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Aim:  This  study  aimed  to commission  the  Elekta  InfinityTM working  in 6 and  10 MV  photon  beam  installed
in  Concord  International  Hospital,  Singapore,  and  compare  the OFs  between  MC  simulation  and  measure-
ment  using  PTW  semiflex  and  microDiamond  detector  for small  field  sizes.
Material  and  Methods:  There  are  two  main  steps  in  this  study:  modelling  of  Linac  6 and  10  MV  photon  beam
and  analysis  of the  output  factors  for  field  size  2  ×  2–10 × 10 cm2.  The  EGSnrc/BEAMnrc-DOSXYZnrc  code
was  used  to model  and  characterize  the  Linac  and to  calculate  the  dose  distributions  in a  water  phantom.
The  dose  distribution  and  OFs  were  compared  to  the  measurement  data  in the  same  condition.
Results:  The  commissioning  process  was  only  conducted  for a 10 ×  10 cm2 field  size.  The  PDD  obtained
from MC  simulation  showed  a  good  agreement  with  the measurement.  The  local  dose  difference  of PDDs
was less  than  2%  for 6  and  10 MV.  The  initial  electron  energy  was 5.2  and  9.4  MeV  for  6  and  10  MV  photon
beam,  respectively.  This Linac  model  can be  used  for  dose  calculation  in  other  situations  and  different

field  sizes  because  this  Linac  has  been  commissioned  and  validated  using  Monte  Carlo  simulation.  The
10 MV  Linac produces  higher  electron  contamination  than  that  of 6  MV.
Conclusions:  The  Linac  model  in  this  study  was  acceptable.  The  most  important  result  in  this  work  comes
from  OFs  resulted  from  MC  calculation.  This  value  was  more  significant  than  the  OFs  from  measurement
using  semiflex  and microDiamond  for all beam  energy  and  field  sizes  because  of  the  CPE phenomenon.

© 2020  Greater  Poland  Cancer  Centre.  Published  by Elsevier  B.V. All  rights  reserved.
. Introduction

Monte Carlo (MC) simulation is considered as the most accu-
ate method of radiation dose calculation in radiotherapy and has
ecome a common method for benchmarking the other dose cal-
ulation methods in homogenous and inhomogeneous cases. Some
C codes are widely used in medical physics including EGSnrc,1–8

CSP,9 MCNP,10–12 Penelope,13,14 Geant4,15,16 and XVMC.17 Each
ode has different advantages and disadvantages related to the sim-
lation time and output of physical factors obtained at the end of
he simulation. Simulation studies were a critical aspect to under-
tand the physical factors when experimental measurements are
ot feasible.
Development of an MC  beam model for linear accelerators
Linacs) is the first and most crucial step in Monte Carlo dose cal-
ulations in phantoms or humans. Dose calculation error can occur

∗ Corresponding author.
E-mail addresses: sittiyani@apps.ipb.ac.id, sitti.yani@gmail.com (S. Yani).

ttps://doi.org/10.1016/j.rpor.2020.03.021
507-1367/© 2020 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights res
due to errors in material and geometry selection when building
Linac. Many studies have been conducted relating to modelling
Linac and characterize the Linac output.18–22 Some studies matched
the calculated and measured percent depth dose (PDD) curves for
tuning electron beam energy. Haryanto et al. found that profiles and
depth dose distributions resulting from the simulation have a good
agreement with the measurements in 2 × 2 and 10 × 10 cm2 field
sizes.18 An Elekta Sli plus 6 MV  photon beam was  modeled using
EGSnrc. Varian Trilogy (2300C/D) linear accelerator was build using
BEAMnrc by Borges et al.19 The dose discrepancies for dose profiles,
with and without 120 leaves HD MLC, between the measurements
and the opened field simulations using ionization chambers in a
water phantom, were less than 5%. Toutaoui et al. (2014) used the
EGSnrc MC  code to model Siemens Primus 6 MV  photon beam Linac.
The dose distribution was calculated in various phantoms. The
results show that there is a good agreement between MC  simula-

20
tion and measurement in a water phantom. In our previous study,
the Varian Trilogy Clinac iX 6 and 10 MV  photon beam installed in
Tan Tock Seng Hospital, Singapore, was  conducted. We  found that
the initial electron energy chosen to simulate this Linac was  6.4 and

erved.

https://doi.org/10.1016/j.rpor.2020.03.021
http://www.sciencedirect.com/science/journal/15071367
http://www.elsevier.com/locate/rpor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rpor.2020.03.021&domain=pdf
mailto:sittiyani@apps.ipb.ac.id
mailto:sitti.yani@gmail.com
https://doi.org/10.1016/j.rpor.2020.03.021
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0.3 MeV  for 6 and 10 MV,  respectively. The local dose difference of
DD and profile dose with measurement data was  less than 5%6,7

he output factors in a small field size have been evaluated in this
tudy.

Charged particle equilibrium and high dose gradient were
bsent in the small field. The various detectors used in dose distri-
ution measurement were limited. Several researchers measured
nd calculated the output factors (OFs) using different detectors
nd Monte Carlo simulation.23–25 Haryanto et al. (2004), Das et al.
2008), Fan et al. (2009), and Bassinet et al. (2013) reported that
Fs of small photon fields measured with different detectors can
ary up to 30%, and, clearly, such differences are not acceptable in
adiation therapy.18,26–28

The total scatter photon of the three collimators (diameter
–10 mm)  of the Cyberknife radiosurgery was measured in exper-

mental measurement and Monte Carlo simulation. This study was
onducted by Francescon et al. (2008). They collected the exper-
mental data using two microchambers, a diode, and a diamond
etector. The total scatter photon varied with the spatial distri-
ution of the electron beam with the uncertainty of less than
%.29

Cheng et al. (2016) measured the OFs for Varian TrueBeam
 and 10 MV  flattening filter-free photon beam in a stereotactic
adiosurgery system. In this research, they used two small diode
etectors Edge (Sun Nuclear) and Small Field Detector (SFD) (IBA
osimetry) to determine the OFs in measurement. The deviation of
Fs between measurement and MC  simulation was less than 3% for
onical collimator diameter ≥ 12.5 mm.  For conical diameter less
han 12.5 mm,  the deviation between measurement and MC  had a

ore considerable variation.30

Krongkietlearts et al. (2016) found that the percentage dif-
erence of relative OFs from measurement (microDiamond and
emiflex detector) and MC  simulation in Varian Clinac iX6 MV pho-
on beam was less than 2%. The OFs were measured in 5 and 10 cm
or field size 1 × 1–5 × 5 cm2.31

Godson et al. (2016) studied the small field OFs of BrainLab cir-
ular cones, BrainLab mMLC, and Millennium MLC. They found the
ifferences of OFs between all different detectors for all collimat-

ng systems. The detectors orientation (parallel and perpendicular
rientation to the central axis) and the position of the collimator
ould have a considerable influence on the output factors in small
elds.32

.1. Aim

Each Linac modeled using Monte Carlo code has different char-
cteristics, which results in different PDD, dose profile, and OFs
btained. Several simulation parameters, such as voxel sizes, range
ejection methods, and particles cut-off energy affect the outputs at
he end of the simulation. Therefore, this study aimed to commis-
ion the Elekta InfinityTM working in 6 and 10 MV  photon beam
nstalled at the Concord International Hospital, Singapore, and
ompare the OFs between MC  simulation and measurement using
TW semiflex and microDiamond detector for small field sizes. The
GSnrc/BEAMnrc-DOSXYZnrc code was used to model and charac-
erize the Linac and to calculate the dose distributions in a water
hantom. The dose distribution and OFs were compared to the mea-
urement data in the same condition and set up. Research on the
GSnrc modelling of 10 MV  photon beam from the Elekta InfinityTM

s quite innovative. Study of Elekta Infinity 6 MV photon beam using
GSnrc/BEAMnrc has been done previously by Gholampourkashi

t al. (2018).33 However, the method of determining the initial
lectron energy and full width at half maximum (FWHM) in the
ommissioning process was very different from the method used
n this study.
Fig. 1. Flowchart of determination of Linac initial electron energy.

2. Materials and methods

The material and methods utilized for Monte Carlo simulation
and measurements to calculate dose distribution and output factors
were presented in this section.

2.1. Monte Carlo user code

In the present work, all MC  simulations were performed using
EGSnrc Monte Carlo user codes – a Monte Carlo simulation pack-
age of coupled photon-electron transport in geometry with energy
ranges from 1 keV to several hundreds of GeV. This code, including
BEAMnrc and DOSXYZnrc user code,34,35 was used to model the
Elekta Infinity linear accelerator with mlc  and calculate dose distri-
butions in the water phantom, respectively. The measurements and
Monte Carlo simulations were performed on a medical accelerator
Elekta InfinityTM operating at 6 and 10 MV  photon beam installed
at the Radiotherapy Department, Concord International Hospital,
Singapore.

2.2. Simulation of interactions in Elekta Infinity treatment head

The commissioning process was carried out in two phases,
namely energy beam and Linac geometry commissioning. The steps
were described in Fig. 1 and 2. These phases aim to determine the
initial electron beam for each beam (6 and 10 MV)  and geometry of
Linac (mlc opening to adjust the specific field size).

The energy beam commissioning steps carried out in this study
are shown in Fig. 1. The steps include modelling Linac 6 and 10 MV,
running the Linac modeled with varied initial electron energy and
fixed full width at half maximum (FWHM), calculating dose dis-
tribution in a water phantom, and calculating the PDD deviation
between Monte Carlo simulation and measurement. The FWHM

refers to the Gaussian distribution of the beam in the Z-direction.
Simulations were run in parallel on a four core Linux operating sys-
tem. Some parameters applied in the Monte Carlo simulation are
as follows:
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Fig. 2. Flowchart of beam geometry determination.

The cut-off energy for electron transport (ECUT) and photon
ransport (PCUT) were set at 0.7 MeV  and 0.01 MeV, respectively

The variance reduction techniques, such as Bremsstrahlung
plitting, Russian Roulette, Range Rejection, and Photon Forcing
ere not applied.

) Modeling of head Linac

All beams were provided by an Elekta InfinityTM linear accel-
rator equipped with an Elekta MLC  Infinity multileaf collimator
hat consists of 80 pairs of tungsten leaves as a tertiary collimat-
ng system. The maximum adjustable field size was 40 × 40 cm2.
he material composition of mlc  leaf is 95% tungsten, 3.75% nickel,
nd 1.25% iron with density of 18 g/cm3 (Elekta AB, Stockholm,
weden).

A schematic representation of the Linac head and its compo-
ents is shown in Fig. 3. The linac head components, including
he target, primary collimator, different filter, flattening filter,

irror, multileaf collimator, and JAWS, were simulated based
n manufacturer-provided information. All the components were
ommon for 6 and 10 MV,  except for different filter. The different
lter is only utilized by high energy Linac (10 MV). The component
odules used in BEAMnrc for 6 and 10 MV photon beam modelling

ifferent sections of the Linac head were SLABS for the target, FLAT-
LIT for the primary collimator, different filter, and flattening filter,
HAMBER for the monitor chamber, MIRROR for the mirror, MLCE

or multileaf collimator (mlc), JAWS for the JAWS, and SLABS for
he air gap between JAWS and phantom. The scoring planes were
laced above mlc  (Linac part 1) and in the source to surface dis-
ance (SSD) of 100 cm from the target (Linac part 2). The field size
rrangement is made by arranging the mlc  leafs opening.

) Running head Linac

A monoenergetic electron beam was defined above the tungsten
arget. Photon bremsstrahlung can be produced from the inter-
ction between the electron beams that hit the target. Photons

bremsstrahlung) were produced from the deceleration of the elec-
ron beam in the target. After passing the target, produced photons
ill have a continuous spectrum with an energy range from zero

o electron beam energy. The average energy of this photon is one
Fig. 3. Sketch of Elekta InfinityTM and water phantom.

third of the maximum electron energy.36 The spatial photon dis-
tribution is converted to more homogeneous shape by using the
different filter and flattening filter for use in clinical purposes.

The tuning of the Linac simulation is obtained by varying the
initial electron energy and FWHM of the simulation until a match
is found between different measured and calculated PDD and dose
profiles for field size 10 × 10 cm2.

At the end of this step, 12 phase space (phsp) files (Linac part
1 = 6 phsp files in scoring plane 1 and Linac part 2 = 6 phsp files in
scoring plane 2) for 6 MV  and 10 phsp files for 10 MV  (Fig. 2). The
phsp in scoring plane 1 was used as input to produce the phsp file in
scoring plane 2 with fixed field size in BEAMnrc and, subsequently,
the second phsp file was used to produce the dose distribution in
a water phantom in DOSXYZnrc. The stored phsp files were used
repeatedly as source inputs. These two files were analyzed to obtain
information of stored particles in scoring planes such as the number
of particles in a phsp file, particles angular distribution, particle flu-
ence, mean energy, and spectral distribution using BEAMDP (BEAM
Data Processing). The size of a phase-space file was about 2 GB.

The phsp file contains the following data for each particle cross-
ing the scoring plane:

P = [x, y, z, u, v, E, q, weight, LATCH] (1)

where x and y are the position coordinates of the particle in specific
z (z is scoring plane position); u and v are the direction cosines in
the x and y directions, respectively; E is the particle energy; q is
the particle charge (0, -1, and +1 for photon, electron, and positron,
respectively); weight is the particle statistical weight; and LATCH

is a tag that records where particles previously originated or inter-
acted. The phase space plane was  perpendicular to the beam axis.34

Precise modelling of the 10 MV  LINAC gantry and a sufficiently
large number of particles are required to obtain accurate results
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rom Monte Carlo simulations in radiotherapy calculations. In order
o achieve similar standard deviations, the number of primary
vents needed for fields of larger size is smaller than that for narrow
elds: 2 × 1010 primary electrons for a 2 × 2 cm2 field, 1.2 × 1010

lectrons for a 3 × 3 cm2 field, 5.7 × 109 primary electrons for a
 × 5 cm2 field, 3 × 109 primary electrons for a 6 × 6 cm2 field,
.8 × 109 primary electrons for a 8 × 8 cm2 field and 5 × 108 primary
lectrons for a 10 × 10 cm2 field. The simulation time to produce a
hsp file in scoring plane 2 depends on the field width, the number
f particles simulated, and Linac energy.

) Calculation of dose distributions in a water phantom

The 40 × 40 × 40 cm3 simulated water phantom was  divided
nto 38 × 3 × 3 voxels for 10 × 10 cm2 field size and SSD 100 cm.  The
oxel size was ranged in volume from 0.2 to 0.5 cm3 depending on
he voxel position (surface, build-up, or tail region) for 10 MV  PDD
alculation. These divisions were not equal in size to minimize the
otal number of voxels while maintaining excellent resolution and
hort simulation time where needed. In the penumbral region of
he profiles the width of the voxels was 0.2 cm.  PDD curves were
alculated in the 0.2 × 0.2 × 0.2 cm3 voxel around the surface and
uild-up region. The dose profiles were calculated at a depth of
0 cm for the insensity to the effect of contamination electrons for
eld size 10 × 10 cm2 and SDD 100 cm.  The number of voxels for
ose profile calculation was 61 × 3 × 3 cm3 with the voxel size in
he x-direction ranged from 0.2 to 1.0 cm.  The 0.2 × 0.2 × 0.2 cm3

oxel was in the penumbra region (the region with dose 20-80%).
n the central beam axis, the voxel dimension was more significant
han in the penumbra region. The statistical uncertainties of the
imulated dose values were generally less than 1%.

All measurements for percent depth dose (PDD) and dose pro-
les were made using PTW semiflex 3D 0.07 cc, water equivalent
etector, with an active volume of 3.8 mm3 (31021, PTW, Freiburg
ermany), mounted on an MP3  scanning system (PTW, Freiburg
ermany). The build-up cap was removed during measurement.
he uncertainty of the position accuracy of the scanning system
rovided by the manufacturer was ±0.1 mm.  The inner dimensions
f the water tank were 40 × 40 × 40 cm3. The detector was  moved
n the water phantom along the z-axis in the center beam axis from
he bottom to the water surface in the PDD measurement. Dose pro-
les are measured along the x- and y-direction perpendicular to the
entral beam axis. The non-CT image data was used in DOSXYZnrc
imulation.

) Calculate deviation between measurement and MC  calculation

PDDs and beam profiles for 10 × 10 cm2 field size were cal-
ulated and compared with measured data. The dosimetric
erformance of the MC  simulation was evaluated against mea-
urement by calculating the deviation (d) between calculated dose
rom measurement (Dcalc) and MC  simulated dose (DMC ) expressed
s a percentage of the local dose difference for each point as the
ollowing equation.

ocal dose difference (%) = DMC − Dcalc

Dcalc
× 100% (2)

A cube interpolation was carried out for PDD and dose profile
ata from MC  calculation to equalize data points before calculating

ocal dose difference. The measurement data and Monte Carlo cal-
ulation for PDD ranged from 0 to 39 cm with increment of 0.2 to
.5 cm and 0–31 cm with increment of 0.1 cm,  respectively.
Geometry commissioning (mlc opening) was done in Fig. 2. The
ose profile in 10 cm depth was calculated using MC  simulation and
ompared with measurement in the same depth. This mlc  opening
ill be chosen as standard to simulate the 10 × 10 cm2 field size if
Fig. 4. Geometric arrangement for the OF measurement in a water phantom at a
fixed depth and for the reference field sizes.

the deviation between calculation and measurement is less than
5% in the selected region (tail, penumbra, and central beam axis).
Eq. (2) was  used to calculate the deviation stated as the percentage
of local dose difference.

2.3. Output factor measurement

The photon output factors (OFs) of high-energy Linac describe
the relative dose variation of reference field size to another field
sizes. OF is defined as the ratio of dose in water Dw for a given field
size A at a reference depth d and SSD to the dose at the same depth
d and SSD for the reference field size Aref :

OFs (A) = Dose (A; d; SSD)

Dose
(

Aref ; d; SSD
) (3)

The depth and SSD used in this study were set to 10 cm and
100 cm,  respectively, in measurement and MC  calculation. The
10 cm depth was  chosen to avoid the effect of electron contami-
nation from Linac head in the measurements.

OFs were measured using PTW semiflex 3D 0.07 cc farmer type
and microDiamond for square field sizes ranging from 2 × 2, 3 × 3,
5 × 5, 6 × 6, 8 × 8 and 10 × 10 cm2. PTW semiflex 3D type 31021
ionization chamber was  used with area density of 0.084 g/cm3,
electrode material with diameter of 0.7 cm,  electrode material
of4.48 cm in length, and an active volume of 0.078 cm3. The sec-
ond detector was microDiamond (solid-state detector) with area
density 0.1 g/cm3, diameter of active volume 0.069 cm,  length of
active volume 0.0954 cm,  and active volume of 0.019 cm3. The
encapsulation material of PTW semiflex and microDiamond was
PMMA  + Graphite and RW3+Epoxy + Al + Air, respectively. All the
OFs were taken with these detectors in a water phantom in the cen-
tral beam axis and isocentrically positioned at a certain reference
depth. The setup used is SSD 90 cm and dosimeter at 10 cm depth
with perpendicular orientation for PTW Semiflex and parallel ori-
entation for microDiamond (Fig. 4). The output factors only scored
in one voxel at 10 cm depth, and the dose value was  normalized
with 10 × 10 cm2 field size.

The DOSXYZnrc simulation set up for OFs MC  calculation was

done using the same setting with the measurement. The field of
10 × 10 cm2 was  used as a reference field size for all output factors
at an SSD of 100 cm.  A water phantom of 40 × 40 × 40 cm3 and voxel
size of 0.2 × 0.2 × 0.2 cm3 were simulated for both energies. The
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ig. 5. (a) Calculated and measured PDDs for the 6 MV  Elekta InfinityTM photon
eam and the (b) local dose difference between measurement and calculation.

ame number of incident particle in the phantom surface was used
3 × 108 particles).

OFs deviation between MC  calculation and measurement (semi-
ex and microDiamond detector) was also calculated using sum
oot square equation as follows:

Fs Deviation = abs(
OFs (calculation) −  OFs (measurement)

OFs (measurement)

)
× 100% (4)

. Results

In radiation therapy, two important concepts were used for dose
istribution of a clinical linear accelerator on the quality control
easurements. These concepts are PDD and dose profiles curves.

ercentage depth dose curve provides information about the qual-
ty of the beam produced by Linac. Dose profile curve indicates the
inac geometry for different field sizes.

.1. Determination of incident electron energy

By running the phsp file part 2 for PDD calculation in DOSXYZnrc,
he statistical uncertainty of the results was less than 1.5% at
ach point in the water phantom. Comparing the calculated and

easured PDD for 10 × 10 cm2 field size, the mean energy of the

lectron beam for 6 and 10 MV photon was determined as 0.356
nd 0.896 MeV, respectively. Fig. 5 (a) shows a PDD comparison
etween measurements and MC  calculations with varied incident
Fig. 6. (a) Calculated and measured PDDs for the 10 MV Elekta InfinityTM photon
beam and the (b) local dose difference between measurement and calculation.

electron energy for 6 MV  photon beam. The average of local dose
difference between measurement and calculation was 1.87, 1.86,
1.81, 1.86, 1.93, and 2.19 for 5.0, 5.1, 5.2, 5.3, 5.4, and 5.5 MeV,
respectively.

All the local differences are less than 5% for the descending part
of the curves (Fig. 5(b)). Beyond the dose build-up region (> 1 cm),
the measurement and MC  simulation data agree closely with the
percentage difference of less than 2% for both 6 MV  and 10 MV.
Increased variation of the dose in build-up area for both energies
may  be due to limitations in performing accurate measurements,
as written in the Report of AAPM Task Group No. 105.37 The statis-
tical uncertainty of the dose profile in each data point was less than
0.1%. The relative dose was obtained by normalizing the absorbed
dose values to a depth of maximum dose for all PDDs curves. For
depths near the surface, the local dose difference could be larger
than in the build-up or tail region due to the increased uncertain-
ties of both measurements and calculations in the dose build-up
area. From these PDD results, we conclude that the best agreement
is

obtained for 5.2 MeV.
Fig. 6 shows the PDD comparison between measurement and

MC calculation in the same data points for 10 MV photon beam and
the local dose difference of each point. Fig. 6 (a) shows a PDD com-

parison between measurements and MC  calculations with varied
incident electron energy for 10 MV photon beam. The average of
local dose difference between measurement and calculation was
0.72, 0.84, 1.04, 1.29, and 2.22 for 9.4, 9.5, 9.6, 9.7, and 10.2 MeV
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Table 1
Information about particles in scoring plane.

Energy
(MV)

Scoring
plane

Number of particles in phsp files

All particles Photons Electrons

6 Part 1 84522344 83583477 938867
Part 2 85297377 84640902 656475
ig. 7. Calculated and measured dose profiles for the (a) 6 MV and (b) 10 MV  Elekta
nfinityTM photon beam and the local dose difference between measurement and
alculation.

ncident electron energy, respectively. All the local differences are
ess than 2% for the descending part of the curves (Fig. 6(b)). The
DD results obtained from calculation and measurement show that
he best agreement is obtained for a local dose difference of 9.4 MeV
o simulate 10 MV  photon beam.

.2. Determination of linac geometry

Beam profiles were calculated in 10 cm (Fig. 7). The calculation
esults were validated with measurements. Statistical uncertainty
f the calculated beam profiles was between 0.6% and 1.3% in the flat
egion of the profiles. For a better comparison between measure-
ent and calculations, we considered three regions in our profiles

ncluding (1) the flat or umbra region, (2) the penumbra region,
nd (3) the low dose, out of field region.38 For the flat region, the
ocal differences were up to 2% for all field sizes and depths. For
he second region, local differences of up to 10% were seen. In the
ow-dose region, which is located outside the geometric border of
he field, local differences were up to 18%.

There are several recommendations for evaluating dose calcula-
ion model’s performance in different situations, including simple

omogenous geometry and complex geometry.38,39 Venselaar et al.
2001) recommended different criteria for the acceptance of cal-
ulation results in the water phantom. Their proposed values of
olerances are as follows: (1) umbra region, 2%; (2) penumbra
10 Part 1 68711530 67286103 1425427
Part 2 73369353 72118784 1250569

region, 10%; (3) outside beam edge, 30%.38 For 6 MV  photon beam,
the average local dose difference was  4.14, 15.88, and 10.88%, in
penumbra, umbra, and outside beam edge, respectively. On the
other hand, the average local dose different in umbra, penumbra
and outside beam edge were 0.67, 8.53, and 11.25%, respectively
for 10 MV.

Comparing local dose differences found in our results in the
determination of incident electron energy and Linac geometry for
10 × 10 cm2 field size with their criteria shows that our MC model
results are acceptable, and our model can be used for dose calcu-
lation in other situations and different field sizes. Electron energy
used to simulate Linac Elekta InfinityTM 6 and 10 MV photon beam
was 5.2 and 9.4 MeV, respectively based on the recommendation
from Venselaar et al. (2001) although there were still significant
differences in the penumbra area for 6 MV.  The types and position
settings of mlc  leafs were varied and tested to obtain a smaller local
difference in the penumbra region but this difference value does not
change significantly in 6 MV  energy. The electron energy obtained
in this commissioning process was  compared to another Varian lin-
ear accelerator with the same beam energy.6,7 The electron energy
of Varian Linac a has higher value than the Elekta in this study.

3.3. Particle information in scoring planes

The particle information stored in phsp files part 1 and 2 is
shown in Table 1. The number of the electron in 6 MV photon beam
was 1.11% and 0.77% of the total particles scoring plane for part
1 and part 2, respectively, and 2.07% and 1.70% for 10 MV  photon
beam. The number of electron contamination in phsp 1 is more
than in phsp 2. Some electrons produced before mlc  (scoring plane
1) caused this, blocked by mlc, and they did not reach scoring plane
2 in SSD 100 cm.  In general, electrons are mixed at a large scattering
angle (far from the beam axis) so that they were more likely to be
blocked by mlc. On the other hand, the number of electron contam-
ination increased for high energy Linac beam both on scoring plane
1 and 2. Contamination for 6 and 10 MV  photon beam was  larger
than Varian accelerator with the same energy.6,7 This was  due to
the difference of Linac geometry material. Varian linac’s material
generally consists of tungsten, which significantly contributes to
electron contamination released from Linac and has an effect on
the increasing dose in the surface area of the phantom.

The fluence distributions for the 6 and 10 MV  10 × 10 cm2 beams
for scoring plane 1 and 2 in the X and Y direction as a function of
the distance to the central beam axis are shown in Fig. 8. The MC
calculation demonstrated that the particles fluence in phsp 1 was
10 times greater than in phsp 2 for all beam energy. The shape of the
fluence curve on scoring plane 1 is strongly influenced by the shape
of the flattening filter where the particle fluence in the central beam
axis was less than at the edge of the radiation field. Particles from
phsp 2 were collimated in the beam before entering mlc, JAWS, and
scoring plane 2. As seen from this figure, the total fluence in scoring
plane 2 remains relatively constant inside the field (-5 < x < 5 cm)

and decreases sharply immediately after the geometric edge of the
field (x > 5 cm). The Linac geometry was  symmetric, so the X and Y
fluence was  identical.
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Fig. 8. Fluence distribution of particles in scoring plane 1 and 2 for 6 and 10 MV
photon beam.
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Fig. 10. Angular distribution of particles in scoring plane 1 and 2 of 6 and 10 MV
photon beam.

Table 2
OFs deviation between MC simulation and semiflex/microDiamond detector.

Field size
(cm2)

Deviation (%)

Semiflex vs MC microDiamond vs MC

6 MV  10 MV  6 MV  10 MV

2 × 2 3.55 5.29 2.73 1.42
3  × 3 1.80 3.75 1.47 0.35
5  × 5 1.19 1.79 1.02 0.15
6  × 6 0.72 1.30 0.47 0.08

The Eq. (4) was used to determine the relative deviation of
ig. 9. Mean energy of particles in scoring plane 1 and 2 of 6 and 10 MV  photon
eam.

Fig. 9 illustrates the mean photon energy for these beams as a
unction of the distance from the beam central axis at the phan-
om surface. The field was divided into 602 rectangular bins, and
he mean energy for each bin was calculated from -15 to 15 cm
n the x-direction for phsp 1 and phsp 2. The mean energy of the
articles in scoring plane 1 was different from scoring plane 2. For
he 6 MV beams, the mean energy for the particles in phsp 1 was
etween 1.15 and 1.36 MeV  while it was between 1.34 MeV  and
.76 MeV  in scoring plane 2. For the 10 MV  beams, it ranged from
.88 MeV  to 2.27 MeV  and 1.78 MeV  to 2.92 MeV  in scoring plane 1
nd 2, respectively. The mean energy in phsp 1 was relatively con-
tant in the field (-5 to 5 cm), and the value decreased out of field
n 6 and 10 MV.  This mean energy was strongly related to the parti-
le energy in the scoring plane. The out-of-field particles consist of
lectron contamination produced from interactions between pho-
on and collimator. These particles will scatter with the large angle
nd have mean energy lower than the particles in the central beam
xis.

The dominant particle interactions in linac head are photo-
lectric effect, Compton scattering, and pair production. Therefore,

here is unwanted particle contamination such as electrons and
ositrons produced in Linac beside photons. In the Compton scat-
ering, the scattering angle of a particle depends on its energy. The
8  × 8 1.82 1.79 1.6 0.15
10  × 10 0 0 0 0

low-energy particle will scatter within a large scattering angle and
vice versa. Fig. 10 shows the angular distribution of particles in
scoring plane 1 and 2 for 6 and 10 MV  photon beam. The scattering
angle of the particle in scoring plane 1 was between 0 – 15◦ and 0
– 25◦ for 6 and 10 MV,  respectively. The scattering angle of the par-
ticles was reduced after the beam has been collimated (0 – 8◦ for
6 MV  and 0 – 5◦ for 10 MV). The low-energy particles was reduced
and blocked by the collimator.

In Fig. 11, the particle energy spectra in scoring plane 1 and 2 are
presented for the 6 and 10 MV  beam with a field size of 10 × 10 cm2

at the phantom surface. The energy spectra show a much-defined
peak at around 0.49 MeV, and the peak value did not change in scor-
ing plane 2 for 6 MV.  The peak shifts to a higher energy for 10 MV
photon beam (0.55 MeV). The collimation (mlc) only reduced the
number of particles but did not change the photon energy produced
in 6 and 10 MV  photon beam Linac.

3.4. Output factors of 6 and 10 MV photon beam

The photon output factor is shown in Fig. 12 for square field sizes
from 2 cm up to 10 cm obtained from measurements together with
corresponding values from the MC  calculation. The output factors
from MC  calculation ranged between 0.82 and 1.00 for 6 MV and
0.83 and 1.00 for 10 MV.  The OFs from MC  calculation was  more
significant than the semiflex and microDiamond measurement for
both 6 and 10 MV  photon beam.
OFs from measurement and MC  calculation for specific field sizes
(Table 2). The measured OFs using the different detectors are in
good agreement with simulation within less than 2% for field
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Fig. 11. Spectral distribution of particles in scoring plane 1 and 2 for the 6 and 10 MV photon beam.

Fig. 12. Normalized OFs of 6 and 10 MV  photon beam.
Fig. 13. Illustration of lateral charged particle equilibrium (CPE).

sizes 3 × 3 cm2 or larger for the considered energies. For the field
size 2 × 2 cm2, the OFs deviation between semiflex detector and
MC simulation for 10 MV  beam show the most significant value
among the other deviations. Between the MC  simulation and the
PTW semiflex ion chamber, the deviation goes up to 5.29%. The
charged particle equilibrium (CPE) in high-energy Linacs for the
small field (field size less than 5 × 5 cm2) will not be achieved
because the radius of the beam was smaller than the maximum
range of secondary charged particle. The illustration of achieved
and non-achieved CPE is shown in Fig. 13.

The CPE exists in a scoring volume if energy carried in and out
of a volume is equal. In a large field, there are electrons with a par-
ticular type and energy entering from another area to compensate
the identically charged particles leaving the volume. This situation
does not occur in small field sizes. The Bragg-Gray cavity theory
assumption was ineffective in small field cases. In Monte Carlo sim-
ulation, this CPE was calculated in dose distribution to get accurate
results. Therefore, the OFs from MC  simulation have a slightly dif-
ferent value compared to measurement results. This phenomenon
was seen in all field sizes and beam energy (Fig. 11). Haryanto
et al. (2004) and Fukata et al. (2018) reported the same result as
that measured for 2 × 2 cm2 field size has a significant deviation
compared with measurement results.18,40
Krongkietlearts et al. (2016) calculated output factors for Varian
Clinac iX6 MV  beams using EGSnrc and found a different pattern.
Their data were normalized to the 10 × 10 cm2 field. The OFs from
microDiamond detector gives higher results than semiflex detector
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verification of the PEREGRINE Monte Carlo dose calculation system for photon
beams incident on a water phantom. Med  Phys. 2001;28(7):1322–1337.
78 S. Yani et al. / Reports of Practical Onc

nd MC  simulation with a deviation of less than 2% for field size
 × 1, 2 × 2, 3 × 3, and 5 × 5 cm2. Other publications have reported
he over responses of measurement using semiflex detector in the
mall field.30

. Conclusion

Commissioning data of photon beam of energy 6 and 10 MV
roduced by Elekta InfinityTM platform installed in Radiotherapy
epartment at Concord International Hospital, Singapore were col-

ected. The commissioning results indicated that the initial electron
nergy was 5.2 and 9.4 MeV  to simulate 6 and 10 MV  photon beam,
espectively.

The most important result in this work comes from OFs resulted
rom MC  calculation. This value was more significant than the OFs
rom measurement using semiflex and microDiamond for all beam
nergies and field sizes. This higher result is due to the CPE phe-
omenon calculated in Monte Carlo simulation, and it was not
chieved during measurements of 2 × 2 cm2 field size.
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