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Abstract

The choice of a detector for small-field dosimetry remains a challenge due to the size/volume
effect of detectorsin small fields. Aimed at selecting a suitable crystal type and detector size
for small-field dosimetry, this study investigates the relationship between detector and field
size by analysing output factors (OFs) measured with a Diode E (reference detector), a
Farmer chamber and synthetic diamond detectors of various types and sizes in the dosimetry
of a6 MV photon beam with small fields between 0.3x0.3 cm?and 10x10 cm?. The examined
diamond sensors included two HPHT samples (HP1 and HP2) and six polycrystaline CVD
specimens of optical grade (OG) and detector grade (DG) qualities with sizes between 0.3
and 1.0 cm. Each diamond was encapsulated in a tissue-equivaent probe housing which can
hold crystals of various dimensions up to 1.0x1.0x0.1 cm® and has different exposure
geometries (‘edge-on’ and ‘flat-on’) for impinging radiation. The HPHT samples were found
to show an overall better performance compared to the CVD crystals with the ‘edge-on’
orientation being a preferred geometry for OF measurement especially for very small fields.
For instance, down to a 0.4x0.4 cm’ field a maximum deviation of 1.9% was observed
between the OFs measured with Diode E and HP2 in the ‘edge-on’ orientation compared to a
4.6% deviation in the “flat-on’ geometry. It was observed that for fields below 4x4 cm?, the
dose deviation between the OFs measured with the detectors and Diode E increases with
increasing detector size. It was estimated from an established relationship between the dose
deviation and the ratio of detector size to field size for the detectors that the dose deviation
probably due to the volume averaging effect would be > 3% when the detector size is > 3/4 of
the field size. A sensitivity value of 223 nC Gy™* mm™ was determined in a 0.5x0.5 cm? field
with HP2 compared to avalue of 159.2 nC Gy mm™ obtained with the diode. The results of
this study indicate that with careful selection of a suitable crystal type of a given size and
orientation the relative dose measured with the diamond probe in small fields would agree
favourably within £2% with that measured with a small-field detector but with a higher
sensitivity value.
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1. Introduction

Advanced techniques in externa beam radiotherapy such as intensity modulated radiation
therapy (IMRT), stereotactic radiosurgery (SRS), image guided radiation therapy (IGRT) and
tomotherapy make use of small radiation fields (Zhu, 2010) in order to spare normal healthy
tissues while high doses can be delivered to tumour volumes (Barnett et a., 2005; Das, 2009;
Marsolat et a., 2013). Small fields are often used to treat conditions such as benign and
malignant, intra and extra-cranial tumours (Marsolat et al., 2013). Small-field dosimetry is
well known to be challenging due to a number of factors such as the tissue-equivalence of
detectors, the loss or lack of lateral electronic equilibrium and the volume averaging effect of
detectors in small fields (Haryanto et al., 2002; Laub and Wong, 2003; Das, 2009; Lee et al.,
2012). The aspects of tissue-equivalence and volume effect have been noted to be both
related to the absence of electronic equilibrium (Haryanto et a., 2002).

It is known that the equilibrium of secondary electrons breaks down as soon as the distance to
the closest field edge is smaller than the travel distance of laterally scattered secondary
electrons which, as an estimate, is equivaent to the depth of dose maximum of a percent
depth-dose curve in a 10x10 cm? field (Wuerfel, 2013). As pointed out by Wuerfel (2013),
any detector will average the dose across its sensing volume. If the dose varies across the
volume of the detector, then the effect of averaging can give a different signal compared to
the signal that an infinitesimally small detector would measure if placed in the centre of the
large detector. This phenomenon called volume averaging effect (or just volume effect) leads
to two distinct aspects (Wuerfel, 2013): an underestimation of the dose in the centre of a
small field when measuring output factors (OFs) and blurring of the penumbra in profile
measurements. Thus OF and penumbra measurements are two important aspects of small-
field dosimetry. Although Wuerfel (2013) pointed out that the safest way to exclude the
volume effect is to choose a detector which is small enough, the experimental relationship
between detector and field size is yet to be established.

Based on the importance of OF measurements in small-field dosimetry (Laub and Wong,
2003), a number of studies have investigated and compared the performances of different
commercially available detectors such as ion chambers, diodes and PTW natural diamond in
small fields with the aim of selecting an appropriate detector (Haryanto et al., 2002; Laub and
Wong, 2003; Bjork et al., 2004; Barnett et a., 2005). Large deviations between OFs

measured with the different detectors were reported and one reason for the observed variation
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has been attributed to the volume effect of detectors in addition to the tissue-equivalence of
the detector material (Haryanto et a., 2002; Laub and Wong, 2003). Although the choice of a
detector for accurate dose measurements in small-fields remains a chalenge, the results of
most of the studies suggested that a diamond detector is the most suitable small-field
dosimeter due to its excellent dosimetric properties such as its small physical size (high
gpatial resolution) and near-tissue equivaence (Haryanto et al., 2002; Laub and Wong, 2003;
Bjork et d., 2004).

The use of natural diamond detectors for dosimetry has been tested by a number of authors
(Planskoy, 1980; Hoban et al., 1994; Vatnitsky and Jarvinen, 1993; Laub et a., 1997, 1999;
Hugtenburg et a., 2001; Bjork et a., 2000, 2002, 2004; Barnett et al., 2005; Sabino et al.,
2012). However, the need for daily pre-irradiation due to the presence of uncontrolled
amount of impurities; dose rate dependence; high cost and long delivery times due to the
scarcity of suitable stones; lengthy selection processes of diamond stones for suitable
detection properties and poor reproducibility between devices are the main limitations of
natural diamond detectors (Y acoot et al., 1990; Guerrero et a., 2004, 2005, 2006; Marsolat et
a., 2013). In addition to its high cost compared to other solid-state detectors and being a
natural resource, natural diamond detectors are aso not readily accessible (Das, 2009) and

hence more difficult to provide.

Due to reproducible and optimized growth conditions, synthetic diamond has been considered
and intensively investigated as an aternative to natural diamond for clinical dosimetry (van
der Merwe and Keddy, 1999; Benabdesselam et al., 1999; Buttar et al., 2000; Bruzzi et al.,
2000; Whitehead et al., 2001; Ramkumar et al., 2001; Fidanzio et a., 2002; Bergonzo et al.,
2007; Marczewska et a., 2007; Gorka et a, 2008; Tranchant et a., 2008; Gervino et a.,
2010; De Angelis et a., 2010; Ade et a., 2012, 2013, 2014) as the impurity levels in
synthetic diamond can be controlled to tailor its radiation detection properties (Marsolat et
al., 2013). However, only a few researchers such as Ciacaglioni et al. (2012) and Marsolat et
a. (2013) have reported its use under small field conditions. Although these two research
groups reported on the dosimetric characterization of a synthetic single crystal diamond
detector in small photon beams, the influence of crystal size relative to field size was not
investigated. In addition, only Marsolat et al. (2013) to date has reported the performance of a

diamond detector in small beam sizes down to 0.6x0.6 cm?.
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This study investigates the relationship between detector size and field size by analysing OFs
measured with synthetic diamond crystals of various types and sizes in the dosimetry of a 6
MV photon beam with small and very small fields down to 0.3x0.3 cm? with the aim of

selecting a suitable crystal type and detector size for small-field dosimetry.

2. Materialsand methods

2.1. Radiation detectors

Eight commercially available synthetic diamond crystals of various types and sizes ranging
between 0.3 and 1.0 cm and thicknesses of either 0.05 or 0.1 cm were examined. These
included two high-pressure, high-temperature (HPHT) samples (HP1 and HP2) and six
polycrystalline CVD (chemical vapour deposition) diamond crystals of detector grade (DG)
and optical grade (OG) quadlities. The labels and dimensions (in mm) of the crystals are
presented in Table 1. The size of a detector in this study is defined as the lateral dimension
(length, width or diameter) of the sensor perpendicular to the beam direction. Due to the
rectangular shape of HP1, unlike the other crystals which are square-shaped, the two different
sides with sizes of 0.64 and 0.80 cm are represented as HP1a and HP1b, respectively. The
opposite surfaces of each of the diamonds were metallised as reported in a previous study
(Ade et a., 2012) to provide the necessary ohmic contacts for voltage biasing and acquisition
of the ionization signal. A 0.03 mm® Dosimetry Diode E (Type T60017) of size 0.12 cm
(diameter of sensor) acting as a reference detector and a 0.6 cm® Farmer chamber (Type
30013) of size 2.3 cm (length of sensor (air cavity)) were aso used for comparative

measurements.

2.2. Experimental setup and measurements

All measurements were conducted in a Perspex phantom using a 6 MV photon beam
produced by a Siemens Primus linear accelerator at the Charlotte Maxeke Johannesburg
Academic Hospital. Each diamond crystal was encapsulated in a probe housing as described
in a previous study (Ade et al., 2012). The probe, constructed of entirely tissue-equivalent
material with a Perspex body can hold diamond crystals of various dimensions up to
1.0x1.0x0.1 cm®, has different exposure geometries’ (‘edge-on’ and “flat-on®) for impinging

YIn the “flat-on’ geometry, the incident radiation is normal to the face of the diamond wafer, which has
a larger surface area but with reduced attenuation depth. In the ‘edge-on’ geometry (suitable for low-
energy X-rays), the incident radiation is normal to a wafer edge which has a smaller surface area but
with greater attenuation depth.
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Table 1. Synthetic diamond crystals and their parameters

Diamond crystals  Dimensions of crystals  Lateral dimensions of crystals A values
(mm®) normal to beam direction (x0.02)
(mm)
HP1 6.4x80x1.0 HPla 6.4 0.96
HP1b: 8.0
HP2 3.0x30x10 3.0 1.02
DG Al 50x50x1.0 50 0.91
DG A2 50x50x1.0 50 0.87
DG A 10.0x 10.0x 0.5 10.0 0.91
DG B1 10.0x 10.0x 0.5 10.0 0.96
OGA 10.0x 10.0x 1.0 10.0 0.91
OGD 10.0x 10.0x 1.0 10.0 0.94

radiation and is compatible with commercially available electrometer systems. The probe was
then placed in its customised Perspex phantom and connected to a PTW-Freiburg Unidos E
electrometer system operated manually in the ‘charge’ mode. An applied €electric field of
1000 V/cm was used. Both the diode and ion chamber were aso connected to Unidos E and
biased at 0 and 400 V, respectively.

As the linear response of a diamond detector with absorbed dose rate is necessary in
radiotherapy (Marczewska et al., 2007), the detectors were first evaluated for their
dependence on dose rate. As modelled by Fowler (1966), the ionization signal | (corrected for
leakage) measured by a solid-state detector and absorbed dose rate D, are related by:
le D2 (@)

where A is the dose rate dependence parameter or linearity index that can take a range of
values around unity (usually 0.5 < A < 1.0) depending on the material characteristics. In
particular, for a pure crystal or when the excitation rate is so high that traps present are
unimportant, A = 0.5; if the carrier lifetime is dominated by traps with the same capture cross
sections, 0.5 < A < 1.0; uniform and quasi-uniform trap distributions over a wide range of
depthsin the forbidden gap lead to A = 1. The value of A may also exceed unity if trapsin the
crystal have differing capture cross sections (Fowler, 1966) or are distributed non-uniformly
(Mohamed Abdel-Rahman et a., 2012).
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The dose rate dependence of each diamond crystal was investigated by positioning the
diamond probe in the Perspex phantom at a reference depth (d.) of 4.4 cm (5 cm water
equivaent) below the phantom surface. The dose rate was then varied by changing the
source-to-phantom surface distance (SSD) for a 10x10 cm? field from 82 to 118 cm since
dose rate is usualy adjusted by varying the SSD or the pulse repetition frequency of the
machine (Hoban et a., 1994; Fidanzio et a., 2004). The average absorbed dose rates at the
depth of measurement which varied between 1.0 and 3.0 Gy/min were measured with the
Farmer chamber.

Measurements for OF determination were conducted for square fields with sizes ranging
between 0.3x0.3 cm? and 10x10 cm? defined in a similar way as reported by Ciacaglioni et al.
(2012). Each detector was placed at the di Of 4.4 cm in a Perspex phantom using a source-
axis distance (SAD) of 100 cm (SSD = 95.6 cm). The machine was set to deliver 50 monitor
units (corresponding to an absorbed dose of 0.5 Gy) at a dose rate of 2 Gy/min. OFs were
then defined as the ratio of the charge measured at the 4.4 cm depth for a given field of
interest to that at the same depth for a 10x10 cm? reference field. Theirradiation geometry for
the measurementsisillustrated in Fig. 1.

Source of radiation

Central axis

100 cm| SAD

10 x 10 cm?
reference field

Small field

d ref

Phanto

Figure 1. Irradiation geometry for OF measurements. P is the effective point of measurement of a
detector and d. is the reference depth.
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The sensitivity of the diamond probe for a selected crystal was also determined in a 0.5x0.5
cm? field and compared with the value obtained with Diode E. The sensitivity was defined as
the collected charge, corrected for leakage, per unit absorbed dose and sensing volume
(Gorkaet d., 2008).

3. Resultsand discussion

3.1. Doseratedependence

The ionization signals measured with each detector as a function of absorbed dose rate were
fitted by EQ. (1) using logarithmic plots to obtain the A values which ranged between 0.87
and 1.02 for &l the diamond sensors tested in this study. The A values as presented in Table 1
agree with other published data (Planskoy, 1980; Ramkumar et a., 2001; Mohamed Abdel-
Rahman et a., 2012). The A value for each detector was used to correct its response as
described in Egn. (2) below. A values of 1.01 and 0.99 were aso obtained for the diode and
ion chamber, respectively. lon chambers are commonly used for dosimetry partly due to their
near independence on dose rate (Das, 2009). It is well known that silicon diodes show strong
dose rate dependence and a value of 1.20 has been reported by (Buttar et al., 2000). The large
difference (17.2%) between this value and the value of 1.01 reported in this study could be
related to different doping levels of Si diodes as the doping level varies for different
manufacturers of diode detectors (Haryanto et al., 2002).

3.2.  Output factors

Illustrated in Fig. 2 are the OFs determined for the various diamond detectors in the ‘edge-on’
orientation compared to measurements obtained with Diode E. Also shown are the results for
the ion chamber (Fig. 2(b)). Given that OF is afactor reflecting relative dose values, the OFs
for each detector were corrected for dose rate dependence using the correction factor A,
established for each detector as follows:

OF = [M(dher, f)/M (dher, o)] ¥ 2
where M(d,¢, f) and M(d.«;, fo) are the charge readings obtained for a square field of size f and
f, is the reference 10x10 cm? field, respectively. As could be seen from Fig. 2, the OFs
decrease with decreasing field size due to a decrease in scattered radiation as field size drops.
As demonstrated in Fig. 2(a), the two CVD diamond crystals (DGA1 and DGA2) each of size
0.5 cm and HP1 were evaluated down to a 0.5x0.5 cm? field while HP2 was evaluated down
to afield of 0.3x0.3 cm? dueto its small size of 0.3 cm (Table 1). In Fig. 2(b), the 1.0 cm-size

diamond crystals and ion chamber of size 2.3 cm were only assessed down to a 1x1 cm? field
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due to their relatively large sizes. The HPHT diamonds were found to show an overall better
performance compared to the CVD crystals. This could be related to the less defective nature
of aHPHT diamond compared to its CVD counterparts as pointed out in two previous studies
(Adeet d., 2013, 2014).

With the exception of HP2 below 0.5x0.5 cm? field, the differences between the OFs
measured under the ‘edge-on’ and ‘flat-on’ exposure conditions for the square-shaped
diamond detectors were within 2% for field sizes down to 0.5x0.5 cm? as demonstrated in
Fig. 3. In a previous study presented by this group using low-energy X-rays in the
mammography X-ray energy range, the ‘edge-on’ orientation due to its greater attenuation
depth was found to be about four times more absorbing than the ‘flat-on’ orientation
(Assiamah et a., 2007). In the present study using very high-energy X-rays in the
megavoltage (MV) range, the response in the ‘edge-on’ orientation was however found to be
only about 1.02 times more than that in the “‘flat-on’ orientation. In other words, the variation
in response between the two orientations for the diamond detectors is within 2% which may
explain why the differences between the OFs measured under the two exposure conditions is

also within £2%.
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Figure 2: OFs measured with (a) the HPHT and 0.5 cm-size CVD diamond detectors; and (b) theion
chamber and CVD diamond detectors of size 1.0 cm compared to measurements taken with Diode E.
The figure shows only the data taken under the ‘edge-on’ exposure orientation for the diamond sensors.
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Due to the high penetrating power of the more energetic MV X-ray photons, the small
differences observed between the OFs measured under the ‘edge-on’ and ‘flat-on’ exposure
conditions down to a field of 0.5x0.5 cm? despite a difference in attenuation depth and
surface area could be attributed to the fact that the effect of the larger surface area in the “flat-
on’ orientation is being compensated by the effect of greater attenuation depth in the ‘edge-
on’ geometry. Furthermore, as the effective measuring point of the diamond probe is assumed
to be its physical centre (Ade et a., 2012, 2013), the marginal difference between the two
orientations for OF measurements could also be attributed to a similar effect of lateral
electronic equilibrium since the distance from the centre of each diamond detector to the
closest field edge is the same in both the ‘edge-on’ and “flat-on” orientations. In other words,
the lateral dimensions of the sensors are the same in the two exposure geometries. It is
however seen that below 0.5x0.5 cm? field, the difference between the OFs measured under
the ‘edge-on’ and ‘flat-on’ conditions for HP2 could reach 3%. The reason for this larger

difference is explained later i.t.o the size/volume averaging effect of detectorsin small fields.

The results presented above suggest that the performance of the detectors is greatly
influenced by the maximum of the lateral or geometrical dimensions of the sensors normal to
the beam direction. This hypothesis or observation is confirmed by the results of the
rectangular shape crystal HP1 as displayed in Table 2. As Table 2 shows, whereas thereisa

¢ OGA o DAL 4 CA « QD x DAL = DEA2 + H2
40 -
c 30+
(] T
)
22 20;
Sg¢
o 04
= X T
©  00+—— A ; X
Q f-x & L ;
w— D & 8 10
S o] ™ ¥ S 1
o X . .
20 + N Figure 3: Percentage differences between
o X the OFs measured under the ‘flat-on’ and
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Table 2: Percentage differences between the OFs of HP1 measured under ‘flat-on” and ‘edge-on’
exposure conditions.

Percentage differences between the OFs of HP1 measured under:

Field size (cn?) ‘Flat-on” and HP1b ‘Flat-o-n-’ and HP1a HP1b and HPla
‘edge-on’ orientations  ‘edge-on’ orientations ‘edge-on’ orientations
6x6 -1.6 -0.6 0.9
5x5 -1.0 -0.7 0.3
4x4 -0.8 -0.1 0.7
3x3 -0.2 0.4 0.6
2x2 -0.3 13 11
1x1 0.1 34 3.2
0.7x0.7 0.5 8.4 7.9
05x05 11 9.9 8.8

small difference (< +2%) between the OFs measured under ‘flat-on” and HP1b ‘edge-on’
orientations down to a 0.5x0.5 cm? field, a significant difference (>3%) could be observed
between the OFs measured under the “‘flat-on’ and HP1a ‘edge-on’ exposure conditions and
under the two ‘edge-on’ orientations (HP1b and HP1a) for field sizes below 2x2 cm?. The
reason for the small differences between the OFs measured under “flat-on” and HP1b ‘edge-

on’ orientations is because the performance of the sensor in the ‘flat-on’ geometry is
determined by the larger dimension which equals that for HP1b. On the other hand, the large
differences observed between the OFs measured under the “flat-on” and HP1a and under the
two ‘edge-on’ exposure conditions below 2x2 cm? field size is due to a difference in the
lateral dimensions of the sensor under the set conditions. In fields below 2x2 cm?, the volume

effect has a greater influence on the larger dimension.

The relative differences or dose deviations between the OFs measured with the various
detectors and Diode E (reference detector) are illustrated in Fig. 4. For field sizes down to
2x2 cm?, all the diamond detectors showed a dose deviation within +2% while large
deviations were obtained for the 1.0-cm size diamonds at 1x1 cm? field (Fig. 4(b)). On the
other hand it could be observed that below 4x4 cm? field the 0.6 cm® Farmer chamber shows
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a significant under-response with a dose deviation that is > 3% and a value of 49% was
obtained for a 1x1 cm? field. Such a large variation is comparable to the results reported by
Haryanto et al. (2002) where a difference of 35% between the OFs measured with a diode
and a 0.125 cm® ion chamber was reported in a 1x1 cm? field. It should be noted that the
Farmer chamber is suitable for dose measurements for field sizes = 5x5 cm?. The large dose
difference could be attributed to two possible reasons - both related to the absence of lateral
electronic equilibrium in small fields (Haryanto et a., 2002): detector size and tissue-
equivalence of the detector. Compared to a small-size detector, a detector with a larger size
would reduce the OF measured in small fields. The influence of detector size in this study is
investigated in detail in section 3.3 whereas the effect of tissue equivalence has been
discussed by Haryanto et a. (2002).

Detailed results for the dose deviations obtained with the rectangular-shaped diamond HP1
under the “flat-on’ and ‘edge-on’ exposure conditions are presented in Table 3. Compared to
the HP1a ‘edge-on’ orientation, it could be observed from Table 3 below 3x3 cm? field that
the dose deviations obtained under the ‘flat-on” and HP1b ‘edge-on’ orientations are similar

and larger. The smaller dose deviations obtained using HP1a compared to HP1b could be
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Figure 4: Dose deviations (%) between the OFs measured with the various detectors illustrated in
Figure 2 and Diode E: (a) the HPHT and 0.5 cm-size CVD diamond sensors; (b) Farmer chamber and
1.0 cm-size CVD diamond sensors.
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Table 3: Dose deviations between the OFs measured with HP1 and Diode E for various field sizes for
a6 MV photon beam calculated as a percentage of the diode values. The table displays the results of
the data taken under the “flat-on” and ‘edge-on’ exposure conditions with the diamond sensor.

Field size (cm?) ‘Flat-on’ Orientation ‘Edge-on’ Orientations
HP1b HPla

6x6 0.8 -0.9 0.1
5x5 0.2 -0.8 -04
4x4 -0.7 -1.5 -0.8
3x3 -1.3 -15 -0.9
2x2 -2.6 -2.5 -14
1x1 -4.3 4.1 -1.0
0.7x0.7 -12.3 -11.8 -4.6
0.5x0.5 -21.6 -20.7 -134

attributed to the smaller latera dimension of HPla. On the other hand, the dose deviations
obtained using the ‘flat-on’ and HP1b ‘edge-on’ orientations are similar because with the
lateral dimensions of 0.64 and 0.80 cm, the performance of the sensor in the ‘flat-on’
geometry is determined by the larger dimension as mentioned earlier. With a drop in field
size relative to detector size, the under-response of HP1 increases in both the ‘flat-on” and
‘edge-on’ orientations. It could be observed that the dose deviation becomes very significant
when the detector size approaches the critical point — the point where the size of the detector
is comparable to the field size. Beyond the critical point, the dose deviation increases

dramatically and it is likely due to the volume effect which becomes very pronounced.

Although there is a small difference between the dose deviations (or OFs) obtained under the
‘flat-on” and ‘edge-on’ orientations, the ‘flat-on’ geometry seems to give a slightly larger
dose difference of at about 1% especialy in fields below 1x1 cm? (Table 3). The larger dose
deviation that results from the under-response of the detector could be attributed to a greater
influence of the volume effect on the *flat-on” geometry due to its larger surface area
compared to the “‘edge-on’. The ‘edge-on’ orientation with its greater attenuation would tend

to reduce the influence of the volume effect.
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The above presentation suggests that the lateral dimensions, attenuation depth and surface
area of the sensors are important parameters that determine the effect of detector size in small
fields with the effect of lateral dimension dominating. In addition, the presented results
indicate that the ‘edge-on’ orientation due to its greater attenuation depth and reduced surface
area seems to be a preferred geometry for OF measurements especially for very small fields.
For instance in addition to the results displayed in Table 3 for HP1, a maximum dose
deviation of 1.9% was observed between the OFs measured with Diode E and HP2 in the
‘edge-on’ orientation compared to a 4.6% deviation in the ‘flat-on’ geometry down to a
0.4x0.4 cm?® field. As the detector size is approaching its critical point, the larger dose
deviation of 4.6% observed in the ‘flat-on’ orientation could be ascribed to a greater
influence of the volume effect due to the larger surface area of the ‘flat-on’ geometry
compared to the ‘edge-on’ orientation as explained earlier. With the same crystal HP2 in a
0.3x0.3 cm? field size, dose deviations of 6.4% and 9.1% were obtained under the ‘edge-on’
and ‘flat-on’ exposure conditions, respectively. Although both exposure orientations give
significant dose deviations (as the detector size is aready at its critical point), it is seen that
compared to the ‘edge-on’ orientation, a larger dose difference is obtained with the ‘flat-on’
geometry. The results presented in Fig. 4(b) also demonstrate that the Farmer chamber with a
size of 2.3 cm gives a very large dose deviation beyond its critical point (beyond a 2x2 cm?
field).

3.3. Theinfluence of detector size on the output factors

In order to attain the ICRU overall £5% uncertainty of absorbed dose delivery in radiotherapy
(International Atomic Energy Agency, 1997; International Commission on Radiation Units
and Measurements, 1976), the American Association of Physicists in Medicine (AAPM TG
40, 1994) has set a tolerance value within 3% for the dosimetry of both electron and photon
beams. For field sizes down to 2x2 cm?, Haryanto et a. (2002) reported that the OFs
measured with different detectors showed good agreement within 3%. Similar results have
been obtained in this study and it was pointed out earlier that the large deviations (>3%)
shown by the Farmer chamber for field sizes below 4x4 cm? could be related to the effect of
volume averaging due to its larger size relative to field size. The effect of detector size on OF
measurements is investigated and illustrated in Fig. 5 for field sizes between 0.5x0.5 cm? and
4x4 cm? using Diode E, HP1a, HP1b and HP2 which have different sizes. Fig. 5 demonstrates
that for a given field, the OF (Fig. 5(a)) decreases (or the deviation between the OF measured
with the HPHT diamonds and Diode E (Fig. 5(b)) increases) with increasing detector size.
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The under-response of the detectors becomes very large for field sizes < 1x1 cm? Quadratic
functions were used to fit the data presented in Fig. 5. A similar trend illustrated in Fig. 5(a)
has been observed by Laub and Wong (2003) for a 1xlcm? field after performing an
experiment to verify the volume effect of detectors in small photon fields using different

commercially available detectors (a diode, PTW diamond and ion chambers).

Since the measurement of OFs in small fields is affected by both detector and field sizes, the
influence of detector size relative to field size was investigated by plotting the relative
differences between the OFs measured with the various detectors and Diode E as a function
of the ratio of detector size to field size asillustrated in Fig. 6. Only the dose deviations due
to the under-response (volume effect) of the detectors are plotted using absolute values. Fig.
6(a) shows the results for the diamond detectors and Fig. 6(b) shows the data for both the
diamond detectors and ion chamber. The large sizes of the detectors relative to the field size
explain the dramatic change in slopes observed in Fig. 6. It is seen that as the detectors
approach the critical limit (the point where the ratio of detector size to field size is unity), the

dose deviation increases sharply and beyond the critical point, the under-response of the
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Figure 5: (a) OFs as afunction of detector size for the HPHT diamonds and Diode E for various field
sizes represented by the different symbols. (b) Dose deviations (%) between the OFs measured with the
HPHT diamonds and Diode E as a function of detector size for various field sizes represented by the
different symbols. The data for the diamonds were taken under the ‘edge-on’ exposure orientation.
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detectors (HP1 and ion chamber) becomes very large as mentioned earlier. It could however
be observed that the slopes for the HPHT diamonds (HP1 and HP2) seem to change more
slowly compared to the CVD crystals. Such an observation could be attributed to a combined
process of the volume averaging effect and the difference in the material quality of a HPHT
diamond compared to its CVD counterparts as pointed out in two previous studies (Ade et a.,
2013; Adeet a., 2014). Firstly, at the critical point the volume effect aready has a very large
negative influence on the performances of the detectors. Secondly, CVD diamond crystals
being polycrystalline materials have high defect densities due to their non-homogeneous
structure (Bergonzo et a., 2007) compared to HPHT diamonds. In particular, it iswell known
that polycrystalline CVD diamond films have a high concentration of grain boundaries
(Balducci et al., 2005) where electron traps are concentrated or in more defective regions
(Manfredotti et al., 2006). Therefore depending on the distribution of defects, as charge
carriers spread out in the course of averaging the dose across the measuring volumes of the
CVD diamond sensors the presence of such defects acting as trapping centres could be a
factor contributing to the sharp under-response of the CVD diamond detectors at the critical

point compared to the HPHT diamond sensors.
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Figure 6: Dose deviations (%) between the OFs measured with the various detectors and Diode E as a
function of the ratio of detector to field size for the: (a) diamond sensors and (b) diamond sensors and
ion chamber. Only the absolute values of the dose deviations due to the under-response of the detectors
are plotted.
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It could be observed from Fig. 6(b) that with alarger ratio of detector size to field size of 1.6
for the diamond sensor HP1b compared to a value of 1.15 for the Farmer chamber, the
diamond detector gives a smaller dose deviation of about 21% compared to 23% obtained
with the chamber. This may demonstrate that the volume effect has a greater influence on ion
chambers compared to solid-state detectors although the tissue-equivalence of diamond may
aso play a part. Comparisons of measurements made with different ion chambers by
Haryanto et al. (2002) showed that the size of the air cavity is the key aspect for these types
of detectors. Detectors with large air cavities will reduce the relative dose in small fields
because the detector averages the dose across its sensing volume. In addition, the larger the
size of the air cavity, the greater the effect of lateral electronic disequilibrium resulting to a

lower dose for the air within the cavity compared to the case with tissue.

It can be estimated from Fig. 6 that the dose deviation is within 3% when the ratio of detector
to field sizeis < 0.75. In other words, the under-response of the detectors will be > 3% when
the detector size is > 3/4 (or 75%) of the field size. This is also approximated by the slope
(0.73 or 73%) of the graph in Fig. 7 which shows the relationship between field and detector
size for the various detectors when the dose deviation between OFs measured with the
detectors and Diode E is> 3%.

In comparison, Wuerfel (2013) formulated from a theoretical example that if the detector
width is at least four times smaller than the field width, then this will result to only a 2%
deviation due to the volume effect. The example assumed an ideal circular detector of 0.5 cm
diameter in an ideal circular 2D Gaussian field having a2.0 cm FWHM Guassian dose profile
where the average signal over the detector area was calculated and compared to the value in
the centre of the Gaussian. Based on experimental evidence presented in this study, it can be
formulated as a rule of thumb that if the detector sizeis < 3/4 of the field size, then the dose

deviation will be within 3%. The large difference between the value calculated by Wuerfel
(2013) and the results presented in this study might be due to a difference between theoretical
and experimental conditions. Forinstance, in simulations utilising a diamond detector, a pure
carbon atom (or graphite with adensity of 2.26 g cm™) is usually assumed and substituted for
diamond (Haryanto et al., 2002) whereas in the real case, the diamond matrix may be

embedded with impurities which are usually not taken into account.
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3.4. Comparison of sensitivity values

Due to its small size and good performance down to a field size of 0.4x0.4 cm?, a sensitivity
value of 197.3 nC Gy mm™ was determined in a 0.4x0.4 cm? field for the diamond probe
using HP2 as a sensor compared to avalue of 136.1 nC Gy mm™ obtained with Diode E. By
virtue of the solid-state/air density ratio, which is of the order of 3.0 x 10° (Bruzzi et al.,
2000), an advantage of using solid-state detectors is that they are more sensitive than air ion

chambers.

Although impurities are well known to affect the response of a diamond detector to radiation,
the higher sensitivity value obtained with the diamond probe compared to the silicon diode
could be ascribed to the higher mass density of diamond (density = 3.515 g cm™) compared
to avalue of 2.33 g cm™ for silicon (Mainwood, 2000). In other words, the ratio of the mass
density of diamond to silicon is about 1.5. The results also indicate that the diamond sensor is
1.45 times more sensitive that the silicon diode. The higher sensitivity value of the diamond
probe compared to the diode implies a better signal-to-noise ratio which is preferable in
measurements such as profiles and percent depth-dose curves (DETECTOR). The better the
SNR, the faster the measurements can be carried out. In this study, a SNR of about 1.8 x 10*
was established for the probe using HP2 as sensor in a 10x10 cm? field compared to the
values of 10 and 2.6 x10° reported for polycrystaline (Fidanzio et a., 2004) and single
crystalk CVD diamond detectors (Tromson et al., 2010) respectively, under the same

conditions.
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4. Conclusions

Using synthetic diamond detectors of various types and sizes as radiation sensing elements,
this study investigated the influence of detector size relative to field size in small-field photon
beam dosimetry aimed at selecting a suitable crystal type and detector size for accurate dose
measurements in small-fields. Based on the importance of output factor (OF) measurements
in small fields, the study analysed OFs measured with various detectors for fields ranging
between 0.3x0.3 cm? and 10x10 cm?®. Relatively large-size detectors were found to exhibit
significant under-response in smaller fields and the HPHT diamonds showed an overall better
performance compared to the CVD crystals with the ‘edge-on’ orientation being a preferred
geometry for OF measurements. The results indicated also that the dose deviations between
the OFs measured with the various detectors and Diode E increase with increasing detector
size and it was established that the deviation would be > 3% when the detector size is > 3/4 of
the field size. The results of the study further pointed out that with careful selection of a
suitable crystal type of a given size and orientation the relative dose measured with the
diamond probe in small fields would agree favourably within £2% with that measured with a

small-field detector but with a higher sensitivity value.

To the best of our knowledge, thisis the first study that has experimentally investigated the

performance of a synthetic diamond probe for very small photon fields down to 0.3x0.3 cm?.
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