Chapter 1

GENERAL INTRODUCTION



1.1 Historical background

The reportof an estimated 400600 deaths from breast cancer; the world Health
Organi zationds prediction of more than 1.2 |
report ofbreast cancer as the second highest cause of cancer deaths in women (after lung
cancer)(Globacan, 2000 and an observation thatrdy mammography screening may

induce breast cancer (Denotter et al., 1996) has changed the World wide focus on cancer

todayand necessitates an urgent study on the available diagnostic and monitoring tools.

Early diagnosis of breast cancer play a | eaf
and, with proper management, would reduce the mortality rate (Siemen, 2004sig\na

of the physical characteristics of the tools available for screening protocols, having in

mind the risk versus benefit, is imperative for overcoming the limitations of the screen

film mammography such as, dynamic range, contrast and lack of conveptems for
postprocessing of images (Albkget al., 2000). These needs, coupled with the
optimization of breast cancer screening protocols and risk versus benefits, were analyzed

(Jansen et al., 1997)

In newly developed mammographyr&y units, the dtector materials with high atomic
number where the photoelectric effect is the dominant type-@yXnteraction are still
being used (Yaffe et al., 1997). Due to the thickness and high atomic number of the
phosphor material, the energy resulting in loanversion efficiency and high scatter

radiation, it is suspected, may induce cancer (Land, 1980).



As mammography is considered to be the most important method for the diagnosis of
breast cancer, and that a screening program would decrease the matldy loreast
cancer patients (Schmidt et al., 1995). The accuracy and sensitivity of a mammography
X-ray unit must be high in determining breast cancer (Gregoire et al., 1992). The
screening procedures to be employed must be simple, acceptable, of skasostand

the sensitivity must be adequate (Dodd, 1993).

Amongst the modalities that have been used for the detection of breast cancer are:
MagneticResonance (Kaiser, 1993, Umaden et al., 1997), Ultrasound (Vanoord et al.,
1991), Nuclear Medicinapplied Single Photon Emissicd@omputerisedTomography
(SPECT) technique, where gamma cameras are used (Hess1894| DeVincentis et

al.,, 1997 and Prats et al., 1999), Dual Energy Subtraction Mammography (Asaga et al.,
1995) and Digital MammographyNawano, 1995, Bazzocchi et al., 1998). These
modalities however cannot be used for routine breast screening due to limitations of cost

and time.

1.2 X-ray mammography technique

Mammography is a radiographic technique that useayX produced from molybdem,
rhodium or tungsten or a combination of any two of them as anode or target materials
with an exit window of beryllium or glass. Some older machines have only glass as exit

window.



The mammography Xay beam is generated when high velocity electranm fthe
cathode collide with the target or anode material. Only one percent of the energy of the
streams of electrons is transformed directly intoa}{ energy production, bremsstrahlung

and characteristic Xays. The remaining ninetyine percent of the nergy of the
electrons is converted into heat and dissipated away. To avoid excessive heat at one point
of the anode material surface and cause irreparable damage to the anode material, most
modern mammography machines have rotating anodes. g Xibeis mounted on

tube housing which provides mechanical support and also serves as a container to store
oil used to cool the anode during operation. The mammography machine is designed such
that the generated-Kay beam is directed through a window by a pryrfizeam and then

passed through a filter.

A filter is a material inserted in the-day beam to alter the quality of the beam by
removing unwanted energy which does not contribute to image information but increases
patients radiation dose. The filter maaércommonly used in mammography is
molybdenum, rhodium and aluminium. The filtered beam is collimated to desired

dimensions for patient imaging.

Xeromammographyis hardly used for mammography imagingwhilst screenfilm
mammography isnost commonly usedof screening and diagnosis of breast cancer.
Screeningnvolvesthe examination ochsymptomatic women with the aim of detectarg

early stage lesion before it becomes palpabliegnostic mammography on the other



hand is done owomenwho, through physiddindings orsymptoms may show that they

are considered to already have breasicer

1.2.1 Xeromammography unit and the screen film unit
While xeromammography units employ tungsten as target or anode and aluminium as
filler material, screefilm mammayraphy consists of a molybdenum target and a

molybdenum filter usually of thicknedss m.

Again while xeromammography techniques are usually operated at peakolkidge
(kVp) ranging between 40 and 55 kVp, tube currer@®mA and image receptor made
of a thin sheet of photoonducting amorphous selenium, (a vitreous material, -fjless
with the atoms in random positions); with thera§ images of the breast recorded on
uniformly charged selenium gt held in light proof cassett&he selenium plate is
developed by use of a fine dust medium on the plate itself. This image is théertemhs
to a more permanent medium before the selenium plate is rétimedcreen film has its
X-ray image recorded oa film cassette that consist$ a single fluorescent higtietail

intensity screen in close proximity with a singleulsion film.

1.2.2X-ray mammography requirements
The usual operating voltage of arrXy mammography unit is 25 to 32 kVp but the unit
used in this work operates at lower kiloltage peaks of 22 to 40 kVp. With the

molybdenum target, the mammographyay beam consists diremsstrahlung and a



significant component of molybdenum characteristica}( photons between 17.5 and

195 keV (c. &ig.1Rig 1.1 and
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The production of higitontrast, high resolution and low noise gea with the lowest
radiation dose possible is the goal of mammography for a clinically useful information.
Several investigations were carried out for the optimization and improvement of the
mammography techniques (Fahritf94, Yaffe, 1997 Lado et al.,1997, Bhat et al.,
1998a, Bat et al., 1998b, Aastasio et al., 1998 arKhllergi et al., 1999) Dose and
image quality in mammography studies was conducted (Young et al., 1996), a review of
mammography techniques and evaluation of real cost and beagbtswas also carried

out (Simonetti et al., 1998and concluded that conventional mammography remains the

most sensitive tool for breast cancer diagnosis.

In previous exposure investigations using conventiom@mmography in routine
screening for breastnalignancy, some theoretical assumptions have been made.
Examples are found in a®a&uch as: simulation of the Xray spectra (Johnson et al.,
1980); simulation of the differential beam hardening effect of filters (Lee, 1997)
optimization of spectral h@pes (Fahrig et al., 1994), and simulation of the detector
response to photon energy (Chen et al.,, 1980). The anode spectral model using
interpolating polynomials of the target material has beewmndoimportant when
calculating Xray dose to the tissue ¢Bne et al.,, 1997). Compilation of individual
photon interaction processes is described (Hubbell,d,%0%bell, 199% and Berger et

al., 1987).

Conventionally, breast screening is achieved by detecting the contrasting light intensity

that is proportioniato the interacting photon intensity. This is achieved with a fluorescent



screen that is an integral component in a cassette that holds a recording film or by using
digital techniques (silicon as detector material, coupled to a computer). These
detector/ecording materials have limitations such as low radiation stability, are
chemically reactive, have to operate at low temperature and haveradmation

sensitivity.

1.3 Theory of ionization and Xray sources

lonization is the process through which an tbelectron is ejected out of its orbit
(Lederer and Shirley, 1978). This process can be caused by both charged particles
(electrons, protons and alpha particles or uncharged photoayéXand gamma)) and
uncharged neutron particles-rays are produceethen a rapid moving electron strikes a
solid target and its kinetic energy is converted into radiations whose wavelengths are
dependent on the energy of the incident electron. An electron which is removed from one
of the inner shells of the atom (target)replaced by an electron from an outer shell and
energy (photon) equal to the difference in binding energies between the two shells is
released. The energy (photon) released has exact characteristic value of the element
(target) hence the photon emitteddalled characteristic -Kays (radiation). Xrays are

emitted mostly by heavy elemertke molybdenum, tungsten gt8orensa, 1938).

1.3.1 A review of Xray interaction with matter
X-rays (like gamma rays) are electromagnetic ionizing radiations vétielength range
from 10° m to 10 m (i.e., 1keV to in excess of 100 kdVThere are a number of

possible interactions of -Xays or photons with matter such as photoelectric absorption,



Coherent or Rayleigh scattering, incoherent or Compton scatt@&angproduction and
photonuclear interactions. The important radiation interactions in radiation
measurements, which lead to partial or complete transfer of photon energy to electron
energy which consequently imparts energy into matter, are photoelessiocptaon,
Compton scattering and pair production. Rayleigh scattering is an elastic scattering and
involves the redirection of photon through a small angle with no energy loss. When the
photon energy is in excess of a few MeV, the photonuclear interabBeomes
significant (Attix, 1986). The energy of the incident photon and the physical properties of
the target material such as atomic number, Z, and density determine the kinetics and the

interaction probability or interaction coefficients during phatgeraction with matter.

1.3.2 Alpha patrticle properties and sources
Alpha particles are positively charged ionizing radiation consisting of helium nuclei (two
protons and two neutrons) and emitted from the nucleus of an unstable element. They are

ahighy i onizing form of particl e -pagtidenm$si on

and

is 6.644657 x 16'kg.Because of t heir Cparbicleg &e eagilyd | ar ge

absorbed by materials and can travel only a few centimeters in air. They can lbedbsor
by tissue paper or the layers of the human skin (aB@at Some of the alpha emitters

are Poloniun210 and Americiun41.

1.3.3 Review of alpha patrticle interaction with matter
Highe ner gy c har ge d-patialestlcose energy (séoauh0.5 &f tHair
emitted energy is lost for each collision) and slow down as they pass through matter as a

consequence of collisions with atoms and molecules. Energy is transferred to the

9



absorbing matter in the process, with the principal resultrozabion and excitation of
atoms and molecules. Most of this energy ultimately is degraded into heat (atomic and
molecular vibrations). The ionization effect is the underlying mechanism for most
radiation detectors. The collision that occurs between ctigogeticles and atoms or
molecules involves electrical forces of attraction or repulsion rather than actual
mechanical content. A less close encounter between a charged particle and an atom may
result in an orbital electron being raised to an excited staiieh results in small energy
lossesdissipated as molecular vibrations, atomic emission of infrared, visible or UV
radiation etc. Such collision losses caused by ionization and excitation are different from
the radiation losses which are due to brembBkirey production when the heavy charged
Uparticle penetrates the orbital electron and collides with the nucleus. Such losses are
usual |l y v e r-particke nmtetadtionst mecauselbremsstrahlung production is
inversely proportional to the mass of tineident charged particle. The charged particle
track in soft tissues and materials of similar density are typically abh00te m

(Saenson, 1938).

The increase in use of radiation as clinical diagnostic tool coupled with the need for
improved monitoringof the radiation beam to allow greater control of each treatment

protocol is the alinitio motivation of this study.

1.4 Semiconductor for radiation detectors
Researchers have performed investigations on a number of semiconductor materials as

radiation déectors. It has been demonstrated that semiconductors with a significant band
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gap (e.g., greater than 1.5 eV) could reduce the ppettlerated leakage current so that use

at room temperature would be possible (Knoll, 1989). Semiconductors such as Si, Ge,
Care, GaAs and BB;, which have bandaps ofl.12eV, 0.74eV, 1.47eV, 1.42eV and

1.3 eV respectively, cannot be operated at room temperature. In comparispG e8¢,

AISb, CdSe, Hgl and diamond have basghps of2.6 eV, 2.03eV, 1.62eV, 1.75eV,

2.13 eV and 5.5eV respectively, and are suitable therefore for operation at room
temperature (Knoll, 1989). Most high semiconductor materials with wide bagdps

that are suitable for operation at room temperature unfortunately tend to have low
mobility (paticularly for holes) compared with silicon and germanium (Knoll, 1989). It
has been indicated that germanium and silicon detectors must always be operated at low
temperature to reduce thermally generated leakage current (Knoll, 1989). A disadvantage
of the use of some cadmium telluride (CaTe) detectors is the phenomenon of polarization.
This leads, under certain conditions of operation, to a-tiependent decrease in the
counting rate and charge collection efficiency (Bell etl&®74, Malm et al., 197 &iffert

et al., 1976). With mercuric iodide (Hglat room temperature operation, the preamplifier
shows an increase in the full width at half maximum (FWHM) because of the added
contribution of thermally generated electronic noise (Knoll, 1989); thueasag the
resolution. Israel et al. (1971) define resolution as the FWHM and given in terms of keV.
They indicated that the line width is proportional to the average energy required to
produce an ion pair i.e., 2.8, 3.2, 22, &@D eV in germanium, siton, xenon, and
sodium iodide, respectively. Gallium arsenide (GaAs) has the limitation of having only
available highpurity crystals of less than 1mthickness and exhibit experimental

problems with abnormal leakage currents and intermitbemst noise Knoll, 1989).
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Armantrout et al. (1977indicated that most compounds lack the availability in practical
crystal sizes. Diamond, by comparison, is an insulating material with a very large band
gap (5.6eV) and can be operated as a simple conduction cobgtapplying ohmic
contacts to opposite faces of the crystal (Knoll, 1989). Type lla diamond radiation
detectors have low sensitivity to visible light owing to the wide bgeqal (Tanaka et al.,
2001). A synthetic type lla diamond single crystal has a sapg polarization
phenomenon (Kaneko et al., 1999), which suppresses an increase in leakage current of
the detectors (Tanaka et al., 200m).addition diamond has radiation hardneiss. it
cannot be easily damaged by radiatibigh thermal conductiwt (2000 Wni*.K™), high
electrical resistivity (>18 W.cm), high breakdown field (10v.cm™), lower dielectric
constant (5.7), electron mobility of 1800 Ti'.s?, hole mobility of 1200 chv.s?,
carrier saturation d220em.ns’, energy to createnaeh pair of 13.2 eV and mass density

of 3.5 g.cn (Zhang et al., 2004).

1.5 Classiication of diamonds

Natural diamond is classified into four types, i.e. la, Ib, lla and llb. Type lla refas to

pure stones with the nitrogen impurity levél ppmand cannot be optically detected by
infra-red light (IR) In type llb diamond, boron is the dominant impurity and shows
semiconductor properties caused by the presence of uncompensated single substitutional
boron receptor ((BS). In contrag type, la, Ib, and lla crystals exhibit no measurable
conductivity at ambient conditions (lakoubovskii and Stesmanns 20Q04). diamond
appears distinct from other types of diamond in that it exhibits significant concentrations

of bulk impurities/defects involving hydrogen, silicon, nitrogen and tungsten
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(lakoubovskii and Stesmanns 200Pefects can appear in different forms CVD
diamond crystasuch as:

1 Point defect : the Schottky defect where an atom is missing from a lattice site and
takes a normgbosition at a surface of the lattice site and the Frenkle defect where
an atom moves away from a lattice and assumes a position between the lattice
sites

1 Line defects extendver substantially larger than the atom spacing and are
generally important facterin the electrical behaviour of semiconductor devices
since theynfluencetrapping and scattering sites in the lattice

1 Edge dislocation corresponds to an extra plane inserted orthogonal to the growth
direction of a crystal

1 Screw dislocation are from amtea plane of an atoms appearing at the surface

1 The last line defect appear when there is defacing of the arrangement of the lattice
atoms which form a boundary

1 Stacking faults results when an extra, small area plane (platelet) of atoms occurs
within thelarger crystal

1 Grain boundaries appear when two growing microcrystal with different
crystallographic orientations merge, leaving a line of defects along the plane
separating the two crystalline lattices

During crystal growth of CVD diamond, impurities areincorporated into the
semiconductor crystal lattice unintentionally replacing carbon atoms at lattice sites and
are called substitutional impurities such as H, O, N andltise introduced intentionally

(dopend$ are Li, B, S and PDangling bond are fouhat defect/impuritysits leadingo
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degradation in the performance of CVD diamond as detector, hence careful growth and

fabrication conditions is important to minimize degramiagito occur (Tewksbury, 1995).

1.6 Diamond detectors

The history of diamondl et ect or dates back to 1940606s
develop pulseounting crystals. Diamond has properties most suddegulse counting
detection (\an Heerden,1954). In 1947 Wooldridge detected-particles using a
diamond in pulse counting modehist Curtissand Brown (1947 detectedgradiation

with a pulse counting diamond detector. Other researchers describing pulse counting
diamond radiation detectors are: Wouters and Christian (1947), McK8&48)1
Hofstandedter (1948, 19%9Willardson andDanielson (1950), Cotty @66), Champion

and Wright (195), Kennedy (1959), Urlau (1960) and Vermeulen (1965). These
researchers experienced problems with the selection of pulse counting diamonds. Curtiss
and Brown (194yreported that only two diamondgps were able to detegrays. The

result of identifying specific diamond was to identify the defects and impurities and
remove the cause of space charge (Fallon et al., 1990 and 1992). The first space charge

free pulse counting diamond detector was regubiby Konorova and Kozlov (1971).

w h

They c¢claimed that the removal of the space

contact enabled the detection adparticles with a good energy resolution. It is known
that, saturation of irradiatieimduced curret in diamond (Konorova et al., 1966) can be
due to complete charge collection and decrease of charge carrier mobility in high electric
field (Konorovaet al, 1967). In 1977 Kozlov et al. performed a study using diamond

detector immersed in an alpha emit solution. A good linear response and high
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stability was demonstrated. Nava et al. (1979) demonstrated the transport properties of

natural diamond when used as nuclear particle detector over a wide temperature range.

Charge carriers freed by radiatiorteractionscan be trapped at trapping castin the
diamond, and are released if the diamond is heated. The released charge azarriers
combine at luminescent cerg in the diamond, producing light (thermoluminescence)
when the diamond is heated. Témitted light is a measure of the amount of radiation,
which was incident on the diamoi(Bliseev et al., 1988Nam 1987 Nam et al., 1991).
lonization by interacting radiation increases the electrical conductance of diamond, and
can be measured by placiniijamond in a simple direct current resistance measuring
circuit (Kozlov et al., 1977, Burgemeister 1982, Keddy et al., 1987). Kovalchuk et al.
(1994) indicated that, diamond detectors have characteristics as a neutron spectrometer
and have some advantageger a silicon detector. Araikum (1993) demonstrated photo
excitation and photstimulated luminescence properties of diamonds, which were

synthesized primarily for thermoluminescence dosimetry.

The production of the CVD synthetic diamonds with contcbiéemount of impurities,
reproducible, and with improved carrier Hfiene, provides the impetus to characterize

the properties needed to fabricate detectors with the required performance characteristics.
Synthetic Chemical Vapour Deposition (CVD) diamoretedtors have been used for
different applications. It has been noted that a diamond radiation detector has several
merits (Tanaka et al., 2001), in terms of high temperature (Nava et al., 1979), high

radiation resistance (Kozlov et al., 1975) and highnabal resistance (Kozlov et al.,
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1977). The principle of synthesis of CVD diamond detectors is based on deposition of
carbon onto oriented crystalline silicon using Microwaves. Plasma assisted Chemical
Vapour Deposition (MAWCVD) technique was described Bgrgmaer et al. (1996)This
technique required a specific amount of nitrogen in the process gas, namely about 1.3%

in relation to carbon.
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Figure 1.1: Schematic diagram of CVD diamond producA&nalinichev et al.(2003

1.7 Application of diamond detectors

Application of diamond as a detector of eleatnagnetic radiation has been extensively
described. Pillon et al. (1995) used a type lla diamond detector as a neutron spectrometer
to measure ndron spectra. In plasma diagnosis, diamordiaton detectors have been
applied todetectcharge exchange atoduring spectrometryfKovalchunk et al., 1994A

dosimeter for radiotherapy was described by Ramkumar et al. (2001) using CVD grown
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diamond. The high sensitivity and the near biologicauis equivalence of diamond
make it a material suitable as detector foflinoe dosimetry (Bruzzi et al., 2000). In-on

line configuration, detectegrade higkpurity CVD diamond showed sensitivities almost
four orders of magnitude higher than that of iotima chamber (Brezi et al., 2000).
Whitehead et al. (2000) supported the statement by Ramkuma(20G). that diamond

is potentially a very suitable material for use as a radiation dosimeter in biological

environmentgAssiamah et al., 20K).

Diamondcan be operated as a simple conduction counter in either conventional pulse
mode or in current mode in a high radiation field (Kozlov et al., 1977). Energy resolution
of 82 keV at room temperature spectroscopy of alpha particles was reported by Canali et
al. (1979). Because of their wide bagdp, diamond detectors are well suited for
operation at elevated temperatures (Konorova.e1@r1, Nava et al., 1979). It has also
been demonstrated that ionization by interacting radiation will produce electrical
conductance in CVD diamond crys{&onorova et al 1971). Although the scintillation
properties of diamond and its use as indirect detector of radiation have been reported in
synthetic crystalsNam, 1987, scintillation propertiesn CVD diamond is yeto be
reported. An investigation into the exposure geometry of the diamond sensor that will
produce maximum absorption of the incidentay beam was conducted (Assiamah et

al., 2006). It has also been frequently reported that both the response andityeofsiti

CVD diamond to Xray photons are susceptible to the presence of defects within the
crystal and in addition some diamonds due to presence of trapping centers are light

sensitive e.g. (Assiamah et al., 2006). A systematic investigation into theftyp¢D
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diamond grade that would respond most sensitively and linearly to mammograpkyg X

has not yet been undertaken. The main objective of this work is therefore to assay the
CVD diamond type wafer in terms of impurities and defect levels against the
characteristic performance with the view to narrow the motive for use as dosimeters or
spectrometers. This is with a view to guide the selection of parameters needed to
fabricate CVD wafers, which would, as a quality control tool, be easily and routinely

used for dose determination in mammographyay diagnoses and screening for cancer.

1.8 Monte Carlo (PENELOPE) code

The accuracy and exactness of the Monte Carlo (PENELOPE) code has been tested to a
degree for which physical parameters are known to hdvieient statistics and superior
accuracy over deterministic and analytical methods. A new version of Monte Carlo (MC)
code PENELOPE (PENetration and Energy Loss of Positrons and Electrons), was
released to the NEA Data Bank for general distribution in620this is one of the
powerful and well established MC code systems for Monte Carlo simulation of electrons
and photons transport. PENELOPE performs Monte Carlo simulation of coupled
electronphoton in arbitrary material for a wide energy range, from a Hewdred
electron volts to 1GeV. Photon transport is simulated by the conventional detailed
method in which all interaction events experienced by a particle is simulated in
chronological successioThis is in view of the fact that photons undergo a lithite
number of interactions before they are locally absorbed. Electron and positrons are
generated on the basis of mixpbcedures which combirgetailed simulation of hard

events with condensed simulation of soft interactions. A geometry package called
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PENGEOM permits the generation of electron photon shower in material systems
consisting of homogeneous bodies limited by quadric surf@=® et al., 194; Salvat

et al., 1996; Sempau et al., 1997).

The PENELOPE code has been benchmarked against expetichiatand found to be

in good agreement for a wide range of energy and materials, as well as the most accurate
means of predicting dose distribution (Baro et al., 1995; Salvat et al., 1996; Sempau et
al., 1997). Mammography-¥xay beam absorbed dose hasodbeen assessed with Monte
Carlo simulations. Doi and Hegnng in 1980 evaluated mammography absorbed dose
using MC simulation. Dance (1980) also calculated integral radiation dose in
xeromammography with MC code. Some investigations on mammographyqigesin

using MC code are: Backscatter factors for mammography calculated with MC methods
by Kramer et al. (2001); MC simulation ofgdy spectra geneted by keV electrons by

Llovet et al. (2003).

1.9Introductory description of study

This thesis aims atrimging out the influence of defects and impurities on CVD diamond
detectors for a choice of a CVD diamond detector that can be used aetdosand
spectrometer. The wor kds i ni-particdlds onf@/bDus was
diamonds. Their response to charge particle surface interactions when used as detectors

and spectrometers in relation to their physical characteristics are teesgubsequently

the responses of the CVD diamonds to interactions -o@yX in relation to the same

physical parameters were analyzed. Evaluation of the results analytically and
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experimentally were conducted firstly with an-rXy spectrum obtained from a
germanium detector as well as theay response rate of the CVD diamond when used as
dosimeters. The presence of the various physical factors and their possible influence on
the detector response when exposed toayé was analyzed. For validation of the

experimental results the Monte Carlo (PENELOPE) code, was used.

1.9.1 Overview of characterization of CVD diamond detectors

In Chapter 2 of this thesis, the CVD diamond detectors were characterized in order to
evaluate their behaviour as radiation deiecusing single substitutional nitrogen
concentration (ESR), Raman broadening, ultra violet (UV), thduminescence (TL)

and current leakage. The influence of single substitution nitrogen, UV, Raman and
thermeluminescence (TL) as well as the currenkéege for each CVD diamond detector
forms the basis for a quantitative analysis of the impurity concentration and defect levels
for each of the CVD diamonds analyzed either individually or as groups (grade). The
Chapter presents an-depth analysis of th@erformance of each of the CVD type
diamond wafers when exposed to surface interacting alpha particles against the influence
of the impurities found in each of the specimens. The prime objective being an
understanding of the influence the impurity presdme® in the matrix that is exposed to
radiation. The secondary objective is the laying out of the criteria required for selecting
the diamond material for use as an alpha particle dosimeter or spectrometer. The results
of the analysis has been acceptedpialication and made available on line (Mavunda et

al., 2008). A copy of the paper is bound with this thesis.
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1.9.2 Overview of alpha spectroscopy
When alpha particles interact with the diamevafer, a number of 41 pairsare produced
which follow its tack, and areproportional to the energy loss in diamond samples
(Angelone et al., 2004The chargéQo) produced by the ionizgghrticle isgiven by

Qo =eE/13.2 eV (1.1)
where e is the electron charfle6022x10°C), E is the energy (in eV) dthe detected
ionizing particle and 13.2 eV is the energy which produae electrorhole pair
(Angelone et al., 2004 The collected charge isla¢ged to the detector thickness (L). The
charge (Q can be expressed as

Qc = ex/L (1.2)
where X is tle thickness of diamond traveled by the carrier befi@eping (Angelone et
al., 2004. Chapter 3 of this work is a further analysis on the CVD diamond performance
as alpha spectral sensor discussed in Chapter 2, theoretically carried out with a view to
evaluate the exact and reported alpha spectral resolutions of CVD diamond. The absolute
efficiency, energy peak efficiency, energy peak resolution of the detector, the stopping
power and the alpha particle range in the CVD diamond detectors were calcUlated.
experi ment al spectra of the detectords wer.
fluctuations and noise for a true and comparative performance analysis using ORIGIN

6.1 is discussed.

1.9.3 Overview of detector calibration
An applied bias voltage dhe detectors creates an electric field in them, such that the ion

pairs created from #zoming ionizing radiation are swept to their respective electrodes by
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the electrical field. The pulses formed and collected through armppdifier to the
amplifier timately to the multichannel analyzer to generate a spectrum or to a counter
where counts are collected. In of this work, a germanium detector was used as a standard
detector. Calibration was (using AP41, Bal33 and Ceb7 reference sources)
performed ad correction for attenuation by different material used is described in
Chapter 4. Efficiency of the detector was used to correct for background counts from
both intrinsic and extrinsic effect using the stripping technique by Fewell et al. (1977)
and Seaintag et al. (1979) from the acquired spectra. The computer code PENELOPE
(PENetration and Energy LOss of Positron and Electrons), was used to simulate the
spectra which was analytically compared with the detected spectra obtained from a
germanium detectoiThe stripping technique has been published in the article presented

in Chapter 4 (Mavunda et al., 2004).

1.9.4 Overview of CVD diamond detectors response to-kKays

In this section the fact that for ohmic contact on CVD diamonds, the charge collection
(response) is proportional to the electric field and satud@teshisuke et al., 2006t

higher applied electric field was observed. The response of CVD diamonds to low energy
X-rays is presented in Chapter 5. The diamond responsedgsXvas also reladeto the
presence of defects levels and impurity concentrations discussed in Chapter 2. The
differences in resistivity of the CVD diamonds were also analyzed and its impact on their

overall performances to-Kays is presented.
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1.9.5 Overview of evaluation of detector response to Xays using PENELOPE

In Chapter 6 the application of Monte Carlo (PENELOPE) simulation was performed to
validate the observed response of the CVD diamond-tayX. Simulated Xay spectra

for low peak voltages using the geomeiity PENSLAB as a suboute of PENELOPE

were presented and used for this part of the study. Different thicknesses (0.5 cm to 2.0
cm) of pure diamond were used in the simulation, taking into account the geometry as
well as thefilters used during the exgerent. Attenuation to the Xay beam apertures

needed to cover the detector surface area farnof the analysis.

The general conclusions from the work and the techniques used are summarized and

presented in Chapter 7.
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Chapter 2

THE PRESENCE OF DEFEKS IN, AND THEIR INFLUENCE ON THE
PERFORMANCE OF, CVD DIAMOND ASAN U-PARTICLE

RADIATION SENSING ELEMENT
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2.0 Abstract

Three types of diamonds produced by Chemical Vapour Deposition @@ broadly

classified as Detector Grad®G), Optical GradgOG) and Single @stal (SC) were

evaluated in terms of theirers p o n s-garticte cadidiion when used as detection
elements. It is well known that the presence of defects in diamond, including CVD
specimens, not only dictates but affects the response of diamond to radiation in different
ways. In this investigatiortools such as electron spin resonance (ESR), thermo
luminescence (TL), Raman spectroscopy and ultraviolet (UV) spectroscopy were used to
probe each of the samples which yaticle t hen
radiation déectors. This Chaptediscusses the presence of defects identifiable by the
techniques used and correlates the radiation performances of the three types of crystals to

their presence.

2.1 Introduction

Recent advances in homoepitaxial synthesis of a single crystal diamonadhVigeeated

the already growing interest in chemical vapour deposition (CVD) diamond crystal for
use as a radiation probe. In general epitaxy, on foreign substrates, leads to a
polycrystalline diamond, with detector and optical properties of grain bousdiua¢
precludes its use in some of the desired applications. Some progress has been made in

recent years in growing CVD diamond on Iridium (Schreck et al., 2001).
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Single crystal CVD diamond with the reported carrier transport properties (Isberg et al.,
2002), could surpass other wideband gap materials for power and high frequency
electronics application. The electronics and optical properties of CVD diamonds are
determined by intrinsic defects and extrinsic contaminants or dopands, most prominently
nitrogen, silicon, boron and phosphorus as well as different structural morphologies
(Davies, 1999). The nominally tooped polycrystaline CVD diamond has
characteristics of both electrons and holes contributing to transient photocurrents. The
combined charge ability (electrical behaviour) depends on the film quality, carrier
density, grain size, higher growth temperature and purity of the diamond film (Nebel,
2003). The lifetime of photegenerated carriers in the conduction and valence bands is
short with aiime constant in the range 3%80 pico secondd.he density (N) of traps is

calculated from the expression

NT = 2.1

Where U is the de84p55a ps)ap psithe ghermalvélogity iofme  (
carriers (@10’ cm s') and s, is the capture cross section {X0n®). Based on these

parameters a trap density of* @™ was realized as the density of trapping centers most

likely present in grailboundaries (Nebel, 2003). Grain boundaries are believed to act as
charge trapping and recombination centers in polycrystalline CVD diamond (Manfredotti
et al., 1996) but absent in single crystal CVD diamond (Hammersberg et al., 2001; Sellin
et al.,, 2007).The interaction of photon generated carriers with traps and defects in the

band gap of diamond has been investigated. When an electric field is applied to a
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semiconductor exposed to radiation, the eleehole pair generated separates dnitts
towardsopposite electrodes. Charge trapping and recombination may however prevent
some carriers from being collected by the electrodes (Hecht et al., 1932; Gerrish, 1995;
Sciortino, 1999). The interstitial nitrogen which is Amonded to CVD diamondrystal
exhilts a very low activation barrier and may diffuse out of the bulk at low temperatures

(Kuo et al., 2001).

High pressure/high temperature (HPHT) diamond with single substitutional nitrogen (Ns)
has a recombination efficienayhich compromises the respon®am, 1989). However

high single substitutional nitrogen concentration was also observed to lower the electron
trap levels when compared with specimens synthesized with lower single substitutional
nitrogen concentrations (Nam et al., 1991). Whilst the eotmation of single
substitutional nitrogen can be accurately determined by electron spin resonance (ESR),
nitrogen complexes are normally determined by UV absorptioniéBat999; Nam et

al., 1991)Kuo et al., (2000has shown that incorporation of wigren leads to a chemical

shift and a reduction in Raman peak intensity. UV visible absorption results show that
compared to undoped film, nitrogen doped films have a higher elatignsity of UV
absorption(Kuo et al., 2001) Thermeluminescence (TL) awrs in crystal due to the
radiative recombination of previously trapped charge carriers, at luminescence centers.
The larger the concentration of these centers, the higher the themmescence vyield.

A large number of solids exhibit the presence ofteenwith which carriers can only
recombine noradiatively (Araikum, 1993) in this case single substitutional nitrogen

centre (N). The TL is mainly dominated at broad (~0.5 eV width) signal referred to as
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bandA emission (lakoubovskii et al.,, 2002) whide generated via strainduced
broadening from a vibronic side band. Bahdype luminescence originaeither from
dislocatiors or boron related impurities (Ruan et al., 1992). The TL is explained by the

donoracceptor (DA) pair reombination model (Dan, 1965).

In this Chaptethe characteristics of nine CVD diamond samples classifiddegector
grade(DG), Optical Gade (OG) and $gle Crystal (SC) were analyzed for use as a
radiation probe. These CVD diamond samples were characterized to obtamaitidn
about their levels of impurities including nitrogen and consequently to establish the

material quality.

The tools commonly used in diamond characterization are electron spin resonance (ESR)
which enables the identification of the concentratiohsingle substitutional nitrogen,
hydrogen and other impurities (Nebel, 2003)-\N8ls complexes could be from the
aggregation of single nitrogen atoms oy ifNcorporation followed by the capture of a
vacancy. The aggregation is temperature activated epeinds on the crystal orientation
(Doverspike et al., 1993; Lin et al., 1996; Snail et al., 1992; and Taylor et al., 1996). Ultra
violet (UV) spectroscopy can be used to identify the diamonds with such nitrogen
complexes and the nearest neighbour nitrogebstitutional forms (NNs)° (Davies,

1999; lakoubovskii et al., 2000). Raman spectroscopy was used to identify the purity of
diamond material, to establish how much stress/strain the CVD diamond material was
under, and the orientation of the crystal lné imaterial i.e., polarization of the scattered

light in the material ( e.g. crystallinity of the CVD diamond) (Herzberg, 1945).
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It is a well known fact that defects in diamond, including CVD specimens, affects the
response of diamond to radiation in ditnt ways. The researaescribed in this
Chapter wa s ai med at earticle eddiatibni detpction Ipexformiance

characteristics of CVD diamonds to the defects identified by the above mentioned tools.

2.2 Electron spins resonance (ESR)

The ESR technique exploits the paramagnetic nature of draimdue to the evenly
distributed antirbonding orbital (C-N) of unpaired electron®sf nitrogen in diamond
(Fallon, 1989).The interaction between the spin angular momentum of an unpaired
electron and the magnetic field are used as the source of the mesgoetith ESR The
degeneracy of the spin state of the unpaired electron is lifted in magneticafieldhe
transitions between the spin levels are induced by radiations of appropriate frequency.
The observation of the ESR signal relies on maintainhmg gopulation difference
between the spin levels, which in turn depend on the relaxation times during the
measurement. The relaxation time of low nitrogen concentration is long and the
population difference between the singfgnbecome smaller anttencemore difficult to
measure the ESR transitioriBhe absorbed spectra are the indicators of electron spin
resonance (ESR) or electron paramagnetic resonance (BB&)yed \Wen the spin state
splits by an amount pportional to the magnetic field he trandion energy is expressed

in terms of the applied magnetic field, the electron spiactpr and the Bohr magnetron

(a constant b)) (Wertz et al., 1986)Electron spin resonance applied to CVDnadand

reveals a number of defemtnters involving the conceation of the single substitutional
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nitrogen atoms (Ns center§ingle substitution nitrogen concentration is determined by
dipolar interactions between the two successive-witths of the single substitutional
lines. Most CVD diamond samples studied feo by ESR are polycrystalline films with
random orientation of the grain (lakoubouskii et al., 2002). Using the ESR in
monocrystalline and natural diamonds the single substitutional nitrogen concentration
center has been thoroughly characterized angrassito the neutral single substitutional
nitrogen concentration centers (Ns) (Davies, 1999). The experiments indicate the intrinsic
angular momentum and magnetic moment as the property of an electron spin. Thus
diamond specimen placed in a magnetic fiekhibits Paramagnetism dueo the

unpaired electron spins.

2.2.1 Experimental measurement of single substitutional nitrogen concentration in

CVD diamond with ESR

Adopting the rapid scan technique each of the diamond specwwesh placedin a
resonatingcavity and a variable magnetic field applied perpendicdahé microwave

field. The experimental values o&eh of the samples from the three classifiemond

types was assayed, first by placing each sample in the magnetic field of a Bruker
microwave lidge ESP 38010 (Fig. 2.1) coupled to a ESP 3B020 controller and an

ESP 300E electron spin resonance (E§f8ctrometeunit at a frequency d® GHz The
sample weight was entered into the acquisition progrEme. exhibited paramagnetic
properties ofthe unpaired electrons of the single substitutional nitrogen content of the
diamonds were measured. The concentration of each sample was determiaed by

comparison of its signal with a signal from a calibrated reference saffpdesingle
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substitutional tirogenconcentration was determined from thpole interaction between
the two nitrogen centers in ppnioy measuring the relativamplitude of an acquired
spectrum of the ESRF(g. 2.9. The single substitutional nitrogen coentration in CVD
diamond wee calculated using the spin Hamiltonian equation (lakoubovskii and

Stesmans 2002):
H=mSgB+§ (SAl, +g,,m!,B)+SD.S (2.2

where, m and m, are the electron and nuclear magnetons, respectivelygand the
nuclear gfactor (lakoubovskii and Stesmans 200Zhe first term in (Eq. 2) describes

the electron Zeeman interaction of an electron system of spin S with the applied magnetic
field B via the electronic gensor (lakoubovskii and Stesmans Z00The second term
(Eq.2.9 account for hyperfine (hf) interaction of the electronic spin system with nuclei of
spin I, via hf matrix A (lakoubovskii and Stesmans 2002he third term is due to
interaction of nalear spin with the magnetic fieldakoubovskii and Stesmans 2002).

The small value of the produd, /7, for most nuclei gives only high@rder corrections

to the electronic terms (lakoubovskii and Stesmans 2002). The fourth term.iB.2ZEq
characterizes spigpin interaction via a traces matrix D (lakoubovskii and Stesmans
2002).The spectrum Fig 2.2 is obtained from this interaction and the area under the curve
represents the number of wed electrons which dhe single substitignal nitrogen

concentration.

The results othediamond samples analyzacke presented in Table 2.1.
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Figure 2.1: lllustration of the Bruker microwave bridge ESP 3810 used for measuring single

substitutional nitrogen concentration

Amplitude

. 1

3400
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Figure 2.2: Atypical ESR graph which was used to determine the single substitutional nitrogen

concentration
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Table 2.1 Characterization results of CVD diamond

Raman
spectral ESR: single Total Energy
broadening TL substitution uv alpha | Absolute peak Alpha
FWHM response nitrogen | absorption | counts | Efficiency | Efficiency FWHM
Sample| (cm™) (arbt.unit) (ppm) (cm?) (cps) % % (keV)
DG1 2.64+0.17 1147 3.5 0.51+0.06 | 32969 68 80 1010.59+27.03
DG2 2.57+0.17 881 4 1.93+0.13 | 31327 65 80 693.41+11.16
DG3 2.63+0.15 2024 5 1.03+£0.08 | 29834 62 81 64.14+0.8
DG4 2.55+0.16 814 5.3 1.9+0.05 | 32732 68 80 672.55+5.46
0OG1 2.59+0.15 155 42.9 3.86+0.05 | 50314 104 60 7465.39+90.4
0G2 2.78+0.24 83 71 3.52+0.09 | 49010 101 60 5975.00£34.99
0G3 2.76+0.24 141 53.6 3.48+0.11 | 49397 103 60 7050.34+124.8
0G4 2.81+0.22 93 62.5 3.59+0.11 | 39046 81 60 7245.66+60.48
SC 2.32+0.B 25 <1 0.88+0.02 | 25401 52 80 85.28+0.9
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2.3 Raman broadening

In a Raman spectroscope, a singivelength of light source (a laser) produces light
which is directed to a microscope. This light illuminasesl interactswith the sample.

The interacting light photon is absorbed, transmitted scattexd A light filter is used to
remove the elastic scattering i.e. no change in its wavelength (Rayleigh scatter) and only
the inelastic scattering (Raman scatter) is transmitted thranghmeasred The energy

of the scattered radiation is less than the incident radiation for the Stokesidome
collision with a molecule a photon may lose some of its end8gyh absorption and
radiation (emission) of energy are unique characteristics of facydar molecule
(structure) during the fluorescence process. The electrons remain in the excited state for
about 1 seconds (this number varies depending on the atom or molecule in question)
then, assuming all of the excess energy is not lost to thducthon band, the electron
returns tothe ground state (Lakowic2983).The Raman scatter is dispersed by a beam

splitter and is grated into a spectrum (Herzb&gg5s).

The energy increase or decrease from the excitation is related to the vibratign ener
spacing in the ground electronic state of the molecule and therefore the wave number of
the Stokes and ar8tokes lines are a direct measure of the vibration energies of the
molecule. Hence, in Raman spectroscopy, only the more intense Stokes bneadlyn
measured (Herzberd945).To analyze the type of carbon atoms in a diamond film, the

possible tool is the Raman spectroscopy.
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2.3.1 Experimental measurement of Raman broadening effects in CVD diamond

For this work he T' order scattering for tndiamond samples imsp’ bonded form was
assayed for the type of carbon atom before the samples were polished and @leaned.
Raman spectroscopy was conducted using a JXolmnm T64000 Raman spectrometer
(Fig.2.3 operated in single spectrograph modéhvan Olympus microscope as miero
Raman attachmenb acquire the spectrunkxcitationsource oflaserat a wavelength
514.5 nm from an argon ion laseas used to assay the diamoBdckscattered light was
dispersed via 1800 grooves/mm grating onto aidiqutrogen cooled charge collection
detector (CCD). Laser spot size under the microscope was approximately 1.5 micron in
diameter. The CVD samples were scanned with a 10x10 micron at 5 microns steps depth
across the diamondThe results of the Raman mesmments were fitted with a
Lorentzian function to determine the Raman peak position and peak width at half height
for each specimenThe FWHM of the acquired spectrum frornet vibratiors in the
diamond withRaman peaks at 1332 ¢nfrom a typical diamond mectrumsuch as that
depicted in Fig. 2.4the degree ofthe Raman broadening due to the absorption,

transmission and scattering of the light illuminating the sanwaéescalculated

The wavenumber(N),in cm™, as a function of channelimberx was calibratedGenie

2000, 2006ps
N =C, +C,x+C,x* +C,x° 2.3

where C,,C,,C, and C, are the coefficients of the channelC,, represent the

wavenumbempffset, C, r epr esent s (Chand G @aa@dumfor,the system
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nontlinearity. The Ramarspectrum peak fulvidth at half maximum (FWHM in units of
channels) as a function of peentimeterjndicate thebroadening of Raman Peak due to
grain boundariegffectin CVD diamond crystalandthe FWHMwas calculatedGenie
2000, 2006ps

F, + F,VE

1

FWHM = (2.4

Where F, and F, are the coefficientsfdhe FWHM equation

Samples with more defects/impurities show increase FWHM.

The results of Raman broadening full width at half maximum (FWitvigach samples

wererecordedand tabulateth Table 2.1.

Figure 23: The laser and microscope system (Je¥iron T64000,) for Raman spectroscopy
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Figure2.4: A typical Raman spectrum showing the characterisBg2 cn of diamond

2.4 Thamo-luminescence (TL) emissions in crystals

When ionizingradiation interacts witla thermeluminescence (TL) phosphdr cawses
electronsorholesi n t he crystal és atoms to move to hi
trapped due to impurities in the crystal, until heated. Heating the crystal causes the
trapped electrons to return to their normal ground state, releasing pHigfon of energy

equal to the energy difference between the trap state and the ground state (Khan, 2003).

The energy states of electrons in the diamond samples, viz. the band structure, was
derived from the soluti on déally\vargimgrpStehtian ger 6 s
(Kittel, 1986), which characterizes the crystal lattitiee Kronig-Penney model assumes

a potential to characterize the perfect lattice, revealing that electrons in the perfect
crystalline solid can exist in allowed energy stdtends) while other energy values for

electrons constitute forbidden zones (bands) (Araikum, 1993). The -Bétawi
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distribution f(E) describes the occupancy of each electronic band, in terms of energy E,
which relates the density of eng statesD(E), to the density of available statez(E),

at given temperature, T, measured on the absolute scale (Araikum, 1993),

D(E)=Zz(E)f(E) (2.5
£ (E) = 1
exp[(E - m/KT] +1 (2.6)

where m is the chemical potential of the system and is a function of the temperature and
the number of particles in the system. k is the Boltzmann constant. The Fermi energy

(E; = m at absolute zero) level provides the demarcdgwerl for the occupied energy
states. All energy states belot, are occupied while those aboue, are empty at

absolute zero. At high temperature limithere E- m> XT, The Femi-Dirac

distribution reduces to the Maxwell or Boltmann distribution (Araikum, 1993),
f(E) = exp(m E)/KT 2.7
For no transfer of charge particles between phosphor and heat reservoir

E
kT =

o

f(E) = exp (2.8)

Ce] 89)0

Equation 27 describeghermally stimulated processes such as thdumonescence and
phosphorescencélransition of electrons from one energy state to the other can be
radiative and nomadiative (Seitz, 1938). This transition occurs sequentially by a charge

carrier termed ahlpnon assisted transition
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The process of luminesnce is illustrated in Fig. 2.5

VB

Figure 25: Energy level diagram concerning phosphorescence decay acgaalin

Adirovitch 1956

Wherem, is the concentration of recombinatioenters (holes in centers)m(d);
n, is thenumber of trapped electrons in the mate(iain™)

A, is the recombinatio probability (:m3.s'1);

A, is the @-trapping probabilitycm®.sY);

N, is the totahumber of trapped electrqr(sm's)

n., is the number of free electrorfsm’®)

VB is the valence band;

Assuming that the trap is far from saturatice.m> >n, | is describedAdirovitch 1956)

as

e Eg
MA _NSexp 4 N
A, Xp8 <TH

an_
dn NA,

(2.9)

unde the conditionm=n i.e. the concentration of recombination center is equal the

concentration of electrons traps
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nzAnnsexpge kETg
| = ¢ - (2.10)
NA,
Asusing
S=sA,/NA,

oo

(2.12)

dn_ , a E
| =- — =n’Sexpee —
dt P kTS

WhereT is the temperatures is the frequency factor § and he maximum value 0§
corresponds to the lattice vibration frequency; i.€41®@" s*., E is the activation

energyandk istheBol t zmannds constant .

In thermeluminescence, the trapped electrons are released foljotie first order
kinetics and single depth theory of Randalikins which describes TL intensity, , at

any temperaturand isdirectly proportional to the d&apping rate:

| =-cee—

édngz
gdt+

cpn (2.12

Where ¢ is a constant which can be set to wand the linear heating ratad pis the

probability rate that an electron will escapfethe material is heated at a uniform rate

whereb =dT/dt, from which dt = d7T or @ =-b dn

dt dT
from equation 2.11

E
KT =

o

2 !
) or —:%exp (2.13)

Lol ?Bmo
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from which

a a
e T 2.14
A T (2.14)

Wheren, = number of trapped carriers ot 0

from 2.8, 2.122.14

1(t)=cnp
a Eg
= cnsexpie —
P kT2
a-Ege s __a-EQ
=cn,se -Ze T 2.15
ook 8- Jent 18 215

A plot of | against, the glow curve yield a bell shaped curve with a maximum

intensity ata characteristic temperature known as the glow peak.

The integratedight sum(S)

= r’:i- pdn= pn, (2.16)

As long as premain constant, the integrated light sum is proportional to the initial

number of trapped charges.
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2.4.1 Experimental measurement of Thermduminescence (TL) emissions from

CVD diamond

The diamond samples were each irradiated with th@0Swithin a controlled exposure
time of 1 minute. The Hermoeluminescence (TL) measurements were carried out by
placing the irradiated samples into a TLD reader; model Toledo 654(Fig®.9. The
temperature was ramped up to 3Ddor the luminescence emissiontie measured. The

integrated response from each sample was recorded as arbitrary counts.

The TL emission results are shown in Table 2.1.

Figure 26: The TLD reader, model Toledo 654 TLD Therlmminescence unit

2.5 Ultraviolet (UV) absorption in diamond

The dipole moments of the atoms of CVD diamond changes due to absorption of light of
certain energies, and the transisatcur due to absorption of ultra violet radiation. Ultra

violet spectroscopy was used to classify the diamond with nearest neigiitvogen
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substitution forms Ns-Ng’ that forbids light photon absorption measurements
(lakoubovskii et al., 2002) and the 4Nscomplexes determined by UV absorption with

a sensitivity of approximately 1 ppm. The UV absorption is associated mainly with the
planar <100> defects of unknown structure, which are determined by -aelsigation
microscope as observed by Wight et al. (1971). In ultra violet (UV) measurements the
dipole moments of the molecules changes due to absorption of light of certain £nergie
and the transitiothatoccurs due to absorption of ultra violet radiation which happens if

the transition integral is nonzero (Herzberg, 1945).

2.5.1 Experimental measurement of Ultraviolet (UV) absorption for

characterization of CVD diamond

Ultraviolet (UV) measurements wenmendertakenusing a Varian Cary UWis-NIR
Spectromete(Fig. 2.7). Each of the samplegerebeam scanned covering the UV range
between200 nm and 350hm and compared with a reference beam for each of the UV
values. The relative abrbance values were recorded at an absorption ed2@aofm.
Figure 28 shows a typical UV scan plots from whith/ absorption(A) valuesfor each
sample wer@btainedfrom equation 2.11.

al,,

1
A=i_.adn=—f_In
r])and n pl r'I)and é%ln :

n (2.1)

| CB_OI

Where | is the intensity ofthe transmitted light by the specimen (CVD diamond) of
length | containing a gas at pressurelp, is the intensity of the incident lightthe
amount of | i g)h ta yisdhe Bbsorptmpruceefficignt fofnis pressure. The

integration wa calculated at 230 nrfiequency region of the band (Nakamoto 1922).
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The results of which arabulated in Table 2.1.

Figure27: Ultraviolet scanner model Varian Cary UVis-NIR used for UV absorption

UNIVERSITY OF WITWATERSRANC
Instrument Serial Number ELO0013008
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Figure 28: The UV san graphs obtaied from @, DG and a € CVD diamond wafers
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2.6 Metallization of CVD diamond samples

The samples were acid cleaned before metallization was carried ouinitie order,
titanium (strong carbide former), platinum (weak carbide former), and gold (nadecarb
former)i.e. Ti/Pt/Au layers, 200A: 200A: 2000A in thickness respectively, to form ohmic
contacts (Tachibana and Glass, 1993) on the two polished and opposite surfaces of the
diamond. The diamonds were all in wafer fowith the dimensionsf 5 x 5 x Imm?® and

5 x 5 x 0.5mm®, for the polycrystalline and single crystal respectively. Gold is
chemically inert and prevents oxidatibom occurring and thugreventingthe chemical
reacton between the contact and oxygdrhe metalized samples were annedled

ceramicvacuumfurnace environment dfo® torr.

2.7 Measurement of alpha patrticle interaction with the CVDdiamond detector

Finally the CVD diamond was placed 2.2 cm from a 3.7 XBficm? Am-241 alpha

source for the acquisition of the alpha spattusing a PCdsed commercial software

APTEC.

Am-241

¥vy

High Voltage CVD diamond Amplifier

detector
1

Preamplifier

Multi-channel
Analyzer

Figure 2.9: block diagram of the experimental-gpt
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The numle r edrticled impinging on the surface of the wafer per second was
estimated to be 4.84 x 40The CVD diamond probe with bias voltage of 100 volts,
appled across the opposing metalizeaifaces(polarization or space charge occurred:
space chargeisemoved by creating a 6éinjecwaon hol e
then connected to a locally designed and manufactured pream(fiier3.2 and the

whole system, including the alpha source, was placed in a vacuum chi#ighes.3)

The preamplifie was coupled to an oscilloscope for a-pssessment of the signal and a
personal computer with the APTEC software for data acquisition, processing and
analysis. The peak value of each spectrum was equated to the alpha ener@48ak
MeV) to evaluatehe energy per channel for a plot of the calibrated gragtesspectrum

was used to analgzfor resolution and for peak and absolute efficiency of the detectors
using the total counts, FWHM and the area under the spectrum peak, and the results are
tabulatel in Table 2.1 A detaileddescription of the experimental setup as well as

explanation of the method used in the analysis is discussed in Chapter 3.

2.8 Results and discussion

General observations of the results summarized in Tabléig. 210to 2.13depcts the

different spectralpattern from the different diamond typash e n e x p-pasticles t o U
The UV values, single substitutional nitrogen concentration, TL values, to some degree
the extent of Raman broadening, and values reflecting absoluierdfy results can be
separated into three groups, which themselves can be associated with the different grades

of detectors investigated as OG, DG and SC. The single substitutional nitrogen

concentration in the polycrystalline specimens (34 ppm) isobserved to be higher
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than that observed in the single crystal specimen (below 1 ppm). The same variation in
trend is observed in the UV absorption and Raman spectral broadening of the samples.
The different grades of polycrystalline also indicate a difiee in their single
substitutional nitrogen contents, UV absorption and Raspecttral broadening. The
Optical Gade CVD diamond was observed to have higher UV response3®@&n")

than the Detector de samples (0.511.93 cn).
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Figure 210: T tspectrlim from theifgle Crystal CVD diamond detector
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Figure 2.13: T dspectrin from the @ical Grade CVD dianond detector

The TL response was an exception to the above trend, wleehentinescence response

of the Detector @Gde was observed to be higher (8142024 arb. units) than ¢h
luminescence response of the Opticabd® (83-155 arb. units) Higher TL values
generally indicate a larger number of the charge carriers created by the impinging alpha
particles. These charge carriers are available for capture at trapping/luminescence centers
and for collection should a field be applied across the detectoe. dbiserved
improvement in energy selution of the Detector @de, in general, and DG3 in
particular, with its relatively better alpha response can be attributed to their fewer defects
and lower single substitutional nitrogen concentratidiie overall pgormance of the
Single Crystal CVDdiamond and the conclusions Bbdmorski et al.(2006) support the
importance oflow defect levels. The Single rgstal CVD diamond maintained its

comparatively lower response with the TL (25 arb. units) despite a edjatiow
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concentration of Ns centers. This may be attributed to the concomitant low levels of
luminescence related defects in its matrix. It is suggested that the much higher TL values
of DG3 reflects not only the availability of charge carriers but theceffeness of the

capture/release mechanism.

The alpha spectrum analygisrformedwith the full width half maximum (FWHM) value

E/ E where @E is the spectrum width at hal f
and E is the value of the alpha spectral peak (5.484 MeV) was calculated. The energy
resolution o@E of ts lareindidatot & the qualify ©of the petectorr um |
material, as it reflects the impurity and homogeneity of the crystal structure and is
strongly related to the carrier lifeane and thus the charge collection efficignc

(Pomorski et al., 2006). The Singley&al was observed to have FWH{85.3 £ 0.9

keV) when compared with the polycrystalline FWHM of between 672.5 keV to 9465.

keV with an exception of one Detectordde member namely DG3 with a FWHM of

64.1 keV. This is as depicted in Fig.8%or the Sngle Crystal and Fig.2.9 for the

polycrystalline Detector fade CVD diamond DG3.

The alpha response of the polycrystalline allows a difference between the Detector
Grades Fig.2.11 and the Optical &des Fig. 22 The differences in peak resolution
could partly be caused by the spread of the electric field along the material due to its
polycrystalline nature having namiform geometry and thickness (Tromson et al.,
2000). It could also be partly due to the capture/release mechanism of trapping levels

inducing a space charge build up of internal electric fields leading to the observed
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spectral broadening (Souw et al., 1997). The ofesenbsolute efficiency of all Optical
Grade detectors between 89to about 100 % is consistent with the observed broagenin

of their peak resolution above 100 &nd this, it ispropose a result of the polarization
effects causing a buHdp (pileup) of eh pairs, coupled with the greater thicke€s00

e mof the detectors usd@ouw et al., 1997; Bergonzo at, 2001; and Liechtenstein et

al., 2004). This is supported by the observed drifting of the spectrum peak during spectra
acquisition. Within the specimen, of the Opticatdde detectors is theilomparatively

lower charge carrier effedue to impurities in CVD diamond samples observed from

their TL responseral higher UV absorption effect.

The earlier observed better peak resolution of the detector grade CVD diamonds was also
found to be conistent with their energy peak efficiencies of &) and also constent in
performance with the Singlergstal (80%) CVD diamond (DG3 in particular) as a
spectrometer. The absolute efficiency calculated as the ratio of the total alpha counts
from the detetors to the source strength within the area of the active zone was also used
to study the characteristic performance of the CH#iBmond detectors. The Single

Crystal had fewer impurities avdasthe least efficient absolutely (32).

The Optical Gade damonds, with the relatively higher number of impurities detected by
both UV and ESR, indicated a higher efficiency of betwee#80 above 1006. This is
consistent with the reason for their poor peak resolution as a consequence of polarization
effects casing the buildup of internal electric fields. For thBetector Grades the

absolute efficiency of between 82 and 68% is consistent and is closely related to the
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single crystal in their pesfmances. In comparison to the Opticab@e CVD, this may

be dtributed to their lower defect/impurity levels with reduced resulting bupleffects.

Of note is the observation that low single substitutional nitrogen levels were found to
have no significant effect on the carrier {time (Sellin et al., 2007). Inomparison to

the OG the obkerved lower efficiency of theirgjle Crystal (48%) may be due to its

overall lower defect concentration (Souw et al., 1997; Bergonzo et al., 2001).

The graphicalFig. 2.14to 2.22 results depict the correlation of the diffetenethods

used, and an examination of the correlation between the results of the Raman broadening,
thermaluminescence and electron spin resonance (single substitutional nitrogen) and
with alpha counts of the CVD diamond film is reported. Figdr@4 indicates a
correlation with positive gradient between the UV absorption of the diamond samples and
the total alpha amts. The UV absorption of the Opticatdde CVD diamond was found

on the average to be approximateliirBes greater than that of the DetecByade CVD
diamonds with absorption at 1.3 + 0.69tr\n appreciable amount of a ndimmond

phase impurities and structural defects (nitrogen complexes or UV related imptlrétes)
commonly exist in CVD could be ascribed to the different absorptesponse of
diamond to UV absorption (Wang et al., 200bje Raman broadening due to tNe
defectcenterdn each of the Optical &ade samples we believe can blated to the alpha
response of @tical Grade CVD diamond detears. This is shown in Fig. 25, where the
observed correlation appears to be of a negagradient is observed for the Optical

Grade CVD diamonds.
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Figure 2.14. Variation of total alpha counts with UV absorption fDetector andOptical Grade CVD
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Figure 2.15: Variation of total alpha counts with Raman broadening@ptical Grade CVD diamonds

Variation of alpha counts with single substitutional nitrogen concemratf Detector

Grade CVD diamond samples is depictedrig. 2.16 The correlation of the alpha count
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with ESR (single substitutional nitrogen concentrgtisnwith a negative gradient. This
confirms the general trend of observations by Nam e{18191) that, for a class of
crystals, the concentration single substitutional nitrogen is inversely related to its
response to the impinging radiation. Figar&7 shows an inverse relationship between
Ns cetters and UV absorption for the Opticata@de CVD diamonds, implying therefore
the interplaying effect ahat extra nitrogen introduced in the synthesis process has on the
concentration of both the Uype impurities and Ns centegfSellin et al., 2007; Souw et

al., 1997). The consequence on the Opticadd® detectors in particular was the observed
higher dha counts. We were informed thattra nitrogen was added to the Optical

Grade CVD diamond used in this investigation (private communication).

32500 - '.I.I 'I'
g H
© 30500
2 H
o
(8]
(3]
9 28500 A
[}
o
]
5
8 26500
o
<
=
<
24500 -
22500 T T T T 1
3 35 4 45 5 55
Single substitutional nitrogen (ppm)

Figure 2.16: Variation of total alpha counts with TL response @ptical Grade C\D diamonds
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Figure 2.17: Variation of total alpha counts with single substitution nitrogen concentration (using ESR) for
DetectorGrade CVD diamonds

Figure 2.18: shows a spline function relation between the single substitltstnagen
concentration and the therruminescence response of the polycrystalline CVD
diamonds. Behaviour similar to this was also observed by Benabdesselam et al., (2001).
Figure 2.18 shows that the lower single substitutional nitrogen concentratiB8&)
results in the higher therrdiaminescence emission. The explanation of a lower TL
response of optical grade CVD diamond is however believed to be due to the higher
single substitutional nitrogen concentration which result in-nagliative recombinatio

and not the number of trapping levels within the samples (Nam et al., 1991). The model
explains the effect of decrease in Ns concentration in diamond to TL response in relation

to other defects, traps and recombination, and the result is observedhnalyiss.
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The broadening of the spectrum leading to increased FWHM could be attributed to a
combination of a more defective crystal lattice (trappingfdpping at grain boundaries)

and higher concentration of nitrogen complexes (Fish et al., 1999).
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Figure 2.8: Variation of thermoluminescence response with single substitution nitrogen concentration
(using ESR) fobetector andOptical Grade CVD diamonds

Figure 2.B is a plot of TL emission in relation to Ramanoadening fo an Q(ptical

Grade detector, showing that as the Raman effect increases the TL response drops. This
may be due to presence of traps and recombination at grain boundaries. The observed
correlation of UV absorption and Raman broadening with FWHM of alphesdea all
detectors Fig. 2.28nd Fig.2.21relates to the contributions of the defects associated with

the UV absorption and defects giving rise to the Raman broadening and to the relatively
larger broadeningf the alpha spectra from the Opticata@e G/D diamonds. This

shows theoverall effect of the detector with FWHM having a positive gradient to
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increase in the single substitutional nitrogen concentration as observed 2Bignd

implied in Fig.2.17 with broad spectrum of the Opticat&&le CVD damond detectors.
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Figure 2.19: Variation of TL emission with Raman broadening@ptical Grade CVD diamonds
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2.9 Summary and conclusions

It is seen that there is a consistent trend of the alpha counts lzaposjtive gradient

with UV absorption and TL emission, but a negative gradient to the Raman broadening
and single substitutional nitrogen concentration. The relativei total alpha counts
from the (ptical Grade CVD diamond may be associated witheatgr concentration of

UV related defects and builgp effect. As in HPHT crystal, single substitutbnitrogen

in CVD diamonds act as recombination centers. In general the higher sensitivity
(counting efficiency) is associated with a lower concentratibrsingle substitutioal
nitrogen and hence, contributes to the lowering of thhaacounts as observed in the
Detector Grade, @tical Grade and Single @stal CVD diamonds. Foreasonable alpha
spectroscopy thistudy shows that the value of nitrogemcentration, UV absorption

and Raman broadening must be as low as possible, but thethidhgalue. In general

the SC G®ade is the material of choice for general alpha spectroscopy (Pomorski et al.,
(2006). However, if one wants a detector of higher iseitg, similar resolution, better

peak efficiency and less expensive, selection of CVD materials using TL as a post
selection tool may be the route to take; otherwise if the interest is not in spectroscopy but
merely a sensitive alpha detector, Cdiammd of the Optical Gade is a material of

choice.
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Chapter 3

COMPARATIVE EVALUATION OF THE INHERENT
SPECTROMETRIC PERFORMANCES OF CVD DIAMOND
DETECTORS EXPOSED TQ-PARTICLES RADIATION AFTER

SPECTRA BACKGROUND SUBTRACTION
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3.0 Abstract

This Chapterrepots on theoutcomeof the proceduraisedto remove the background
noise levelsf om t he 0 a s exmrimentanalgha spectladof nine Chemical
Vapour Deposition (CVD) diamond wafers when used as detectors of impi&gig

MeV Uparticles. The spectra, each with different spectrum width/peak broadening
attributable to the presea of defect/impurity concentratiomere analyzedfor statistical

noise andfluctuations The objective was to provide consistent spectra resolution
necessary for a comparative spectrometric analysis to be performed on the detectors
under investigation. T diamond wafers broadly classified as Detector Grade (DG),
Optical Grade (OG) polycrystate and Single @ystal (SC) CVD diamonds were in
terms of impurities/defect levels chateized in Chapter.Z'he detectors leakage current
was measured and its adghution to the noise level analyzed. The poor spectra resolution
was reported to be due not only to difference in defects concentration but also to

background statistical effect and noise levels.

The observed effect of defects on the experimentally isedjispectrumwas analyzed
after the background suhttion. Forspectrumbackground subtractiothe software
programOrigin 6.1was usedThe full width half maximum (FWHM) and resolution of

each spectrum waslculated from a Gaussian fit and #iesolué efficiencyanalyzed

3.1 Introduction

The experimentaleaults of Chapter 2not only highlighted the poor peak resolution but

using thedas accumulatdéddata, gaveabsolute peak efficiemes above 100% for the
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Optical Grade wafersThis wasattributednot only to difference in defect concentration
but also to background statistical effects, joife effect and noise levels. Tieeis
therefore theneed tocorrect for these anomalig¢sat would provide the bases for the
performancs of the differentiamords Grades when used as alpha particle probes, to be

consistently evaluated.

3.2 Brief literature review

In this work diamond detector consists simply of a diam@®0-1000¢ nthick) that is
metallized on both sides with high voltage bias eleetso cdlect the charge carriers
(electrons and holes) produced by ionizing particles (Berdermann et al., 2001). In spite of
the demonstrated poor detection characteristics as compared to silicon based devices, the
extremely large band gap of ab&ub eV, leadirg to low leakage current and resulting in
extremely low noise, motivates a further test diamond (Marinelli et al., 2001
Historically, natural diamonds with suitable electronic properties were used for radiation
detection but the high cost and the idiffty in selecting a suitable detector limits the

availability of the diamond (Kozlov et.all977).

The promising technology for synthesis of diamond material is the Chemical Vapour
Deposition (CVD) technology. Most previous diamond particle detectsignie were
based on artificially grown polycrystalline CVD diamonds. These allowed relatively
large (tens of mR) and reproducible detectors with count rate capability up fb 10
particles/sec to be fabricatednd polycrystalline structure with crystalligize of about

10-20% of grown plates©iowever and crystallites boundaries acts as traps resulting in
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decreases in charge collection efficiency (Bauer et al., 1996; Bacci et al., 1998). Also the
ability to perform energy spectrometry with CVD detectors Ibesn poor, because of
trapping of charge carriers in the grain boundaries. As a result the energy resolution
achieved for these detectors has typically bee%678ven for light ions at about 700
MeV. These restricted their application for beam monitorRgcent advances on the
development of single crystals, showed a much better performance as energy
spectrometex with resolution in the range3% for alpha particles (Kozlov et al., 1975).

An estimated range of alpha particles in a CVD diamond was tegp@s~13 € m
(Akulinichev et al., 2003)with very low leakage current and high resistiitg"* q m)
reported (Toshisuke et al., 2006). Where the polycrystalline CVD diamond was shown to
have much pooregperformance when compared witin§le Crystal CVD diamond the

latter crystal was used to investigate for heavy ion spectroscopy and time of flight (ToF)

measuremeni8erdermann et al., 2004; and Pomorski et al., 2005).

Single Gystal CVD diamond has opened new application fields in nuclear detection and
dosimetryin high energy physics (HEP) such as hadrons radiotherapy and neutron
spectroscopy. An unprecedented performance displayed by single crystal where high
resolution energy spectrometry of the heaviest elements at high count rate is demanded
was reported (Ster et al., 2002; Manfredtt 2005). Polycrystalline CVD diamond is an
interesting radiation detector material for applicatisnere high energy resolution is not
required. The spectroscopic performance of CVD diamond radiation sensors is limited by

low carrier drift lengths, caused by trapping at crystallite boundaries. An improved drift
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length of up t0270 ¢ min a backthinned sample (Schottky barrier) has been reported

recently (Adam et al., 2@).

An excellent alpha energy resolution of 0.003 for the single crystal CVD diamond
spectrum was reported while the highest quality polycrystalline CVD diamond was
reported to have energy peak resolution of (B&rdermann et al., 2004; and Pomorski
et al., 2005)Investigations on the effect of the film microstructure on the performance of
diamond film as alpha particle detector was reported (Wang et al., 200@véo a
spectrum energy resolution of 1%. Poor peak energy resolution was observed for a
polycrystalline as alpha detector (Angelone et al., 2004). The polycrystalline nature of
diamond films makes the detector performance strongly dependent on thstrogiure

of the CVD diamond films (Marinelli et al., 2001). Whilst tfie-grain) defects can be
saturated bya pumping (priming) procedure, the boundary defects and shallow trap
defects and their effects can only be reduzgdmprovingthe film quality (Angelone et

al., 2004).

The direct result of a spectrometric measurement is a pulse height distribution not the
photon spectrum. For an understanding of the difference, the possible interactions of an
incident particle with the detector need to be adergd. The general terms of
spectroscopy refers to the application aofadiation detector to measure the energy
distribution of the incident radiation. Thifference in width of spectreeflects the fact

that a certain amount of fluctuation was recorétedn pulse to pulse even though the

same energy was deposited in the detector for each event. If the amount of fluctuation is
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reducedthe peak approaches a sharp spike (Knoll, 2000). The cause of potential sources
of fluctuations in the response of a givéetector that results in an imperfect resolution

are: the presence of drift in operating characteristics during measurement, sources of
random noise within the detector and instrumentation system, as well as the statistical
noise arising from the discretature of the measured signal its&lfle-up occurs when

two pulses that are close together, sum on top of each other to produce a single pulse with
new amplitude. This distorts the energy information and contributes to counting loses

(dead time) of theéletector system (Sorensd 938).

The statistical noise is the most dominant source of fluctuation in signals which sets
important limits on the detector performance. The response function should then have a
Gaussian shape with the typically large numbgrcharge carriers. The definitions of

FWHM as the width of the distribution at a level that is just half the maximum ordinate

of the peak and that of the energy resolution as the FWHM divided by the location of the

peak centroid are based on the assumptiat any background or continuum on which

the peak may be superimposed is negligible or has been subtracted (Knoll, 2000). The
energy resolution of the detectorés spectrut
material, as it reflects the imptyiand homogeneity of the crystal structure and is

strongly related to the carrier l#teme and thus the charge collection efficiency

(Pomorski et al., 208).

The increase in use of radiation as a clinical diagnostic tool in recent years coupled with

thedemand for improved measurement of the radiation beams to allow for greater control
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over treatment motivated this work. In this work the observed experimental peak
resolution and absolute efficiency above 2Odor the optical grade detectaiShapter

2) were analyzed with a view to finding out the true and actual performance of the
detectors. Effort is made analytically on improving the spectrum peak resolution by
subtractingthe background noise (fluctuations) and qife effect from the experimental
spectrum. A spectrometricomparative analysisf the different Detector Gradesnsade

in relation to their impurity concentration taking into account the alpha interaction

(ionization and excitation) processes.

3.3 Experimental procedure

A spectrometer caists basically o radiation sensing materi@etector), areamplifier
(Fig. 3.1) (placed in a vacuum chamber Fig. 3.2 amplifier system and a multi
channel analyzer connected to3& x 16 Bgcm? Am-241 alpha sourceA circuit
diagram of the pramplifier used is shown in fige (3.3. The alpha spectra of €VD
diamonds identified by the supgd as Optical Gade samples OG1DG2, OG3,0G4,
Detector Gade samples DG1, DG2, DG3, DG4, polycrystalline Smdjle Crystal $C)
type wafers were assaydor their response when configuresl detectors to impinging
alphaparticle radiationEach of the specimens was in wafer fotabx5 mm® for the

polycrystalline and.5x5x5 mm® for the single crystal.

The procedurdor acquiring the experimental spectrwas repord in section 2.7 of
Chapter 2The peak value of eadf the acquiredexperimentakpectrum was equated to

the alpha energy peak val(48MeV) to evaluate the energy per channel for a plot of
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the calibrated graphs to be analyzed. The emparalr esul t s of t
performance in relation to the effect of their defect wepgrted in Chapter 2Using the
Keithley 237 unit(Fig. 3.4 for biasing and measuring the output signal over the range 0

1000V, tre leakage current of thshlamondspecimerwas measuredn orderto analyze

the differencein noise level of the detectors.

Figure 3.1: Locally designed preamplifier used for alpha spectroscopy

Figure 3.2: End view of theacuum chamber with preamplifier and A#1 sourceplaced inge
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Figure 34: Keithley 237 unit an@ Faraday cge used for current leakageeasurements

3.4Background subtraction

The obsered spectral differences in spectrum broadening, peak resolution and sensitivity
arising from the effect of their intrinsic impurities/defects and reported in Chapter 2 was
used as an indicator of the quality of the detector material as it reflects the gna
homogeneity of the crystal structure to its performance as a spectrometer or as a

dosimeter.

Further analysis on the experimental spectrum was taken to improve the peak resolution.
This was done by subtracting baseline fluctuati¢sgectra continum, B) In alpha
particle interaction (excitation and ionization) with the detector, energy is lost in discrete

amounts leading to the observed statistical fluctuations. The same stochastic factors that
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lead to energy straggling at a given penetratiotadce also result in slightly different

total path length for each particle (Sorenson, 1938).

3.5Analytical method

Each experimentally obtained and calibrated alpha spectrum was plotted, analyzed for the
total counts and the counts normalized by the tohéradiation. Due to the skewed
nature of thespectrum obtained fronpolycrystalline CVD diamonda baseline was
inserted and modified in order to provide fobetter Gaussian fit. A backgrouriB)
subtractionfrom alpha spectrumysing the ORIGIN 6.1 sftware wasundertakenby

applying the equatiofGenie 2000, 2006)

(3.1
where

Y, » is the counts per channeldhannel i,

G, is the total sum of counts (gr@$s the peakegion of nterest (ROI);

N, is the number of channels in the peak ROI;

n, is the number of continuum channels on each side of the spectral peak;

B,, is the sum of counts in tlewntinuum(backgroundyegion to the left of the peak; and
B, ,is sum of counts in the continuufbackgroundyegion to the right of the peak.

Equation3.1 removes statistical fluctuation(background, Bjnducedby alpha patrticles

when it interactswith matterby photceelectric and Comptoscattering
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The Gaussian fitted spectrum was then analyzed (using the ORIGIN 6.1) for spectrum
area(S)under a Gaussian curwhichwas given by

S=hzJp (3.2

where
his the height of the peak, and
Zis a measure of the peak widtd{ =2s?, where s is the Gaussian widthFWHM

(resolution)valueas a weighted mean of the indival peak full width at halmaximum

values(Genie 2000, 2006)f the calibration peaks was calculated as

i=1 s|:.
2R (3.3

where
F,, is the weigked mean FWHM (in units of keV);
N is the nunberof calibration points used;

F. is the FWHM (in channels) of thid' calibration peak;

S Is the standard deviation &% ; and

C =w2 (3.4)
w
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Where w is the window width in channelsadi s t he figaino term

calibration equatiorand height of the spectrum for calculating the peak efficiency and

resolution(Genie 2000, 2006t a given energy wa®fined as

_ S
o, @9

where

e(E), is the efficiency at energf;

S, is the net peak area of the calibration peak

T,, is the live time of the measurent;

A, is the source activity at the sourcéerence time (certificate time);

U,, is a factor to convert the activith from other activity units into units of Bq and

K., is the decay correction factdo correct thedecayof the activity A to the activity at

w!

the time of the start of acquisitig@enie 2000, 2006}hat is

& In(2)t,
K :e? Ty2
w

e sle

(3.6

Wheret,, is decaytime of the calibration source (the elapsed time between the start of

the acquisition and the time at which the calibration soactgity wasreported), and

T,,,, is halflife of the calibration nuclide.

The resultsof the total counts absolute efficiency, peak efficiency and peak resolution

(FWHM) are tabulated indble 3.1.
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3.6 Data analysis and discussion

The spectrum relating thevariation inthe experimental and analytical alpha counts/sec.
with energy for each of the detetas displayed in Fig. 8.to Fig. 313. Each of the
figures shows twaoplots namelythat of the experimental plotand that a plot after
baselinesubtraction The spectra of the Opticar&le CVD diamonds Fig. 8to Fig. 39

are observed to bbroad;eachwithout a well defined peakalug while each ofthe
spectra of the Detectorr&leshasa better and more pronounced peak value around that
of the alphapeak energy5.48 MeV. Of note is theobservation that the background
corrected values with improved ade resolution hasslightly shifted from the alpha

centroid for all the detectors.

The measured average leakage currerh.BfpA for Single Crystal (SC)21.5 pA for

DG; and 54.2 pAfor OG could be part of the reason for the observed higher noise
(fluctuaion) in the optical and detector grade polycrystalline. The fact that lee of
noise was measured in than@e Crystal may be the reason for it better peak resolution

and hence that of the wafer (DG3).
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Figure 35: Variation of alpha count rate with energy for @ptical Gade CVD diamond (OG1)
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Figure 36: Variation of alpha count rate with energy for @ptical Grade CVD diamond (O0G2)
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Figure 37: Variation of apha count rate with energy for @&ptical Grade CVD diamond (OG3)
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Figure 38: Variation of alpha count rate with energy for @ptical Grade CVD diamond (OG4)
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Figure 310: Variation of alpha count rate with energy for a Detector Grade CVD diamond (DG2)
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Figure 3.11: Variation of alpha count rateith energy for a Detector Grade CVD diamond (GG3)
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Figure 3.122: Variation of alpha count rate with energy for a Detector Grade CVD diamond (DG4)
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Figure 3.13: Variation of alpha counts with engrdor a Single Crystal CVD diamond

Table 3.1 shows both the experimental and the analytical data analyzed using the
software package (ORIGIN 6.1) before and after spectrum data correction. In the first
two columns the experimental spectrum count ratdoseived to be closely related and
consistent with theralytical spectrum data bwtith slight differences. For the Optical
Grade wafer the average absolute peak efficiency val@2 % as compared to the
experimental average value of 1080 reported in Chpter 2 The Detector Grade
analytical data has an average absolute peak efficiency value uifZ% and a 726

value for the Single fystal; both values being slightly higher than the average
experimental values of 8% and 52% for the Detector Gradend Single Crystal wafers
respectively. A possible explanation could be attributed to the software package Origin
having lost track of data points during plotting due to the speed of analysis. Nevertheless
it is believed that the method enables a betterparison of the wafeéperfamances as

alpha detectors. Theable, in addition provides the experimentally obtained values for
spectrum peakesolutions and peak efficienciebtained from the analytical data of
spectrum height, area and FWHM acquiredngsthe software package 1@in. The

Detector Grade and Singlerystal wafers indicatpeakefficiency performance valued
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about 80% which in comparison with the Optical Grade wafer value of abo@b;800th
results are consistent and same as that obdesxperimentally. The higher spectrum
FWHM/peak resolution values for the Opticata@e CVD diamonds are found to be
consistent with the results of the detedb@arformance. For the Detector Grade waser

a spectrum resolution 1% for DG1 (poorest pealand 1.2% for DG3 (best peakjyith
similar performance in the Single Crystal (SC) aleserved. In comparison Kozlov et, al
(1975) reorted peak resolution value 194 to 3%. The analytical result of the Optical
Grade wafers gave peak resolution valeé betweerll09 % (for OG2) t0137 % (for
OG1)asthe experimental results while the Detector Grade diamond was betwA#n

(for DG3) t012.5% (for DG2). In comparison the peak resolution for the Single Crystal

is aboutl.6 %.

Table3.1: Spectral Analgis of accumulated alpha spectra from the three grades of CVD diamonds (The
energy of the impinging alpha particles being 5.48MeV)

Alpha counts (cps) %Absolute Peak % peak
Efficiency Resolution Efficiency

Detector

Type EXPT ANALT EXPT ANALT EXPT EXPT
DG1 32969 35245 68 73 0.185+0.001 80
DG2 31327 39150 65 81 0.125+0.0023 80
DG3 29834 40623 62 84 0.012+0.0018 82
DG4 32732 37225 68 77 0.124+0.0030 80
OG1 50314 45355 104 94 1.365+0.0089 60
0G2 49010 46531 101 96 1.092+0.004 60
0OG3 49397 46288 103 96 1.289+0.0048 60
0G4 39046 43787 81 91 1.325+0.0046 60
SC 25401 34172 52 71 0.016+0.0056 80

Note: (i) ANALT refers to value from the dytical experiment (i) EXP refers to experimental value (iii)
FWHM refers to the full width at half maximumuwes
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3.7 Conclusions

It can be concluded that thuse of the adopteblackground subtractiomethodology on
each of themeasured alpha spectrunad not affected th@eak resoltion and peak
efficiency values Noticeable improvements in th&bsolute efficiacy were however
obtained In particularanalytical calculationsa morepronouncedeffect on thebroader
spectra of the ftical Grade @tectorsas compared to that ommower andmore resolved
spectrasuch as those obtained fraire Detector Grades andn§le Qystals. Although
the improvement is obsemé¢to begreater)or the Optical Gade detectorghe spectrum
peak resolution remained higher than the 0.70 value reported elseBkeder(nann et
al, 2004 and Pomorski et al., 200Bonfirming that OGwafers remains agor choice
material for use inspectrometry. The spectrum pgegaesolutiors of the DG wafers
(0.012+0.0018 to 0.185+0.001) lie within the 0.01 to 0.03 rangshich are in line with
valuesreported by Wang et .a{2005); confirming the possie choice of such material
for alpha spectrometryit can be concluded thahdé comparative analysedopted has
provided a more accurate picture of #atual performance characteristics of the different

diamond grades when used for alpha sensing. leopahycrystalline wafer the observed

differences in the experimental and analytical methods could be attributed to the high

leakage current, giving rise to statistical fluctuation and noise.

Generally the CVDdiamond wafersvere observedon exposure to pha particles with
5.48MeV energy to havelow leakage current (betweén2 pA and 54.20A) and about
80 % full energy peak efficiencfor the Detector @Gade and 6 % for the Optical Grade

wafers
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Chapter 4

METHODOLOGY USED FOR THE CORREQ®DN OF
BREMSSTRAHLUNG XRAY SPECTRA OBTAINED FROM A Ge(Li)
DETECTOR AND A COMPARISON WITH SPECTRA GENERATED

FROM THE USE OF THE MONTE CARLO CODE PENELOPE.
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4.1 Introduction

In the previous Chapters (2 and 3) the surface effects of the diamaaodetwere

assayeegawittilcl @s and the detectorsd perfor ma

various grades of CVD diamond. The need for a bulk interaction analysis of the CVD
diamond wafers when exposed terd§ radiation in order to provide axposé of the
parameters that affects their overall performances is thetabomotivation for the work
described in the next few Chapters. An understanding of the types of radiation
interactions likely to be encountered requires a thorough and quaatikabwledge of

the activities of the sources, the type, and in the case ofepegetic radiations, the
energy range of the spectrum of all the sources likely to be used for the analysis
(Seelentag et al., 1979). From the analysis in Chapter 2, ibd®s established that a
spectrum resolution is an indication of the quality of the detector material. The
contributions of the fluctuations and pilg in the signal set important limits on the
detectorbés performance ( ChGhapteeisto aalyze thieh u s
energy spectrum of the photons emitted by the mammogragly ¥nit with a view to
highlighting and removing all sources of fluctuation and/or noise created by the detection
system used (i.e. to provide a spectrum independetiieofietection system used). A
germanium detector with known properties and characteristics to such radiation
interactions was used as a standard to provide actual information pertaining to the total
intensity/energy output from the-bay unit. The detectio of photon interactions with
germanium results in the loss of some photons, but with the use of the calculated detector
efficiency, these losses are corrected for, using the method described by researchers such

as Epp and Weiss (1966); Fewell et al. (1973rael et al. (1971), Matsumoto et al.
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(2000) and Seelentag et al. (1979), to strip photons. The adopted method of stripping
used in this work is different from the stripping method used in Chapter 3. A Monte
Carlo (PENELOPE) code simulating the expesntal model (Blough et al., 1998, Boone

et al., 1997, Cranley et al., 1997 and Tucker et al., 1991) was used to both compare and
confirm the experimental results that had been corrected for the presence of unwanted

artifacts.

4.2 Brief literature review

Hol | ander di scussed t he germanium detector
applications in 1966. His focus was on the interaction of radiation with the detector

crystal which included the calibration of the detector (Fewell et al., 1977). The d&tsctor

response functions such as the efficiency, linearity and spectrum resolution (Fewell et al.,
1977) was evaluated for analysis of the det

spectrum from a mammographyray unit.

A recentlymammography photon speum was measured by Matsumoto et al. (2000)
where a cadmium zinc tellurium (CdZnTe) det
that of germanium detector. In this section, a similar technique was applied to evaluate

the photon spectrum acquired from the nmma@ography Xray Unit to analyze the
performance characteristics of a germanium detector. Radiation interaction with the
germanium detector releases charge carriers by ionization (Hecht et al., 1932; Gerrish.,

1995; Sciortino, 1999). Electrons are exciteshf the valence band into the conduction

band and are free to move, as are the holes produced in the valence band (Knoll, 2001).
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The high voltage across the germanium detector creates an electric field, which sweeps
the electrons to the positive contactiahe holes to the negative contact (Hecht et al.,
1932; Gerrish, 1995; Sciortino, 1999). This produces a small electric pulse, which is
amplified by the preamplifier and the amplifier; the pulses are recorded and counted
(Fewell et al., 1977). The numbef charge carriers is proportional to the energy
deposited (Evans, 1982). The size of the pulse is therefore proportional to the energy

deposited by the incident radiation (Evans, 1982).

When devices such as detectors are used to measure radiation, uteyasna good
practice, be calibrated to ensure that the results obtained are the true reflection of the
interaction occurring within the detector (Seelentag et al., 1979). Calibration is properly
carried out using the known activities of the referenagrcas. The calculation of the
activity for a reference source is performed using the normal decay equation (4.1)

formulated by Rutherford and Soddy in 1902 (Evans, 1982), wigres the original

radioactivity, Ai s the activity at the(lg—zi)a:md'l'l/ztis and

1/2

the radioactive halfife.

A=Ae (4.1)

4.3 Calculation of the activity of the sources
For athorough analysis of detectorperformance a complete knowledge of the activities
and strength of the sources used is mandatory. In addition it is necessary to clearly define

the environmental conditions and source filters (source encapsulations) under which they
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are used. For the present arsédythree reference sources were uged Bq high-purity
carrierfree Coe57 produced at the Obnisky cyclotron accelerator on the metal matrix
rhodium (thickness & nm, active area diameter5=mm), a rectangular gamma reference
source of Am241 with actvity of 390.3Bg, and a B&al33 source with an activity of
436.2kBq, and an active source dimension 1mm in diameter that is sandwiched between
0.5mm polystyrene windows. To calibrate the detector for the spectral analysis, the
activities at the time ofralysis was corrected for using equation 4.1. From the yield of
each isotope thactivity at the time for the experiment was calculated. Summarized in
Table 4.1, is the list of the sources and their activities, that were used for calibrating the

Ge(Li) detctor.

Table 4.1: The list of radioisotopes used, showing the characteristic energy peaks (keV), Ao, A, yield and
the final activity (4 at the time of measurement

Reference Half life Energy (keV) A, (Bg) A (BQq) Yield A¢(BQ)

source

Co-57 271.8d 6.32 1730000000| 675369 | 0.55 | 371452.95
Am-241 432.7y 13.83 407400 390304 | 0.133 | 51910.43

Co-57 271.8d 14.35 1730000000| 675369 | 0.0919| 62066.41
Am-241 432.7y 17.78 407400 390304 | 0.189 | 73767.46
Am-241 432.7y 20.82 407400 390304 | 0.049 | 19124.90
Am-241 432.7y 2642 407400 390304 | 0.025 | 9757.60
Ba-133 10.53y 30.82 436200 72590.91| 0.972 | 70558.36
Ba-133 10.53y 34.93 436200 72590.91| 0.2271| 16485.40
Am-241 432.7y 59.52 407400 390304 | 0.357 | 139338.53
Ba-133 10.53y 81.02 436200 72590.91| 0.338 | 24535.73

4.4 Experimentd procedures
4.4.1 Calibration of detector
The liquid nitrogen cooled germanium detector, wattsensitive area of 200 M

diameter of 16 mm and 10 mm thicknesas exposed to the different source activities to
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acquire a spectrunt.he reference sourcegere placed 50 cm from the detectsing an
optical stand The spectra of ArR241, Bal33 and Ceb7 were obtained using the setup

shownin Fig. 4.1 for a preset time of 3600 seconds.

Reference source

v

Liquid nitrogen
® q g

50 cm

Figure 4.1 Schematicdiagram depicting the relative positions of the germanium detector and the
reference source

The acquired spectra of the different sources are in channel numbers, hence the need to
calibrate the detector in order to convert their channel values to energy vahees.
spectral measurements were performedttan Ge(Li) detector systems GmbH (DSG)

with serial number &53type PGP 20410 atan operating bias 62500 V. The detdor

was coupdd to software packages SUPERVISOR; Windows 3.0 application, and
(SUPER.EXE which combinewith MCARDWIN.EXE provided the automation of an

MCA setup for data acquisition, spectral analysis, report generation and archival of
spectra. The electronic circuid which the germanium detector was connected for the
pulse counting measurements is similaithte conventional circuits used for obtaining

pulse height spectra, and is shown schematically irdi2g.
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) HPGe Pre-amplifier

Amplifier

Multi-channel
Analyzer

Figure 4.2: Schematic diagram of circuit usfied pulse counting measurements

The circuit comprised a preamplifier, an amplifier and a pulse counter with a variable
discriminator setting. The germanium detector was mounted directly onto the
preampl i fi eridardercto neduae itheapabitmee mhetween the leads from
germanium detector to a minimum. The spectrum analysis conducted using
microprocessebased analer with 4096 channel background memory for buffer
storage. For data acquisition the spectrum was set to operate in theaalitiy mode.

From the spectrum such as the one depicted in Fig #6, channel numbers
corresponding to the reference source enewjfiés3 keV, 14.35keV, 17.78keV, 20.82

keV, 26.42keV, 30.82keV, 34.93keV, 60keV and 81keV peak from the m-241, Co

57 and Bal33 were enterenhto the APTEC software for conversion to Microsoft Excel

to calibrate the germanium detectdhe plot (Fig.4.4) of the source energy with the
corresponding channel numbers provided the calibration line (fitted lindanythe

germaniundetector.
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Figure 4.3: Uncalibrated Spectra obtained for the -24i1and Bal33 sources with Jéxis in channel
numbers.
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Figure 4.4: Calibrations curve of germaniui@e(Li)) detector

4.4.2 Determination of efficieng of germanium detector

An APTEC software package was used to obtaindhkibratedspectra of the Ar241,
Ba-133 and Ceb7 radioisotopes using the setup showifrigp 4.1 A dead time of less
than 15 % wagnsuredy adjustingthe detector to referencewsoe distanceDepictedin
Fig.4.5, from left to right,are theCompton scatted peals as well as thenergy peaks of

Am-241 The integrated counts are tabulated in Tabl2. The Table shows the
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calculated, but uncorrected absolute efficiency of the geium detector (column 5).
The absolute efficiencyef,9 of the germanium detector, defined as the number of pulses

recorded divided by the number of radiation quanta emitted by the seascapplied.

500

450 -

400 -

350

300 -

250 1

counts

200 o
150 4

100 o

IV DR | B §
80

100 120 140

Energy (KeV)

Figure 4.5: Corrected Ar241, Bal33 and Ceb7 spectra from the Ge(Li) detector showing different
energy peak positions in keV.

Table 4.2: Table showing the reference source typsir #mergies (keV), the measured counts for 3600
seconds, counts per second and the uncorrected absolute efficiencies obtained by dividing the
counts per second by the calculated activitigs ffdm Table 4.1.

Reference Energy (keV) Measured Count rate Count rate divided by source
Source Counts in (cps) activity i.e Uncorrected
3600 seconds Absolute Efficiency
Co-57 6.32 1179 0.3275 8.81673E07
Am-241 13.81 6331 1.7586 3.38778E05
Co-57 14.35 5569 1.5469 2.4924E05
Am-241 17.78 9719 2.6997 3.65977E05
Am-241 20.82 2686 0.7461 3.90126E05
Am-241 26.42 1450 0.4028 4.12784E05
Ba133 30.82 10440 2.9000 4.11007E05
Ba-133 34.93 2533 0.7036 4.26809E05
Am-241 59.52 21642 6.0117 4.31443E05
Ba133 81.02 3564 0.9900 4.03493E05




A plot of the uncorreed detector efficiency with energy is depicted in Fig. 4.6. In
comparison with published data the observed trend and efficiency values were found to
be well below the known values, pointing therefore to the need for further correction to
the efficiency vales. Factors which have an influence on the efficiencie®Cat
energies 016.32 keV and 14.35keV were identified as that of the-rhicron layer of
rhodium filter, theintervening air between source and detector as well as that of an

aluminium filter ofunknown thickness.

5.00E-05 -
4.50E-05 - .

4.00E-05 - I

3.50E-05 +

3.00E-05 -
2.50E-05 +

Efficiency

2.00E-05
1.50E-05
1.00E-05 -
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0.00E+00 \ \ \ \ \
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Energy(keV)

Figure 4.6: Plot of absolute efficiency vs energy for37¢ with no correction for attenuation by rhodium
and aluminum but with corrections for air, Be and Al.

4.5 Estimation of the aluminium filter thickness ofthe Co-57 referencesource

To correct for the attenuations$ the aluminium of unknown thickness, the activity of the
Co-57 reference sourcat sourceao ddector distance of 50 cm (Fig.7) wasmeasured
over a perioB600 secondg=rom the estimatesource activity at tharhe of acquisition
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of 57334 Bq, the dete@d count ratg1.7775Bq.s*) was determinedising the6399
countsobtained over th8600 secondperiod The activity after passing through rhodium

and aluminiumayers in frontof the soure was achieved by muybliying 57334Bq bythe

86 % valuespecified in the certificate by the manufactuiénis gave rise to the source
activity value at t hBg HBrenthethitkoessdrsRh sfd f ace of
cm, the thickness of the Al layavas thencalculated This was doneising the emission

efficiencyvalue of 86% for the Ce57 at 14.4keV peak

[ ]

ABC D

b Lr

Figure.4.7: .Schematic diagram showing A as the reference sowith B = rhodium, C = aluminium, D
= berylium window. E represent Gketector and F the liquid nitrogen container Activity of A
= 57334Bq, After B and C attenuation, the, nominal activity is 49308 Bq. Using the efficiency
value of 86% the counts on thetector per second obtained is 1.7775 cps

m
T

The product of mass absorption coefficient)( , density (4J) and the t
(nr T)air through which the radiation must penetrate before interacting with the detector

was calculated to be 0.91. The uncorrected efficiency of 3.59wids obtained by

dividing the detector count ratél.775 cps) by the nominal activity (49308) in
disintegrations per second. Attenuation by air was then corrected for by dividing the

uncorrected efficiency by then(T)a; from which a figure of 3.945 x T0wvas obtained
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The countrate expectedirom the deted¢or with air absorptiorand no absorption by Rh
and Al of 2.26 Bq was obtained by multiplying the initial activifp7334Bq) by the
efficiency value 3.945 x 1@. Taking into account air absorptioaftenuations of the
0.0005 cm Rh and Athickness to bealculated)and the attenuation expression

| = lo exp ¢(nT T)air- (M T)rn-(MT T) A1) (4.2)
Where:
| =1.7775Bq
lo = 2.26Bq
m= mass absorption coefficient
r = density of the material
T = thickness of the material
Rh = Rhodium
(nr T)rn =0.2325
(nr)a = 23.004
was used to calculate the value of the 0.00dm&hickness of aluminium @T).The fact
that thel3.8keV peak energy of AR241 superimposes on the peak energy cbZat
14.35keV, necessitated a correction of the efficiency of-241 as wellUsingthe 13.81
keV, Am-241 energy peato calculate thefficiency instead of 886 and the efficiency
valueof 3.388 x 10 from Table4.2 column 5the corrected efficigcy for air absorption
at13.83keV of 0.898 ((r T)air), gave rise to theesulting dficiency valueof 3.775 x 10
®. As the aluminiumsourcewas also encapsulatedGr05 cm of polystyrene Elg) with
density of 1.05 gl/ch the corrected efficiecy for air andpolystyrenewas further

calculated by dividing 3.775 x Py 0.959 (T T)air + (0T T)rn). The final efficiency of
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3.936 x 10 was obtained using G87 activity of57334Bq; the count ratef 2.26Bq.s’

was obtained by multiplying the corrected effiagrfor air and rhodium b%7334Ba.

To correct for the attenuation by aluminipadr, beryllium and rhodiunfior the Co-57
reference sourcat 6.32 keV and 14.3%eV, the correcton factor was obtained as the
product of the attenuations in columns 5 of Tables 4.3 and 4.4 and shown in row 6 of the

tables.

Table 4.3: The list of absoirlg materials with their thickness (T), density,(mass absorption coefficient
(mtr), as well as the attenuation fraction (rfir)rT)) for 6.32keV.

6.32 keV Thickness(cm) r (glcmd) (mir )=cm?g Attenuation
= exp((mir)r T))
Rh 5.00E04 12.41 357 0.109133323
Al 1.46E03 2.7 99.4 0.67581575
Air 50 0.00099964 22.3 0.328046931
Be 1.50E03 1.848 2.01 0.996839256
Correction factor for C&7 =0.024060348

Table 4.4: Tabulation of absorbing materials with their thickness (T), densjtynfass absorption

coefficient @ir), as well as the attenuation fractiexp¢(s4r) rT)) for 14.35keV.

14.35eV Thickness(cm) r (glem?) (mir )=cm*g Attenuation
=exp(-(mr)rT)
Rh 0.0005 12.41 39.2 0.784086448
Al 0.00146 2.7 8.95 0.965334216
Air 50 0.00099964 1.91946 0.908520196
Be 0.0015 1.848 0.325 0.999488256
Correction factor for C&7 =0.687312003

The efficiencies in Table 4.2 column 5 were then corrected for by dividing those values
with the correction factors shown in Tables 4.3 and 4.4. The efficiencis&f41 and

Ba-133 were also corrected for air attenuation, and all the calculated corrected efficiency
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results tabulated in Table 4.5. The variation in the correetigclendes with energys

depictedn Fig. 4.8.

The effect ofthetwo attenuation prosses orthe efficiencies a6.32keV and 14.3%eV
are demonstrated in Figd.8. The efficiency at the kKedge wasdetermined by
interpolation ofthe polynomial fit of the aeergy points ranging frorh3.85keV to 81.02
keVin Table4.6. An equation from thétted graphnamely

Y = -5E-09X? + 5E-07X + 3E05 (4.3)

where Y is the efficiency and X is the energy (keV). The graph was extrapolated
backwad until the efficiency atll.2 keV was achieved. Using equatich3, the
efficiency of the fitted curve atnergy anging from11.2 to 81.0%eV was plottedas

Fig. 4.9 and theequiredcalculaed efficiency was tabulated iralble4.6

Table 4.5 Absolute efficiencyefy values obtained after correcting for the presence of rhodium,
aluminium, air and beryllim window, between source and detector.

Energy (keV) Efficiency(€ans)
6.32 3.6557E05
13.83 3.8037E05
14.35 3.6263E05
17.78 3.8831E05
20.82 4.0637E05
26.42 4.2354E05
30.82 4.1954E05
34.93 4.3449E05
59.52 4.3704E05
81.02 4.0825E05




Table 4.6: Extrapolated values from 1kaV

Energy (keV) Efficiency
11.2 3.50E05
13.83 3.60E05
14.35 3.61E05
17.78 3.73E05
20.82 3.82E05
26.42 3.99E05
30.82 4.07E05
34.92 4.14E05
59.52 4.20:05
81.02 3.77E05
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4.50E-05 - .
4.00E-05 - D
3.50E-05 +
3.00E-05 ~
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Figure 4.8: Graph 6corrected absolute efficiency
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Figure 4.9: Absolute efficiency of germanium detector as a function of energy, with the fitted curve and
equation.

The efficiency of the Ge detector is affected by attenuation abovieedma the kedge

at 11.1 keV.The pobability of energyattenuations shown in Fig4.10.
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Figure4.10: Mass absorption coefficient (#g) as a function of energy above and below thedi§e of
germanium.



The absolute efficiency afil.2 keV is 3.50E05 (Table 4.6). This process was
demongsrated by the mass attenuation coefficienir] of germanium and can be
expressed as the ratio between the mass attenuation coeffigimtsa( 11.1 keV
(mr=28.1) andL1.2keV (mr =194) calculated from the differencerdf at11.2keV and
11.1keV divided bymir at 11.2 kV which resulted to 0.855154639. To correct for the
efficiency atll.1keV, the absolute efficiency value (3.508B) was divided by the ratio
(0.855154639) of the mass attenuation coefficientslatkeV and 11.%&eV. This gave

rise © an absolute efficiency value of 4.09k.

4.7 Determination of the solid angle
Given tre radius of the detector (r & mm) and the distance (d = 500 mm) from the

reference source to the detectbe solid angle using equation
2
Solid angle(W) = (/7(_2) (4.4)
the figure 0f0.00080424&rad), was calculated.

4.8 Intrinsic efficiency
The intrinsic efficiency is defined as the number of pulses recorded divided by the
number of quanta incident on the detector and does neaidmche solid agie (Knoll,

2001)). The intrinsic efficiency is related to the absolute efficiency by
eint = eabs((4p)/vv) (45)
whereWis the solid angle

The values of the intrinsic efficiency are tabulated in Table 4.7 together with the values

of the absolutefficiency and relative efficiency. Using the absolute efficiency shown in
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Table 4.7, the absolute efficiency curves Fig. 4.11 (comparable with the published Monte
Carlo simulated efficiency by Chen et al., 1980) was generated implying the 11.1keV and

11.2keV energy points that were corrected for by extrapolation.

Table 4.7: Corrected absolute efficiency, intrinsic efficiency and the relative efficiency.

Energy(keV) Absolute Intrinsic Relative
Efficiency (Qmeas) Efficiency efficiency
6.32 3.66E05 0.5712025 0.87
11.1 4.09E05 0.6390072 0.97
11.2 3.50E05 0.5464500 0.83
13.83 3.60E05 0.5618547 0.86
14.35 3.61E05 0.5647719 0.86
17.78 3.73E05 0.5829531 0.89
20.82 3.82E05 0.5975406 0.91
26.42 3.97E05 0.6206234 0.94
30.82 4.07E05 0.6353219 0.97
34.93 4.14E05 0.6463203 0.98
59.52 4.20E05 0.6569813 1.00
81.02 3.77E05 0.5888875 0.90
4.50E-05 -
4.00E-05 - W‘\
3.50E-05 -
& 3.00E-05 -
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& 2.50E-05 -
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Figure 4.11: Absolute efficiency of germanium detector as a function of energy showing the expected K
edge at 11.1 keV
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4.9 Germanium mean free path @)
During radiation interaction, radiation energy penetrates the absorbing marerial
relation to thaenteractionthat takes place. The probability per unit length that a gamma
photon is removed from the beam is expressed as

m=t (photoelectric) s (Compbn) +k (pair) (4.6
The gamma ray photonsteractionc an al so be characteri zed
defined as the average distance traveled in the absduoerg an interation (Knoll,
20017). By definitions:

o =m 1/ (4.7)
The mean fre path values tabulated in Table 4.8 is a requirement for calculating the
probability of K-escape fraction of the-Kay photon in each slice of the Ge(Li) detector

during spectra analysis.

Table 4.8: Tabulated mass absorption coefficient), linear atenuation coefficient/) and the path
length (1h) values at the various energies of interest.

Energy (keV) mr (cm?/g) me(mir ).r (cm) a=1/m(cm™)
11.2 194 2407.54 0.0004
13.83 113 1402.33 0.0007
14.35 103 1278.23 0.0008
17.78 58.1 721.02 0.0014
20.82 37.8 469.10 0.0021
26.42 19.7 244.48 0.0041
30.82 12.8 158.85 0.0063
34.93 9.06 112.43 0.0089
59.52 2.07 25.69 0.0389
81.02 0.92 11.42 0.0876
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To calculake the probability of the K Xay escaping from each detector slitbe
thickness of each slice (Xyas determiad taking into consideration the mean free path

of the interaction created by each photon energy, where

X =1/Ncm

Where N is the number of the slices and tHeslice thickness must be smaller than the
mean free path of the Ge K-£dy or the incident photon energy (Fewell et al., 1977). The
numer ator
function of the distance r the K-y must travel before escaping the detector volume.

The distance

r =Yl/cosq
and

Y = nX-X/2

whereY is thedistance to be traversed by photorthe material to the nth slice and X

616

represents

r can

the slice thickness (equation 4.7).

be

c al

tescape prababiite ts @r

cul

(4.9

ated at

(4.9)

(4.10)

Table 4.9: Tabulated values of slice thickne§st(h e di st ance the nth

X (cm) Y (cm) Tanq= X/Y q Cogyy r =Y/Cosq (cm)
0.1 0.9004 0.111062 6.3374 0.9939 0.905926
0.2 0.9004 0.222124 12.5235 0.9762 0.922352
0.3 0.9004 0.333185 18.4273 0.9487 0.949088
0.4 0.9004 0.444247 23.953 0.9139 0.985228
0.5 0.9004 0.555309 29.0438 0.8742 1.02997
0.6 0.9004 0.666371 33.6783 0.8322 1.081951
0.7 0.9004 0.777432 37.8626 0.7895 1.140469
0.8 0.90%6 0.8004 38.6738 0.7807 1.280261
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The probability of a K Xray being the photon energy escaping the detector with an angle
g is calculated in Table 4.10 {B using equations 4.8.9, 4.10 and the value of r in
Table 4.9 in equation 4.11

P = exp{(mr) rr) where (fj=cm’, [r]=g.cn?, [r]=cm) (4.11)
where P is therobability of K X-ray emitted into a given volume that will escape the

detectorandthe values(/77 r)r was calculated in Table 4.8

Table 4.10: Tabulation of the sum of the incident photons absorbed by the defgg)pthle change in the
photon energy escaping the detectogjPand theescape fraction for each energy peak.

The ratio of kshell The kfluorescentyield =| Gp,, |Energy |[SF, Pog Escape Fraan
interaction to thetotalthe of theno. of k x-ray| (keV) (fei). =SFn X Ppg X
no. of Photoelectric  [Emittedto the total no. ¢ Gpgn X0.88 x0.49
Interaction k-shell vacancies
0.88 0.499 0.166| 11.2 1 0 0

" " " 13.83 1 0 0

" " . 14.35 1 0 0

" " " 17.78 1 2.10E284 9.84E286

" " ' 20.82 1 2.74E185 1.28E186

" " " 26.42 1 6.49E97 3.04E98

" " . 30.82 | 0.9999999| 3.18E63 1.49E64

" " " 34.93 | 0.9999869| 5.83E45 2.73E46

" " " 59.52 | 0.9294372| 7.81E11 3.40E12

" " " 81.02 | 0.8107082| 3.17E05 1.20E06

For eachq, in Table 4.9a G, value defined as
Gq = (1-coxy)/2 (4.12)
were obtained. A5q, value was then calculated for each nth slice to obtain

G tgh = Ggn - Ggn-1) Shown in Table 4.10 column 3.
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From the parameters defined above a fafiorcalled the escape fraction defined as the
probability of each incident photon with enerdy appearing in the wrong energy

interval by Fewell et al. (1977) as:

N nl2
fe, =0.439% F.a (Gp,)(Py,) (4.13)
n=l  g=0

i nt eger i & wascalc@ated @nd tabulated in Table 4.10.

The total formulation used in stripping therXy spectra has to take into account not only

the lower energy range belod?2 keV known as the Compton continuum region as
described by Fewell et al. (1977) and the higher energy rangesideV to 300keV as
described by Seelentag et al. (1979), but also the intermediate energies. At the lower
energyrange the effect of the losses due to Compton scattering could be accounted for
using the procedure expounded by Fewell et al. (1977) and at the higher energies the
probable loses due to photon escape, aperture and thickness of detector could be

correctedor following methodology proposed by Seelentag et al. (1979).

4.10 Bremsstrahlung spectra from diagnostic Xays.

In this section the Xay spectra from both Mo and W anode tubelstained with
voltages up to95 kV, were analyzed. Corrections for detectwindow K-escape,
Compton scattering and inefficient photon absorption were applied. In addition a
combination of the two stripping techniques namely one proposéewgll et al. (197)

and the other byeelentag et al. (197 was adapted to include the intermediate energy

range betweef2 keV to 50keV; the range not normally covered by the cited references.
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A comparison of the corrected spectra from molybdenum and tungsten targets with
computed spectrabtained using the PENELOPE Monte Carlo simulation code is

presented.

4.10.1 Experimental setup

Spectral measurements were obtained using the liquid nitrogen cooled, high purity,
intrinsic planar germanium detector, (as described in sedtib The detetor was
connected to anicroprocessebased system with 4096 channel background memory for
buffer storage and set to the midtialing mode for data acquisition. For theay beam
analysis the germanium detector was plaé&dcm from a SENOGRAPHE 500T

molybdenum mammography unit and a prototype tungsten target unit.

4.10.2 Detector calibration and data analysis
As described in section 4.4 the detector was calibrated in energy scales, and energy

absolute efficiencye, ... using the?*’Am, *'Co and'*Ba radioactive sources. The

pmeat
measured intensities were corrected for detector absolute efficiency using the two
adopted techniques to formulate an integrated method that allow for the correction of
entire photon spectra encountered in this wdtle technique was also used to correct for
Compton scatter, employing the method suggestedSéglentag et al. (197%s
calculated in Tables 4.10 for the spectra. The true photon intensity or the corrected

counts, 1, (E, ), with energy,E, in keV, incident on the detector was calculated from the

measured photon intensity (experimental countg), at each energyE,, where the
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i nteger i = 1isthe2ast engrgymoird, nsihg the adapted stripping equation,

namelyEq. 4. 4:
e -
IO(Ei ) =élg, - %EﬁEK le.e, ¥ Q Ch(Ei )It(Ei )8:1/(1' fe ) (4.14)
e c E=Ec Y

where E,_ is the maximum energy of the spectrum aBdE,) is the Compton edge
enggy for each energy point,

— 2Ei2
Ec (Ei ) = m (4.15)

where f_. is a correcting factor used to formulate the spectrum stripping equation known
as the Kescape fraction at the lower energy rangeXEkeV). f 1, is the intensity of
the lost photon or Compton scattered photons that escaped the detector viglymes

the escape fraction at each enerBy+E, and f.. | is the photonintensity

B +E¢

(counts) corrected due to photon escape at each higher energyepeifs, (E, is the

weighted average energy of the Ge fluorescerays, it is50keV at higher energy range

and is10 keV at lower energigs(Israel et al., 1971 It(Ei) is the true photon numbers

(measured) for each energy.

Another factor related to the detector performance and called the calculated absolute

efficiency is defined ase,, :(1- fa) which forms part of the formulation. When

stripping continuous spectra, the effect of multiple scattering photons escaping the

detector was considered using the fac®HE,) of each of the Compton continuum

height. Each of the @ors is generated by considering the difference between the
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calculated absolute efficiency from the activity of the soufees) from eqgn. 4.13 and
the measured absolute efficieney, ... (Table 4.7). The number of plusts (counts) per

keV in the Compton continuum per incident photon of eacbrgyE,, is defined by

Seelentag et al. (1979) as:

e. - e
C,(E) =L _Pre(KeV)* (4.16)

Ec (EI )
Data on Xray properties of germanium however, indicated that thedioemt yield of

K, X-rays is negligible Bertin, 1978, implying therefore that all the -Kscape
fluorescent is due to th&, component; correction using only existing data for the K

escapdraction was therefore adopted.

4.10.3 Results and discussion
Figure 413 represent the normalized detector efficiency far theasured energy range
11.1181 keV andtable4.7 for a germanium detector. Superimposed is the sedegcee
polynomial equation fitted to the data. The regression equation is

Y =1 81 x+8.4x10 %+0.7838 (4.17)
It correlates well with that published Hyewell and Shuping (197.7Corrected and
uncorrected molybdenum and tungsten spectra are showig.imMl1l4 and Fig. 4.15

respectively. In both of these figures the characteritijc and K, X-rays are well

separated by applying the formulated equation to strip off the effects of the background.
The charactertgc X-rays spectra correlate well with the published results and with the
simulated spectra obtained from the PENELOPE Monte Carlo code. The details of which

are described in Chapter 6.
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Fig.4.13. Relative efficiency of the Ge(Li) detector after corrggtfor attenuation by air, aluminium,
beryllium window and rhodium matrix of &¥ reference source (from Table 4.7).
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Figure.4. 4. Corrected and uncorrected molybdenum spectra obtained from the measured datd/at 25
setting and a Monte Carlo simulatediybdenum spectrum.
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Fig.4.15. The corrected and uncorrected tungsten spectra obtained from measured data and a Monte Carlo
simulated tungsten spectrum. Inset is the PENELOPE Monte Carlo computatioked.20

4.11 Conclusion

The mammograpy sectra obtained using tlige(Li) was analyzed. The inherent effects

due to artifacts present in the Ge(Li) detector were corrected for. This Chapter has
identified a method for obtaining an artifact free spectrum. To contrast the response of a
pure dianond to that of the actual CVD diamond wafers, it is essential that the spectral
range of the photon energy used in the Monte Carlo simulation program be an exact
replica to that emitted by the-bay Unit, but without any of the artifacts that are normally
introduced by the measuring system used to obtain the energy output. The use of such a
spectrum is described in Chapter 6 to highlight the possible role impurities/defects play in
CVD diamond wafers when used in the detection of photons within the mamayhagr

X-ray energy range.
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Chapter 5

EVALUATION OF OBSERVED VARIATION IN CVD DIAMOND

DETECTOR RESPONSE WITH CRYSTAL DEFECTS AT LOW

ENERGY MAMMOGRAPHIC XRAYS.
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5.0 Abstract

The tissue equivalence of diamond allows for accurate radiation dose determination
without large corctions for different attenuation values in biological tissue. The low Z
value limits this advantage however, to the lower energy photons. Nine Chemical Vapour
Deposition (CVD) diamonds have been analyzed for use as mammograply X
dosimeters using thankarity, sensitivity and characteristics of the detectors to the
photon interaction. The resistivity of each of the diamond grades is calculated from the |
V characteristics of the samples. The diamonds, categorized into four each of, so called,
Detectorand Optical grade, and a Single Crystal CVD were exposed at {cay eak
voltage rangg(22 to 27 kVp)with transcrystal polarizing fields oD.4 kV.cm, 0.6
kV.em® and 0.8 kV.cm™ The crystals were then assayed for further physical
characteristics afitional to earlier cataloging of their defects reportddewherein
Chapter 2.The response of the CVD diamond wafer as arayXdosimeter within the
selected energy range was evaluated with the aim of classifying the appropriate CVD

type for use in thenammography Xay energy region.

5.1 Introduction

The interest in bulk interaction analysis of the CVD diamond requires the use of the X
rays source for this work. In this Chapter, the interaction of the low energysépectra

with defects in CVD diamad wafers (mentionedin Chapter 2)is discussed. The
performance characteristics of the CVD diamond exposed to mammograpéys X
within the spectral range analyzed in Chapter 5 was monitored at different potentials. The

search for radiation detectors obbust material possessing also high thermal
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conductivity, high breakdown voltage, high radiation hardness, large saturated carrier
mobility and high band gap, makes diamond an excetlenite of materialThe increase

in the use of radiation as a clinicdiagnostic tool in recent years coupled with the
demands for improved measurements of the radiation beams to allow for greater control
over treatment motivated this work. Presently, ionization chambers and silicon diodes are
the most widespread dosimeters this field. While the ionization chamber has low
spatial resolution and sensitivity, the silicon diode suffers from radiation damage and
hence decreases in performance with time and has a limited life, therefore. The advent of
chemical vapour depositio(CVD) technique has overcome the known drawbacks of
natural diamonds as a radiation probe, and has allowed for its applicaticrayn aad
nuclear dosimetry to be exploited by many researchers (Marinelli el289; and
Assiamah 2004. Diamond has l#n used as a theratlominescence dosimeter (Nam et

al. 1991; 1989), and as a radiosausitesistor(Burgemeister, 198 Keddy et al., 1987).

Diamond has a unique advantage of being a tissue equivalent material and non toxic, thus
making it suitable foin-vivo usage. Diamond has also been used as a probe in electron
radiation therapy (Van der Merwe, 1994); as a sensor for measuring H@aiation

(Grobbelaar et al., 19989nd for Xray mammography dosimetry (Assiamah et al., 2004).

The production of ta CVD synthetic diamonds with controlled amount of impurities,

reproducible, and with improved carrier Hfiene, provides the impetus to characterize

the properties needed to fabricate detectors with good performance characteristics.
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The polycrystalline ature of a CVD diamond wafer contributes to many grain
boundaries where concentrations of impurities and/or defects are found (Manfredotti et
al., 1996). These impurities and/or defects determine the quality of the CVD diamond and
particularly the electral performance. The characteristics of each of the diamond types
described determined in Chapter 2 are both highlighted and contrasted in this Chapter, in

relation totheir interactiorwith the photons when used as detectors.

5.2 Experimental Method

5.2.1Experimental setting of sample holder

The different grades of CVD diamond of dimensions 5x5x0.5 mm biased at voltages of
between200 V to 400 V,were each placed in the sample holder (Fig.pré&yiously
designed byAssiamah{(2004)for evaluation Each G/D diamond wafer was exposed to

X-rays from a Senographe 500t mammography unit at a distance of 50cm from the tube.

Figure 5.1: The sample holder with BNC connector. The slit opening provides for both positioning and
6edogne6 exposur e.

5.2.2.The Wellhofer system setting

The Sample holder was attached to the Wellhofer system (Fig. 5.2) that provided the bias

voltage to the diamond wafer. The responses of the CVD diamond wafers, were
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monitored and recorded using a Wellhofer dosimetrie CU500E controlutem®32C

A. For data acquisition a software package WP600 version 4.26C was used.

Figure 5.2: The Wellhofer CU 500E Control Unit

5.2.3 Senographe 500t mammography-¥xay Unit setting

The senographe 500t mammographyay unit serves as a source ofrays used to
probe the diamond wafe(Eig. 5.3) Nominal tube voltage settings 22 kVp, 23 kVp,

24 kVp, 25kVp, 26kVp and 27kVp were used to expose both the CVD diamond wafers
together with the reference Diados detector. Integrated responses (ag2siorieime)
with applied electric field of 0.4 kvcth 0.6 kvVem' and 0.8 kVcerit were measured for

each of the specimens.
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Figure 5.3: Schematidiagramof X-ray production and CVD diamond detector

5.2.4 The DIDOSE setting as a reference detector
To ensure consistency and repeatability a PTW diados 11TPB reference detector
attached to the PTW UNIDOS E (Fig. 5.4) was placed next to the CVD diamond detector

for all X-ray exposure measurements.

—_——

E PTW UNIDOS E

(] STA HLD

C - -

Figure 5.4: The PTW UNIDOS E for biasing thedbs and displaying the results of the dose measured
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The measurement of theVl chaiacteristics of the detect@robe assembly were made
using a Keithley 237 unit for biasing and for measuring the output signal over the range
0-500V for the polycrystalline diamonds and a rang&-df000V for the single crystal.

The resistivity of each afer was calculated from the measured values.

5.3 Results and Discussion

Table 5.1 is a presentation of the data for the cutreithge (+V) characteristics for all

the three diamond grade types as shown in Figure 5.5. The reciprocal of the gradients of

the curves was used to calculate the resistivity values for each of the crystal types.
Averaged resistivity values of 1.25 x40’ m f or t he Si ndgiYem Groyst al ,

the Detector Grade and 1.25x3¥m f or t he Optical Grade were

The observed high resistivity of the crystals was part of the reason for the day X
response as reported in Tables 5.2a, 5.2b and 5.2c for the bias voltageésvat300V

and 400V respectively. For each of the applied electrical fields they<energy \as

also varied from22 kVp to 27 kVp. The Detector Grade (DG) diamonds, on average,
gave the higher response rates. In particular DG3 displayed, consistently, the highest
response rate for all variations of peak voltage (kVp) settings at each of thedapplie
electric fields when compared to both the Optical Grade CVD and Single Crystal CVD

diamonds.

The Single Crystal was also observed to perform consistently better than all of the

Optical Grade detectors and a particular Detector Grade (DG1) in termssiivesy.



Table 5.1: Currendoltage characteristics for Single, DG and OG CVD diamond diagram

Voltage Current (amps)
Setting
(volts) SC oG DG
30 2.10E-13 6.50E12 1.50E-12
50 8.00E-13 9.30E12 9.00E-12
80 1.60E-12 1.65E11 2.00E-12
120 3.00E-12 2.50E11 1.80E-12
200 5.80E-12 | 4.80E11 1.17E-11
300 9.10E-12 | 8.80E1l1 3.68E-11
500 1.64E-11 1.86E10 8.80E-11
800 2.50E-11
1000 3.50E-11

Table 5.2a: Xray response rate at 200V bias for DG, OG and SC

X-ray response (cps) at 200V bias
Raman TL

Detector | FWHM | (arbt. ESR uv 22 23 24 25 26 27

Type (cm™) Unit) (ppm) | cm™) | kvp kVp kVp kVp KVp kVp
DG1 2.64 1146.8 35 0.51 1.52 1.64 1.72 1.95 2.18 2.35
DG2 2.57 881.2 4 1.93 1.62 1.96 2.41 2.56 2.78 3.01
DG3 2.63 2023.7 5 1.03 1.72 2.46 3.07 3.46 4.08 4.56
DG4 2.55 813.8 5.3 1.9 1.65 2.28 2.53 2.64 2.76 3.03
0OG1 2.59 154.5 42.9 3.86 1.29 1.57 1.76 1.95 2.1 2.2
0G2 2.78 83.2 71 3.52 1.22 1.54 1.88 2.15 2.24 2.4
0G3 2.76 140.5 53.6 3.48 1.2 1.55 1.96 2.12 2.4 2.21
0G4 2.81 93.2 62.5 3.59 1.25 1.54 1.64 1.91 2.05 2.19
SC 2.32 25 1 0.88 1.35 1.74 1.86 2.1 2.21 2.42

Table 5.2b: Xray response rate at 300V bias for DG, OG and SC

X-ray response (cps) at@V bias
Raman TL

Detector | FWHM | (arbt. ESR uv 29 23 24 25 26 27

Type (cm™) | Unit) | (ppm) (cm™ | kvp | kvp | kvp | kvp | kvp | Kkvp
DG1 2.64 1146.8 35 0.51 1.92 | 2.38 3.15 3.87 45 4.98
DG2 2.57 881.2 4 1.93 218 | 2.73 3.67 4.14 4.6 5.25
DG3 2.63 2023.7 5 1.03 245 | 2.92 3.71 5.26 5.62 6.15
DG4 2.55 813.8 5.3 1.9 226 | 276 3.41 3.76 4.55 4.86
0G1 2.59 154.5 42.9 3.86 1.78 | 2.22 3.05 3.14 3.22 3.34
0G2 2.78 83.2 71 3.52 1.89 | 2.26 2.8 3.54 3.72 3.81
0G3 2.76 140.5 53.6 3.48 1.91 | 2.38 2.9 3.1 3.4 35
0G4 2.81 93.2 62.5 3.59 1.82 | 231 2.84 3.15 3.37 3.52
SC 2.32 25 1 0.88 213 | 259 2.75 2.95 334 | 356

Table 5.2cX-ray response rate at 400V bias for DG, OG and SC
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X-ray response (cps) at@d0V bias
Raman TL
Detector FWHM (arbt. ESR uv 22 23 24 25 26 27
Type (cm™) Unit) (epm) | em™ | kvp KVp KVp kVp KVp KVp
DG1 2.64 1146.8 3.5 0.51 2.31 2.87 3.26 3.94 4.64 5.07
DG2 2.57 881.2 4 1.93 2.42 2.98 3.72 4.08 4.78 5.41
DG3 2.63 2023.7 5 1.03 3.31 3.74 4.48 5.38 5.71 6.29
DG4 2.55 813.8 53 1.9 2.59 2.92 3.54 3.88 5.61 5.46
0OG1 2.59 154.5 42.9 3.86 2.19 2.27 3.09 3.32 3.5 3.72
0G2 2.78 83.2 71 3.52 2.26 2.42 3.17 3.58 3.84 3.92
OG3 2.76 140.5 53.6 3.48 2.14 2.34 3.2 3.29 3.57 3.66
0G4 2.81 93.2 62.5 3.59 2.16 2.61 2.88 3.23 3.41 3.62
SC 2.32 25 1 0.88 3.68 4.29 4.79 5.07 5.34 5.9
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Figure 5.5: Variation of current with bias voltage for detor grade, optical grace SC CVD diamonds

Figure 5.6 shows the response at electrical field.4kV.cm™ of all the wafers falling
under the DG classification, to be linear with changing peak voltage setting. Figure 5.7 is
a plot of the response ratethv change in kVp settings for the Optical Grade CVD
diamond at an applied electric field 6f6 kV.cm. Here the response is observed to

saturate at higher kVp settings of betw@&rkVp to 27 kVp.
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Figure5.8is the graph of the response rate of the [Bifgrystal specimen witR7 kVp

change for an applied electrical field 8f8 kV.cm™. Unlike the Optical Grade CVD
diamond the gradient is positive and linear. Figuga & a plot of the change in response
rates with applied voltage for a Detector Grg@%53). The gradients are linear and
positive and are observed to vary from 0.47 at 200 V bias, 0.74 at 300 V bias and 0.60 at
400 V bias. The observed crossing of the plot@7ak Vp for 300V and 400V bias
settings, as depicted in Fi§.%9a, can be atibuted to the inherent safety features of
mammography Xay unit itself. It is designed to prevent over exposure by limiting the
extent Xxray photons can be emitted. To substantiate this, the response of a less sensitive
detector DG2, to kVp change wapeated for the same bias voltage range. The result of
which is shown in Fig5.%. Unlike Fig.5.9a parallel plots with no crossing over is

highlighted.

Depicted in figures.10 andfigure 5.11 are the variations in responses from an Optical
Grade and a 8gle Crystal CVD diamond respectively with kVp settings for 3 different
bias voltage settings. The gradient for the Single Crystal was 0.19 ¥t 2049 at 300/

and 0.44 at 400 V unlike the response of the Single Crystal, the gradient of the Optical
Grade is again observed to be non linear and saturates at higher kVp values of 25 kVp to

27 kVp.

Although the linear gradient values for the Detector Grade and Single crystal is observed
to show a decrease abo880 V bias this could be ascribed to recombima of the

charges when highly sensitized or biased (Hecht et al., 1932; Gerrish 1995; Sciortino
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1999) else it could be due to a reduction in the internal field due to polarization and the

consequent capture release mechanism (Souw et al., 1997)
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Figure 5.6: Variation of Xray response rate with energy fBetectorGrade CVD diamonds at 400 volts
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Figure 5.8: Variation of Xray response ratevith energy forSngle Crystal CVD diamond at 400 bias
voltages
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Figure 5.9a: Variation of Xay response rate with energy fbretector Grade (DG3) CVD diamond at
different bias voltages

134



3.5

X-ray response rate (cps)

300v

200v —r

1 T T T T T T ]
21 22 23 24 25 26 27 28

Energy (kV)peak

Figure 5.9b: Variation of Xay response rate with energy féretector Grade (DG2) CVD diamond at
different bias voltages
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Figure 5.10: Variation of xay response rate with energy at different bias voltages
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Figure 5.11: Variation of Xay response rate with energy f8ingle Crystal (SC) CVD diamond detector
at different bias voltages

Figure5.12 are plots showing the variation of the response rates with applied electrical
field for a Detector Grade (DG1) at energy of 22 kVp, an Optical Grade (OG2) at energy
of 24 kVp and the Single Crystal at 27 kVp respectivAlithe detectors were observed

to respond with a positive linear gradient to changes in electrical field i.e. with increase in

applied electric field.

Figure5.13are plots of the variation of the averaged response rate of all Detector Grade
and OpticalGrade with bias voltage at 28/p setting. The gradients are positive and
saturate fitting polynomially. This indicates that on the average the polycrystalline CVD
diamonds response to changes in applied electric field is not linear and hence not similar
to that of a Single Crystal (Fi%.12. The consistency of the performance of the Single

Crystal CVD diamond in terms of sensitivity and linearity is observed.
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Figure 5.12:Variation of Xray response rate with bias voltage foG1 at peak voltag 22kVp, OG2 at
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Figure 5.13:Variation of Xray response rate (averaged) with bias voltage for Detector and Optical Grade CVD
diamonds at peak vealge 25 kVp

Figures 5.14 to 5.16 illustrates the variation iara¥ response with the parameters
relating their defects and impurity levels. Depicted are the changes ofrtner¥sponse

rate with Raman broadening, therhimninescence response and singléstitutional
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nitrogen for both Optical and Detector Grade specimens with both Fig. 5.14 and Fig. 5.16
having negative gradients. This implies therefore, the adverse influences the presence of
single substitutional nitrogen and Raman related defects dvaal the polycrystalline

detectors at all the kVp setting and applied electric field considered.

In contrast Fig. 5.15 illustrates, for the Detector and Optical Grades the increasayin X
response with increase in TL emission at all energies andedpelectric fields. The
effects of such parameters were further analyzed for the individual diamond grades; these

are depicted in Figs. 5.17 to 5.21.

Figures 5.20 and 5.21 are plots of the variation efa)X response with the single
substitutional nitroge concentration for Optical Grade detector and that of the Raman
broadening respectively for Detector and Optical grade CVD diamonds. The two

observations are consistent with the general observations of Figs. 16 and 14 respectively.

Figures 5.11 to 5.1@re different from the above observations. Figure 5.19 depicts the
variation of Xray response rate with TL emission for a Detector Grade CVD diamond
whilst Fig. 5.17 and Fig. 5.18 illustrates a variation efay response rate with UV
absorption for bothOptical and Detector Grade CVD diamond respectively. The
observation of Fig. 5.19 is consistent with the general observation of Fig. 5.15. The
increase in response with UV absorption for both Optical Grade and Detector Grade
CVD, as depicted in Figs. 5.1@nd 5.18, we believe, suggests a possible positive

influence the presence of UV related defects have on their response.
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Unlike Fig. 5.16 which shows the general adverse effect the presence of single
substitutional nitrogen has on the response of detetgykotons, Fig. 5.22 shows that
within a certain limited range of single substitutional nitrogen concentration v@ues

ppm to 5ppm) a slight improvement in response is observed. At concentrations above
the 5 ppmlevel a drop in response is impligdolynomial fits suggests the presence of
interplaying effects the presence of single substitution nitrogen and UV absorption
nitrogen vacancy complex have on the detectors. It could be that with{8. 5 ppm)

single substitution nitrogen concentratithre UV effect dominates the detector response
and as the single substitutional nitrogen concentration increases beyond 5ppm
recombination comes into play resulting in the effect observed in the detectors response.

This could be a reason for the relativbbtter performance of the Single Crystal.

The sensitivity of all the grades of detectors with the different applied electric fields and
with the single substitutional nitrogen as well as UV absorption was also analyzed. The
sensitivity values were calctéd from the gradients of-kay response rate versus peak

voltage.

Figure 5.23 shows that, as the applied electric field is increased, the sensitivity of the
detectors increases until the field attains a maximum field value of @ido¢cm™ (300

V biag before aturation in sensitivity sets.imhe observation is consistent with all the
three CVD diamond grades. Of note is the observation of the response rates of all the

three CVD diamond grades as depicted in Figs.5.12 and 5.13 which increase Viftbarly
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increase in bias voltages, here the sensitivity does not increase linearly with the applied

electric field.
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Figure 5.14:Variation of Xray response rate with Raman broadening Betector andOptical Grade
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Figure 5.16: Variation of Xray response rate with single substitution@itrogen concentration for
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Figure 5.18: Variation of Xay response rate with UV fdbetectorGrade CVD diamond detectors at a
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Figures 5.24 and 5.25 again highlight the interplay between the single substitution
nitrogen and UV absorption nitrogen complex at the low nitrogen concentration values on

the detectorensitivity. These are consistent with the observations of Fig. 5.22. The same
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observation of the decrease in sensitivity with the presence of UV absorption nitrogen
(the UV absorption value of above 1.5 tneould be due to more dominated role of ESR
nitrogen coming into play above theppm level giving rise to the observed decrease in

the detectors sensitivity as depicted in Fig. 5.25.
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5.6 Conclusion

The analyses of the low energyrXy response with thétee grades of wafers (DG, OG

and SC) were based on the sensitivity and the linearity of their response rate at different
kVp settings and at different applied electric fields. The presence of defect related
parameters and impurities of the wafers were aked to further explain the observations
made on the sensitivity and linearity when used as detectors. The observed differences in
resistivity of the specimens are part of the reason for the observed differences in the X
ray response rate. It also expigithe reason for the observed loweray responses of

the Single Crystal, despite its relative purity in terms of defects and impurities.

The single Crystal and Detector Grade CVD diamond specimens are observed to perform
linearly with the variation inX-ray response rate with the-rdy peak voltage setting

(kVp) while the Optical Grade saturates at peak voltage setting abdx4p.

All the CVD types (DG, OG and SC) are observed to behave consistently, displaying
increase in sensitivity with increaseapplied electric field (betwedh4 kV* cm and 0.8
kV.cm™) up to an optimum value of abo0t6 kV.cmi'. The sensitivity values then

saturate with further increase in applied electric field.

The study has shown that both the response (linear elimear) and the sensitivity of
the wafers to Xray photons are susceptible to the presence of defects in the crystal.
These defects contribute either positively (as in the case of Detector Grade) or negatively

(as in the case of the Optical Grade) to thequardnce of the detector. The Detector
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Grade and Single Crystal CVD diamonds are observed to be consistently better in
performance as Xay probe in terms of linearity and sensitivity than the Optical Grade

diamond.

One of the reasons for the relativelylperformance of the Optical Grade specimens as
X-ray sensors could be ascribed to the observed characteristics of the diamond wafers

namely the much higher presence of single substitutional nitrogen concentration.

The other reason for the consistentlyopperformance of the Optical Grade could be
attributed to the presence of the relatively larger concentration of grain boundary related
type of defects that are associated with observed Raman broadening; giving rise to
trapping and dérapping of chargearriers. The presence of single substitutional nitrogen
and the overall lower availability of created charged carrier at higher kVp setting are
presented as the possible reason for the indicated saturation at the higlyepéak

energies.

The relativelybetter performance of the Detector Grade in general and DG3 in particular
could on the other hand be related to the impurity concentrations analyzed by UV
absorption values. This could also be the reason for the observed improved performance
of a Single @ystal CVD diamond. The relation between the plots of Fig. 5.24, showing
the presence of an optimum single substitutional nitrogen concentration (4.64 ppm) and

that of an optimum concentration of UV related nitrogen complex (1.28 amFig.



5.25, hintsat the existence of a proportionally related factor relating to the two types of
impurities.

For a choice of Xay dosimeter, the specimen must have a high TL emission and UV
absorption but a low Raman broadening and single substitutional nitrogen caticent

The preferred choice, based on our analysis, is the Detector Grade (DG3 in particular)

CVD diamond however the most consistent wafer tested was the Single Crystal.
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Chapter 6

ANALYSIS OF A SIMULATED LOW ENERGY XRAY
MAMMOGRAPHIC MODEL WITH MONTE-CARLO CODE
(PENELOPE) FOR A VALIDATION OF THE EXPERIMENTAL

PERFORMANCE OF THE CVIDIAMOND DETECTORS
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6.0 Abstract

The impurity/defects concentration of different grades of CVD diamond polycrystalline
and single crystal was assayed for use to analyze their effect onrdne ddsimetric
performance of diamond crystals.nrdodel d the experimental setp was simulated and

the detectors absorbed dose calculated using a Monte Carlo code (PENEIGEE).
observed trend of the simulated plot for a pure diamond with a slight negative effect to
change in peak voltage was used to validéwe experimental observations of the

(impurity/defect prone) detectors performance as aayxdosimeter.

6.1 Introduction

In Chapter 4, the analysis of the molybdenum spectrum from mammograpy Uit

was corrected for comparison with the simulatpdctrum. The corrected spectruvmas
observed to correlate well with the simulated spectrum in terms of energy and intensity
This motivated the use of the simulated mammographgyto analyze diamond wafers

in this Chapter

High energy photons, electr®nand positrons penetrating matter suffer multiple
interactions, by which energy is transferred to the atoms and molecules of the material

and secondary particles are produced.
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During simulation of radiation transport, thestiory (tracks) of a particleiewed as a
random sequence of free flights that ends with an interaction event where the particles
change direction, lmse energy and produces secondary particles, or passes through

without interacting with the medium it traverses (Salvat et al., 2001).

It has been established that all Monte Carlo calculations are equivalent to integrations at
least in a formal sense (James, 1980), thus permitting formal theoretical foundation for
MC technique. Algorithms for MC calculations are well established and bieiia
literature (Nelson et al., 1985; Bielajew et al., 1994, Bielajew et al., 1994 Bielajew et al.,
1994 and Bar¢ et al., 19p5The CVD diamond response tordy was simulated using
Monte Carlo code (PENELOPEJThe algorithm used in PENELOPE simulatioade
system is based on equation 6.1, wh&és number of random pointx; from the

probability distribution functions (PDF)p(x) and f(x) is the sum of values

accumulated in a counter.

fa i::Ni f(x) 6.1
N 5

Applying series of statistical theories to equatiéri, the PDF off is estimateds:
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ftheimt N Y B, th e<%>ﬁsmmomlf(eaussian) distribution with me«{r'f>

and standard deviatiosy, the interval<i‘>i ns¢ contain the exact valuéi‘> with a

probability of 68.3 % ifN =1, 95.4 % if N =2 and 99.7 % ifN =3 (35 rule) (Salvat et

al., 2006). The simulation algorithm of PENELOPE is based on a scattering model that
combines numerical databases with analytical cross section models for different
interactionmechanisms and is applicable to wide energy range, from a few hundred eV to

1 GeV. Photon transport is simulated by means of the standard, detailed simulation
scheme. The code performs fAanal ogueodo simul at
be repli@as of actual showers of electrphoton simulations in infinite media of various
compositions. The principles and basic theory of the MC algorithms employed in the
simulation code, PENELOPE, used for this st

manualfor the code (Salvat et al., 2006).

Salvat et al. has shown, in their work that the outcome of MC code is affected by
statistical uncertainties, similar to those found in laboratory experiments. Thus the proper
evaluation of statistical uncertaintiesimportant in order to determine the accuracy of

the MC resuilt.

Monte Carlo (MC) methods are used to solve such complex physical and mathematical

problems (James, 1980; Ruobiein, 1981; Kalos and Whitlock, 1986). The degree of
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accuracy to which the physic parameters are measured with exact and sufficient
statistics makes Monte Carlo method superior to other deterministic and analytical
methods. The EGS4lectron shower version 4 (Nelson et al.,, 1985; Bielajew et al.,
1994); EGSnrc extended and improwestsion of EGS4 for calculating the response of

ion chambers used in Medical Physics; ETRActron Transport code and FI'S
intergrated Tiger Series (Nelson et al.,, 1985; Bielajew et al., 1994); GEAT MC
simulation tool originally developed at CERN for higenergy physics experiments;
MCNP- neutron particle transport code (Briesmeister, 1993) and PENELOPE (Baré et
al., 1995; Salvat et al., 1996; Sempau et al., 1997) PENetration and Energy Loss of
Positrons and Electrons; are some of the MC codes availableety improved versian
arecontinuously developed to solypeactical problems that unfalPENELOPE enhance
transport algorithms (Salvat et al., 2001) and is based on scattering models for different
interaction mechanism, ansl used to assess the attanui on coef fi ci ent
al., 2005) ando measurehe probability of all possible interactions between photons and
atoms. The simulation is intended to be similar to the actual showers of elglctimm

in infinite media of various composition$ is assumed that, in the region where the
particles move, there is an electric field and a magnetic field, which are set up by external
sources and do not vary with time (Salvat et al., 2001) and both fields are continuous

functions of the position véar.

Mammography Xray beam deposited energy has been assessed with Morite Ca
simulation by Doi and HeapPing 1980, Daice, 1980; Monte Carlo simulation has also

been used to calculatategral radiation dose in xarmmmography. Some investigations
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on mammography techniques using the MC code include calculation of conversion
factors for the estimation of megtandular dose (Dance, 198 backscattered factors for

mammography calculated by Kramer et al. (2001).

Monte Carlo simulation of Xay spectra geerated by kileelectran volt electronswvas
describedby Salvat (2003) and ecently calculated low energy-bédy beams simulated

with PENELOPEby Assiamah 2004

The present work aims at validating the experimental results of low enemgy X
mammographyhen probed with CVD diamond wafers and modeled for MC simulation

to calculate the deposited energihe same molybdenum spectrum corrected for in
Chapter 4 for fluctuations and energy range dependent of the detector (Fig. 4.13) was

used to simulate theatnond in this presentation.

6.2 PENELOPE code

PENELOPE is implemented in a FORTRAN 77 computer code and runs on a platform
with a FORTAN 77 compiler. The code was installed and run on a 3 GHz Pentium 4 Intel
processor and 1023 MB RAM personal computere Shurce files of the PENELOPE

code include the tansport and physical routinesefielope.f). This is a simulation
subroutine package that provides the steering programs, which controls the geometry and

evolution of tracks, keeps score of the relevantntjies and performs the required
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averagesat the end of the simulation;aancereduction sulroutines (nvared.f)
calculates the errors dnthe quadrat geometry routines @hgeom.f)involves space
displacements, interface crossings, identify bodied materials present at interfaces
The main program creates cresection data files (material.f). The information about
each material i.e. tables of physical properties, interaction cross sections, relaxation data
and densities are stored and read;nfa@n program usedtgenerate the bremsstruhlung
(Penshb.f); sample input data file €Rslab.in); the interaction of photons with the
material to give photoelectri@bsorption routines @ncyl.f). The (Rencyl.in) file
describes the geometry of the fileth@r routine files such as material.exe for creating
material cross section data; GNUPLOT for plotting simulated results; timer.f a subroutine
used in setting time during simulation process and GVIEW software for geometry
visualization. Compilation and lking the code were performed by followirthe

instruction such as: g70 Penslab.f, timer.f angenslab.exe.

6.3 MAIN programs and the Input Files

The new version (2006) of the distributed package of the PENELOPE code includes
various examples of MAINprograms which include the daslabf (which simulates
electronphoton in slabs)Pency.f (for transportn cylindrical geometry); anddhmainf
(generic quadric geometries). PENELOPE must be complimented with a steering main
program which controls the geometand the evolution of tracks, keeps track of the

relevant quantities and performs the required averages at the end of the simulation.

The main program is connected with the PENELOPE via:



KPAR: i kind of particle to be used for the simulatiorelg&ctron;2-photon; 3proton)

IBODY:-which identifies different bodies in a complex material structure.

MAT: -identifies the material through which tparticles move

ILB (5):- the auxiliary array of 5 labels that describes the origin of the secondary

particles.

The position coordinates r = (XY, Z) and the direction cosines=d (U, V, W) of the
direction of movement are referred ta f i xed Al aboratoryo syst.

arbitrarily defined. During simulation, all energies are expressed in eV artddengm.

A detailed simulation report includes a relevant input data as well as a main program
filename.dat. These files are in a format suited for direct visualizatitnGMUPLOT.
The generic program ddmain performs simulations of electrphoton transport in
conplex material structure. Penmain is devised to allow occasional users to employ

PENELOPE without having to write thedswwn main program.

The geometry of the material system is described by the package PENGEOM which is
able to handle complicated geometriesry efficiently. The operation of the main
program is completely controlled from the input data file. Penmain is flexible enough to

solve a broad class of practical problems.
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The input files are written according tpexific order and format witbxplict 6-character

(filled with blank if less) keywords followed by numerical data or character string.-The 6
character keywords identify the simulation parameters such as the kind of particles being
simulated in the energy and position from target, its angparture described by the
polar and azimuthal angles with respect-axis, the default axis vector direction for any
beam, number of materials in the geometry being simulated, the material and geometry
filenames. The input file also includes the-offtabsorption energies (for each material),

the desired number of the simulated showers and the simulation Aimthe main
programs were used to simulate the molybdenum target to acquire then pho
backscattered spectra witkerslab; simulate and filtehe spectra to obin the filtered
spectra using Pencyl and therithain usedo calculate th@bsorbed dose in the modeled
diamond probe together with the contacts. The programs thus generated, fiered

spectra and used the spectra energy distribttisimulate theexact experimental seip.

6.4 Generation of Low energy Xray spectra

Electron interaction mechanism in the code involves artificial soft event (random hinge),
hard elastic collision, hard inelastic collision and hard bremsstrahlung emiasi a

result of the acceleration caused by the electrostatic field of atoms swift electrons (Salvat
et al., 2001). An electron with kinetic energy generates a photon of energy W, which
takes values in the interval from O to E. Usihg Fenslab geometrgs e main program

to model for amolybdenum target, the electrons were accelerated to the molybdenum
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target where the interaction resulted in the bremsstrahlung of molybdenum target similar

to that produced by the mammographya¥y unit with peak energyalues of between

22 keV and 27keV. These were measured as the backscattered photons from the
molybdenum. Simulation of photoelectric absorption of electrons resulteeshreK X-
rays at 17.5 keV and 19.5 keV and Auger electron emissions. The unfsierathted

spectrum of molybdenum is presented in Fig. 6.1.

Using the ncyl geometry to model for the cylindrical layeof the beryllium (0.084
cm); aluminium (0.000&m) and ® cm layer of air for filterthe spectra of undesirable
energies. The resuti filtered spectra were acquired as the transmitted photons at the
lower X-ray energy range 22 keV to 27 keV. Attenuation of soft energy bremsstrahlung
by beryllium window, tungsten mirror and air was simulated and the resulting spectrum

Fig. 6.2 was obiaed.
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Figure 6.1: Molybdenum spectrum for 24 keV endrgfpre attenuation by bgiium window molybdenum
mirror and air.
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Figure 6.2: Molybdenum spectrum for RV energyafter attenuation by bedium window, molybdenum
mirror and air (after filtering)
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Figure 6.3: A typical mammographyrdy spectrum obtained from CVD diamond

Figure 6.3 show an experimental molybdenum spectrum obtained u€M® aliamond
detector The energy peakuld notberesolvel due to pileup of low energy signals and

the shaping time of the signal
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Cross section (cm?)

6.5 Simulation for the absorbed dose in diamond with the generated-Xay spectra

The spectrum simulated from the molybdenum taFigt6.2 & energy22 keV was used

to interact withpure diamond detector modeled with the platinum, titanium and gold
contacts. Interaction in the code involves coherent (Rayleigh) scattering, incoherent
(Compton) scattering, photoelectric absorption and elegositron pair production in

CVD diamond detector. Photon interaction cross section occurring in the material is

presented in Fig.6.3.

1.0e-16 —
Rayleigh
| Compton
1.0e-18 F~_ Photoabsorption ]
Pair production
Total
1.0e-20 - Ph ceiling 1
1.0e-22 +
1.0e-24 ¢
1.0e-26
1.0e-28
.
1.0e-30 : :

1.0e+2 1.0e+3 1.0e+4 1.0e+5 1.0e+6 1.0e+7 1.0e+8 1.0e+9
Energy (keV)

Figure 6.3:Variation of photon interaction cross sectiohpure diamondvith energy

The photon masatienuation coefficient for purdiamond detector is presented in Fig.

6.4. The energy deposited is also related to the photon mean free path Fig. 6.5
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Figure 6.4: Variation of photon masttenuation coefficient of puddéamondwith energy
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Figure 6.5: Variation of photon medree paths of puraiamond @tector with energy

6.6 The input file

In this work, the MAIN program PENMAIN was used to simulate the deposited energy
(eV) when 22 keV to 27 keV phmt spectra interact witthe purediamond detector
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applied in the experimental tsgp. The geometric file defines the thickness of the
material where interaction takes place. The material file defines the type and number of
materials in the model, as well as the order of arnaege. The input file defines the
source position and direction. An aperture of 5.7 degrees of photon source placed in
vacuum at a distance of 2.0 cm from the detector was incident on the pure diamond. The
energy bins obtained from data energy Fig. 6.2 wemployed for the simulation of each

energy applied i.e., 22V to 27 keV.

6.7 Results and Discussion

The simulated results, for the bare diamond, metalized diamond together with the
experimental results of the mammographya¥ photon interaction withhe diamond
wafers are tabulated in Table 6.1. Also tabulated is the simulated energy deposited in the
platinum, titanium and gold contacts showing the contribution of eachhen t
performance of the diamond wafeFsgure 6.6 is a plot of the variation disorbed dose

with X-ray peak voltage (2RVp to 27kVp) for the platinum, titanium and gold contacts.

All plots showing a positive gradient of 0.00012 for platinum, 0.00006 for titanium and
0.002 for gold. The plot shows the interaction of the metals-tayXo be consistently

increasig with increasing peak voltage.

Figure 6.7 is a plot of the variation of absorbed dose witlayXpeak voltage used with

the mammography Xay tube (2Z&Vp to 27kVp). For the simulated pure diamond and
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the metalized diamahthe plots depicts a parallel linear graphs with negative gradients of

0.0145 for plane diamond and 0.013 for the metalized diamond,

The twoplots Fig.6.6 and Fig. 6.7 showhat the plane diamond performance was not
altered by the metallization batter the sensitivity of the diamond by%. The effect of
metalized metals with diamond as positive in gradient could be the reason for the slight

decrease gradient of 0.0015 for the metalized diamond

The plot of Fig. 6.8 depicts the observed trend of thaulated Xray response for a
metalized CVDdiamond using the PENELOP. The graph is observed to be negatively
related to peak voltage. It suggests that the difference in gradients of the plots of
experimental absorption and the simulated plots could betauhe effect of the
impurities discussed in Chapter 2 on the performance of the diamond wafer. The
observation in Chapter 5 that the impurities sensitive and linearise the detectors
performance is further confirmed. While the simulated metalized diarsontserved

with a negative gradient of 0.0013 the experimental plots are on the average having a
positive gradient value of 0.28 except the Optical Grade Ghédders tha depicts

saturatiorat above 2%Vp.
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Table 6.1: Variation of Xay response rate Wi energy for DG1, OG1 and SC CVD diamond detectors

and the absorbed dose of a simulated plane and metalized diamong/atitium, ttanium

andgold contacts.

Simulated
and
Energy metalized Plane ) o
KeV DG1 0G1 SC diamond Diamond | Platinum | Titanium Gold
22 1.52 1.29 1.35 1.114 1.0521 0.0160 0.0044 0.0618
23 1.64 1.57 1.74 1.100 1.0357 0.0162 0.0044 0.0641
24 1.72 1.76 1.86 1.084 1.0186 0.0164 0.0045 0.0662
25 1.95 1.95 21 1.074 1.0067 0.0164 0.0046 0.0676
26 2.18 2.1 221 1.058 0.9894 0.0165 0.0047 0.0697
27 2.35 2.2 2.42 1.049 0.9797 0.0166 0.0047 0.0707
gold
0.08 - /
0.07 ) N - A—2
0.06 - "
‘§ 0.05
. 0.04 +
e .
® 0.03 7 Titanium /Platmum
0.02 N - A - - —e
0.01 4
i i i i _
O T T T T T T 1
21 22 23 24 25 26 27 28
Energy (keV)
Figure 6.6: Variation of absorbed dose withrayy peak energy for a Monte Carlo simulation on platinum,
titanium and gold
1.14 -
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Figure 6.7: Variaion of absorbed dose with-bay peak energy for a Monte Carlo simulation on plane and

metalized diamond
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Figure 6.8: Comparison of actual responses with peak voltage for SC, DG, and OG at 200v bias with that
of a simulated rgmonse for a pure diamond using Monte Carlo Code PENELOPE

6.8 Conclusions

The general obsenvah of the results is that theéVD diamond response saturatetsh
increasepeak voltage. The behavioral trend of CVD diamond detectorsray X6 related

to thedefects and impuritieas discussed in Chapter 5. Comparison of the results of
measured deposited energy in CVDndand detector with the energyepositedon
simulated pure diamondsing PENELOPEshoweddifferent trendswith increase peak
voltage thatcould be related taconcentration of impurity/defedh the detectorsThe
difference in Detector Grade can also be related to their diffggerformance, not only

in sensitivity but alsahe linearityas observed with the detector grades and single trysta
CVD diamondwafers, and in comparison with the simulated pure diamond performing

negatively to mammography-Mays
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7.0 General conclusions

In this study the effectiveness of electron spin resonance (ESR)yviolea (UV)
absorption, Raman brdaning and thermtuminescence (TL) emission as tools for
performance evaluation of polycrystalline and single crystal @iénonds inradiation

detection were analyzed.

A review of the CVD diamond detectors is presentelvapter 1 starting from the
historic development of detectors, their use in different fields of science, to highlighting
the advantages of diamond detectors in such fields as mammography. As the performance
of diamond varies with the synthesis process there is need for having aeffetctive
characterization tools. Such tools must be capable of distinguishing matesiatsibed

for eachapplicatione.g.those that are suitable for dosimetry versus those that are suitable
for spectroscopy when exposed to such different sourcesliaition as alpha pactes or

low energy mammography-kys.

The study showed that both single substitglonitrogen concentration and the
interstitial nitrogen concentration played a significant role in the performance of CVD
diamond materials when ed as radiation detectors. The presence of single substution
nitrogen concentration as determined by ESR technique and the presence of grain
boundaries as measured by Ranbaoadeningwere analyzed and correlated with the
absorption of UV and Tlrespetvely in different CVD diamond materials. The study

has shownaside from the lower TL valuethat the valug for single substitutional

nitrogen concentratian UV absorption and Ramahroadeing were higher in the
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Optical Gade CVD diamond. The studyasfurther shown that relativelsigher single
substitutioml nitrogenconcentrationthe higher UV absorptiomaluesand hgher Raman
broadening in Optical ade CVD diamond wafes could be relatedto their better
performarce as alpha detectors whilsiver ESR, lower UV absorptigrand higher TL
emissionvalues as well aslower Raman broadeningould berelated to the better
performances foboth Detector Grade and SingleyStal CVD diamonds when used for
alpha spectroscopye. ketter energy peak efficieresandenergy peak resolutisnn the

Detector Grade and Singleystal CVD diamond detectqra/ere observed

Chapter Joresents the background subtraction methods and techniques that were used for

Uspectra analyses.

In Chapter 4the backgroundsubtration method developed byrewell et al. (1977) and
Seelentag et al. (1979)ereextendedo cove the rangg12keV to 81keV)not included
in theearlierpublicatiors. The adopted methodology providedrrected spectridnatwere
independent of thdetectortypewhen exposed tthe mammographic Xay beamAsthe
simulated spectrum obtained usiihg Monte Carlo code PENELORIBrrespondeavith
the measured andorrected spectrd was used to evaluate the performanceaqgiure

diamondmaterial when exposed ¥-rays

In Chapter 5the performaces of the polycrystalline and SingleyStal CVD diamods
when exposed to mammographyrays were evaluated. The effect of changes to bias

voltages on the current leakage was performed. @ rthe higher impendenad
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Single Crystal and Detectorr&le CVD diamonsl when compared to that of the Optical

Grade CVD diamond.

In general the detector response tera§s was observed to increase with the increase in
bias voltage for the diamond ®p evaluatedSaturation inX-ray responseto peak
voltage variations were observedor the Optical Gade CVDdiamonds. Both Single
Crystal and the Detectorr&e CVDwafershave Xray responsethat werehigher than
that of the Optical @&de CVD wafers. It was further foundhat lbwer single
substitutioml nitrogen concentrationlower UV absorptionand higher TL emission
values as well albbower Raman broadeningprrelatedwith higher Xray response. The
sensitivitiesof the detectors saturated with increase in single substidutidtrogen

concentrationbias voltage and UV absorption for both CVD diamond types.

In Chapter 6basedon the good correlation obtained for both experimental and simulated
resultsin Chapter 4 the Monte Carlo (PENELOPEfode was subsequently used to
substantiatethe olservedimplied role impurities have on the response of CVD diamond

wafers toX-ray energies.

It can be concluded the research has provided a set of evaluation techniques for use in
selecting and narrowing the choice of CVD detector neltdhat can be used for
radiation detection. In particular for alpha detection the prefematrial ought to be
from the Optical Gade CVDdiamond; suitably selected DetectoraGe CVD diamond

can be used as an effective alpha spectrometgoalsl be fom the Single 6/stal CVD
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diamond. The detection of-Ky plotons is best obtained using a Detectoade CVD
diamond wafersbut generally the most consistentiedin detector is seen in thise of

Single Qystalwafers

7.1 Suggestion for future work

An investigation into a possible use of CVD diama=l Xxray spectrometer for low
energy Xrays in the mammographic energy range is suggested as an area for further
researchThe observed linearity and sensitivity of tDetector Grade and Single Crystal
CVD diamond to low energy mammographyrys hint at their possible use in-bay

spectroscopy

The limitations of the MC code (PENELOPW®ith regard to the study afdetector
underthe application of electric field acrospposite surfacesoupled withthe presence
of addedmpurities todetector matrixprevented aexactmodeling oftheresearchunder
taken An improvement intte Codecould make itaninvaluablevalidatoryand design
tool if all suchparametergelectricfield, voltage and impurity conaératiors) could be
taken into accourdsthis study has showtheir presencaffect the simulation cdctual

experiment.
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Appendix 2

LIST AND DESCRIPTION OF DIAMOND SAMPLES

The list of diamond samples used for the study

Name DG1

Type": Synthetic, polycrystalline

Dimension: 5x 5 mnt

Mass: 9.31+0.02ng

Thicknes$: 1+0.01mm

Nitrogerr: 3.5+0.01 ppm

Contact: Platinum,titanium and gold on opposing surfaces
Quality”: good

Comments: no space charge effect needs neipaiation

! Type indicates diamond type of the product

2 Thickness refers to the distance between the polished surfaces of the diamond sample
% Nitrogen concentration present in samples

4 Quality refers to % noxiamond
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Name

Type:

Dimension:

Mass:
Thickness:
Nitrogen:
Contact:

Quiality

Comments:

Name

Type:

Dimension:

Mass:
Thickness:
Nitrogen:
Contact:

Quality

Comments:

DG2

Synthetic, polycrystalline

5x 5 mnt

9.06t0.02mg

1+0.01mm

4.0+0.01 ppm

Platinum, titanium and gold on opposing surfaces

good

no space charge effect neaw prerradiation

DG3

Synthetic, polycrystalline

5x 5 mnt

8.5%0.02mg

1+0.01mm

5.0+0.01 ppm

Platinum, titanium and gold on opposing surfaces

good

no space chagyeffect needs no pigadiation



Name

Type:

Dimension:

Mass:
Thickness:
Nitrogen:
Contact:
Quiality

Comments

Name

Type:

Dimension:

Mass:
Thickness:
Nitrogen:
Contact:

Quality

Comments:

DG4

Synthetic, polycrystalline

5x 5 mnt

8.46+0.02mg

1+0.01mm

5.3+0.01 ppm

Platinum, titanium and gold on opposing surfaces

good

no space charge effect needs neipaiation

OG1

Synthetic, polycrystalline

5x 5 mnt

9.250.02mg

1+0.01mm

42.9+0.01 ppm

Platinum, titanium and gold on opposing surfaces

good

no space charge effect needs noeipaiation
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Name

Type:

Dimension:

Mass:
Thickness:
Nitrogen:
Contact:

Quiality

Comments:

Name

Type:

Dimension:

Mass:
Thickness:
Nitrogen:
Contact:

Quality

Comments:

0G2

Synthetic, polycrystalline

5x 5 mnt

8.31+0.02mg

1+0.01mm

71.0+0.01 ppm

Platinum, titanium and gold on opposingfaces

good

no space charge effect needs neipaiation

OG3

Synthetic, polycrystalline

5x 5 mnt

9.22+0.02mg

1+0.01mm

53.6+£0.01 ppm

Platinum, titanium and golon opposing surfaces

good

no space charge effect needs noeipaiation
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Name

Type:

Dimension:

Mass:
Thickness:
Nitrogen:
Contact:

Quiality

Comments:

Name

Type:

Dimension:

Mass:
Thickness:
Nitrogen:
Contact:

Quiality

Comments:

0G4

Synthetic, polycrystalline

5x 5 mnt

8.67+0.02mg

1+0.01mm

62.5+0.01 ppm

Platinum, titanium and gold on opposing surfaces

good

no space charge effect needs neipaiation

SC

Synthetic, polycrystalline

5 x 5 mnf

35.4:0.01mg

0.5+0.001mm

<1+0.001 ppm

Platinum, titanium and gold on opposing surfaces

good

no space charge effect needs noeipaiation
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Bremsstrahlung spectra from diagnostic X-rays
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1. Introduction

In this paper X-ray spectra from Mo and W anode
tubes, obtained with voltages up to 95kV, were
analysed. Corrections for detector window K-escape,
Compton scattering and inefficient photon absorption
were applied. A combination of stripping techniques was
used. A comparison of the corrected spectra from
molybdenum and tungsten targets with computed
spectra obtained using the PENELOPE Monte Carlo
simulation code is made.

2. Experimental setup

The spectral measurements were obtained using a
liquid nitrogen cooled, high purity, intrinsic planar
germanium detector with an operating bias of —2500V.
A microprocessor-based system with 4096 channel
background memory for buffer storage was used for
the spectrum analysis. For data acquisition the spectrum
was set to operate in the multi-scaling mode. Calibration
reference sources were placed 50cm from the detector
and a preset time of 3600 s was used for the calibration
of the detector system. For the X-ray beam analysis the
germanium detector was placed 65cm from a SENO-
GRAPHE 500 T molybdenum mammography unit and
a prototype tungsten target unit.

3. Detector calibration and data analysis

The detector was calibrated for energy scales,
linearity, resolution and full energy peak efficiency using

*Corresponding author. Tel.: +27-11-717-6930; fax: +27-
11-717-6932.
E-mail address: Mavunda@srec.wits.ac.za (R.D. Mavunda).

2'Am, S'Co and '**Ba radioactive sources and the
measured intensities were corrected for detector effi-
ciency. The spectra were also corrected for Compton
scatter, employing the method suggested by Seelentag
and Panzer (1979). The true photon intensity, Iy, with
energy, £, incident on the detector was calculated from
the measured photon intensity, Iz, at energy, £, after the
two corrections (Fewell and Shuping, 1977; Seclentag
and Panzer, 1979) using Eq. (1):

Emax
L= [IE - (fmﬁlmk +, c,.(E>1,<E))]/(1 — /&),

E=E,
(€Y

where E, is the Compton edge energy
(B. =2 x E2/(2 x Eg + 511)). (2)

In Eq. (2) Ey is the incident photon energy in keV, fr
is the K-escape peak ratio at energy E, fply is the
intensity lost due to escape, fpig, is the escape peak
ratio at energy E + Ex and S+ lEvE, IS the intensity
gained by escape from a higher energy E + Eg. (Ex is
the weighted average energy of the Ge fluorescent X-
rays, 10keV (Israel et al., 1971)). C,(E) is the Compton
background correction factor, 7,(E) is the sum of the
counts in the true photon contribution. The denomi-
nator of Eq. (1) is the full energy peak efficiency of the
detector. Data on X-ray properties of germanium
however, indicated that the fluorescent yield of Ky X-
rays is negligible (Bertin, 1978), implying therefore that
all the K-escape fluorescent is due to the K, component;
correction using only existing data for the K-escape
fraction was therefore adopted.

4. Results and discussion

Fig. 1 presents the normalized detector efficiency for
the measured energy range 11.1-81 keV. The efficiency

0969-806X/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.radphyschem.2004.05.015
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Fig. 1. Germanium detector efficiency is demonstrated after
correction for attenuation by air, aluminium, beryllium window
and rhodium matrix of *’Co;, reference source. Superimposed is
the second-degree polynomial equation fitted to the data. The

regression equation is ¥ = —8 x 107°x% 4 8.4 x 1073x +
0.7838.
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Fig. 2. Corrected and uncorrected molybdenum spectra ob-
tained from the measured data and a Monte Carlo simulated
molybdenum spectrum.

was determined after correction for attenuation by air,
aluminium, beryllium window and rhodium matrix of
the *Co reference source. The detector efficiency curve
for the detector used as depicted in Fig. | correlates well
with that published by Fewell and Shuping (1977).
Corrected and uncorrected molybdenum and tungsten
spectra are shown in Figs. 2 and 3, respectively. In both
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Fig. 3. The corrected and uncorrected tungsten spectra
obtained from measured data and a Monte Carlo simulated
tungsten spectrum. Inset is the PENELOPE Monte Carlo
computation to 20 keV,

these figures the characteristic X, and Ky X-rays are well
separated. The characteristic X-rays spectra correlate
well with the published results (Figs. 2 and 3) and with
the simulated spectra obtained from the PENELOPE
Monte Carlo code (Sempau et al., 1997).
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Abstract

Three types of diamonds produced by chemical vapor deposition (CVD) and broadly classified as detector grade, optical grade and
single crystal were evaluated in terms of their response to a-particle radiation when used as detection elements. It is well known that the
presence of defects in diamond, including CVD specimens, not only dictates but also affects the response of diamond to radiation in
different ways. In this investigation, tools such as electron spin resonance (ESR), thermo-luminescence (TL), Raman spectroscopy and
ultraviolet (UV) spectroscopy were used to probe each of the samples, which were then graded on their performance as «-particle
radiation detectors. The presentation discusses the presence of defects identifiable by the techniques used and correlates the radiation

performances of the three types of crystals to their presence.
© 2008 Elsevier Ltd. All rights reserved.

Keywords: A-spectroscopy; CVD diamond characterization; Particle radiation detectors

1. Introduction

Recent advances in homoepitaxial synthesis of a single
crystal-diamond have invigorated the already growing
interest in chemical vapor deposition (CVD) diamond
crystal for use as a radiation probe. In general, epitaxy, on
foreign substrates, leads to a polycrystalline diamond with
detector and optical properties of grain boundaries that
precludes its use in some of the desired applications. Some
progress has been made in recent years in growing CVD
diamond on iridium (Schreck et al., 2001).

Single-crystal CVD diamond with the reported carrier
transport properties (Isberg et al., 2002) could surpass
other wide band gap materials for power and high-
frequency electronics application. The electronics and
optical properties of CVD diamonds are determined by
intrinsic defects and extrinsic contaminants or dopants,
most prominently nitrogen, silicon, boron and phosphorus,
as well as different structural morphologies (Davies, 1999).

*Corresponding author. Tel.: +271171 76931; fax: +27117176937.
E-mail address: tom.nam@wits.ac.za (T.L. Nam).
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The nominally un-doped polycrystalline CVD diamond has
characteristics of both electrons and holes, contributing to
transient photocurrents. The combined charge mobility
(clectrical behavior) depends on the film quality, carrier
density, grain size, higher growth temperature and purity
of the diamond film (Nebel, 2003). The life-time of photo-
generated carriers in the conduction and valence bands is
short, with a time constant in the range 340-550 ps. Based
on these parameters, a trap density of 10" cm™ was
realized as the density of trapping centers most likely
present in grain boundaries (Nebel, 2003). Grain bound-
aries are believed to act as charge trapping and recombina-
tion centers in polycrystalline CVD diamond (Manfredotti
et al., 1996), but absent in single-crystal CVD diamond
(Hammersberg et al., 2001; Sellin et al., 2007). The
interaction of photon-generated carriers with traps and
defects in the band gap of diamond has been investigated.
When an electric field is applied to a semiconductor
exposed to radiation, the electron-hole pair generated
separates and drifts towards opposite electrodes. Charge
trapping and recombination may however prevent some
carriers from being collected by the electrodes (Hecht,
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1932; Gerrish, 1995; Sciortino, 1999). The interstitial
nitrogen, which is non-bonded to CVD diamond crystal,
exhibits a very low activation barrier and may diffuse out
of the bulk at low temperatures (Kuo et al., 2001).

High-pressure/high-temperature (HPHT) diamond with
single substitutional nitrogen (N;) has a recombination
efficiency which compromises the response (Nam, 1989).
However, high N, concentration was also observed to
lower the electron trap levels when compared with speci-
mens synthesized with lower N, concentrations (Nam et al.,
1991). Whilst the concentration of Ny can be accurately
determined by electron spin resonance (ESR), nitrogen
complexes are normally determined by ultraviolet (UV)
absorption (Davies, 1999; Nam et al., 1991). Kuo et al.
(2000) have shown that incorporation of nitrogen leads to a
chemical shift and a reduction in Raman peak intensity.
UV visible absorption results show that, compared to
undoped film, nitrogen-doped films have a higher relative
intensity of UV absorption (Kuo et al., 2001). Thermo-
luminescence (TL) occurs in crystal due to the radiative
recombination of previously trapped charge carriers, at
luminescence centers. The larger the concentration of these
centers, the higher the TL yield. A large number of solids
exhibit the presence of centers with which carriers can only
recombine non-radiatively (Araikum, 1993), in this case N
centre. The TL is mainly dominated at the broad (~0.5eV
width) signal referred to as band-A emission (Iakoubovskii
and Stesmans, 2002), which is generated via strain-induced
broadening from a vibronic side band. Band-A type
luminescence originates either from the dislocation or
from boron-related impurities (Ruan et al., 1992). The TL
is explained by the donor-acceptor (DA) pair recombina-
tion model (Dean, 1965).

In this work the characteristics of nine CVD diamond
samples classified as electrical grade, optical grade and
single crystal were analyzed for use as a radiation probe.
These CVD diamond samples were characterized to obtain
information about their levels of impurities including
nitrogen and consequently to establish the material quality.

The tool commonly used in diamond characterization is
ESR, which enables the identification of the concentrations
of N,, hydrogen and other impurities (Nebel, 2003).
Ns-V-Ns complexes could be from the aggregation of
single nitrogen atoms or N, incorporation, followed by the
capture of a vacancy. The aggregation is temperature
activated and depends on the crystal orientation (Dover-
spike et al., 1993; Lin et al., 1996; Snail et al., 1992; and
Taylor et al., 1996). UV spectroscopy can be used to
identify the diamonds with such nitrogen complexes
and the nearest neighbor nitrogen substitutional forms
(Ni-N,)° (Davies, 1999; Iakoubovskii et al., 2000). The UV
absorption is associated mainly with the planar <100
defects of unknown structure, which are determined by a
high-resolution microscope as observed by Wight et al.
(1971). In UV measurements the dipole moments of the
molecules change due to absorption of light of certain
energies, and the transition occurs due to the absorption of

UV radiation, which happens if the transition integral is
nonzero (Herzberg, 1945). Raman spectroscopy was used
to identify the purity of diamond material, to establish how
much stress/strain the CVD diamond material was under,
and the orientation of the crystal of the material, i.e.,
polarization of the scattered light in the material (e.g.
crystallinity of the CVD diamond) (Herzberg, 1945).

It is a well-known fact that defects in diamond, including
CVD specimens, affect the response of the diamond to
radiation in different ways. The research undertaken was
aimed at correlating the a-particle radiation detection
performance characteristics of CVD diamonds to the
defects identified by the above-mentioned tools.

2. Experimental

Information about the level and types of impurities,
especially nitrogen, was sourced for different grades of
CVD diamonds identified by the supplier as optical grade
samples OG1, 0G2, OG3, 0G4, detector grade samples
DG1, DG2, DG3, DG4, all polycrystalline, and a single
crystal (SC) type. Characterization experiments were
carried out on all of these samples. The samples were acid
cleaned before metallization was carried out with, in order,
titanium (strong carbide former), platinum (weak carbide
former), and gold (non-carbide former), i.e. Ti/Pt/Au
layers, 200 A:200 A:2000 A in thickness, respectively, to
form ohmic contacts (Tachibana and Glass, 1993) on the
two polished and opposite surfaces of the diamond. The
diamonds were all in wafer form and of dimensions
5%5x0.5 and 5x5x0.1mm® for the polycrystalline
and single-crystal structures respectively.

Each of the samples from the three classified types was
assayed, first, by placing each sample in the magnetic field
of a Bruker microwave bridge ESP 380-1010 coupled to a
ESP 380-1020 controller and an ESP 300E ESR unit. The
N, concentrations of the diamond samples were measured.

UV measurements were undertaken using a Varian Cary
UV-vis-NIR Spectrometer. Each of the samples was beam
scanned covering the UV range between 200 and 350 nm
and compared with a reference beam for each of the UV
values. The relative absorbance values were recorded at an
absorption edge of 230 nm.

Raman spectroscopy was conducted using a Jobin-Yvon
T64000 Raman spectrometer operated in the single
spectrograph  mode with an Olympus microscope as
micro-Raman attachment. Excitation laser wavelength
was 514.5nm from an argon ion laser. Backscattered light
was dispersed via 1800 grooves/mm grating onto a liquid
nitrogen-cooled charge collection device (CCD) detector.
Laser spot size under the microscope was approximately
1.5pum in diameter. The vibration in the Raman peaks at
1332cm™" due to the absorption, transmission and
scattering of the light illuminating the samples was
measured.

TL measurements were carried out by placing each of the
irradiated samples (using Sr-90 with controlled exposure




time) into a TLD reader, model Toledo 654 TLD. The
temperature was ramped up to 300 °C for the luminescence
emission to be measured. The integrated response from
each sample was recorded as arbitrary counts.

Finally, the CVD diamond was placed 2.2cm from a
3.7 x 10° Bqem™2 Am-241 alpha source for the acquisition
of the alpha spectrum using a PC-based commercial
software APTEC. The number of o-particles impinging
on the surface of the wafer per second was estimated to be
4.84 x 10*. The CVD diamond probe with a bias voltage of
100V, applied across the opposing metallized surfaces, was
then connected to a locally designed and manufactured
preamplifier, and the whole system, including the alpha
source, was placed in a vacuum chamber. The preamplifier
was coupled to an oscilloscope for pre-assessment of the
signal, and a personal computer with the APTEC software
for data acquisition, processing and analysis. The peak
value of each spectrum was equated to the alpha energy
peak (5.48 MeV) to evaluate the energy per channel for a
plot of the calibrated graphs.

3. Results and discussion

General observations of the results summarized in
Table 1 indicate a consistent pattern from the different
diamond types for most of the methods used. The UV
values, N, concentration, TL values, to some degree the
extent of Raman broadening, and values reflecting absolute
efficiency results can be separated into three groups,
which themselves can be associated with the different
grades of detectors investigated as OG, DG and SC.
The N, concentration in the polycrystalline specimens
(3.5-71 ppm) is observed to be higher than that observed in
the single-crystal specimen (below 1ppm). The same
variation in trend is observed in the UV absorption and
Raman spectral broadening of the samples. The different
grades of polycrystalline specimens also indicate a differ-
ence in their Ny contents, UV absorption and Raman
spectral broadening. The optical grade CVD diamond was
observed to have higher UV response (3.48-3.86cm™")
than the detector grade samples (0.51-1.93cm™").
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The TL response was an exception to the above trend,
where the luminescence response of the detector grade was
observed to be higher (814-2024arb. units) than the
luminescence response of the optical grade (83-155arb.
units). Higher TL values generally indicate a larger number
of charge carriers created by the impinging alpha particles.
These charge carriers are available for capture at trapping/
luminescence centers and for collection should a field be
applied across the detector. The observed improvement in
energy resolution of the detector grade, in general, and
D@3, in particular, with its relatively better alpha response,
can be attributed to their fewer defects and lower N
concentrations. The overall performance of the single-
crystal CVD diamond and the conclusions of Pomorski et
al. (2006) support the importance of low defect levels. The
single-crystal CVD diamond maintained its comparatively
lower response with the TL (25arb. units) despite a
relatively low concentration of N centers. This may be
attributed to the concomitant low levels of luminescence-
related defects in its matrix. It is suggested that the much
higher TL values of DG3 reflect not only the availability of
charge carriers but also the effectiveness of the capture/
release mechanism.

A typical alpha spectrum from the CVD optical grade
diamond detector is shown in Fig. 1. Depicted in the figure
are the spectra before and after background subtraction.
A software package ORIGIN (6.1) was used for both baseline
insertion and background subtraction. The spectrum of each
of the nine CVD diamond detectors was analyzed for peak
resolution, peak efficiency and absolute efficiency.

The alpha spectrum analysis observed with the full-width
half-maximum (FWHM) value AE/E, where AE is the
spectrum width at half the maximum ordinate of the peak
value and E is the value of the alpha spectral peak
(5.484 MeV), was calculated. The energy resolution AE of
the detector’s spectrum is an indicator of the quality of the
detector material, as it reflects the impurity and homo-
geneity of the crystal structure and is strongly related to the
carrier life-time and thus the charge collection efficiency
(Pomorski et al., 2006). The single crystal was observed to
have FWHM of 85.34+0.9 keV when compared with the

Table 1
Sample Raman spectral TL response ESR: single UV absorption Total Absolute Energy Alpha FWHM

broadening (arbt.unit) substitution (em™") alpha efficiency peak (keV)

FWHM (ecm ™) nitrogen counts % efficiency

(ppm) (cps) %

DG1 2.6440.17 1147 35 0.514+0.06 32969 68 80 1010.594+27.03
DG2 2.5740.17 881 4 1.934+0.13 31327 65 80 693.41+11.16
DG3 2.63+0.15 2024 5 1.034+0.08 29834 62 81 64.14+0.8
DG4 2.554+0.16 814 5.3 1.940.05 32732 68 80 672.55+5.46
0G1 2.59+40.15 155 42.9 3.86+0.05 50314 104 60 7465.39+90.4
0G2 2.78+0.24 83 71 3.52+0.09- 49010 101 60 5975.00+ 34.99
0G3 2.76+0.24 141 53.6 3.48+0.11 49397 103 60 7050.34+124.8
0G4 2.814+0.22 93 62.5 3.59+0.11 39046 81 60 7245.66+60.48
SC 2.3240.03 25 <1 0.88+0.02 25401 52 80 85.28+0.9
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Fig. 1. A typical optical grade CVD diamond spectrum before (upper curve) and after (lower curve) background subtraction.
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Fig. 2. Alpha spectrum from OG4 polycrystalline and single-crystal (SC) CVD diamond samples showing energy peak.

polycrystalline FWHM of between 672.5 and 7465.9 keV
with an exception of one detector grade member, namely
DG3 with a FWHM of 64.1keV. This is as depicted in
Fig. 2 for the single crystal and in Fig. 3 for the
polycrystalline detector grade CVD diamond DG3. The
alpha response of the polycrystalline also shows a
difference between the detector grades (Fig. 3) and the
optical grades (Fig. 2). The differences in peak resolution
could partly be caused by the spread of the electric field
along the material due to its polycrystalline nature having
non-uniform geometry and thickness (Tromson et al.,
2000). It could also be partly due to the capture/release
mechanism of trapping levels inducing a space charge
build-up of internal electric fields leading to the observed
spectral broadening (Souw and Meilunas, 1997). The
observed absolute efficiency of all optical grade detectors
between 80% to about 100% is consistent with the
observed broadening of their peak resolution above
100%, and this, we propose, is a result of the polarization

effects causing a build-up (pile-up) of e-h pairs, coupled
with the greater thickness (500 pm) of the detectors used
(Souw and Meilunas, 1997; Bergonzo et al., 2001;
Liechtenstein et al., 2004). This is supported by the
observed drifting of the spectrum peak during spectra
acquisition. Within the specimen of the optical grade
detectors is their comparatively lower charge carrier effect,
as observed from their TL response and higher UV
absorption effect. The earlier observed better peak resolu-
tion of the detector-grade CVD diamonds was also found
to be consistent with their energy peak efficiencies of 80%,
and also consistent in performance with the single-crystal
(80%) CVD diamond (DG3 in particular) as a spectro-
meter. The absolute efficiency, calculated as the ratio of the
total alpha counts from the detectors to the source strength
within the area of the active zone, was also used to study
the characteristic performance of the CVD diamond
detectors. The single crystal had fewer impurities and
was least efficient absolutely (52%). The optical grade
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