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ABSTRACT

Aimed at improving the accuracy of dose determination in radiation medicine, this thesis
explores the radiation detection properties of synthetic diamond crystals of various types and
investigates the possibility of developing a single probe with synthetic diamond as sensor for
the dosimetry of various beam types under large as well as small-field conditions. The study
was conducted on two HPHT (high-pressure, high-temperature) and eight CVD (chemical
vapour deposited) synthesised diamonds of optical grade (OG) and detector grade (DG)
qualities of various dimensions. Various non-destructive techniques were employed to

characterise the electrical quality and some defect levels present within each of the samples.

Detector performances were evaluated using a prototype probe housing constructed of tissue-
equivalent materials. The probe has features which allow diamond crystals to be exposed in
different exposure orientations (‘edge-on’ and ‘flat-on’) for impinging radiation without
having first to re-orient the diamond sensor within its body. All dosimetric measurements
taken with the synthetic diamond probe were from exposures to low-energy mammography
X-rays (25-32 kVp), and megavoltage therapy electron (7-14 MeV) and photon (*°Co y-ray, 6
and 15 MV X-ray) beams.

The most important findings emphasized in this thesis include:

(2) The main cause of the instability of response of the examined crystals necessitating the
often cited daily primimg procedure was isolated and ascribed to the presence of ambient
light which has the effect of emptying trapping centres present within the diamond sensors.
The percentage changes in response between measurements in light and dark conditions
conducted over a period of three successive weeks were 2.8+1.2, 25.2+6.3 and 63.0+0.3% for
HPHT, DG and OG CVD diamond detectors, respectively. For measurements under light
conditions alone using the tested detectors, the difference in response was > 5%, whereas in
dark conditions the difference in response was < 3%. This signifies that once the diamond
sensors are properly shielded from ambient light and their response stabilised, daily priming

IS not necessary;

(2) Given the importance of Fowler’s dose rate linearity index A of solid-state detectors in
radiation dosimtry, A was used as a relevant tool to identify a number of pertinent defect
types which could influence the performances of the diamond detectors.

Thermoluminescence emission was also identified as a suitable parameter that could be



utilised to probe the performances of diamond crystals. These findings suggest that diamond
crystals could be selected or perhaps tailor-made with various defect levels which when used

as sensing elements for dosimetric applications display optimum performance;

(3) Measurements of output factors under small-photon-field conditions demonstrated that an
accuracy level within 3% could be achieved if the diamond detector size is < 3/4 of field size,
with the ‘edge-on’ orientation being an appropriate detector geometry for field sizes below
1x1 cm?. In addition, the HPHT diamond sensors due to their low defect levels were found to
show an overal better performance compared to the CVD crystals. A sensitivity value of
197.3 nC Gy mm™ was established with the probe using a HPHT diamond sensor in a
radiation field of size 0.4x0.4 cm? compared to avalue of 136.1 nC Gy mm™ obtained with
asmall-field diode detector;

(4) The dosimetric performances (i.t.o relative dose distributions, directional and dose rate
response) of the diamond probe (using selected crystals as sensing elements) on exposure to
various teletherapy beams were found to be in close agreement with data taken with reference
dosimeters in the order of 1-2% with or without dose rate dependence corrections. Such
performance was attributed to the near-tissue equivalence of the synthetic diamond probe and

its low and stable background signal.

Overdl, the study illustrated that differences in crystal quality due to the presence and
influence of defect levels could cause a variation in the performances of various diamond
sensors. Once a crystal is selected (based on the influence of defect levels) and coupled to the
probe, then the near-tissue equivalent synthetic diamond probe could be used for clinical
applications of various beam types in large as well as small radiation fields as demonstrated

by the results of various dosimetric characterizations.
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CHAPTER ONE

INTRODUCTION



1.1 General introduction

Radiation describes the emission and propagation of energy from electromagnetic waves or
energy propagated by moving subatomic particles with very high kinetic energy. This study is
concerned with ionizing radiation (electrons, X- and gamma rays). By radiation detection
properties as referred to in the title of this thesis, this study considers parameters that could
influence the response of diamond to ionizing radiation. These include parameters such as the
physical properties of diamond, imperfections (crystal defects and impurities), light
sensitivity, crystal geometry or orientation, thermoluminescence (TL) emission and dark
current. Furthermore, the term “medical applications” is limited to clinical radiation

dosimetry.

1.2 Medical applicationsof ionizing radiation

The study and use of ionizing radiation in medicine started with the discovery of X-raysin
1895 by Wilhelm Roentgen followed by natural radioactivity by Henri Becquerel in 1896 and
radium by Pierre and Marie Curie in 1898. The knowledge of the use of ionizing radiation in
diagnosis and treatment of disease is now well established. Whereas diagnostic radiology and
nuclear medicine employ ionizing radiation in the detection of cancer, radiotherapy describes
the use of ionizing radiation in the treatment of cancer. Diagnostic procedures make use of
low-energy X-rays (diagnostic radiology) and gamma rays (nuclear medicine) whereas in
therapy, most commonly high-energy photon and electron beams in the megavoltage range
are utilized. Radiotherapy employs two treatment methods — external beam radiotherapy
(EBRT) and brachytherapy. Whilst EBRT is the term used to describe treatments in which
the source of radiation is distant from the patient, brachytherapy describes treatments
delivered at a short distance using radioactive sources or seeds placed either closed to or
implanted within the target volume. The discussion in this thesis is limited to EBRT and
mammography as both procedures cover the energy range often encountered in therapeutic
and diagnostic radiology. In addition, EBRT is the common form of radiotherapy while

screening mammography is done on aregularly basis (every one to two years).

1.3 X-ray Mammography

Breast cancer is the most common type of cancer among women. In the USA, it ranks second
as a cause of cancer death in women (after lung cancer) (American cancer Society, 2014). It
is estimated that 232,670 and 62,570 new cases of invasive and in situ breast cancer,
respectively are expected to be diagnosed among women in the USA during 2014 with about
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40,430 breast cancer deaths (40,000 women, 430 men) expected to occur (American cancer
Society, 2014). Mammography is a radiographic imaging technique that employs low-energy
X-rays to examine the human breast aimed at an early detection of breast cancer, typically
through the detection of characteristic masses and/or micro-calcifications. X-ray
mammography has been considered to be the most reliable, important and sensitive imaging
technigue currently available for early detection of breast cancer. Mammaography is used for
mass screening and for diagnostic examinations. Screening involves the examination of
asymptomatic women with the intent of early detection of a breast lesion before it becomes
papable, whereas diagnostic mammography is performed on individuals who through
physical findings and/or symptoms, may reveal that they have breast cancer.

A mammography X-ray machine (screen-film mammography) is usualy operated in the
energy range from 25 to 35 kVp and absorbed doses of the order of 1 to 2 mGy are measured
(Klein et al., 1997). A higher radiation dose will normally lead to a better image contrast but
this increases patient dose and may subsequently induce cancer in the radiosensitive breast as
any exposure to ionizing radiation has a small but significant risk. The clinical X-ray beam
used for mammaography is produced when a beam of fast moving electrons from a cathode
filament is rapidly decelerated in vacuum to collide and interact with atarget material (anode)
usually molybdenum. The X-ray machine is designed such that the X-ray beam produced is
directed through an exit window to the exterior. A filter is usually inserted in the path of the
X-ray beam to ater the beam quality by removing soft energy X-rays which do not contribute
to image formation but increases patient dose. The filtered beam is then collimated to desired
dimensions for breast imaging. A mammography unit is a dedicated unit in a diagnostic
radiology department as the X-ray mammography machine is tailored to image only the
breast. Compared to other diagnostic X-ray tubes (radiography, computed tomography (CT)
and fluoroscopy) which usually use tungsten targets, molybdenum is a common anode

material for screen-film mammography machines.

1.4 External beam radiotherapy (EBRT)

The main goa of radiotherapy is to deliver a high radiation dose (lethal dose) to the target
volume while the surrounding normal tissues and organs at risk receive the lowest possible
dose. Radiotherapy represents one of the three primary modalities for cancer management,
the other two being chemotherapy (use of chemicals and drugs) and surgery. Sometimes, a

combination of two or al three modalities is required for cancer management depending on
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the stage of the disease and clinical decision. EBRT primarily applies megavoltage electrons
(6-22 MeV) or X-ray photons (4-25 MV) from linear accelerators (linacs) or y-ray photons
from a teletherapy machine. Two y-ray sources for teletherapy machines are ®°Co and **'Cs
but the former is widely used. A ®°Co teletherapy source emits two y-ray energies at 1.17 and
1.33 MeV which constitute the useful therapy beam having, an average radiation energy of
1.25 MeV.

Megavoltage photons and electrons could be delivered with separate linacs, but modern
linacs are capable of providing both photon and electron beams. The primary advantage of a
modern linac over a ®Co teletherapy unit is that a linac has a compact and efficient design
that provides either a megavoltage X-ray or electron therapy beam with awide energy range.
The central axis depth-dose curve of an electron beam exhibits a high surface dose compared
to megavoltage photon beams. Consequently, this feature provides electron beams a distinct
clinical advantage over conventional X-ray modalities in the treatment of superficial tumours
and lesions at shallow depths (< 5 cm deep) beneath the skin.

1.5 Clinical radiation dosimetry, effective atomic number and tissue-equivalence
Radiation dosimetry is the determination of the absorbed dose or some other physically
relevant, related dosimetric quantity in a medium at a given point of interest. Usually these
doses are determined with tissue-equivalent materials whose absorption characteristics are
similar to those of human tissue (Y acoot et a., 1990). Tissue-equivalence therefore describes
the property of a material to respond to radiation in an identical manner as the human body.
Consequently to meet the requirements of a radiation dosimeter, the radiation sensing
material and its holder ought to have absorption characteristics comparable to that of human
tissue. As tissue-equivalence can be defined i.t.o effective atomic number (Z«) (Manohara et
al., 2011), it implies that Z¢ of the dosimeter should be tissue equivalent. Zg is the atomic
number of an element with which photons interact in a similar manner as with the given
composite material (Khan, 2003). It represents the weighted average of the number of
electrons per atom in acomposite material (Manoharaet al., 2008).

In radiation measurements, the Compton effect, photoelectric effect and pair production are
the dominant interaction processes which play a role. The probability that a given process,
called the interaction cross section, would take place with an attenuation materia is a

function of the atomic number Z of the absorbing medium and photon energy E.



Table 1.1: Approximate dependence of the interaction cross sections of Compton scattering,
photoel ectric effect and pair production as afunction of Z and photon energy

Interaction process Approximate dependence
Photoel ectric Absorption (1) Z* for E, < 100 keV

Z° for Ep = 3 MeV
Compton scattering (o) Z
Pair production (k) Z°E, > 3.4 MeV

Reference: Nam (1989)

For megavoltage photon beams in the clinical range, the Compton effect is the predominant
mode of interaction (Khan, 2003). However in biological tissues, the absorption of relatively
low-energy photons occurs principaly by the photoelectric effect (Yacoot et a., 1990). A
rough estimate for the probability of photoelectric absorption per atom over all ranges of
photon energy E, and Z is given by (Khan, 2003):

T = constant * (Z"/E,>°) (1.2)
where the index n varies between 4 and 5 over E,. Presented in Table 1.1 are the approximate
dependence of the interaction cross sections for the Compton effect (o), photoelectric effect

(1) and pair production (k).

Since photoelectric absorption is the main mode of the interaction of low-energy photons
with matter, it is essential to match the effective atomic number of radiation detectors to that
of human tissue. Comparing diamond and silicon (as silicon is commonly used as a detector
material) it is seen that the effective atomic number (Ze) values of 5.92, 7.42 and 7.64 for
fats, muscle and lung, respectively closely match the atomic nhumber of diamond (Zc= 6)
compared to silicon (Zg = 14) which matches bone (Z« =13.8) (Bampton, 1976; Y acoot et
al., 1990). From the above it is clear that if Z« of the dosimeter is different to that of human
tissue, the energy response of the dosimeter could vary significantly to the energy absorption
in body tissue. Therefore, the energy dependence of aradiation detector for clinical dosimetry
can be determined by comparing its atomic number to Zg of human tissue (Burgemeister,
1981). Consequently, for accurate measurement of radiation dose, the choice of the dosimetry
systems should be limited to those which are tissue equivalent. The near-tissue equivalence of
diamond therefore favours this unique mineral as a detector material. Hence, as a clinical

radiation detector, it does not need significant energy correction factors to convert the



response to the actual deposited radiation dose since its energy response is similar it that of
human tissue. Diamond does not only exhibit this remarkable attribute but other desirable

properties that are attractive for medical applications.

1.6 Overview of absorbed dose measurements

The term absorbed dose, D is defined as (ICRU, 2011):

D = dE/dm (1.2
where, dE isthe mean energy (in joules) imparted by ionizing radiation to a medium of mass
dm (in kilograms). The Sl unit for absorbed dose is the gray (Gy) defined as 1 Gy = 1 J/Kg.

The Spencer-Attix formulation (Spencer and Attix, 1955) of the famous Bragg-Gray cavity
theory has been adopted by most International dosimetry protocols (AAPM TG-21, 1983;
ICRU, 1984; AAPM TG-25, 1991; AAPM TG-51, 1999; IAEA TRS-398, 2000) for the
measurement of absorbed dose. According to this theory, the magnitude of the ionisation
signa produced by radiation in a small gas-filled cavity (gas or air as detector material)
placed in a medium can be directly related to the absorbed radiation dose in the surrounding
medium. A stringent requirement for the application of this theory isthat the cavity should be
sufficiently small so that the perturbation of the electron and photon fluences at the effective
point of measurement, P is negligible. Based on the Spencer-Attix theory, the absorbed dose
a point P in a medium (phantom)?, D,., measured with a detector (det) can in general be

expressed as.

— N\ Mmed

L
DI’T‘ﬂd = R 1 'Ppert (13)
o,

where, R is the response of the detector (usualy ionisation charge) corrected for various

det

influenced factors such as ambient conditions, dose rate and directional dependence of the

detector; ‘det’ represents the radiation sensing material of the detector (e.g. air, silicon or

! Dosimetric measurements are usually performed inside phantoms which simulate human
tissue. Water is recommended as a reference phantom material since it is universally
available and it closely approximates the radiation absorption and scattering properties of
muscle and other soft tissues. Solid dry phantoms can be used as substitutes for water as
water poses some practical problems (Khan, 2003).
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diamond). The parameter | — | istheratio of the average restricted mass collision stopping

Jo,

power? of the medium to the detector material which accounts for the change in the electron

det

fuence at the point of measurement due to the insertion of the detector. The perturbation

( Ppen) (or replacement, |I)repl as referred to by AAPM (1983)) correction factor, corrects for

perturbation in the photon and electron energy fluences at the point of measurement due to
the introduction of the detector material in the medium (Khan, 2003). That is, it accounts for
the spatial and angular variation of the radiation fluence in the detector and the surrounding
medium (Bjork et al., 2000). The perturbation correction factor depends on: the (i) detector
material, that is, its size, Z& and density; (ii) beam energy and type; (iii) depth of
measurement; and (iv) gradient of a depth-dose curve at the point of measurement (AAPM,
1983; Bjork et al., 2000).

The factor Ppmwhich is required only if the detector perturbs the relationship between )
and R has two components, the fluence, P, and gradient, P correction factors for

measurements made under conditions of electronic equilibrium (Khan, 2003). That is,
Ppert = Pfl ' Pgr (14)
For measurements made with ion chambers for instance, P, istheratio of electron fluences

with and without (cavity is filled with surrounding medium) the cavity. When the
measurement of electron fluence is performed with a cylindrical chamber, there is an
upstream shift in the effective point of measurement depending on the radius of the air cavity.
As a result, the measured ionization is greater than that if there was no shift or if the cavity

radius was zero. Therefore, |:)gr is the component of P__ caused by a shift in the point of

pert
measurement of a detector. Its magnitude depends on dose gradient and detector size.

. med — ~\ med

L
The factors I: and |Z)pert are both energy dependent, so {| — .|:>pert in general
P P

represents the energy dependence of the detector (Van der Merwe and Keddy, 1999). In fact

det det

this energy-dependent term is used to convert depth ionization curves to depth-dose curves if

2 The term stopping power refers to the energy loss by electrons per unit path length of a
materia (Khan, 2003).



the response of the detector is dependent on beam energy. This indicates that a tissue-
equivalent detector is necessary for the accurate measurements of absorbed dose since its
response will not vary with beam energy. It can therefore been seen that ionization
measurements taken with a tissue-equivalent detector such as diamond could be used directly
as absorbed dose data to tissue without energy dependent correction factors unlike

measurements taken with energy dependent dosimeters such as air ionization chambers.

Silicon diodes are well-known to show significant energy dependence at lower electron and
photon (< 100 keV) energies (Vatnisky and Jarvinen, 1993; Rustgi, 1998) due to the non-
tissue equivalence of diode detectors. Illustrated in Fig. 1.1 are the mass collision stopping-
power ratios for water-to-carbon and water-to-silicon as a function of electron energy (water
Is a reference medium used in clinical dosimetry). A correction for the change in stopping-
power ratio of water-to-silicon with electron energy would significantly improve dosimetric
data taken with silicon diode detectors, especially at energies below 5 MeV. The water-to-
carbon stopping-power ratio is amost constant with electron energy over the range 1-20

MeV, which is an advantage for diamond detectors over diodes and air ion chambers.
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Figure 1.1: Mass collision stopping-power ratios for water-to-silicon and water-to-carbon as a
function of electron energy References: (Bjork et a., 2000; ICRU, 1984).



1.7 Anoverview of the calibration of high-energy photon and electron beams

Prior to clinical use, the output of electron and photon beams generated by radiation
machines is usually calibrated. Beam calibration (reference dosimetry) is the determination of
absorbed radiation dose in reference irradiation conditions (Podgorsak, 2005). It ensures
optimization and accurate delivery of prescribed dose to patients. Dosimetry protocols
recommend that the calibration of photon and electron beams be performed in a water
phantom with dimensions of at least 30 x 30 x 30 cm®. Furthermore, water is the material to
which the dose calibration is referenced. The TG-21 protocol (AAPM, 1983) however
recommends that plastic phantoms (polysterene or Perspex) may be used in addition to water,
but with the requirement that the dose calibration be referenced to water. Thus ‘medium’ as

used in section 1.5 refers to the type of phantom material employed.

For the dosimetry of photon beams, if the spectral distribution and fluence of photons
(primary and scattered) at a given point of measurement in plastic are the same as at a

comparable point in water, the dose to water is related to the dose to plastic by:

water

Hen
Dwater = D plastic * (15)
p plastic
e — water
where, mem is the dose to plastic and 'u—en is the ratio of the mean mass energy
p plastic

absorption coefficient of water to that of plastic. In the case of electron beams if dose is
measured in a plastic phantom at the depth of dose maximum, dmax (depth of peak absorbed

dose), then the dose to water is given by:

B — water

S
water
D water = D plasic *| q) plastic (16)
plastic

— N\ Water
where, | — is the average unrestricted mass collision stopping power ratio of water to

p plastic
plastic andq)vpvla;;’ic is the ratio of the electron fluence at dyux in water to that of plastic. In

Equations (1.5) and (1.6), D i isgiven by Eqg. (1.3) as the dose to medium.



Since in medical radiation dosimetry the dose to soft tissue (or muscle) is the quantity of

interest, it is essential to convert dose to water, DWater to dose to tissue, Dtissue whenever dose

Is specified for patient trestment. These two quantities are related by (Khan, 2003):

In the case of photon beams,
P tissue
Hen
D tissue = D water * (17)
y%

water

For electron beams,

— \ tissue

S
D tissue = D water ‘| (18)
p water
J— tissue — \ tissue
where @ and | — are the ratios of the average mass energy absorption
P P

water water

coefficient and unrestricted mass collision stopping power of tissue to water, respectively.

1.8 Overview of dosimetry in mammography

The objective of dosimetry is principaly to evaluate the risk of radiation-induced
carcinogenesis in mammography procedures. Three dosimetric quantities are used in
mammography (IAEA TRS 457, 2007): the incident air kerma, K;; the entrance surface
kerma, K. and the mean absorbed dose to the glandular tissue within the breast, called the
mean glandular dose, Dg which is of primary interest as it is the risk related parameter. The
risk assessment quantity (Dg) is not measured directly but it can be determined from
measurements of the incident air kerma to a 4 cm thick breast substitute phantom using a
conversion coefficient (Dance, 1990). The approach involves the determination of K; to the
breast substitute phantom (measured without backscatter) and the half value layer (HVL) of
the X-ray set. The incident air kerma is determined from the product of tube loading
(exposure time-current product, mAs) and machine output (air kerma per mAs) with the
phantom removed (Assiamah, 2004).
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Using Perspex (also known as polymethyl methacrylate or PMMA) as breast substitute
phantom the mean glandular dose can be estimated as. (Dance, 1990; Dance et al., 1999):

DG= Ki p g (1.9

where Kj istheincident air kerma at the surface of the breast without backscatter; p is afactor
that converts the incident air kerma to the PMMA phantom to that of the standard breast and
g is the conversion coefficient that converts the incident air kerma for the standard breast to
mean glandular dose. It is recommended that the diagnostic dosimeter (usually a calibrated
ion chamber) used for X-ray output measurements should have a flat energy response over

the mammographic kilovoltage (kV) range (Dance et al., 1999).

19 Rationaleand aim of study

Radiotherapy aims at delivering a lethal radiation dose to malignant tissues in order to
provide a high probability of tumour control while sparing or inducing minimal damage to
adjacent normal tissues. As a result radiotherapy is directed towards keeping normal tissue
complications within acceptable limits while attaining a high therapeutic ratio, i.e., the ratio
of tumour control probability (TCP) to normal tissue complication probability (NTCP)
(Bampton, 1976). Also, as screening mammography involves the examination of potentially
healthy individuals unlike radiotherapy where the clinical objective is to eradicate a disease,
the risk of the procedure has to be carefully balanced against the benefits as any exposure to
ionizing radiation has a small but non-negligible risk of radiation-induced carcinogenesis.
Consequently, accurate medical radiation dosimetry is essentia to the success of diagnostic

and therapeutic procedures.

Dosimetry deals with techniques for the quantitative determination of absorbed dose in a
given medium by ionizing radiation (Podgorsak, 2005). It represents one of physical
procedures aimed at achieving the overall ICRU (1976) £5% uncertainty of absorbed dose
delivery in radiotherapy. The goa of clinical dosimetry is to acquire and evaluate essential
beam parameters with a high degree of accuracy in order to assess the absorbed dose to the
human tissue. Of particular relevance is the fact that compared to measurements in large or
classical (> 4 x 4 cm?) radiation fields, an extra degree of accuracy is required for the
dosimetry of small fields (< 4 x 4 cm?) as a result of the loss or absence of lateral eectronic
equilibrium in small fields (Haryanto et ., 2002; Lee et al., 2012; Wuerfel, 2013). To achieve the
highest possible accuracy especially for measurements in small radiation fields, three
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essential properties are required of radiation detectors: tissue-equivalence of the detector

materia including its encapsulation; high spatial resolution and high radiation sensitivity.

However, the state-of-the-art detectors (air ion chambers and silicon diodes) frequently used
for the clinical dosimetry of electron and photon beams have a range of applicability limited
by the design and inherent properties of their respective detector materials (Heydarian et al.,
1993). Whereas large-size ion chambers are not appropriate for high spatial resolution
measurements due to the volume averaging effect (Haryanto et al., 2002; Lee et a., 2012;
Wouerfel, 2013), the use of ion chambers with very small physical sizes leads to extremely low
sensitivity to radiation because of the low density of air (Heydarian et a., 1993). Diode
detectors have high spatial resolution and are highly sensitive to radiation as a result of the
high density of silicon compared to air, but they have a major drawback of being non-tissue
equivaent (Heydarian et a., 1993; Bjork et al., 2000). Consequently, diode detectors show
an over-response in both large (Westermark et al., 2002) and small fields (Haryanto et al.,
2002; Laub and Wong, 2003). Furthermore, the energy and air density dependence of air ion
chambers, the directional dependence of parallel-plate chambers and silicon diodes (Brahme,
1985) and the use of separate shielded and unshielded diodes for photon and electron beam
dosimetry, respectively (Heydarian et al., 1993) are some of the drawbacks.

In contrast, diamond is a potential detector material for dosimetric applications due to its
unique properties. Additionally, a single probe with synthetic diamond as the radiation
sensing element could be used for both photon and electron beams dosimetry in large as well
as in smal and very small (< 1 x 1 cm?) radiation fields. By virtue of its near-tissue
equivalence; the high solid-state to air density ratio, which is of the order of 3.0 x 10° (Bruzzi
et al., 2000); and with an atomic number density of 1.75 x 10% atoms cm™® (Mainwood, 2000)
which corresponds to a molar volume of 3.44 cm® mol™(Assiamah et al., 2007) diamond
detectors with small physical sizes can be constructed for high spatial resolution
measurements which is an advantage over large volume and non-tissue equivalent detectors.

However, the application of diamond detectors for medical dosimetry is still limited by
various challenges often encountered in the field which hinder both dosimetric performance
and the availability of the product. Some pertinent challenges include: ease of fabrication and
compatibility with commercially available electrometer systems; encapsulation and positional

uncertainties due to detector geometry; dark currents or background signals which are

12



undesirable sources of noise in radiation measurements; the instability of response of
diamond detectors needing daily priming; the dose rate dependence of diamond detectors in
relative dosimetry; directional dependence and cable irradiation effects; and crystal selection.
In addition, the relationship between crystal size and field size for small-field dosimetry has
not been investigated and only a few studies (Ciacaglioni et a., 2012; Marsolat et a., 2013)
have evaluated the performance of a synthetic diamond detector of a particular type under

small-field conditions.

By exploring the radiation detection properties of synthetic diamond crystals of various types
aimed at addressing the above challenges in order to improve dosimetric accuracy, this thesis
investigates the possibility of utilising a single synthetic diamond probe for the dosimetry of
low-energy diagnostic X-rays and high-energy radiotherapy beams in large as well as in
small radiation fields. The dosimetric performances of examined crystals were correlated to

material characteristics (defects and impurity levels).

110 Thesisoutline

With the overall aim of improving dosimetric accuracy, this thesis explores the possibility of
developing a multi-purpose radiation probe with synthetic diamond as the sensing material
for the dosimetry of mammography X-rays and radiotherapy beams (megavoltage photons
and electrons) under broad and small field conditions. The thesisis structured by publications
(chapters 4 to 8), which is allowed at the University of the Witwatersrand. Consequently,

there will be repetition but | have tried as much as possible to limit it.

Chapter 2 gives a description of the crystal structure of diamond including its properties and
diamond type classification. The principle of operation of a diamond radiation detector and

an overview of dosimetry with diamond are presented including the challengesin the field.

Chapter 3 presents the synthetic diamond crystals examined in this thesis and the
characterization techniques which include: Raman spectroscopy; Electron spin resonance
(ESR); Fourier transform infra-red spectroscopy (FTIR) and thermoluminescene (TL)
emission. These techniques were conducted to assess and compare crystal quality and to
correlate crystal quality with dosimetric performance. For the characterized crystals, only one

Raman spectrum (as well as ESR and FTIR) is shown as al the spectra for each technique
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show similar features but of different sizes. A prototype design of the multi-purpose synthetic

diamond probe is also presented together with irradiation measurements.

In chapter 4, preliminary dosimetric measurements to determine whether the synthetic
diamond probe has been optimized (i.t.o of various influencing quantities) for the evaluation
of detector performances clinical conditions are presented. The measurements were taken

with mammography X-rays and megavoltage electrons.

Presented in chapter 5 is an evauation of some pertinent parameters that influence the
dosimetric performance of synthetic diamond detectors. Parameters such as: the unstable
response of diamond detectors requiring priming is systematically studied using
mammaography X-rays, the angular dependence and the influence of dose rate dependence

correction factor in relative electron dosimetry are eval uated.

Chapter 6 presents a systematic study of the dose rate dependence of synthetic diamond
detectors in relative therapy electron dosimetry. The aim here was to select a suitable crystal
for small-field electron dosimetry.

In chapter 7, the influence of defect levels on the dose rate dependence of synthetic diamond
detectors of various types on exposures to high-energy radiotherapy beams is presented. The
dependence of the dose rate linearity index on bias voltage, defect levels, beam energy and

type is systematically investigated.

Chapter 8 investigates the relationship between detector size and field size under small-
photon field conditions using synthetic diamond crystals as sensors. The aim was to select a

suitable crystal type and size for small-field dosimetry.

A general discussion of the results of the study and conclusions based on the major findings

are presented in chapter 9.

Outlined in Appendix A is an evaluation of the performance of the synthetic diamond probe
on exposure to ®Co radiation, a justification of 2% accuracy for the influence of Fowler’s
dose rate linearity index in relative dosimetry is presented in Appendix B, and a list of

publications, patents and conference presentations is provided in Appendix C.
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CHAPTER TWO

HISTORICAL BACKGROUND AND LITERATURE REVIEW
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2.1 Crydtallinestructure and physical properties of diamond

The structure of a material determines its properties such as physical, mechanical, electrical,
chemica and optical properties, and eventually determines its industrial applications. For
instance, diamond and graphite are two universaly known allotropes of carbon, but they
differ in structure by bonding types and arrangement of atoms. Whereas diamond is the cubic
form of crystalline carbon of extreme hardness and the carbon atoms in a pure diamond
|attice are covalently bonded with sp* hybridised bonds in a tetrahedral structure, graphite is
soft, has sp? bonds and a hexagonal structure (Kalish, 2007). Consequently, diamond serves
as an abrasive material while graphite is commonly used as a lubricant. The crystalline
structure of diamond is described by the cubic unit cell of the diamond lattice as illustrated in
Fig. 1. The distance between neighbouring atoms is 0.15 nm and the diamond lattice has a
face-centred cubic (FCC) structure (Ziman, 1972; Cazaferri and Rytz, 1996).

Carbon (Zc = 6), silicon (Zs = 14) and germanium (Zge= 32) are Group 1V elements of the
Periodic Table (PT). Although Si and Ge are commonly used as semi-conductor materials for
the fabrication of electronic devices and sensors, pure diamond being an insulator has several
exceptional properties suitable for industrial applications compared to both silicon and
germanium. Listed in Table 1 are some of the unique properties of diamond compared to
those of silicon. Other outstanding properties of diamond include its: high radiation hardness
(due to the high density of strong bonds in the crystal lattice); chemical inertness, which

Figure 2.1: Basic cubic structure of diamond. Reference: (Gracio et al., 2010)
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Table 2.1: Some properties of diamond compared to silicon at 293 K.

Property Diamond Silicon
Mass density (g cm™) 3515 2.33
Atomic density (cm™) 1.75 x 10% 4.83 x 10%
Band gap (eV) 5.47 1.12
Resigtivity (Q.cm) >10% 2.3x10°
Breakdown voltage (V cm™) 10’ 3 x 10° (p-n junction)
Electron mobility, pe (cm?V s 2400 1350

Hole mobility, pn (cm?V s 2100 480
Saturation velocity, vs (km s ) 220 82
Dielectric constant 57 119
Energy to form e-h pair, € (eV) 13 3.6
Thermal conductivity (W m™* K™) ~2000 (max) 150

Reference: Mainwood (2000)

makes it suitable for operations in harsh environments where silicon can not operate; non-
toxicity, which makes it suitable for in vivo dosimetry; high sensitivity to radiation (dueto its
high mass density) and stability of response; extreme mechanica hardness (~ 100 GPa); low
leakage current and a good time resolution; and near-tissue equivalence due to its low atomic
number which matches closely the effective atomic number of human soft tissue (Zeg = 7.4)
(Mainwood, 2000; Kania, 1993; Manfredotti et a., 1998; Whitehead et al., 2001; Guerrero et
a., 2004; Cirrone et a., 2006; Gracio et al., 2010). This last property offers diamond a

distinct advantage over silicon for applicationsin clinical dosimetry.

2.2 Electronic band structure of diamond

The band model of solids which, describes electron energies and their distributions
determines the type of solid and its macroscopic properties (Ziman, 1972). It can provide a
basic explanation for the electrical properties of solids. As Fig. 2.2 demonstrates, an insulator
such as diamond is described by the band model as a solid material characterized by a
relatively wide band gap. In the case of pure diamond (an indirect band gap material), the
band gap is about 5.47 eV. The valence band which lies below the energy band gap is
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completely occupied by electrons whereas the conduction band (above the energy gap) is
devoid of electrons. As the electrons in the valence band are not free to move through the
crystal lattice, no electric signal can flow, hence diamond is an insulator at room temperature.
If however an electron in the valence band acquires sufficient energy (e.g. thermally or when
the material isirradiated) such that it is excited from the valence band to the conduction band,
it becomes free to move as does the hole created in the valence band. Due to the large band
gap, about 5.47 eV of energy is required to excite an electron from the valence band to the
conduction band, compared to 1.12 eV for silicon and 0.7 eV for germanium. Consequently,
pure diamond is a wide band gap material, as 5.47 €V is higher than the thermal energy ksT ~
0.025 eV (where kg is the Boltzmann’s constant and T is the absolute temperature) and the
probability of thermal excitation of an electron from the valence band to the conduction band

iIsnegligible at room temperature (Gracio et al., 2010).

As shown Fig. 2.2, the presence of defects and impurities (imperfections) in the diamond
lattice may create electronic levels in the band gap (Kalish, 2007) which could alter the
electrical performance of the material. Crystal imperfections can trap charge carriers,
resulting in reduced sensitivity or may dope the crystal making it a semiconductor. An
electron trap would temporarily capture an electron with subsequent thermal release to the
conduction band whereas a hole trap would momentarily capture a hole and later release it
thermally to the valence band. The time between the capture and thermal release of charge
carriers depends on the temperature of the crystal and the trapping energy levels. Instead of

acting as trapping centres, some impurities would act as recombination centres causing the

Energy Conduction band

Conduction band A

(devoid of electrons)

ST o | o 2 Band gap 0 Band gap
Impcﬁecumn in band gap | G, 0.0 S 476V G o 5476V
creating electronic levels

Valence band
(filled with e eumm} \
d and

Figure 2.2: Electronic band structure of diamond illustrating ground (a) and excited (b) states
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recombination of afree electron and a hole. The mechanism of recombination depends on the
nature of the recombination centre — recombination could either take place between an
electron and a free hole captured at the recombination centre or between a hole and a free
electron captured at the recombination centre. In either case, the outcome is the same.
Although both trapping and recombination centres result in reduced signal, the process of
trapping is temporary while charge is completely lost in the process of recombination and
energy is usualy released. The released energy could take the form of a photon (radiative
recombination) or a phonon (non-radiative recombination). In the former case, if the photon
is released in the visible region of the electromagnetic spectrum as is usually the case the
recombination centre is known as a luminescent centre. In the latter case which is an
aternative to radiative recombination, the energy liberated in the form of phonons increases

the temperature of the crystal athough the temperature increase may not be detectable.

2.3 Classification of diamond

Diamond could be natural or synthetic. There are various processes which crystallize carbon
to the diamond structure. While the natural genesis of diamond takes place in the earth’s
crust, synthetic diamond crystals are basically produced by the high-pressure, high-
temperature (HPHT) and chemical vapour deposition (CVD) processes. At room temperature,
graphite is the stable form of carbon whereas diamond is the metastable form so the natural
genesis of diamonds occurs in the region where diamond is thermodynamically stable as
illustrated in the carbon phase diagram in Fig. 2.3 (Balmer et a., 2009). The growth of
synthetic diamond by the HPHT method basically converts graphite to diamond by applying
appropriate temperature and pressure conditions in the thermodynamically stable region. The
use of various transition metals (e.g. Co, Ni and Fe) as solvents and catalysts is essential in
the synthesis of HPHT diamonds (Y acoot et al., 1990). The growth of diamond by the CVD
process involves the deposition of carbon atoms that originate from the dissociation of a
carbon-containing gas precursor on a solid substrate (Gracio et a., 2010; Balmer et al., 2009).
As this process is in the region where diamond is metastable compared to graphite, diamond
synthesis under CVD conditions is driven by kinetics and not thermodynamics (Balmer et al.,
2009). If the solid substrate or seed is bulk diamond (natural or synthetic) the resulting films
are said to be homo-epitaxial or single crystalline as opposed to hetero-epitaxia or
polycrystalline films which are deposited on non-diamond substrates (Gracio et al., 2010,
Balmer et a., 2009). So CVD diamond can either be single crystal or polycrystalline (usually
grown on Si substrates (Kalish, 2007).
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In Period 2 of the Periodic Table carbon (Zc = 6) is located between boron (Zg = 5) and
nitrogen (Zy = 7) which are commonly observed impurities in diamond (Walker, 1979). The
classification system of diamond is based solely on the presence or absence of N and B
impurities (and their configurations) in the diamond lattice as illustrated in Fig. 2.4 (Breeding
and Shigley, 2009). Pure diamond would be made up of only carbon atoms arranged in a
regular pattern in the diamond lattice. However, N and B atoms often replace some C atoms
in the diamond lattice. Nitrogen is frequently observed in natural diamonds and its presence
indicates that it is usualy involved during its growth. Diamond type classification divides
diamonds into two groups as Type | or Type Il (Breeding and Shigley, 2009). Type |
diamonds contain sufficient and detectable amounts of N impurities while Type Il diamonds

contain the least (or no measurable) N impurities.
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Figure 2.3; Carbon phase diagram indicating the main regions where diamond growth occurs.

Reference: Balmer et al. (2009).
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Asdemonstrated in Fig 2.4, both Types | and Il have sub-divisions as follows:

Typela This category of diamonds contains aggregated N impurities. Type ladiamonds are
sub-divided into Type laA and Type laB. Type |aA contains the A-aggregate of N,
which consists of apair of N atoms. Type |aB contains the B-aggregate, which is
comprised of four N atoms surrounding a vacancy. A- and B-aggregates of N can be

identified by infra-red absorption spectroscopy.

Type b Thisset of diamonds contains N impurities predominantly as single substitutional
or isolated N atoms. Their concentration can be measured accurately by electron
spin resonance (ESR) method.

Typella Thisclass of diamonds usually contains no measurable impurities of any kind.

Type llb This group contains boron impurities and has semiconducting (p-type) properties.

It is well known that due to the varied geological histories of natura diamonds, their

composition and properties vary considerably (Benabdesselam et al., 1999; Bamer et a.,
2009).

Ty¥pe laA
Type Ia (A-aggregate)
—— (Aggregated
N impurities) Type laB
Type 1 (B-aggregate)

(N impurities)

Type 1b
(single substitutional
| N impurities)

Diamond

Type lla

(no impurities)

Type 11
(no N impurities)

Tvpe b
(B impurities)

Figure 2.4: Diamond type classification system is based on the presence or absence of N and B
impurities and their arrangements in the diamond lattice. Reference: Breeding and Shigley (2009).
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Table 2.2: Characteristic colours of natural diamonds according to diamond type

Diamond Type Impurity Most common colours
la Aggregated N Colourless, brown, yellow, pink
Orange, green, violet
Ib Isolated N atoms Y ellow, orange, brown
lla None Colourless, brown, pink, green
b Boron Blue, grey

The growth of diamond synthetically therefore offers a significant degree of control over the
quality and geometry of the diamond obtained as crystals with reproducible properties can be
produced compared to natural growth. Most natural diamonds are of type la while synthetic

diamonds are mostly of type Ib.

2.4 Link of diamond typeto colour and sequence of nitrogen aggregation in diamond
Natural diamonds usually show colours that correlate to their diamond type as illustrated in
Table 2.2 and Fig. 2.5. For instance, type Ib diamonds are yellow, brown and orange in
colour (Breeding and Shigley, 2009).

Type

a HERBRES

b “'" @

ﬁ 70
.i-]"" 'h.:._

I1b @ %‘g

Figure 2.5: Colour of diamond is strongly influenced by the types of imperfection in the diamond
lattice. As aresult, diamond type plays an important role in the potential colours of natural, synthetic,
and treated stones. Reference: Breeding and Shigley (2009)
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As discussed in detail by Taylor et a. (1990), the sequence of N aggregation in diamond
begins with isolated N atoms (Ns) aggregating to form the more stable A-aggregates. Further
aggregation leads to the formation of B-aggregates. Associated with B-aggregate formation is
the simultaneous production of larger planar structures called platelets. A side reaction in the
A - B aggregation process produces N3 centres. Platelets degrade to form a diamond with pure B
character or may undergo catastrophic degradation, resulting in the formation of platelet-
depleted diamonds containing mixed A- and B-aggregates (Woods, 1986). Platelet-depleted
diamonds have been termed irregular diamonds by Woods (1986).

2.5 Mechanism of operation of a diamond radiation detector

At room temperature, pure diamond is an insulator with a carrier concentration of about 102
carierssem® compared to = 10" and = 10% carriersicm® for Si and Ge, respectively
(Bampton, 1976). Nonetheless, when ionizing radiation interacts with diamond, electron-hole
pairs (charge carriers) are generated. To acquire these carriers, it is essential to apply an
external bias voltage to electrical (ohmic) contacts usually produced on opposite surfaces of
the diamond sensor. The bias voltage provides the necessary electric field across the device

that drifts the free charge carriers to be collected in the externa circuit as an electric signal.

lon implantation as described by Prins (1989) and metallization are two commonly utilized
methods for the production of ohmic contacts on diamond surfaces. The technique of
metallization could be achieved by sputtering (Pan et al., 1993; Schirru et a., 2010) or
thermal evaporation (Buttar et a., 1997; Vittone et al., 1999; Whitehead et al., 2001; Galbiati
et a., 2001; Ascarelli et a., 2003; Marczewska et al., 2007; Assiamah et al., 2007; Almaviva
et al., 2010) in which single or successive metals are used to form the electrical contacts. The
metal directly in contact with the diamond surface usually determines the ohmic behaviour of
the contact and such a metal should easily form a carbide layer with the diamond surface.
Transition metals such as titanium and chromium that form carbides with diamond are
commonly used. Gold is usually deposited on the transition metal so as to prevent oxidation
due to the inert nature of gold. Annealing typically follows metallization (Ramkumar et al.,
2001) in order to allow the transition metal in contact with the diamond surface to form a
carbide layer (Vittone et al., 1999) that ensures that the contact exhibits good ohmic
behaviour (Whitehead et a., 2001).
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The method of metallization using thermal evaporation is frequently utilised, so a diamond
radiation detector can be regarded as a sandwich structure consisting of a metal-insulator-
metal (MIM) where the diamond (an insulator) is sandwiched between two metal contacts
(Kaniaet a., 1993) as shown in Fig 2.6. The ohmic contacts formed in this way require no n-
type or p-type junctions as is required with silicon diodes. Silicon diodes can not be operated
with this structure because thermally generated |eakage currents are high due to the low band
gap of silicon. The high leakage currents in silicon are suppressed by the use of reverse bias
junctions. As Fig 2.6 demonstrates, the MIM sandwich structure resembles a parallel-plate
capacitor and its mode of operation is similar to that of an ionization chamber based
dosimetry system.

2.6 Overview of dosmetry with diamond detectors

Both natural and synthetic diamond crystals have been investigated for dosimetry. The use of
natural diamond detectors supplied by PTW (Physikalisch Technische Werkstétten) for
dosimetry examined by severa researchers (Bampton, 1976; Planskoy, 1980; Heydarian et
a., 1993; Vatnitsky and Jarvinen, 1993; Laub et a., 1997; Hoban et a., 1994; Rustgi, 1998;
Laub et al., 1999; Hugtenburg et a., 2001; Westermark et al., 2002; Bjork et al., 2000; Bjork
et a., 2002; Bjork et al., 2004; Barnett et a., 2005; Lambert et a., 2007; Sabino et a., 2012)
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Figure 2.6: Schematic diagram showing a meta-insulator-metal sandwich structure of a diamond
radiation detector. The electric field is applied across the two metal contacts.
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has been hindered by various drawbacks. The need for daily pre-irradiation due to the
presence of uncontrolled amount of impurities and the variation of pre-irradiation dose
(between 5 to 15 Gy) (Marsolat et al., 2013); dose rate dependence which varies between
devices, high cost and long delivery times due to the scarceness of suitable stones; long
selection procedures of diamond stones for suitable detection properties and poor
reproducibility between devices are the major limitations of natural diamond detectors
(Yacoot et a., 1990, Guerrero et al., 2004; Guerrero et al., 2005; Guerrero et a., 2006;
Marsolat et a., 2013). Also, being a natural resource, natural diamond detectors are not

readily available (Das, 2009) and hence more difficult to provide®.

Due to reproducible and optimized growth conditions, synthetic diamond has been considered
as a substitute to natural diamond (Burgemeister, 1981; Keddy et al., 1987; Van der Merwe
and Keddy, 1999; Benabdesselam et al., 1999; Buttar et a., 2000; Bruzzi et a., 2000;
Whitehead et a., 2001; Ramkumar et al., 2001; Fidanzio et al., 2002; Cirrone et al. 2006;
Bergonzo et al., 2007; Assiamah et al., 2007; Marczewska et al., 2007; Mavunda et al., 2008;
Gorka et al, 2008; Tranchant et al., 2008; Gervino et a., 2010; De Angelis et al., 2010;
Mohamed Abdel-Rahman et a., 2012) since the impurity levels in synthetic diamond could
potentially be controlled to tailor its radiation detection properties (Marsolat et al., 2013).
Particularly, synthetic diamond detector has been investigated as. an ionisation chamber in
biological environments (Keddy et al., 1987); a TL detector (Nam, 1989); a near-tissue
equivaent probe in relative electron dosimetry (Van der Merwe and Keddy, 1999); a probe
for low-energy X-ray dose measurements (Assiamah et al., 2007); a dosimeter (Marsolat et
al., 2013) and schottky diodes (Ciancaglioni et a., 2012) for small photon beams.

However significant issues which limit dosimetric performance and hence availability of the
device remain a challenge and thus require further investigation. These challenges include:
rotational inaccuracies due to a difference in geometry between the diamond sensor and its
housing; encapsulation of detector material to reduce perturbation and energy dependent

effects; daily pre-irradiation and dose rate dependence which are major artefacts; suppression

*The so-called PTW natural diamond detector is no longer available in the market. Its waiting
period was roughly twelve months and it was approximately seven to eight times more
expensive than a Farmer ion chamber (Rustgi, 1998).
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of electromagnetic disturbances and other background signals which are sources of noise in
radiation measurements, suitable crystal type and size to provide a compromise between
sensitivity and spatial resolution for measurements in small fields; practical considerations
such as ease of fabrication of the device including convenience of use and compatibility with

commercially available electrometer systems; angular response and cable irradiation effects.

2.6.1 Thepre-irradiation (priming) and doserate dependence

Natural as well as synthetic diamond detectors are frequently reported to require priming
prior to each measurement (Bampton, 1976; Vatnisky and Javinen, 1993; Laub et al., 1999;
Buttar et al., 2000; Fidanzio et a., 2004; Cirrone et., 2006). Such a procedure is necessary so
as to stabilize the sensitivity of a diamond detector before dose measurements (Guerrero et
a., 2004; Guerrero et a., 2005). Priming with suitable doses from afew grays to some tens of
grays are usually required (Manfredotti, 2005) and a dose of up to 30 Gy has been reported for
CVD diamond detectors (Galbiati et al., 2001; Bruzzi et al., 2004). The priming dose depends
on defect and impurity levels, which can not be controlled in natural diamond (Marsolat et
al., 2013). Nonetheless, Buttar et al. (1997) pointed out the importance to improve the
stability of their CVD diamond detectors as they could not stabilize the detectors after pre-
irradiating with a dose of 5 Gy. Subsequently, Buttar et al. (2000) improved the performance
of their detectors, but noted that additional work is required to understand and eliminate the
priming effect.

Diamond detectors are also well known to show dose rate dependence (Planskoy, 1980;
Hoban et al., 1994; Laub et al., 1997; Laub et al., 1999; Bjork et al., 2000; Hugtenburg et al.,
2001; Fidanzio et al., 2004) in accordance with Fowler (1966) theory of induced conductivity
in insulators. The change in electrical conductivity, o of a diamond detector with absorbed
doserate, D, as expressed below in Eq. (2.1) is known to be influenced by imperfections.

ox D” (2.1)
The dose rate linearity index, A can take on a range of values around unity depending on the
material characteristics such as the absence or presence of active traps, their capture cross
sections and distributions within the detector material. Consequently, the detector may show
asub-linear (A < 1), linear (A = 1) or supra-linear (A > 1) behaviour. Principaly, for a pure
detector material or when the rate of excitation is so high that the presence of traps become
irrelevant, A = 0.5; if the carrier lifetime is governed by traps with the same capture cross

sections, 0.5<A<1.0; uniform and quasi-uniform trap distributions over a wide range of
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depths in the forbidden gap lead to A = 1. The value of A may exceed unity if traps in the
material have differing capture cross sections (Fowler, 1966) or are distributed non-uniformly
(Mohamed Abdel-Rahman et a., 2012).

The earlier studies of diamond detectors concluded that the diamond detector fulfils nearly al
the dosimetric properties of radiation dosimeters except for the fact that it shows dose rate
dependence. As a result, diamond detectors that show a non-linear response with absorbed
dose rate require the correction factor A for relative dose measurements as noted by Hoban et
a. (1994). The factor A is an important property of diamond detectors since it determines
both the linearity of a given diamond detector and also gives an indication of crystal quality
as its value is known to be influenced by the presence or absence of crystal imperfections.
Because of its influentia role a systematic investigation into the effect of the changein A in
relative dosimetry and its relationship with various parameters such as bias voltage, beam
energy and type including in particular the change of A with defect levels, forms part of this
thesis. Additionally addressed in thisthesisis the issue of daily priming which is an annoying
procedure since extratime is required to carry out such step in dosimetry, and it could lead to

uncertainty in dose determination if the correct pre-irradiation dose is not given.

2.6.2 Detector geometry and rotational inaccuracy

For accurate dose determination especially for measurements in small fields, the choice of the
detector as well as its alignment with the central axis of the radiation beam is relevant. In
addition to the major challenges associated with the dosimetry of small fields (section 2.6.3),
inaccuracies introduced by dlight detector misalignment become significant compared to
measurements in large radiation fields due to the presence of steep dose gradients in small
fields (Scott et., 2008; Scott et al., 2009; Wuerfel, 2013). As electron dosimetry in particular
usually implies the measurements of high dose gradients (Van der Merwe and Keddy, 1999;
Lee et d., 2012), detectors with suitable geometries are required to minimize uncertainties.
Unlike cylindrical ion chambers which produce significant perturbations in an electron field,

the design of parallel-plate chambers minimizes such perturbations (Khan, 2003).

Most diamond detectors often encountered in literature (Heydarian et al., 1993; Van der
Merwe et a., 1999; Manfredotti et al., 1998; Hugtenburg et al., 2001; Marczewska et dl.,
2007; Assiamah et a., 2007; Landley et a., 2009; Betzel et a., 2010; Tromson et a., 2010;
Schirru et al., 2010; De Angelis et a., 2010; Almaviva et a., 2010; Marsolat et al., 2013)
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have cylindrica holders that house diamond plates as sensors. The difference in the
geometries between the holder (cylindrical) and the diamond sensor (rectangular) is
challenging for accurate dosimetry since the configuration is susceptible to rotational
uncertainties (that is, the diamond sensor may be misaligned or positioned obliquely relative
to the central axis of the beam). Cylindrical designs are also chalenging to construct. For
instance, in a study reported by Assiamah et al. (2007) describing a synthetic diamond probe
for low-energy X-ray dosimetry, the diamond plate was encapsulated in an elongated tubular
housing constructed of thermoplastic resin. The shortcomings associated with such a
construction are: (i) both precision and time is required in construction and as well in the
assembly of the detector; (ii) because of the tubular configuration extra care is required to
ensure that the appropriate face is perpendicular to the radiation beam when positioning the
detector for accurate dose determination; and (iii) the tubular design complicates the
incorporation of materials that are required to remove performance-influencing interferences
from environmental sources. As rotationa uncertainties translate to dosimetric inaccuracies,
this study presents a probe with a suitable geometry that is not susceptible to rotational
uncertainties unlike the typical tubular or cylindrical constructions often encountered in

literature for diamond detectors.

2.6.3 Small-field dosimetry

Practically the measurement of absorbed dose made with ionization chambers in large
radiation fields rely on the assumptions and application of the Bragg-Gray cavity theory
where charged particle equilibrium (CPE) exists. CPE exists with respect to a given volume V
if each charged particle of a given type and energy leaving V is replaced by an identical
particle of the same energy entering V, in terms of expectation values (Attix, 1983). In other
words, CPE exists if the energies, number and direction of the charged particles are constant
throughout the volume of interest. When the size of the air-filled cavity is smaller than the
range of charged particles originating in the medium, the cavity is treated as non-perturbing
(Das, 2008). Under such conditions, the absorbed dose in the medium is related to the
absorbed dose in the air cavity by the stopping power ratios of medium to air. However, with
decreasing field size, neither CPE exists nor the conditions for the cavity theory can be
fulfilled as a result of the lateral range of electrons. Consequently, beam models usually
designed for measurements in large radiation fields can result in significant uncertainties

when used in small fields. For a small field where CPE does not exist, the presence of a
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detector can alter the local level of the CPE, adding more perturbations to complicate the
problem (Das, 2008).

In genera, the dosimetry of small fields is known to be challenging as a result of the non-
tissue-equivalence of detectors, their finite size which leads to volume averaging effects and
the absence of CPE under small-field conditions (Haryanto et al., 2002; Laub and Wong,
2003; Das, 2009; Lee et d., 2012). The aspects of tissue-equivalence and volume effect are
both known to be related to the loss of electronic equilibrium (Haryanto et al., 2002). The
equilibrium of secondary electrons breaks down as soon as the distance to the closest field
edge is smaller than the travel distance of laterally scattered secondary electrons (Wuerfel,
2013). That is, loss of electronic equilibrium is due to the beam width becoming narrower
than the maximum latera range of secondary electrons. Any detector will average the dose
across its sensing volume. But if the dose varies significantly across the volume of the
detector, then the effect of averaging can give a different signal compared to the signal that
an infinitessmally small detector would measure if placed in the centre of the large detector
(Wuerfel, 2013). The so-called volume averaging effect leads to an underestimation of the

dosein the centre of asmall field when measuring output factors (OFs) (Wuerfel, 2013).

In essence, three parameters are required of detectors for measurements in small fields: high
spatial resolution; high sensitivity and tissue-equivalence of the detector material and its
housing. High spatial resolution is required to reduce the effects of volume averaging which
become significant due to steep dose gradientsin small fields. High sensitivity of the detector
to radiation is necessary to keep statistical noise and measurement time to an acceptable level
(Westermark et al., 2000). High radiation sensitivity also implies that a detector with small
sensing volume can be utilised and as result, high spatial resolution can be attained. For some
detectors such as air ion chambers, there is a trade-off between sensitivity and spatial
resolution. The sensing volume may be small enough to provide good spatial resolution at the
expense of signal-to-noise ratio (SNR) or it may be large enough to provide a high SNR but
at the expense of spatial resolution. As diamond is a wide bandgap material compared to
silicon, the SNR of a diamond detector is expected to be better than that of a diode detector at

room temperature since the noise level arising from leakage currentsisrelatively low.

As pointed out in chapter one (section 1.5) the perturbation correction factor, Py iS required
if the detector perturbs the relationship between the absorbed dose to medium and the

32



response of the detector. The perturbation factor can be defined as the deviation of the perfect
Bragg-Gray/Spencer-Attix theory (Bjork et a., 2000). However, to assess the absorbed dose
to tissue with the highest possible accuracy the detector and its housing should be similar in
atomic composition to the medium. Such a detector would not extensively perturb the
electron fluence produced in the medium and its response to radiation would be proportional
to the absorbed dose to tissue over a broad energy range. Local changes in electronic

equilibrium could also result due to the presence of non-tissue equivalent dosimeters.

Consequently, the tissue-equivalence of a detector and its encapsulation is necessary to
minimise the loss of CPE and perturbation effects. Perturbation effects have been shown to
have a significant influence in field sizes less than 1 cm in width for solid state detectors such
as diodes (Somigliana et al., 1999; Westermark et al., 2000; Haryanto et al., 2002; Laub and
Wong, 2003; Scott et al., 2012). Beam quality usually changes under small-field conditions
as aresult of the variation of the contribution of scattered photons. Since high atomic number
materials are sensitive to low-energy photons, tissue-equivalent detectors are required for

measurements in small fields so that their response should not vary with beam energy.

Accurately measured small-field OFs are relevant beam data which are used to determine
monitor units for dose delivery. As a result, a number of studies have compared OFs
measured with different commercially available detectors such as ion chambers, silicon
diodes and PTW natural diamond in small fields aimed at selecting a suitable detector
(Westermark et al., 2000; Haryanto et al., 2002; Laub and Wong, 2003; Bjork et a., 2004,
Barnett et a., 2005; Das et a., 2008). Significant differences in the OFs were obtained with
the different detectors. The results of most of the studies however indicated that the diamond
detector is the most appropriate small-field detector due to its excellent dosimetric properties
such asits small physical size (high spatial resolution) and near-tissue equivalence (Haryanto
et a., 2002; Laub and Wong, 2003; Bjork et a., 2004). The use of small-volume ion
chambers is limited to afield size of 2 x 2 cm?. OFs obtained with field sizes below this limit
are underestimated due to an increase in lateral electronic disequilibrium and the effects of
volume averaging caused by the relatively large size of the air cavity (Haryanto et al., 2002;
Laub and Wong, 2003). For silicon diodes, they have been shown to overestimate the OF in

fields< 1 x 1 cm? due to the non-tissue equivalence of silicon (Haryanto et al., 2002).
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In spite of the limitations of natural diamond detectors, only a few studies (Almaviva et al.,
2010; Ciacaglioni et d., 2012; Marsolat et a., 2013) have evaluated the performance of
relatively small-sized synthetic diamond detectors (single crystal CVD diamonds) under
small-field conditions. The sensitivity values of these devices were however not reported. In
addition, the relationship between diamond detector-size and field size to provide a guide for

crystal size selection for measurements in small fields has not been investigated.

2.6.4 Other challenges which limit the performances of diamond detectors

It isknown that dark currents and their instabilitys are a limiting factor for efficient collection
of charge carriers since they are a detrimental source of noise in radiation measurements and
can limit the size of the applied electric field (Kania et a., 1993; Fidanzio et al., 2002,
Fidanzio et a., 2004). Electromagnetic disturbance from the linac environment also acts as a
source of noise (Wuerfel, 2013). Tartoni et al. (2009) reported placing their diamond detector
in an earthed metal box in order to reduce electrostatic noise that might be picked up.
Although in principle diamond is characterised by low leakage currents at room temperatures
as it is a wide bandgap material, it is also a high impedance material and high impedance
devices tend to be more susceptible to the presence of noise. Dark current values of up to 4
nA and 12 nA have been measured by Galbiati et al. (2001) for a CVD diamond detector
before and after irradiation, respectively. With such a large variation of the leakage current
between irradiations, it is usually required to wait for several minutes for the dark current to
drop to itsinitial value before proceeding with measurements. It is therefore indispensable to

optimize the design of diamond detectors so as to suppress noisy backgrounds.

To reduce perturbation effects, it is necessary to have detectors with small physical sizes.
This requirement is essential for measurements in small radiation fields but it poses a
problem for the dosimetry of large fields due to cable irradiation effects. For instance, for the
evaluation of the angular dependence of small-sized diamond detectors, a small radiation
field of size< 4 x 4 cm?isusually chosen to avoid cable irradiation (Westermark et al., 2000;
Ciacaglioni et a., 2012). Other contributions to the angular response of detectors could arise
from encapsulating materials including electrodes and interface phenomena (Rikner, 1985;
Heydarian et al., 1993). It is known for CVD diamond detectors that the magnitude of the
interface effects (i.e., the distortion of the mean absorbed dose in the sensitive volume of the
detector) due to metallic contacts strongly depends on the thickness of the metallised

diamond, the atomic number of the metal contacts and the energy of radiation; with the effect
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lessening with increasing diamond thickness and radiation energy, but increases with increase
in metal thickness and their atomic number (Goérka, 2008).

The literature survey thus indicates that the dosimetric performance of an ionising radiation
detector such as a diamond detector strongly depends on its design and inherent properties
such as dose rate dependence. Furthermore, data for the use of synthetic diamond detectorsin
small-fields especially for fields below 1 x 1 cm? are relatively scarce. In this thesis, an
improved design of a diamond probe is presented which addresses various challenges for
measurements in large and small radiation fields. Additionally, the relationship between
crystal size and field size isinvestigated with the aim of selecting suitable crystals and crystal
size for measurements under small and very small-field conditions. A comparison of the
sensitivity values of a commercially available small-field detector and the synthetic diamond

probe is conducted.
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CHAPTER THREE

CHARACTERIZATION TECHNIQUES AND PRESENTATION OF
PROTOTYPE DESIGN OF MULTI-PURPOSE SYNTHETIC DIAMOND
PROBE
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3.1 Introduction

The electronic properties of diamond are known to be governed by defects, dopants, grain
boundaries and surface defects (Nebel, 2003). For instance, in the field of diamond radiation
detectors, it is known that the priming dose and the dose rate linearity index A in Fowler’s
theory (Fowler, 1966) is governed by impurity or trapping levels. While a certain
concentration of impurities is required for the signal to increase linearly with dose rate,
excess impurities will cause the diamond to be insensitive to radiation and to suffer
polarization effects (Hoban et al., 1994; Laub et al., 1999). However, pertinent defect types
which could influence A are yet to be identified and isolated. To date and to the best of our
knowledge, only the study by Marczewska et a. (2007) has highlighted that A (evaluated
under ®°Co radiation) varies with nitrogen concentration but it is not clear in their study

which type of nitrogen impurity is causing the variation.

This chapter presents the synthetic diamond crystals under investigation in this thesis and
also briefly describes the various techniques (Raman spectroscopy, electron spin resonance
(ESR), Fourier transform infrared (FTIR) absorption spectroscopy, thermo-luminescence
(TL) and electrical) that were used to characterize the electrical quality and various defect
types present within each of the samples. These techniques were chosen because of their
valuable and non-destructive properties and wide use. A prototype design and construction of
an optimized (i.t.o. environmental and positional influences, encapsulation and contact
materials) multi-purpose synthetic diamond probe for dosimetry applicationsis aso presented
including various dosimetric parameters or techniques (section 3.10) that were used to

evaluate the performance of the probe and the various diamond sensors.

3.2 Synthetic diamond crystals used for this study

Initially nine commercially available synthetic diamond crystals of various types and classes
with sizes ranging between 5x5 mm? and 10x10 mm? and thickness of either 0.5 or 1.0 mm
were investigated. These included one HPHT single crystal (HPHT1) and eight
polycrystalline CVD diamond crystals of detector grade (DG) and optical grade (OG)
qualities (Table 3.1). Shown in Fig. 3.1 isa CVD diamond plate. Subsequent to the results of
dosimetric characterizations of the diamond crystals, a small-size HPHT diamond (HPHT?2)
of dimensions = 3x3x1 mm® was deliberately selected for evaluation of its potential
application in small radiation fields. In chapters 4 and 7, HPHT1 is labelled smply as HPHT,
and in chapter 8, HPHT1 and HPHT?2 are labelled as HP1 and HP2, respectively.
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3.3 Raman spectroscopy

Raman spectroscopy is a technique that analyzes the inelastic scattering of radiation from
atoms of a materia that has been illuminated by monochromatic light from alaser. A small
fraction of the photons interact with the optic modes of |attice phonons in the material under
test and are scattered inelastically. The scattered photons have a frequency that is shifted
from the incident photons by the frequency of the vibrational mode which is characteristic of
the material (Erasmus et a., 2011). Therefore, inelastic or Raman scattering is the result of
the small probability of an incoming light beam interacting and exchanging energy with the

sample material.

Raman spectroscopy is a non-destructive tool that has been widely used to characterize the
crystal structure of diamonds (Kirillov and Reynolds, 1994; Catledge et a., 1996; Bergman
and Nemanich, 1995; Faggio et a., 1999; Prawer and Nemanich, 2004; Pickard et al., 1998;
Ascarelli et a., 1985; Knight and White, 1989; Blum et al., 1998 ; Fish et al., 1999; Assiamah
et al., 2007; Mavunda et al., 2008; Gracio et al., 2010; Erasmus et a., 2011; Lansley et al.,
2009 ; Tranchant et al., 2010). As observed in pure natural diamonds, a single sharp line at
1332 cm™ having a full-width-at-half-maximum (FWHM) of about 2 cm™ (Pickard et al.,
1998; Faggio et., 1999) is a commonly accepted fingerprint of the diamond structure (sp
phase) (Ascarelli et al., 1985; Knight and White, 1989). The line-width relates to the lifetime
of the phonons from which the laser light is scattered (Pickard et al., 1998). In synthetic
diamond, the line can be shifted due to internal stress and the width is typically much broader
than that observed in natural diamond due to crystal defects or non-homogeneous distribution
of stress (Pickard et al., 1998; Faggio et al., 1999; Fish et al., 1999). Furthermore, a feature
frequently observed in the Raman spectrum of synthetic diamond is a shoulder and broader

Figure 3.1: A CVD diamond plate



peak around 1335 cm™® and 1500 cm™, respectively due to the presence of sp>-bonded carbon
(Gracio et a., 2010; Prawer and Nemanich, 2004). Three quality factors are therefore
commonly introduced for the quantitative comparison of different diamond crystals (Faggio
et al., 1999; Prawer and Nemanich, 2004): the ratio of the non-diamond (sp?) to the diamond
(sp®) component for phase purity, the Raman FWHM of the diamond Raman pesk for
crystalline quality and the shift of the peak position for internal stress state.

Seeing that the Raman spectrum of diamond contains a wealth of information, this study
utilizes the technique to characterize the phase and crystalline (defect levels) qualities of the
diamond crystals under investigation. The Raman spectra were acquired at room temperature
using a Jobin-Yvon T64000 Raman spectrometer (Fig. 3.2) operated in a single spectrograph
mode with a grating that consists of 1800 grooves/mm and a charge coupled detector (CCD)
which collected backscattered Raman signal. The spectra were excited with the 514.5 nm line
of an Ar" laser and the 20x objective of an Olympus microscope was used to focus the laser
beam (spot size 5 um) with a sampling depth that varies between 40 and 50 um. In order to
improve the statistical significance of the data, the Raman spectra were mapped at twenty

different and uniformly spaced spots on the surface of each sample. For each spot, the data

Figure 3.2: Raman spectroscopy unit at the University of the Witwatersrand
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were fitted with a combined Gaussian-Lorentzian function in order to extract the diamond
peak position and width values. A Lorentzian profile with broadening is caused by a decrease
in phonon lifetime due to scattering by lattice defects whereas a Gaussian profile results due
to lattice strain caused by defects (Kirillov and Reynolds, 1994). A software package,
ORIGIN 8.0 was used for both baseline insertion and background subtraction.

For every single sample under study, only the characteristic diamond Raman peak at
approximately 1332.8 cm™ (Fig. 3.3) was observed over a linear background with no
observable peaks around 1335 cm™* and 1500 cm™* which is therefore strong evidence that the
crystals are pure diamonds (Prawer and Nemanich, 2004; Lansley et al., 2009). Presented in
Table 3.1 are values of the Raman FWHM determined from the spectra which ranged
between 2.27 and 2.60 cm™ after correction for instrumental contribution. As mentioned
earlier, while the diamond Raman peak position can be shifted due to residual stress, the
broadening of the line-width is known to be influenced by crystal defects or non-uniform
distribution of stress. The results of this study (presented in chapter seven) nonetheless
suggest that the broadening in the examined crystals could be mainly linked to defect levels.
Realising that the Raman FWHM is a measure of defect concentration (such as point defects,
inclusions, grain boundaries) within the crystal lattice, the HPHT diamond having the
smallest width of 2.27 cm™ is therefore the least defective crystal whereas DGA1 having the
broadest width (2.60 cm™) is the most defective crystal.
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Figure 3.3: Raman spectrum of a HPHT diamond crystal showing the diamond peak at 1332 cm™
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Table 3.1: Synthetic diamond crystals and their parameters

Raman FTIR absorption Jo values at
Sample Dimensions FWHM ESR area under peak (a.u) TL response 1.0kV/cm
(mm?®) (cm™) N; level [C-H] [A/B] [N3] [A] (au) (Alcn)
HPHT1 8.0x6.4x1.0 2.27+0.04 130 4 3 34 - 2.2 2.0x 10
OGA1 5.0x5.0x1.0 2.56 +0.09 43 20 26 60 - 13.8 2.8x 10"
OGA2 2.42+0.09 71 »>+2ppm 14 31 55 - 11.4 2.8x 10"
DGA1 5.0x5.0x1.0 2.60+0.13 35 65 50 143 2 45.0 1.4x 107
DGA2 2.55+0.09 5.0 36 22 78 1 19.1 5.6 x 10
DGA 10.0x10.0x0.5 2.34+0.08 20 ) 12 27 19 - 0.74 1.4x 10"
DGB1 } 2.37+0.11 10 |+2ppb 14 37 39 - 0.82 7.0x 10"
OGA 10.0x10.0x1.0 2.42+0.11 50 6 11 7 1.24 2.0x 10
OGD } 2.46+0.25 46 15 12 19 3 1.76 2.5x 10"
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3.4 Electron paramagnetic resonance (EPR) or ESR

As a commonly observed impurity in diamond, nitrogen (N) is known to influence its
radiation detection properties. Whereas N is difficult to eliminate during the growth process
of HPHT diamonds and it is incorporated in different amounts in different growth sectors, its
presence in natural diamonds indicates that it is usualy involved during their growth (Balmer
et al., 2009). For the case of the CVD process, addition of ppm levels of N is known to
modify the morphology and texture of polycrystalline films and subsequently weaken grain
boundaries (Balmer et al., 2009). Nam et al. (1991) reported that single substitutional N (N)
IS an impurity type accountable for the performance characteristics of diamond radiation
detectors. High concentration of Ns lower trap levels when compared to crystals synthesized
with lower Ng levels. In addition, diamonds with high Ns levels have a high recombination

efficiency which compromises their response (Nam, 1989).

ESR is a powerful and non-destructive technique for the characterisation of point defects in
solids (Walker, 1979) and has been successfully used by Loubser and van Wyk (1981) and
Fallon (1989) for the determination of the concentration of Ns ([Ng]) in diamond. Nscould be
easily identified by ESR as N, the most common isotope of N, is virtually the only isotope
with unit nuclear spin, and because N is a common impurity in diamond (Walker, 1979). The
ESR method utilizes the paramagnetic nature of N in a diamond lattice. When the N atom
substitutes for a C atom in the diamond lattice, the paramagnetic electron is sited in an
antibonding orbital between the N and one of the nearest-neighbour C atoms (Walker, 1979;
Fallon, 1989). That is, upon occupying the substitutional site in the diamond lattice, four of
the five valence electrons of the N atom bonds tetrahedrally with the four neighboring C
atoms. The unpaired electron from the N atom then forms a C-N anti-bonding orbital that is

uniformly distributed over the four bonds causing the paramagnetic nature of N,

ESR measurements were conducted with a Bruker ESP300E ESP spectrometer unit (Fig. 3.4)
operated at a frequency of 9 GHz in similar procedures as reported by Assiamah (2004) and
Mavunda (2008) by placing each diamond sample in turn in a magnetic field and using
microwave radiation to excite electrons to higher energy levels. The excited electrons
absorbed the microwaves when they are at the appropriate wavel ength or frequency. The ESR
spectrum is a plot of the derivative of the absorbed signal as a function of magnetic field
intensity. The measured ESR signa relies on the interaction between the spin angular

momentum of a lone electron and an external magnetic field. The degeneracy of the spin

48



states of the lone electron which is characterized by the quantum number mg = %2 islifted in
the magnetic field and transitions between the spin levels are induced by radiation of
appropriate wavel ength.

In amagnetic field, the electron spin levels are separated by an amount, which depends on the
magnitude of the field. When equilibrium is established there is a difference in the
populations between the two levels. When the magnetic field is altered so that the energy
difference between the two spin levels equals the energy of the microwaves, transitions are
induced between the two levels giving rise to an ESR signal. The observation of the ESR
signa relies on maintaining the population difference between the spin levels. This in turn
depends on the relaxation times. For high Ns levels, the relaxation times are short and the
ESR signal is easily detected. When the Ns levels are low, the relaxation times become long
and the population difference between the spin levels becomes smaller making it a challenge
to detect the ESR signal.

Figure 3.4: ESR spectrometer unit at the University of the Witwatersrand.
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Shown in Fig. 3.5 isaclassic ESR spectrum obtained from type 1b diamond. The integrated
area (output curve integrated twice to give absorption curve area) of the absorption signad
from the ESR spectrum represents the number of lone electrons, which in this case represents
[NJ. The concentration in a given diamond sample is determined by comparing the
absorption curve area of that sample with a calibrated reference sample. Values of Ns levels
for the examined diamond crystals are presented in Table 3.1. The much higher levels of Ns
impurities of the HPHT sample compared to its CVD counterparts observed in this study
could be related to the method usualy used for the growth of diamond by the HPHT
technique. As demonstrated in Table 3.1 the [N¢ of an OG CVD diamond crystal is aways,
at least afactor of two more than that of its DG counterpart. It is known that N is deliberately
introduced during the growth of CVD OG diamonds (private communication).

3.5 Fourier transform infrared (FTIR) absor ption spectr oscopy

Infrared (IR) spectroscopy is the absorption measurement of IR frequencies by a sample
placed in the path of the IR beam. It is a common spectroscopic technique for both qualitative
and quantitative (with a suitable software algorithm) analyses. An IR spectrum represents a
fingerprint of a sample with absorption peaks which correspond to the frequencies of

vibrations between the bonds of the atoms making up the material in question.

Absorption intensity
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Figure 3.5: A classic ESR spectrum of single substitutional nitrogen in type 1b diamond.
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At temperatures above absolute zero, atoms in molecules are in continuous vibrations relative
to each other. The molecular vibrations (stretching and bending) are measured by the
absorption of radiation of certain energies that corresponds to the vibration of excitation of
the molecule from states v = 0 to v = 1. When the frequency of a particular vibration matches
the frequency of the IR radiation focused on the molecule, the molecule absorbs the radiation.
Every atom in agiven molecule of a material has three degrees of freedom, which correspond
to motions along any of three Cartesian coordinate axes (X, y, z) (Hsu, 1998). The dipole
moments of the molecules change due to absorption of light of certain energies. The
transition occurs by absorption of IR radiation if the transition integral is non-zero. The
transition moment integrals are of the form:

jwfxy/:dr (3.1)
vy de (3-2)
jl//th//Vf dr (33)

where WS and 1//f are the wave functions for the initial and final states, respectively

involved in transitions. Dispersive IR spectrometers introduced in the mid-1940s are now
replaced by FTIR spectrometers due to their superior speed and sensitivity (Hsu, 1998).
Fourier Transforms are valuable tools for the spectral analysis of signals. A Fast Fourier
Transform employs a fast agorithm for the computation of Discrete Fourier Transforms
(Diman Batenkov, 2005). In FTIR spectrometers, al frequencies are examined
simultaneously unlike dispersive spectrometers whereby each component frequency is
examined in sequence. An IR absorption spectrum is usually a plot of absorption intensity or
percent transmittance as a function of wavenumber (v) or wavelength (A). The relationship
between wavenumber and wavelength is of the form:

v (em™) = {1/ A (um)} *10* (3.4)

Whereas ESR is a powerful tool for the characterisation of [Ng], IR spectroscopy provides a
means for the identification of aggregate N in diamond and perhaps the estimation of their
concentration (Kaminsky and Khachatryan, 2001). Whilst the vast majority of the N in

natural diamond is found in aggregate forms where their free electrons tend to pair and no
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paramagnetic resonance is observed, experimental evidence provided by McNamara (2003)
suggested that aggregate N at least in the A form may exist in some CVD diamonds. In this
study Mid-infrared absorption spectra were recorded using two different spectrometers from
Bruker — a Tensor 27 IR spectrometer (Fig. 3.6(a)) at the University of the Witwatersrand and

(b)
Figure 3.6: The Vertex 70v (a) and Tensor 27 (b) IR spectrometers used for IR measurements
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a Vertex 70v IR spectrometer at the University of Pretoria (Fig. 3.6(b)). Both spectrometers
operate in the spectral range from 4000-400 cm™. A diamond ATR (attenuated total
reflectance) cell as sample holder and the instrument chamber (Vertex 70v) were evacuated

during spectra acquisition to eliminate interference from CO, and water vapour bands.

The FTIR absorption spectra recorded for the diamond crystals showed some distinct peaks
within the spectral range from 1500 to 1050 cm™ as illustrated in Fig. 3.7 for DGBL.
However, only known peaks were identified and chosen for analysis. These included peaks
occurring at 1090 (a feature characteristic of the A- and B-aggregates of N), 1282 (A-
aggregate), 1430 (N3 nitrogen centre)* and 1481 (C-H centres) cm™ (Zaitsev, 2001). A model
for the N3 centre consists of three adjacent N atoms surrounding a vacancy whereas the C-H
centres are deformational modes of sp’~hybridised C-H bonds. Since peak areas are generally
considered to be more reliable than both peak heights and FWHM as a measure of intensity
which represents defect concentration, the integrated areas under the peaks were determined
(Table 3.1). ORIGIN 8.0 software package was used for both baseline insertion and
background subtraction. The data taken with the Tensor 27 and Vertex 70V spectrometers
agreed to within 10%.
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abzortion intensity (a.u)

I T I T I T I T I
1100 1200 1300 L] 1508

W awenumberfem )

Figure 3.7: Fourier Transform infrared absorption spectrum of DGBL1.

* There is a controversy surrounding the IR absorption at 1430 cm™ as explained in chapter seven.
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3.6 Thermoluminescence (TL) measurements

TL is aluminescence phenomenon of a material (an insulator or a semiconductor) which can
be observed when the material is thermally stimulated (Bos, 2007). TL is different from the
light spontaneously emitted from a substance when heated to incandescence in the sense that
TL isthe thermally stimulated emission of light following the previous absorption of energy
from ionizing radiation at a sufficiently low temperature. A TL materia is therefore a
material that when first irradiated by ionizing radiation at or near room temperature, absorbs
some energy which is stored. The stored energy is then released in the form of optical
radiation (visible light) when the material is later heated in a readout device at a higher
temperature.

When a TL materia is exposed to ionizing radiation at a low temperature, a majority of the
charge carriers become trapped at lattice imperfections. These carriers would remain trapped
for along period of time when stored at that or alower temperature. When the temperature is
raised by heating, the probability of escape is increased and the charge carriers are released
from the traps, subsequently returning to a stable state with the emission of visible light. The
optical radiation emitted by the TL materia is related to the integrated radiation dose it has
received during exposure to ionizing radiation. The storage capacity of a TL material (now

known asaTL dosimeter or TLD) thus makesit suitable for dosimetric applications.

In this study, TL emission was used as a tool to scan the performances of the crystals since it
gives an idea of the concentration of defects or trapping centres present within a given
crystal. Two types of trapping levels are known: shallow levels, which are unstable at room
or near room temperature and deep levels which remain stable at room temperature (Guerrero
et al. 2004; Bergonzo et al., 2007). While the shallow traps are considered to be located at an
energy level < 1.55 eV, deep trapping centres occur at energy levels > 2.2-0.1 eV (Assiamah,
2004). 1t is well-known that polycrystaline CVD diamonds have a large concentration of
grain boundaries (Balducci et a., 2005) where electron traps are concentrated, or in more
defective regions (Manfredotti et al., 2006). The presence of trapping centres reduces the
lifetime of generated carriers in the conduction and valence bands. The density of trapping
centres, Nt can be calculated from (Nebel, 2003):

Nt = 1/(TUthOcap) (3.9
where T is the deep trapping carrier lifetime (=340-550 ps), vy, is the thermal velocity of

carriers (=10’ cm s ™) and Ocqp IS the capture cross section of traps (assumed to be equal to
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10" cm? for neutral traps). Based on these parameters, Nebel (2003) obtained a value of 10
cm’ for the density of traps most likely to be present at grain boundaries in polycrystalline
CVD diamonds.

The TL measurements were carried out under subdued light conditions (to minimize light
influences on TL response) by placing each irradiated diamond crystal (using a *Sr beta
source with a controlled exposure time of 30 s and delay time before readout of 15 s) into a
TLD reader - model Toledo 654 (Fig. 3.8). The temperature was ramped up to about 350° C
for luminescence-emission measurements. The TL response (define as TL emission per unit
volume) values of the investigated crystals are displayed in Table 3.1. A higher TL response
implies a more defective crystal which could reflect the greater presence of trapping levels.

3.7 Production of electrical contactson diamond surfaces

Electrica contacts were deposited on opposite surfaces of each crysta by thermal
evaporation of successive angstrom thick layers of Ti (200 A)/Pt (200 A)/Au (2000 A) in
similar procedures as reported by Assiamah (2004) and Mavunda (2008). Titanium (Ti) was
deposited first as its forms a strong carbide layer with diamond interface. This was followed
by platinum (Pt) and then gold (Au) which protects the contact by preventing oxidation due
to its chemical inertness. While the contacts almost cover the entire surface of the two

Figure 3.8: Thermoluminescence unit showing the TLD reader (model Toledo 654)
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opposite faces of each diamond, extra precautions were taken to ensure that the peripheral
edges are not contaminated by any of the metallic layers to avoid short-circuiting between the
contacts. Finaly, the metalized crystals were annealed in a ceramic vacuum furnace at a

temperature of 500 °C and pressure of 10° torr.

3.8 Presentation of prototype design of multi-pur pose synthetic diamond probe

It was pointed out in chapters one and two that the overal performance of an ionizing
radiation detector depends largely on its design. A good design should be such that it limits
parameters that have a negative influence on dosimetric accuracy such as perturbation and

—~med

energy dependent effects represented by the term |: Py & depicted in Eq. (1.3)
o,

(chapter one). Realising that a tissue-equivalent detector can reduce such influencing

det

guantities, extra care has to be exercised in the design and construction of the detector with
emphasis on its encapsulation and contact material as it is known that high atomic number
materials used to form ohmic contacts can introduce an element of energy dependence (Laub
et al. 1999; Gorka et a., 2008). Furthermore, as high impedance devices and materials such
are diamonds are susceptible to the presence of noise, deliberate precautions have to be
adopted to exclude all ambient interferences on the sensing element and associated equipment
so as to exploit the full potential of diamond as a sensor for ionizing radiation. Additionally,
the orientation of the detector material and its holder should be such that rotational

uncertainty is eliminated.

Considering the implication of Eq. (1.3) in clinical dosimetry including factors that influence
dosimetric accuracy, the limitations and major challenges of commercia radiation detectors
one of which isto achieve high radiation sensitivity or SNR for measurements in small fields,

it is therefore the objective of this study to present:

» aradiation probe that is constructed of entirely (for the part placed in radiation fields

of sizes up to 20 x 20 cm?) near-tissue equivalent material;
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a probe that is homogenous in design and construction with minima energy
dependence perturbation effects and  with very low leakage current or stable
background signal;

a probe that is easy to manufacture and assemble, and which is compatible with
commercialy available electrometer systems,

a probe that is invulnerable to environmental influencing factors such as
el ectromagnetic disturbances,

a probe that is practical and simple to use, and that ensures ease of positioning the
sensor face to the impinging radiation field for accurate dose measurements,

aprobe with minimal angular dependence and cable effects;

aprobe that will not require daily pre-irradiation;

a multi-purpose and cost effective probe that is suitable for dose measurements of
both low-energy X-rays and high-energy radiotherapy beams in large as well as in
small radiation fields.

[llustrated in Fig. 3.9 is a 3D configuration of the synthetic diamond probe. It is constructed

using tissue-equivalent materials with four carbon-fibre rods (electrodes) providing electrical

contacts and shielding. Design aspects of the probe have been patented by (Nam and Ade,
2011 - 2013).

Figure 3.9: 3D configuration of the synthetic diamond probe
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The diamond crystal (6), with ohmic contacts deposited on its two opposite faces is
sandwiched between two thin tissue-equivalent insulating boards (5 and 7) each of size 10 x
10 mm? and each with conductive surfaces on opposite faces. Examples of such insulating
board materials which could be used are Teflon and Mylar or “Solid Water” RMI 57 boards
manufactured by Gammex with carbon/graphite coating on opposite faces. Conductive
adhesive provided electrical connections between the four electrodes and the surfaces of the
insulating boards (5 and 7). To ensure proper electrical contact between the diamond sensor
(6) with pre-metalized surfaces and boards (5) and (7), pressure is provided via a Teflon
based screw (8).

The four electrodes are located within two channels, with each channel housing a pair. Rib
(3) provides a means to separate the two channels. Of the pair of electrodes, one electrode
makes electrical contact to one surface of the boards (5 and 7) and the other to the opposite
surface. To reduce electromagnetic disturbance, each of the two electrodes that are used to
provide electrical contacts from the diamond surfaces is fed through an insulating tube which

inturn is covered with a conductive sleeve-tubing.

Electrical connections to externa electronics are carried out through the use of a standard tri-
axia connector (12). Gold plated conductive clips with insulated wires (9 and 10) attached
are used to connect onto the rods. The space in recess (11) in the probe body provides the
necessary access for such connections to be made. The other ends of the wires are soldered
directly onto the tri-axial connector. Since commonly available electrometers are typically
three terminal systems, the input to the electrometer is provided by atri-axial cable with the
sensor connected to the other end. The central conductor is connected to the high input
impedance of the electrometer whilst the intermediate conductor is connected to the low
impedance input. The outer braid of the cable is connected to ground. A schematic cross-

section of the probeillustrating the electrical connectionsis presented in chapter 4.

Unlike the typical designs of diamond detectors often encountered in literature (Heydarian et
al., 1993; van der Merwe et al., 1999; Manfredotti et al., 1998; Marczewska et a., 2007;
Assiamah et al., 2007; Landey et a., 2009; Betzel et al., 2010; Tromson et al., 2010; Schirru
et a., 2010; De Angelis et a., 2010) where the diamond plate is fixed in a cylindrical
housing, in this thesis the sensor plate is encapsulated in a holder that is rectangular in shape

and constructed of tissue-equivalent Perspex body. The detector housing can hold plates of
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diamond crystals of various sizes and types. Crystals of sizes as large as 10 x 10 mm? can be
accommodated. Its construction and configuration is such that it alows for radiation
detection in both ‘edge-on’ and “flat-on’ exposure orientations® (Fig. 3.10) without having
first to re-orient the diamond within the body of the probe. As such the probe is suitable for
accurate determination of absorbed radiation dose from low-energy X-rays such as those
emitted by mammography X-ray units and also absorbed dose from high-energy radiotherapy
beams. The configuration further allows features such as shielding against interferences from
ambient light and electromagnetic interferences to be easily incorporated and as well alows
associated equipment such as phantoms to be cost effectively manufactured.

The entire body of the probe is made up of Perspex. A Perspex probe-cover (2) has a thin
window (4) which could be used for the direct measurement of incident radiation, that is, at
zero depth. To minimise the interferences from ambient light, the body of the probe is
covered with a thin opague coating. This, in turn, obviates the need to pre-irradiate the

detector prior to dose measurements. The results of the study are presented in chapter five.

For the presented diamond probe, the intermediate (or inner) conductor is utilized to divert
unwanted signals (see chapter 4 for circuit diagram). Each of the two main carbon-fibre
electrodes that are used to collect the charge carriers created within the diamond sensor, has a
conductive sleeve around the insulating tube through which the el ectrode passes.

Prrrr ottt !
Incident beam direction Incident beam direction

Figure 3.10: The “Edge-on” (Left) and “Flat-on” (Right) exposure configurations of the probe

> In the ‘edge-on’ orientation, the incident radiation is normal to the edge of a diamond wafer hence a
smaller surface area but greater attenuation depth. In the ‘flat-on’ orientation, the incident radiation is
normal to the face of the diamond, consequently alarger area but reduced attenuation depth.
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The conductive sleeves are in turn connected to the low impedance input. This serves to
suppress interferences. To further minimize interferences, the two insulating boards, with the
diamond sensor sandwiched in between as described above, are provided. The outer carbon-
fibre electrodes that are connected to the outer surfaces are in turn connected to the inner
conductive layer of the tri-axial cable. Each of the boards (with the carbon fibre rods
electrically connected to each face) thus serves two functions: one of which is to collect the
charge carriers created within the diamond sensor and the other is to shield the diamond
sensor against surrounding interferences. The latter is done by diverting any unwanted signals

created to the low impedance input of the electrometer.

Figure 3.11 shows the design of a customised solid Perspex phantom (with the probe
inserted) which could be used for performing absorbed dose and other dosimetric
measurements. The figure highlights the manner in which the probe fits squarely into the
phantom. The purpose of the phantom is to simulate the radiation absorption properties of the
human body. To obtain the depth dose profile measurements of the impinging radiation beam
after it has passed through tissues of varying thicknesses, uniform sheets of Perspex of
varying thickness are stacked on top of the probe-in-phantom unit. If there is need for the
probe to be used in awater phantom instead of a plastic phantom, the body of the probe could
easlly be made water-proof. Furthermore, for free in-air, directional dependence
measurements, the probe can be fitted with a circular Perspex build-up cap. Shown in Fig.

3.12 isan image of such a cap.

Providing a circular opening directly opposite to the locating screw 8 (Fig. 3.9) on the
removable piece of the main Perspex housing and replacing solid board (7) with a board
having a hole that is covered with athin film, allows the probe to be used both for zero depth

measurements under “flat-on” conditions and for charged particles measurements.

3.9 Electrical characterization

Before conducting dosimetric measurements, the electrical quality of the synthetic diamond
detectors were evaluated by investigating and measuring the leakage current of each crystal,
as it is known that background signals and their fluctuations are an unwanted noise source in
radiation measurements and can limit the magnitude of the applied electric field (Kania,
1993). In addition, the sensitivity of a diamond detector depends on the SNR (Manfredotti et

al., 1998). Dark current or reverse bias leakage current, asit is referred to in non-optical
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Figure 3.11: 3D configuration of the probe-in-phantom unit demonstrating the manner in which the
probe fits into the solid phantom. Rotational uncertainty is eliminated in such configuration.

Figure 3.12: Image of circular build-up cap for free in-air angular dependence measurements
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systems, is the relatively small electric current that flows through a device in the absence of
irradiation, and its magnitude could be influenced by a number of factors including contact
material.

In this study the leakage current of each diamond detector was observed to be greatly
influenced by ambient light when the diamond probe was connected to a PTW Unidos E
electrometer system. The leakage current was also found to increase with applied voltage (see
chapter 4). When the diamond probe was shielded from ambient light and connected to
Unidos E electrometer with a connecting cable of about 10 m in length in a clinica
environment, the diamond detectors showed initial dark current values in the range from ~
0.01 to 0.35 nA at 1.0 kV/cm under dark conditions (in the absence of irradiation) with the
HPHT sample showing the smallest value and DGA1 showing the highest value. After
radiating the crystals with high-energy radiation, the current of each diamond sensor
increased and then dropped within a few seconds to their initial values with that of the HPHT
crystal decaying faster than its CVD counterparts. The reason for this observation could be
ascribed to the influence of defect levels as high leakage currents in CVD diamonds have

been attributed to graphitic contaminations at grain boundaries (Gorka, 2008).

The results presented in Table 3.1 indicate that the CVD diamond crystals are more defective
compared to the HPHT diamond. Displayed in Table 3.1 are dark current density (J,) values
of the diamond crystalsat 1.0 kV/cm (i.e., at 50 or 100 V biasfor 0.5 or 1.0 cm thick crystals,
respectively). The J, values (computed as dark current per surface area of contact) for the
composite contacts that comprise an angstrom thickness for the three layers of Ti/Pt/Au
metals compare favourably with or better than the values of 6.3 x 10°, 4.1 x 10® and 1.5 x
10° at 20 V bias reported in literature for Pt, Al, and Au contacts, respectively (Dismukes et
al., 1993). Table 3.1 thus indicates i.t.o electrical quality that the HPHT diamond and DGB1

show an overall better performance.

3.10 Dosimetric equipment and measurement techniques

All dosimetric measurements taken with the prototype synthetic diamond probe were from
exposures to mammography X-rays in the energy range from 25-32 kVp produced by a
Senographe 500T mammography X-ray machine, a ®°Co teletherapy machine (Thetratron
Equinox) and a Siemens Primus linear accelerator (linac) (Fig. 3.13) at the Charlotte Maxeke
Johannesburg A cademic Hospital. The linac has the capability of providing both high-energy
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electron (5 -14 MeV) and X-ray photon (6 and 15 MV) beams. As the probe is being
evaluated for dosimetric applications, similar irradiation geometries and parameters typically
used clinically were utilised. Detectors commonly used for the dosimetry of high-energy
electron and photon beams were employed for comparative measurements. These include a
0.055 cc Markus chamber (Type 23343), a 0.66 cc Farmer-type chamber and a small-field
diode detector (Diode E).

Figure 3.13: Experimental setup for free in-air angular dependence measurements under exposure to
an electron beam delivered by a linac.
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Given that the presented prototype probe is still in the research phase and has not been
calibrated for absolute dosimetry, and given the importance of relative dosimetry in
radiotherapy, relative beam data such as electron percent depth-dose (PDD) data, ®°Co tissue-
maximum ratios (TMRs) and output factors (OFs) for both electron and photon beams are
basically used as tools in this thesis to characterise the performance of the diamond probe.
These three vital beam parameters (defined in subsequent chapters and Appendix A) show
the variation of the relative dose plotted either as afunction of depth (PDD and TMR) or field
size (OF) and are used to establish treatment charts or curves. Since these parameters could
be largely influenced by noisy background, energy and/or dose rate dependence, any
significant deviation between the performances of the diamond probe and a reference detector
such as an ion chamber would indicate their presence and therefore it is crucial to select a
crystal material and/or design a radiation probe whose overall performance is independent of

such influencing quantities.

Other dosimetric measurements include: angular and dose rate dependence measurements,
measuring the response of the diamond probe with varying applied voltage for bias voltage
selection; linearity of the probe’s response with absorbed dose for electron beams, exposure
parameters (tube loading and nominal tube voltage) for mammography X-rays and timer for
®Co photons. Also, the SNR and radiation sensitivity of the diamond probe were determined
and a systematic study of the instability of response of the diamond sensors requiring pre-
irradiation was conducted. Because of the influential role of the dose rate linearity index A in
dosimetry, a greater part of the project is focused on a study of the dose rate dependence of
the synthetic diamond detectors.

3.11 Initial dosimetric evaluation of the performance of the presented probe

In order to determine whether the probe has been optimized (i.t.o various influencing
guantities such as environmental and positional factors, encapsulation and contact materials)
for the evaluation of the performances of the diamond detectors under clinical conditions,
initial dosimetric characterizations were conducted on exposure to low-energy X-rays and
megavoltage electrons (chapter 4) having coupled a detecting element (HPHT1, labelled
simply as HPHT) selected from the characterized samples. The HPHT sample was chosen for

this part of the study because of its very low and stable |eakage current.



Following the results of the initia study, further dosimetric characterizations on exposure to
low-energy X-rays and high-energy electrons and photons were then undertaken on the
various diamond detectors so as to evauate the influence of defect levels on detector
performances within an optimized probe, the results of which are reported in subsequent
chapters. The relationship between detector size and field size under small-field conditions

was a so investigated utilizing the various diamond crystals as sensing elements.
Whereas the results of various dosimetric characterizations using low-energy X-rays and

high-energy electron and photon beams are presented in chapters 4 to 8, those employing

®Co radiation are presented in Appendix A.
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