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Abstract

Purpose: We have experimentally and computationally characterized the PTW
microSilicon 60023-type diode’s performance in 6 and 15 MV photon fields >5x5 mm?
projected to isocentre. We tested the detector on- and off-axis at 5 and 15 cm depths in
water, and investigated whether its response could be improved by including within it a

thin airgap.

Methods: Experimentally, detector readings were taken in fields generated by a Varian
TrueBeam linac and compared with doses-to-water measured using Gafchromic film and
ionization chambers. An unmodified 60023-type diode was tested along with detectors
modified to include 0.6, 0.8 and 1.0 mm thick airgaps. Computationally, doses absorbed
by water and detectors’ sensitive volumes were calculated using the EGSnrc/BEAMnrc

Monte Carlo radiation transport code. Detector response was characterized using

kfclin"l' cm
chin,4 cm

, a factor that corrects for differences in the ratio of dose-to-water to detector

reading between small fields and the reference condition, in this study 5 cm deep on-axis

in a 4x4 cm? field.

Results: The greatest errors in measurements of small field doses made using
uncorrected readings from the unmodified 60023-type detector were over-responses of
2.6% £ 0.5% and 5.3% * 2.0% determined computationally and experimentally, relative
to the reading-per-dose in the reference field. Corresponding largest errors for the earlier
60017-type detector were 11.9% + 0.6% and 11.7% * 1.4% over-responses. Adding even
the thinnest, 0.6 mm, airgap to the 60023-type detector over-corrected it, leading to
under-responses of up to0 4.8% + 0.6% and 5.0% + 1.8% determined computationally and
experimentally. Further Monte Carlo calculations indicate that a detector with a 0.3 mm

airgap would read correctly to within 1.3% on-axis. The ratio of doses at 15 and 5 cm
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depths in water in a 6 MV 4x4 cm? field was measured more accurately using the
unmodified 60023-type detector than using the 60017-type detector, and was within 0.3%
of the ratio measured using an ion chamber. The 60023-type diode’s sensitivity also
varied negligibly as dose-rate was reduced from 13 to 4 Gy min-' by decreasing the linac
pulse repetition frequency, whereas the sensitivity of the 60017-type detector fell by

1.5%.

Conclusions: The 60023-type detector performed well in small fields across a wide
range of beam energies, field sizes, depths and off-axis positions. Its response can

potentially be further improved by adding a thin, 0.3 mm, airgap.

Key words: microSilicon, diode, small field, density compensation, dose-rate
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1. INTRODUCTION

Detectors used to measure radiation doses absorbed by water from small megavoltage
photon fields should ideally have sensitive volumes narrow enough to minimize volume-
averaging, and be built from materials with atomic numbers and densities sufficiently
close to water to minimize variations in photon spectral effects and electron fluence
perturbation with field-size.” Sensitive volumes of silicon diode detectors typically have
a 1 mm diameter, and silicon’s atomic number is close enough to water to limit spectral
effects in small fields, especially when an intermediate field, for example 4x4 cm?, is used
as a reference rather than the standard 10x10 cm? field. Nevertheless, diodes over-
respond in small fields relative to wider ones due largely to the non-water equivalent
densities of silicon (2.33 g cm™3) and other detector constituents in close proximity to the

sensitive volume.2>

Several ‘density compensation’ studies have found that silicon diodes’ responses
in small fields can be improved by building into them airgaps of judiciously chosen size.*
6-9\We previously tested an unmodified PTW 60017-type diode (Diode E) (PTW-Freiburg,
Germany) and diodes with airgaps of thickness 0.6-1.6 mm added.® Density
compensation substantially improved diode performance on- and off-axis at depths of 5
and 15 cm in water in 6 and 15 MV photon fields of size >0.5x0.5 cm?. The maximum
error in doses measured using uncorrected readings of the unmodified detector was
11.7% determined experimentally or 11.9% computationally, compared to 4.1% or 2.2%

for the best performing diode, which had a 1.6 mm airgap.

For some detectors there were notable differences between responses
determined experimentally and computationally in 0.5x0.5 cm? fields, a finding attributed

to detector-to-detector variations in the thickness of the dense epoxy resin housing of the
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sensitive volume.™ This was supported by Monte Carlo calculations showing that the
response of the 60017-type detector in a 6 MV 0.5x0.5 cm? field relative to that in a 4x4
cm? field would be 4% higher if the epoxy housing was 0.3 mm thicker, a change within
manufacturing tolerance. It follows that detector response in small fields can only be
reproducibly fine-tuned using airgaps engineered to a tenth of a millimeter if comparable
tolerances are placed on the dimensions of dense detector components, or if these

components are replaced with less dense materials.

We also observed experimentally that the response of the 60017-type detector
relative to a PTW 31010-type Semiflex ionization chamber fell progressively, by up to
2%, at increasing depths in water.'® This is most likely due to the variation of silicon diode

sensitivity with dose-per-linac-pulse observed by Schonfeld et al."’

Recently, PTW-Freiburg commercialized a new ‘microSilicon’ diode detector, the
60023-type. Some materials used in this detector have densities closer to 1 g cm™, and
the sensitive silicon lattice has been adjusted to minimize the diode’s dose-rate
dependence. The 60023-type diode has been tested in 6 MV fields >0.5x0.5 cm? by
Schonfeld et al.’* and Weber et al.’?, who characterized its response on-axis at 10 cm
depth in water and off-axis at 5 cm depth. Compared to the 60017-type diode, the new
detector required small field correction factors closer to unity. Akino et al.3 further tested
this detector at 10 cm depth in water, on-axis in 6 and 10 MV fields >0.5x0.5 cm? and off-
axis in a 6 MV 1x1 cm? field. These investigators also found that correction factors were
closer to unity for the 60023-type than for the 60017-type diode, and reported negligible
variation in the sensitivity of the new detector across a 0.07-10 Gy min-' range of dose-
rates, whereas the sensitivity of the 60017-type detector changed by over 5%. The
60023-type detector has also been tested in a 6 MV circular field of diameter 5 mm by

Francescon et al.' who found that the on-axis dose measured at 1.5 cm depth required
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a 2% correction compared to 5-6% for other stereotactic diodes. Wiedlich et al.' tested
the detector in 3 MV circular fields down to a diameter of 4 mm and reported that the
penumbra width measured using this detector was greater than that measured using film
or a PTW 60018-type diode, but narrower than the width measured using a
microDiamond detector, reflecting the relative diameters of the detectors’ sensitive

volumes.

Here, we describe our own experimental and computational testing of the 60023-
type diode in 6 and 15 MV photon beams, on- and off-axis at 5 and 15 cm depths in
water, and on-axis from the surface to depths up to 30 cm. To investigate the utility of
density-compensation we have additionally tested 60023-type diodes with airgaps

added.

2. METHODS
2.A. PTW 60023-type microSilicon detectors

An unmodified 60023-type diode was tested along with variants containing airgaps
of thickness 0.6, 0.8 and 1.0 mm. The outer casings of the detectors included RW3 plastic
caps.’? Airgaps were built directly into these caps in modified diodes, keeping the

thickness of RW3 above the airgaps equal to that in the unmodified detector.

The sensitive volume of the 60023-type diode is a silicon disc of diameter 1.4 mm
and thickness 18 ym, whose short-axis is aligned with the long-axis of the detector. It is
located at the upper surface of a thicker silicon cuboid which is surrounded by an epoxy
housing located immediately below the RW3 cap or airgap. The manufacturer-specified
effective point of measurement (EPOM) of the unmodified PTW 60023-type diode lies
0.9 mm below the detector’s top surface, slightly higher than in the 60017-type which has

denser epoxy.
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2.B. Characterizing detector response

Response in small clinical fields fcin of quality Qcin was characterized relative to
the response at a reference point in a reference field, which in this study was a point on-

axis at 5 cm depth in a 4x4 cm? field. The difference in response between the two points
was accounted for via a standard correction factor, kgzﬁzfcc: given by the ratio of doses

absorbed by water at the measurement and reference points, divided by the ratio of

readings (M) of a detector with its EPOM located at those points™ 6

3 felin / fclin
(Dw—pomt)chin MQC”” (1 )
- 4 cm
(Dw—point)Q4 cm / Mé:rélm

felin4tcm __
chin,4 cm

2.C. Monte Carlo calculations

Radiation transport calculations were performed using the EGSnrc system
(version: v20017)'” run on a 64 core AMD 6378 Opteron-based computer. Phase-space
files were generated for linac jaw-defined fields of size 0.5x0.5, 0.7x0.7 and 4x4 cm?
projected to isocentre, using the BEAMnrc user-code' and 6 and 15 MV beam models
previously built and validated for Varian Clinac iX and 2100 C treatment machines by
Underwood et al.’® and Scott et al.?° For the phase-space calculations the electron and
photon cut-off parameters ECUT and PCUT were set to 700 and 10 keV respectively.
Electrons with total energies below 700 keV travel <0.5 mm in water?' while low energy
photons comprise a small part of the energy spectra of linac photon beams?222 and those

with energies below 10 keV typically travel <0.5 cm through water before interacting.?*

2.C.1. In-water doses

The DOSXYZnrc code (version: v20017)%° was used to calculate doses absorbed

from 6 and 15 MV fields by water voxels within a 50x50x50 cm?® water phantom located
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at 100 cm source-to-surface distance (SSD). Radiation transport parameters were
selected as described previously, with ECUT and PCUT set to 521 and 1 keV'9, electrons
and photons with lower energies typically travelling <10 um through water before

stopping or interacting.?'- 24

On-axis doses were calculated at 5 and 15 cm depths in water for the three fields.
Off-axis dose-in-water profiles were calculated for the 0.5x0.5 cm? field at 5 and 15 cm
depths, and a percentage depth-dose (PDD) was calculated along the central axis down
to 30 cm depth. Water voxel dimensions were chosen to allow doses to be calculated
with good statistical precision and suitable spatial resolution in reasonable times, as
detailed in Table I. All doses in our Monte Carlo simulations were normalized by numbers

of electrons incident on the linac target.

2.C.2. Detector readings

Models of the unmodified 60023-type detector and the detector with a 0.6 mm
airgap added were built in-silico according to the manufacturer’s blueprints, using the
EGS++ geometry package within the egs_chamber user-code (version: v20017).26 Some
Monte Carlo calculations were also run for a 60023-type detector with a 0.3 mm thick
airgap, although a real detector with an airgap of this thickness has yet to be
manufactured. PEGS4 data-files containing detector material cross-section and
stopping-power data were created as described previously'®, setting the AE and AP
thresholds for knock-on electrons and secondary bremsstrahlung photons to 512 and 1

keV respectively.

In-silico, detectors were aligned parallel to the beam and positioned within a
50x50x50 cm?® water phantom. Doses absorbed by detector sensitive volumes were

calculated using the egs_chamber user-code. Detector readings were considered to be



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

proportional to these doses, the proportionality constant cancelling in calculations of
relative readings. The global ECUT and PCUT thresholds were set to 521 and 1 keV,
electrons and photons with lower energies typically travelling <1.5 and 5 um respectively
through silicon before stopping or interacting.?’- 2* Photon cross-section enhancement

was used to accelerate calculations.'®

Doses absorbed by detector sensitive volumes located on-axis at 5 and 15 cm
depths in water in 6 and 15 MV fields of size 0.5x0.5, 0.7x0.7 and 4x4 cm? were
computed to a precision of <+0.2% (2 standard deviations, s.d.). To simulate field profiles
measured at these depths, sensitive volume doses were calculated for detectors
computationally shifted across the 0.5x0.5 cm? field in 0.25 mm steps, holding precision
to <+0.7% up to 1 mm beyond the field-edge. Since the beam and detector models were

symmetric, only half-profiles were calculated.

PDD curves measured for the 0.5x0.5 cm? field were simulated by calculating
sensitive volume doses for detectors located on-axis at depths increasing from 0-2 cm in
0.5 mm steps, from 2-5 cm in 1 mm steps, 5-20 cm in 1 cm steps, and 20-30 cm in 5 cm
steps. Doses were calculated to a precision of <+0.7% up to 15 cm deep, and <+1%

beyond this depth.

2.D. Experimental measurements

The 60023-type detectors were tested experimentally in a Blue Phantom 2 water
tank (IBA dosimetry, Schwarzenbruck, Germany) set up at an SSD of 100 cm. They were
placed one-by-one in the tank, aligned parallel to the beam-axis, connected to an
electrometer box and associated OmniPro-Accept 7.4 computer software with no bias

voltage'®, and irradiated in 6 and 15 MV fields generated by a Varian TrueBeam linear
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accelerator (linac) (Varian Medical systems, Palo Alta, California) oriented at 0° gantry

angle.

Measurements were made for filter-flattened 6 and 15 MV square-fields of nominal
side-length 0.5, 0.7, 1.0, 3.0, 4.0, 6.0 and 10.0 cm projected to isocentre, and for an
additional filter-flattened 6 MV square-field of side-length 1.5 cm. Fields were collimated
using the linac jaws with multieaves retracted. Once set for a particular field and beam
energy, jaw positions were maintained until measurements were complete for all
detectors. In-line and cross-line profiles were measured at depths of 5 and 15 cm for the
0.5x0.5 and 0.7x0.7 cm? fields. In these fields particular care was taken to ensure
detectors were centered, adjusting the zeroing of a detector’s lateral coordinates if
measured profiles were offset by more than 0.3 mm from the origin, limiting possible
under-measurement of on-axis doses due to detector mis-positioning to the 1% level."®
On-axis readings were taken with the diodes positioned at 5 and 15 cm depths in water
and irradiated using fixed numbers of monitor units (MUs). Finally, PDD curves were

measured down the beam central-axis.

When making the on-axis measurements used to calculate k(’;ing:: factors, the

top surfaces of diodes were positioned 0.9 mm above the intended measurement point,
on the assumption that EPOMSs in the modified detectors lay 0.9 mm below the detector

tops, as for the unmodified 60023-type detector. Small changes in EPOM with airgap

thickness will have negligible effect on resulting kgzﬁzf;r:l values, which depend only on

ratios of detector measurements.!® Doses-to-water also form part of the k/cin* ™

chin,4- cm

calculation and were measured using EBT3 film for fields <1.5x1.5 cm? and an IBA CC13

ionization chamber for fields >3x3 cm?.

10
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To determine any dose-rate dependence, unmodified 60023- and 60017-type
diodes were placed on-axis at 5 cm depth in a water phantom set up with an SSD of 100
cm, and repeatedly irradiated to 300 MU in a 4x4 cm? 6 MV flattening-filter-free (FFF)
field. The linac’s nominal dose-rate was varied right across the range deliverable for this
field, from 400 to 1300 MU min-! in increments of 200 MU min" by changing the pulse
repetition frequency. Dose-per-MU was determined at the measurement point using an
NE2571A-type ionization chamber, allowing dose-rates to be calculated in Gy min-'.
Detector sensitivities were measured as charge-per-Gy and normalized to the sensitivity

at 600 MU min™.

2.E. Radiochromic film techniques

In small fields, measurements of doses absorbed by water were made using 6x6
cm? squares of Gafchromic EBT3 film. The squares were handled with nitrile gloves
under minimum light, placed one-by-one in a metallic frame, submerged at the
measurement depth in water with an SSD of 100 cm and irradiated as previously

described.?

To generate calibration curves, films placed at 5 cm depth in a 4x4 cm? field were
irradiated to seven dose-levels ranging from 0 to 4.35 Gy. Five film-squares were
irradiated at each dose-level and separate curves were measured for the 6 and 15 MV
beams. Doses in small fields were then measured at 5 and 15 cm depths by irradiating
three film-squares at each field size and depth combination, scaling MUs so that roughly

2 Gy was delivered to each film.

At 48 hours after irradiation film-squares were scanned using an Epson V750 Pro

scanner (Epson UK, Hemel Hempstead). Using in-house software® 6 and 15 MV

11
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calibration curves were created and dose-maps extracted from scanned films as arrays

in which each point represents the average dose in a 0.51x0.51 mm? area.'®

2.F. Uncertainty estimation

Statistical uncertainties estimated history-by-history?” in Monte Carlo calculated
doses were taken from output files, and uncertainties in doses measured using detectors
and film were calculated from repeat measurements. Uncertainties in quantities such as
detector correction factors and measurement inaccuracy were calculated from these
underlying uncertainties using standard error propagation techniques. All uncertainties

are shown at the + 2 s.d. level.
3. RESULTS
3.A. Monte Carlo simulated data

3.A.1. On-axis kK.<"* ™ factors

i cm

4 cm

Table Il lists Monte Carlo-calculated on-axis k{;z;::“m values for detectors

irradiated in 6 MV 0.5x0.5 and 0.7x0.7 cm? fields at 5 cm depth in water.

For the unmodified 60023-type detector, ky>* ™ and ky”* °™ were 0.979 + 0.006

and 0.977 £+ 0.006, indicating small over-responses. For the 60023-type variant with a
0.6 mm airgap corresponding values were 1.029 + 0.006 and 1.002 + 0.006, and since
these values show that the detector was slightly over-corrected we did not carry out

calculations for detectors with 0.8 and 1.0 mm airgaps. For the hypothetical 60023-type

variant with a 0.3 mm airgap kg>* ™ and ky”"* ™ were 1.007 + 0.006 and 0.995 + 0.006,

better than either the unmodified 60023 detector or its 0.6 mm airgap variant. For

12
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comparison, corresponding values previously computed for the 60017-type diode were

0.910 + 0.005 and 0.971 + 0.007."°

Table Il also lists Monte Carlo kéﬂf:: values calculated at 15 cm depth in water

for 6 MV 0.5x0.5 and 0.7x0.7 cm? fields. Results follow the pattern at 5 cm depth:

feclin4 cm
chin,4 cm

factors were much closer to unity for the unmodified 60023-type than for the

60017-type diode; the 60023-type detector with the 0.6 mm airgap was over-corrected;

and factors calculated for the hypothetical 60023-type detector with the 0.3 mm airgap

,4 cm

were closest to unity. The table additionally includes k{;iﬁz factors calculated for the

4 cm

15 MV beam, which follow the same pattern.

3.A.2. Off-axis detector response

Monte Carlo simulations of errors in doses obtained from uncorrected off-axis
detector readings are plotted in Fig. 1 for the unmodified 60023-type detector and the 0.6
mm airgap variant. Readings were simulated for detectors located at 5 and 15 cm depths
in 6 and 15 MV 0.5x0.5 cm? fields, at cross-line positions along the direction of travel of

the X jaws. Errors are shown as fractions of on-axis dose.

Within fields the unmodified detector over-responded whereas the detector with
the 0.6 mm airgap under-responded. At 5 cm depth in the 6 MV 0.5x0.5 cm? field, the
maximum error for either detector was <3% of the on-axis dose. At 15 cm depth the
unmodified detector over-responded by at most 2.1% % 0.7% normalized to the on-axis
dose, and the 0.6 mm airgap detector variant under-responded by at most 4.9% * 0.7%.
In the 15 MV 0.5x0.5 cm? field the unmodified detector maximally over-responded by
2.2% and 1.6% = 0.6% at 5 and 15 cm depths, whereas the 0.6 mm airgap detector

maximally under-responded by 4.9% + 0.5% at both depths.

13
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3.A.3. PDD curves

Monte Carlo PDD data calculated for the 6 MV 0.5x0.5 cm? field are shown in Fig.
2. Computed in-water depth-doses are graphed along with simulations of PDDs
measured using the unmodified 60023-type detector and the 0.6 mm airgap variant.
Figure 2(a) shows the build-up curves: a small lateral offset of 0.2 mm can be seen
between the curves calculated for the modified and unmodified diodes. Both curves were
plotted so that the ‘kick-points’ (at which the PDD gradients suddenly increase as the
tops of the detectors become submerged'®) occur at 0.9 mm depth, and thus for the
unmodified detector the plotted measurement depths correspond to depths of the

manufacturer-specified EPOM.

Figure 2(b) shows whole PDD curves, with the modified detector's PDD now
shifted by 0.2 mm. The PDDs simulated for the unmodified and modified diodes agree
well and concur with the calculated in-water PDD, both in the build-up region and at
greater depths. This is further demonstrated by the ratios of computed diode-measured
and in-water PDDs plotted in Fig. 2(c), which between 1 and 30 cm depths in water differ
from unity by less than 1%. These results indicate that the EPOM of the modified detector
lies 0.9 + 0.2 = 1.1 mm below its top. The same EPOM was obtained when Monte Carlo

15 MV data (not plotted) were analyzed.

3.B. Experimentally measured data

3.B.1. On-axis kK.<"* ™ factors

i, cm

On-axis kgfffc‘:l factors measured experimentally for the unmodified and modified

60023-type detectors at 5 cm depth in water in a 6 MV 0.5x0.5 cm? field are plotted in

Fig. 3. They increase with airgap thickness from 0.973 + 0.010 (2 s.d.) for the unmodified

14
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60023-type diode to 1.022, 1.035 and 1.050 + 0.011 for detectors with airgaps of 0.6, 0.8
and 1.0 mm thickness respectively. Since the diodes with 0.8 mm and 1.0 mm airgaps

performed less well than the others, we did not test them further.

On-axis kéjﬁgf;’l values measured for the unmodified 60023-type detector and

the 0.6 mm airgap variant are plotted against field-size in Fig. 4. The factors were
measured at 5 and 15 cm depths in water for 6 and 15 MV fields of size 0.5x0.5 to 10x10

cm?. In the 6 MV small fields the unmodified and modified 60023-type detectors over-

cm

and under-responded respectively. Both performed well, though, with kégiizz‘ lying no

further from unity than 2.8% + 1.0% for the unmodified diode and 3.0% + 1.2% for the
0.6 mm airgap detector. On-axis kéiﬁﬁf:: values obtained previously for an unmodified

60017-type diode' are plotted for comparison and indicate over-responses of up to 8.6%

£ 1.1%.

In the 15 MV small fields, the unmodified and modified 60023-type detectors again
over- and under-responded by up to 3.6% + 1.6% and 4.7% * 1.3% respectively. The

60017-type detector over-responded by at most 10.6% £ 1.4%.

3.B.2. Off-axis detector response

Responses of the unmodified 60023-type detector and the 0.6 mm airgap variant
off-axis at 5 and 15 cm depths in 6 and 15 MV 0.5x0.5 cm? fields are plotted in Figs. 5
and 6. The plots show profiles of errors in doses obtained from uncorrected detector
readings, normalized to the on-axis dose. The errors were calculated from diode and
EBT3 film measurements taken cross-line along the direction of travel of the lower (X)

jaws.
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At 5 cm depth in the 6 MV field, the maximum error for the unmodified 60023-type
detector was a 4.0% over-response within the field, normalized to on-axis dose. In
comparison the 60017-type detector over-responded by up to 9.7%.'° For the 0.6 mm
airgap detector, maximum errors were a 2.5% under-response within the field and a 3.0%
over-response just beyond the field-edge. At 15 cm depth the unmodified 60023-type
detector read correctly to within 2.8% of the on-axis dose across most of the measured
range, with a maximum 4.0% over-response in a narrow spike attributable to noise in the

film profiles. The 0.6 mm airgap detector had a maximum 4.0% under-response.

Similarly, in the 15 MV 0.5x0.5 cm? field, maximum errors at depths of 5 and 15
cm were over-responses of 5.3% and 2.9% respectively for the unmodified 60023-type

diode, and under-responses of 4.2% and 5.0% for the diode with the 0.6 mm airgap.

3.B.3. PDD curves

Depth-dose curves measured for the 6 MV 0.5x0.5 cm? field using the unmodified
60023-type detector and the 0.6 mm airgap variant are plotted in Fig. 7. Build-up curves
are shown in Fig. 7(a) with measurement depths plotted so that the kick-points for both
detectors occur at 0.9 mm depth. For the unmodified 60023-type diode, plotted
measurement depths thus correspond to depths of the EPOM. The longitudinal shift
visible between the two build-up curves, 0.2 mm at 80% of the maximum dose, suggests

the EPOM of the 0.6 mm airgap diode lies 1.1 mm below its top.

In Fig. 7(b) complete 0.5x0.5 cm? PDD curves are plotted for the two detectors,
with measurement depths adjusted for the modified diode so that the kick-point of its
PDD occurs at 1.1 mm depth. These curves agree well as demonstrated further in Fig.
7(c) in which their ratio is plotted, confirming that the modified detector's EPOM lies 1.1

mm below its top surface.
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Table Il lists the ratio of doses measured at 15 and 5 cm depths in the 6 MV 4x4
cm? field using the IBA CC13 ionization chamber, which is expected to accurately
represent the variation of dose in water with depth. The table also lists equivalent ratios
of readings for the 60017-type diode and the unmodified 60023-type detector and its 0.6
mm airgap variant. For the 60017-type detector the ratio was 1.1% + 0.2% below that
measured using the ionization chamber, comparable to a 1% reduction in response of
the 60017-type detector relative to an ionization chamber previously observed between

5 and 15 cm depths in measured 4x4 cm? PDD curves.'® For the 60023-type detectors,

however, the ratio was only 0.3% + 0.2% below the ionization chamber ratio.

3.B.4. Dose-rate dependence

Detector sensitivity is plotted against dose-rate in Fig. 8. Across the 4-13 Gy min™’
range sensitivity varied by less than 0.1% for the unmodified 60023-type detector

compared to 1.5% for the 60017-type detector.

4. DISCUSSION

In 6 and 15 MV small fields >0.5x0.5 cm?, radiation doses can be measured more
accurately on- and off-axis at 5 and 15 cm depths in water using uncorrected readings
from the new PTW 60023-type microSilicon diode than from a 60017-type diode. Monte
Carlo calculations show that the 60023-type detector over-responds in the small fields
compared to a reference 4x4 cm? field by up to 2.6% + 0.5% and 2.2% + 0.7%
(normalized to on-axis dose-levels) at 6 and 15 MV respectively, whereas earlier
calculations for the 60017-type detector indicated over-responses of up to 10.2% + 0.7%

and 11.9% + 0.6%.' Similarly, experimental data show maximum over-responses in

17



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

small fields of 4.0% + 1.0% and 5.3% + 2.0% at 6 and 15 MV for the 60023-type detector,

compared t0 9.7% + 1.4% and 11.7% £ 1.4% for the 60017-type detector.

Other investigators have reported that doses in 6 and 10 MV small fields can be
measured more accurately at 5 and 10 cm depths in water using 60023-type rather than
60017-type diodes.""'® Our results extend these findings up to a beam energy of 15 MV,
and to a wider range of detector locations, on- and off-axis at both 5 and 15 cm depths.
Our on-axis 6 MV data are in good quantitative agreement with results reported by
Schonfeld et al.’ and Weber et al.'?, who obtained correction factors of 0.960-0.988 for
60023-type detectors positioned at 10 cm depth in water with an SSD of 90 cm and
irradiated in 6 MV small fields of size 5.5x5.5 to 6.3x6.3 mm?, compared to values of
0.973-0.988 reported here for a detector placed on-axis in a 5x5 mm? field at 5 and 15

cm depths with an SSD of 100 cm.

The maximum over-responses we measured experimentally for the 60023-type
diode were a little higher than those determined computationally. This may be because
readings were taken at many off-axis locations, leading to maximum recorded over-
responses being recorded at points where results lie at the upper end of uncertainty
ranges, which are wider for experimental than for computational results. Closer

agreement was seen when only the smaller quantity of on-axis data was considered.

Our off-axis computational and experimental results agreed quite well (Figs. 1, 5,
6). They show the unmodified 60023-type detector slightly over-responding within small
fields, and the detector with a 0.6 mm airgap under-responding within these fields but
slightly over-responding beyond their edges. The correction factors required vary with

detector location as well as field size, and consequently detectors with correction factors
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that are small and potentially ignorable everywhere are preferable to those requiring a

multiplicity of correction factor values to be calculated and applied.

Anomalies in experimental data gathered for 60017-type diodes'® were not

present in data collected for 60023-type diodes. In particular, for 60023-type diodes
measured kgzxzf:r:l factors rose monotonically with increasing airgap thickness (Fig. 3),

whereas for 60017-type diodes the analogous curve measured had notable inversions at
some points.'® This is likely a consequence of the epoxy housing being less dense in
60023- than in 60017-type detectors, which limits any detector-to-detector response

variability resulting from differences in epoxy thickness.

Furthermore, ratios of doses-to-water at 15 and 5 cm depths in a 6 MV 4x4 cm?
field measured using the unmodified 60023-type detector and its 0.6 mm variant lay
within 0.3% of the ratio measured using an IBA CC13 ionization chamber (Table lIlI),
whereas the same ratio measured using the 60017-type detector was 1.1% below the
ionization chamber ratio. This improved depth-dose accuracy of the 60023-type detector
is likely a consequence of its response varying negligibly with the linac dose-per-pulse”,
in turn a result of changes made to its silicon lattice. The 60023-type detector response
also varied little with linac pulse repetition frequency (Fig. 8), whereas the 60017-type

detector response rose with increasing frequency.

For the 60017-type diode, the best results were achieved by adding a 1.6 mm
airgap.’® For the 60023-type diode the best experimental results we obtained were for a
detector with a thin 0.6 mm airgap added, but even this over-corrected the detector.
Further Monte Carlo calculations suggest that close-to-optimal results can be obtained
using a 60023-type detector with an even thinner 0.3 mm airgap, for which computed

under-responses on-axis in 6 and 15 MV 0.5x0.5 cm? fields were just 1.0% + 0.8% in the
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6 MV beam and 1.3% + 0.8% in the 15 MV beam. We have not experimentally
characterized such a detector as PTW have yet to fabricate one. The gains achievable
in routine practice will depend on the accuracy and precision with which the airgap and

other components can be manufactured, and structural stability over time.

Depth-dose data indicate that inclusion of the 0.6 mm thick airgap in the 60023-
type detector deepened its EPOM by 0.2 mm from its top surface, in line with a finding in
modified 60017-type detectors that EPOM depths were increased by around one-third of

airgap thicknesses."°

5. CONCLUSIONS

The 60023-type microSilicon diode measures radiation doses in small photon
fields substantially more accurately than does the 60017-type diode. At 5 and 15 cm
depths on- and off-axis in 6 and 15 MV fields >0.5x0.5 cm?, the greatest dosimetric errors
found for the 60023-type detector were over-responses of 2.6% + 0.5% determined
computationally and 5.3% + 2.0% determined experimentally, compared to 11.9% + 0.6%
and 11.7% + 0.8% for a 60017-type detector. The ratio of doses at 15 and 5 cm depths
in a 4x4 cm? field was also experimentally measured more accurately using the 60023-
type than the 60017-type diode; and whereas the sensitivity of the 60017-type detector
fell by 1.5% as dose-rates were reduced from 13 to 4 Gy min"' by decreasing the linac

pulse repetition frequency, the sensitivity of the 60023-type detector changed little.

Building a 0.6 mm airgap into the 60023-type diode over-corrected the detector,
leading to maximum under-responses in small fields of around 5%. According to further
Monte Carlo calculations a 0.3 mm airgap would produce close-to-optimal detector

performance.
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FIGURE LEGENDS:

FIG. 1. Monte Carlo calculations of errors in doses obtained from uncorrected detector
readings off-axis at 5 and 15 cm depths in water for 6 and 15 MV 0.5x0.5 cm? fields,
normalized to on-axis doses. Results are plotted for the unmodified 60023-type detector

and the 0.6 mm airgap (a.g.) variant. + 2 s.d. error bars are shown.

FIG. 2. Monte Carlo depth-dose data for a 6 MV 0.5x0.5cm? field, showing in-water doses
and simulations of PDDs measured using the unmodified 60023-type detector and the
0.6 mm airgap (a.g.) variant: (a) the build-up region; (b) complete PDD curves; (c) ratios
of diode-measured to in-water PDD curves, normalized to unity at 5 cm depth.
Measurement depths were defined as 0.9 mm below the top surface of both detectors in
panel (a), and 0.9 and 1.1 mm below the tops of the unmodified 60023-type diode and
the 0.6 mm airgap variant in (b) and (c). Statistical uncertainties on calculated doses

were <1% (2 s.d.) and are omitted to improve visual clarity.

FIG. 3. On-axis kgfffﬂ correction factors measured experimentally in a 6 MV beam for

unmodified and modified 60023-type detectors at 5 cm depth in water, plotted against

airgap thickness. +2 s.d. error bars are shown.

FIG. 4. On-axis kéiﬁ:f:: values measured experimentally in 6 MV and 15 MV square

fields at 5 and 15 cm depths in water, for the unmodified 60023-type detector and the 0.6
mm airgap (a.g.) variant. Data for an unmodified 60017-type diode are shown for
comparison. The reference condition was on-axis in a 4x4 cm? field at 5 cm depth in

water. £2 s.d. error bars are shown.
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FIG. 5. Off-axis diode response measured experimentally in a 6 MV 0.5x0.5 cm? field for
the unmodified 60023-type detector and the 0.6 mm airgap (a.g.) variant. Plots show
errors in measured doses across the field at 5 and 15 cm depths in water, obtained from
uncorrected detector readings, relative to the on-axis dose. Data for the unmodified
60017-type diode at 5 cm depth are shown for comparison. £2 s.d. error bars are shown

on-axis, at the field-edge and 4.5 mm beyond the field-edge.

FIG. 6. Off-axis diode response measured experimentally in a 15 MV 0.5x0.5 cm? field
for the unmodified 60023-type detector and the 0.6 mm airgap (a.g.) variant. Data for the
unmodified 60017-type diode at 5 cm depth are shown for comparison. +2 s.d. error bars

are shown.

FIG. 7. 6 MV depth-dose data measured experimentally for a 0.5x0.5 cm? field using the
unmodified 60023-type diode and the 0.6 mm airgap (a.g.) variant, showing (a) the build-
up region, (b) complete PDD curves, (c) the ratio of PDD curves. In (a) measured depths
are plotted so that the kick-points occur at 0.9 mm for both detectors, whereas in (b) and
(c) depths have been shifted for the modified detector so that its kick-point occurs at 1.1

mm depth.

FIG. 8. Sensitivities of the unmodified 60017- and 60023-type detectors, measured
experimentally on-axis at 5 cm depth in water in a 6 MV 4x4 cm? field. Dose-rate was
varied by changing the linac pulse repetition frequency. Results are normalized to the
sensitivity at 600 MU min-'.
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FIG. 5.
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FIG. 6.
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654 TABLE l. Voxel dimensions used in Monte Carlo calculations of doses absorbed by
655  water. The first two voxel dimensions listed are perpendicular to the beam axis, the third
656  along it. Levels of precision achieved in dose calculations are also shown as + 2 standard

657  deviation (s.d.) uncertainties.

658

Field size (mm?) 5x5 7x7 40x40

Dosimetric

Voxel location Voxel dimensions (mm°) o
precision (%)

On-axis 5 & 15 cm depth  0.25x0.25x0.5  0.25x0.25x0.5 2x2x0.5 +0.5
Off-axis 0.25x0.25x0.5 - - +1.1

PDD up to 10 cm depth 0.25x0.25x1.0 - - 0.4

PDD 10-30 cm depth 0.25x0.25x10.0 - - 0.4
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672 TABLE Il. Monte Carlo kéiﬁﬁf:: factors calculated on-axis in 6 and 15 MV beams for

673 unmodified 60017- and 60023-type detectors, and for 60023-type detectors modified to

674  include 0.6 mm and hypothetical 0.3 mm airgaps. £ 2 s.d. confidence intervals are shown.

675
676

Detector  Airgap 6 MV 6 MV 15 MV 15 MV

model  thickness 0.5,4 cm [ 074 cm J0-54 cm [ 074 cm

(mm) QO.SA- cm QO.5,4 cm QO.SA- cm QO.5,4 cm

5 cm depth in water

60017 0 0.910 0.971 0.896 0.959

+0.005 +0.007 +0.005 +0.009

60023 0 0.979 0.977 0.978 0.984

+0.006 +0.006 +0.007 + 0.007

60023 0.3 1.007 0.995 1.009 1.003

+0.006 +0.006 +0.007 + 0.007

60023 0.6 1.029 1.002 1.041 1.020

+0.006 +0.006 +0.007 + 0.007

15 cm depth in water

60017 0 0.913 0.967 0.900 0.958

+0.005 +0.009 +0.005 +0.009

60023 0 0.987 0.988 0.985 0.984

+0.008 +0.007 +0.008 +0.008

60023 0.3 1.010 1.007 1.013 1.002

+0.008 +0.008 +0.008 +0.008

60023 0.6 1.038 1.012 1.043 1.017

+0.008 +0.008 +0.008 +0.008
677
678
679
680
681
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682 TABLE Ill. Ratios of readings at 15 and 5 cm depths in water on-axis in a 6 MV 4x4 cm?
683 field. + 2 s.d. confidence intervals are shown. Ratios are shown for different detectors in
684  the centre column, while the right-hand column shows how these ratios compare to that

685 measured using the ionization chamber.

Detector Ratio of readings at Detector ratio /
15 and 5 cm depths ionization chamber ratio
IBA CC13 ionization chamber 0.540 +0.001 -

PTW 60017-type diode 0.534 + 0.001 0.989 + 0.002

PTW 60023-type diode (no airgap) 0.538 + 0.001 0.997 + 0.002

PTW 60023-type diode (0.6 mm airgap) 0.538 + 0.001 0.997 +0.002
686
687

37



