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Technical Note: Angular dependence of a 2D monolithic silicon diode array for
small field dosimetry

Abstract
Purpose

This study aims to investigate the 2D monolithic silicon diode array size of 52 x 52 mm? (MP512) angular
response. An angular correction method has been developed that improves the accuracy of dose
measurement in a small field.

Methods

The MP512 was placed at the center of a cylindrical phantom, irradiated using 6 MV and 10 MV photons
and incrementing the incidence of the beam angle in 15° steps from 0° to 180°, and then in 1° steps
between 85° and 95°. The MP512 response was characterized for square field sizes varying between 1 x

1 cm? and 10 x 10 cm?. The angular correction factor was obtained as the ratio of MP512 response to
EBT3 film measured doses as a function of the incidence angle (©) and was normalized at 0° incidence
angle. Beam profiles of the corrected MP512 responses were compared with the EBT3 responses to
verify the effectiveness of the method adopted.

Results

The intrinsic angular dependence of the MP512 shows maximum relative deviation from the response
normalized to 0° of 18.5 + 0.5% and 15.5 + 0.5% for 6 MV and 10 MV, respectively, demonstrating that the
angular response is sensitive to the energy. In contrast, the variation of angular response is less affected
by field size. Comparison of cross-plane profiles measured by the corrected MP512 and EBT3 shows an
agreement within +2% for all field sizes when the beams irradiated the array at 0°, 45°, 135°, and 180°
angles of incidence from the normal to the detector plane. At 90° incidence, corresponding to a depth

dose measurement, up to a 6% discrepancy was observed fora 1 x 1 cm? field of 6 MV.

Conclusion

An angular correction factor can be adopted for small field sizes. Measurements discrepancies could be
encountered when irradiating with very small fields parallel to the detector plane. Using this approach, the
MP512 is shown to be a suitable detector for 2D dose mapping of small field size photon beams.
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Abstract:

Purpose: This study aims to investigate the 2D monolithic silicon diode array size of 52x52
mm® (MP512) angular response. An angular correction method has been developed that
improves the accuracy of dose measurement in a small field.

Methods: The MP512 was placed at the center of a cylindrical phantom, irradiated using 6 MV
and 10 MV photons and incrementing the incidence of the beam angle in 15° steps from 0° to
180°, and then in 1° steps between 85° to 95°. The MP512 response was characterized for square
field sizes varying between 1x1 cm” to 10x10 cm”. The angular correction factor was obtained as
the ratio of MP512 response to EBT3 film measured doses as a function of the incidence angle
(©) and was normalized at 0° incidence angle. Beam profiles of the corrected MP512 responses
were compared with the EBT3 responses to verify the effectiveness of the method adopted.
Results: The intrinsic angular dependence of the MP512 shows maximum relative deviation
from the response normalized to 0° of 18.5+0.5% and 15.5+0.5% for 6 MV and 10 MV,
respectively, demonstrating that the angular response is sensitive to the energy. In contrast, the
variation of angular response is less affected by field size. Comparison of cross-plane profiles
measured by the corrected MP512 responses and EBT3 responses shows an agreement within
+2% for all field sizes when the beam irradiated the array at 0°, 45°, 135°, and 180° angles of
incidence from the normal to the detector plane. At 90° incidence, corresponding to a depth
dose measurement, up to a 6% discrepancy was observed for a 1x1cm? field of 6MV.
Conclusion: An angular correction factor can be adopted for small field sizes. Measurements
discrepancies could be encountered when irradiating with very small fields parallel to the
detector plane. Using this approach, the MP512 is shown to be a suitable detector for 2D dose
mapping of small field size photon beams.

Key words: monolithic 2D detector, stereotactic radiotherapy, small field dosimetry, quality

assurance, silicon diode
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1. INTRODUCTION

Stereotactic radiosurgery (SRS), stereotactic body radiotherapy (SBRT) and stereotactic ablative
radiotherapy (SABR) are increasingly being employed in radiation therapy because of their
superior conformity and radiobiological effectiveness over conventional photon therapies.' In
these forms of therapy, high doses per fraction are delivered to small targets using stereotactic
localization techniques while limiting dose to normal tissue and critical organs™. The use of
small fields combined with intensity-modulated delivery creates a challenging scenario for
accurate dosimetry. The most critical issues in small field dosimetry are a lack of electronic
equilibrium resulting from the field dimension being less than the secondary electron lateral
range, and the possible partial obstruction of the source by collimators. The secondary electron
lateral range is also energy dependent and therefore, its impact on penumbra and effective beam
size also depends on the density of the medium.* A suitable quality assurance tool for small field
dosimetry requires high spatial resolution detectors, tissue equivalence, and energy and dose rate
independence to achieve sufficient accuracy. The packaging of the detector should also only
minimally perturb the radiation field.’

Recently, 2D detector arrays based on either diodes or ionization chambers have been
used as verification tools due to their convenient real-time dose measurement capabilities. The
Centre for Medical Radiation Physics (CMRP) has developed a monolithic silicon diode array
named Magic Plate-512 (MP512) with pixel pitch of 2 mm for dosimetry verification in
stereotactic RT, including real time motion adaptive radiotherapy. In terms of beam profile and
penumbra measurement, the MP512 has proved to be a suitable dosimeter for external beam
radiotherapy and small field dosimetry for field sizes down to 1x1 cm>.%’ However, the major
drawback of monolithic silicon diode arrays is angular dependence.

The angular dependence of diodes and diode arrays have been reported in several recent
studies.*" Anisotropy in materials surrounding the detector active volume and detector
assembly are the two main factors that affect the angular response of the detector, since the
different materials surrounding the active volume generate a varying secondary electron

spectrum depending on irradiation angle.”''™* This effect produces an angular dependence and



75

80

85

90

95

limits the accuracy of verification plans for arc radiotherapy delivery. Several groups have

found that for dosimetry systems exhibiting angular dependence, mitigation of it using an
angular dependence correction methodology allows their use for plan verification with
acceptable accuracy.”” The aims of this study are: 1) to investigate the characteristics of the
MP512 in terms of its intrinsic directional dependence, including the effects of photon energy
and field size on its angular response; and 2) to develop an angular correction factor procedure
to improve the accuracy of the measured dose map in a specific plane after full plan delivery for
arc radiotherapy using small fields as employed in SBRT and SRS.

2. MATERIALS AND METHODS

2. A. MagicPlate-512 monolithic detector array and data acquisition system (DAQ)

The MP512 is a monolithic silicon detector array of 512 square diodes distributed over an area
of 52x52 mm®. Each pixel has an active area of 0.5x0.5 mm’ and a pitch of 2 mm. The detector
array is fabricated by ion implantation on a 470 um thick p-type silicon substrate. The MP512 is
wire bonded to a 500 pum thick fiber glass printed circuit board (PCB) with plugs for connection
to a readout DAQ system. The detector and the wire bonding are covered by a thin layer of
protective epoxy for mechanical robustness. The MP512 detector array was embedded in
between two 5 mm thick PMMA slabs with an air gap of 1 mm between the plastic cover and the
silicon entrance surface. This packaging arrangement (cf. Fig. 1) is necessary for mechanical
protection of the silicon detector and to optimize the detector response to normally incident
small radiation fields.**"*

The MP512 data acquisition system (DAQ) is based on eight modules of 64-channel
analog electrometers.**** Each chip is interfaced to a quad analogue-to-digital converter (ADC).
The ADC output is synchronized and channel de-randomized by a field programmable gate array
(FPGA), which also manages the synchronization with the sync pulse of the Linac to acquire the
detector current. The data was transferred from FPGA via USB2.0 to a host computer on which

the in-house developed program interface operates. The MP512 array is operated in passive

mode, where no bias voltage is applied to the diodes.

| [ Formatted: Not Highlight




100

105

110

115

PMMA

€

= N I

n ARGAP | ¥ 1mm

0.47 mm

0.5 mm PCB-FR4

£

£ PMMA

wn

Figure 1. The MP512 schematic diagram of cross-section of the detector
packaging (not to scale)

2. B. Angular response

Angular response measurements were performed using 6 MV and 10 MV photon beams
generated by a Varian Clinac iX (Varian Medical System, Palo Alto, CA) equipped with a 120-
leaf Millennium multi-leaf collimator system. The MP512 was inserted into the PMMA
cylindrical phantom having a diameter of 30 cm and a length of 40 cm (cf. Fig.2a), with the
central pixel aligned with the machine’s isocenter. To avoid couch interference, the detector
was set in a vertical position with the detector surface perpendicular to the incident beam. The 0
degree angle is identified with the gantry in horizontal position (cf. Fig. 2b). Square field sizes of
1x1 cmz, 2x2 cmz, 3x3 cmz, 4x4 cm?® and 10x10 cm?® were adopted to irradiate the detector,
rotating the gantry in a clockwise direction at 15° increments from incidence beam angle 0° to
+180°. For the beam with field size 10x10 cm’, the gantry was rotated in 1° increments for
incidence beam angles between 85° to 95° for a finer characterization of the detector around the
expected maximum response variation. The MP512 was irradiated five times using 100 MU for
each angular position at a dose rate of 600 MU/min. The angular response was defined as the
ratio of the detector response at a given irradiation angle normalized to the response at 0°
incidence angle. As the data in this study was not normally distributed, and the sample size per
group less than the criteria (n<15), nonparametric statistical analysis was used. A Kruskal-Wallis
test was carried out to compare the effect of field size on angular response variation for the same
photon energy, while a Mann-Whitney U test was conducted to compare the angular response

between the two photon energies of 6 MV and 10 MV, respectively.
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Figure 2. The experiment setup; (a) The MP512 placed inside the PMMA cylindrical phantom, (b) Schematic

diagram of directional measurement (not to scale).

2. C. Gafchromic EBT3 film and correction factor calculation

Gafchromic EBT3 film was used as the reference dosimeter to evaluate and correct the angular
responses of MP512, assuming that the film response does not have any appreciable angular
dependence. EBT3 film has been designed to minimize its angular response by using two
identical active layers stacked with two matte polyester layers for protection from mechanical
damage.” Normalization of the MP512 detector response to the EBT3 film response helps to
minimize the effects of mechanical tolerances of rotation of the Linac gantry around the
phantom, and effects of non-homogeneity of the phantom.

The EBT3 films were cut into 7.0x7.4 cm” patches to fit the PMMA holder used for
MP512 packaging. The films were irradiated using 6 MV and 10 MV beams with a 10x10 cm’
open field at incidence beam angles of 0°, 45°, 90°, 135°, and 180° in the same position as the
detector array. The set of films were scanned six times at the same position in the center of a
Microtrex ScanMaker i800 flatbed scanner with 48-bit of color depth and spatial resolution of 72
dpi (equivalent to a pixel size of 350 pum). The last three scans were used to perform the analysis
to ensure thermal stability of the scanner and inter-scanning consistency.”® The red channel was
used for data analysis using ImageJ V1.48 (National Institute of Health, USA) and MATLAB

2014b (Math Works Inc., Natick, MA).
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The response of the film at the required 15° angular increments for determination of an
angular correction of MP512, was obtained by interpolating the data obtained at 0°, 45°, 90°,
135°, and 180°. The data collected using the MP512 and EBTS3 film for an open 10x10 cm’ field
was used to determine the correction factor for each detector pixel. Increasing the field size
above 10x10 cm” for angular calibration would not typically be measured using a 52x52 mm’
detector array that was designed for stereotactic fields. The calibration factor a;; expressed in
counts/cGy for each pixel (i,j), was calculated from the ratio of MP512 response to dose

measured by the EBT3 film as a function of the gantry angle 6 (cf. Equation (1)).

MPij(B)
EBT3ij(9)

a;;(0) = (D

where, i is the row index (along the x-axis, i.e. axis perpendicular to the phantom rotation) and j
is the column index of pixels (along the y-direction, i.e. parallel to the axis of rotation).

The angular response calibration tensor of the MP512 (C;;(6)) was calculated by
dividing the calibration factor at an arbitrary gantry angle 0 by the calibration factor at gantry

angle zero (cf. Equation (2)).

aij(0)

€O = 2w

2

2. D. Verification of angular dependence correction factor

To verify the constancy of the angular response correction factor of the MP512, experiments
were performed using small static beam irradiation and compared with those measured using
EBTS3 films set up in the same orientation (cf. Fig. 2a). The MP512 was irradiated using open
field sizes of 1x1 cm’, 2x2 cn?, 3x3 cm” and 4x4 cm® at incidence gantry angles of 0°, 45°, 90°,
135° and 180° for both 6 MV and 10 MV photons. The dose map measured by MP512
( MPE-""E”M(G)) corrected for angular dependence was obtained by dividing the intrinsic
detector response (MP/;(8)) by the calibration tensor C;;(6) for the 10x10 cm’ field (cf.
Equation (3)).

MP/;(6)
Cij(6)

3)

corrected _

3.RESULTS
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3. A. Angular response

Figure 3 shows the intrinsic detector response between 0° and 180° as a function of the
incidence angle collected from the four central pixels for various field sizes. The error bars
shown are 95% confidence intervals with a maximum variation of 0.2 %. The detector response
decreases as the incidence beam angle increases, giving an average response change per degree
of 0.18+0.03%. For all studied field sizes and photon energies, the relative angular response of
the MP512 is similar, with a minimum response of 18.5+0.5% for 6 MV and 15.5+£0.5% for 10
MV achieved at incidence angles between 90° and 95°. As the incidence angle increases from
90° to 180°, the detector response recovers asymmetrically and falls below the response at 0°
degrees by 14.3+0.6% for 6 MV and 9.4+1.8% for 10 MV (cf. Fig. 3). There was no significant
difference in the relative angular response in between the different field sizes, yielding a value of
p = 0.9985 for 6 MV and p = 0.5359 for 10 MV. However, for a 10 MV photon beam at
incidence angles between 135° to 180°, the relative response differences between a field size of
1x1 cm® and a field size of 10x10 cm® were approximately 3%. Figure 4 shows the intrinsic
detector response for an open field size of 10x10 cm® between 0° and 180° as a function of the
beam incidence angle collected from the four central pixels for 6 MV and 10 MV photon beam
energies. The angular response for the higher energy 10 MV photon beams shows a smaller
variation than for 6 MV photon beams proving that there is a significant difference (p=0.04) in

the angular dependence of monolithic arrays as a function the beam energy.
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Figure 3. Angular response of the averaged four central pixels of the MP512 detector array is shown as a function of

incidence beam angle for (a) 6 MV and (b) 10 MV photons.
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Figure 4. Angular response of the averaged four central pixels of the MP512 detector
array is shown as a function of incidence beam angle for an open field size of 10x10

cm? for 6 MV and 10 MV photons.

3. B. Validating the angular response correction factor for small fields

The beam profiles for field sizes from 1x1 to 4x4 cm’ measured using the MP512 at an
incidence angle of 0 degrees, and compared to EBT3 films, show an agreement in terms of the
full width of half maximum (FWHM) and penumbra (20-80%) for 6 MV and 10 MV photon
beams within +1% and 1 mm, respectively. When uncorrected for angular dependence, the
MP512 response to beams at incidence angles other than zero degrees shows a dose profile
distorted, and with considerable attenuation, when compared to EBT3 film. The profiles from
1x1 to 4x4 cm® measured with the MP512 detector are substantially improved after correction,
and match to EBT3 dose profiles for all angles to within 2% (cf. Fig. 5 to 8) for both 6 and 10
MV photon beams. However, for 6 MV photons and a 1x1 cm’ field size, the cross-plane depth-
dose profiles corresponding to a gantry angle of 90° showed a discrepancy of approximately 6%

in comparison to EBT3 film after angular correction (cf. Fig. 7c).
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90° and (d) 135°.

4. DISCUSSION

We found that the relative angular dose response of the MP512 decreases with increasing of the
beam incidence angle by up to 18.5+0.5% for 6 MV and 15.5+0.5% for 10 MV in comparison to
normal beam incidence (0 degree) with the minimum achieved between 90° and 95°. The
minimum of the relative detector response was observed when radiation beam was parallel to the
silicon plane of the MP512. This effect can be explained by the higher attenuation of the portion
of beam passing through 26 mm length of the 0.47 mm thick silicon substrate, as well as the

perturbation of the lateral equilibrium and scattered secondary electrons by the silicon substrate



210

215

220

225

230

13

and the air gap surrounding the silicon crystal. It was observed that for 1x1 cm” field of 10MV
beams, the relative angular response differed by more than 3% in the angular interval 135°-180°
in comparison with the response for 10x10 cm’ field, while for all other fields agreement is
good. The proportion of this field in practical delivery of arc therapy will be small in terms of
contribution to the total dose measured by MP512, and essentially will not influence dose
reconstruction to the total dose measured by MP512. This will be demonstrated in the next
paper. Further analysis of this phenomena is required. While the MP512 is a large monolithic 2D
array detector, its angular response variation is similar to the angular response of single diodes
found in other studies.”'"*” The reason for the asymmetric directional dependence of the MP512
can be attributed to the intrinsic anisotropic configuration of the MP512 silicon detector
assembly where each pixel of MP512 is surrounded laterally by extracameral silicon and high
atomic number materials such as the compounds used for fabrication of the printed fiberglass
circuit board adopted to connect the detector to the electronic interface. The packaging solution
adopted leads to beam angle-dependent attenuation differences of the secondary electrons, and
hence results in the angular dependent sensitivity of the detector pixels. In addition, the silicon
surrounding the detector pixels sensitive volume has a density higher than water, which leads to
the production of secondary electrons with an energy distribution that is different to that
generated in water, affecting the dose measured by the detector pixels under different beam
angles."**° For a 10 MV photon beam, the secondary electrons have higher energy in
comparison to those generated from a 6 MV photon beam leading to a less pronounced angular
response of the MP512. However, for potentially evaluating, the Monte Carlo simulations is a
powerful tool allowing to understand the effect of extracameral volume around detector pixels
and the detector packaging on angular dependence of the detector and further it optimization.
The angular correction tensor is calculated by normalizing the EBT3 film dose map and
the MP512 response for a photon beam with field size of 10x10 cm®. This methodology yielded
a cross-plane profile agreement to within 2% between the corrected MP512 dose response and
EBT3 film dose measurement for all studied field sizes for both 6 MV and 10 MV photons,

except for the 1 x 1 cm” for 6 MV for which the agreement was within 6% at an incidence angle
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of 90° corresponding to a depth dose measurement. The observed discrepancy can be explained
by the fact that for 1x1 cm’ field in comparison with a 10x10 cm” field, the partial fraction of
photons attenuated by the 0.47 mm thick and 52 mm long silicon substrate has a much larger
influence on the detector pixel response embedded in silicon with depth. While for a 10x10 cm’
field, the detector pixel response with depth is driven mostly by secondary electrons scattered
from the PMMA to the silicon. Also, the airgap between the silicon detector and the PMMA
cover is part of the extra-cameral material and allows a non-negligible fraction of the secondary
electrons in a 1x1 cm’ field to travel along the silicon substrate without interacting with the
detector perturbing the energy deposition distribution in respect to a field size of 10x10 cm® In
the case of the 1x1 cm’ field and 10 MV photon beam, this effect is less pronounced due to
higher energy of the secondary electrons that leads to a smaller beam perturbation and
asymmetry created by the PCB and silicon extracameral material.
5. CONCLUSION

This study aims to characterize the intrinsic angular response of the monolithic silicon
detector array MP512 for different field sizes and photon energies. The angular response of the
MP512 is found to be independent of field sizes. There are significant differences of MP512
angular response between 6 and 10MV photon energies at a fixed beam size of 10x10cm”. The
packaging and the intrinsic asymmetry of monolithic silicon detectors are the major elements
affecting the angular dependence of the MP512. An angular correction factor obtained for a
10x10 cm? field size can also be utilized for smaller field sizes, however, for 6MV photon field
size of 1x1 cm? a different correction factor is required when the beam is directed along the
silicon detector (i.e. at 90 or 270 degrees) and will require the further investigation.
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