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ABSTRACT

Although diamond has been studied for dosimetry principally due to its near-tissue equivalence, its use
in both low-energy X-rays and high-energy electron beams has not been reported. This report is based
on dosimetric studies of a synthetic diamond probe when subjected to diagnostic mammography
X-ray photons and megavoltage electron therapy beams. The probe, constructed using entirely tissue-
equivalent Perspex body, was configured for radiation dose measurement in either ‘edge-on’ or ‘flat-on’
exposure geometry without having first to re-orient the diamond within the body of the detector, and it
was designed to be compatible with commercial electrometer systems. The radiation response of the
diamond tested showed negligible energy dependence; its minimal background signal, high sensitivity
(547.52nC Gy~ 'mm~3) and suitability for measurements in small radiation fields of steep dose
gradients due to its small size make it suitable for clinical dosimetry. The presented probe has the

Megavoltage electron therapy beams

potential advantage of replacing conventional radiation dosimeters.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

To qualify as an ideal radiation dosimeter, the radiation sensing
element and its housing should have attenuation properties similar
to that of human tissue. It should also be possible to use the detector
in small radiation fields where high spatial resolution is required.
Conventional radiation dosimeters commonly used for photon and
electron dosimetry, the air ionization chambers and silicon diodes
have a range of applicability limited by the design and intrinsic
properties of their respective detector elements (Heydarian et al.,
1993). While ionization chambers are not suitable when high spatial
resolution is required, silicon diodes have a significant disadvantage
of being non-tissue equivalent (Zs;=14), (Bjork et al., 2000). Separate
shielded and unshielded diodes are also required for photon and
electron dosimetry, respectively (Heydarian et al., 1993). Two types
of air ionization chambers are recommended for the dosimetry of
megavoltage electron therapy beams, cylindrical chambers and
plane-parallel chambers (Rikner, 1985; AAPM, 1983). However, the
displacement and electron fluence corrections for cylindrical cham-
bers, the size and angular dependence of plane-parallel chambers,
and the energy dependence and air density corrections of air
ionization chambers are some of the drawbacks.

* Corresponding author. Tel.: +27 11717 6878; +27 11 351 7001.
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Diamond, whether natural or synthetic, is attractive for use as a
radiation dosimeter because of its desirable physical and dosimetric
properties. The near-tissue equivalence of diamond (Zc=6 is close
to the effective atomic number of human tissue, Z.g="7.4), its high
sensitivity and high spatial resolution make diamond detectors
suitable for clinical radiation dosimetry (Whitehead et al, 2001;
Van der Merwe and Keddy, 1999; Heydarian et al., 1993; Cirrone
et al,, 2006; Bruzzi et al., 2000). With a high atomic number density of
1.75 x 10?3 atoms cm 3 (Mainwood, 2000) corresponding to a molar
volume of 3.44cm®>mol~! and a mass density of 3.515gcm 3,
diamond detectors with sizes of a few mm? can be fabricated for
‘pin-point’ radiation dose measurements, which is an advantage over
large volume detectors. Although Heydarian et al. (1993) suggested
that, unlike silicon diodes, a single diamond detector could be used
for the dosimetry of both photon and electron beams, Heydarian et al.
(1993) evaluated the dosimetric performance of a natural diamond
detector in megavoltage electron beams only.

Thus, although the use of diamond detectors in radiotherapy
and diagnostic radiology has been investigated, their use as a
single probe for dosimetric measurements in low-energy diag-
nostic mammography X-rays and high-energy electron therapy
beams has not been reported. This paper reports on the dosi-
metric response of a synthetic diamond probe to both beam types.
The probe, constructed entirely of tissue-equivalent material, was
designed to be compatible with commercial electrometer systems
and it was configured to measure radiation in both ‘edge-on’ and
‘flat-on’ exposure geometries.
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While natural diamond detectors are in use in a number of
hospitals, the main drawbacks of using natural diamond are: no
two natural diamonds can perform in an identical fashion (Yacoot
et al., 1990); high cost and long delivery times due to the scarcity
of suitable stones; poor reproducibility; and the lengthy selection
and testing processes of diamond stones for suitable detection
properties (Guerrero et al.,, 2004, 2005, 2006) as it has been
established that the response of a diamond crystal to radiation is
dependent on the types of impurities (most arguably nitrogen)
and their concentrations within the crystal. Nam et al. (1991)
established that single substitutional nitrogen in diamond is
responsible for many performance characteristics of diamond
radiation detectors. Diamonds with high nitrogen concentration
tend to have much lower shallow trap concentrations than those
synthesized with lower nitrogen levels (Nam, 1989). Yacoot et al.
(1990) noted that the best quality diamond would give the
highest photocurrent and that synthetic diamond with nitrogen
content < 100 ppm is good. It is now possible to synthesize
diamond with controlled amount of impurities.

2. Experimental procedures and results
2.1. Diamond sample

A synthetic, single crystal, high-pressure high-temperature
(HPHT) diamond crystal with a nominal volume of 48.63 mm>
(7.94 x 6.38 x 0.96 mm>) was investigated. The diamond sample
has been prepared, characterized and metallized on both surfaces.
Some of the standard analysis techniques used for diamond char-
acterization were Raman spectroscopy, which evaluates the material
quality of diamond crystals, showed the characteristic Raman line
occurring at 1332.8 cm~! with a Raman width of 2.27 +0.04 cm !,
and electron spin resonance (ESR), which determines the concentra-
tion of single substitutional nitrogen impurities, gave a value of
130 + 2 ppm. Ohmic contacts were produced by evaporating under
vacuum, onto opposite surfaces of the diamond successive layers of
Ti/Pt/Au metals. The metal thicknesses were 200, 200 and 2000 A for
Ti, Pt and Au, respectively, and the contacts cover the entire area of
the two opposite surfaces except at the peripheral edges of the
diamond. Extra precautions were taken to ensure that the peripheral
edges are not contaminated by any of the metallic layers to avoid
short-circuiting between the contacts.

2.2. Probe design and construction

Fig. 1 shows a schematic cross-section of the synthetic diamond
probe. It is constructed using entirely tissue-equivalent material
with four rods (electrodes) (Nam et al., 2004; Nam and Ade, 2011)
providing electrical contacts. The diamond is sandwiched between
two insulating boards each of size 10 x 10 mm? and each with
conductive surfaces on opposite surfaces. Conductive adhesive
provided electrical connections between the metallized diamond
and the four electrodes. Electrical connections to external electro-
nics were carried out through the use of a standard triaxial
connector. Gold plated conductive clips with wires attached were
used to connect onto the rods. The other ends of the wires were
soldered directly onto the triaxial connector. The entire body of the
probe is made up of Perspex and it is coated with a thin opaque
layer (Nam and Ade, 2011) to eliminate the effects of ambient light.
The probe is designed for radiation detection in either “edge-on” or
“flat-on” exposure geometry. In the ‘flat-on’ orientation, the
incident radiation is normal to the face of the diamond wafer,
consequently a larger area but reduced attenuation depth. In the
‘edge-on’ orientation, the incident radiation is normal to a wafer
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Fig. 1. Schematic cross-section of the synthetic diamond probe showing electrical
connections. The top electrodes, designated 1T and 2T, provide shielding and
guarding while the bottom electrodes, 3B and 4B, are connected to ‘Input high’ and
‘Guard’, respectively.
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Fig. 2. ‘Edge-on’ (left) and ‘flat-on’ (right) exposure geometries of the diamond
probe.

edge, and thus a smaller area but greater attenuation depth as
shown in Fig. 2.

A customized Perspex phantom and a circular Perspex build-up
cap were also constructed for the probe for in phantom and free-in
air angular dependence measurements, respectively. A Perspex
probe cover has a window, which could be used for the direct
measurement of incident radiation, that is, at zero depth. When the
probe cover is in position, the window is exactly above the diamond,
and it allows for zero depth measurement in the ‘edge-on’ orienta-
tion only. Should the need be to avoid the window acting as an air
cavity when probe is used in the solid phantom, the cover could be
replaced with another one that has no window. It should be pointed
out that there are no air cavities surrounding the diamond—the
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diamond is completely encapsulated with Perspex and surrounded
by the two insulating boards. Any unwanted signal generated other
than that within the diamond by impinging radiation is directed
away to the guard input (Fig. 1). Also, the probe’s design is such that
when placed in the solid phantom, the gold-plated conductive clips
and wires are positioned out of the phantom/radiation field and are
not irradiated.

A cylindrical prototype version of a CVD diamond probe that
allows for radiation detection in both ‘edge-on’ and ‘flat-on’
exposure geometries has been designed and constructed by
Assiamah (2004) and Assiamah et al. (2007) for mammography
radiation dose measurements. From the results of the dosimetric
studies, it was established and concluded that the ‘edge-on’
exposure geometry had higher attenuation levels than the
‘flat-on’ geometry and ought to be the exposure geometry of
choice for radiation dose measurements in the mammography
X-ray energy range. In addition, because both ‘edge-on’ and ‘flat-
on’ geometries exhibited comparable attenuation levels at lower
X-ray energies, ‘flat-on’ orientations would be appropriate for use
at lower beam energies ( < 10 keV).

2.3. Apparatus

The response of the synthetic diamond probe was characterized
in both mammography X-ray and megavoltage electron therapy
beams. A Senographe 500 T mammography X-ray machine was
used for measurements in X-rays in the energy range 25-32 kVp.
Preliminary studies in mammography X-ray beams included mea-
surements of the signal-to-noise (SNR) ratio of the diamond probe,
response of the probe with varying applied voltage for polarizing
voltage selection, response of the probe as a function of X-ray tube
loading (mAs) and nominal X-ray tube voltage (kVp). The measure-
ments were done using the ‘edge-on’ exposure geometry with the
diamond probe in its customized Perspex phantom at the nominal
distances used in routine mammography.

The response of the probe was also characterized in mega-
voltage electron therapy beams from a clinical linear accelerator
(CLINAC) (Siemens Primus) in the energy range 6-14 MeV at the
Charlotte Maxeke Johannesburg Academic Hospital (CMJAH).
Dosimetric characterization included response of the probe with
varying applied voltage for polarizing voltage selection, linearity
of the probe’s response with absorbed dose, energy dependence,
percent depth-ionization and angular response measurements,
and measurement of the output of the CLINAC with the probe. For
all the measurements in electron beams, except for angular
dependence measurement done free-in air, measurements were
done at the depth of dose maximum d,.x, With the probe in its
customized Perspex phantom using a dose rate of 3 Gy/min, a
100 cm source-to-surface distance (SSD), a 10 x 10 cm? field size
and the dose (determined by number of monitor units (MU)
where 100 MU=1 Gy) was either fixed or varied where necessary.

For all the measurements, the probe was connected to a PTW-
Freiburg UNIDOS E electrometer system. Unless otherwise specified,
the charge or current measured by the electrometer is defined as the
response of the probe. UNIDOS E, operated manually in the ‘charge’
mode (except for SNR measurements where it was operated in
‘current’ mode), was set to ranges “Med” for X-rays measurements
and “High” for electron beam measurements except for measure-
ments involving polarizing voltage selection where UNIDOS E was
set to range “Med” for both radiation types. For X-rays, the response
was measured over a time interval of 10 s. For electron beams, the
charge integration time, depending on the number of MU used,
corresponded to the irradiation time of the CLINAC. In all the
measurements, the incident radiation was perpendicular to the face
or edge of the probe, and the effective point of measurement was
assumed to be the physical center of the probe.

2.4. Dosimetric response of the probe to mammography X-rays

2.4.1. Signal-to-noise ratio (SNR) of the synthetic diamond probe

An important factor to consider in the dosimetric character-
ization of a solid state detector, especially a diamond detector
with its relatively high impedance, is minimization and stabiliza-
tion of the background signal since its effect may obscure the
measured signal. Kania et al. (1993) pointed out that leakage
currents and their fluctuations are an undesirable noise source in
radiation dose measurements and can limit the magnitude of the
applied electric field. In this study the background signal as a
function of applied voltage of the diamond probe was investi-
gated in light and dark conditions in the absence of irradiation.
When exposed to ambient light the magnitude of the background
signal, I, was in the range 50 pA<I, <100 pA at all positive
polarizing voltages. It was observed that exposing the probe
repeatedly to mammography X-rays only marginally reduced
the background signal. With the Perspex body of the diamond
probe coated with a thin opaque layer to eliminate the effects of
ambient light, the background signal reduced to <3 pA and it
was found to vary linearly with applied voltage (Fig. 3).

The SNR (calculated as signal-to-background) as a function of
applied voltage (0-400 V) of the probe was measured in mam-
mography X-ray beams at 200 mAs and 30 kVp. With the probe
placed in its customized Perspex phantom and connected to
Unidos E, the noise was recorded and the response (signal plus
noise) of the probe as a function of applied voltage when
irradiated was measured. Fig. 4 shows the variation in the SNR
with applied voltage.

2.4.2. Selection of polarizing voltage
The response of the synthetic probe as a function of positive
polarizing voltage in the range 0-400V was measured for
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Fig. 3. Background signal of the diamond probe as a function of applied voltage.
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Fig. 4. Signal-to-noise ratio (SNR) of diamond probe as a function of applied
voltage.
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mammography X-rays to determine the operating voltage to
be used. The response was measured in both the ‘edge-on’ and
‘flat-on’ orientations at tube settings of 30 kVp and 200 mAs.
Saturation in response occurred at polarizing voltage in the range
100-400 V (Fig. 5). This saturation region corresponds to the ion
saturation region in which ionization chambers are convention-
ally operated. +200V was arbitrarily chosen as the bias voltage
for all the measurements. The lower response of the ‘flat-on’
orientation in X-rays compared to the ‘edge-on’ orientation
confirms the fact that the ‘edge-on’ exposure orientation is
suitable for dose measurements in mammography rather than
the ‘flat-on’ orientation (Assiamah et al., 2007).

2.4.3. Response of the probe to X-ray tube loading and tube voltage
variations

The response of the probe as a function of X-ray tube loading
(mAs) and tube voltage (kVp) variations was measured. This was
carried out for the former, at constant tube voltages of 26, 28 and
30kVp and the latter at constant tube loadings of 100 and
200 mAs, the results of which are shown in Figs. 6 and 7. The
measurements were intended to assess the response character-
istics of the probe with dose since mAs and kVp are two
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Fig. 5. Response of probe as a function of applied voltage at 200 mAs and 30 kVp.
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Fig. 6. Response of the diamond probe to changes in mAs at 26, 28 and 30 kVp
settings.
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Fig. 7. Response of the diamond probe to changes in kVp at 100 and 200 mAs tube
loadings.

determinants of patient dose and image quality (contrast) in
mammography, with patient dose increasing either with an
increase in mAs or kVp. It is well known that scatter radiation
increases the patient dose and degrades the image contrast. As
Compton scatter accounts for most interactions above 28 kVp,
tube setting between 25 and 27 kVp is generally recommended as
it gives the highest possible image contrast while maintaining an
acceptable radiation dose to the patient. In general the lower the
kVp in a Mo/Mo target/filter combination in screen-film mammo-
graphy, the better the image contrast.

2.5. Dosimetric response of the probe to megavoltage electron
therapy beams

2.5.1. Selection of polarizing voltage

The response of the synthetic diamond probe as a function of
positive polarizing voltage in the range 0-400 V, measured in the
‘flat-on’ exposure geometry, was studied also in a 7 MeV electron
therapy beam and is shown in Fig. 8. Similar to the response
measured in X-rays (Fig. 5), saturation in response also occurred
at polarizing voltage in the range 100-400V, and the probe was
again biased at +200 V.

2.5.2. Dose linearity, sensitivity and energy independence

The response of the diamond probe with absorbed dose on
exposure to 7 and 14 MeV electron beams was studied in order
to evaluate its linearity and energy dependence, and to determine
its sensitivity. The delivered dose was varied from 1 to 7 Gy
(by varying monitor units from 100 to 700). Measurements were
done at dpax, With the diamond probe in its customized Perspex
phantom. Fig. 9 shows a linear absorbed dose response in the
energy range, 7-14 MeV and negligible energy dependence as

200 -
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Fig. 8. Response of probe as a function of applied voltage for a 7 MeV electron
therapy beam.
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Fig. 9. Linearity of response of the diamond probe with absorbed dose for 7 and
14 MeV electron therapy beams.
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depicted by the superimposition of the two graphs. This gives an
advantage over air ionization chambers, which show energy
dependence, needing energy corrections for dose measurements.
It is well known that high atomic number metals used to form
contacts (Laub et al. 1999; GOrka et al., 2008) and air cavities
could introduce some energy dependence. As pointed out in
Sections 2.1 and 2.2, the metallic contact layer is an angstrom
layer with negligible absorption and scatter and there are no air
cavities surrounding the diamond. The observed small offset
below 2 Gy could therefore be attributed to the high atomic
number of the metallic conductive adhesive used to provide
electrical contacts onto the diamond surfaces. This could be
improved by replacing the metallic conductive adhesive with
carbon based adhesive.

The sensitivity of the detector is defined as the collected
charge, corrected for leakage, per unit absorbed dose and sensing
volume (GOrka et al, 2008). Based on the assumption that
ionization takes place in the diamond only and taking the
detector volume of 48.63 mm > as the active volume, the slope
of Fig. 9 (26.626 nC Gy ') gave a figure of 547.52 nC Gy~ ! mm 3
sensitivity per unit detector sensing volume at 14 MeV electron
therapy beam.

2.5.3. Depth—dose curves
Fig. 10(a) and (b) shows the depth ionization data taken with
the diamond probe in both the ‘edge-on’ and ‘flat-on’ exposure
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Fig. 10. Normalized depth—dose ionization in Perspex obtained with the syn-
thetic diamond probe compared with depth—dose curves (energy-corrected
ionization) as measured with the calibrated Markus chamber for (a) 7 MeV
electron beam and (b) 14 MeV electron beam.

geometries compared with depth dose data generated from
measurements with a calibrated 0.055cc Markus chamber
(PTW-Freiburg—Type 23343) for exposures to 7 and 14 MeV
therapy electron beams using a fixed dose of 0.5 Gy (50 MU).
A 100cm SSD was used with an applicator defined field of
10 x 10 cm? for the measurements, which were taken in a Perspex
phantom with the diamond probe, and a water phantom with the
Markus chamber. Since the Markus chamber (acting as a refer-
ence for this study) shows energy dependence according to the
Bragg — Gray cavity theory, its response has been corrected with
the water to air restricted mass collision stopping power ratios,
taken from Table V of the AAPM TG 21 Protocol (AAPM, 1983).
The results show that, with the diamond probe, unlike exposure
to mammography X-rays, the ‘flat-on’ exposure geometry is more
suitable for relative electron dosimetry as the depth ionization
data agreed favorably with the energy-corrected depth-dose data
from the Markus chamber. The reason for difference in response
between the ‘edge-on’ and ‘flat-on’ orientations may be attributed
to an area effect termed the ‘differential effect’ of energy deposi-
tion as a result of a difference in surface area. With its larger
surface area, more electron energy is deposited on the flat surface,
resulting in creation and collection of more charge carriers by the
electrodes. On the other hand, the diamond edge with a smaller
surface area results in less electron energy deposition leading to a
smaller creation of charge carriers and lower collection efficiency.

2.5.4. Directional response

“When performing dose profile measurements, the obliqueness
of incidence of electrons on the detector increases with off-axis
distance so the directional response of the detector is important.
Directional response is also important in depth-dose measure-
ments because the angular distribution of electrons broadens with
depth,” (Heydarin et al., 1993). The angular dependence of the
diamond probe was measured for a 14 MeV electron beam using
50 MU. The probe was positioned at the machine isocenter and
irradiated free-in air with its build-up cap attached. A 10 x 10 cm?
applicator was used and the response of the probe was measured
as a function of gantry rotation at intervals of 15° from 0° to 105°
to avoid collision between the gantry and the experimental set-up.
The experiment was also repeated for a calibrated 0.6 cc cylind-
rical chamber (Farmer-Type), also irradiated with its build-up cap
attached. Each detector, irradiated with its axis perpendicular
to the plane of gantry rotation was suspended at isocenter with
a retort stand clamped to its rigid body. The angular response
of the diamond probe was measured in both the ‘edge-on’ and
‘flat-on’ exposure geometries. Fig. 11 shows the configuration
for angular dependence measurement taken with the diamond
probe.

Diamond crystal

270° 190°

Build-up cap

Perspex body

| Gantry rotation
|

Fig. 11. Configuration for angular response measurements in the ‘edge-on’
orientation with the diamond probe suspended at isocentre and irradiated with
its build-up cap attached.
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Fig. 12. Directional responses of the diamond probe and a calibrated cylindrical
chamber.

Fig. 12 shows the relative response, normalized to the response at
normal incidence (i.e. at 0°) for both detectors. Owing to its
construction, the cylindrical chamber (acting as a reference) has no
structural angular dependence and its response remains flat to
within 0.7%. The diamond probe, however, shows some angular
dependence, with the response of the two geometries (relative to the
cylindrical chamber) opposite to each other. Whereas the response of
the diamond probe in the flat-on geometry increases slightly with its
curve above that of the cylindrical chamber, the response in the
edge-on geometry decreases with its curve below that of the
chamber. In the ‘flat-on’ geometry, the change in angular response
is within 2% between 0° and 60°. The stronger dependence of about
3.6% shown between 75° and 90° (also shown by the cylindrical
chamber) is probably due to instability with the machine dose rate
with gantry angle, a finite tolerance with mechanical isocentre (van
der Merwe and Keddy, 1999) and scattering in the thin conductive
layers used to form contacts. In the ‘edge-on’ exposure geometry, a
stronger dependence of 7.5% is shown between 45° and 60°. Similar
to depth dose profiles, the lower response and stronger angular
dependence shown by the ‘edge-on’ geometry compared to the
‘flat-on’ geometry is due to the ‘differential effect’ of energy
deposition, resulting in the creation of a smaller number of charge
carriers and lower collection efficiency in the ‘edge-on’ geometry.

2.5.5. Determination of machine output with the diamond probe

Before clinical use, the output of photon and electron beams
produced by teletherapy machines is calibrated. Beam calibration
is the determination of radiation dose in reference irradiation
conditions (Podgorsak, 2005). Beam calibration ensures optimiza-
tion and accurate dose delivery to patients. As teletherapy
machines are usually calibrated to deliver a dose of 1.0 Gy per
100 MU, the output of the CLINAC was measured with both a
calibrated thimble (cylindrical) ion chamber (acting as a refer-
ence) and the diamond probe in the energy range 6-14 MeV.
100 MU was used to irradiate both detectors. Although the
diamond probe shows a higher response compared to the cham-
ber (Fig. 13), the response remains flat for both detectors in the
energy range 7-14 MeV, except at 6 MeV where both detectors
gave a higher response (probably due to more scattering at lower
electron energies).

3. Discussion

Operationally for ease of use in clinical radiation dosimetry, an
ideal dosimeter should have minimal leakage current or background
signal, high sensitivity to the incident radiation, a wide range of
linearity of response, energy and angular independence.
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Fig. 13. Output of the CLINAC measured with both a thimble chamber and the
diamond probe.

Taking note of the conclusions of Fidanzio et al. (2002, 2004)
and Kania et al. (1993) concerning the possible effects of leakage
current being a limiting parameter for efficient collection of
charge carriers, the background signal and signal-to-noise ratio
(SNR) of the synthetic diamond probe were investigated meticu-
lously as a function of applied voltage in this study. Optical
shielding of the probe was found to be a necessary procedure to
improve its performance by reducing and stabilizing the other-
wise noisy background. The background signal was found to vary
linearly with applied voltage. A value of <3 pA was found at
400V. Because the probe gave a higher response in electron
beams compared to X-rays, its background signal was found to be
about 0.003% of its response in 7 and 14 MeV electron beams at
3.0 Gy min~! while it was about 1.08% in X-rays at 200 mAs and
30 kVp. At +200 V bias with a background signal of 1.5 pA, a SNR
value of 92 was measured under X-rays exposure at 200 mAs and
30 kVp tube settings. In comparison, Fidanzio et al. (2004)
reported a SNR value of 10 at 100 V measured in a 6 MV photon
beam using a dose rate of 3.5 Gy min~!, while Bruzzi et al. (2000)
reported SNR values of 10 and 100 at 1000 V bias under 20 MeV
electron beam exposure using a dose rate of 4 Gy min~! for CVD
diamond detectors.

Although the probe was pre-irradiated with a dose of 7.0 Gy,
subsequent investigation showed that such a pre-requisite step is
not required. For the presented probe this serves as an advantage
over other commercial diamond detectors. Although Van der
Merwe and Keddy (1999) also reported that pre-irradiation was
not required for their synthetic diamond detector, no investiga-
tion as to the reason was carried out. In this study through
systematic investigations, the cause of pre-irradiation has been
isolated and attributed to the presence and effects of ambient
light. Thus as long as the probe is properly shielded from light,
pre-irradiation is not required.

Linearity measurements were verified for both mammography
X-rays and electron beams. The linear response of the diamond
probe with X-ray energy (kVp) and tube loading (mAs) was
measured to assess the response characteristics with dose since
kVp and mAs are two determinants of patient dose in mammo-
graphy. Linearity of response with absorbed dose to 7 and 14 MeV
electron therapy beams showed that the probe has negligible energy
dependence. It has been suggested that since diamond is near
tissue-equivalent, the detector signal is directly proportional to the
absorbed dose rate to tissue and can be used without any correction
(Vatnisky and Jarvinen, 1993), and that relative ionization measure-
ments taken with diamond could be used directly as dose if the
ionization is assumed to take place inside the diamond alone (Van
der Merwe and Keddy, 1999), which enables the straightforward
measurements of dose for radiotherapy applications (Guerrero et al.,
2004). A diamond detector thus has the potential advantage of
becoming a reference and standard dosimeter.

An advantage of using solid state detectors is that they are
more sensitive than air ion chambers. The 547.52 nC Gy~ ! mm—3
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sensitivity per unit detector sensing volume of the diamond probe
is much higher when compared to the values of 0.04, 370 and 50-
135 nC Gy~ ! mm~> reported for a Farmer-type ion chamber at
+300V bias, a p-type silicon diode and commercial natural
diamond detectors, and it compares favorably with the values of
4-599nC Gy 'mm~3 reported for other synthetic diamond
detectors (Fidanzio et al., 2002 and 2004; Bruzzi et al., 2000;
Marczewska et al., 2007; GOrka et al., 2008; Lansley et al., 2009;
Tromson et al., 2010; Betzel et al., 2010). It should however be
pointed out that unlike most of the values reported in literature
where the detector volume (active volume) has been assumed to
be the product of the contact area (in most cases a fraction of the
diamond surface) and thickness of the diamond (Betzel et al.,
2010; Lansley et al., 2009; Marczewska et al., 2007), the contact
area used to obtain the sensitivity in this study was an exposure
area equal to the entire diamond surface.

Percent depth ionization data measured with the diamond
probe in the ‘flat-on’ orientation exposed to 7 and 14 MeV
electron therapy beams showed close agreement with energy-
corrected depth-dose data generated from measurements with a
parallel-plate Markus chamber. This is attributed to the homo-
geneity of the probe in terms of atomic composition, which is
near tissue equivalent and the minimal background signal of the
probe. Laub et al. (1997, 1999) and Fidanzio et al. (2004), who
used diamond detectors in both megavoltage photon and electron
beams, established that a sub-linearity correction (based on dose
rate dependence) for depth dose curves measured with diamond
was necessary before an agreement could be reached with depth
dose values measured with an ionization chamber. The diamond
probe used in this study showed no need for such correction.
Similar results without correction for dose rate dependence have
been reported (Van der Merwe and Keddy, 1999; Almaviva et al.,
2010) where direct proportionality of the detector signal with
absorbed dose rate was found (Van der Merwe and Keddy, 1999).

In an electron beam the distribution in energy and direction of
the electrons changes rapidly with the depth of penetration,
necessitating the use of detectors that are independent of energy
and beam direction (Brahme and Svensson, 1976). The directional
dependence of the probe was measured in a 14 MeV electron
therapy beam. In the flat-on exposure geometry, the angular
response remained flat to within 2% between 0° and 60°. A stronger
angular dependence of about 3.6% was shown between 75° and 90°
in the flat-on geometry and 7.5% dependence at 60° in the edge-on
geometry. The results show that in the dosimetry of megavoltage
electron therapy beams, the flat-on exposure geometry has a greater
charge collection efficiency of diamond compared to the edge-on
geometry as evidenced by both depth-dose and angular response
measurements. As pointed out by Brahme (1985), the angular
dependence of most detectors used for measurements in electron
and photon beams may be due to the mechanical design of the
detector or to the intrinsic angular sensitivity of the detection
process. Brahme (1985) also noted that for some detectors such as
semiconductor diodes, a 10—15% angular dependence is not
uncommon. The results of this study show that the angular response
of the diamond probe is better than such diode detectors. However,
to improve the angular dependence of the presented diamond
probe, the metal based conductive adhesive used to form contacts
could be replaced with carbon based adhesive to reduce scattering
of the incident electrons.

As beam calibration ensures accurate dose delivery to patients,
the output of the CLINAC was measured with both the synthetic
diamond probe and a calibrated thimble chamber. The response
of both detectors remains flat in the energy range 7-14 MeV.
However, the probe showed a response about 1.5 times higher
than the thimble chamber in this energy range, but both detectors
showed a higher response at 6 MeV.

4. Conclusions

From the presented dosimetric characterization of the
response of the synthetic diamond probe to electron beams in
the range 6-14 MeV and low-energy X-ray photons in the range
25-32 kVp, it can be concluded that a single well shielded low
noise level probe with synthetic diamond as sensor could find
applications in both low-energy diagnostic X-rays and high-
energy electron therapy beams. The presented probe can hold
diamond crystals of various sizes as large as 10 x 10 mm?. It is
constructed using entirely tissue equivalent material, is compa-
tible with commercial electrometer systems and is configured to
allow for radiation detection in both ‘edge-on’ and ‘flat-on’
exposure geometries without having first to re-orient the dia-
mond crystal within the body of the probe. This study not only
confirms that the ‘edge-on’ exposure geometry is suitable for
mammography dosimetry (Assiamah et al., 2007), but also con-
cludes that because of its large surface area, the ‘flat-on’ exposure
geometry with improved charge collection efficiency of the
diamond probe ought to be the exposure geometry of choice for
the dosimetry of megavoltage electron therapy beams rather than
the ‘edge-on’ exposure geometry.

The synthetic diamond probe has the potential advantage of
replacing conventional dosimeters such as silicon diodes and air
ionization chambers. Its suitability in clinical radiation dosimetry
lies in the use of the near-tissue equivalence of diamond in a
probe housing that gave rise to linear response characteristics
with dose, energy independence and minimal angular depen-
dence, high sensitivity, minimal background signal and high SNR.
Because diamond is near-tissue equivalent and is not susceptible
to changes in ambient conditions, the number of variables used in
the evaluation of dosimetric quantities is reduced, and thus
reduction in inaccuracies or uncertainties in dose determination.
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