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Abstract

Due to its close tissue-equivalence, high radiation sensitivity, dose and dose-
rate linearity, diamond is a very promising detector for radiation therapy appli-
cations. The present thesis focuses on the development of a chemical vapour
deposited (CVD) diamond detector with special attention on the arrangement
of the electrodes and encapsulation having minimal influence on the measured
signal. Several prototype detectors were designed by using CVD-diamond
substrates with attached silver electrodes.

Interface effects in the electrode-diamond-electrode structure are investi-
gated using the Monte Carlo (MC) code PENELOPE. The studies cover a wide
range of electrode and diamond thicknesses, electrode materials and photon
beam energies. An appreciable enhancement of the absorbed dose to diamond
was found for high-Z electrodes. The influence of the electrodes diminishes
with decreasing atomic number difference and layer thickness, so that from
this point of view thin graphite electrodes would be ideal. The effect of en-
capsulation, cable and electrical connections on the detector response is also
addressed employing MC techniques. For 60Co, 6 and 18 MV photon beam
qualities it is shown that the prototypes exhibit energy and directional de-
pendence of about 3% and 2%, respectively. By modifying the geometry and
using graphite electrodes the dependencies are reduced to 1%.

Although experimental studies disclose some limitations of the prototypes
(high leakage current, priming effect and slow signal stabilisation),
diamonds of higher quality, suitable for dosimetry, can be produced with
better-controlled CVD process. With good crystals and a well-designed
encapsulation, the CVD-diamond detector could become competitive for
routine dosimetry. It is then important for correct dose determination to use a
collision stopping power for diamond incorporating proper mean excitation
energy and density-effect corrections. A new mean excitation energy of
88 eV has been calculated.

Keywords: CVD-diamond detector, tissue-equivalent encapsulation, dosime-
try, Monte Carlo simulation
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1. Introduction

1.1 Clinical context
The success of a tumour treatment by means of radiation therapy is dependent
on accurate knowledge of the absorbed dose delivered to the target volume,
surrounding normal tissues and not least to the organs at risk. The dose needed
to control the tumour should be delivered so it does not damage the healthy
tissue. In order to fulfil these requirements modern external beam radiation
therapy (Brahme, 2000), and in particular biologically optimised intensity-
modulated radiotherapy (IMRT) (Brahme et al., 1982; Brahme, 1987, 1988;
Webb, 2001; Bortfeld, 2006), often requires complex beam modulation to de-
liver the dose distribution to the patient. An optimal dose distribution can be
achieved by treatment with multiple beams of varying intensity whose ar-
rangement is calculated and prescribed by physically or biologically optimised
inverse treatment-planning (Brahme, 2000).

There is a number of factors determining the accuracy of a computerised
treatment-planning system (TPS). These are generally mathematical
algorithms and input data. The latter include patient, machine and beam data
which have to be acquired and entered into the TPS. One role of clinical
dosimetry is to acquire all the necessary beam data with the highest possible
accuracy. Typically, percentage depth doses, lateral beam profiles and output
factors for various ranges of open and wedged fields and source-surface
distances (SSD) as well as wedge and other accessory factors are to be
obtained in order to characterise the beam (Podgorsak, 2005), although not
all of these data are nowadays required with the IMRT technique (e.g. wedges
are not used). The measurements take place when a new treatment machine is
installed and commissioned at the hospital. Another no less important role
of dosimetry is the machine and the TPS quality assurance. This involves
periodically scheduled control measurements to ensure the validity of the
beam characterisation and the integrity of the TPS. Finally, in-vivo dosimetry
can be performed during the dose-delivery process to monitor in real time the
output of the treatment machine and to control the dose delivered to the target
volume. It can be also used to assess the dose to organs at risk.

In many cases of the beam measurements the dosimetry can be conveniently
and accurately performed with a reference ionisation chamber or other detec-
tors, like silicon diodes, scintillators or thermoluminescent detectors (TLDs).
However, in some situations sophisticated photon beams have to be measured.
This includes for example intensity-modulated beams giving complex lateral

1



Chapter 1 Introduction

absorbed dose profiles with high dose gradients or uniform but narrow beams
used in stereotactic radiosurgery and radiotherapy (SRS and SRT) (Podgorsak,
2005), where the lack of lateral electronic equilibrium and penumbral effects
make the dose vary significantly across the rather large volume of the ioni-
sation chamber. In these conditions an alternative detector with a very small
active volume of high radiosensitivity is demanded. Although silicon diodes
and scintillator detectors fulfil these requirements, they exhibit a certain en-
ergy dependence.

In order to perform reliable measurements the dosimeter should have a sig-
nal which is linear with absorbed dose and dose rate. The detector response
should be independent of the radiation energy in terms of absorbed dose to wa-
ter. Such a device, when calibrated at a certain beam quality, would provide
a correct signal at any beam quality. The energy independence of the detector
response is also important in situations where the energy spectrum of the beam
changes noticeably, e.g. depending on the field size or due to beam hardening
and beam softening when accessories like wedges, boluses or compensating
filters are employed. The use of flattening filter also alters the energy spectrum
across the photon beam because of differences in the thickness of this filter de-
pending on the distance to the central axis. Finally, the energy spectrum differs
considerably in the penumbra and outside the primary beam from that on the
central axis owing to varying contributions from secondary photons (Nilsson
and Brahme, 1981).

The aim of clinical dosimetry is to assess the absorbed dose to the human
tissue. Therefore, to reflect treatment conditions, measurements are done in
tissue-equivalent media, like water or tissue-equivalent plastic (White, 1978;
ICRU, 1989), which have scattering and absorption properties similar to those
of tissue. In this way the energy spectra of primary and secondary particles
are similar in the phantom medium and in the tissue. In order to evaluate
the absorbed dose to the tissue in the most accurate way the detector itself
should be similar in the atomic composition to the medium and thus as tissue-
equivalent as possible (Svensson and Brahme, 1986). Such a dosimeter would
not perturb significantly the electron fluence generated in the medium and its
response to radiation would be proportional to the tissue’s response in a wide
energy range. This property is very important for the previously mentioned
measurement conditions of varying energy spectra.

1.2 Diamond detectors
Some disadvantages of detectors routinely used in clinical dosimetry (lack
of tissue-equivalence, low sensitivity, non-real-time readout) motivate for the
development of a dosimeter more suitable for modern radiotherapy. Diamond
crystals are very promising in this respect. Their atomic number, Z = 6, be-
ing close to the mean atomic number (ICRU, 1984a) of human soft tissue
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1.2 Diamond detectors

(ICRU, 1989), Z̄ = 6.5, as well as popular tissue substitutes, for instance water,
Z̄ = 6.6, and polystyrene, Z̄ = 5.2, make diamonds nearly tissue- and water-
equivalent. The water to carbon electron mass collision stopping power ratio
and photon mass energy absorption coefficient ratio are nearly constant in
the range of energy employed in radiation therapy, therefore diamonds ex-
hibit negligible energy dependence. The high radio-sensitivity of the diamond
material makes it possible to manufacture detectors of very small sensitive
volume, which could be ideal to use in techniques like IMRT or SRS and
SRT operating with small radiation fields and high dose gradients (see e.g.
Rustgi, 1995; Rustgi and Frye, 1995; Heydarian et al., 1996; Rustgi et al.,
1998; Martens et al., 2000). They are also characterised by a high resistance to
radiation damage and thus the sensitivity should remain constant as a function
of accumulated dose. Diamond detectors have a potentially linear dose-rate
response, however this depends on the impurities in individual crystals and
many reports indicate a slight departure from linearity.

The principle of diamond detector operation is treated in detail e.g. by Meier
(1999) and Oh (1999). The radiation impinging on the crystal causes excita-
tion of electrons from the valence band to the conduction band, thus leaving
holes in the valence band. Electrodes, often also called contacts, localised on
the two opposite faces of the crystal, with different electric potentials, gener-
ate an external electric field in the diamond. In the presence of this field the
radiation-induced charges, electrons and holes, move towards opposite elec-
trodes. The diamond is connected through the electrodes to an external circuit
containing e.g. an electrometer. The movement of the charge carriers in the
crystal induces a charge on the electrodes and cause a flow of current in the
external circuit to maintain the initial potential of the electrodes. In this way,
the charge induced on the electrodes can be measured even if no electrons or
holes leave the crystal, being finally trapped or neutralised in the diamond. In
fact, when the electrodes form an ohmic contact with the diamond the charge
can pass to the electrode originating an immediate injection of a charge of the
same sign through the opposite electrode. The movement of an injected charge
also induces a charge on the electrodes. Therefore the measured charge (the
total charge induced on the electrodes) is larger than the radiation-induced
charge in the crystal. This phenomenon is known as photo-conductive gain.
This can occur in very pure diamonds with ohmic contacts where low im-
purity and defect concentration permits the charge carriers to travel a long
distance before being trapped. The use of blocking (Schottky) contacts for
high-quality crystals can remedy for such a situation. Care must be taken with
manufacturing proper contacts, since a contact which blocks both charge types
can lead to a charge accumulation near the electrode. Therefore, contacts are
often made to block charges of only one sign and allowing the passage of
charges with the opposite sign. The mechanism of operation of a diamond de-
tector reminds that of an ionisation chamber, and therefore this dosimeter is
often called a “solid-state ionisation chamber”.

3



Chapter 1 Introduction

The possibility to detect radiation with the use of natural diamond is known
since decades (e.g. McKay, 1948). However, as mentioned by Kozlov et al.
(1975), their uncontrollable properties and very detrimental polarisation ef-
fect, which cause a progressive reduction of the measured signal as a func-
tion of time, encountered during early investigations, as well as the fast im-
provement of other detectors, e.g. silicon, discouraged and detained the fur-
ther development of diamond detectors for many years. Kozlov et al. (1975),
motivated by the attractive properties of diamond detectors for space appli-
cations, managed to suppress the polarisation effect employing one blocking
and one injection electrode making the further development of such detec-
tors possible. Planskoy (1980) has tested several natural diamond detectors
in respect to medical applications which, as stated, were the first commer-
cial detectors of this kind, produced in 1973 by Electron Diamond Limited,
UK. The detectors were irradiated with clinical photon and electron beams
with a wide range of qualities and dose rates. Planskoy concluded that the
analysed detectors could be useful in clinical dosimetry owing to their small
dimensions, directional independence and nearly tissue-equivalence and with
real-time readout. However some disadvantages were also found, like small
dose-rate non-linearity and long-term signal non-reproducibility in the case
of some crystals, as well as the need for a drastic selection of diamonds with
appropriate electrical properties. Burgemeister (1981a) also reported promis-
ing results of studies on a non-commercial diamond detector irradiated with
clinical photon and electron beams and confirming its suitability for medical
applications. The high sensitivity, good temperature stability and close tissue-
equivalence of the new dosimetric system was underlined, however with a
tremendous scarcity of suitable crystals. Since that time, many studies on ap-
plications of in-house-made and commercial natural diamond detectors for
clinical dosimetry with high-energy photon beams confirmed these early find-
ings (Khrunov et al., 1990; Vatnitsky et al., 1993; Vatnitsky and Järvinen,
1993; Hoban et al., 1994; Rustgi, 1995; Heydarian et al., 1996; Laub et al.,
1997, 1999; Fidanzio et al., 2000; De Angelis et al., 2002; Bucciolini et al.,
2003; Rodriguez et al., 2007), favouring such devices over:
• silicon diodes, due to a nearly energy dependence (in the energy range

useful for tumour radiotherapy) and higher resistance to radiation damage,
thus avoiding the need of frequent re-calibration;

• ionisation chambers, due to higher spacial resolution;
• TLDs, due to the possibility of real-time readout.
Nevertheless, the drawbacks of natural diamond detectors, reported by all the
investigators, are the necessity of priming (pre-irradiation with a certain dose
in order to stabilise the detector response if it was not used for a longer time)
and usually a slightly sub-linear dose-rate dependence, both features related to
the presence of electronic traps. Some of the authors (Laub et al., 1997, 1999;
Burgemeister, 1981a) also indicate a possible deteriorating effect on the en-
ergy response of these dosimeters due to the use of inappropriate material of
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1.2 Diamond detectors

electrodes and encapsulation. Almost all the researchers discuss the very lim-
ited availability of natural diamond crystals with electrical properties suitable
for radiation detection. The crystals have to be drastically selected in this re-
spect. Consequently, natural diamond detectors are very expensive. Besides,
the delivery period for such detectors often reaches one year. Problems with
the reproducibility of their properties and the need for individual characteri-
sation were also reported in the literature (e.g. De Angelis et al., 2002). For
these reasons natural diamond detectors are not widely employed in routine
clinical dosimetry.

The relatively low-cost method to produce a synthetic diamond of con-
trolled and reproducible properties indicates a possibility to achieve a diamond
detector which could be used routinely in clinical dosimetry. Such a method
is the chemical vapour deposition (CVD). In this process a diamond is grown
in thermodynamic conditions favourable for graphite formation (typically in
temperature below 1000 ◦C and pressure below 100 kPa). This is possible
due to the higher bonding energy of sp3 (diamond) than of sp2 (graphite)
bonds and chemical reactions between carbon, methane radicals and atomic
hydrogen (for broader description see e.g. Meier (1999); Oh (1999)). Poly-
crystalline CVD-diamond films of thicknesses of the order of several hundred
µm and diameters exceeding 20 cm can be achieved. This method is more
effective than the older one, which needs high pressure and high temperature
(HPHT), therefore establishing thermodynamic conditions characteristic for
the metastable diamond face. The HPHT growth is usually slower, results in
small crystals and consumes more energy. In addition, it is difficult to achieve
HPHT-diamonds of a purity required for electronic applications and usually
the produced material contains a large amount of nitrogen.

The first synthetic diamond detectors were produced using HPHT material
(see e.g. Burgemeister, 1981b; Burgemeister and Schouten, 1983). Later on,
according to Oh (1999) from the beginning of the 1990s, attempts have started
to employ CVD-diamonds. In that decade reports on the possible use of such
devices in clinical dosimetry appeared. For instance, Buttar et al. (1997) have
shown that the radiation sensitivity of CVD-diamonds can be even higher than
for natural diamonds and that such detectors have potential advantages over
silicon diodes and ionisation chambers.

An intense research in the field of CVD-diamond dosimeters has been con-
ducted by many research groups since the beginning of the present decade
(see e.g. Bruzzi et al., 2000; Marczewska et al., 2001; Bruzzi et al., 2002; Pini
et al., 2003; Fidanzio et al., 2004, 2005; Bucciolini et al., 2005; De Angelis
et al., 2006; Assiamah et al., 2007b). Many authors confirmed properties of
CVD-diamond detectors promising for clinical dosimetry. However, some de-
ficiencies of the new material, limiting its application for clinical dosimetry,
were also disclosed:
i high leakage current,
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Chapter 1 Introduction

ii priming effect leading to instability of the detector response and its signif-
icant dependence on the irradiation history,

iii relatively slow signal rise time and stabilisation,
iv internal crystal polarisation,
v limited reproducibility of response,

vi slight dose-rate dependence.
Not all of them have been circumvented so far. The high leakage current is
mainly due to graphitic contamination at the grain boundaries and can be sup-
pressed to some extent by optimisation of deposition parameters. It has been
understood (see e.g. Buttar et al., 2000; Whitehead et al., 2001) that deficien-
cies ii–vi are attributed to the presence and distribution of electronic trap levels
in the forbidden gap of the diamond (due to lattice defects, grain boundaries
and impurities such as boron, oxygen and nitrogen) which can be potentially
controlled by maintaining proper deposition conditions. Therefore it should
be possible to grow crystals of better quality. Progress in this field resulting
in CVD-diamonds of better quality and properties was demonstrated in sub-
sequent work (Ramkumar et al., 2001). Studies on the influence of electronic
traps on the properties of diamond detectors were also published by Tromson
et al. (2000a,b); Guerrero et al. (2005); Bergonzo et al. (2007). A work by
De Angelis et al. (2007) reports the latest achievements in the field of dosime-
try with polycrystalline CVD-diamond detectors. In that paper, the present
limitation of this material in respect to its applicability for IMRT technique
is discussed. Although in their case the leakage current was small and the re-
ported signal reproducibility was acceptable too, the other limitations listed
above remain to be resolved. It is concluded that the present stage of devel-
opment of polycrystalline CVD-diamond detectors permits their application
in conventional radiotherapy, nevertheless it is still too early for introducing
these devices in techniques like IMRT. The main reason is a slow dynamic re-
sponse which does not allow the detector signal to follow the sharp transient of
IMRT fields, but also the signal stability and dose-rate dependence should be
improved. Some authors (e.g. Pini et al., 2003; Bergonzo et al., 2007) suggest
that the single-crystal CVD-diamond material could be free from aforemen-
tioned shortages and much more suitable for dosimetric application. Recently,
encouraging results of studies on single-crystal CVD-diamond detectors were
published by Tranchant et al. (2008). They claim suitability of their device
for clinical dosimetry and possibility for realisation of an ideal detector for
techniques as IMRT.

Although the quality of CVD-diamond detectors has been greatly improved
since the early studies done in the 1990s, a commercial product has not been
introduced yet and no standards for the encapsulation of such device are es-
tablished. So far, little attention has been paid in the literature on the impor-
tant issue of an adequate encapsulation preserving the tissue-equivalence of
the detector. For instance, De Angelis et al. (2007) postulate the need of im-
provements in this matter in order to achieve a lower energy dependence of
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1.3 Dosimetry with an extended detector

the complete, i.e. encapsulated, detector. The present thesis discusses the as-
pects of appropriate choice of materials and geometry in the design of a CVD-
diamond detector in order to minimise their influence on the energy deposited
in the sensitive volume of the dosimeter and thus to optimise its energy and
directional response.

1.3 Dosimetry with an extended detector
In the case of an idealised small detector, fulfilling the Bragg–Gray condi-
tions, a simple expression relates the absorbed dose, Dm, to a given point P
in a homogeneous medium and the absorbed dose, Di, to the medium inside
a small detector cavity centred at the same point P:

Dm(P) = Di(P) sm
i , (1.1)

where sm
i is the medium to detector mass collision stopping power ratio. This

quantity is evaluated for the electron fluence at point P in the uniform medium,
which by the assumptions of the Bragg–Gray theory is identical to the fluence
inside the detector cavity. In practice it is very difficult to construct a detector
having its sensitive volume large enough to read a significant signal and at
the same time sufficiently small to satisfy the two principal conditions of the
Bragg–Gray cavity theory (Attix, 1986):
• the thickness of the cavity must be small in comparison with the range of

the charged particles crossing it, so that the presence of the cavity does not
perturb the fluence of these particles in the medium;

• the absorbed dose in the cavity is solely due to the charged particles that
traverse it (in particular, this implies no photon interactions in the cavity).

Therefore, any realistic detector should be treated as an extended detector
(Svensson and Brahme, 1986). The response of such a detector no longer re-
flects the absorbed dose to a point but instead is proportional to the mean value
of the absorbed dose distribution, D̄i, inside the cavity that constitutes the de-
tector sensitive volume. Moreover, the extended detector usually violates the
first Bragg–Gray condition, perturbing somewhat the electron fluence pass-
ing it and thus the fluence averaged over the sensitive volume of the detector
differs from that at the point of interest in the otherwise homogenous medium.

In order to generalise the Bragg–Gray relation to an extended medium-
equivalent detector, Svensson and Brahme (1986) proposed to account for the
averaging properties of the extended detector by relating the mean absorbed
dose inside its sensitive volume, D̄i, to the mean absorbed dose, D̄m, inside
a similarly-shaped reference volume of the homogeneous medium. The refer-
ence volume should have dimensions so that the shape of the average electron
spectrum in this volume is as similar as possible to the shape of electron spec-
trum averaged over the sensitive volume of the detector. In the case of a flat
detector these authors postulate a simple choice of the respective reference
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Chapter 1 Introduction

volume of unperturbed medium as such that the electron crossing this volume
loses on average the same energy as when it crosses the detector. To this end,
all the linear dimensions of the detector volume, ti, multiplied by the detector
to medium total linear stopping power ratio, (Stot)i

m, evaluated at the mean en-
ergy of primary electrons in the detector, determine the respective dimensions,
tm, of the reference volume in the uniform medium:

tm = (Stot)i
m ti. (1.2)

A further generalisation of the Bragg–Gray relation which is discussed by
Svensson and Brahme (1986) takes into account the total effect of the elec-
tron fluence perturbation. The absolute values of the mean electron fluence in
the detector (Φ̄i) and in the reference volume of the uniform medium (Φ̄m)
may differ even if there are no significant differences in the shape of the elec-
tron energy spectra in these two volumes. The mean electron fluencies can be
related by a fluence perturbation factor pm

i :

Φ̄m = pm
i Φ̄i. (1.3)

For an ideal Bragg–Gray detector the perturbation factor is unity. However
this is not so for an extended detector for which the linear electron stopping
and scattering properties differ from those of the medium. The larger this dif-
ference the more pm

i departs from unity.
With the concept of the reference volume and the fluence perturbation factor

the basic Bragg–Gray relation described by equation (1.1) can be rewritten in
a form generalised to be used for an extended detector:

D̄m = D̄i sm
i pm

i . (1.4)

If the absorbed dose distribution in the uniform medium varies monotonically
with the space coordinates, it is possible to find a point in the reference vol-
ume, called the effective point of measurement Peff, where the absorbed dose
Dm(Peff) is equal to the mean absorbed dose to the entire reference volume
D̄m. Hence, equation (1.4) can be written in the alternative form

Dm(Peff) = D̄i sm
i pm

i . (1.5)

In general, the effective point of measurement may not lie at the centre of
the detector but be displaced in the beam direction, z, by a certain distance deff
so that

Di(z) = Dm(z+deff). (1.6)

Brahme (1981) derived an approximate expression to correct the experimen-
tally obtained absorbed dose distribution for the displacement of the effective
point of measurement under assumption of the absorbed dose monotonically
varying in the detector volume:

deff ≈− t2

24
D′′

meas(P)
D′

meas(P)
, (1.7)
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1.3 Dosimetry with an extended detector

where D′′
meas(P) and D′

meas(P) can be obtained by fitting any three consecu-
tive data points by a second-order polynomial. An advantage of non-gaseous
dosimeters, e.g. diamond detectors, is that their dimensions can be such that
deff becomes negligible. Indeed, for a water-equivalent detector equation (1.7)
reduces to

deff ≈ t2µ̄
24

, (1.8)

where µ̄ is the photon mean linear attenuation coefficient. Applying equa-
tion (1.8) to the diamond detector with a thickness varying from about 30 µm
for CVD-diamonds to about 500 µm for natural gems, the displacement of
the effective point of measurement, deff, is of the order of a few nm to tenths
of µm, respectively. These small displacements can be neglected and there-
fore it is assumed that for these dosimeters the effective point of measurement
coincides with the centre of the detector sensitive volume.
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Chapter 2 Design of a prototype CVD-diamond detector

2. Design of a prototype CVD-
diamond detector

2.1 Preparation of CVD-diamond samples
Seven polycrystalline CVD-diamond samples described in the present thesis
were produced in the frame of the European Commission (EC) project “DIA-
MOND” (project no. G5RD-CT-2001-0603). Four of them (KA 2-1, KA 4-1,
KA 4-4 and KA 4-6) were produced by Technion – Israel Institute of Technol-
ogy in Haifa. They were deposited in an ASTEX microwave plasma assisted
CVD reactor (see e.g. Avigal et al., 2004). The other three samples (EUP 01-2,
EUP 1-3 and EUP 9-2) were grown in a research-developed hot-filament as-
sisted CVD reactor by CNR–ISC (The National Research Council – Institute
for Complex Systems), Rome, Italy (see e.g. Ascarelli et al., 2003; Trucchi
et al., 2005). The deposition parameters (gas composition, pressure, substrate
temperature and deposition rate) set for growth of these samples as well as
their thicknesses and their acronyms adopted in Paper II are listed in table 2.1.
In order to enhance the removal of the graphitic contamination present at the
grain boundaries the gas mixture in the microwave deposition was enriched by
a small concentration of O2. This procedure was not used in the hot-filament
deposition, because O2 could oxidise the filaments and damage them.

Table 2.1: Deposition parameters, thicknesses and sensitive volumes of the CVD-
diamond samples described in the present thesis and produced in the frame of the
EC project “DIAMOND”.

Acronyms of Depo- CH4/H2 Growth Thick- Sensit.
CVD-diamond samples sition mixture P T rate ness volume

Project Paper II method concentr. [kPa] [◦C] [µm/h] [µm] [mm3]
KA 2-1 MW 1 36 0.18
KA 4-1 – micro- 5% 9.3 750 0.46 53 0.33
KA 4-4 MW 2a wave (+2% O2) 53 0.30
KA 4-6 MW 2b 53 0.67

EUP 01-2 HF 1 hot 0.43 69 0.49
EUP 1-3 HF 2 filament 0.5% 2.4 750 0.34 55 0.33
EUP 9-2 HF 3 0.32 58 0.34

The CVD-diamond films as grown by either the HF or MW methods needed
a post-deposition treatment involving cutting, substrate removal and electrode
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2.1 Preparation of CVD-diamond samples

preparation, before they could serve as radiation-detecting devices. This treat-
ment was performed by one of the project partners, INFN (the National Insti-
tute of Nuclear Physics) and Department of Electronic Engineering, Univer-
sity of Rome “Roma Tre”, Italy (Conte et al., 2003). The samples were cut into
fragments with a rectangular shape and the silicon substrate was etched away
in a HF/HNO3/H2O solution at room temperature. A slow rate of etching was
maintained in order to allow for stress relaxation and prevent film distortion or
breaking. The time required for complete substrate removal was 60 hours. The
free standing diamond films were subsequently rinsed in deionised water and
isopropyl alcohol. The substrate side of these films was very smooth while the
growth side showed a rough surface formed by growing columns of diamond
grains and reflecting their crystallographic orientations.

Two circular, approximately 5-mm-diameter, metallic electrodes (signal
and high-voltage) were deposited on each side of all diamond films by
thermal evaporation of a 0.2-µm-thick silver layer. In most samples the
guard ring was cut out from the signal electrode using a photo-lithography
technique (Conte, 2003). An example of a metallised diamond sample is
presented in figure 2.1. The aim of the guard ring is to reduce the leakage
current by protecting the signal electrode from stray currents at the surface as
well as to define the sensitive volume of the detector by shaping the electric
field between the high-voltage and the signal electrodes. This electric field
can be approximated by a cylinder of a radius equal to the radius of the signal
electrode. Calculated approximate volumes of the active diamonds for the
investigated detectors are presented in table 2.1. Due to the limited precision
of photo-lithography the diameter of the signal electrode differs for diamonds
of the same thickness and the sensitive volumes are thus not exactly the same.

Figure 2.1: A CVD-diamond sample: (a) the substrate side with the high-voltage elec-
trode, (b) the growth side with the signal electrode and the guard ring. Electrodes and
guard ring are made of thermally evaporated 0.2-µm-thick silver films.
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Chapter 2 Design of a prototype CVD-diamond detector

Silver is not the only material that can be used for electrode manufacturing.
Although the literature reports the use of many other metals (aluminium, tita-
nium, chromium, nickel, platinum, gold) the overview and comparison of their
influence on the operative properties of a diamond detector is rather limited.
Some investigations in this respect are presented in the work by Di Benedetto
et al. (2001). Silver and gold appear to be a very suitable metal (also chromium
and titanium but only at low bias voltages) for electrodes used with polycrys-
talline CVD-diamonds, because they form an ohmic contact with the diamond.
Due to the high concentration of defects acting as electronic traps in the poly-
crystalline material the ohmic contacts are advantageous concerning dose-rate
dependence (see subsection 4.1.2). Conversely, in the case of very pure dia-
monds, like single-crystalline material, the electrodes forming blocking con-
tacts (e.g. aluminium, nickel) can be more favourable (see e.g. Nesladek et al.,
2008; Tranchant et al., 2008). The manufacture of metallic electrodes by ther-
mal evaporation is technologically rather simple and well mastered. Hence
the majority of published articles report the use of such electrodes. Neverthe-
less, in the following part of this work another material – graphite – will be
shown to be, from the dosimetric point of view, the most suitable for diamond
detector electrodes.

The manufacture of graphite electrodes is more challenging than the metal-
lic ones. Nevertheless, examples of diamond detectors with graphite elec-
trodes forming ohmic contacts were reported in the literature (Burgemeister,
1981a; Burgemeister and Schouten, 1983; Avigal et al., 2004). Burgemeis-
ter (1985) has proposed a method to convert part of a diamond surface into
a graphite phase with appropriate laser treatment. In this technique, the de-
stroyed diamond phase re-crystallises in the form of graphite. Avigal et al.
(2004) achieved the same effect by ion implantation (boron, carbon, argon
and xenon ions were considered), however they demonstrated unacceptably
increased leakage current when such electrodes were manufactured on CVD-
diamonds thinner than around 50 µm (a typical thickness of diamonds used in
this thesis).

2.2 Encapsulation of the detector
In order to use the metallised CVD-diamond samples as radiation detectors,
they need to be contacted to the electrical circuit as well as properly isolated
and protected from the external environment by an appropriate housing. The
thin CVD-diamond film is very brittle and thus the housing should prevent
mechanical damage, but equally or even more important is that it should not
introduce any significant perturbation to the radiation fluence traversing the
detector.

A general approach to this problem is given by e.g. Svensson and Brahme
(1986) who suggested that the wall of the detector should be equivalent to
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2.2 Encapsulation of the detector

either the medium (phantom) or the detector radiation sensitive material. In
photon beam dosimetry the first solution is more common. A design of a
tissue-equivalent encapsulation, appropriate for CVD-diamond samples pre-
sented in this work (and also described in Paper II ) is shown in figure 2.2.
Rexolite R©, a cross-linked polystyrene of a density ρ = 1.05 g cm−3, was cho-
sen as wall material for these CVD-diamond detectors. Polystyrene is con-
sidered to be nearly water-equivalent in photon beams and it is at the same
time nearly equivalent to the detector sensitive volume. A similarity in atomic
composition of all three media: water phantom, detector wall and sensitive
volume, is very important in the design of an energy independent detector.
The ratios of photon mass energy absorption coefficients, µen/ρ , and electron
mass collision stopping powers, Scol/ρ , for water, polystyrene and carbon are
constant with a good approximation in the range of energies relevant in clini-
cal dosimetry (see figure 2.3).

signal

high voltage

Al electrostatic shield

Rexolite
®

CVD-diamond
conductive

graphite glue triaxial cable

graphite
fibre

HV electrode

signal
electrode

guard
ring

ground

Figure 2.2: The design of the tissue-equivalent encapsulation and contacting for the
CVD-diamond detector prototype. The sketch is supposed to give a general concept on
the CVD-diamond contacting and the choice of materials, but not to serve as a design
of a final product. In particular, the air cavity is supposed to be filled with Rexolite R©.
Figure adopted from Paper II.

Besides strictly dosimetric properties, Rexolite R© presents other advantages
relevant for a radiation detector as described by Wickman and Nyström
(1992). This material has been applied in ionisation chambers as a
replacement for amber (Wickman, 1972) and for many years successfully
employed in such detectors. It has excellent insulating properties and at
the same time the charging effect is weak. It does not show disintegration
for accumulated doses of the order of 1 MGy. The mechanical properties
of Rexolite R© make it very suitable for moulding to any desired shape and
provide good protection for a fragile CVD-diamond sample.

At the preliminary stage of development of the CVD-diamond detector pro-
totype, the shape of Rexolite R© housing was not optimised from the dosime-
try point of view, but rather made in such a way that there is an easy access
to the diamond sample at any time. The possibility to inspect the electrical
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Chapter 2 Design of a prototype CVD-diamond detector

Figure 2.3: Ratios of photon mass energy absorption coefficients, µen/ρ , and electron
mass collision stopping powers, Scol/ρ , for water, polystyrene and graphite within the
energy range relevant for clinical radiotherapy as indicated showing photon energy
spectra of two typical external photon beams, 6 and 18 MV x rays, and 60Co γ rays,
widely used as a reference beam. The energy spectra of secondary electrons produced
by these beams at the depth of 10 cm in water are shown as well. For electron spectra
the right scale should be multiplied by a factor of three.

connections was important in case of a suspicious behaviour of the detector
signal. Three examples of encapsulated detector prototypes are presented in
figure 2.4. The size of Rexolite R© housing in the first encapsulated detector,
KA 2-1, was adjusted to the size of the CVD-diamond sample. Later on, the
geometry of the housing has been standardised allowing for mounting samples
of a size varying in a reasonably wide range. During measurements the hous-
ing is wrapped by a 15-µm-thick aluminium foil grounded through the inner
copper braid of the triaxial cable. The foil acts as a Faraday cage to screen the
detector from external electromagnetic fields.

For connecting the detectors to external electronics (an electrometer and a
high-voltage power supply) a Suhner R© triaxial cable, type G 01330 HT-12,
was used. The central wire and the inner copper braid were supplied with a
BNC connector and the outer copper braid had a separate standard laboratory
plug. Inside the detector housing the triaxial cable was connected with the re-
spective electrodes of the CVD-diamond sample. In the first prototype, KA 2-
1, the central wire of the triax was directly contacted with the signal electrode,
and wires from inner and outer copper braids were directly contacted with the
guard ring and the high-voltage electrode, respectively. Although the other
unnecessary parts of the cable were sufficiently separated from the sensitive
volume of the detector, there was still a risk that the metallic wires would
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KA 2-1 KA 4-4

EUP 01-2

scale 2.2 : 1

0 1 2 3 cm

CVD-diamond sample

graphite fibres

graphite glue

Rexolite
housing

®

connection to
electrostatic screen

triaxial cable

Figure 2.4: Three examples of CVD-diamond detectors encapsulated according to
the design presented in figure 2.2. In the first detector, KA 2-1, the central wire of a
triaxial cable was directly connected to the signal electrode. In later detectors, KA 4-
1, 4-4 and 4-6, a 25 µm-thick aluminium thread was used for contacting instead. The
newest detector, EUP 01-2, was contacted using graphite fibres, therefore following
most closely the design. Graphite conducting glue was employed in all the detectors.
The Rexolite R© lid and the aluminium foil are removed to show the interior of the
detectors (the picture of a closed detector is presented at the bottom). For the final
product the air cavity is meant to be filled.

perturb the radiation fluence around this volume. Therefore, in later detectors
(KA 4-1, KA 4-4 and KA 4-6) the connection between electrodes and the tri-
axial cable was maintained with a very thin, 25 µm, aluminium thread. This
was further improved in the latest prototype, EUP 01-2, using graphite fibres.
All the electrical connections inside the housing were joined using a graphite
conductive glue Eccobond R© 60 L (Emerson and Cuming, Sweden).
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Chapter 2 Design of a prototype CVD-diamond detector

In the presented design the position of the main cable with respect to the
CVD-diamond sample differs from typical diamond detector geometries pre-
sented in the literature where the cable is situated behind the sample perpen-
dicularly to the electrodes (cf. Burgemeister and Schouten, 1983; Marczewska
et al., 2001; Fidanzio et al., 2005; McKerracher and Thwaites, 2006). Here the
diamond sample is very thin and relatively large in the lateral direction, and
therefore the most optimal position of the cable is aside of the diamond and
parallel to its surface. With such an arrangement the perturbation of the radia-
tion by the cable is minimised both, when the radiation beam is perpendicular
or parallel to the diamond layer. This geometry could be also convenient for
“in vivo” dosimetry, because the detector can be easily attached to the patient
in such a manner that the thin diamond layer is perpendicular to the beam and
thus perturbs the beam in the least possible way.
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3. Interface effects due to metallic
electrodes

The metallised diamond samples (see e.g. figure 2.1) present a particular, lay-
ered structure displayed schematically in figure 3.1. If the guard ring is omit-
ted, it can be simplified to a layer of low-Z material (sensitive diamond volume
distinguished in figure 3.1) with two thin layers of high-Z metal (silver elec-
trodes). The electron fluence is likely to be perturbed at the interfaces between
the high- and low-Z media and consequently the energy deposited in the sen-
sitive volume can be somewhat disturbed as compared to that deposited in
the bare diamond, without electrodes. Studies of this effect for a variety of
electrode atomic numbers, thicknesses of diamond and electrodes as well as
different radiation beam qualities were addressed with the Monte Carlo (MC)
technique in Paper I.

signal electrode

high-voltage electrode

guard
ring

CVD-diamond
film

region of interest

Figure 3.1: A schematic cross section of the CVD-diamond sample. The components
in the figure are not to scale. In this respect all the layers in real samples are much
thinner as compared to their lateral size than shown in the figure. The thickness of
the diamond films used in this work varies from 36 µm to 69 µm. The electrodes are
made of a 0.2-µm-thick silver layer. Typical diameters of the signal and high-voltage
electrodes are 2.8 mm and 5 mm, respectively. The approximate shape of the sensitive
volume is distinguished with oblique lines under the signal electrode.

Phenomena occurring at the interface between high- and low-Z materials
have been studied since many years (Dutreix et al., 1965; Dutreix and Bernard,
1966; Attix, 1986; Werner et al., 1987; Das et al., 1988; Das and Kahn, 1989;
Farahani et al., 1990). For instance, Dutreix and Bernard (1966) have dis-
cussed a simple example of a single water/copper interface irradiated with
60Co γ-rays impinging perpendicularly to the boundary of these media from
two opposite directions. In general, for the radiation coming from the side of
low-Z material, the absorbed dose increases in front of the interface. If the di-
rection is opposite, the absorbed dose decreases behind the interface. Dutreix
and Bernard have shown that the magnitude of interface effects depends on
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Chapter 3 Interface effects due to metallic electrodes

the difference in atomic numbers of both materials and the energy of radia-
tion. Moreover, they have introduced the important issue of a double interface
(copper/water/copper) irradiated with photon beams, with a low-Z layer inside
a high-Z material.

The results of Dutreix and Bernard are based on experimental measure-
ments. An analogous example is shown in figure 3.2 for silver/diamond/silver
interfaces. These data were obtained by means of MC calculations. The thick-
nesses of the silver layers in this figure are not encountered normally in di-
amond detectors, but they were adopted in this example for illustrative pur-
poses, because such thicknesses guarantee well visible interface phenomena.
If the thickness of the low-Z material is large enough for the secondary elec-
tron fluence to build-up and reach electronic equilibrium one can distinguish
three regions inside the low-Z material (figure 3.2(a)): 1. a fast decrease of the
absorbed dose behind the first interface due to the reduction of the fluence of
electrons produced in the high-Z material, followed by a slow increase related
to the build-up of electrons set in motion in the low-Z medium, 2. an equi-
librium region of the absorbed dose equal to that in the homogeneous low-Z
medium and 3. enhanced absorbed dose in front of the second interface caused
by electrons backscattered in the high-Z material. Both, the absorbed dose dis-
tribution and the mean absorbed dose in the intermediate low-Z layer strongly
depend on its thickness. When this thickness decreases, region 2. vanishes
and regions 1. and 3. overlap exhibiting a very high absorbed dose gradient
(cf. figure 3.2(b,c)). For a very small thickness of this layer a multiple reflec-
tion of secondary electrons between the two interfaces is possible (cf. Dutreix
and Bernard, 1966), which can additionally raise the absorbed dose.

Different interaction processes which occur in the vicinity of the sensitive
diamond volume and have an influence on the absorbed dose to this volume
are schematically presented in figure 3.3. Considering the contribution of the
front silver electrode only, the absorbed dose to diamond is affected by elec-
trons produced in water which have sufficient energy to pass the electrode
(1´a) and electrons produced in silver (2´a). These electrons undergo mul-
tiple scattering which can increase the mean scattering angle (outscattering)
and thus the fluence of electrons entering the diamond. Important are also the
backscattering (1´c and 2´c) and absorption in silver (d), because they are rea-
sons for the strong reduction of electron fluence entering the diamond and
thus the decrease of the absorbed dose behind the front electrode (see region
1. in figure 3.2). Taking into account the back silver electrode, electrons con-
tributing to the absorbed dose to diamond are: produced in water in front of
the detector (1´b), in the front electrode (2´b), in the diamond (5´b), in the
back electrode (3´a), and backscattered from the back electrode towards the
diamond. Electrons produced in the back electrode may also be backscattered
in the water behind the detector (3´b). Some fraction of the absorbed dose to
diamond is also due to electrons produced by secondary photons in the water
behind the detector (4´a) and in the back electrode (4´b). Electrons may finally
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Figure 3.2: Absorbed dose distribution D(z) in a semi-infinite diamond layer of vary-
ing thickness with 0.7-mm-thick silver electrodes, normalised to the mean absorbed
dose D̄0 to the bare diamond. In each case the diamond is centred at the same depth
in water, 5 cm, and irradiated with a 1.25 MeV photon beam. In (a) three regions can
be distinguished: 1. transient stage behind the first interface, 2. equilibrium stage and
3. transient stage in front of the second interface. With decreasing diamond thickness
region 2. disappears in (b) and regions 1. and 3. overlap in (c).

be produced in the diamond (4´c, 5´a). For a very thin diamond and sufficient
kinetic energy, multiple reflections of electrons between the two electrodes (e)
also enhance the absorbed dose to the sensitive volume.

The problem of the double interface is very important in the present
work, because this situation occurs in the metallised CVD-diamond samples
schematically shown in figure 3.1. The importance of electrodes was noticed
by Laub et al. (1997, 1999) who concluded that some energy dependence
of the diamond detector may be possible due to their presence. Despite
this fact, the influence of electrodes on the absorbed dose to the sensitive
diamond volume has not been thoroughly investigated before. Although some
MC studies on natural and CVD-diamond detectors have been published
(Brambilla et al., 1996; Mobit et al., 1997; Mobit and Sandison, 1999a,b;
Assiamah et al., 2007a), the simulated geometries did not include electrodes.
The interface effects due to metallic electrodes may affect the mean absorbed
dose to the sensitive volume and thus distort the signal measured by the
detector. The magnitude of this distortion depends on the thicknesses of
all the layers, the atomic number of the electrodes and the energy of the
radiation. The influence of interface effects on the absorbed dose distribution
and the mean absorbed dose deposited to the sensitive volume of a diamond
detector as a function of all these factors is investigated in the present chapter
employing MC techniques.

In order to simplify this study the guard ring, electrical connections and
encapsulation of the detector were disregarded and only the sensitive volume

19



Chapter 3 Interface effects due to metallic electrodes

Ag Agdiamond waterwater

photon

electron
multiple reflection

e

4´c

4

4´a

4´b

3
3´a

3´b

2

2´a 2´b
2´c

1 1´a 1´b
1´c

5`b5`a

5

d
absorption

Figure 3.3: Schematic overview of different processes occurring near the sil-
ver/diamond interfaces and influencing the absorbed dose to the diamond sensitive
volume. The primary photon beam impinges from the left, but the photons shown in
the figure can be primary as well as secondary. For clarity, backscattering of electrons
4´a and 4´b from silver to water and the backscattering in diamond are not included.
Moreover, it is assumed that electros 1´-5´ undergo multiple scattering and they can
also be absorbed in silver (d). Electrons having sufficient kinetic energy may leave the
diamond or be multiply reflected between electrodes (e).

with both surfaces covered by the electrodes was taken into account (cf. fig-
ure 3.1). Although the primary objective was to assess the influence of the
electrodes in a representative CVD-diamond sample, i.e. a 50-µm-thick di-
amond layer covered by 0.2-µm-thick silver electrodes, it was nevertheless
interesting to explore the interface phenomena also for thicknesses of metal-
lic layers much beyond these applicable in the real detectors and to broaden
at the same time the general knowledge in the field of interface dosimetry. It
should be mentioned at this point that the common use of silver epoxy glue
to connect the diamond sample with the external electric circuit may greatly
increase the effective thickness of the electrode.
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3.1 Monte Carlo techniques for study of interface effects

3.1 Monte Carlo techniques for study of interface
effects
Due to the very small thicknesses of the sensitive volume and electrodes
(micro- and sub-micrometres) experimental studies of interface effects in a
CVD-diamond detector with the desired accuracy would be very difficult.
Moreover, the lack of charged-particle equilibrium in such thin layers makes
analytical calculations also very difficult, especially when full energy spec-
tra of realistic beam qualities are involved. For these reasons, MC techniques
are the most suitable tool for these investigations. The utility of MC tech-
niques to study interface phenomena have been shown by several researchers
(e.g. Berger, 1963, 1971; Webb, 1979; Nilsson et al., 1992; Chibani and Li,
2002; Verhaegen, 2002). In this section, as well as in Paper I the MC code
system PENELOPE 2003 (Salvat et al., 2003) and the main program PENCYL

were used to investigate interface effects in a simplified diamond detector.
The geometry of this detector consisted of a diamond layer enclosed by two
electrodes and centred at the depth of 5 cm in a 10-cm-thick water phantom
irradiated with a pencil photon beam perpendicular to the phantom surface
(see figure 3.4). Diamond was simulated as a homogeneous and insulating al-
lotropic form of carbon with density 3.51 g/cm3 and mean excitation energy
I = 87.6 eV extracted from a model of optical energy loss function (OELF)
(Abril et al., 1994). The lateral size of all the layers was very large (20 m), thus
in comparison to their thickness this dimension can be approximated with in-
finity. All the results discussed in chapter 3 were obtained for such geometry.
Calculations were done with the 60Co energy spectrum (Mora et al., 1999)
as well as with energy spectra of clinically relevant photon beam qualities, 6
and 18 MV x rays from a Varian Clinac 1800 linac (Duch, 1998), and 50 MV
x rays from a Scanditronix Racetrack Microtron MM50 (Holmberg, 2005). In
order to reduce the complexity of the problem at hand, some simulations were
performed with use of 1.25 MeV monoenergetic photons instead of the 60Co
γ ray energy spectrum. The convention adopted in this section is to present
most of the MC results as the relative (normalised) dose D̄/D̄0, where D̄ is
the mean absorbed dose to the diamond covered with electrodes and D̄0 is the
mean absorbed dose to the same diamond but without electrodes. The statisti-
cal uncertainties are at the 1σ level. Generally they vary from 0.1% to 0.9%,
depending on aimed accuracy, and if not shown in the figures, they are covered
by the symbols.

The simulation of a very thin diamond layer embedded in a phantom is
a delicate task. Although the detector was simplified and the semi-infinite
slab geometry was employed, nevertheless the region of interest where the
absorbed dose is scored – the sensitive diamond volume – is a small fraction
of the phantom. Therefore most photon interactions occur in the phantom,
producing electrons far from the detector and the simulation invests a lot of
computing time to follow tracks of particles which do not contribute to the
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Figure 3.4: Simulation geometry employed in Paper I and this chapter to investigate
the influence of electrodes on the energy deposited to the diamond sensitive volume.
The thicknesses of diamond and electrodes are not to scale.

scored quantity. The PENELOPE code gives the user the possibility to control
the speed and accuracy of the simulations by adjusting for each material a set
of specific simulation parameters, namely C1, C2, Wcc and Wcr as well as ab-
sorption energies Eabs for electrons, positrons and photons. The definitions and
role of simulation parameters are explained at length by Salvat et al. (2003)
and here only a brief description is given. The values of these parameters
and absorption energies have a great influence on the speed of the simulation.
Often the gain in speed is at the expense of accuracy. Therefore, it is very im-
portant to carefully select values of these parameters and absorption energies,
preserving a high accuracy in regions of interest, while being less accurate –
but faster – in other regions.

The kinetic energy of a charged particle determines its range in a given
material. In the course of the simulation, the particle being transported expe-
riences interactions where it loses energy. When its energy falls below a pre-
selected absorption energy, it is no longer simulated and deposits its remaining
energy locally. It is very important to follow the history of a particle in the re-
gion of interest until its kinetic energy is reduced to around 1 keV. However,
setting a high Eabs in regions which are far away from the region of interest,
thus discontinuing the simulation of charged particles whose kinetic energy
do not allow them to reach that region, may save considerable CPU time. To
this end, three virtual water ‘shells’ were defined around the detector with the
value of Eabs increasing with the distance to the detector. The innermost shell
has a thickness of 0.1 cm, the intermediate one has 1 cm and the remaining
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part of the phantom constitutes the third, outermost water shell. In this way
the electron which have shorter ranges than the distance to the detector are
gradually eliminated. This method, equivalent to the variance-reduction tech-
nique called range rejection, was very effective in reducing the simulation
time without compromising the accuracy.

Electrons and positrons experience usually so many interactions that the
simulation of their transport collision by collision, often referred to as detailed
simulation, becomes very time consuming. In order to reduce the simulation
time, a mixed algorithm of charged-particle transport is implemented in PENE-
LOPE. In this algorithm interactions of electrons and positrons are divided
into hard and soft collisions. A collision is considered as hard if the angular
deflection or the energy loss are greater than the corresponding user-defined
cutoff values. All soft collisions occurring between two consecutive hard colli-
sions are grouped together and simulated as one artificial soft collision without
emission of secondary electrons and bremsstrahlung photons. The minimum
energy loss required for an inelastic collision to be considered as hard is spec-
ified by parameter Wcc, and correspondingly Wcr for bremsstrahlung emission.
For elastic collisions the mixed algorithm is realised by specifying the mean
free path of a charged particle between two consecutive hard elastic interac-
tions which is larger than the actual mean free path. The particle, which travels
a distance between two hard collisions experience certain average angular de-
flection due to all the soft elastic collisions that occur in the step. This average
angular deflection is a function of the mean free path and is limited by the user
with the C1 parameter equal to 1−〈cosΘ〉. Interactions with a larger angular
deflection are considered as hard collisions and simulated in a detailed way.
Considering also inelastic hard collisions, the mean free path between two
consecutive hard events of any kind is additionally limited with the C2 param-
eter, which has to be set equal to the maximum average fractional energy loss
along the path length. Having C1 and C2 reasonably low (of the order of 0.05)
prevents loss in accuracy in the region of interest. The simulation parameters
and absorption energies used in the MC simulations described in this section
are listed in table 3.1.

3.2 Dependence on the photon beam energy
The CVD-diamond detector prototype considered in this work was built with
the aim to find its application as a radiation detector for clinical radiother-
apy. In this context, it is important to explore a variety of radiation qualities
used in the course of tumour treatment and assess the influence of interface
phenomena on the signal measured with such a device. The photon energy
spectra of two typical clinical beam qualities, 6 and 18 MV x rays, and one
high-energy, 50 MV, x ray beam were considered. In addition, the complete
energy spectrum of a 60Co γ ray source, which nowadays is rarely employed
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Table 3.1: Simulation parameters and absorption energies for all the regions of semi-
infinite slab geometry adopted in the MC simulations of the simplified CVD-diamond
detector.

Absorption energies Elastic
Eabs [keV] scattering Cut-off energy losses [keV]

Part of the geometry Electrons, parameters Hard inelastic Bremsstrahlung
positrons Photons C1 = C2 collision Wcc emission Wcr

Diamond 1 0.5 0.05 10 0.1
Electrodes 1 0.5 0.05 10 0.1
First water shell (0.1-cm-thick) 2 1 0.05 10 0.1
Second water shell (1-cm-thick) 100 5 0.1 10 10
Remaining water in the phantom 500 5 0.2 10 10

for treatment, but still very useful for reference dosimetry, was included as
well. In order to investigate the effect of low-energy photons, this spectrum
was also divided by cutting it just below the energy of the two γ rays (1.17
and 1.33 MeV) and further, by taking the low-energy part below 0.58 MeV.
The relative mean absorbed dose, D̄/D̄0, to the representative 50-µm-thick
diamond with 0.2-µm-thick silver electrodes is presented in figure 3.5 as a
function of the average photon energy for the used beam qualities. The aver-
age energy for each spectrum is calculated as follows:

Eav =
∫ Emax

0 E Φ(E)dE
∫ Emax

0 Φ(E)dE
, (3.1)

where Φ(E) is the photon fluence differential in energy for the given energy
spectrum.

The results show that the interface phenomena depend on the beam energy
and that the absorbed dose enhancement decreases with the average photon
energy of the beam. In the clinically relevant range of beam qualities and for
the considered simulation geometry the increment of the mean absorbed dose
to the diamond due to the presence of silver electrodes is 2.1%, 1.5%, 0.6%
and 0.9% for 60Co γ rays, 6, 18 and 50 MV x rays. A much larger enhance-
ment of D̄/D̄0 is observed for lower energies, 12% and 5% for the partial
60Co spectra, below 0.58 and 1.17 MeV, respectively. This variation of the
detector response implies an energy dependence of the device, which could
become relevant in situations where the contribution of low-energy photons
is large. Although for high photon energies the disturbance on the absorbed
dose to diamond is rather low, a clear trend can be observed, that the absorbed
dose enhancement considerably increases with decreasing average energy of
the beam. To confirm this strong monotonic behaviour of D̄/D̄0 as a function
of photon energy a series of simulations for several monoenergetic photon
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Figure 3.5: Mean absorbed dose D̄ to the 50-µm-thick sensitive diamond volume with
0.2-µm-thick electrodes, normalised to the mean absorbed dose D̄0 to the same dia-
mond volume without electrodes, as a function of the average photon energy for indi-
cated beam qualities (•). The average energy was evaluated using equation (3.1). For
comparison, the results of MC simulations with monoenergetic photons are included
(◦) and shown also in larger scale in the inset.

beams was done and the results are also included in figure 3.5. For example,
the enhancement of the relative dose falls below 0.5% at energies higher than
around 5 MeV, but exceeds 100% for 100 keV photons. The proximity of the
two curves, for energy spectra and monoenergetic beams, indicates that the
use of a single average energy evaluated from the photon fluence distribution,
equation (3.1), may be sufficient if qualitative studies are to be carried out.
However, for more detailed quantitative analysis it is important to do calcula-
tions with a full energy spectrum.

In the case of clinically relevant beams it is worth noticing that the result for
50 MV x rays departs somewhat from the general trend. The flattening filter
commonly used in linacs to produce a homogeneous dose distribution at the
patient is not present in the Racetrack Microtron which operates with a “pencil
beam” and provides a homogeneous dose through a scanning process. The
flattening filter in the linac absorbs some amount of low-energy photons and
therefore the photon energy spectrum from the Racetrack contains relatively
more low-energy photons than the linac spectra. The interface phenomena are
much stronger at lower energies (cf. the inset in figure 3.5) giving a small raise
in the relative mean absorbed dose for the 50 MV beam quality in figure 3.5.

3.3 Thickness of electrodes
The effect of interfaces on the absorbed dose distribution has often been dis-
cussed for layers of high-Z materials thick enough for the fluence of secondary
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electrons to build up and reach equilibrium before these particles cross the
interface. Under these circumstances, a further increase of the thickness of
high-Z material does not have a strong influence on the absorbed dose distri-
bution in the neighbouring low-Z material, except of attenuating and scattering
the photon beam. However, for very thin layers, thinner than required for the
build-up of secondary electrons, interface phenomena become more complex.
The complexity is even higher in the case of double interfaces with a very thin
intermediate low-Z layer, because the absorbed dose distribution as well as the
mean absorbed dose in this layer are affected by two separate contributions,
coming from the front and the back high-Z material (cf. figure 3.3). These
contributions can partly or completely overlap depending on the thickness of
the intermediate layer, as illustrated in figure 3.2. The interface phenomena are
described here for the 50-µm-thick diamond with silver electrodes, because
this example is important in the context of the present thesis.

It can be expected that by increasing the thickness of silver electrodes the
interface effects are magnified and the mean absorbed dose to diamond D̄/D̄0
increases until the thickness required to build up the secondary electron flu-
ence is reached. Results of MC simulations revealed instead that for some pho-
ton beam qualities this increase is not monotonic, but displays a maximum. A
good example of this phenomena is presented in figure 3.6 for a 1.25 MeV
monoenergetic photon beam. The maximum of D̄/D̄0 for this beam energy is
for an electrode thickness of around 50 µm and its position seems to be inde-
pendent of the diamond thickness. However the influence of interface effects
is smaller for thicker diamonds, which becomes evident in the height of the
maximum in figure 3.6. The maximal absorbed dose enhancement of 45% for
a 50-µm-thick diamond decreases to 6% for a ten times thicker crystal. A sim-
ilar trend of D̄/D̄0 as a function of silver electrode thickness can be observed
for 60Co γ rays and 6 MV x rays (figure 3.7).

The reason for the presence of the maximum in the relative dose to the
diamond as a function of electrode thickness was discussed in Paper I as a su-
perposition of the effects from the two diamond interfaces, with the front and
the back electrodes. Their separate contributions can increase or decrease the
mean absorbed dose to the diamond with an amplitude depending on the thick-
ness of the electrode. The effect of the thickness of each electrode separately
was studied by removing completely the opposite one. The three electrode
configurations considered in this study are shown schematically in figure 3.8.

As expected for these photon energies (60Co photon beam and 6 MV x rays)
the mean absorbed dose generally decreases behind the front electrode. How-
ever, some enhancement of D̄/D̄0 appears for small electrode thicknesses (cf.
figure 3.7(b)). This is due to the increase of electron production in silver, 2´a
in figure 3.3 (they are mainly produced by low-energy primary or scattered
photons), and the increase of the mean scattering angle of secondary electrons
due to their multiple scattering. The further decrease is caused by the reduc-
tion in the fluence of electrons due to their backscattering and absorption in

26



3.3 Thickness of electrodes

100

0.1
1

10
100 1000

1

1.1

1.2

1.3

1.4

1.5

500

50

D
  
 D/

0

silver electrode

thickness / mm

diamond

thickness /
mm

1.25 MeV

photon

beam

Figure 3.6: Normalised mean absorbed dose to the sensitive diamond volume with sil-
ver electrodes, D̄/D̄0, as a function of electrode and diamond thickness. The detector
was placed at the depth of 5 cm in water and irradiated with a 1.25 MeV photon beam.

silver (1´c, 2´c and d in figure 3.3) which become dominant over the produc-
tion and outscattering. This mechanism has been described by Whyte (1959).
Primary-photon attenuation in the silver plays a minor role for megavoltage
photon beams and becomes noticeable only for large electrode thicknesses.
For instance, the front silver electrode reduces the intensity of 1.25 MeV pho-
tons by less than 1% for thicknesses below 180 µm and by 2.7% and 3.8%
for 500 µm and 700 µm, respectively. In the case of the back electrode (con-
figuration (c) in figure 3.8), an enhancement of the mean absorbed dose to the
diamond in front of the interface is observed (figure 3.7(c)). This is mainly
caused by the backscattering of electrodes in silver (1´b, 2´b, 3´a and 5´b in
figure 3.3). There is also some contribution of electrons backscattered from the
water behind the detector (e.g. 3´b in figure 3.3) and/or produced by secondary
photons in that part of the phantom, the back electrode and the diamond (4´a,
4´b and 4´c in figure 3.3).

The enhancing contribution from the back electrode is dominant for small
thicknesses but for larger thicknesses it becomes suppressed by the decreasing
contribution from the front electrode. For the diamond with two symmetrical
silver electrodes (configuration (a) in figure 3.8), this is the reason why for
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Figure 3.7: Mean absorbed dose D̄ to the 50-µm-thick sensitive diamond volume with
silver electrodes of variable thickness and configuration, normalised to the mean ab-
sorbed dose D̄0 to the same diamond volume without electrodes: (a) two symmetrical
electrodes, (b) only front electrode and (c) only back electrode (see the respective
configurations (a), (b) and (c) in figure 3.8). The beam qualities are indicated in the
graphs. Uncertainty bars are of the order of the symbol size.

60Co γ rays and 6 MV x rays D̄/D̄0 displays a maximum as a function of
electrode thickness (cf. figure 3.7(a)).

In turn, for high-energy beams, 18 and 50 MV x rays, the increase of the
relative dose as a function of silver electrode thickness has a monotonic trend
in the entire range of investigated thicknesses (figure 3.7(a)). The reason is
that at these energies, the absorbed dose to the low-atomic-number medium
near the interface with high-Z material is enhanced, both behind and in front
of the interface. This observation is consistent with the findings of Dutreix
and Bernard (1966) and Das et al. (1988). The contribution of the front silver
electrode for different energies will be discussed later.
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Figure 3.8: Schematic drawing of three configurations of silver electrodes used to
study the influence of the electrode thickness on the absorbed dose to the sensitive
volume of a diamond detector: (a) both electrodes of the symmetrical thicknesses, (b)
only the front electrode and (c) only the back electrode. All the layers are assumed to
be infinite in the direction perpendicular to the beam and their thicknesses are not to
scale.

Interface effects become very large when only low photon energies are in-
cluded. As an example, the two partial 60Co energy spectra described earlier
(below 1.17 and 0.58 MeV) were used. At these photon energies, a very strong
enhancement of the mean absorbed dose to the diamond with silver electrodes
is observed (see figure 3.7). For the part of 60Co spectrum below 0.58 MeV
D̄/D̄0 reaches a maximum value as high as 2.8 when a 50-µm-thick diamond
has two 50-µm-thick silver electrodes figure 3.7(a)). The separate contribu-
tions from both electrodes are shown in figure 3.7(b,c).

As described in the literature (e.g. Dutreix and Bernard, 1966; Das et al.,
1988), in general for clinical beam qualities of lower photon energies, x rays
below 10 MV, the absorbed dose to low-Z media behind an interface with
high-Z material decreases and for beams of higher energy it increases. How-
ever, the presented results reveal that for very low photon energies, some hun-
dreds of keV and lower, the absorbed dose to the diamond behind the front
silver electrode is also increased, at least for electrode thicknesses within the
studied range, i.e. below 1 mm. To investigate this, more systematic studies
were performed and a series of simulations for the 50-µm-thick diamond with
a front silver electrode was done using varying monoenergetic photon beams.
The results are presented in figure 3.9(a). The observed behaviour arises from
the combination of the following phenomena, which can partly counterbal-
ance or add up, depending on the thickness of the electrode and the photon
beam energy: electron production in silver (2 in figure 3.3), increase of the
secondary electron fluence passing the layer of silver due to the outscattering,
electron backscattering in silver (1´c and 2´c) and absorption of secondary
electrons in silver (d).

At the lowest energies, up to around 0.6 MeV, the relative dose first in-
creases with the thickness of the electrode owing to the electron outscattering
and production of new electrons and then decreases due to absorption and
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backscattering in the thicker silver layer. For intermediate energies, around
0.6–3 MeV, the initial relative dose increase is lower and is followed by a
significant decrease which reaches a relative dose below unity, because of the
electron absorption and backscattering in the thicker electrode.

For higher photon energies, some MeV and higher, the outscattering be-
comes rather weak, because electrons are produced predominantly forward
directed and due to their high kinetic energy they are less likely to be scat-
tered. Hence, for small silver thickness the electron fluence is only little af-
fected by multiple scattering. An increase of the relative absorbed dose to the
diamond becomes noticeable for a silver thickness larger than around 10 µm.
Partly it is caused by slowly increasing angular distribution of electrons with
increasing silver thickness, but also due to a build up of electrons produced
in the silver electrode. At these energies and silver thicknesses the increase
of electron fluence is not compensated by electron backscattering and absorp-
tion. The dominant phenomena affecting the fluence of secondary electrons,
and therefore the absorbed dose to the diamond, due to the presence of front
electrode are indicated in figure 3.9(b) for a particular energy and electrode
thickness range. The results for 6 and 18 MV x ray energy spectra are added
to this figure for comparison. Trends for clinical beam qualities are due to
superposition from many monoenergetic curves and therefore to find the sum-
marised relation between D̄/D̄0 and an electrode thickness for a realistic beam
quality, MC simulations with use of a full energy spectrum are needed.

The results presented in figure 3.9 were mainly achieved simulating a mo-
noenergetic photon beam. However, due to photon interactions in the water
phantom also secondary photons contribute to the absorbed dose to the dia-
mond. These secondary photons can be eliminated by raising the photon ab-
sorption energy, Eph

abs, in the water in front of the detector (in all three water
shells) to a value only slightly lower than the energy of the primary photon
source. Corresponding results obtained with only primary photons are shown
in figure 3.10 (open symbols) for selected monoenergetic beams. The results
of simulations with both primary and secondary photons are also included
(solid symbols). Furthermore, the contributions from electrons produced only
in water and only in silver were separated by replacing the water in front of
the detector with vacuum. The results reveal that the enhancement of D̄/D̄0
for energies of the order of few hundred keV (up to 300 keV) is mainly due to
the large production of electrons in silver, but the contribution from electrons
produced in water is minor, because almost all of them are backscattered or
absorbed in the electrode. At medium energies, 0.5–1 MeV, the electrons from
water dominate for small silver thicknesses but they are quickly absorbed or
backscattered in the electrode when its thickness increases. For thick elec-
trodes the contribution from electrons produced in silver is dominating. How-
ever, it does not always compensate the strong reduction of electrons from
water. The shape of the D̄/D̄0 curve depends on the balance between the re-
duction of electrons coming from water and the production of new electrons
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in silver. For energies of the order of several MeV, very thick electrodes, over
100 µm, are needed to reduce the fluence of electrons produced in water. The
production of new electrons in silver begins to be significant when its thick-
ness exceeds around 10 µm.

The mechanism of the back electrode seems to be less complex than that
of the front one. The enhancement of the relative mean absorbed dose to the
50-µm-thick diamond in front of the diamond/silver interface is caused by
the backscattering of the secondary electrons in silver. The effect is lower for
more energetic beam qualities (figure 3.7(c)), because secondary electrons of
higher energies are ejected predominantly in forward direction and suffer less
from multiple scattering. High-energy electrons may also pass electrodes with
small thicknesses without being scattered backwards. At the large-thickness
limit in figure 3.7(c) the relative dose for various beam energies qualitatively
converges to the experimental results obtained by Das and Kahn (1989) for
different metals (aluminium, copper, lead) in contact with polystyrene. These
authors have found a very small variation of the so-called “backscatter dose
factor” with beam energy.

For a 60Co photon beam and its two partial energy spectra (below 1.17 MeV
and 0.58 MeV) the behaviour of the relative dose in figure 3.7(c) is not mono-
tonic but instead decreases after reaching a maximum. This decrease is most
likely related to low-energy photons backscattered in the part of the water
phantom behind the detector. For low energy photons the back electrode may
become sufficiently thick to reduce the fluence of these photons and their sec-
ondary electrons, reducing therefore the absorbed dose to the sensitive volume
as compared to the absorbed dose to the bare diamond (i.e. without elec-
trodes). In order to confirm this assumption, the simulation geometry was
modified by replacing the water behind the detector with vacuum aiming at
a complete elimination of photon scattering in that region in both cases, bare
diamond and diamond with back electrode. A thin layer of water was left to
maintain electron backscattering. The results of simulations with this modified
geometry for the partial 60Co photon spectrum, below 0.58 MeV, are shown
in figure 3.11. The results are normalised to the mean absorbed dose to the
diamond with a 50-µm-thick back electrode, for which the relative dose has a
maximum in the case of the unmodified geometry.

3.4 Influence of electrode atomic number
The variety of materials used as electrodes for diamond detectors (graphite,
aluminium, chromium, silver and gold) were explored with use of a 1.25 MeV
monoenergetic photon beam. Beryllium was also included, because it is very
interesting due to its low atomic number. Although this metal has not been em-
ployed for diamond detectors so far, it was used in liquid ionization chambers
by Wickman (1974).

32



3.4 Influence of electrode atomic number

Figure 3.10: Normalised mean absorbed dose D̄/D̄0 to the 50-µm-thick sensitive dia-
mond volume with only front silver electrode (cf. figure 3.8(b)) as a function of elec-
trode thickness for selected energies of a monoenergetic photon beam (0.3–7 MeV).
Solid symbols represent the results achieved without any modifications of photon ab-
sorption energy Eph

abs and with complete water phantom, therefore obtained for primary
and secondary photons. Open symbols are for primary photons only. The secondary
photons were eliminated by increasing Eph

abs in water (electrons produced in water were
included) or replacing the water in front of the detector with vacuum (without elec-
trons produced in water). Uncertainty bars are of the order of the symbol size.
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Figure 3.11: Mean absorbed dose D̄ to the 50-µm-thick sensitive diamond volume
with only the back silver electrode (see the respective configuration in figure 3.8(c)),
normalised to the mean absorbed dose D̄50µm to the same diamond volume with 50-
µm-thick electrodes, as a function of electrode thickness for the partial 60Co photon
energy spectrum below 0.58 MeV. The results of the MC simulation for the complete
water phantom (¥) are compared to the results obtained with vacuum (¤) replacing
the part of the phantom behind the detector with the intent to eliminate the scattering
of photons. Uncertainty bars are of the order of the symbol size.

The CVD-diamond detector with a geometry representative for the “DI-
AMOND” project, i.e. a 50-µm-thick diamond layer with 0.2 µm-thick elec-
trodes, was considered. The absorbed dose distribution in the sensitive volume
of such a detector is presented in figure 3.12(a), for several electrode materi-
als. For high-Z electrodes the interface effects cause a significant distortion
of the otherwise uniform absorbed dose distribution. The distortion is high-
est close to the electrode interfaces and increases with their atomic number.
Under the assumption that the measured radiation-induced charge is collected
from the whole sensitive diamond volume, the signal of the detector is pro-
portional to the mean absorbed dose to this volume. The measured signal is
therefore strongly dependent on the electrode material, as concluded from fig-
ure 3.12(b), where the relative mean absorbed to the 50-µm-thick sensitive
volume is shown to increase with atomic number of the 0.2-µm-thick elec-
trodes.

For the considered photon-beam energy, 1.25 MeV, the influence of elec-
trodes on the absorbed dose to the diamond is negligible if they are made
of graphite or low-Z metals, like beryllium, aluminium, chromium. However,
the enhancement of the mean absorbed dose to the diamond detector can be
as high as 1.7% and 5.0% for silver and gold, respectively. The influence of
a large absorbed dose distortion near the interfaces on the mean absorbed dose
to the whole diamond volume reduces if a thicker crystal is used. As an ex-
ample, absorbed dose distributions in diamond layers of some selected thick-
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Figure 3.12: (a) Absorbed dose distributions D(z) in the 50-µm-thick sensitive dia-
mond volume, normalised to the mean absorbed dose D̄0 to the same diamond volume
without electrodes. The histograms are plotted for different materials of 0.2-µm-thick
electrodes: graphite, aluminium, chromium, silver and gold. (b) Normalised mean ab-
sorbed dose D̄/D̄0 to the sensitive diamond volume as a function of electrode atomic
number. The diamond is situated at 5 cm depth in a water phantom and irradiated with
a 1.25 MeV photon beam.

nesses are displayed in figure 3.13 (see also figure 3.6). From this point of
view, there is an obvious advantage with thick diamonds. Nowadays, CVD-
diamonds can be produced with large thicknesses, however the thicker the
diamond the higher its production cost or lower the geometric accuracy e.g. in
lateral beam profile measurements.

To conclude, the distortion of the mean absorbed dose to the sensitive vol-
ume of the diamond detector decreases with its thickness, but increases with
the electrode thickness (cf. section 3.3) and their atomic number. As shown
in Paper I , for graphite electrodes there is no enhancement of the absorbed
dose to the diamond in the whole investigated range of electrode thicknesses,
from 0.1 to 700 µm. A very low enhancement was observed for aluminium
and an even lower, but inverse effect for beryllium, which has a lower atomic
number than carbon.

In the light of the foregoing discussion of the metal/diamond interface
effects, the 0.2-µm-thick silver electrodes thermally deposited on
CVD-diamond samples are not optimal from the dosimetric point of view.
However, in the range of clinically relevant photon beam qualities the
distortion of the detector signal due to these electrodes (see figure 3.5),
although not acceptable in the routine clinical dosimetry, can be tolerated at
the stage of preliminary investigations of the prototype detector properties.
Therefore, the silver electrodes may present a sufficient temporary solution.
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Figure 3.13: Absorbed dose distributions D(z) in the sensitive diamond layers of the
indicated thicknesses, normalised to the mean absorbed dose to the same diamond
volume without electrodes D̄0. The depth z in the detector is expressed as a fraction of
the diamond thickness. The detectors have 0.2-µm-thick electrodes made of (a) silver
or (b) gold. The normalised mean absorbed dose D̄/D̄0 as a function of the diamond
thickness is shown in the insets in (a) and (b).
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The prototype CVD-diamond detectors, the design of which is presented in
chapter 2, were examined in respect to their operative and dosimetric proper-
ties in clinically relevant high-energy photon beams. Two approaches to eval-
uate the detector properties were considered. The first one was experimental
in which a large emphasis was placed on operative properties (e.g. leakage
current, priming effect, signal stability and reproducibility, etc.). In the sec-
ond approach, MC technique was used to evaluate some of the dosimetric
properties. Both of them were addressed in Papers II and III, respectively. The
original acronyms of the detectors used in this work were changed in Paper II
for more intuitive ones in the context of that article. The translation can be
found in table 2.1.

4.1 Experimental evaluation
In order to assess operative and dosimetric properties of the encapsulated pro-
totype CVD-diamond detectors, in most experiments a CGR MeV Alcyon II
cobalt treatment unit was used. 60Co γ rays is the reference quality in radi-
ation dosimetry and gives a constant output which makes it a practical tool
for testing the detectors. Nevertheless, in some experiments made to investi-
gate the energy dependence also a linear accelerator, Varian Clinac 2100 C,
providing 6 and 18 MV x rays was used. The detector was placed in a 10-cm-
thick polystyrene phantom at a fixed depth of 5 cm. The signal of the detector
was measured with a programmable Keithley electrometer, model 617. The
internal voltage source of this electrometer was normally used to bias the de-
tector with an operating voltage of 100 V. When properties of the detector
were investigated in a wide range of voltage, 10–1000 V, en external Oltronix
regulated high-voltage power supply was used instead. The absorbed dose
rate to water at the detector position was evaluated with a Farmer cylindri-
cal ionisation chamber NE 2581 following the recommendations of the IAEA
code of practice (Andreo et al., 2000) and assuming that polystyrene is water-
equivalent.
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4.1.1 Operative properties
Leakage current
When an external electric field is applied to the sensitive volume of the di-
amond detector a leakage current can be measured when the detector is not
exposed to radiation. It is important that this current is as small as possible
compared to the radiation-induced current. This can be crucial for a proper
operation of the detector if the leakage current strongly depends on the ir-
radiation history, what happens for the detectors presented in this work (see
further discussion).

The leakage current prior to irradiation of all the CVD-diamond detectors
was measured for a wide range of bias voltages. The diamonds were covered
from ambient light, as they are also sensitive to visible and UV light. The
results for both polarities are presented in figure 4.1 and constitute the ini-
tial value of the leakage current. This value differs considerably from the one
measured after the detector has been irradiated, as will be discussed further.
The leakage current of the KA batch of detectors was measured after they had
been encapsulated. In the case of the EUP detectors, the results in figure 4.1
are for non-encapsulated samples. The reason for measuring the leakage cur-
rent of the second batch of samples before encapsulation was to eliminate
detectors showing high leakage current from the time-consuming process of
manual encapsulation.

Figure 4.1: The leakage current as a function of applied bias voltage of (a) positive
and (b) negative polarity for all the CVD-diamond detectors presented in this work.
The detectors were not irradiated before these measurements and therefore the results
reflect the initial value of the leakage current. The EUP batch of samples were not
encapsulated at the time of this measurement.

The leakage current versus applied bias voltage, Ileak(V ), is nearly sym-
metrical in respect to the polarity of the external electric field. For all the
detectors two regimes of Ileak(V ) can be noticed: an ohmic regime for lower
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voltages followed by a non-linear current increase at higher values of bias
voltage. The leakage current is low and the Ileak(V ) characteristic is flat in the
ohmic regime, while a very steep current increase characterises the non-linear
regime. The threshold of the nonlinear current increase for KA detectors lies
between 100 and 200 V. For EUP samples it is more scattered. A very short
range of ohmic charge transport, up to 50 V, is observed for EUP 9-2. For
EUP 1-3 the threshold is around 200 V and the longest ohmic regime is for
EUP 01-2, reaching around 400 V. The reason for the non-linear leakage cur-
rent increase is Frankel-Poole and Poole charge transport mechanisms for KA
diamonds and space-charge limited current for EUP crystals. Based on the
measurements shown in figure 4.1 three detectors of the lowest leakage cur-
rent and the largest range of voltages with ohmic charge transport, KA 2-1,
KA 4-4 and EUP 01-2, were chosen for further investigation.

Interestingly, the leakage current in the ohmic regime of the detector KA 4-
6 is about two orders of magnitude higher than for the two other KA 4 detec-
tors. These three samples come from the same deposition (they were cut out
from the same diamond wafer) and thus they should exhibit nearly the same
properties. However, unlike the other detectors, KA 4-6 is not supplied with
a guard ring. Whether this is the only reason for higher leakage current of
this detector it is difficult to say at present without systematic measurements
involving much larger group of samples than the modest one included in this
work, but it is an indication of the need for a guard ring.

The leakage current of the present detectors is relatively high as compared
to the radiation-induced current (cf. table 4.1). Moreover, it significantly varies
with the irradiation history of the detector. Hence it is very important to mea-
sure the leakage current and subtract it from the signal for each single mea-
surement. This is a serious drawback of these detectors. However, recently
the problem of a high leakage current seems to be solved with single-crystal
CVD-diamonds (cf. Tranchant et al., 2008).

Table 4.1: Leakage current and net to leakage current ratio of three detectors, KA 2-1,
KA 4-4 and EUP 01-2, biased with a voltage of 100 V and irradiated with a 60Co
photon beam.

Leakage current [pA] Net to leakage current ratio (after priming)
Detector Before priming After priming dD/dt = 0.3 Gy/min dD/dt = 0.8 Gy/min

KA 2-1 2.5 10.0 9 21
KA 4-4 0.2 4.9 12 26
EUP 01-2 1.5 2.1 11 18
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Priming, response rate and reproducibility - limitations due to electronic
traps
The presence of electronic trap levels in the forbidden gap of the diamond
largely influences its electrical properties in terms of both leakage and
radiation-induced current. These traps are related to impurities and defects
in the diamond crystal and they are arbitrary divided into shallow and
deep traps, depending on their activation energy. The larger the activation
energy, the deeper the trap. The activation energy can be estimated using the
thermally stimulated current (TSC) method as described e.g. by Tromson
et al. (2000b). According to work of Bergonzo et al. (2007) deep traps are
those, which release charge at temperatures close to 550 K. The shallow ones
are emptied at temperatures close to 350 K and they are also active in room
temperature.

Priming
During irradiation the empty traps capture radiation-induced charge carriers
and thus lower the efficiency of the detector (Tromson et al., 2000a,b). For the
correct operation the diamond needs to reach a stable state in which electronic
traps are saturated and thus inactive for the charge transport. In room tem-
perature, however only deep traps can be passivated, while the shallow traps
continuously release captured charge carriers due to thermal emission. There-
fore in practice, the diamond detector can operate with completely filled and
stable deep traps, and in equilibrium between continuously filled and emptied
shallow trapping levels. Such state of a diamond crystal can be achieved pre-
irradiating the detector before it is used for measurements. In the literature this
pre-irradiation is often called priming or pumping and is meant to improve the
diamond detector properties in terms of faster stabilisation and better repro-
ducibility of the signal. The changes in the detector electrical properties and
radiation response due to trapping and detrapping kinetics will later in this
work be referred to as a priming effect.

During the priming process there is first an increase and then a stabilisa-
tion of the leakage current. As an example the leakage current of the detector
KA 2-1 is shown in figure 4.2(a) for two bias voltages as a function of ac-
cumulated dose delivered from a cobalt treatment unit with the dose rate of
0.8 Gy/min. The voltage was switched off during each step of irradiation. A
very slow saturation of the leakage current is observed. After 60 Gy have been
delivered the irradiation was stopped for approximately 1 h. A big drop in the
value of the leakage current occurred during this break and another dose of
60 Gy was required to restore its value. The dose of 60 Gy was chosen as a
practically reasonable priming dose, sufficient to stabilise leakage current of
the device for a day-to-day use. However, a much higher dose is required after
a long resting period (some weeks and more) when a larger amount of deep
traps have been emptied.
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Figure 4.2: Priming of the detector KA 2-1. The detector was kept unirradiated for 17
days before this experiment. Dose rate at the detector position was 0.8 Gy/min. For
the leakage current measurement the detector was biased with voltages of 100 or 50 V,
but the voltage was switched off during irradiations in order to eliminate the effect of
a built-in electric field. (b) The leakage current after the last irradiation step in (a).

After the last irradiation the leakage current was observed for several hours
(figure 4.2(b)). The current decreases fast for the first few hours and is fol-
lowed by a slow decrease, probably related to a very slow detrapping from
deep levels. These observations suggest that the leakage current of KA 2-1
is strongly affected by a large population of shallow traps active close to the
room temperature. A large dose is needed for the shallow traps to reach equi-
librium between trapping and detrapping. After the irradiation is stopped they
become emptied altering significantly the leakage current. In relatively short
time a large amount of shallow traps are emptied and the detector could be
considered as un-primed, despite deep traps being still passive. As noticed also
by Bergonzo et al. (2007), such behaviour makes the response of the CVD-
diamond detector strongly dependent on the irradiation history and seriously
deteriorates reproducibility of the measured signal. In practice, this detector
needs to receive a large priming dose of 60 Gy each time it has been resting
for one hour or more. This become impractical for routine use in clinical ra-
diotherapy, therefore the quality of the diamond crystal needs to be improved
in terms of tailoring the defects. Some improvement is noticed in newer de-
tectors: KA 4-4 and EUP 01-2. These devices require a priming dose of 30
and 10 Gy, respectively, to stabilise the leakage current, indicating a lower
population of shallow traps.

The priming effect is one of the most detrimental features of
CVD-diamonds, therefore a large effort is focused on production of
high-purity crystals. As suggested by Bergonzo et al. (2007) the future of the
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CVD-diamond detector for radiotherapy may lie in the recently developed
monocrystalline CVD material.

Signal rise time
The time evolution of the photocurrent is affected by the state of electronic
traps and usually a longer signal rise time is observed for un-primed detec-
tors. Examples of the signal recorded with two un-primed and primed detec-
tors, KA 4-4 and EUP 01-2, are shown in figure 4.3. The signal of KA 4-4
increases slower if it has not been primed before. It is convenient to express
this increase in terms of the commonly used definition of rise time as the time
in which the signal increases from the leakage current to 90% of the saturated
net current. The rise time for detector KA 4-4, evaluated from figure 4.3(a),
was 16 min when it was not primed and around 2 min after the priming. Simi-
lar behavior was observed for the detector KA 2-1. On the other hand, the rise
time remained unchanged for EUP 01-2 being equally short, 13 s, before and
after the priming.

Figure 4.3: The response of two detectors, (a) KA 4-4 and (b) EUP 01-2, on irradiation
with 60Co γ rays, recorded with un-primed and primed detectors. The current is the
direct signal from the detector not corrected for leakage. Due to much faster signal
stabilisation the EUP 01-2 was irradiated for a shorter time.

Relaxation current
The rate of decrease of the relaxation current, which is the leakage current
measured directly after the irradiation, also differs between the detectors. For
all three detectors this current has two phases. In the first one it decreases
quickly and in the second phase a slow decay of the leakage current is ob-
served. The first phase lasts for around 2 min for KA detectors and 3 s for
EUP 01-2. However, non-monotonic structure of the relaxation current of the
detector EUP 01-2 deserves commenting. The current decreases very fast af-
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ter the irradiation is stopped, reaching a minimum, and then slightly increases
before the decay in the second phase begins. This is due to the diminishing
internal electric field acting reversely to the external bias thus decreasing the
measured current. This effect superimposes on the otherwise normal decay of
the leakage current and when the internal field vanishes a small maximum in
the relaxation current is observed.

Internal electric field
For some detectors an initial excessive signal is observed, which in the liter-
ature often is called an overshoot. The origin of the overshoot is the internal
electric field, which builds up during irradiation. The mechanism of formation
of this field is well described by Bergonzo et al. (2007) and a more qualita-
tive investigation was published by Fidanzio et al. (2006) for natural diamond
detectors. The internal field is created by charges of both signs trapped by
shallow traps. In presence of an externally applied electric field the spatial
distribution of a trapped charge is not uniform. Indeed, more electrons are
trapped close to the anode and more holes close to the cathode. In this way,
the internal electric field has a sign opposite to the external one. The overall
electric field acting on the charge carriers induced in the diamond by radiation
is therefore a superposition of the external and internal fields. At the beginning
of irradiation the population of shallow traps is empty and only the external
field is present in the crystal. While irradiation is progressing, more charge
is captured by shallow levels and the internal field is building up, reducing
the overall electric field and thus reducing the signal measured by the detec-
tor. This process evolves until the equilibrium between trapping and thermal
detrapping is reached allowing the signal to stabilise.

Due to non-uniform trapping it is actually better to perform the priming
while the operating voltage is applied to the detector, because the formation
of the internal field is dependent on the strength of the external one. Therefore,
even if the detector received the priming at one bias voltage, its signal must be
restabilised when this voltage changes. This is demonstrated in figure 4.4(a).
The signal of the detector EUP 01-2 was recorded in both cases with the bias
voltage of 70 V. When the detector was first primed at the voltage of 70 V,
partly emptied shallow traps were quickly passivated and the internal field
saturated in a short time, stabilising the current. However, if the priming was
first performed at the bias of 300 V and then the signal was measured at 70 V,
a lower current was recorded due to the strong internal field which has been
built up previously at the bias voltage of 300 V. The signal stabilised slowly
until the internal field specific for the bias voltage of 70 V was reestablished.
The net current stabilised at the same value for both cases, but much longer
time was needed when the bias voltage has been changed. It was observed
that the internal field had relatively lower impact on the signal stabilisation for
higher bias voltages (see figure 4.4(b)). Such regularity has also been reported
by Bergonzo et al. (2007).
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Figure 4.4: (a) Net current of the detector EUP 01-2 as a function of irradiation time.
The curves correspond to the detector primed at 70 or 300 V, however during the
irradiation the bias voltage was 70 V in both cases. (b) Stabilisation of the current
measured with EUP 01-2 irradiated at different bias voltages: 50, 70, 100, 150, 200
and 300 V. The measured current in (b) is normalised to its stabilised value.

Signal reproducibility
An important issue in any measurement is its reproducibility, which in the
present case means the ability to measure the same current or collected charge
for the same irradiation conditions. Because of the low net to leakage current
ratio and strong dependence of the detector response on the irradiation history,
it is difficult to measure the reproducible signal. However, the net current, as
well as collected net charge, might be satisfactorily reproducible if appropriate
correction for the leakage current is done. Furthermore, the reproducibility can
be considerably improved when the same irradiation conditions, in respect to
exposure and resting times, are maintained. To confirm this, three experiments
were made as shown in Paper II. To this end, the detector EUP 01-2 was
biased with 100 V and irradiated with a 60Co photon beam with a dose rate
of 0.3 Gy/min. In the first experiment the exposure time was constant (1 min)
and the resting time between consecutive irradiations was varied (from 0.25
to 10 min). In the second experiment the scheme was reversed: the time of
consecutive exposures was varied (from 0.25 to 10 min as well) and the break
between them was constant (1 min). The third experiment consisted of 10
1-min-long exposures separated by 1-min-long breaks.

The longer the exposure the more traps are filled, therefore the photocur-
rent approaches closer its saturation value. On the other hand, when the break
between exposures increases, each time more charge is released from shallow
traps and the leakage current reaches a lower value. In any case, the state of
the diamond as regard to the occupation of electronic traps is different for
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each new exposure. This has a negative impact on the reproducibility of the
net current, despite thorough correction for the leakage. The reproducibility
can be expressed here as the standard deviation of the average net current in
each of these three experiments. It can be seen in table 4.2 that the lowest
standard deviation is for the third experiment, where the exposure time and
the resting time are constant, and thus the state of the diamond in respect to
the occupation of electronic traps is more reproducible in each irradiation.

Table 4.2: The reproducibility of the EUP 01-2 signal evaluated for three experiments
discussed in the text and expressed as the relative standard deviation of the average
net current.

Average Relative

Experiment net current [pA] standard deviation

Constant exposure and variable break 22.093 0.18%

Variable exposure and constant break 22.049 0.12%

Constant exposure and constant break 21.961 0.03%

Optimal operating voltage
The choice of the optimal operating voltage for the CVD-diamond detector
is not fully unambiguous. This is because a number of detector characteris-
tics, such as sensitivity, leakage current, dose-rate linearity, signal stability
and reproducibility, depend on the applied voltage, often in opposite ways.
The choice of the operating voltage relies on certain compromises between
these characteristics. The average sensitivity and the average net to leakage
current ratio of the detector EUP 01-2, are shown as an example in figure 4.5.
It is desired that both these parameters are as high as possible. However, the
sensitivity increases and the net to leakage current ratio decreases with ap-
plied voltage. Further analysis of these results reveal a clear trend in the short-
term signal reproducibility expressed as the relative standard deviation of the
average sensitivity calculated from 7 and 6 consecutive measurements per-
formed at the dose rate 0.3 and 0.8 Gy/min, respectively. At the dose rate
0.3 Gy/min the lowest uncertainty (0.10%) was obtained for a bias voltage
of 100 V. At the dose rate 0.8 Gy/min the uncertainty was lowest (0.23%)
for 70 V. An important issue is also the signal stabilisation. An example is
shown in figure 4.4(b) where the best stabilisation of the signal measured with
EUP 01-2 is obtained at 150 V and marginally worse at 100 V (for given ir-
radiation conditions). Furthermore, Fidanzio et al. (2004, 2005) reported for
other CVD-diamonds investigated in the frame of the “DIAMOND” project
a considerable improvement of dose-rate linearity with increased applied volt-
age. The results presented in figure 4.5, although not complete in this respect,
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agree with the finding published by these authors. Considering all the aspects,
the most optimal operating voltage seems to lie between 70 and 150 V. The
dose-rate linearity favours the higher limit, while the signal reproducibility
acts reversely. Since there is a method to correct the signal for the dose-rate
dependence (cf. Fidanzio et al., 2004; Laub et al., 1997), a lower voltage could
be advantageous due to the better signal reproducibility. Moreover, because of
a strong dependence of the leakage current on the irradiation history, a high
net to leakage current ratio is preferable in order to make the signal less de-
pendent on the behaviour of the leakage current. Considering all these aspects,
100 V was chosen in most occasions as the suitable operating voltage.

Figure 4.5: The average sensitivity (solid symbols) of the detector EUP 01-2 and its
net to leakage current ratio (open symbols) estimated at varying bias voltages and for
two dose rates, 0.3 and 0.8 Gy/min. The detector was irradiated with 60Co γ rays. The
1σ uncertainty bars are covered by the symbol size.

4.1.2 Dosimetric properties
Dose and dose-rate dependence
In order to investigate the dose dependence the detector EUP 01-2 was irra-
diated with a 60Co photon beam with dose rate 0.3 Gy/min. The detector was
biased with a voltage of 100 V. The net collected charge is presented as a
function of the absorbed dose to water in figure 4.6(a) and a straight line is
fitted to the experimental data. An R2 parameter equal to unity suggests a very
good fit and a linearity of the detector signal with the absorbed dose. However,
the analysis of the derivative of the net charge (figure 4.6(b)) reveals that in
this case the response is not linear for doses below around 0.3 Gy or exposure
times below 1 min. This is because the current needs a certain time for initial
raise and further stabilisation, therefore its value is lower at the beginning.
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Figure 4.6: (a) Net collected charge of the detector EUP 01-2 as a function of the
absorbed dose to water. (b) The sensitivity of the detector expressed as the derivative
of the net charge in respect to the absorbed dose to water. The detector was biased
with 100 V and irradiated with 60Co photon beam with a dose rate of 0.3 Gy/min.

The dose-rate dependence of the three detectors, KA 2-1, KA 4-4 and
EUP 01-2, was investigated with a 60Co photon beam. The dose rate was
varied by changing the SSD in a range from 50 to 100 cm and maintaining a
constant field size at the phantom surface equal to 10 × 10 cm2, what gave
a dose rate variation from 0.8 to 0.2 Gy/min, respectively. It is desired that
the detector net current is linearly proportional to the dose rate. In the case
of solid-state electrical conductivity dosimeters often this ideal linearity is
not met. According to Fowler (1966) the net current of the detector is often
proportional to (dD/dt)∆. An exponential parameter ∆ equal to unity means
an ideal dose-rate linearity, while the detector shows sub- or supralinearity if
∆ is lower or greater than unity, respectively. It is worth mentioning that for
crystals characterised by a very high quality, ∆ tends to be 0.5 and reach this
value for very pure material with no traps. This makes such a detector very
dose-rate dependent, and therefore for high-quality single-crystal diamonds,
blocking electrodes are often used to restore the linearity (cf. Tranchant
et al., 2008; Nesladek et al., 2008). If there are traps in the crystal and all
have the same capture cross section ∆ falls between 0.5 and 1, reaching the
upper limit, if the trap distribution in the forbidden gap is uniform. It is also
possible that ∆ is greater than unity. This may occur if traps with varying
capture cross sections are present.

The relation between the net current and the dose rate can be linearised and
the logarithm of the normalised net current can be plotted against the loga-
rithm of the normalised dose rate. The slope of the straight line fitted to the
experimental data on such plot gives then the value of the linearity parame-
ter ∆. For the three detectors, KA 2-1, KA 4-4 and EUP 01-2 irradiated with
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a 60Co beam ∆-values equal to 1.008±0.003, 1.035±0.003 and 0.979±0.003
were obtained, respectively (table 4.3). The ∆-values close to unity demon-
strate a low dose-rate dependence of these detectors for 60Co beam quality
within the investigated range of dose rates. The results are in agreement with
data for natural and CVD diamonds published by many authors and mostly
varying from 0.9 to 1, but values larger than unity were also reported (e.g.
Balducci et al., 2006).

Table 4.3: Dose-rate linearity parameter ∆ for three investigated detectors, EUP 01-2,
KA 2-1 and KA 4-4.

∆
Beam quality EUP 01-2 KA 2-1 KA 4-4

60Co 0.979 ± 0.004 1.008 ± 0.003 1.035 ± 0.003

6 MV 0.937 ± 0.010

18 MV 0.896 ± 0.010

The dose-rate dependence of the detector EUP 01-2 was also evaluated for
two clinically relevant beam qualities, 6 and 18 MV x rays. The dose rate
was varied by changing the SSD from 85 to 300 cm for 6 MV and from 85
to 210 cm for 18 MV. Achieved dose rates varied from 3 to 0.2 Gy/min for
6 MV x rays and from 3 to 0.5 Gy/min for 18 MV x rays. The same method
was used as in the case of the 60Co beam and the calculated ∆ parameters
were 0.937±0.010 and 0.896±0.010 for the 6 and 18 MV beam qualities,
respectively (table 4.3). A tendency to a lower ∆-value with increasing photon
energy can be observed. The difference between ∆-values for 60Co and 18 MV
photon beams is 8%. The dose-rate sublinearity of the detector EUP 01-2 is
then significantly increased at higher beam energies.

Energy and directional dependence
For a detector it is very important that its sensitivity does not depend on the
energy of the impinging radiation. However, a small energy dependence was
found for the detector EUP 01-2. The sensitivity of this device is plotted in fig-
ure 4.7 as a function of the mean photon energy of 60Co, 6 and 18 MV beams.
The energy dependence is presented in this figure for the dose rates 0.5 and
0.8 Gy/min, and a decreasing trend with photon energy is observed. However,
the difference in the sensitivity between 60Co and 18 MV beams increases
with the dose rate. It is 1.71% and 2.41% at 0.5 and 0.8 Gy/min, respectively.
This is because the dose-rate dependence is characterised by different val-
ues of the ∆ parameter for different beam qualities (table 4.3), varying by up
to 8% in this case. Therefore, the response of the detector is affected by a
combination of both dose-rate and energy dependence. In this respect the MC

48



4.2 Monte Carlo evaluation

techniques present an advantage for investigation of the energy dependence,
since they disregard dose and dose-rate effects. The energy dependence ob-
served for the detector EUP 01-2 is most likely caused by the presence of the
silver electrodes, as can be deduced from section 3, but it can also be partly
due to the geometry of the housing. This issue will be discussed in section 4.2.

Figure 4.7: Energy dependence of the detector EUP 01-2 irradiated with different dose
rates with 60Co, 6 and 18 MV photon beams. The detector was biased with 100 V and
placed at the depth of 5 cm in the polystyrene phantom. The field size at the phantom
surface was 10 × 10 cm2 and the SSD was varied to adjust the dose rate.

To investigate a dependence of the detector EUP 01-2 response on the direc-
tion of the impinging photon beam it was irradiated inside the phantom with
the 60Co treatment unit. The SSD was 80 cm and the field size at the phantom
surface was 10 × 10 cm2, which corresponded to a dose rate of 0.3 Gy/min
at the detector position. The detector was rotated around the axis parallel to
the main cable of the detector and passing through the centre of the sensitive
diamond volume. The response of the detector evaluated in this way varied by
not more than about 1.5% showing a minor directional dependence.

4.2 Monte Carlo evaluation
In addition to experimental measurements, the response and the energy de-
position in the sensitive volume of the detector could also be evaluated by
means of MC simulations. This method offers a great freedom in building
and modifying the geometry of the investigated object, testing different ma-
terials as well as varying the radiation energy. Moreover, complications are
often met during experiments with imperfect CVD-diamonds, such as dose-
rate dependence, high leakage current, dependence of the detector response on
irradiation history, slow signal saturation and consequently a certain dose de-
pendence, and finally limited signal reproducibility. These deficiencies are not
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present in MC simulations, allowing a more accurate focus on the influence of
geometry, choice of materials and beam quality on the energy deposited in the
detector. Preliminary MC calculations, including only the sensitive volume
and electrodes, aiming at estimating the influence of the electrode/diamond
interface effects on the absorbed dose to the diamond for varying radiation
quality and materials, were discussed already in chapter 3. A broad and gen-
eral analysis of the interface effects, extending much beyond the narrow do-
main of constructed prototypes, was possible due to the simplification of the
geometry adopting a semi-infinite slabs (cf. figure 3.4), which resulted in fast
calculations. However, this simple geometry is very limiting and in order to
evaluate the response of the detector more accurately a realistic geometry, to-
gether with realistic radiation qualities (60Co, 6 and 18 MV photon beams in
this case), need to be incorporated in the MC simulations. In fact, presently in
the literature there is a lack of MC studies of diamond detectors that incorpo-
rate a high level of detail. Although the early work by Brambilla et al. (1996)
and the recent one by Assiamah et al. (2007a) reported MC simulations of
CVD-diamond dosimeters carried out with ITS and PENELOPE codes, respec-
tively, information of the simulation geometries given by these authors did
not include details like electrodes and wires. These components were most
likely not simulated, and only Assiamah et al. considered a cylindrical Per-
spex housing. The commercial natural diamond detector PTW T60003 was
modelled by Mobit and Sandison (1999a,b), using the EGS4 MC code, fol-
lowing detailed information from the manufacturer, however also neglecting
electrodes. Consequently, the influence of the electrodes on the absorbed dose
to the sensitive diamond volume in the case of a realistic geometry of a di-
amond dosimeter was not investigated. Therefore, this section and Paper III
are dedicated to such an analysis and extended to evaluate the response of the
dosimeter modelled in detail in a number of practical dosimetry experiments
with high-energy photon beams.

The MC code system PENELOPE 2006 (Salvat et al., 2006) and the main
program PENMAIN were used to calculate the energy deposited in the sensi-
tive volume of the CVD-diamond detector prototype. The geometry subrou-
tine package PENGEOM, included in the PENELOPE distribution, can handle in
principle any three-dimensional geometry described by a set of quadric sur-
faces. The simulation geometry of the CVD-diamond detector (see figure 4.8)
adopted in the calculations presented in this section as well as in Paper III
is based on the real detector prototypes shown in figure 2.4 (does not apply
to KA 2-1, which has a different housing). It reflects the real device in the
smallest details. To this end, the modelled dosimeter consists of a square 6×6
mm2 diamond with a thickness of 50 µm; these dimensions were chosen as
representative although a certain variation in thickness and shape of the sur-
face exists among the CVD-diamond layers used in the real prototypes. The
high-voltage and signal electrodes as well as the guard ring are made of 0.2-
µm-thick silver layers on both sides of the diamond film. The high-voltage
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electrode has a diameter of 5 mm. The signal electrode has a diameter of
2.75 mm and it is surrounded by the 0.5-mm-wide guard ring whose outer di-
ameter is 5 mm. The size of the signal electrode determines the active volume
of the detector, 0.3 mm3. Graphite fibres connect the electrodes to an external
low-noise triaxial cable. Graphite conductive glue, employed to maintain elec-
trical connections, was simulated as pure graphite, since its composition has
not been disclosed to the author. Besides small blobs on the signal electrode
and the guard ring, the graphite glue forms also a 0.1-mm-thick layer between
the high-voltage electrode and the housing. The triaxial cable applied in real
prototypes, consisting of a silver central wire, two copper braids and an insu-
lating material (PVC and polyethylene), is modelled in all details.

Rexolite R©, the material of the housing, is replaced in the simulation with
regular polystyrene, for which interaction cross sections are included in the
PENELOPE database. Because Rexolite R© is a cross-linked polystyrene, its
properties which are relevant for dosimetry are considered to be the same as
those of regular polystyrene. The geometrical shape of the manufactured
housing is faithfully modelled in the MC simulations. Two parts of this
encapsulation can be distinguished: the head and the stem. The outer
dimensions of the head are 18.0×13.0×6.3 mm3. The head encloses the
diamond sample together with all electrical connections. The stem has
dimensions 15.0×6.3×6.3 mm3 and includes only the coaxial cable. The
whole polystyrene encapsulation is covered with a 15-µm-thick aluminium
layer used in the measurements as a Faraday cage to screen the detector
from external electromagnetic fields. The air volume present in the housing
of the real device was planned to be filled with a material similar to that of
the housing. Although for the development of the CVD-diamond detector it
was convenient to have the possibility to open the housing, this is irrelevant
in the simulations, and therefore in the modelled geometry the air volume is
replaced with polystyrene as it should be done in the final product.

Following the IAEA TRS-398 code of practice (Andreo et al., 2000) refer-
ence conditions were arranged to simulate the response of the detector. There-
fore, the centre of the sensitive volume was placed on the central axis of the
beam, at a depth of 10 cm in a 30×30×30 cm3 water phantom. The SSD was
80 cm for the 60Co photon beam and 100 cm for the megavoltage x ray beams.
The field size was 10×10 cm2 at the phantom surface. The detector was po-
sitioned horizontally, as presented in figure 4.8(a,b), i.e. with the diamond
sample perpendicular to the beam axis and with the high-voltage electrode
facing the beam. This orientation in respect to the beam defines the 0◦ angle.

The sensitive diamond volume (0.3 mm3), where the deposited energy is to
be scored, constitutes a very small fraction of the geometry described above.
The probability that a primary particle emitted from the source and/or its sec-
ondary particles will interact in this volume is very small, and most of the
particles miss that volume without contribution to the energy deposited there.
In such a situation, there is a need to simulate an enormous number of pri-
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Figure 4.8: Visualisation of the CVD-diamond detector geometry used in the MC
simulations. (a) Cross section through the water phantom with a schematically shown
radiation beam. The centre of the sensitive diamond volume is placed on the beam
central axis at a depth of 10 cm. (b) Cross section through the detector and the structure
of water shells. The first and the second water shells have thicknesses of 0.5 and 1 cm,
respectively. (c, d) Three-dimensional visualisation of the detector geometry with the
interior of the device exposed by an opening in the housing. The signal electrode and
the guard ring are visible. This geometry reflects in detail the real prototypes shown
in figure 2.4. In simulations the air cavity inside the detector is filled with polystyrene
as shown in (b).
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mary particles to score the absorbed dose in the detector with a satisfactorily
low uncertainty, which leads to unacceptably long computation times. An ad-
ditional reason for the simulation to be time consuming is the rather complex
geometry, composed of a large number of quadric surfaces and consisting of
many regions. The corresponding performance of the simulations is inherently
slow, because the program has to stop and restart the propagation of a particle
whenever it enters a new region. However, this problem is partly solved by
grouping all geometry bodies into a hierarchic modular structure in order to
avoid unnecessary checks of boundary crossing (Salvat et al., 2006).

In order to improve the efficiency of the simulations, the use of standard
variance-reduction techniques like interaction forcing and range rejection was
considered. In the course of pilot simulations interaction forcing appeared to
increase the efficiency only marginally, while range rejection applied to elec-
trons and positrons constituted a much better solution. This technique is re-
alised in the present simulations in an analogous way as in the case of simu-
lations with the simplified slab geometry (see section 3.1), namely by varying
the value of electron/positron absorption energies in water depending on the
distance to the detector, i.e. employing the concept of virtual water shells.
The structure of these shells is shown in figure 4.8(a,b)) and the associated
absorption energies are given in table 4.4. This method greatly reduces the
computation time of the simulations. Its limitation lies in the suppression of
bremsstrahlung emission from the electrons and positrons that are being ab-
sorbed in water. That probability must be low enough, so that the chance of
emitting a bremsstrahlung photon, which could reach a region close to the sen-
sitive volume of the detector and contribute to the energy deposited there is
very small. For this reason, the highest absorption energy quoted for charged
particles in table 4.4 is 2 MeV. The radiation yield of 2 MeV electrons in water
is below 0.7%. Since the simulation of photon tracks is much faster than that
of charged particles, preserving a low value of photon absorption energy in all
parts of the geometry barely slows down the simulation.

On the other hand, like in the case of the slab geometry, low absorption
energies are set in the region of interest, which is the diamond and its vicin-
ity, where a high accuracy of the simulation must be preserved. Table 4.4
summarises all the selected absorption energies together with the values of
the simulation parameters C1, C2, Wcc and Wcr related to the mixed algorithm
of PENELOPE. As mentioned earlier, this algorithm is implemented in order
to speed up the simulation of charged particles. This might be, however, at
the expense of accuracy. Therefore, in the region of interest the algorithm is
switched to a detailed mode by setting C1 = C2 = Wcc = 0. In the remaining
regions of the geometry the mixed algorithm is characterised by low values of
the simulation parameters, as shown in the table.

Phase-space files (PSFs) were used as radiation sources to simulate the re-
sponse of the realistic CVD-diamond detector. A PSF stores the state vari-
ables, such as energy, position and direction of motion of each particle in the
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Table 4.4: Simulation parameters and absorption energies adopted in the present MC
simulations for all elements of the detector and phantom. The smax parameter, addi-
tionally limiting the stochastic step lengths of charged particles, is set for each geom-
etry region equal to one tenth of its thickness.

Absorption energies Elastic
Eabs [keV] scattering Cut-off energy losses [keV]

Part of the geometry Electrons, parameters Hard inelastic Bremsstrahlung
positrons Photons C1 = C2 collision Wcc emission Wcr

Interior of the detector’s heada 1 1 0 0 1
Polystyrene encapsulation

of the head 5 10 0.05 0.1 10
Remaining parts of the headb 50 10 0.05 0.1 10
Stem of the detectorc 500 10 0.05 0.1 10
First water shell (0.5-cm-thick) 400 10 0.05 0.1 10
Second water shell (1-cm-thick) 1000 10 0.05 0.1 10
Remaining water in the phantom 2000 10 0.1 1 10
Air above the phantom 2000 10 0.1 1 10

a diamond sample, electrodes, graphite glue and fibres
b aluminium screen and a short section of the coaxial cable
c coaxial cable, polystyrene encapsulation and aluminium screen

beam crossing a virtual plane located between the actual radiation source and
the phantom. The PSFs were calculated for the 60Co photon beam emitted by
a Theratron 780 treatment unit, as well as for the 6 and 18 MV x rays of a
Varian Clinac 1800 medical linear accelerator following the specifications of
the manufacturers (Panettieri et al., 2007). The considered field sizes at the
phantom surface were 10×10, 5×5 and 2×2 cm2 with SSD equal to 80 and
100 cm for the 60Co unit and the linear accelerator, respectively.

The employed MC model was verified against experiment as described in
Paper III to prove its capability to predict correctly the response of the sim-
ulated detector. The field-size dependence for the 60Co photon beam was ex-
perimentally measured with the EUP 01-2 CVD-diamond detector and then
simulated with use of its exact geometry. For this particular purpose, the thick-
ness of the diamond layer in the simulation geometry was changed to 69 µm,
as it is in the real prototype, the air volume in the housing was preserved and
the exact set up used in the experiment was simulated. The results of the MC
simulations agree with the measured values within the statistical uncertain-
ties of 0.5%. The good agreement implies that using the PENELOPE MC code
and the selected simulation parameters it is possible to correctly simulate the
response of the CVD-diamond detector.

The results of the MC simulations are presented in this chapter in terms of
the mean absorbed dose to the sensitive diamond volume, D̄d, normalised in
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the following manner. For the energy and field-size dependences it is divided
by the mean absorbed dose to the reference water volume D̄w,ref (cf. subsec-
tion 1.3) of a thickness calculated for each beam quality according to equa-
tion (1.2). In the case of the directional dependence the results are normalised
to the 0◦ angle and expressed as D̄d/D̄d,0◦ . The depth-dose curves are nor-
malised to the dose maximum for each beam quality thus presented as ratios
D̄d/D̄d,max and D̄w/D̄w,max for diamond and water, respectively. Finally, the
lateral beam profiles are normalised to the dose at the central axis: D̄d/D̄d,cax
and D̄w/D̄w,cax. The statistical uncertainties for all the presented results are at
the 1σ level.

4.2.1 Energy dependence
In order to investigate the energy dependence of the CVD-diamond detector
the MC simulations were performed in three steps. First only the sensitive di-
amond volume of the prototype was modelled. This volume is defined by the
size and shape of the electrodes as indicated in figure 3.1 and more strictly
by the electric field between these electrodes. The guard ring helps to form
this field to produce a sensitive volume as close as possible to a cylinder.
Therefore, in the present calculations the sensitive volume is approximated by
a cylinder of the same diameter as the signal electrode, 2.75 mm, and of a
thickness equal to that of the diamond layer, 50 µm. A possible lateral protu-
berance of the electric field is disregarded. Such a diamond volume, without
electrodes, was simulated in the reference conditions, defined earlier, with
three photon beam qualities, 60Co, 6 and 18 MV. The results in terms of the
normalised dose are shown in figure 4.9. As expected, the response of the bare
diamond as a function of the average photon energy is almost constant within
statistical uncertainties and exhibit an energy dependence similar to the varia-
tion of the water/diamond mass collision stopping power ratio (around 1%).

In a second step, two 0.2-µm-thick and 2.75-mm-diameter silver electrodes
were added to the sensitive volume. As a consequence of metal/diamond in-
terface effects the absorbed dose to diamond is enhanced. As discussed in
chapter 3 this enhancement is larger at lower photon energies and thus a small
energy dependence for this simplified detector is apparent as displayed in fig-
ure 4.9.

The addition of the remaining components, i.e. the rest of the diamond sam-
ple, guard ring, graphite conducting glue, electrical leads, main cable and en-
capsulation (cf. figure 4.8), modifies further the absorbed dose to the sensi-
tive diamond volume. The response of the complete CVD-diamond detector
shown in figure 4.9 demonstrates a non-negligible energy dependence. The
difference in the relative absorbed dose to the sensitive volume of the device
for the 60Co and 18 MV beams is between 3% and 4% for the detector in both
angular orientations.
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Figure 4.9: Relative response of the prototype CVD-diamond detector in reference
conditions as a function of the average photon energy for 60Co, 6 and 18 MV beam
qualities with the field size 10×10 cm2 at the phantom surface. The detector was
simulated with 0◦ (N) and 180◦ (H) angular orientation. The results for the simpli-
fied geometry: only the diamond active volume (◦) and the active volume with silver
electrodes (♦) are also shown. The inverse of the mass collision stopping power ra-
tio water/diamond (×) and experimental data from figure 4.7 (0.8 Gy/min, angular
orientation 180◦) are included for comparison purposes.

The CVD-diamond detector was also simulated with monoenergetic pho-
ton beams of energies from 0.1 MeV to 5 MeV. The detector had a 0◦ angular
orientation and was simulated in the same reference conditions as in the case
of PSFs. The results depicted in figure 4.10 confirm the earlier prediction that
the energy dependence is much larger for low-energy radiation. For compari-
son purposes, the relative absorbed dose to the bare diamond is also included
in the figure. It is seen that in a wide energy range the response of the bare
diamond is independent of energy. The fall off visible at the photon energy of
0.1 MeV is probably due to the decreasing ratio of carbon/water photon mass
energy absorption coefficients (cf. figure 2.3).

4.2.2 Directional dependence
To investigate the dependence of the response of the CVD-diamond detector
on the direction of the impinging radiation the detector was rotated as shown
in figure 4.11 from 0◦ to 180◦ in 45◦ steps. In all angular orientations the cen-
tre of the sensitive volume was situated at the same point. A symmetrical re-
sponse is expected for angles from 180◦ to 360◦, and thus due to the very long
calculation time for the 10×10 cm2 field the detector was not rotated further.
Considering this field size, for 18 MV x rays a negligible directional depen-
dence is observed, below 1% and for 60Co beam the deviation of D̄d/D̄d,0◦

from unity was up to 1.7%, when the detector was oriented vertically with
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Figure 4.10: Relative response of the prototype CVD-diamond detector in reference
conditions as a function of energy of monoenergetic photon beams with a 10×10 cm2

field size at the phantom surface. The results are compared to the response for PSFs
of 60Co, 6 and 18 MV beam qualities with the same field size. The detector was sim-
ulated with 0◦ angular orientation. The results for the bare sensitive diamond volume,
pertaining to monoenergetic photons, are shown in the inset.

respect to the beam (Paper III). The largest directional dependence occurs for
6 MV x rays with the response lower by 1.9% at 90◦ and higher by 2.0%
at 180◦ as compared to the initial orientation (figure 4.12). The much higher
simulation efficiency with narrow field sizes makes possible a more detailed
investigation of the directional dependence for this beam quality. A simula-
tion of the 2×2 cm2 field size in the full range of rotation angles, i.e. from 0◦

to 315◦ in 45◦ steps was then performed. The response is, as expected, sym-
metrical with respect to the 180◦ orientation. The results obtained for 6 MV
x rays of 2×2 and 10×10 cm2 field sizes are compared in figure 4.12. A simi-
lar directional dependence is seen for both field sizes, however the deviations
are smaller for the 2×2 cm2 field, corresponding to 1.4% decrease at 90◦ and
1.5% increase at 180◦ of D̄d/D̄d,0◦ . As mentioned in Paper III, the appreciable
deviation for the 90◦ might be due to large inherent asymmetry of the dia-
mond layer in respect to the rotation axis. This is supported by similar results
obtained with the bare diamond (cf. figure 4.12).

4.2.3 Depth-dose curves and lateral beam profiles
The computerised TPSs used for tumour radiation therapy rely, as pointed out
in the Introduction, on accurate beam characteristics obtained by experimental
measurements. These characteristics are, among others, depth-dose curves and
lateral beam profiles measured in water. The central-axis depth-dose curves
pertaining to the PSFs of 60Co, 6 MV and 18 MV photon beams with a field
size of 10×10 cm2 at the phantom surface are presented in figure 4.13. The
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Figure 4.11: Cross section through the head of the CVD-diamond detector. The axis
and direction of rotation to study the directional dependence are shown. In the 0◦
angular orientation the detector as displayed is irradiated from below (cf. figure 4.8).

Figure 4.12: Directional dependence of the prototype CVD-diamond detector calcu-
lated for a 6 MV photon beam with a field size of 2×2 and 10×10 cm2 at the phantom
surface. For the smaller field size the dependence for bare diamond active volume is
shown as well.

histograms show the depth-dose curves calculated by PENELOPE in a homo-
geneous water phantom. The symbols show the normalised absorbed dose to
the complete CVD-diamond detector placed with the centre of its sensitive
volume at different depths in the same water phantom (on the beam central
axis) and simulated with the same PSFs. Generally there is good agreement
between simulation results obtained for water and the CVD-diamond detector.
However, it can be noticed that the detector somewhat overestimates the dose
at larger depths. The deviation from the histogram is up to 2% which is close to
relatively high combined uncertainties in these calculations, 1.5%. The over-
estimated response might be due to the influence of interface effects from the
metallic electrodes. This is because at larger depths there are relatively more
low-energy scattered photons for which interface effects are stronger (cf. sec-
tion 3.2).
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Figure 4.13: Central-axis depth-dose curves (histograms) calculated in water for three
photon beam qualities, 60Co, 6 MV and 18 MV, with a 10×10 cm2 field size at the
phantom surface. The relative absorbed dose to the CVD-diamond detector simulated
at different depths is shown with symbols. The detector had the standard angular ori-
entation, 0◦. The combined uncertainties are of the order of the symbol size or smaller
(typically 1.5%). Data are normalised to the dose maximum.

In IMRT, x rays are often used as narrow beams. It is then of a special
interest to examine whether the detector can correctly measure lateral beam
profiles for small fields. As an example, the results of calculations using PSF
for 6 MV x rays with 2×2 cm2 field size are presented (figure 4.14). The
detector was simulated at the depth of 10 cm in four angular orientations:
0◦, 90◦, 180◦ and 270◦ defined by the rotation as shown in figure 4.11. The
detector was simulated in varying positions along the x axis perpendicular
to the beam central axis. The obtained normalised results are compared to the
histogram for homogeneous water calculated at the same depth. The histogram
is normalised to the average absorbed dose to water for x from –0.2 cm to
0.2 cm.

As expected, the profiles obtained with the detector oriented horizontally
(0◦ and 180◦) have slightly broader penumbras as compared to the histogram,
because the diamond sensitive volume is relatively large in the lateral direc-
tion (2.75 mm diameter). On the other hand, the profiles for the vertical de-
tector orientations (90◦ and 270◦) have very narrow penumbras and there is
a good agreement between the results for the detector and the histogram for
water. This is to be expected as well, owing to the very small thickness of the
diamond layer, 50 µm. An important result is also that the response of the
detector is the same within the statistical uncertainties for both vertical orien-
tations. This indicates that the encapsulation of the detector does not introduce
any asymmetry to the measured lateral profiles.
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Figure 4.14: Lateral narrow beam profiles (histogram) calculated in water at the depth
of 10 cm for 6 MVx rays with a 2×2 cm2 field size at the phantom surface. The relative
absorbed dose to the CVD-diamond detector simulated at the same depth with varying
off axis positions is shown with symbols. Four angular orientations of the detector, 0◦,
90◦, 180◦ and 270◦, were simulated. The uncertainties are of the order of the symbol
size or smaller. Figure is adopted from Paper III.

4.2.4 Field-size dependence
Besides depth-dose curves and lateral profiles, another important characteris-
tic of a clinical beam, required by the computerised TPS is the output factor,
i.e. the total scatter factor, which includes both the head and the phantom
scatter. The output factor is defined as the dose at the reference point in the
phantom for a given field size normalised to the dose at the same point for
the reference, 10×10 cm2 field size. The absorbed dose varies with the field
size due to the different amount of secondary photons scattered from the treat-
ment head and the phantom, which contribute to the absorbed dose to a given
point in the phantom. The detector can measure properly the output factor if
the proportionality between its response and the actual absorbed dose to water
does not depend on the field size. In other words, the ratio D̄d/D̄w,ref should
be constant with the field size.

The CVD-diamond detector was simulated at the depth of 10 cm in wa-
ter for three beam qualities, 60Co, 6 MV and 18 MV, and field sizes at the
phantom surface varying from 2×2 to 10×10 cm2. The calculated dose ratio
D̄d/D̄w,ref increases with the field size by 1.3% for 60Co and 6 MV, and by
1.2% for 18 MV, within the investigated range of field sizes. An increase of
the absorbed dose to diamond with the field size as compared to the absorbed
dose to water is to be anticipated due to the small energy dependence of the
detector with silver electrodes. A higher contribution of scattered photons at
larger fields raises the low-energy part of the energy spectrum in water, and
therefore the enhancement of the absorbed dose to the sensitive volume of the
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detector caused by the metal/diamond interface effects is larger than in the
case of smaller fields.

4.2.5 Dependence of the detector response on scattered
photons
The field-size dependence of the normalised absorbed dose to diamond is mo-
tivated in subsection 4.2.4 by the influence of scattered photons. The change
in the relative contribution of these photons to the total energy spectra is not
that appreciable in the investigated range of field sizes. Hence, a rather small
field size dependence was reported. Larger field sizes would certainly raise
this dependence. However, simulations involving larger fields are unaccept-
ably time consuming. An alternative way to increase the contribution of scat-
tered photons was to make the detector bigger in the lateral direction in order
to expose part of it to the secondary radiation outside the primary beam. For
this investigation most of the components were disregarded and the simplified
detector consisting of only the 50-µm-thick cylindrical sensitive diamond vol-
ume with 0.2-µm-thick silver electrodes was simulated. The relative amount
of scattered photons reaching such a detector depends on its radius, in these
simulations varying from 0.7 to 15 cm. The detector was simulated using the
PSF of the 60Co beam conserving the reference conditions, i.e. it was placed
at the depth of 10 cm in a 30×30×30 cm3 water phantom and the field size
at the phantom surface was 10×10 cm2. Accordingly, the reference water vol-
ume of the same radii as the simplified detector was simulated to provide the
absorbed dose normalisation.

The results of these simulations in terms of dose ratio D̄d/D̄w,ref are dis-
played in figure 4.15(a). Inside the primary photon beam the relative contri-
bution of primary and secondary photons is rather constant as demonstrated
by Nilsson and Brahme (1981). Therefore for the detector with its radius not
exceeding the primary beam the normalised dose is also constant, within the
statistical uncertainties. When the radius of the detector increases further, its
outer part is exposed only to the secondary radiation (if the small amount of
primary photons transmitted through the collimator is disregarded). In this sit-
uation the fluence of scattered photons traversing the detector increases, while
the fluence of primary ones remains constant and thus the relation between
these two changes. This has an effect as observed in figure 4.15(a) as a mono-
tonic increase of D̄d/D̄w,ref.

A probable reason why the scattered photons cause the enhancement of the
relative absorbed dose to the sensitive diamond volume with silver electrodes,
D̄d/D̄w,ref, is that they raise the low-energy part of the electron energy spec-
trum. Energy spectra of electrons entering the sensitive diamond and reference
water volumes are plotted in figure 4.15(c) for various detector radii (R = 0.7,
3, 9, 12 and 15 cm). When R is larger than the field size there is an increase in
the low-energy part of these spectra in the two media. However, due to inter-
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Figure 4.15: (a) Radial dependence of the relative absorbed dose to the simplified
detector (50-µm-thick sensitive diamond volume with 0.2-µm-thick silver electrodes).
The centre of the sensitive volume and the respective reference water volume was
placed at the depth of 10 cm in a 30×30×30 cm3 water phantom on the central axis of
the 60Co beam with the 10×10 cm2 field size. (b) For the largest detector, R = 15 cm,
the relative dose was calculated separately in the inner and outer part as well as in the
penumbra (see text). (c) Energy spectra of electrons entering the sensitive diamond
and reference water volumes (solid and dashed curves, respectively) of the indicated
radii. (d) Electron energy spectra corresponding to a detector with R = 15 cm and
the reference water volume; the contributions from the parts inside and outside the
primary beam as well as from the transient region in the penumbra are also depicted.
In (c) and (d) the spectra for the whole energy range are shown in insets. In (c) all the
probability distribution functions (PDF) are rescaled to make the relative differences
in the low-energy part of the spectra evident. The uncertainties, if not shown, are of
the order of the symbol size.

face effects in the silver/diamond/silver structure this enhancement is larger in
diamond than in water. Therefore, the relative dose in figure 4.15(a) increases
with the radius of the detector. Such a distinct enhancement of the low-energy
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part of energy spectra pertaining to electrons passing from silver electrodes
into the diamond is probably due to the electron multiple scattering in the
thin silver layer. As a consequence of this process many electrons of reduced
energy enter the diamond volume.

In order to analyse the effect of primary and secondary photons on the
relative dose to the diamond with silver electrodes in more detail, the ab-
sorbed dose was scored separately in three regions of a 15-cm-radius sensi-
tive diamond volume and corresponding reference water volume: “inner” part,
“penumbra” and “outer” part. The inner part was inside the primary radiation
field (defined as the region where D > 0.9Dmax) and the outer one outside the
field (where D < 0.1Dmax). The penumbra was the transient region between
these two parts (where 0.9Dmax > D > 0.1Dmax). The energy spectra of pho-
tons crossing these selected parts of diamond are presented in figure 4.16. The
D̄d/D̄w ratio in the three regions is shown in figure 4.15(b). The highest value
is for the outer part exposed only to the scattered photons. The energy spec-
trum of electrons generated by these photons and entering the outer part of
the diamond is displayed in Fig. 4.15(d). This spectrum has relatively much
more low-energy electrons than the spectrum of electrons entering the inner
part (the same figure) and produced by both primary and secondary photons.
Since the silver/diamond/silver interface effects are more pronounced for low-
energy electrons, the relative dose to the outer part is significantly increased
as compared to the inner part. The energy spectrum of electrons entering the
entire diamond volume is also presented in Fig. 4.15(d). The contribution of
secondary photons from outside the field is evident as a somewhat elevated
low-energy part of this spectrum. Therefore, the relative amount of low-energy
electrons is larger than in the inner part of the detector. This explains the in-
crease of the relative dose to diamond when its area is larger than the field
size.

Electron energy spectra at various depths in the diamond
The results presented in figures 4.15(a) and 4.15(b) demonstrate that within
the primary photon beam the relative dose to diamond with silver electrodes,
D̄d/D̄w, does not change much. Therefore, the detector with a large radius, but
not exceeding the field size, can serve for some studies as a reasonable approx-
imation of the simplified detector with the real radius. This method was used
to investigate electron energy spectra at different depths in the 50-µm-thick
diamond layer with 0.2-µm-thick silver electrodes. The simplified detector
with radius R = 3 cm was chosen as representative for this investigation. It
was placed at the depth of 10 cm in a 30×30×30 cm3 water phantom on the
central axis of the 60Co beam with field size 10×10 cm2 at the phantom. The
spectra were recorded at the centre of the diamond layer and at the distance of
10, 20 and 25 µm in both directions from the centre. The obtained results are
presented in figure 4.17, where for clarity the spectra at a distance of±10 µm
are omitted as they overlap with the spectrum at the centre.
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Figure 4.16: Energy spectra of photons at the depth of 10 cm in a 30×30×30 cm3

water phantom for a 60Co beam with a field size of 10×10 cm2 at the phantom surface.
The spectra are recorded inside the primary beam (D > 0.9Dmax), in the penumbra
(0.9Dmax > D > 0.1Dmax) and outside the beam (D < 0.1Dmax).

Figure 4.17: Low-energy part of electron energy spectra inside the 50-µm-thick di-
amond, R = 3 cm, with 0.2-µm-thick silver electrodes. The spectra are recorded at
varying distances from the diamond centre. The solid line denotes a spectrum of all
electrons entering the diamond volume from outside, i.e. from both electrodes. The
spectrum recorded in homogeneous water (dashed line) is also presented for compari-
son. The detector was placed at depth 10 cm in a 30×30×30 cm3 water phantom and
irradiated with a 60Co photon beam with field size 10×10 cm2 at the phantom surface.
The uncertainties are of the order of the symbol size.

The perturbation of the electron fluence due to the silver electrodes oc-
curs only in their close vicinity and quickly diminishes when the distance
to the electrodes becomes larger (cf. the absorbed dose distributions in fig-
ure 3.13(a)). At the centre of the diamond the electron energy spectrum is the
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same as in the homogeneous water. The spectra at ±25 µm pertain to elec-
trons entering the 1-µm-thick scoring diamond layers adjacent to the silver
electrodes. These are electrons coming from silver at one side and the dia-
mond at the other side. On the other hand, the spectrum of electrons entering
the entire diamond volume (solid line without the symbols in the figure) in-
cludes only those coming from the two electrodes (transmitted from water or
backscattered in the silver towards the diamond), therefore the perturbation of
this fluence is the highest.

65



Chapter 5 Improved design of the detector

5. Improved design of the detector

The prototype CVD-diamond detector evaluated in section 4.2 with use of MC
techniques exhibited energy and angular dependencies of the order of a few
percent. In modern tumour radiation therapy, involving many narrow and mul-
tidirectional beams of modulated qualities, these dependencies are seen as de-
ficient factors in accurate absorbed dose determination. Therefore, an attempt
to optimise the design of this device is presented in this chapter. This task
was also addressed in Paper III. MC techniques represent a powerful tool for
such an optimisation, because the geometry and materials of the dosimeter
can be modified straightforward, and it is possible to simulate realistic radi-
ation sources. This task was carried out with the same MC code, PENELOPE

(version 2006), as in section 4.2.

5.1 Geometry
The geometry of the optimised design is presented in figure 5.1. The dimen-
sion of the diamond sample with the electrodes remains unchanged as regard
to the present prototype detector evaluated in section 4.2. The term “present
prototype detector” is used in this thesis when referring to the device described
in that section and whose geometry is based on the real prototype. Also the
distance of the main cable (with attached 0.5-mm-radius blobs of graphite
glue) to the closest edge of the diamond is the same as previously, 3 mm.
From pilot simulations this distance appeared to be sufficient, causing the ca-
ble to have no influence on the energy deposited in the sensitive volume of
the detector. The blobs of graphite glue on the diamond sample are reduced
and placed symmetrically on the signal and high-voltage electrodes. The ra-
dius of these blobs (and the blob on the guard ring) is around 0.4 mm and
their thickness 0.2 mm. No influence of such blobs on the energy deposited
in the diamond sensitive volume was found. The electrical leads connecting
the electrodes with the main triaxial cable are made of 0.1-mm-thick graphite
fibres, the same as in the previous design, but the main cable is shifted and
now its symmetry axis crosses the centre of the diamond. In this way the de-
vice is more symmetrical in respect to the rotation used for investigation of
the directional dependence (see figure 5.2).

The dosimeter is encapsulated in polystyrene (Rexolite R©) and entirely cov-
ered by a 15-µm-thick aluminium foil acting as a Faraday cage necessary
in real measurements. In the optimised design the amount of polystyrene is
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Figure 5.1: The optimised geometry of the CVD-diamond detector. (a) The outward
shape of the dosimeter. (b) The device with a cross section showing its interior. (c)
The head of the detector without the encapsulation. The diamond sample connected to
the main cable with graphite fibres and graphite glue is visible. The total length of the
dosimeter is 30 mm and the area of the 50-µm-thick diamond sample is 6×6 mm2.
The thickness of the polystyrene is 1 mm and the entire device is covered with a 15-
µm-thick aluminium foil.

largely reduced. Its thickness around the diamond and the main cable is 1 mm.
It was found by pilot simulations that such a thickness is enough to separate
the aluminium foil from the diamond with negligible influence on the ab-
sorbed dose to the sensitive volume of the detector.

The total length of the encapsulated optimised dosimeter is 30 mm. Its
stem has a diameter of 6.0 mm. To minimise the amount of polystyrene,
the head of the detector was made in form of a flat box with dimensions
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8.0×8.0×2.0 mm3. This geometry is also convenient for the lateral profile
measurements with a vertical orientation of the diamond. The detector is then
very thin when looking from the side of the beam direction.

In addition to the geometrical optimisation, two materials were considered
as a replacement for silver in the electrodes: graphite and aluminium. The
former, having the same atomic number as the sensitive volume, is thought
to be an ideal material for electrodes in diamond detectors. The feasibility of
graphite electrodes was discussed earlier in this thesis (section 2.1 and chap-
ter 3). On the other hand, aluminium could be used as an alternative for high-Z
metals with the advantage of an easily applicable thermal evaporation method
for electrode manufacture. Such electrodes form blocking contacts with dia-
mond which are unfavourable to be used with polycrystalline diamonds con-
taining many electronic traps. However, very recently, aluminium electrodes
were successfully applied to single crystal CVD-diamonds by Nesladek et al.
(2008). High-quality single-crystal diamonds are characterised by a low value
of the dose-rate linearity parameter ∆, which in the case of a very pure mate-
rial (having no electronic traps) tends to 0.5, meaning a high dose-rate depen-
dence. The use of blocking contacts for such crystals can restore the dose-rate
linearity. Good performance of single crystal CVD-diamonds with blocking
contacts was reported by Tranchant et al. (2008) indicating that such devices
are very promising as radiation detectors for clinical dosimetry.

5.2 Monte Carlo evaluation
The optimised design of the CVD-diamond detector was evaluated with the
aid of MC techniques in respect to its energy and directional dependencies.
The device was simulated in the reference conditions as specified in sec-
tion 4.2. In order to investigate the directional dependence the detector was
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Figure 5.2: Cross section through the head of the optimised CVD-diamond detector.
In order to study the directional dependence the detector was rotated around the sym-
metry axis of the main cable as shown in the figure. The device as displayed in this
figure, and in figure 5.1, in the 0◦ angular orientation is irradiated from below, i.e. with
the high-voltage electrode facing the beam.
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rotated around the symmetry axis of the main cable (see figure 5.2 and cf. fig-
ure 4.11). The simulations were performed essentially in the same way as it
was done for the present prototype detector in respect to the choice of simu-
lation parameters, absorption energies and variance-reduction techniques. To
this end, table 4.4 is applicable in this section as well, with the difference that
the electron/positron absorption energy in the polystyrene encapsulation of the
head is reduced to 1 keV due to the lower atomic number of the graphite and/or
aluminium electrodes (the charged particles have longer linear CSDA ranges
in graphite and aluminium than in silver). Moreover, the head of the optimised
device is smaller than the head of the present prototype detector (section 4.2).
Therefore, in order to adapt the new geometry to the existing structure of water
shells utilised in previous simulations, a supplementary innermost water shell
of thickness 0.2 cm is created between the head of the optimised detector and
the first water shell shown in figure 4.8(b). In this new innermost water shell
the electron/positron absorption energies are set to 50 keV and the remain-
ing energies/parameters are the same as in the first water shell in table 4.4.
The supplementary water shell replaces the part of polystyrene in the present
prototype detector.

The optimisation involving only the geometrical changes, without modify-
ing the material of the electrodes, resulted in a noticeable reduction of the
energy and directional dependencies. For the same silver electrodes the en-
ergy dependence, expressed as the difference between D̄d/D̄w,ref for 60Co and
18 MV x rays, dropped from more than 3%, for the present prototype detec-
tor (figure 4.9) to 2% for the optimised one (figure 5.3(a)). The directional
dependence was investigated only for 6 MV x rays and the field size 10×10
cm2, because for this beam quality the dependence was the largest in the case
of the present detector, reaching 2%. The directional dependence of the op-
timised detector was below 1%. These results indicate that, apart from the
electrode material, a proper geometry of the encapsulation is very important
for the dosimetric properties of the detector.

The replacement of silver by graphite as the electrode material, further de-
creased the energy dependence to about 1% in the investigated range of beam
qualities (see figure 5.3(c)), which is comparable to the slope of the inverse
of the water/diamond stopping power ratio. The directional dependence with
graphite electrodes was also below 1%. These findings confirm the earlier
statement that graphite is an ideal choice as electrode material for a diamond
detector.

Aluminium electrodes were tested as an alternative solution. The energy
dependence for the optimised detector with aluminium electrodes was similar
to that of the detector with silver electrodes, 2% (in the same range of beam
qualities), and the directional dependence was below 1% too. Nevertheless
the disturbance of D̄d/D̄w,ref is lower for aluminium than for silver electrodes
as compared to D̄d/D̄w,ref for the detector with graphite electrodes (see fig-
ure 5.3) The same holds for simplified detectors (i.e. the sensitive diamond
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Figure 5.3: Normalised response of the optimised CVD-diamond detector for photon
beams of different qualities: 60Co, 6 and 18 MV x rays, with the field size 10×10 cm2

at the phantom surface. The detector was placed in the reference conditions with the
standard, 0◦, angular orientation. Three electrode materials were considered: (a) silver,
(b) aluminium and (c) graphite. The responses of the complete detector is compared
to the response of the simplified detector (sensitive diamond volume with electrodes
only). The inverse of the water/diamond stopping power ratio is included in (c) for
comparison.

volume with electrodes only) as compared to the bare diamond. This implies
that from the dosimetric point of view aluminium electrodes are better than
silver ones. It can also be noticed that independent of the electrode material,
the encapsulation equally lowers the value of D̄d/D̄w,ref for all investigated
energies. Considering statistical uncertainties in the presented example, the
effect of the optimised encapsulation seems to have a systematic influence on
D̄d/D̄w,ref, i.e. the difference between responses of the complete detector and
the simplified one is rather constant as a function of beam energy.

The use of graphite electrodes is technologically more advanced and diffi-
cult than that of metallic ones, hence the vast majority of published articles
reports on diamond detectors with electrodes made of different metals. It was
discussed earlier (subsection 4.2.5) that high-Z metallic electrodes, silver in
this case, may cause significant distortion of the absorbed dose to the diamond
when the detector is exposed to low-energy photons, e.g. when assessing the
dose outside the primary photon beam. Such situations are frequently met in
modern tumour conformal radiation therapy techniques, often optimised in
respect to a certain acceptable dose to the organ at risk placed in the vicinity
of the target volume. If possible, the radiation beams are shaped and directed
to avoid these organs. Therefore the organ at risk is often outside the primary
beam but still exposed to scattered radiation. The precise knowledge of the ab-
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sorbed dose outside the primary beam is thus also important. The aim of the
MC calculations presented in subsection 4.2.5 was to investigate the response
of the simplified diamond detector with silver electrodes when a large amount
of scattered radiation is involved. This was done by increasing the radius of
the detector much beyond the geometrical field of the 60Co beam. In the same
way the response of the simplified detector with aluminium electrodes was
assessed here.

The results of these simulations for both electrode materials, silver and alu-
minium, are presented in figure 5.4(a) and compared to the normalised ab-
sorbed dose to the bare diamond. As shown earlier, the D̄d/D̄w,ref ratio in-
creases when the radius of the detector with silver electrodes exceeds the
primary photon beam. This is not observed for the detector with aluminium
electrodes, for which D̄d/D̄w,ref stays constant inside as well as outside the
beam and is the same as for the bare diamond within the statistical uncertain-
ties. These findings confirm that from the dosimetric point of view a low-Z
metal, like aluminium, is much more favourable as electrode material than
silver. This conclusion holds not only for situations when measurements are
carried out outside the primary beam but generally for any measurements with
low-energy radiation.

In addition to figure 5.4(a), the energy spectra of electrons entering the
diamond sensitive volume with and without aluminium electrodes as well as
the reference water volume are displayed in figures 5.4(b-d). These spectra
are compared to previously presented energy spectra for the diamond with
silver electrodes and the reference water volume. Generally the electron
spectra in water, bare diamond and diamond with aluminium electrodes
are nearly the same for all the radii indicating a negligible influence of the
aluminium/diamond interface on the mean absorbed dose to the diamond.
Unlike silver electrodes, aluminium ones do not affect significantly electron
energy spectra in the diamond.

To conclude, the MC simulations of the optimised CVD-diamond detector
with graphite electrodes demonstrate that such a design could meet the re-
quirements of modern radiation therapy as a tissue-equivalent dosimeter hav-
ing a very low energy dependence. Aluminium presents a good alternative for
graphite electrodes, if a simple method of electrode manufacturing is searched
for. The obtained results indicate that not only the electrode material, but also
the geometry of the encapsulation exerts a noticeable influence on the energy
dependence of the dosimeter. This influence is minimised in the optimised
design.
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Figure 5.4: (a) Dependence of the relative absorbed dose to the simplified detector,
only a 50-µm-thick sensitive diamond volume with and without 0.2-µm-thick alu-
minium or silver electrodes, on the radius of this detector. The centre of the sensitive
volume and the respective reference water volume was placed at the depth of 10 cm
in a 30×30×30 cm3 water phantom on the central axis of the 60Co beam with field
size 10×10 cm2. (b-d) Energy spectra of electrons entering the sensitive diamond or
reference water volume for selected radii (3, 9 and 15 cm).
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6. Collision stopping power of
electrons in diamond

Swift charged particles penetrating matter undergo inelastic interactions
where energy and momentum is transferred to the traversed medium.
These interactions lead to excitation and ionisation of the target atoms or
molecules. In the case of electrons or positrons, bremsstrahlung emission
also reduces the energy of projectile. The present chapter focuses on the
collision stopping power, Scol, which is the mean energy loss per unit path
length due to electronic excitation and ionisation. This is a fundamental
quantity in radiation physics. Following discussion will consider electrons
(and positrons), not heavy charged particles.

The most comprehensive tabulation of mass collision stopping powers,
Scol/ρ , is provided by the ICRU Report 37 (ICRU, 1984b)1. This reference
covers many of elements and compounds (tissues, plastics, etc.) widely
used in medical physics. The underlying formalism is based on the Bethe
formula, which yields values of Scol/ρ for the composition, mean excitation
energy and density-effect correction of the considered substance. In the case
of carbon, the tables of Scol/ρ pertain to graphite of two mass densities,
namely ρ = 1.7 and 2.265 g/cm3. However, no data are presented for
diamond. Diamond has a considerably larger density, ρ = 3.515 g/cm3,
and the dielectric properties of graphite, a conductor, differ from those of
diamond, an insulator, over a wide interval of energies. In particular, the
density of states of diamond is shifted towards higher energies. This suggests
that the mean excitation energy of diamond will be somewhat larger than
that of graphite. Besides, the density-effect corrections of both allotropic
forms of carbon are expected to differ. Briefly, in spite of having the same
composition, graphite and diamond should have different collision stopping
powers.

The topic addressed in Paper IV, which is still in a preliminary manuscript
form, is the calculation of Scol/ρ for electrons in diamond, within the ICRU
(1984b) formalism. The work in progress presented in Paper IV is motivated
by the growing interest in natural and CVD diamond detectors. The perspec-
tives of CVD-diamond dosimeters were discussed in the present thesis, and in
Papers II & III it is concluded that in the future these detectors may be rou-
tinely used for clinical dosimetry. On the other hand, detectors based on natu-

1The tables of (ICRU, 1984b) can be generated with the aid of the ESTAR program (Berger
et al., 2005).
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ral diamond already find applications in clinical dosimetry. In either case, MC
simulations of devices based on this material would benefit from a new data
set of mass collision stopping powers, since probably most general-purpose
MC codes assume that Scol/ρ of diamond and graphite are identical.

6.1 The Bethe formula
Let us consider a positron or an electron (mass me, charge ±e) moving
with velocity v and kinetic energy E in a given medium consisting of
N = NA ρ/Aw atoms or molecules, whose atomic and mass numbers
are Z and A, respectively, per unit volume; the atomic weight is given by
Aw = AmuNA, with muNA = 1 g/mol. The “standard” theoretical framework
to describe the collision stopping power of the considered projectile is
the relativistic plane-wave Born approximation. Supplemented with a few
additional approximations, Bethe was able to set up an analytical expression
for the mass collision stopping power (ICRU, 1984b; Leo, 1994; Turner,
1995):

Scol

ρ
= K

1
β 2

Z
A

[
ln

(
E2

I2
γ +1

2

)
+F±(γ)−δ (γ)

]
(6.1)

where β = v/c (c is the speed of light in vacuum),

γ = (1−β 2)−1/2 = 1+
E

mec2 (6.2)

is the relativistic dilation factor and

K ≡ 2π r2
e mec2/u = 0.1535 MeV cm2/g. (6.3)

The functions F± are (ICRU, 1984b)

F+(γ) = 2ln2− 1− γ−2
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[
23+

14
γ +1

+
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and

F−(γ) = γ−2
[

1− (2γ−1) ln2+
1
8

(γ−1)2
]

(6.5)

for positrons and electrons, respectively.
The only non-trivial quantities in Bethe’s formula are the mean excitation

energy I and the density-effect correction δ (γ). As will be described below,
both I and δ can be obtained from the optical properties of the considered
material.

The mass collision stopping powers of electrons and positrons tabulated in
the ICRU Report 37 (ICRU, 1984b) for a large number of elements and com-
pounds were strictly calculated from equation (6.1). This means that Z/A, I
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and δ (γ) are sufficient to characterise the collision stopping power of a sub-
stance within the formalism adopted in that ICRU Report. However, the ap-
proximations underlying the Bethe formula are only valid when E À I. Con-
sequently, the ICRU Report 37 tabulates Scol/ρ for E ≥ 10 keV.

6.1.1 Optical energy-loss function
Within linear-response theory, the reaction of the medium to the perturbation
caused by the passing charge is described by the complex dielectric func-
tion ε = ε1 + iε2, which depends on the wavenumber k and the angular fre-
quency ω; q = h̄k and W = h̄ω can be understood as the momentum and
energy transferred to the medium in each inelastic interaction. The quantity
that determines the stopping force exerted on the projectile (i.e. the collision
stopping power) is the energy-loss function Im[−1/ε(q,W )]. When Bethe’s
high-energy approximations are introduced, it turns out that only the optical
energy-loss function (OELF) Im[−1/ε(W )]≡ Im[−1/ε(q = 0,W )] is required
to determine I and δ (γ) and, therefore, Scol/ρ . This constitutes a significant
simplification of the formalism, because for most materials information on the
dielectric properties at q 6= 0 is not available.

6.1.2 Mean excitation energy
The mean excitation energy of a substance is usually obtained from exper-
iments in which the measured collision stopping power of swift protons or
alpha particles is fitted to the Bethe formula for heavy charged particles (in-
cluding shell, Barkas and Bloch corrections) where I is an empirical parame-
ter (see e.g. Ziegler, 1999). In fact, most of the I-values recommended in the
ICRU Report 37 (ICRU, 1984b) are based on this methodology. Alternatively,
I can be calculated from the OELF (Inokuti and Smith, 1982; ICRU, 1984b)
through the relation

ln I =
∫ ∞

0 dW W Im[−1/ε(W )] lnW∫ ∞
0 dW W Im[−1/ε(W )]

. (6.6)

6.1.3 Density-effect correction
When a relativistic charged particle moves through a dense medium, the per-
turbation induced at large distances is screened by the presence of the po-
larisable atoms. The stopping force on the passing projectile is reduced ac-
cordingly, implying a lower collision stopping power as compared to that of a
gas with the same composition. Hence this decrease in Scol is called Fermi’s
density-effect correction. It depends on the specific dielectric properties of
the traversed material and is also a function of the particle’s speed. Fermi’s
density-effect correction for the collision stopping power has been studied
extensively in the past (Sternheimer, 1952; Fano, 1963; Sternheimer et al.,
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1982). It can be evaluated from the OELF (Fano, 1963; Inokuti and Smith,
1982; ICRU, 1984b) by means of

δ (γ) =
2
π

E−2
p

∫ ∞

0
dW W Im

[ −1
ε(W )

]
ln

(
1+

L2

W 2

)
− L2

E2
p

γ−2, (6.7)

where the nominal plasmon energy (i.e. corresponding to Z free electrons per
atom) is given by

Ep =
[
4π(h̄2e2/me)N Z

]1/2
. (6.8)

The auxiliary function L(γ) is obtained by solving the implicit equation

F (L) =
2
π

∫ ∞

0
dW W Im

[ −1
ε(W )

]
1

W 2 +L2 = γ−2. (6.9)

These functional relations constitute a parametric representation of the vari-
ation of δ with γ . Inokuti and Smith (1982) presented the numerical proce-
dures needed to calculate the density-effect correction from equations (6.7)
and (6.9). The function F (L) decreases monotonically with L, and thus the
root of L(γ) exists only when γ−2 < F (0); otherwise it is δ = 0. The func-
tion L(γ) starts with zero at γ = [F (0)]−1/2 and grows monotonically with
increasing γ .

Simplified calculation of the density-effect correction
For most materials, experimental information on the OELF is rather scarce.
Besides, in general-purpose MC codes it is convenient to implement a model
of the OELF that can be applied to any element or compound. In this context,
a simplified way to calculate δ (γ) was proposed by Sternheimer (1952) as
follows. First, it is assumed that I is known from other sources, e.g. the afore-
mentioned energy-loss experiments with protons or alpha particles. Then the
continuous OELF is replaced by the analytical expression

Im
[ −1

ε(W )

]
= ∑

j
f j

π
2

E2
p

Z
1

W
δ (W −Wj), (6.10)

where the sum extends over the various atomic shells. The oscillator strengths
f j are set equal to the number of electrons in each shell, which is 2 j +1 for a
closed n` j shell. In turn, the resonance energies Wj of the oscillators are ob-
tained imposing that, via equation (6.6), the accepted I-value is recovered. The
specific recipe is described in detail in references (ICRU, 1984b; Sternheimer
et al., 1984; Salvat et al., 2006). With these ingredients, equations (6.7) and
(6.9) simplify to

δ (γ)≡ 1
Z ∑

j
f j ln

(
1+

L2

W 2
j

)
− L2

E2
p

γ−2 (6.11)
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and

F (L) =
E2

p

Z ∑
j

f j

W 2
j +L2 (6.12)

respectively, which are much easier to handle. This is the strategy adopted by
ICRU Report 37 (ICRU, 1984b) and implemented in the PENELOPE MC code
(Salvat et al., 2006) to calculate the density-effect correction for any substance
on condition that its I-value is known.

6.2 Modelling of the OELF of diamond
The six electrons per atom in diamond can be split into two groups, according
to their binding energy. The two K-shell electrons are tightly bound to the nu-
cleus and, therefore, barely disturbed by the other electrons and neighbouring
atoms. On the other hand, the four valence-band electrons are weakly bound
and display optical and dielectric properties that are completely determined
by the solid-state environment. It is then convenient to write the OELF of dia-
mond as a sum with two separate contributions (Ashley, 1982; Garcia-Molina
et al., 2006),

Im
[ −1

ε(W )

]
= Im

[ −1
ε(W )

]

K
+ Im

[ −1
ε(W )

]

vb
. (6.13)

The contribution of the K shell to the OELF can be modeled by means of
its atomic optical oscillator strength distribution d fK/dW (Ashley, 1982),
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ε(W )

]
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π
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p

Z
1

W
d fK(W )

dW
. (6.14)

The optical oscillator strength may be evaluated numerically from a self-
consistent potential of the carbon atom. Instead it is possible to use tabulated
photoelectric cross sections. The relationship between both quantities is

d fK(W )
dW

=
mec

2π2e2h̄
σph,K(W ). (6.15)

For the weakly-bound electrons one must rely on experimental information
to obtain their contribution to the OELF. In parts of the OELF it is practical
to fit an analytical formula to the existing experimental data, or use the an-
alytical fit to predict the behaviour of the OELF in intervals of W where no
measurements exist. For instance, Garcia-Molina et al. (2006), expressed the
OELF of diamond (and other allotropic forms of carbon) as a superposition of
Drude-type OELFs,

Im
[ −1

ε(W )

]

vb
= Θ(W −Eg) ∑

j
A(D)

j
Γ jW

(W 2−W 2
j )2 +Γ2

jW 2 , (6.16)
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where the Heaviside step function [Θ(x) = 0 if x < 0, Θ(x) = 1 if x ≥ 0]
sets the OELF to zero at W < Eg = 5.5 eV (the band gap of diamond) be-
cause ε2(W )¿ 1. Parameters Wj and Γ j are related to the position and width,
respectively, of the peaks (or shoulders) visible in the experimental OELF,
whereas the A(D)

j give the corresponding strengths.
Paper IV describes in detail how one may come up with an OELF for dia-

mond that is in agreement with the few existing experimental data and, more-
over, fulfills certain restrictions in the form of sum rules that any realistic
OELF has to fulfil. The implications of this OELF as regards the mean excita-
tion energy and density-effect correction of diamond can be found in Paper IV
as well (however the calculation of δ (γ) is still work in progress). To conclude,
it might be illustrative to compare the OELFs of graphite and diamond. Fig-
ure 6.1 shows the respective OELFs for the valence-band electrons, calculated
with equation (6.16) and parameters from Garcia-Molina et al. (2006), show-
ing the displacement of the diamond OELF towards higher energy losses.

Figure 6.1: OELFs of diamond (continuous curve) and graphite (dashed curve) eval-
uated from equation (6.16) with parameters from Garcia-Molina et al. (2006).
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The main conclusions of the present thesis are:

• When high-Z metallic electrodes are used in a diamond detector,
interface effects must be taken into account as a source of energy
dependence for the detector response. The presence of electrodes can
cause an enhancement of the mean absorbed dose to the sensitive dia-
mond volume with varying magnitude as a function of photon beam energy.

• Generally, the effect of electrodes increases with their thickness and
atomic number, but decreases with the diamond thickness and the photon
beam energy. However, if the thicknesses of diamond and electrodes
are so small that there is lack of charged-particle equilibrium in all the
investigated layers, the interface phenomena become very complex
and the energy deposited in the sensitive diamond volume is affected
by a superposition of separate contributions from several interfaces.
Therefore, to analyse the dependence of the absorbed dose to the diamond
on all the aforementioned factors, MC techniques are the method of choice.

• It was observed that electrodes made of graphite have a negligible
influence on the mean absorbed dose to diamond in the investigated ranges
of diamond thicknesses and photon beam energies. Therefore it can be
postulated that, from the dosimetric point of view, graphite is the most
suitable material for the manufacture of electrodes in a diamond detector.
It was also found that low-Z metals, like e.g. aluminium or beryllium,
could represent a reasonable alternative for graphite as electrode material,
because in realistic detectors it is often more practical to use metallic
electrodes.

• Other components in the vicinity of diamond (e.g. glue and wires)
should also be taken into account as a possible source of interface effects
distorting the absorbed dose to the diamond. The use of silver conductive
glue to maintain the electrical connection in the diamond detector is
strongly discouraged.

• The housing of the diamond detector, even if made of nearly
water-equivalent material, should be carefully designed as its geometry
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may have a significant influence on the energy deposited in the sensitive
volume of the detector. The MC techniques were demonstrated to
constitute a practical tool for optimising the detector design in respect
to its geometry and employed materials. A properly designed diamond
detector will have negligible energy dependence.

• The potential suitability of the prototype CVD-diamond detector for
clinical radiotherapy was demonstrated with the use of MC techniques.
The prototype detector was shown to have an excellent spatial resolution,
which is very important in measurements of lateral narrow beam profiles.
However, for the investigated photon beam qualities, the energy and
directional dependencies of the prototype were of the order of 3% and 2%,
respectively. These dependencies were reduced to around 1% in both cases
after optimising the detector geometry and replacing silver electrodes with
graphite electrodes.

• In the measurements performed with real CVD-diamond prototype
detectors the response was limited by a high leakage current, detrimental
priming effect, a slow signal rise time and stabilisation as well as
dependence on the irradiation history. However, some improvements
in these operative properties were found in the latest prototype. It was
demonstrated that with a carefully performed experiment a reproducible
signal can be obtained with this detector. Although the best of the detectors
investigated in this thesis still does not meet rigorous clinical dosimetry
requirements, the observed improvement and recently published works by
other authors indicate that further development of CVD-diamond detectors
with parameters suitable for radiotherapy is possible. Due to properties
like close tissue-equivalence, very small size, high resistance to radiation
damage, as well as small dose-rate dependence, the CVD-diamond is a
very promising material for dosimetry and has a potential to become an
excellent and inexpensive detector for modern radiation therapy, which
in the future may replace nowadays routinely-used silicon diodes and
ionisation chambers.

• An I-value equal to 88 eV is obtained for diamond. It was calculated from
the ‘synthetic’ optical energy-loss function (OELF) described in Paper IV.
This mean excitation energy is higher than the one recommended by the
ICRU for graphite, I = 78 eV. The difference is to be expected since the
OELF of diamond is shifted towards larger energy losses as compared
to that of graphite. The new I-value for diamond coincides well with the
one used for this material in the MC calculations presented in the thesis
and which was a preliminary estimate based on a simpler analytical OELF
model.
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