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Abstract

Introduction: Small fields photon dosimetry is adated with many problems. Using the right detector
measurement plays a fundamental role. This studgsiigated the measurement of relative output fioallsphoton
fields with different detectors. It was investightier three-photon beam energies at SSDs of 901@3,and 110 cm.
As a benchmark, the Monte Carlo simulation was donealculate the relative output of these smatitph beams for
the dose in water.

Materials and Methods: 6, 10 and 15 MV beams weliweted from a Synergy LINAC equipped with an Atgil160
multileaf collimator (MLC). A CCO1 ion chamber, EFE5 diode, PTW60019 microdiamond, EBT2 radiochromic
film, and EDR2 radiographic film were used to measthe relative output of the linac. Measuremengsewtaken in
water for the CC0O1 ion chamber, EFD-3G diode, dr@dRTW60019. Films were measured in water equivdam3
phantom slabs. Measurements were made for 1 2,38 x 3, 4 x 4, 5 x 5 and a reference field®%110 cm2. Field
sizes were defined at 100cm SSD. Relative outfmibfa were also compared with Monte Carlo (MC) datian of the
LINAC and a water phantom model. The influence afel size was also investigated for relative outpetisurement.
Results and Discussion: The relative output fa¢ROF) increased with energy for all fields largeoegh to have
lateral electronic equilibrium (LEE). This relatidmmoke down as the field sizes decreased due toriket of lateral
electronic disequilibrium (LED). The high-densitgtdctor, PTW60019 gave the highest ROF for thewfit energies,
with the less dense CCO01 giving the lowest ROFs.

Conclusion: These are results compared to MC sionlahigher density detectors give higher ROF gallRelative to
water, the ROF measured with the air-chamber resdauirtually unchanged. The ROFs, as measuredisnstidy
showed little variation due to increased SSDs. &fifiect of voxel size for the Monte Carlo calculatsoin water does
not lead to significant ROF variation over the drfialds studied.

Key words: small-field dosimetry; relative output factoreetronic equilibrium; Monte Carlo.

Introduction [6]. The detector used must not disturb the existiED state
of the field [7,8]. Also, there must be a carefahsideration in
choosing a small field detector since every detectdl
average the detected dose over its volume. Volweeaging
effect will undoubtedly yield a different signal rfoeach
detector. Nasir et al. compared the use of CC13 @601
ionization chamber for small field ROFs (1 x 1 x5 cnf at
100 cm SSD for 6 and 15 MV). The study shows tlnet t
measurements performed with the CC13 chamber under-
estimates the ROF and are insensitive to a relaiver of
22.89% smallest field considered as compared to1G@j0
Accordingly, the detector material will decreasefease
interactions according to its physical density [1Dhe perfect
detector should be water equivalept=(1 g/cni) and should
have a small sensitive area to measure the shaymeae of

Small fields or segments used for radiation dodety can
be found in IMRT, VMAT, SBRT and SRS techniques.[1]
These techniques require a high level of confideimcehe
accuracy of the entire treatment as high dosedeatelivered
to the target [2]. However, it is a difficult task determine
experimentally small field dosimetric charactedstidue to
lateral electronic disequilibrium, high gradientnpenbra and
sharp peak dose profiles, volume averaging effédetectors
and signal-to-noise ratio of detectors [3].

Fields less than 3 x 3 émeize are considered as small [4,5].
In the small fields, there is no lateral chargedtipie
equilibrium. It means that more electrons move fooin the
central part of the beam than from the outer pathe center

© 2019 ltumeleng Setilo, Oluwaseyi Michael Oderinieek CP du Plessis. This is an open accesteditiensed under the Creative Commons Attribution-
NonCommercial-NoDerivs License (http://creativecoomsiorg/licenses/by-nc-nd/3.0/).
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small fields accurately. An ideal detector does exist. Each
detector has its advantages and disadvantagefR@Recan be
calculated accurately with the Monte Carlo methatso, it

can be used to study the effect of a perfect wedeivalent
detector. In this study, a radiographic (EDR2) aadlio-

chromic film (EBT3), an ion chamber (CCO01), a did@#D-

3G), and a micro-diamond (PTW60019) detectors wses to
measure relative output factors (ROF’'s) for smadlds as
recommended [11].

The IBA CCO1 ionization chamber (IBA Dosimetry AB
Sweden) has a small sensitive air volume of 0.0Table 1).

It has a steel inner electrode to increase theabigmoise ratio
[11]. The smaller volume results in better penumteinition

and offers excellent stability. It can be used aitlin the
perpendicular or parallel orientation with an imsfigant effect
on the resolution [12].

The IBA EFD® Electron diode detector (Scanditronix-
Wellhofer Albertville, USA) is the 3rd generationtype
silicon (pSi) semiconductor which has a small déresi
diameter and thickness as shownTiable 1 It has higher
sensitivity compared to ion chambers but sufferemfr
directional dependence and long-term irreversitaizing
radiation damage which alters their sensitivity][18 higher
density Silicon sensitive volume requires small ame of
radiation energy for ion pair formation which sificantly
improves the signal to noise ratio. It is 1800 snakenser than
air. Warm-up time is not necessary before measungnaad
the detector is energy and dose-rate independent.

The PTW60019 micro-diamond (PTW GmbH, Germany)
the first commercially available single crystalmiand detector
(SCDD). The synthetic micro-diamond detector ishhitpnsity
detector which overcomes dose rate dependency féerd the
same advantages as diodes but without radiatioragaraver
time. This near water equivalent detector has aimaih
sensitive volume of 0.0004 cc and is a good canelidar
small-field dosimetry. Study has shown that thited®r has
minimal energy, temperature, and directional depany; thus
changes within these factors will not influence theasured
signal [14].

EDR2 film (KODAK NY, USA) is a radiographic filmheat
uses silver bromide crystals of uniform size with effective
silver thickness of 0.2m. The silver layer density is 2.3 g/ém
The film suffers from having an active energy defsace due
to its high effective atomic number [4]. It is alsensitive to
light which makes the handling it cumbersome and
development of the film to be carried out in a deskm. The
recommended dose to the film is 500 cGy. Literathes
shown that Kodak films experience a 5% reductiomptical
density (OD) when the dose rate is decreased bygtarfof 12
[15]. To avoid this error, the films were exposedaonstant
dose rate of 400 cGy/min for all measurements.

Gafchromic® EBT2 film (ISP Technologies Inc, USK)
less sensitive to room light but sensitive to iomizradiation
and is self-developing and therefore the result wit be
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influenced by developer temperature, as it is fbe t
radiographic film [15]. The equivalent photon mamsergy
absorption coefficients and electron mass collisgtopping
powers are the same for water [16,17]. It is virtaaergy
independent with a high spatial resolution due ¢oyvsmall
active particles. These particles are needle-li& 25 um in
length) and 1-2um in diameter and [18]. They are sandwiched
between a polyester over-laminate (50 um) and geptdr
substrate 175 pm [19]. The measurement side stheutdhosen
and adhered to due to this difference in the tréskn of
overlays. A waiting period of 24 hours post-irrddia is
recommended to allow for proper film developmentd an
stabilization due to post-irradiation polymerizatio

Monte Carlo (MC) simulation is a very useful tdol study
the impact of small fields on ROF values. It camwdate the
energy deposited in a material regardless of te#l fsize.
Although, detectors can be truly water equivalent ats
dimensions can be adjusted to study detector dieetg but
non-water equivalent detectors of small finite skraild expe-
rience a partial volume effect in small fields besm ionization
is detected under non-charge particle equilibriupnditions
and there will be a local disruption in the elentfluence.

This study focuses on ROF measurement of small
megavoltage photon beams using different deteimmgzation
and solid-state detectors) as well as film and uation
performed with the MC method. Both measurements and
calculations were carried out at different SSDs atday
energies. It also investigated the water-detectdurae effect
with MC simulations.

Materials and Methods

An Elekta Synergy equipped with an Agility 160 MliGear
accelerator that can produce 6, 10, and 15 MV bgaas used
in this study. Small-field dosimetry was performed two
phases: in the first phase, ROFs were measured ddferent
detectors. In the second phase, ROFs were caldulaiag the
EGSnrc MC codes, BEAMnrc and DOSXYZnrc.

Five detectors were used in this study: (i) loti@machamber
(IBA CCO01), (ii-iii) Solid state detectors (IBA EFIBG
Electron diode and PTW60019 micro-diamond), and-\jv
films (Radiographic Kodak EDR2 and Gafchromic EBT?2)

Table 1. The physical characteristics of the detectsrused in this
study.

Detector Densgy Volume Cavn'y Shape Thickness Radius
gcm cc material (mm) (mm)
CCO01 0.0012 0.01 Air Cylindrical 3.6 1.0
EFD® 2.3 00002 PWP®  cicuar  0.06 2.0
silicon
PTW 35 000004 diamond Circular 0001 1.1
diamond
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Field sizes of 1 x1, 2x2, 3x3, 4x4,5x &l greference
field) of 10 x 10 craiwere used for ROF measurements at 6, 10
and 15 MV for four SSDs 90, 95, 100 and 110 cm. R@Ere
normalized to the 10 x 10 énfield at 100 cm SSD for each
beam energy under consideration. Measurements eegred
out for 100 monitor units (MU) at 400 cGy/min. Réla
output factors (ROFs) were measured on the ceratxéd
(CAX) at 10 cm depth in water for the IBA CCO1, |IEZFD*C,
and the PTW60019 microDiamond detectors. Solid mwate
(RW3, Goettingen whitewater) was used for the ED&R2i
EBT2 film measurements.

For the water-phantom measurements, the detesters
aligned on the CAX using Omnipro® Accept 6.4a (IBA
Dosimetry GmbH, Schwarzenbruck, Germany) scanning
software. The electrometer unit was warmed up diosved to
stabilize for 30 minutes before measurements.

The solid water phantom (RW3) has a water equitale
physical density of 1.045 g/ciThe elemental composition by
relative weight is 7.59, 90.41, 0.8 and 1.2% fordkbgen,
Carbon, Oxygen, and Titanium respectively. The agdiphic
EDR?2 films which were used for measurement of R@Ese
cut into 5cm x 20 cm film pieces and sealed witaitight-
tight envelope. The film response versus dose reaidn
curves (Pai et al., 2007) were measured for eackophbeam
energy using a 10 x 10 cm? field size, with sevéimals placed
at 10 cm depth in an RW3 phantom with a sourceutfase
distance (SSD) of 100 cm and gantry angle of 0% tbse
given was 0, 30, 60, 90, 120, and 150 cGy at 400'ra@ for
all measurements [20].

The films were developed using a PROTEC OPTIMAX
processor and scanned using a VIDAR VXR-12 plusisea
with a resolution of 75 dots per inch, at 12 bitspth,
greyscale. Regions of interest were drawn at tidreeof the
film image using ImageJ® software (a Java-basedgéma
analysis program U.S. National Institutes of Héatthobtain
the average pixel value. The radiation dose gieeth¢ films
was corrected using PDD values at 10 cm depth fdi06and
15 MV taken as 67.5%, 72.0%, and 76.5% respectivEhe
average pixel values along with the reconstructeskd at 10
cm depth were used to establish calibration cuf2é$ The
resulting dose and optical density (OD) were usesktablish a
fitting curve, which will allow the dose to be deténed at any
OD within the maximum range. The films that wer@digor
measurement of ROFs were exposed to 120 MU foerdifit
field sizes with the gantry at 0°.

The calibration procedure for the EBT2 was asfed: The
calibration film pieces (2 x 2.5 cm?) were expoged0, 50,
100, 200 and 250 cGy. These film pieces were placetie
centre of a 10 x 10 dmfield, with 10 cm RW3 build-up
[22,23] and the gantry angle of 0° at an SSD of ¢60 The
24-hour waiting period was observed after which fims
were scanned using the Epson V330 document scafher.
scanning parameters that were used: 72 dots pei(dtpt), 48-
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bit colour depth [24] and all scanner enhancememse
deactivated.

Scanned images were analysed using ImageJ. Regfons
interest were drawn in at the centre of the expdis@dpieces
to obtain the average pixel value. The dose giveis also
corrected for depth as described above for the EDR2
radiographic film. The calibration curve was thestedmined
for each colour [25]. The triple channel calibratimethod was
used since it improves the accuracy of the measemem
technique. It also corrects for variations in thiekness of the
active layer, the scanner nonlinearity, and na2&g. [

Monte Carlo simulation

An accurate model of the Elekta Synergy Linac hesad
modelled to simulate radiation transport throughwith the
BEAMnNrc code [27,28]. Afterward, Phase Space dataew
used as input sources in the DOSXYZnrc MC codeféoticle
transport and energy deposition in a water phant®ime
photon and electron transport cut-offs (PCUT andJELwere
0.01 MeV and 0.521 MeV, respectively. The maximueps
size (SMAX) defines the maximum step electron intceeter
(cm). It was set to default since the restrictiomot necessary
when electron step algorithms PRESTA Il and the EXA
boundary algorithm are in use. Also, the maximuuarction
energy loss/step (ESTEPE) was set to 0.25 (25%adourate
electron transport. The number of histories wasughoto
reduce the variance to less than 1% in the usefufrbarea.

For the ROF study, an accurate source model waslatied
for1x1,2x2 3x3,4%x4,5x5 and 10 x b dield at 6,
10 and 15 MV photon beams [29]. The field sizesengefined
at 100 cm SSD. ROFs were calculated in a voxel size
0.2 x 0.2 x 0.2 cfhdefined in a water tank (40 x 40 x 40%m
for 90, 95, 100 and 110 cm SSD. The simulated R@®&e
benchmarked with measured data obtained in thidystlihe
further study evaluated the effect of voxel sizestlie ROFs
by changing the voxel sizes to 0.1x0.1x0.1 and
0.5 x 0.5 x 0.5 cthat 100 SSD.

All simulations in this study were carried out @hinux OS
workstation super microcomputer, equipped with A&I(R)
Xeon(R) core processors, each with CPU time of &H2 and
64 GB RAM.

Results

In Figures 1-3the ROF increases with an increase in field size.
The MC obtained ROF values are within the rangthefROF
values measured with the five different detectdiise most
substantial ROF variation occurs at the 1 x £ dield size.
This field size is where the detectors used in theter
measurements experienced the largest variations with re-
alignment check (their signals depended strongly the
alignment with the central beam axis of the detsj}to
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(a) ROF at 90 cm SSD for 6 MV

1,10
1,00 i
0,90 i

w O 3 0

2 (]

o x
0,80 i
0,70 z i
0,60 1

00 20 40 60 80 100 12,0
Side of a square field (cm)

® CCO1 MEFD-3G ¢ PTW60019 A EBT2 X EDR2 @ MC
(b) ROF at 95 cm SSD for 6 MV
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(c) ROF at 100 cm SSD for 6 MV
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(d) ROF at 110 cm SSD for 6 MV
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Figure 1. Relative output factors measure
for the different detectors and MC for a ¢
MV photon energy beam. The SSD was ¢
at (a) 90 cm, (b) 95 cm, (c) 100 cm and,
110 cm. ROF values were normalized to ti
individual detector values for the 10 x1C
cm? field.

(a) ROF at 90 cm SSD for 10 MV
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Figure 2. Relative output factors measure
for the different detectors and MC for a 1(
MV photon energy beam. The SSD was ¢
at (a) 90 cm, (b) 95 cm, (c) 100 cm and,
110 cm. ROF values were normalized to ti
individual detector values for the 1(x 10
cm? field.
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(a) ROF at 90 cm SSD for 15 MV
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(b) ROF at 95 cm SSD for 15 MV
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(c) ROF at 100 cm SSD for 15 MV
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(d) ROF at 110 cm SSD for 15 MV
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Figure 3. Relative output factors measure
for the different detectors and MC for a 1t
MV photon energy beam. The SSD was ¢
at (a) 90 cm, (b) 95 cm, (c) 100 cm and,
110 cm. ROF values were normalized to tt
individual detector values fir the 10 x 1C
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A previous study indicatethat the minimum square field si
to obtain lateral electronic equilibrium for 6, Hdhd 1! MV
beams is 2.6 x 2.6 &iB.4 x 3.4 cfy and 3.8 x 3.8 c? (Li et
al. 1995). Lateral electronic disequilibrium effecan be
observed for fields smaller than 4 x 4%im Figures 1-3. The
signal measured at a point is due to the influeridbe primary
beam and scatter radiation. As the field size gulig
deceases so does the influence of scattering at thieat@xis,
or the point of measurement, resulting in a deereasthe
signal measured thus a decrease in the ROF. Osnckattral
electronic equilibrium minimum field size is decsed, the
decline in he measured signal is steeper resulting in a sh
drop of the ROF below the 4 x 4 tfield.

In Figure 4, the change in ROF per unit square field
(ROF value was divided by the side of its squasddji is
plotted at 100 cm SSD for 6, 10 and 15 MKkoton beamslt
shows theate of change in the ROF concerning field sizat
its highest when going from the 1 x 1%Tim the 2 x 2 cf field
(first data point set on each graph). This indisatee larges
disruption in lateral electron equilibrium.here are small
variations among the detectors used in the ROF uneaents
The energy effect is more pronounced as the aw
differential ROF varies from 0.045 at 6 MV to 0.0491( MV
and 0.055 at 15 MV at the 1 x 1 tiriield. The disrution of
later electronic equilibrium is more pronounced at 15 NAY.
fields larger than 5 x 5 chthe differential ROF gets muc
smaller due to the attainment of later electrorgailébrium
and complete scattering from the treatment hedleofinac

Figure 5 showsthe ROF variation (at 100 cm SSD) a
function of detector density, here the film daterevexcluded
and only MC and detector data were used. It isenticAnc
known that a field size effect is present (as shovFigures 1-
4). In Figure 5 there is als@n indication that the PTW100.
diamond detector was the most senesiiivall three graph
A fitting function of the form:

ROF = aSPTanh(cS) Eg. 1

Was used to parameterize the ROF where a, b ang fitting
constants, and S is the square field side lendtk. ROF dat;
was fitted with a deviation within 1.5 % for mosases a
shown inFigure 6 for the CC01 chamber as an example.
fitting constants are shown ihable 1 These constants al
depend on the detector used.

Table 1. Fitting constants used in Equatiori for the indicated
beam energies.

Energy (MV) a (cm?) b c (cm?)
6 0.730 0.135 1.500
10 0.765 0.120 1.250

15 0.780 0.110 1.200

(a) ROF/SF for 6 MV
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Figure 4. The change in differential ROF for each detectoat 100
cm SSD (a) for 6 MV, (b) for 10 MV, and (c) for 15MV.
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(a) ROF vs Density for 6 MV

(a) ROF at 100 cm SSD for 6 MV
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Figure 5. Density effect of CCO1 (0.0012 gc¢®), MC water
phantom (1 gent®), EFD-3G (2.3 geri#), and PTW10016 (3.5 ger
%) detectors on ROF data for (a) 8MV, (b) 10 MV, and (c) 15 MV
at 100 cm SSD.

Figure 6. Evaluation of fitting ROF for (a) 6, (b) 10 and,(c) 15
MV photon beams for ROF data for measurements forhe CCO01
detector and MC simulations at 100 SSI
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Discussion

The ROF data were measured for small fields atedfit
photon energies and different detectors, film, BE@&5nrc MC
simulations at 90 cm, 95 cm, 100 cm and 110 cm SBdrsthe
water phantom setup, it was found that accuratéeceni the
CCO01, EFD-3Gand PTW10016 detectors was important s
the beam profile is very narrow at smaller fiellew articles
have used convolution and deconvolution kernel tasure
finite detector response to photon beams. Usings§lan on-
dimensional kernels, Fouriertransforms, and Hermit
polynomial expansions, the articles concluded thetector’s
influence plays a major role in relative and abtoldose
calculation [30-32].

It was necessary to entre the detector for the small
field sizes of 1 x 1 cfmas he focal spot can move around wt
changing from one energy to the next [7,33].

From the observations ifrigures 1-3 the spread in the
detectorand film ROF data is in the order of 8 percent. R
are shown to be dependent on the incoming photam
enagy, field size, and density of the detectors stddiThe ratt
of ROF change per unit field size is the largesttiie smalles
field studied. The rate of ROF change per unit dens the
largest for the mogiense detector (PTW10016). This v
observe across all fields studied and the effect enharat
1x1cni and 2x2ch fields. Here lateral electron
equilibrium is perturbed by the small field, ance tHensity
effect of the PTW10016 chamber also enhanced keleatron
equilibrium disruption. The PTW10016 detector tended
yield higher ROF values as shown in figure 5 if ME data
are taken as the benchmark for the unit densitgmaetector
It is interesting to see that the air chamber, C@1the closes
water equivalent model among Heoused in this study. Fil
data were not included in the analysig-igures 5 and6.

Previously, Scott et al. [3%aried the density effect on RC
data for diamond, silicon and air density at a depit5 cm
using MC simulation. The study stated theariations in
detector signal response to small field dosimegpeahds ol
densities of detector active volume and slightlyeipendent ¢
the atomic number of the detector's material. Sanhyi
Underwood et al. [10] stated that the detectorspomse i
principally influenced by its density and that thensity arounc
the detector’s active volume contributes to thedket’s signa
response.

The ROF versus field size could be fitted to a vhigh
degree of accuracy witlEquation 1. What makes it ver
attractive is its ability to fit ROF data in thisusly from the
1 x 1 cnf to the 10 x 10 cAwith a single continuous functic
as shown irFigure 7.
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(a) ROF at 100 cm SSD for 6 MV
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(b) ROF at 100 cm SSD for 10 MV
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(c) ROF at 100 cm SSD for 15 MV
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Figure 7. ROF simulated data for 1, 2 and 5 mm side of aoxel at
100 SSD of a voxel at (a) BV, (b) 10 MV, and (c) 15 MV photon
beams.
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(a) ROF vs Energy for 1 mm side of a voxel
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(b) ROF vs Energy for 5 mm side of a voxel
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Figure 8. ROF simulated data for 6, 10 and 15 MV photon beamat 100 SSD for (a) 1 mm and (b) 5 mm side of a veb

Monte Carlo simulation and the effect of voxe
size
ROF data for the MC simulations were evaluated feouoxel
size of 2 x 2 x 2 mfthat is used conventionally. Further st
on this ewaluated the effect of changing the voxel sizes.
ROF data were normalized at 10 x 10%dield for a zmm
voxel side length for 6, 10 and 15 MV. [Figure 7, the
increase in voxel sizes did not indicate that tkdRralues will
differ significantly at ay given field size. It is interesting th
calculations carried out even for the largest vagek 5 x 5
mm°®) gave the same ROF. The water detector does satpd
local electronic equilibrium, and its size does seem to b
influenced by the field dhensions as seen Figure 8 for the
smallest field at varying water detector dimensidrsub anc
Wong [34 work has previously stated that the w-equivalent
detector is essential for output factor measurenoénémall
fields. Similarly, another studyas shown a slightly significa
response to changing the voxel sizes for water ctimte
However, silicon detector shows a significant resmo tc
changing voxel sizes since its namter density materii
whereby the perturbation effect is pronounce3]. It thus
seems that the determining factor in detector mespoal
smaller fields is their physical composition andchslgy that
disrupt local electron fluence, compared to wateFigure 8,
the loss due to electron scattering becomes camsyécathigh
energy, especially for 1 x 1 énfield. With more electrol
moving out of the field, there will be less dos@assted within
the active detector volume [6]. Therefore, thert e a shary
fall of ROF values at smaller field sizes and |-energy
beams.

Figure 8 shows how the MC calculated ROF values
influenced by beam energy for the stated squale diges. It is
noted that the ROF shows the greatest sensitigityhfe - x 1
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cnt field size, the size of water detector did notdefice il
when inspecting the data sets Figure 8a to corresponding
data inFigure 8b. Thus for a pure water detector, the ene
dependency is strongest for smaller fields. Thal tohange ir
ROF is 0.16 units between 6 and 15 MV for tl x 1 cnf field
in figure 8.ROF data at 100 cm SSD Figures 1-3show an
average decline in ROF data of 0.08 units overatectors
used in this study.

Conclusions

The sensitive factors that influenced the ROF waee field
size where the ROF rate of change per unit fieltytk is
highest at 1 x 1 cn(smallest) field.Apart from films, EFD
and diamond detectors have the highest densitgteFor an
ideal water detector (MC simulation), the ROF wagdy:
dependent on beam energy and field size, but noh@mange
of detector sizes (1 min- 125 mnf). The 1 x 1 crh field
showed the largest variation in ROF over the beaerges
studied Figure 8). Small higl-density detectors may have a
good sampling signal in a small beam, but theirsdgreffect
causes larger ROF as seenFigure 5 for the 1 g/cr water
detector data included.
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