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Abstract

Background: Field output factor measurements of clinical linear accelera-
tors require detector-specific corrections, due to the introduction of fluence
perturbation effects by non-water-equivalent components of applied detectors.
Purpose: This study aims to determine field output correction factors for novel
shielded and unshielded silicon diode detectors in high energy photon fields.
Special emphasis is placed on understanding the influence of perturbation fac-
tors and evaluating the suitability of these detectors across a wide range of field
sizes.

Methods: Field output correction factors for the silicon diodes SunSILICON
and SunSILICON P were determined through experimental measurements con-
ducted at four distinct sites. Monte Carlo-based models of the diode detectors
were developed to calculate field output correction factors using the EGSnrc
code system. In addition, these silicon diode models enabled a detailed analysis
of perturbation factors for field sizes from 0.6 cm up to 40 cm.

Results: Experimentally determined and Monte Carlo calculated field output
correction factors are in good agreement for the detectors investigated. The
perturbation factor analysis demonstrated a strong field size dependence of
the fluence perturbation factor for silicon.

Conclusion: This is the first study to systematically characterize the Sun-
SILICON diode detector family using both simulation and measurement. The
findings confirm that both shielded and unshielded designs are suitable for clin-
ical dosimetry in photon beams, requiring only minor corrections. The shielding
of the SunSILICON P diode enables accurate field output factor measurements
across a broad range of field sizes, establishing its utility in modern radiotherapy
applications.
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dosimetry, field output correction factors, field output factors, silicon detectors, small photon field
dosimetry
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1 | INTRODUCTION

In modern external photon-beam radiation therapy,
high-dose conformity can be achieved through the
superposition of small, dynamically modulated beam-
lets, typically delivered from one or multiple rotational
planes. Stereotactic radiotherapy techniques for target-
ing sub-centimeter lesions have also become increas-
ingly common.

The commissioning process and quality assurance of
such beamlets are challenging, since small field photon
dosimetry is characterized by secondary electron dise-
quilibrium and partial source occlusion."? These small
field conditions amplify the impact of radiation fluence
perturbations, which are introduced by any detector
components that are not water equivalent.> While suit-
able detectors need to be sufficiently small,' their
dosimetric behavior with respect to the radiation field
size is governed not only by the physical dimensions of
the sensitive volume,*® but also by the choice of the
detection material® ' and the construction of the detec-
tor housing® 1719 Since the measurement of the linear
accelerator (linac) output with respect to field size is a
key task in the linac’s commissioning process and qual-
ity assurance,’2° the characteristic dosimetric behavior
of a specific detector needs to be well-determined so
that it can be corrected.'*%1321-30 Dedicated small field
dosimetry protocols provide detector-type specific cor-
rections for commonly used detectors, such as the field

. i, _
output correction factor k5™"er 131734

clin, ref

Silicon diode detectors are commonly used for small
field photon dosimetry measurements, due to their
compact size and high signal strength compared to air-
filled ionization chambers. While the energy required to
produce an ion pair in air is 33.97 eV.° only about 3.62—
3.86 eV are necessary to produce an electron-hole pair
in silicon.® In combination with the enhanced density
of silicon, a suitable detector sensitivity can be achieved
with very small sensitive volumes>’

However, a thorough analysis of silicon as a detec-
tor material reveals that the deviating mean excita-
tion energy (l-value; I, =78 eV vs. Ig; =173 eV3%)
and electron density produce a complex, character-
istic detector behavior common to all silicon-based
detectors, which has been thoroughly discussed in
literature.”~'2'% Consequently, field output correction
factor differences among silicon-based detectors are
primarily caused by fluence perturbations introduced
by non-water-equivalent components of the detector
housings 88132239 gjlicon-based detectors with near-
water-equivalent housings are often referred to as
“unshielded” detectors*0—6

Due to silicon’s enhanced cross-section for low-
energy photons, the varying occurrence of energy-
degraded Compton scatter with respect to field size and
depth in water***748 can affect the accuracy of rel-

ative dosimetry measurements 2541444849 Therefore,
the use of unshielded silicon diodes is typically recom-
mended in field sizes of 10 cm or less. The new 1048
SunSILICON detector (Sun Nuclear Corp, Melbourne,
USA) investigated in this study follows an unshielded
detector design*? and is dedicated for dosimetry in the
smallest photon fields with a specified field size range
from 0.4 cm up to 10 cm. Field sizes are expressed as
the width of the square field, since only square fields
were used in this study.

The over-response to low-energy Compton scatter in
relative dosimetry measurements can be mitigated by
adding a shield to the diode design, which is typically
composed of high-Z materials to maximize the pho-
toelectric effect cross section? This can broaden the
applicable range of field sizes to large photon fields,
the maximum field size of which is determined by the
quality of the shield design.*'“° The addition of high-Z
materials, however, also enhances perturbation effects
in small field sizes® Since the suitability of a detector
for field output factor measurements is determined by a
correction threshold of 5%, the addition of a shield can
lead to the specification of a minimum field size.! The
new 1049 SunSILICON P detector (Sun Nuclear Corp.)
studied here follows a shielded detector design*? and is
dedicated for small to large photon field dosimetry with
a specified field size range of 2—40 cm.

The goal of this study is to determine the field
output correction factors for SunSILICON and SunSILI-
CON P and to characterize the underlying perturbation
effects, both by means of Monte Carlo simulations and
measurement.

2 | MATERIAL AND METHODS

21 | Monte Carlo simulation settings
Monte Carlo simulations were performed using the
EGSnrc code system®? to calculate the absorbed dose
to water in a water phantom, as well as the dose depo-
sition within the sensitive volume of two different silicon
detectors. The detector simulation was defined in such
a way that it mirrors the experimental measurement
conditions.

2.1.1 | Radiation source

The particle transport within an Elekta Synergy (Elekta
AB, Stockholm, Sweden) 6 MV and a Varian Clinac
(Varian Medical Systems, Inc., Palo Alto, USA) 10 MV
linear accelerator (linac) head model was simulated
using BEAMnrc from the EGSnrc code system to com-
pute accurate clinical radiation fields. The linac head
models had been validated and utilized in previously
published studies®’-%? In this work, the radiation field
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FIGURE 1

Monte Carlo models of the silicon diode detectors SunSILICON (left) and SunSILICON P (right). Colors are used to depict

different parts of the diode detectors. For better clarity, some elements are shown as semi-transparent. Image not to scale. Not all details are

shown.

size of the linac model was varied by adjusting the
multi-leaf collimator and jaws according to the corre-
sponding linac settings in the experimental study. The
resulting dosimetric field size was determined by cal-
culating the full width at half maximum (FWHM) in
lateral beam profile simulations at 10 cm depth and
a source-to-surface distance of 90 cm. To calculate
bremsstrahlung production more efficiently, the variance
reduction technique directional bremsstrahlung splitting
(DBS) with a splitting factor of 1500 was used.>® The
splitting radius of the DBS technique was adjusted to
be equal to the longest side of the radiation field at
the isocenter. For instance, a field size of 10 cm corre-
sponded to a splitting radius of 10 cm. Additionally, to
save computing time, the transport and particle produc-
tion threshold energies for electrons and photons in the
linac head geometry were set to ECUT = AE = 521 keV
and PCUT = AP = 10 keV, respectively—values com-
monly used in EGSnrc. Using BEAMnrc, phase-space
files were generated to serve as detailed, physics-based
source descriptions for subsequent dose calculations
within the water phantom.

2.1.2 | Dose calculation

Detailed models of the two silicon diode detectors 1048
SunSILICON and 1049 SunSILICON P were created
using the egs++ class library (Figure 1). The Monte
Carlo code egs_chamber was used to calculate the par-
ticle transport within the water phantom and detectors.>*
Phase-space files generated in BEAMnrc were used as
a radiation source.

The total number of particle histories were set to
achieve statistical uncertainty below 0.15% in regions of
interest. To reduce computation time, the variance reduc-
tion techniques Russian roulette, photon cross section
enhancement (XCSE), and intermediate phase space
scoring were applied.

The transport and particle production threshold ener-
gies for electrons and photons in the water phantom and
detector models were set to ECUT = AE = 512 keV and
PCUT = AP = 1 keV, respectively, to achieve greater
accuracy.

2.1.3 | Monte Carlo calculations of field
output correction factors

The field output factor QfC"T frg f for the clinical field fy;,
CI re

and beam quality Qgji, was calculated using Equation 1,
using the formalism introduced by Alfonso et al.>®

felin
Telin, fref — W, Qlin (1 )
Qolin , Qref Dfref
W, Qref
f
D‘;"BI and DrEf correspond to the absorbed dose
Cln

to water in the cI|n|caI field f;, of beam quality Qg;, and
in the reference field fo; of quality Qef, respectively.
To calculate the absorbed dose to water using Monte

Carlo simulations, the dose DfC"n Quin is typically calculated

within a small scoring volume over which the energy
deposition is averaged. This approach serves as an

approximation of the point dose D';cv"g o~ pletin . n
, Qelin W, Qclin
this work, a cylindrical volume was chosen to approx-
imate a point dose (see Appendix). The cylinder was
placed symmetrically along the beam axis at a water
depth of 10 cm to calculate the absorbed dose to water.
The height h of the cylinder was 0.2 cm, and its radius r
was fixed at 0.2 cm for field sizes greater than 2 cm.
However, in smaller radiation fields, even very small
scoring volumes can introduce a volume-averaging
effect, potentially leading to a systematic bias in the
estimated dose and field output factor calculations.
Further reduction of the cylindrical scoring volume is
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limited by the calculation time necessary to reach the
desired statistical uncertainty. Nonetheless, it can be
assumed that as the radius r of the cylindrical scoring

_f .
volume decreases, the mean absorbed dose DVCV"E) . (r)
»clin

approaches the point dose D C'BW For a relatively small
range of cylinder radii, it may be assumed that the dose
D"°"n (r) decreases with increasing radius r according
to the foIIowmg equation:

chlin (f) =a r2 + Dclln (2)

W, Qelin W, Qelin”

The absorbed dose to water DfC"n Oy, 38 well as the

parameter a from 2 were determmed by fitting to the

calculated DC‘C/"E) . (r) for varying radii r. This extrapola-
s clin

tion method allows for the estimation of the point dose

D';C/”E) . by analyzing how the average dose changes with

scoring volume size. See Appendix for details.

The field output correction factor k 3 foin, frg ,as defined

in the AAPM TG 155" and IAEA TRS 483 d05|me—
try protocol using 10 cm as reference field size,' was
calculated with Monte Carlo simula’uons under the
assumption that the detector signal Mé"’l‘l is directly
proportional to the dose deposited within the sensitive

volume of the detector D"

det, Qgjin *
~ fclin fclin
chlinrfref — kfclin:fref det, Qqjin _ kfclln fref QC|II’] (3)
chimQref chinrQref Dfref chln Qref Mref !
det, Qref Qref

Then, the following equation can be derived to deter-
mine the field output factor ch2“|” fef using Monte Carlo
simulations:

clln / clln

kfclinrfref _ W Qclin det, QC|In (4)
Qqlin, Qref fref / f ref
W Qref’ — det, Qrer

2.1.4 | Perturbation factor

Using the formalism described by Bouchard
et al.®%% the field output correction factor kggfgref
can be expressed in terms of the mean restricted
stopping power ratio of water and silicon s, 4¢¢, and the

product of several multiplicative perturbation factors p;.

felin, fref
Qciins Qref

fcin
) [sw,si IT; pi Q|| -
[Sw Si H p/]g:ef

While this formalism has been applied to solid state
detectors,'322:39 the factorization of individual pertur-

bation components is not always consistent across
different studies.”~""32? Following the concept of the
perturbation analysis for ionization chambers, a series
of diode detector models was created in which the
detector components were gradually removed. This
resulted in a series of scoring volumes in which the dose
was calculated, where the listed scoring volumes are
surrounded by water:

Dyt Average dose absorbed in the sensitive vol-
ume of the silicon chip in the detector housing,
see equation 3.

Dchip Average dose absorbed in the sensitive vol-
ume of the silicon chip in absence of the
detector housing.

Dsenssi Average dose absorbed in a silicon disc
matching the dimensions of the silicon detec-
tor’s sensitive volume.

Dsens,w« Average dose absorbed in a disc matching the
dimensions of the silicon detector’s sensitive
volume and consisting of modified water (w*)
with the density of silicon (2.33 g/cm3).

sens,w Average dose absorbed in a water cav-
ity matching the dimensions of the silicon
detector’s sensitive volume.

D,, Absorbed dose in an infinitesimally small

volume of water, see equation 2.

W]

Using these dose values, the following perturbation
factors can be calculated to quantify the perturbation
caused by different detector components:

hi
Ph="p5 (6)
det
,Si
Pechip = fens I: (7)
chip
Dsens,wi
Sw,si P = Dsens'w , (8)
sens,Si
Dsensw
Po=5—"—, (9)
? Dsens,w*
D
Pvol = D = ’ (10)

sens,w

Using Equations 610, the perturbation of each com-
ponent of the silicon diode detector can be quantified
separately. Figure 2 schematically illustrates the pro-
cedure used to determine the perturbation factors.
The change of the electron fluence caused by the
silicon diode housing is considered by the perturba-
tion factor pn, where pp s @nd ppgn  correspond
to the unshielded and shielded housing variants (see
Figure 1). The perturbation factor p.;, describes the
change in the absorbed dose in the silicon chip caused
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sens Si sens W* sens w DW

SW,Sl pfl

FIGURE 2 Schematic representation of a sequence of perturbation factors for a diode detector. The average dose in each cavity from
which an arrow originates can be corrected by the perturbation factor next to the arrow to the average dose in the cavity to which the arrow
points. While only the unshielded housing variant is shown on the left, an analogue decomposition was done for the shielded variant shown in
the right panel of Figure 1. py, is then expressed as py, ynsh. @nd pp sp. for the unshielded and shielded variant, respectively.

by the non-sensitive volume of the silicon chip. The
change of the atomic composition of the sensitive vol-
ume from silicon to water has two principal effects on
the absorbed dose: Firstly, the change in photon interac-
tion cross sections between silicon and water leads to a
difference in the electron fluence, especially in the low
energy range (< 0.2 MeV)—described by the fluence
perturbation factor p;. Secondly, the variation in dose
deposition by electrons due to the difference in mass
stopping powers of silicon and water—described by the
mass stopping power ratio water to silicon s, s;. The per-
turbation resulting from increased density is described
by the density perturbation factor p,, corresponding to
p,- discussed in Fenwick et al. 2013."" The perturba-
tion factor p,; quantifies the deviation introduced when
the absorbed dose is measured over the finite sensitive
volume of the detector, rather than at a point in the water
phantom.

In relative dosimetry, such as the determination of

field output factors Qleinfietthe relative variation in
chln Qref

perturbation factors between the reference and clinical
radiation beam is relevant, due to the significant alter-
ation of the fluence spectrum the detector is exposed
to*® For this reason, all perturbation factors in this
study were examined relative to those under reference
conditions.

2.2 | Experimental setup

The experimental determination of field output correc-
tion factors kC'T ’g for SunSILICON and SunSILICON
P follows Equation 3 where

Tref

felin, f; felin, i Qref
k clins'ref — clinsref . , 1 1
chin:Qref chin:Qref Mfcnn ( )
Qclin

In Equation 11, M“*f Mg C"rf was measured with Sun-

CIFI

SILICON and SunSILICON P respectively. Qfg'T frgf

was measured with well-characterized reference detec-
tors for which consensus field output correction factors

felin,fi . .
k(g"’l‘_ fg . are available and those corrections are small.
Clins re;

The reference detectors chosen for field sizes of
10 cm and less were Standard Imaging’s Exradin W1
scintillation detector and a PTW 60019 microDiamond

detector. Corresponding ké“” frg i values were taken
clins Yre

from TRS 483" and applied according to Equation 3.
Two different detector types were chosen to cross-

validate Qg“” ret ,due to uncertainty contributions asso-

clins Qre

ciated with the respective experimental setup as well as

the detector-specific k(g":‘ frg values' in small field sizes.
clin

. Finf
To further enhance confidence in measured Qg'”’ ref

clin, Qref

data, additional validation measurements were taken
with a larger set of detectors. Detectors selected for
validation measurements only differ by having larger

. fatinf
correction values k5"” ref

cIianref ’

Compact-type ionization chambers or Farmer-type
ionization chambers were used as reference for field
sizes of 10 cm and above to minimize uncertainty
contributions from cable and detector stem effects.

Measurements were performed using various linear
accelerators with and without flattening filter, with nom-
inal energies ranging from 4 MV to 25 MV. 4 MV and
25 MV measurements were conducted at the Ger-
man national metrology institute PTB Braunschweig
(Elekta Versa HD). Other measurement sites included
Sun Nuclear’s headquarter in Melbourne, FL, (Varian
TrueBeam), MyMichigan Health, Saginaw, MI, (Varian
TrueBeam) and Radiologie Vechta, Vechta, Germany
(Elekta Versa HD).

An overview of the equipment used for experimental

determination of field output correction factors kfc":‘ f’g .
cm rei
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TABLE 1 Equipment used for experimental determination of

field output correction factors kfc"’l1 f’g -
clin ref

Elekta Versa HD

Linear accelerators Varian TrueBeam

Sun Nuclear SunSCAN 3D
PTW BeamSCAN
IBA BluePhantom 2

PTW 60019 microDiamond
Standard Imaging Exradin W1

Sun Nuclear 1047 SNC600c
PTW 30013

Sun Nuclear 1048 SunSILICON
Sun Nuclear 1049 SunSILICON
P

Sun Nuclear 1118 EDGE
Detector

Sun Nuclear 1041 SNC125¢
PTW 31021 Semiflex 3D
IBA CC04

IBA CC13

Water phantoms

Reference detectors
(field sizes < 10 cm)

Reference detectors
(field sizes > 10 cm)

Detectors under investigation

Validation detectors

is provided in Table 1. Notably, the data was taken
independently by the co-authors using four different
SunSILICON and SunSILICON P detectors, respectively.
Water phantoms as well as reference detectors were
chosen based on the availability at each respective site.

Detectors were set up on the central beam axis at
a 10 cm depth and 90 cm source-to-surface distance,
following the manufacturers’ setup guidelines for water
phantoms and detectors and the recommendations of
TRS 483.! Beam centering was performed for each indi-
vidual small field measurement with a field size of 3 cm
or less, and dosimetric field sizes at measurement depth
were determined by measuring the FWHM in lateral
beam scans.

2.3 | Data fitting

Monte Carlo simulated and experimentally determined
data for SunSILICON was combined and fitted using the
fitting function described in TRS 483":

10-a
fclinrfref _ 1 + e_T
Qun Qr (S = —1 —5 +¢:(S-10), (12)
+e b

Where, a, b, and c are the fitting parameters and S
describes the square field size in cm. The data for Sun-
SILICON P, however, extends to a field size of 40 cm,
for which the TRS 483 fit is not suitable. Thus, Monte
Carlo simulated and experimentally determined data
was combined and fitted using a power function:

kfclln ref

— b
Qo Qreg (Sy=a-S°+¢, (13)

Experimental data and Monte Carlo results were
equally weighted to reduce data size bias.

3 | RESULTS

3.1 | Field output correction factors

Measured and Monte-Carlo simulated photon field

output correction factors k(g"" ’g for 1048 SunSILI-

CON agreed with a root-mean- square error (RMSE)

of 0.0029 (6 MV, 6 FFF) and 0.0018 (10 MV, 10 FFF).

kg™ values for 1048 SunSILICON range from 0.963

clin

at 0.4 om field size to 1.017 at 2.5 cm field size (6 MV,
6 FFF) and from 0.943 at 0.4 cm field size to 1.011
at 2.5 cm field size (10 MV, 10 FFF), see Table 2 and
Figure 3.

fclinrfref

Measured and Monte-Carlo simulated k
chin:Qref

ues for 1049 SunSILICON P agreed with an RMSE
of 0.0044 (6 MV, 6 FFF) and 0.0027 (10 MV, 10 FFF).

kg values for 1049 SunSILICON P decline from

1.002 at 40 cm field size to 0.979 at 2 cm field size (6
MV, 6 FFF) and from 1.004 at 40 cm field size to 0.970 at
2 cm field size (10 MV, 10 FFF), see Table 2 and Figure 4.

Measurements obtained at 4 MV, 15 MV and 25
MV are in good agreement with the other results. Fit
parameters corresponding to the applied fit models
(Equations 12 and 13) using measured and Monte
Carlo calculated results from the corresponding beam
energies are shown in Table 3.

3.2 | Perturbation factors

Figure 5 presents the Monte Carlo calculated relative
volume and density perturbation factors for the sensi-
tive volume of the investigated silicon diode detectors
SunSILICON and SunSILICON P as a function of the
radiation field size of a 6 MV and a 10 MV photon beam.
The perturbation factors p,, and p, are shown only for
field sizes up to 7 cm, as their variation from unity is
within statistical uncertainty for larger field sizes. The
values are normalized to the perturbation factor at the
reference field size 10 cm. The left panel of Figure 6
shows the remaining perturbation factors py - Sy, si, Pchip.
and py, of the unshielded silicon diode SunSILICON—
all values relative to the corresponding values at the
reference field size. The high values of py - s, s are
compensated by the silicon chip and housing perturba-
tion factors, which leads to a relatively small field output

correction factor kf°"|n f'g _, atvery small field sizes for the

SunSILICON (see Figure 3). While the perturbation fac-
tor pepip Only deviates significantly from one in very small
radiation fields, p; changes almost linearly with field size.
This can also be seen in the right panel of Figure 6
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Field output correction factors for 1048 SunSILICON and 1049 SunSILICON P for field sizes ranging from 0.4 to 40 cm

corresponding to data fits shown in Figures 3 and 4. Entries highlighted with a * are outside of the field size ranges specified for the

corresponding detector model.

Field output correction factor

1048 SunSILICON

1049 SunSILICON P

Dosimetric Field Size 6 MV /6 FFF 10 MV /10 FFF 6 MV /6 FFF 10 MV /10 FFF
0.4 cm 0.963 0.943 *0.779 *0.760
0.5cm 0.973 0.956 *0.838 *0.818
0.6 cm 0.982 0.968 *0.875 *0.855
0.7 cm 0.989 0.977 *0.900 *0.880
0.8 cm 0.995 0.984 *0.917 *0.899
0.9cm 1.000 0.990 *0.930 *0.913
1.0 cm 1.004 0.995 *0.940 *0.924
1.2cm 1.009 1.001 *0.954 *0.940
1.5cm 1.014 1.007 *0.967 *0.955
2.0cm 1.017 1.010 0.979 0.970
25cm 1.017 1.011 0.985 0.978
3.0cm 1.016 1.011 0.989 0.983
4.0 cm 1.014 1.009 0.993 0.990
5.0cm 1.012 1.008 0.996 0.993
6.0 cm 1.009 1.006 0.997 0.996
7.0cm 1.007 1.005 0.998 0.997
8.0 cm 1.005 1.003 0.999 0.998
9.0 cm 1.002 1.002 1.000 0.999
10 cm 1.000 1.000 1.000 1.000
15¢cm - - 1.001 1.002
20 cm - - 1.002 1.003
30 cm - - 1.002 1.004
40 cm - - 1.002 1.004
1048 SunSILICON
104 T T T T T T T T T T T
1.03 .
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FIGURE 3 Measured and Monte Carlo simulated field output correction factors kg"l’f'f'g . for 1048 SunSILICON for various photon beam

energies. 6 MV and 10 FFF energies were measured on a Varian TrueBeam linear accelerator. 4 MV and 25 MV energies were measured on an

Elekta Versa HD linear accelerator. The shaded area indicates field sizes outside of manufacturer’s specifications. Equation 12 was used as

fitting model.
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FIGURE 4 Measured and Monte Carlo simulated field output correction factors kg”"’f'ef . for 1049 SunSILICON P for various photon beam

Jin Qr

energies. 6 MV and 15 MV energies were measured on a Varian TrueBeam linear accelerator. 4 MV and 25 MV energies were measured on an
Elekta Versa HD linear accelerator. The shaded area indicates field sizes outside of manufacturer’s specifications. Equation 13 was used as

fitting model.

TABLE 3 Fit parameters corresponding to Table 2, Figures 3 and 4. The right-most column shows the root-mean-square error (RMSE)
between the fitted model and the actual data.

Detector Energy Function a b c RMSE
1048 SunSILCION 6 MV /6 FFF Equation 10 -8.903 107" 4.690 « 107" —-2.363+ 1073 0.0029
1048 SunSILCION 10 MV /10 FFF Equation 10 -7.170+ 107" 4.378 « 107" —1.554 41073 0.0018
1049 SunSILCION P 6 MV /6 FFF Equation 11 -6.273 + 1072 —1.388 1.003 0.0044
1049 SunSILCION P 10 MV /10 FFF Equation 11 -8.138 + 1072 -1.203 1.005 0.0027

over a larger range of field sizes. Moreover, right panel
of Figure 6 shows a comparison between the pertur-
bation factor for the detector housing of the unshielded
SunSILICON and the shielded SunSILICON P,

4 | DISCUSSION

4.1 | Field output correction factors

Experimental Kloinfret qata is subject to an increased
chin:Qref

measurement uncertainty at the smallest field sizes,
which is mostly due to geometric uncertainties with
respect to positioning of the detector and the collimation
system of the linac. A thorough discussion on uncer-
tainties associated with small field dosimetry is held
in IAEA’s TRS 483." The precautions taken to mini-
mize measurement uncertainty at field sizes less than
3 cm included re-centering of the detectors for each
collimation setting, measurement of the dosimetric field
size for each setting of the collimation system, cross-
validation of reference measurement corrections, and
cross-validation of measurements conducted by dif-

ferent co-authors using different water phantom and
detector combinations. Despite that, a residual variation
of measured output factors is associated with intra-
type variations of the linacs, which was investigated by
Ghazal et al.®” The group observed a machine related
intra-type variation of output factors of up to 6% at
0.5 cm field size and 1% for field sizes larger than
1 cm for Varian TrueBeam linear accelerators. Their find-
ings agree with the spread of measured values seen
in Figures 3 and 4, where these values originate from
Varian TrueBeam and Elekta Versa HD linacs.

The experimental data collected with four different
SunSILICON and four different SunSILICON P detec-
tors at four different sites is consistent with Monte
Carlo simulations with an average root mean square
error of 0.003 across the rated range of field sizes of
the respective detector types. No significant intra-type-
variation could be observed between SunSILICON and
SunSILICON P models.

At field sizes of less than 10 cm, kg"?’fref i values for
clins Xre

flattened and unflattened beams are in good agreement
for both investigated silicon diode detectors (Figures 3
and 4), which is in line with the data presented in TRS
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FIGURE 5 Monte Carlo calculated volume and density
perturbation factors p, and p, normalized to the respective
perturbation factors at reference field size 10 cm for the sensitive
volume of the SunSILICON and SunSILICON P detector.
Perturbation factors were calculated for 6 MV and 10 MV photon
radiation fields, represented by open and filled symbols, respectively.
The error bars represent the statistical uncertainty of the Monte
Carlo calculations (1 o).

483. As evident in Figure 4, the shielding component of
SunSILICON P extends this property to larger field sizes.
Consequently, the data presented in Table 2 is valid for

either beam configuration. Notably, 5"” ffg values of

clin

the unshielded silicon diode detector d|véerge for flat-
tened and unflattened beam configurations at field sizes
larger than 10 cm (subplot in Figure 3), which exceeds
their typical applicable range of use.

TRS 483" recommends against using a detector for
field output factor measurements in field sizes, where
the necessary correction exceeds 5%, that is 0.95 <

kg < 1.05. 1048 SunSILICON's kg™ values

clin, ref Qqiin;

remain within that range for field sizes from 0.4 to 10 cm
(6 MV, 6 FFF) and from 0.5 to 10 cm (10 MV, 10 FFF),
respectively, see Table 2 and Figure 3. For most field

fotinf .
sizes, the correction value is much smaller. ké“:‘ rg ) is
Clins re;

within 0.98 and 1.02 for field sizes from 0.6 to 10 cm
(6 MV, 6 FFF) and from 0.8 to 10 cm (10 MV, 10 FFF),
respectively.

1049 SunSILICON P’s k°"n rg values remain within

0.95 and 1.05 for field S|zes from 1.2t040 cm (6 MV, 6
FFF) and from 1.5t0 40 cm (10 MV, 10 FFF), respectively,

see Table 2 and Figure 4. kC"" Tt Values are within

Cln ref

0.980 and 1.005 for field sizes from 2.5 to 40 cm (6 MV, 6
FFF) and from 3.0 to 40 cm (10 MV, 10 FFF), respectively.

The reference data sets collected with the Exradin
W1 scintillator and the corrected microDiamond mea-

MEDICAL PHYSICS -2

surements matched and were validated using the data
sets collected with the CC04 ionization chamber and
the EDGE Detector. The latter two were not used for
determining the fit functions, due to the magnitude of
the applicable corrections in the field sizes of interest.

4.2 | Perturbation factors

Previous studies have shown that for field sizes smaller
than approximately 3 cm, lateral secondary electron
equilibrium is not established at the center of the pho-
ton field and that, consequently, the properties of the
detector materials affect dose absorption’’-31.58: When
the detector material density is higher than that of
water, the dose absorption increases®'%12 The rela-
tive density perturbation factor p, (Equation 9) shown in
Figure 5 confirms this behavior, which, by itself, leads to
an overestimation of dose. Notably, the group of Fenwick
et al®19-1214 and Benmakhlouf & Andreo’? investi-
gated the roles of mass and electron densities, /-value,
and density effect and discussed different approaches
to interpreting and analyzing their impact in small field
measurements.

The key difference in their approaches lies in the dif-
ferent segmentation of s, s; - py - p, (see Equations 8
and 9). Both groups propose the use of a fictitious inter-
mediate material with a density of 2.33 g/cm3. While
Benmakhlouf & Andreo then apply s,, s; corresponding
to that of 2.33 g/lcm® water,”° Fenwick et al. apply s, s;
corresponding to that of 1 g/cm® water®'! which is
the approach adopted here (see Figure 2). While s, ;
and density are linked in real materials and the inter-
pretation of the resulting factors may differ, Fenwick
et al. showed that the p-values determined with both
methods are within 0.3%.2

The perturbation factor p, observed in the smallest
investigated radiation field (0.6 cm) deviates by less than
0.5% from unity. The underlying reason was discussed
by Fenwick et al.,'" who demonstrated that density per-
turbation decreases with the thickness of the sensitive
volume in the direction of the beam. The thickness of
the sensitive volume of the silicon diodes used in this
study is only 30 ym.

Volume perturbation of the absorbed dose also
becomes increasingly prominent in very small fields.
In contrast to the density perturbation factor p,, how-
ever, volume perturbation p,, (Equation 10) leads to an
underestimation of dose because of averaging within
the detector’s sensitive volume. Figure 5 also illustrates
the relative volume perturbation factor p,, for the diode
used in SunSILICON and SunSILICON P Evidently, the
volume perturbation factor p,, slightly overcompen-
sates the diode’s density perturbation factor p,. The
combined effect reduces the impact of perturbations
introduced by the inactive region of the silicon chip pci,
(Equation 7) and the detector housing py, (Equation 6)
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Left Panel: Monte Carlo calculated, relative perturbation factors for the detector housing of the unshielded diode SunSILICON

Ph,unsh.» the silicon chip pchip, and the product of the fluence perturbation pg and stopping power ratios water to silicon s, s; as a function of field
size. Right panel: Monte Carlo calculated, relative detector housing perturbation factors for the unshielded SunSILICON (downward-pointing
triangle) pn, unsh.» the shielded SunSILICON P (upward-pointing triangle) py, sn. and the product of fluence perturbation and stopping power ratio
water to silicon (circle) py sy, si- The perturbation factors are presented for 6 MV (open symbols) and 10 MV (filled symbols) radiation fields.
Refer to Figure 2 for a visual representation of the perturbation factors. Perturbation factors are normalized to the corresponding values
obtained at the reference field size. Note the different scales of the y-axes.

surrounding the sensitive volume, which are shown in
the left panel of Figure 6. Notably, the impact of the
unshielded SunSILICON detector’s housing component
is negligible except for the smallest field sizes. This can
be explained by the SunSILICON housing consisting
mostly of water-equivalent HE Solid Water (Sun Nuclear
Corp.) and near-water equivalent epoxy.

While p, and p, characterize the impact of the sensi-
tive material’s density and volume, the product pg - sy g
describes the influence of its atomic composition (Equa-
tion 8) and /-value. py - s, s; characterizes the dominant
effect in the dose deposition in the sensitive volume,
which has a strong field size and energy dependence,
as seen in Figure 6 (both panels). At lower beam ener-
gies, the relative product of s, 5; and py deviates further
from unity (Figure 6, right panel).

Since the stopping power ratios s, s; of water and sil-
icon exhibit only minor variations with field size,’® the
fluence perturbation factor py can be identified as the
source of the field size dependence of pyg - s, . The
fluence perturbation factor py thus emerges as the dom-
inant contributor to the observed over-response in large
photon fields (Figures 3 and 6, right panel) and under-
response in smaller photon fields (Figures 3 and 6,
left panel) relative to the reference field size of 10 cm.
Since py - sy s is a material property of silicon, this
property is shared among all unshielded silicon diode
detectors,! including SunSILICON. Hence, unshielded
silicon diode detectors typically have a maximum field
size specification.

The impact of p; observed at smaller field sizes is
partially compensated by the perturbation effects intro-
duced by the detector housing p, and the inactive
volume of the diode chip pgpip, Which become domi-
nant at the smallest field sizes. Their influence, however,
diminishes at field sizes larger than 4 cm x 4 cm, where
pn defines the detector behavior (compare Figure 3,
subfigure, and Figure 6, right panel).

The importance of the shielding component design on
the detector response in large photon fields is illustrated
in the right panel of Figure 6, where the perturbation
factors of the shielded housing, pp¢h., and the prod-
uct pq - sy s display nearly opposite trends for both
beam energies and field sizes of about 4—40 cm. The

observed energy dependence of kg"rf’ffg in that field

clin, Yref

size range is within measurement uncertainty, or statis-
tical uncertainty, respectively (Figure 4). On the other
hand, the shielding component leads to a significantly
enhanced detector response in field sizes smaller than
2 cm. This trade-off is common in shielded silicon diode
detector designs, which often have a minimum field size
specification.

5 | CONCLUSION

This study presents the first comprehensive dataset—
using both Monte Carlo simulations and experimental
measurements—on photon field output correction fac-
tors for the novel unshielded and shielded silicon diode
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detectors SunSILICON and SunSILICON P, The results
demonstrate that both detector types are suitable for
clinical dosimetry across a wide range of field sizes and
provide an in-depth analysis of the underlying physical
phenomena.

It was shown that the dose response behavior of sili-
con diodes across varying field sizes is predominantly
governed by the fluence perturbation factor py, which
reflects the influence of the sensitive material’'s atomic
composition (silicon). The interplay of fluence pertur-
bation py, the detector housing perturbation p,, and
the perturbation of the inactive chip volume pchp min-
imizes the combined magnitude of perturbation effects,
making the unshielded silicon diode detector SunSILI-
CON suitable for small field dosimetry with only minor
corrections.

Our work demonstrated that the shielding component
of the silicon diode SunSILICON P compensates for
the silicon-induced fluence perturbation ps, which dom-
inates at large photon field sizes. The resulting field

. fotinf Lo
output correction factors k™™ are near unity in large

chin:Qref
photon fields.
The present work enhances understanding of these
detectors with regard to their suitability for output factor
measurements.
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APPENDIX

The absorbed dose at a point Dccv””Qcﬁn can only be deter-
mined indirectly when using Monte Carlo simulations
by scoring the mean dose within a voxel of finite size.
This limitation is distinctly critical in small-field dosimetry,
where volume-averaging effects and the choice of scor-
ing voxel size can significantly influence the accuracy

of the calculated dose ch””Q . This effect is particu-

larly pronounced with respect to the lateral extent of the
scoring volume perpendicular to the beam axis. For this
reason, we determined the dose in a cylindrical voxel
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FIGURE A.1 Monte Carlo calculated dose in a cylindrical water

voxel with a height of 0.2 cm as a function of the radius r normalized
to the dose in a cylinder with height of 0.2 cm and radius of 0.2 cm.
The statistical uncertainty of the Monte Carlo—calculated values is
indicated by error bars, which are predominantly smaller than the
symbol size. The magnitude of statistical uncertainties decreases
with increasing radius of the scoring

volume.

with a fixed height of 0.2 cm while varying the cylin-
der radius r. The cylindrical shape was chosen to take
advantage of the anisotropic dose gradients in small
fields: while lateral dose gradients vary with field size,
the depth dose gradient is nearly linear at reference
depth. By approximating the point dose with a cylinder
rather than a sphere, the calculation efficiency can be
improved.

The absorbed dose to water as a function of the
scoring-volumes radius r, normalized to the dose in a
cylinder of 0.2 cm radius, is shown in Figure A.1 for field
sizes of 0.6 cm, 0.8 cm, and 1 cm. For small radii, the
dose DC””Q as a function of r can be approximately

fitted to é segond -degree polynomial, as shown in Equa-
tion 2. By extrapolating to r = 0 cm the absorbed dose
at the reference point can be estimated.
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