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Introduction

In radiotherapy, the accuracy of measurement in surface doses is 
important to achieve the desired outcome of radiation treatment, 
especially when treating superficial tumors, due to the secondary 

charged particles, such as electrons; these charged particles are mainly 
produced during the interaction of photons with air, in linear accelerator 
beam defining system, i.e. collimator and the scattering materials in the 
path of the beam [1-3].

Original

ABSTRACT
Background: Accurate assessment of surface and build-up doses has a key role in 
radiotherapy, especially for the superficial lesions with uncertainties involved while 
performing measurements in the build-up region. 
Objective: This study aimed to assess surface and build-up doses for 6 MV photon 
beam from linear accelerator using parallel plate ionization chamber, EBT3 Gafchro-
mic films, and PRIMO Monte Carlo (MC) simulation code.
Material and Methods: In this experimental study, parallel plate chamber 
(PPC05) and EBT3 Gafchromic films were used to measure doses in a build-up region 
for 6 MV beam from the linear accelerator for different field sizes at various depths 
ranging from 0 to 2 cm from the surface with 100 cm source to surface distance (SSD) 
in a solid water phantom. Measured results were compared with Monte Carlo simu-
lated results using PENELOPE-based PRIMO simulation code for the same setup con-
ditions. Effect of gantry angle incidence and SSD were also analyzed for depth doses 
at the surface and build-up regions using PPC05 ion chamber and EBT3 Gafchromic 
films. 
Results: Doses measured at the surface were 14.78%, 19.87%, 25.83%, and 
31.54% for field sizes of 5×5, 10×10, 15×15, and 20×20 cm2, respectively for a 6 
MV photon beam with a parallel plate chamber and 14.20%, 19.14%, 25.149%, and 
30.90%, respectively for EBT3 Gafchromic films. Both measurement sets were in 
good agreement with corresponding simulated results from the PRIMO MC simula-
tion code; doses increase with the increase in field sizes.  
Conclusion: Good agreement was observed between the measured depth doses us-
ing parallel plate ionization chamber, EBT3 Gafchromic films, and the simulated depth 
doses using PRIMO Monte Carlo simulation code.
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According to the International Commission 

of Radiation Protection report 59 (ICRP-59) 
[4] and the International Commission of Ra-
diation Units and Measurements (ICRU-39) 
[5], the skin depth is considered at the depth 
of 0.07 mm, corresponding to the depth of in-
terface between the dermis and epidermis lay-
ers of the skin [6]. The accurate and precise 
measurements at such depths are not only dif-
ficult but also challenging due to the high dose 
gradient in the superficial region and without 
any charge particle equilibrium [2, 6].

However, extrapolation chambers are the 
best selection for the measurement of surface 
dose [7], their unavailability at most clinical 
facilities and time-consuming procedure in 
measuring doses leads to the impractical use 
of extrapolation chambers in clinical setups 
[6].

A parallel plate chamber (PPC) with fixed 
separation of electrodes as an alternative has 
been used for the measurement of the surface 
dose and build-up region dose. However, fac-
tors, such as cavity perturbation are necessary 
to improve the accuracy of such measurement 
[7-9].

Monte Carlo (MC) simulation method is 
widely regarded as a benchmark for dose es-
timation in radiotherapy [10, 11]. Various au-
thors have evaluated the buildup region doses 
by EGSnrc and BEAMnrc MC simulation 
codes [6, 12, 13]; however, these simulations 
require long computational time/computation-
al resources.

This study aimed to measure the surface 
and build-up region doses using the available 
parallel plate chamber (PPC), EBT3 Gafchro-
mic film and to compare their results with MC 
simulated results using PENELOPE based 
PRIMO MC Code.

Material and Methods

Measurements using parallel plate 
chamber

An experimental study was conducted to 

assess the surface and build-up doses for a 
6 MV photon beam from a linear accelera-
tor using a Parallel plate ionization chamber, 
EBT3 Gafchromic films, and PRIMO Monte 
Carlo simulation code. PPC model PPC05 
from IBA Wellhofer (IBA Dosimetry GmbH, 
Schwarzenbruck, Germany) is a commonly 
used detector for photon and electron absolute 
and relative dose measurements. This PPC05 
chamber has a small collecting volume with 
0.1 mm entering window thickness, 0.6 mm 
plate spacing, 9.9 mm diameter, and 3.4 mm 
wide guard ring which enables excellent reso-
lution in the measurement of depth doses; this 
chamber was waterproof and vented through a 
silicon sleeve. Using this chamber along with 
a DOSE1 electrometer (IBA, GmBH, Scan-
ditronix Wellhofer, Germany) point dose mea-
surements were carried out on a Varian Clinac 
600 C (Varian Medical Systems, Palo Alto, 
CA, USA) with a 6 Megavolt (MV) photon 
beam in a solid water phantom. The solid wa-
ter phantom (CNMC Co. Nashville, TN, USA) 
had similar properties to that of water, such 
as relative electron density, effective atomic 
number, and similar interaction properties of 
absorption and scattering of radiation.

The PPC was embedded in a custom drilled 
slot on a 30×30 cm2 piece of solid water phan-
tom slab. A minimum of 10 cm of backscatter 
thickness was used to provide full phantom 
scatter equilibrium for these measurements 
for a 6 MV photon beam. Measurements were 
performed for depths of 0, 1, 3, 5, 7, 10, 12, 
15, and 20 mm in the solid water phantom at 
source to surface distance (SSD) of 100 cm for 
field sizes of 5×5, 10×10, 15×15, and 20×20 
cm2 and gantry angles of 0°, 30°, and 60°.

The charge, collected by the ion chamber 
at both the polarities, i.e. +300 V and -300 V, 
was recorded, and the average value was then 
normalized to the dose maximum value as fol-
lows:

2avg
M MM + −+

=                                                (1)

where Mavg is the average of accumulated 
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charge, M+ and M- are the electrometer read-
ings obtained for accumulated charges at posi-
tive and negative polarity.

The readings obtained from the PPC were 
corrected for overresponse by applying Gerbi 
and Khan’s method, which introduced a modi-
fied version of the correction factors of Velke-
ly et al. to consider the effect of collector edge 
sidewall distance of the parallel plate chamber 
[7, 9].

max( , ) ( , ) (0, )'
d

d E P d E E lP deξ −α( )= −         (2)

( ) ( ) ( )( ) 0, 1.666 1.982 15.8 % /E IR C mmξ = − + × −    (3)

where P(d, E) is the measured percentage 
depth dose, P’(d, E) is the corrected percent-
age depth dose at the depth ‘d’, ‘E’ is the en-
ergy of photon beam, ‘l’ is the plate separa-
tion, ‘α’ is constant with a value of 5.5, and  
ξ (0, E) is the energy-dependent chamber fac-
tor, showing the overresponse per mm of 
chamber plate separation at the surface of the 
phantom. ‘IR’ represents the ionization ratio 
measured at depths of 20 cm and 10 cm for a 
field size of 10 cm × 10 cm at a fixed source-
detector distance of 100 cm; ‘C’ is the side-
wall-collector distance in mm, and ‘d’ is the 
depth of the chamber front window (d=0 for 
surface).

Gafchromic film measurements
Gafchromic film is a substantial dosimeter 

used in the measurement of surface dose due 
to its characteristics of high spatial resolution 
and low spectral sensitivity over a broad range 
of doses [6]. Comparison of doses from Gaf-
chromic EBT films and parallel plate chambers 
were studied by Bilge et al. [14] and showed a 
difference between 5% for 6 MV and 3% for 
18 MV photon beams.

In the current study, Gafchromic EBT3 film 
(International Specialty Product, NJ, US) was 
used, consisting of a 28 μm thick active layer 
sandwiched between two 125 μm matte-poly-
ester substrates [15]. The active layer of the 

film contains the active component, such as a 
marker dye, stabilizers, and other components 
giving the film its near energy-independent 
response. The effective point of measurement 
was assumed at the geometric center along 
with the thickness of the exposed film.

All films used for measurements were ob-
tained from the same lot (packet) (#09061602) 
and cut into squares of 4 cm × 4 cm. After ir-
radiation, the films were scanned using an 
Epson 10000 XL flatbed scanner (Epson 
America, Inc. Long Beach, CA). After a 24-
hour gap was considered between irradiation 
and scanning, leading to post-irradiation color 
changes. For scanning, transmission mode at a 
72 dpi resolution and with 48-bits RGB format 
was used. As the optical properties of the Gaf-
chromic film were sensitive to the scanning 
orientation of the film on the scanner bed, all 
the irradiated film pieces were scanned in the 
same orientation, which was in portrait mode 
[16]. Images were saved and analyzed using 
film QA Pro software (National Institute of 
Health, USA). 

For calibration purposes, a set of EBT3 films 
from the same lot used for actual measure-
ments were irradiated to establish the calibra-
tion curve. For irradiation, the film was placed 
at a depth of 5 cm in a solid water phantom 
and irradiated to doses ranging from 0 to 600 
cGy at 100 cm SSD for a field size of 10×10 
cm2. After scanning, the optical density of the 
film was obtained from the red component 
of the RGB (red, green, and blue) images us-
ing Film QA Pro software. For buildup doses 
measurements, the film was placed at depths 
of 0, 1, 3, 5, 7, 10, 12, 15, and 20 mm in the 
solid water phantom; 200 MUs were delivered 
for each irradiation.

PRIMO
MC simulation technique involves the use 

of known probability distributions for the in-
teraction of beam particles in various materi-
als and simulating random trajectories of each 
particle. PRIMO is a new MC simulation sys-
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tem (computer software) used for the effort-
less simulation of most Varian and Elekta lin-
ear accelerators, estimating dose distribution 
in phantoms and computed tomographic (CT) 
images; it also can use phase-space files in 
International Atomic Energy Agency (IAEA) 
format and import structures in the standard 
DICOMRT Structure format [17-19].

PRIMO simulation system includes as fol-
lows: (a) accurate physics from the PENEL-
OPE code, (b) variance reduction technique 
significantly, reducing the computation time, 
and (c) a user-friendly graphical interface with 
tools for analyzing the generated data [18,19]. 
In PRIMO MC code, the simulation of the Lin-
ear accelerator (Linac) and the phantom set/
CT images set can be performed in 3 segments 
(Figure 1): the first segment ‘s1’ simulates the 
field–independent part of the Linear accelera-
tor starting from an electron beam source to 
just above the moveable collimators, the sec-
ond segment ‘s2’ simulates field, defining part 
of the Linac, i.e. moveable jaws and multileaf 
collimator (MLC), and at the last, the seg-
ment ‘s3’ simulates the dose distribution in the 
phantom or CT images set. In PRIMO, the pri-
mary electrons reaching the target are defined 

by a Gaussian distribution [18].
The latest released version (0.3.1.1772) of 

PRIMO on a desktop computer with specifi-
cations of 32GB RAM, Intel® CPU E5-2695 
with a 64-bit operating system was used in this 
study. In PRIMO MC code, the default param-
eters of the 6 MV photon beam for the Var-
ian Clinac 600 C model were defined with an 
electron beam of the initial energy of 5.4 mega 
electron volt (MeV) with energy FWHM of 0 
MeV, the focal spot size of 0 mm, and a beam 
divergence of 0º.

Tuning of initial beam parameters 
in PRIMO

The primary beam parameters were adjusted 
to an acceptable difference with the measured 
data [19]. For tuning the 6 MV beam, the 
whole linear accelerator geometry was simu-
lated at once to produce phase-space files in 
IAEA format. Initial beam energy parameters 
were changed from 5.4 MeV to 6.2 MeV in a 
step of 0.1 MeV until a good agreement for 5.8 
MeV between measured and calculated per-
centage depth dose (PDD) for simulation of 
field size of 10 × 10 cm2 in a water phantom at 
100 cm SSD. FWHM and its energy, a similar 
approach to iterative adjustment, were applied 
by varying the initial values and repeating the 
simulation process to find the closest match 
for measured and calculated PDDs, profiles, 
and focal spot The focal spot size values were 
varied from 1.0 mm to 1.5 mm in a step of 0.1 
mm, and FWHM energy was varied from 0.1 
to 0.2 MeV; finally, the values for beam diver-
gence were varied from 0.1º to 1º to determine 
the configuration, giving the highest gamma 
index passing rate using 1%/1 mm from the 
inbuilt analysis tool for comparing experimen-
tal and measured data in PRIMO code. 

When simulating linear accelerator parts (s1 
and s2), splitting roulette was selected. Ac-
cording to the authors of the PRIMO code, 
splitting-roulette was recommended for nomi-
nal energies below 15 MV, and rotational 
splitting was usually more efficient for nom-

Figure 1: Segment s1, s2, and s3 of Primo 
Monte Carlo (MC) simulation code.
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inal energies above 15 MV [17, 18, 20, 21]. 
These applied variance reduction techniques 
and the geometry files used in the simulation 
were tested extensively by many researchers 
in the past [21-25].

The parameters of final beam values selected 
for simulation were as follows: initial energy 
of 5.8 MeV, energy FWHM of 0.18 MeV, the 
focal spot size of 1.2 mm, and the beam di-
vergence of 0.2º for Linear Accelerator Varian 
Clinac 600 C after tuning of beam parameters 
in PRIMO. For the defined beam parameters, 
further simulation for 5×5, 10×10, 15×15, and 
20×20 cm2 field sizes were performed for tally-
ing the dose in a homogeneous water phantom 
of size 30×30×30 cm3 for a bin size of 2×2×1 
mm3 at SSD of 100 cm. More than 1×108 his-
tories were simulated in PRIMO for each field 
size to reach the dose uncertainty below 1%. 

Simulated depth dose curves were saved in a 
file in.txt format and normalized for the depth 
of maximum dose. The percentage difference 
between measured and simulated PDD values 
was evaluated statistically for each field size.

Results
In this paper, the buildup dose measured us-

ing PPC and Gafchromic films was compared 

and validated with MC simulated results from 
PENELOPE-based PRIMO code for the 6 
MV photon beam from Varian Clinac 600 C. 
Figure 2 shows the PDD values in the buildup 
region measured with PPC as well as film and 
estimated with MC simulation for different 
field sizes.

The dose values measured with PPC, EBT3 
film, and PRIMO MC simulated results for 
different field sizes at different depths as seen 
in Table 1.

The PRIMO simulated results shows that sur-
face doses increases from 13.29% to 84.98%, 
17.98% to 86.69%, 23.09% to 88.82%, and 
28.47% to 90.17% in the first 5mm build-
up depth and 13.29% to 97.93%, 17.98% to 
98.62%, 23.09% to 99.16%, and 28.47% to 
99.63% in the first 10 mm buildup depths for 
5×5, 10×10, 15×15, and 20×20 cm2 field sizes, 
respectively. Whereas measured results from 
PPC05 shows that surface doses increases from 
14.78% to 86.83%, 19.87% to 88.1%, 25.83% 
to 90.32%, and 31.54% to 91.47% in the first 
5 mm build-up depth and 14.78% to 99.17%, 
19.87% to 99.14%, 25.83% to 99.70%, and 
31.54% to 98.8% in the first 10 mm buildup 
depths for 5×5, 10×10, 15×15, and 20×20 cm2 

field size, respectively. Similarly measure-

Figure 2: Comparison of percentage depth dose for 6 MV photon beam in the buildup region for 
5×5, 10×10, 15×15, and 20×20 cm2 field sizes at source to surface distance (SSD) 100 cm.
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ments from EBT3 films showed an increase in 
surface doses from 14.2% to 85.8%, 19.14% 
to 87.7%, 25.14% to 90.32%, and 30.90% to 
91.72% in the first 5 mm build-up depth and 
14.2% to 98.13%, 19.14% to 98.98%, 25.14% 
to 99.16%, and 30.90% to 99.1% in first 10 
mm buildup depths for 5, 10, 15, and 20 cm 
field size, respectively. The effect of incident 
beam angle and SSD on surface and buildup 
doses are depicted in Figures 3 and 4.

Discussion
Based on the results, PDD values measured 

from PPC, EBT3 films, and simulated re-
sults using PRIMO MC were within 10% of 
the dose at 0.0 mm depth, 5% for the first 4 

mm depths, and also 2% for measurements at 
depths beyond 4 mm. The maximum varia-
tion was observed for 0 mm and 1 mm depth 
among the measured and simulated results. 
Figure 2 shows that the PDD increased with 
an increase in field size as expected [26].

The measurements with EBT3 film showed 
more coherence with PRIMO MC simulated 
data. A maximum variation of 8.1% was ob-
served at the surface and 4.3% at 1mm depth 
between PRIMO and EBT3 films results, 
while the maximum variation of 10.1% at the 
surface and 5.0% at 1 mm depth was observed 
for PPC and PRIMO MC simulated results. 
For PPC and EBT3 films, the maximum varia-
tion was observed at 3.9% at the surface and 

Depth 
(mm)

PPC measured value EBT3 Films measured value PRIMO MC simulated results

5×5 10×10 15×15 20×20 5×5 10×10 15×15 20×20 5×5 10×10 15×15 20×20
0 14.78 19.87 25.83 31.54 14.20 19.14 25.14 30.90 13.29 17.98 23.09 28.47
1 45.84 46.92 51.96 55.70 45.55 46.69 51.50 54.76 43.55 44.74 49.26 52.92
2 61.96 63.24 68.13 71.50 61.21 63.56 67.89 71.65 59.94 61.48 65.06 68.18
3 73.14 75.46 78.20 81.75 72.29 77.39 77.92 81.59 70.99 72.50 75.85 78.23
4 82.03 82.83 86.37 87.63 81.21 84.87 85.41 87.56 79.21 80.98 83.19 85.27
5 86.83 88.10 90.39 91.47 85.82 87.70 90.32 91.72 84.98 86.69 88.62 90.17
7 93.94 94.72 95.74 96.26 93.01 94.31 95.80 96.81 92.49 93.31 95.04 95.96

10 99.17 99.14 99.70 98.80 98.13 98.98 99.62 99.10 97.93 98.62 99.16 99.63
PPC: Parallel plate chamber, EBT3: Brand name, PRIMO MC: Monte Carlo code name

Table 1: Percentage depth dose measured/estimated from parallel plate chamber (PPC), EBT3 
films, and PRIMO MC (Monte Carlo code name) for a 6 MV photon beam for 0º gantry angle.

Figure 3: Variation of surface dose for field sizes 5×5, 10×10, 15×15, and 20×20 cm2 for gantry 
angles of 0º, 30º, and 60º.
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1.6% at 1 mm depth and showed consistent 
measurements with each other. However, the 
results of PPC and EBT3 films differ signifi-
cantly from the dose obtained with PRIMO at 
the surface. For the rest of the buildup depth, 
there was good agreement among all the three 
modalities of dose estimation. 

Furthermore, the obtained results are in 
agreement with the published literature. Jong 
et al. [27] reported the surface doses mea-
sured with Markus PPC for 6 and 10 MV pho-
ton beams from Varian Clinac 2100 C/D for 
10×10 cm2 field size within 15.8% and 11.8%, 
respectively. Qi et al. [28] measured PDD for 
6 MV in water equivalent phantom with Attix 
PPC for Linear Accelerator Varian Clinac 600 
C linear accelerator and also showed the val-
ues 12.9%, 18.9%, 29.1%, and 37.9% for 5×5, 
10×10, 20×20, and 30×30 cm2 field size at 100 
cm SSD. Yu et al. [29] reported the surface 
doses of 16% and 13% for 10×10 cm2 field 
size for 6 MV and 18 MV beam, respectively, 
in Varian Clinac 2100 C with Attix model 449 
PPC.

Effect of Variation in the angle of 
incidence and SSD on surface doses

Figure 3 shows the PDDs values on the sur-

face for 5×5, 10×10, 15×15, and 20×20 cm2 

field sizes for gantry angle incidence of 0º, 
30º, and 60º. For oblique incidence of 6 MV 
photon beam, i.e. for gantry angles of 30 
and 60 degree, surface dose increased from 
14.33% to 30.67%, 21.32% to 36.8%, 26.53% 
to 42.89%, and 31.01% to 46.95% for the 5×5, 
10×10, 15×15, and 20×20 cm2 field sizes, re-
spectively. The surface dose increased with an 
increase in beam incidence angle due to the 
shift of charged particle equilibrium towards 
the surface. When the angle of the incident 
beam increased the depth of dose maximum 
shifted towards the surface due to increased 
electron contamination and higher photons in-
teractions along the oblique path of the beam 
[30].

Figure 4 shows that the surface doses de-
creases as SSD increased; however, the effect 
was not much significant. It is known that the 
dose deposited on the surface of irradiation is 
due to not only the primary photon beam but 
also the contaminant electrons generated in 
the air and the collimator head, reaching the 
surface. However, the contribution to surface 
dose due to these contaminant electrons is not 
sufficient as the electrons produced in the ac-
celerator head had relatively high energy. The 

Figure 4: Effect of source to surface distance (SSD) on surface dose for field sizes of 5×5, 10×10, 
15×15, and 20×20 cm2 at 0º degree gantry angle.
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range of these electrons does not change sig-
nificantly in phantom when required to travel 
10 cm more or less in air. A similar situation 
is expected for photons when there is a change 
in traveling distance in air, as no considerable 
change in spectral components of photons is 
expected. [27, 31, 32].

Conclusion
In this present study, surface doses were 

analyzed for different field sizes at different 
gantry angles using three different tools, such 
as PPC, Gafchromic EBT3 films, and PRIMO 
MC simulation code. The simulated MC re-
sults from Penelope-based PRIMO software 
for 6 MV photon beam were in good agree-
ment with the previously reported data for 
similar machines.

The difference between measurements by 
PPC, EBT3 films, and the simulated results by 
PRIMO MC code was reported within 10% at 
the surface and 5% for the first 5 mm depth. It 
shows that the comparison of Primo MC simu-
lated results are in good agreement with the 
measured doses using PPC and EBT3 films 
and provides an accurate estimation of doses 
at the surface and buildup region. Also, this 
accurate estimation of doses at the surface and 
buildup region may help manage radiation-
induced late skin toxicities.
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