon interactions (with coherent) at photon energies 1-20
MeV.

1 3.25 3.25 3.19 3.17 3.17 3.19 3.21 3.19 3.21 3.19 3.21 3.31 3.31 3.30 3.23 3.21 3.24 3.21 3.24 3.19 3.19 3.29

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

3.28 3.28 3.22 3.20 3.20 3.22 3.25 3.22 3.25 3.22 3.24 3.34 334 3.33 3.28 3.24 3.28 3.24 3.27 3.21 3.22 332

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

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 3.30 343

341 3.41 334 331 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 3.33 346

345 3.45 337 3.34 334 337 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 3.34 336 3.50

2
3
4
5 3.34 334 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
7
8
9

348 3.48 3.40 3.37 3.37 3.40 3.44 3.41 3.44 3.41 3.44 3.55 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

11 355 354 346 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 3.59 358 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

41



3.5 Discussion

Electrical conductivity originates from transport of charged particles inside a medium and under the
influence of an electric field. Electrical conductivity of BR is very close to that of insulators [47].
According to the model of radiation induced conductivity in insulators, the electrical conductivity of the
irradiated insulator (i.e. BR) is increased under X-ray 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 energy [65]. Therefore, the density of free electrons in the insulator is increased
under radiation and the electrical conductivity under 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 of bacteriorhodopsin as an X-ray sensor

4.1 Megavoltage (MeV) X-rays beam energy range

The BR sensor with PET-ITO-(BR, Kapton)-ITO-PET layers was tested under Varian linear accelerator

for its response to megavoltage X-rays. The results of characterization are presented in this chapter.

4.1.1 Linear accelerator

Experiments are performed using Varian CLINAC 21 EX linear accelerators (Varian Medical Systems,
Inc.) at Grand River Regional Cancer Centre, Kitchener, Ontario. The X-ray generator is capable of
producing 6MV and 15MV X-ray beam at different dose rates of 100-600 MU/min. The X-ray beam
source can be positioned at different gantry angles and distances from the target, and is capable of
providing various beam shapes. In this study, we keep 1m distance between the source and target and the

gantry is set to zero (i.e. beam is vertical to the sensor surface). We also use square field 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 an X-ray beam with a square shaped field of (i)
10cmx10cm for different dose rates, (ii) 7.5cmx7.5cm for repeatability test, (iii) 3 cmx3cm, 6cmx6 cm, 9
cmx9 cm, 12cmx12cm and 15cmx15cm 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 controlled by a program
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 internal shunt resistor of 545.2 kQ across the input terminals, measuring
the voltage across the resistor and calculating the current by dividing voltage by resistance. The
calibration of the linear accelerator is traceable to an accredited national dosimetry laboratory (NRC,

Ottawa, Canada).
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Figure 4.1 Varian linear accelerator in Grand River Cancer Centre, Kitchener, Ontario. This machine has
been used as an X-ray source for characterization of the fabricated sensors.

4.1.3 Variation with dose rate and beam energy

Figure 4.2 illustrates the response of the fabricated radiation sensor to different radiation dose rates. The
sensor is irradiated by 6 MV X-ray radiation for dose rates of 100-600 MU/min for 12 s.

The recorded change in the electrical current shows a steep rise and a fall followed by a plateau. Such
response is independent of the amount of dose rate and the energy of the X-ray radiation. This is clear in
Figure 4.3 for the radiation energy of 15MVas well. Increasing the dose rate causes an increase in the

generated electrical current. After the X-ray 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 observed. In Figure 4.3, it is observed that
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 response of the sensor is also compared to a control sensor
which does not have the BR coating. The induced electrical current generated by the BR molecules under
X-ray radiation is calculated by subtracting the response of the control sample from the sensor with BR
coating. Table 4.1 presents the averaged induced current generated by unit area of BR molecules under 6
MV and 15 MV X-ray 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
(1200 MU/min — 600 MU/min) and the field size
is 10 cm x 10 cm. (A): Response of the control

The sensor

sample (substrate only). (B):
(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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Figure 4.3: Increasing the energy from 6 MV to
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 ).



Table 4.1: 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 MU/min) but with different
field sizes. The result is presented in Figure 4.4. An increase in the magnitude of the induced current
is observed with the increase of the X-ray field size. In the initial response of the sensor, there is a rise
and fall before the plateau which is clearer when the size of the X-ray field is much larger than the
area of the sensor (3 cmx3 cm). This can be attributed to the scattering electrons that are released by

the background materials.
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Figure 4.4:(A): Effect of choosing different X-ray radiation field sizes on the induced current. The
sensor (substrate + BR) is irradiated with 100 MU of 15 MV X-ray radiation and under the dose rate
of 600 MU/min. (B) The sensor (substrate + BR) is irradiated with different doses of 6 MV X-ray

radiation (100 MU-600 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 shows an excellent linear response

to the dose increase (field 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 doses using 6 MV X-ray beam are delivered at a dose rate of 600
MU/min. The collected current (i) was integrated over radiation time to calculate the induced electric
charge (C), C = [ i dt. The result illustrates an excellent linear response for radiation doses of 100
600 MU (Figure 4.4). The radiation induced charge is increased with an increase of the radiation
dosage. The best-fit line which includes all data points is as follows, C = 0.05216 D +
0.10886 where C is the electric charge in nanoCoulomb (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 irradiated using 15 MV X-ray beam (600 MU/min) for 2 s followed by 2 s of
relaxation time and this process is repeated 6 times (Figure 4.5). The radiation field size is 7.5 cm x
7.5 cm. The initial response of BR is a steep rise and fall which tends to turn into a plateau quickly.
The average electric current measured is 0.35 nA and the relative standard deviation is 0.90%. The

results given in Figure 4.5 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 X-ray radiation with dose rate of 600 MU/min (field size =7.5cm x 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 photoelectrons, Auger electrons, Compton recoil electrons as well as fluorescent,
coherent or Compton X-ray secondary photons. The dominant interaction and the result of the
interaction highly depend on the energy of the interacting X-ray beam and the composition of the
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target. BR consists of 248 amino acids in the form of seven a-helical bundles inside the lipid
membrane [28]. Amino acids contain mostly elements with low atomic numbers (Z) such as C (Z =
6), H (Z = 1), N (Z=7) and O (Z = 8). In the interaction of few MV X-ray radiations with low-Z
materials, the dominant interaction mechanism is Compton scattering. The released Compton electron
can be collected by electrodes.

There are evidences that BR disks have an unusual large permanent electric dipole moment
perpendicular to the surface [66], [67] . The permanent dipole moment is 4x10° D for membrane
fragments of 1 um diameter and it increases with the area of the membrane disk [67]. The 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 protons may help the
process [67]. Although these results are for BR fragments in suspension, they might be also valid for
dry BR film as BR molecules keep their electrical properties even in the dry form [69], [70]. We
therefore hypothesize that the permanent dipole moment of BR might be also a driving force for the
positive ions and electrons released from the BR molecules under irradiation. It also might have a

long range effect on the freed charges at the ITO-BR interface.

4.1.8 Discussion

The total radiation detected by a radiation sensor is comprised of two parts: primary radiation and
scatter radiation [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. When primary photons hit other
materials, scattered radiations are produced which is the source of scatter radiation. Radiations with

large field sizes generate more scatter in comparison with the smaller fields due to the increased

52



chance of interaction of photons with the medium between the source and the target. This may

explain what is observed in 15cmx15cm field size in Figure 4.4 (A) as an initial uprise and drop.

Another phenomenon which occurs under irradiation is the radiation induced conductivity. Some
examples in which this phenomenon has been observed include purple membrane and BR aqueous
suspensions irradiated with photons of 577 nm wavelength [72], [73] and dry thin film of biological
macromolecules (i.e. DNA) irradiated by X-ray [74]. Such effect has been also used to explain the
response of other X-ray sensors like diamond dosimeters [75], [76] and carbon fiber radiation sensor
[77]. X-ray absorption studies on BR and purple membrane have shown absorption spectrum over a
wide range of X-ray energies [78], [79] . When the BR disk is irradiated by MV X-ray radiation, the
absorption of the ionizing 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 and produced charges 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 under the X-ray radiation and returns to the
initial value when the beams are off. The dose rate and therefore the intensity of the X-ray radiation
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 of r = 3 mm of dry BR on a 3cmx3cm 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 keeping the BR coated 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 of integrating an array of micro-scale radiation sensors based on BR. BR molecules
proved to be highly sensitive to X-ray radiations. Comparing with other radiation dosimeters, BR
sensor does not require a bias voltage for operation and provides real-time dose 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 well-suited for patterning micrometer
and possibly nanometer scale designs on a wide range 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
substrates 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 kilovoltage X-rays in radiation therapy including the treatment of
basal or squamous cell carcinomas of the skin and the palliative irradiation of bone metastases [80]. A
very good quality assurance of radiation therapy of patients should include patient-specific 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 the UK [81] has also
demanded the use of in vivo patient dosimeters to 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, Metal-oxide-semiconductor field effect transistor (MOSFET) dosimeters have short life
time, ionization chambers are not miniaturizable and thermoluminescence dosimeters (TLDs) are not
real-time. The purpose of this section is to present the results of using bacteriorhodopsin for

superficial X-ray sensing, which has the potential for in vivo patient dosimetry.

4.2.1 Superficial X-ray machine

The superficial X-ray machine is a Gulmay Medical D3000 DXR (Gulmay Ltd., Chertsey, UK) X-ray
unit at the Grand River Regional Cancer Center in Kitchener, Ontario. There are generally two main
types of kilovoltage X-rays beams used for therapy; the superficial X-ray beams which typically are
generated at tube potentials ranging from 50 to 160 kV, and the orthovoltage X-ray 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 regard to tube potential (kVp), tube current (mA) and
external added filtration, making it possible to obtain a wide range of beam qualities. A range of

circular open-ended cone applicators (15 and 25 cm focus-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 delivered 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 (NRC, Ottawa, Canada). Different quality assurance tests are performed on this

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

of the unit. The unit has been configured to the radiation beam characteristics given in Table 1.1.

Table 4.2: Summary of the tube potential, tube current and beam quality parameters.

Effective Mean
Tube Tube Measured | Reference
) o Photon Photon )
Filter | External Filtration Potential | Current HVL Output
Energy Energy ]
(KVp) (mA) (mmAl) [ (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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Figure 4.6 Superficial X-ray 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 selected beam 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 the beam and 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 connected 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 under X-ray beam irradiation, various variables such as
radiation beam energy, dose rate, dose and field size are considered. Figure 4.7 presents radiation

induced current in the BR sensor under dose rates of 50, 100 and 150 cGy/min for radiation energies
of 100, 120 and 150 kVp. For 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 the increase of the dose rate. The

magnitude of the radiation induced current is in the range of 10 pA to 0.1 nA.
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Figure 4.7: Response of BR sensor under dose rates of 50 cGy/min (blue), 100 cGy/min (red) and 150 cGy/min
(black) for tube potential energies of 100 kVp , 120 kVp and 150 kVp. For each energy, response of control
sample (sensor without BR) for three dose rates are also presented, which have lower values comparing with

BR sensor. X-ray machine is on at point A, however it does not reach its set values before point B. X-ray is 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 negative signal 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 the
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 that the main response to X-ray radiations is coming from
BR molecules. Radiation induced current by BR molecules is calculated by subtracting the control

signal from the sensor and the result is summarized in Table 4.3.

Table 4.3: Average radiation induced current per area generated in BR molecules only.

Dose Rate Average Radiation Induced Current per Area (pA/cm?)

(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 Compton effect in
higher energies in comparison with dominant photoelectric effect in lower energies. Since the main
constituents of BR are amino acids [28], BR molecules interact with X-rays 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 energy of the radiation is

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 kV, X-ray beam at a dose
rate of 291.6 cGy/min (SSD = 15 cm) for 0.5, 1, 1.5, 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 in nC. The response is relatively linear and there is an increase in charge as the irradiated

dose on sensor increases (Figure 4.8).

2.5 - /

/

1.5 n

induced charge (nC)

|
0.5 1.0 1.5 2.0 25

time (min)

Figure 4.8: BR sensor for radiation dose measurement. Sensor is placed under 80 kVp X-ray
radiations for 0.5, 1, 1.5, 2 and 2.5 minutes.
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We also tested the sensor under different radiation field sizes and the average induced current
increased by ~42% when we increased the diameter of radiation field size from @=1 cm to @= 4 cm

(Figure 4.9). As the radiation field size is increased, it covers an area larger than the sensor, and so

not all the photons in the beam
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Figure 4.9: Response of BR sensor under different field sizes for 80 kVp X-ray radiation with dose
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. Therefore, it is not expected that the response of the sensor changes linearly
with the increase in field size. Typically, radiation dose increases with radiation field size an
gradually plateaus. Therefore, it is expected that the plateau occurs in larger field sizes. A reliable
radiation sensor is one which generates repeatable signals under the same irradiation conditions. The
BR sensor was irradiated with 80 kV X-ray beam at 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 repeated for 5 times (Figure 4.10). The
average measured induced current is 34 pA and the relative standard deviation is 7%. Also, to check
the reproducibility, performance of two sensors which have been fabricated equally was tested under
the same radiation conditions. Two sensors were placed under 150 kV, X-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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Figure 4.10: The sensor is irradiated by 80 kVp X-ray 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 energies [78]. In 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 with low-Z 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 in interaction of photons with amino acids [82]. To get higher dose rates, the source
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head is placed closer to the sensor. For a constant dose rate, this distance is closer for higher energies.
In this case there is less back scattering and as such less signal. In comparison with current radiation
sensors and dosimeters, BR sensor is a biomaterial based radiation sensor and works based on
measuring the radiation induced current. As 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 radiation facilities 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 time. Under the superficial X-ray machine, we have tested BR sensor
under tube potentials 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 superficial spectrum is heavily filtered to ensure 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 calibration of X-ray machines for

radiation therapy.
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Chapter 5
An X-ray sensor for diagnostic radiology based on thin film of

bismuth sulfide

BR sensor has been tested under a linear accelerator with megavoltage energy beam and a superficial
X-ray machine with a kilovoltage X-ray beam. The irradiation time under each of the above X-ray
sources was more than 10 s. When tested under diagnostic X-ray machines, the response of BR sensor
was not satisfactory and the level of noise was high. The best signal to noise ratio for BR sensor was
obtained under megavoltage X-ray beam. One of the important differences in the application of
diagnostic X-ray machines and radiation therapy X-ray sources is in their irradiation time. For
imaging, few milliseconds of irradiation suffice, while several seconds and up to few minutes of
irradiation may be required in radiation therapy. The goal of this chapter is to fabricate a radiation
sensor for diagnostic X-ray machines for usage at room temperature.

Development of radiation detectors based on high atomic number and high density materials has been
of interest for more than a decade. These materials have excellent detection efficiencies and higher
photon stopping power (energy lost per unit thickness travelled) [83]. They also have attenuation
coefficients, which are higher than that of sensing materials frequently used in radiation detection.
For example, lead has an attenuation coefficient which is 10 times higher than the attenuation
coefficient of germanium at some energies. Radiation detectors based on high atomic number and
high density materials such as lead iodide (Pbl,) [84], thallium bromide (TIBr) [85] and mercury
iodide (Hgl) [86] have been fabricated and tested under different radiation energies.

Bismuth has a high atomic number of 83 and density of 9.78 g/cm®. So far, several room temperature
radiation detectors have been fabricated based on bismuth compounds such as bismuth tri-iodide
(Bil3) [87][88]. Bismuth sulfide (Bi,Ss) is an invaluable metal chalcogenide with applications in
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optoelectronic, thermoelectric, and photoelectrochemical devices [89]. It has a wide band gap of 1.3-
1.5 eV which allows low noise operation at room temperature [90]. In the nanometer scale, bismuth
sulphide can be formed in structures such as quantum dots [91], [92], nanorods and nanofibers [93],
[94], [95]. These materials can be used in bottom-up micro/nanofabrication processes or for new
applications. For example, there are several thermoelectric applications proposed for bismuth
nanowires [96]. Polymer coated bismuth sulfide nanoparticles have also been used as contrast agent
in X-ray computed tomography [97].

In this chapter, we have fabricated a real-time radiation sensor capable for use in the diagnostic
radiology departments. To fabricate the radiation sensor, an easy solution-based fabrication method is
used to create a thin film of Bi,S; on a mechanically flexible substrate. This sensor is capable of
detecting few 10 kilovoltage X-ray photons under commercially available diagnostic radiology X-ray

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 on the conductive side of an indium tin oxide (ITO) coated
polyethylene terephthalate (PET) sheet by means of chemical deposition. First, the ITO-PET sheet is
cut into 2.5 cm x 4.5 cm rectangles by laser and double-sided tape is used to mount each rectangle on
a glass slide. Part of the ITO side where ITO electrodes will be etched, 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 and it is left at room temperature for 48 hours for complete curing.
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Figure 5.1: Transferring the PDMS layer to the PET ITO sheet using uncured PDMS to bond the two.
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Figure 5.2: 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(NOs); -5 H,O is stirred in with 70 mL of triethanolamine (TEA).
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 deposited thin film 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 ‘double dip’ deposition method. The slides are removed, flushed with
distilled water, and dried using a hot-air dryer [98]. Formation of bismuth sulfide thin film is
confirmed by scanning electron microscopy (Figure 5.8b) and energy-dispersive X-ray spectroscopy
(Figure 5.9).

The microscope slide is replaced with a clean one and the coating process is followed by deposition
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 ITO layers.

Au
.Bist

ITO

PET

Figure 5.3: Laser etch cutting through surface layers to fabricate the sensing area, preventing

electrical connections across etch.
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Figure 5.4: 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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Figure 5.5: Summary of fabrication process of bismuth sulfide sensor.
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Figure 5.6: 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 coefficient (u/p) and effective atomic number were calculated

using WinXCom program [59], [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 sensors under kilovoltage diagnostic X-rays 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 X-ray target.
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Figure 5.7: Diagnostic 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 characterization, each 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 sulfide thin film with thickness of 200 nm is formed on ITO layer. The fabricated 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 are calculated for
photon energies ranging from 10 keV to 150 keV (Figure 5.8 d-g). It is observed that the mass
attenuation coefficients are higher for X-ray photons <50 keV. Most of the mean X-ray energies used

in diagnostic radiology and computed tomography machines is within such energy range.
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Figure 5.8: (a) Fabricated sensor is comprised of 4 layers: a flexible PET substrate, ITO, a thin film of
bismuth sulfide and a layer of gold; (b) SEM image of thin film of Bi,Ss. The scale bar is 200 nm; (c)
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keV

Figure 5.9: Formation of bismuth sulfide thin film on ITO surface is confirmed by energy-dispersive

X-ray spectroscopy.

The sensor has a real-time response under X-ray irradiation. The response of the sensor is an increase
in current when the sensor is irradiated with X-ray. 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 same irradiation 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

Figure 5.10: Reading was taken by Au- (Bi,S3)-ITO-PET sensor for X-ray radiation. This was
repeated 4.5 s later. Machine was set for typical exposure parameters for a new born child chest X-ray
image, thus: 0.5 mAs, 20 ms, 40 kV, tube 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 the X-ray machine. These two values determine the
total delivered dose. Result of the characterization 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
using an exposure meter (electrometer). In the first experiment, the exposure parameters of the X-ray
machine is set from 40 mAs to 160 mAs (500 ms, 40 kV,, tube potential, 3 cm x 5 cm field size) and

the signal on the sensor is measured and compared to a control sensor and the ion chamber. The
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current per unit area of the sensor (Figure 5.11, black line) is higher than that of a control sensor
comprising PET-ITO-Au layers (Figure 5.11, red line). The response of the sensor versus the change

in mAs is linear and shows the same trend as the ion chamber (Figure 7.9, inset).
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Figure 5.11: Changing mAs from 40 to 160 and measuring current per sensor area by Au- (Bi»Ss) -
ITO-PET sensor (black). Result is compared with the control sensor (red) which does not have the
bismuth sulfide layer. The setting on the X-ray machine was as following: 500 ms, 40 kV, tube
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 the X-ray generator 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 (Figure 7.10). This current directly determines the photon fluence. The

linear trend is also confirmed by the reading on the ion chamber (Figure 5.12, inset).
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Figure 5.12: Changing tube current from 400 mA to 560 mA on X-ray machine and measuring
current with Au- (Bi,S;) -ITO-PET sensor. The setting on the X-ray 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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Figure 5.13: Changing tube potential from 40 kVp to 150 kVp on X-ray machine and measuring
current with Au- (Bi,S;) -ITO-PET sensor. The setting on the X-ray machine was as following: 100
mAs, 500 ms, 40 kV,, tube potential, 20 cm x 12 cm 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 sensor to 40 - 150 kV, tube
potentials is presented in Figure 5.13. The generated current increases with increase of the tube
potential. This non-linear response is also confirmed by the reading of the ion chamber (Figure 5.13,
inset). In comparison to other energies, the sensor shows relatively constant current at 40 and 60 kV,,.
One may roughly estimate the range of the mean X-ray energies to be ~ 13-50 keV for 40 - 150 kV,.
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 comparison, at higher 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 voltages. The
response of the sensor to negative and positive bias voltages is given in Figure 5.14. 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. This is due to the difference in

charge to mass ratio of negative and positive charges and ions.
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Figure 5.14: Changing bias voltage and measuring current with Au- (Bi,S3) -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 on the X-ray machine was as
following: 100 mAs, 500 ms, 40 kV,, tube potential, 5 cm x 3 cm field. Inset shows reading of an ion

chamber under irradiation for the same setting on X-ray machine.
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5.3 Discussion

The fabricated sensor has proved to be capable of measuring X-ray radiation for very short exposure
time. However, this does not restrict the application of the sensor to only diagnostic X-ray 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 such, it is required 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 longer irradiation time which may significantly decrease the
signal to noise ratio [99], [100].

Dominant interaction of X-ray photons with matter depends on atomic number of the irradiated
material and the energy of the X-ray beam. Bismuth sulfide is a high-Z material with an effective
atomic number varying between 78.5 and 82.75 for 10-150 keV photon energies (Figure 5.15). The

dominant X-ray matter interaction for such atomic number and energy is the photoelectric effect.

83 L hd L] hd L] v L] L]
- \
82 -"'-\_/ " -
| .
814 !
= J
N’ 80- I
79- L
|
784— —
0 50 100 150 200

Enerav (keV)

Figure 5.15: Effective atomic number of bismuth sulfide from 10-150 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 material is exploited 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 conductivity in materials. lonizing radiations such as X-rays 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 induced conductivity
(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 observed. The movement of the
induced charged particles is affected by the current already in the circuit and the generated 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 other X-ray sensors such as diamond dosimeters
[75], [76]. RIC is also not limited to X-ray radiations and has been used for sensing other types of
radiations [64], [101]. As such, the fabricated sensor may find other applications in radiation sensing,
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 for beam symmetry and flatness checks, radiation and field light coincidence and beam
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 may be used 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 for this 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 in vivo dosimetry to manage

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

Radiation sensors based on nanomaterials

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 materials which are more cost effective are
nanomaterials. 1 mg of BR is sold for $651, however, 250 mg of single-walled carbon nanotube costs
$356. The multi-walled carbon nanotubes are 100 times cheaper than single-walled per unit weight
(Sigma-Aldrich 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 nanotubes) are radiation resistant, which adds to the durability of the radiation
sensor [102]; (ii) Depending on their geometry and size, their band gap can be engineered [103],
which provides flexibility in designing the radiation sensor; (iii) The fabrication processes related to

application of nanomaterials in sensors have been well developed [104].

The motivation of this chapter is to make the connection between engineering the bandgap of the
nanomaterial through size change and its result on the output of the measured radiation induced

conductivity or current 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 conductance of an
object which carries 1 A current if 1 V potential difference is applied across the object. Conductance,

G, is equal to the inverse of resistance, R (S=Q™).
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Electrical conductivity or specific conductance, o, 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 length | and cross-section A are related by
the following equation:

G=0% (11)
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. electrons in metals
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 (valence 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 conduction band. 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 electrons and there 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 X-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 difference between
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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 of the irradiated
material determines the response time. Carrier 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 introducing radiation damage to its structure.
Standard theories of RIC [101] predict that the increase in the conductivity of the irradiated material
is proportional to the rate of absorption of radiation energy by unit mass of the irradiated material i.e.
dose rate:

URIC(D:T) = kRIC(T)-DA(T) (7.2)
The proportionality factor, kg;¢, is a function of temperature and properties of the irradiated material,
while A(T) depends on the temperature only:

A(T)

1
5 i
kric(T) = e po [(sZ‘n Ty 3kBT ] [ zk; memh) 2] (7.3)

T

A(T) =
() T+T,

(7.4).

In (7.3), s is capture cross section of conduction electrons by fixed holes, m, and m;, are the electron
and hole effective masses. p,, is the mass density , e is the charge of an electron, and - is electron
mobility. kg, also depends on the average energy absorbed to excite an electron from the valence
band into the conduction band, which is shown as .

A(T) is a function of the temperature of the sample (T). T, is a constant of the material which has the
dimension of temperature and lies between T and 5T [105], [106], [107], [108]. If T; > T, then

A— 1. Also, if T; = T then A— 0.5. These two limits set the top and bottom values of A to be 0.5 and
87



1 (0.5 < A< 1). While A= 1 shows a uniform distribution of traps in energy, A= 0.5 represents a
material with a steeply exponential distribution of traps. Equations (7.3) and (7.4) are driven with
the assumption that at equilibrium, the distribution of trapped states decreased exponentially below
the conduction band edge:

ny (E) = ng exp[—Ey/(kpT1)] (7.5)

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

band and the steady 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 sub-nanosecond 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. Induced current is then measured. The range of this
current is between nanoampere 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 RIC. The fabrication process of radiation sensors based on nanomaterials is a
bottom-up process compared to the top-bottom strategy used for 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 dependence of the band gap of a
nanomaterial to its size [109], [110]. Equation (7.6) shows that for a nanoparticle, the band gap (E™*)

depends on the particle radius (r) as well as its electrical properties:

o~ Eg“lk+ nznz( LI )_ 18e  0124€3 ( LI )_1 (7.6).

2er2 \mymg mpmg 4TEEY T h2 (4meeg )2 \memg mpmg

Here, Egu“‘ is the bulk band gap in eV, my is the mass of a free electron, € is the relative permittivity

and €, is the permittivity of free space.

6.5 Radiation induced conductivity in nanomaterials

According to (7.3), the proportionality factor ( kg;c )can be written as the product of two terms: one
contains the average band gap energy 2 and the second part ( i), which is a function of electrical

properties of the sample and temperature,

kpic = 1. (2)"2 (7.7)

1
3/ /A
— kBT 2
n= euo[ sno T1 3kBT ] [ 27th2 memh) ] (7.8).

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 nanomaterial (X = E*). Equation (7.6) can then be

written as below:

) = ¢ + p 7.9
=9 r 72 ( : )
_ 18e _ mPh? ( 1 N 1 ) 710
dmeey = 2e \m,m, mym, (7.10)
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The proportionality factor kg, can then be calculated by substitution of (7.9) in (7.7):
a B._a
kric= 1. (9= —+ )72 (7.12).

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

determined by:

oe = [n. 0= =+ L] @ (713)

6.6 Carbon nanotube radiation sensor

6.6.1 Fabrication

A glass capillary with the size of 0.02 mm x 0.2 mm x 5 cm is filled with single wall CNT suspension

(12 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 is placed under 15 MV X-ray radiations with dose rate of 600 MU/min. The field size 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 RIC. More than 7% increase in the conductance of CNT suspension is

observed under radiation. The conductance drops immediately after X-ray is off.

Capillary glass tube filled with CNT suspension

[

Cold solder electrodes

Figure 6.1: Fabrication of CNT sensor using a capillary tube
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Figure 6.2: Radiation induced conductivity in carbon nanotube suspension under 15 MV, 600

MU/min X-ray radiation.

92



For single wall CNTs with diameter of 3 to 5 A, band gap varies between ~ 0.24 to 0.002 eV [111].

The associated change in RIC is calculated using equations 7.2 and 7.3 (Figure 6.3). For A= 1, RIC

increases ~ 10 times if the radius of CNT is increased by 2 A.

Src(r) / ogic(r = 0.15 nm)

10

= A= 1 -
o A=0.5
"
| Py °
| | P L ]
- L 3
3:0 3‘.5 4.‘0 415 5:0

Diameter of carbon nanotube (A)

Figure 6.3: 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 ZnO nanoparticles. ZnO is a

semiconducting and piezoelectric material which has been fabricated in several different geometries

such as hanocombs, nanorings, nanohelixes, nanobelts, nanowires and nanocages. Such great variety

of nanostructures have led to application of ZnO in nanosensors, nanocantilevers and field effect
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transistors [112]. ZnO has been also used in radiation sensors [113], [114]. For ZnO nanoparticles,
EpU = 3.2 eV, m, = 0.26, m;, = 0.59 and ¢ = 8.5[109]. The band gap varies between ~ 4.7 to 3.2

eV for respective particle radius of 1 to 5 nm. These values are used in equations 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 of A, change of the radius of ZnO nanoparticle from 1 to 5 nm increases the

value of RIC for 10% to 20%.

1.25+

= A=1 .
—~ 1.20 e A=05 .
£
= ]
— 145 2
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S
e
< 1.104 o .
(-4 L ]
o] . ®
g
o 1.05- .
S
<
o
© 1.00{ =
T T T T T
1 2 3 4 5

Radius of ZnO nanoparticle (nm)

Figure 6.4: 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 into conduction 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 number of traps. The photon energy of X-ray radiation is much larger than the bandgap (E™*) of the
sensing material. On the average, ~ 3E™* is required to produce one free pair of carriers [64].
Photoconductivity is a phenomenon related to absorption of 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
non-electromagnetic 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 due to the fact that 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. This is due to the fact that the band gap of CNT highly depends on its geometry

[111].
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Chapter 7

Conclusion

7.1 Conclusions and contributions

The goals of this research were design, fabrication and characterization of novel radiation sensors
based on biomaterials and nanomaterials. BR was used for real time measurement of kilovoltage and
megavoltage X-ray beams. Furthermore, the potential application of nanomaterials in radiation
sensing was studied.

The major contributions and conclusions emerging from this research are listed below.

e This research investigates the design, fabrication and characterization of a sensor based on BR for
the purpose of detecting X-ray radiations. BR thin film coated and dried on ITO electrodes is
used to monitor X-ray radiation exposure through changes in radiation induced electric current.
The performance of the sensor is evaluated for different dose rates, energies and field sizes. The
experiments under megavoltage X-ray beam show that the output electric current of the sensor
increases as the 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 of the sensor is in real time and repeatable. As
compared to other X-ray sensors, the BR sensor is easy to fabricate, operate and can be
miniaturized. It is also cost effective and can be mass produced.

e In addition to megavoltage X-ray beam, BR sensor was tested under X-ray beams of 80-150 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 kilovoltage X-y
beam, BR sensor has a relatively linear response to dose and dose rate and provides repeatable
results. Moreover, using BR sensor, keV X-ray beams are measured in real time.
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e The photon mass attenuation coefficients, the effective atomic numbers and electron densities of
BR and its comprising amino acids was calculated for the photon energies 1 keV-100 GeV.

e 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 dramatically when CNTs with larger diameters are used. For A= 1, RIC increases ~ 10
times if the radius of CNT is increased by 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% (depending on the
temperature). This result shows that in general, carbon nanotubes and ZnO nanoparticles of

higher radius may exhibit higher values of radiation induced current under irradiation.

The advantages of using biomaterials in fabrication of a radiation sensor are as follows:

o 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 X-ray machines.

e Functional biomaterials can be easily coated on conductive substrates.

¢ BR has proved to have relatively good signal to noise ratio for radiation induced current under

megavoltage and kilovoltage X-rays.

The advantages of using nanomaterials in fabrication of a radiation sensor are as follows:

e Nanomaterials can be used in bottom-up fabrication techniques.

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

require clean room facility or high vacuum systems.
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e High aspect ratio nanostructures such as nanotubes and nanowires extensively increase the

surface area of the coated region.

e The radiation induced conductivity is tunable according the geometry of the nanostructure.

Table 7.1: Significant advantages of the fabricated sensors.

Real time/ Miniaturizable/ | Long life No bias No high
time voltage voltage
no post miniaturized
source
processing
Carbon v v v v
nanotube
Bismuth v 4 v v
sulfide sensor
BR sensor v v v v v

7.2 Recommendation for future studies

e The X-ray 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.

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

e The fabricated sensors can be potentially miniaturized.
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An array of sensors and dosimeters can be fabricated. This will add to the application of the
radiation sensor and enables the user to have spatial distribution data for the measured quantity.
The sensors can be modified to become implantable. For this purpose, a wireless transmitter and a

biocompatable packaging have to be considered in design of the sensor.

99



Appendix A
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Appendix B

Calculated data for bacteriorhodopsin and its comprising amino acids
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Figure 5. Effective electron density of bacteriorhodopsin for partial and total interactions.
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Figure 6. Effective electron density of bacteriorhodopsin for 1-20 MeV photons.
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Figure 8. Effective electron density of amino acids of bacteriorhodopsin for partial and total interactions.
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