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The percentage depth dose in the build-up region and the surface dose for the 6-MV photon beam from a
Varian Clinac 23EX medical linear accelerator was investigated for square field sizes of 5 × 5, 10 × 10,
15 × 15 and 20 × 20 cm2 using the EGS4nrc Monte Carlo (MC) simulation package. The depth dose was
found to change rapidly in the build-up region, and the percentage surface dose increased proportionally
with the field size from approximately 10% to 30%. The measurements were also taken using four common
detectors: TLD chips, PFD dosimeter, parallel-plate and cylindrical ionization chamber, and compared with
MC simulated data, which served as the gold standard in our study. The surface doses obtained from each
detector were derived from the extrapolation of the measured depth doses near the surface and were all
found to be higher than that of the MC simulation. The lowest and highest over-responses in the surface
dose measurement were found with the TLD chip and the CC13 cylindrical ionization chamber, respective-
ly. Increasing the field size increased the percentage surface dose almost linearly in the various dosimeters
and also in the MC simulation. Interestingly, the use of the CC13 ionization chamber eliminates the high
gradient feature of the depth dose near the surface. The correction factors for the measured surface dose
from each dosimeter for square field sizes of between 5 × 5 and 20 × 20 cm2 are introduced.
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INTRODUCTION

One choice of cancer therapy is the use of a localized high-
energy photon beam focused in the region of the tumor. As
the beam passes through the patient, it interacts with tissues
forming highly reactive radicals in the intracellular material,
and denatured cellular components that can cause lethal
damage to the irradiated cells. The deposited energy in the
tissue from the irradiation per unit mass of tissue is known
as the radiation absorbed dose. The higher the absorbed
dose the greater is the chance of killing cells.
The dose accumulated at the boundary between the air

and the patient’s skin is known as the surface dose. For
radiotherapeutic irradiation, it is about 75–95% of the
maximum dose for an electron beam and about 10–30% for
a photon beam [1]. The dose deposited within the first few
millimeters of skin depth varies considerably due to the

build-up character of the photon beam. To avoid skin com-
plications, the amount of surface dose is typically taken
into account simultaneously with the treatment plan.
Knowing the accurate surface dose is, therefore, essential
for assessing the skin damage, guiding the bolus thickness
decision, and designing both the treatment technique and
the scheme of dose fractionation.
Normally, the surface dose from a therapeutic photon

beam is primarily contributed by the secondary charged
particles, such as electrons and positrons, arising from the
photon interactions in the air, in the collimator, and in the
scattering material in the path of the beam [2, 3]. Therefore,
the surface dose depends on the patient-specific parameters,
such as the beam energy, field size, angle of beam inci-
dence, air gap and beam-modifying devices. Previous
studies have shown that the surface dose decreases relative
to the maximum dose with increasing photon beam energy,
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while it increases with a increasing field size [4–6].
Moreover, if the location of the dose measurement lies
within the build-up region, then perturbation may occur
from contaminated electrons in the beam and secondary
electrons generated in the irradiated medium. These elec-
trons drop off rapidly with depth due to the high density of
interactions with the atomic electrons in the medium.
In the past, the surface dose from therapeutic photon

beams was investigated using one of various types of dos-
imeter, such as a thermoluminescense dosimeter [7–9],
radiochromic film [10–13], and many types of parallel-plate
ionization chambers [14–20]. Because the conditions
required for the equilibrium of the charged particles are not
met in the build-up region, and the dose gradient is also
high, the use of an extrapolation chamber is suggested for a
more reliable measurement of the dose in this region [14–
16]. An extrapolation chamber is one category of parallel-
plate ionization chamber, with a small sensitive volume
which can be varied. Its response is reported to be very
good in the non-electronic equilibrium region [21].
Therefore, the surface dose can be estimated by measuring
the ionization per unit volume as a function of electrode
spacing, and then extrapolating the data to a zero electrode
spacing. Unfortunately, the use of extrapolation chambers
is limited since they are not typically available in most
institutes. Also, its measuring procedure is time-consuming
which makes accurate measurement of the surface dose in a
clinical setting impractical.
In contrast, fixed-electrode separation chambers are com-

monly available and also convenient to use for the surface
dose measurement in clinical situations. However, their ac-
curacy in the build-up region remains in doubt since there
exists a cavity perturbation from the chamber volume that
causes excess ionizations. To obtain an accurate surface
dose value, the ionization reading has to be corrected by
taking into account the perturbation conditions. Velkley
et al. [22] proposed the correction factors derived from
aluminium-walled extrapolation chamber measurements
obtained by adjusting the depth dose curves in the build-up
region from several types of fixed parallel-plate ionization
chambers. However, Nilsson and Montelius [14] showed
that the application of those correction factors to different
chamber structures led to a significant error in the derived
surface dose value. By evaluating the magnitude of the
over-response dose at the surface and in the build-up region
obtained with four different commercial parallel-plate
chambers, Gerbi and Khan [16] modified the correction
factor introduced by Velkley et al. [22] to take into account
the effect of the collector edge–sidewall distance of the
chamber, and to correct for the chamber response for differ-
ent depths and different beam energies. Moreover,
Bjarngard et al. [23] described an experimental method to
determine the dose near the surface under lateral equilib-
rium conditions using a mathematical extrapolation based

on the Monte Carlo (MC) simulation-calculated kerma
values.
The MC method is generally considered to be an accur-

ate tool for dose estimation in radiotherapy since the
beam’s particles are tracked individually in the media
according to the reliable interaction database. Although an
undesirable discrepancy between measurements and MC
simulation-derived calculations have been reported for the
initial build-up region, several recent studies have demon-
strated the coherence between the results from MC simula-
tions and the measurements obtained using an extrapolation
chamber [13, 19, 24]. Devic et al. [13] investigated the
deposited dose within the first millimeter of the build-up
region and the last millimeter of the build-down region for
a 6-MV photon beam using several dosimeter types and
MC simulations, while Parsai et al. [19] studied the vari-
ation in the percentage depth dose in the build-up region
using MC simulations for 6- and 10-MV photon beams
from two commercial accelerators in comparison with the
derived data. Both studies showed excellent agreement
between the measurements using the extrapolation chamber
and the MC simulations.
In this study, the central-axis dose in the build-up region

and the surface dose of a 6-MV therapeutic photon beam
with four different square field sizes (5 × 5, 10 × 10,
15 × 15 and 20 × 20 cm2) from a Varian Clinac 23EX linear
accelerator were evaluated using MC simulations. The dose
measurements were also obtained empirically using four
different commonly used dosimeters: a thermoluminescense
dosimeter (TLD), a p-type photon semiconductor dosim-
eter, a cylindrical ionization chamber, and a parallel-plate
ionization chamber. The simulated results were analyzed
and compared with the actual measured data in order to es-
tablish a correlation. Finally, based on the MC simulation
data, the correction factors for the measured surface dose
obtained from each detector are presented as a function of
the length of the square field’s side.

MATERIALS AND METHODS

Monte Carlo simulation
The MC simulations were based on the EGSnrc code
system, developed by the National Research Council of
Canada (NRC) [25, 26]. The 6-MV photon beam generated
from a Varian Clinac 23EX medical linear accelerator was
simulated using the BEAMnrc user code. The dose dis-
tribution in a phantom was obtained by the use of the
DOSXYZnrc user code.
The linac’s head components of the Varian Clinac 23EX

were built individually in the BEAMnrc user code in terms
of the component module (CM). The SLABS CM was
used for the target, CONS3R for a primary collimator,
SLABS for a vacuum window, FLATFILT for a flattening
filter, CHAMBER for an ionization chamber, MIRROR for
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a mirror, JAWS for a secondary collimator, and
DYNVMLC for a multileaf collimator. The description of
the dimensions, geometries and materials of all components
were taken from the manufacturer’s detailed specifications.
Since the actual information about the incident electron

beam on the target inside the linac was experimentally
unknown in our study, the energy and the Gaussian distri-
bution of the radius of the electron beam were determined
from the best match between the simulated and measured
results for the percentage depth dose along the central axis
and the beam profiles at a 10-cm depth for photon beam
field sizes of 10 × 10 and 30 × 30 cm2. The cylindrical ion-
ization chamber of type CC13 was used to measure the
depth dose in a water phantom. Since the measured dose in
the build-up region using this detector is uncertain, our
matching condition on the percentage depth dose started
from the depth at a maximum dose to 30 cm. The obtained
monoenergetic electron energy and the Gaussian distribu-
tion radius tuning were 6.1 MeV and 1.2 mm, respectively.
In the simulation, the transport parameters used in the
BEAMnrc user code for generating the phase-space files
and in the DOSXYZnrc user code for calculating the
deposited dose in the medium were as follows:
ECUT = 700 keV, PCUT = 10 keV, AE = 700 keV and
AP = 10 keV. The particle’s transport is terminated and its
residual energy is transferred in the current region when the
total energies of the electron and photon are less than the
value of ECUT and PCUT, respectively. The production of
secondary particles is considered if the particle’s total
energy is greater than AE for the knock-on electrons and
greater than AP for the bremsstrahlung photons. To specif-
ically calculate the surface dose, both the ECUT and AE
values were lowered to 521 keV. The values of the trans-
port parameters were selected to ensure the accuracy of the
computed dose to be better than 1% [27]. Additional
details on the transport parameters can be found in the
BEAMnrc and DOSXYZnrc user manuals [28–30]. The
phase-space file, which contains the information on each
beam’s particle, was recorded on the plane perpendicular to
the beam-axis at a 90 cm source-to-surface distance (SSD).
The number of initial electrons incident on the target was
set to be about 109 events and the average scored particle
in each phase space file was about 5 × 107 events. The effi-
ciency of our simulations was also enhanced by the use of
the variance reduction technique [27].
Using the phase space file obtained from the BEAMnrc

code as the input for the DOSXYZnrc code, the beam’s
interaction in the 30 × 30 × 20 cm3 water phantom was
simulated and, hence, the deposited dose within a voxel
was obtained. For determination of the build-up dose, the
voxel size along the beam central axis from the phantom’s
surface to a few millimeters depth was set to 1 × 1 × 0.014
cm3 for the 5 × 5 cm2 field size and 3 × 3 × 0.014 cm3 for
the three other larger square field sizes (10 × 10, 15 × 15

and 20 × 20 cm2). The number of simulation events gave a
statistical uncertainty of less than 1% for the deposited dose
in the smallest voxel size.

Measurements
The Varian Clinac 23EX linear accelerator, equipped with a
Millennium 120-leaf MLC and on-board imaging system,
located at the Department of Radiation Oncology, Siriraj
Hospital, Thailand, was used in this study. All measure-
ments were performed on the 6-MV photon beam along the
central axis with square open field sizes of 5 × 5, 10 × 10,
15 × 15 and 20 × 20 cm2 at a constant source-to-surface dis-
tance of 100 cm. The complete percentage depth doses
were measured in a Blue water phantom (Wellhofer
Scanditronix, Germany) at a depth ranging from 0 to 30 cm
with a scanning resolution of 2 mm. The detectors used
with this water phantom were a compact cylindrical ioniza-
tion chamber of type CC13 (Wellhofer Scanditronix,
Germany) and a silicon p-type photon semiconductor dos-
imeter of type PFD (Wellhofer Scanditronix, Germany).
The CC13 dosimeter has an active diameter of 6 mm, a
cavity volume of 0.13 cm3, and a wall thickness of 0.07 g/
cm2. The PFD dosimeter has an active diameter of 2 mm
and an effective thickness of 0.06 mm from the detector’s
front surface. These two dosimeters are routinely used to
acquire the common beam data, such as the percentage
depth dose, the beam profiles and the output factor.
We also obtained the central axis depth dose using

the parallel-plate ionization chamber (Markus 23392,
PTW-Freiburg) and the TLD (HARSHAW Chemical Co,
Solon, OH). The measurements were performed in
30 × 30 × 20 cm3 solid water equivalent phantom slabs
(RMI, Model-457) at a depth of 0, 0.2, 0.3, 0.5, 1, 1.2, 1.5,
2 and 3 cm. The solid water phantom has a physical
density of 1.04 g/cm3. The readings from each measured
position were corrected and then normalized to the
maximum depth dose. The effective measured point of the
Markus chamber was assumed to be at the bottom of
the entrance window electrode. The plate separation of this
detector is 2 mm, with a 0.35 mm distance between the
side wall and the collector. Each measured signal was taken
from an average of five readings from an output variation
acquired by the DOSE1 Electrometer (iba dosimetry). In
order to take into account the polarity effects, the measure-
ments with both positive and negative voltage (+300 V and
–300 V) were performed and the polarity correction factor
was found to be 0.98.
The charge obtained from the fixed-separation parallel-

plate ionization chamber in the build-up region was mainly
contributed from electrons scattered from the sidewalls of
the chamber and collected in the chamber active volume.
The correction factors for this perturbation effect were first
introduced by Velkley et al. [22], based on extrapolation
chamber measurements at a percentage depth dose in the
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build-up region, as measured by a fixed size parallel-plate
chamber. The Velkley formula has been used in several
studies and was originally intended to apply to all types of
fixed-separation parallel-plate chambers. Nevertheless,
Gerbi and Khan et al. [16] demonstrated that the Velkley
formula, obtained with only one extrapolation chamber for
a specific parallel-plate chamber, did not produce an accur-
ate dose for all parallel-plate chambers, but rather overesti-
mated the amount of scattering of higher energy beams.
They improved the previous correction method by includ-
ing (i) the effect of the collector edge-sidewall distance to
the chamber, and (ii) the dose response of the chamber at
different depths and different beam energies for various de-
tector types. Here, we refer to the correction method intro-
duced by Gerbi and Khan et al. [16] as the GK method. By
comparing the readings of the various detectors with the
reading of an extrapolation chamber, the correction equa-
tion was given by Eqs. (1) and (2):

P0ðdÞ ¼ PðdÞ � jðE; 0Þ‘ expð�aðd/dmaxÞÞ ð1Þ

jðE; 0Þ ¼ 27:19� 32:59 IRþ ð�1:666þ 1:982 IRÞC ð2Þ

where P′(d) and P(d) are the corrected and uncorrected per-
centage depth dose at depth ‘d’, respectively, E is the
maximum energy of the photon spectrum, ℓ is the plate sep-
aration in the units of mm, ξ(E, 0) is the over-response in
percent per mm of chamber plate separation at the phantom
surface, IR is the ionization ratio measured at 10 and 20 cm
depths for a field size of 10 × 10 cm2 at 100-cm SSD, C is
the collector edge to side wall distance in mm (it is 0.35 in
our case) and α is an empirically determined constant of
proportionality which is equal to 5.5. The following con-
stants were determined for our PDD measurement from the
6-MV photon beam: IR = 0.6709, ξ(E, 0) = 5.26% per mm,
and dmax = 1.5 cm.
Rawlinson et al. [31] then investigated the design fea-

tures of a fixed-separation parallel-plate ionization chamber
that has a negligible chamber signal of electrons from the
side walls, and developed a guideline for predicting this
sidewall effect. The formula was introduced to estimate the
over-response for a commercial ionization chamber under a
normal build-up condition, and differs from the GK method
in the parameter of the guard width that is used to charac-
terize the proximity of the sidewall. However, this correc-
tion agrees well with the results of GK method for small
collector diameters.
The TLDs used in this dose measurement are a lithium

fluoride (LiF) crystal doped with magnesium and titanium
(HARSHAW Chemical Co, Solon, OH). Their thickness is
0.39 mm with a 9.92 mm2 surface area (3.15 × 3.15 mm2).
The effective point of measurement for the TLD was
assumed to be at the middle of its thickness. The TLD
chips were carefully placed on the solid water phantom and

irradiated at a depth of 0, 0.2, 0.3, 0.5, 1, 1.2, 2 and 3 cm.
Three repeated measurements were made to obtain the dose
at each position. Before irradiation, all TLD chips were
placed in an annealing oven at 400°C for 1 h followed by
100°C for 2 h. Then, they were exposed to a known dose
of 1 Gy at the depth of maximum dose from a 15 × 15 cm2

field of a Cobalt-60 machine (THERATONIC 780C). The
dose received by the TLD chip was recorded by the TL
reader (Model 5500; HARSHAW Chemical Company,
Salon, OH). As a result, the correction factors for each indi-
vidual TLD chip were obtained. The process was repeated
three times to produce a reliable correction factor. The vari-
ation of the TLD response with respect to the changes in
either the field size or the measurement location was not
included in this study, since the effect of photon spectral
variations on the response was less than 1% for all of our
dose measurements [32].

RESULTS

Monte Carlo simulations
The depth doses along the central axis of the beam were
obtained for different square field sizes of our 6-MV
photon beam simulation using the DOSXYZnrc code. They
were normalized as a percentage of the maximum dose.
Here, the percentage dose near or at the phantom surface
was estimated by the third-order polynomial extrapolation
of the simulated data. The observed percentage doses at the
surface and at a depth of 0.0007 and 0.005 mm were com-
pared with the published results of Devic et al. [13] and
Parsai et al. [19], since they had performed reliable mea-
surements of the surface dose and the dose in the build-up
region at the same beam energy from similar medical linear
accerelators (the Varian Clinac 1800 and the Varian 2300
(C/D), respectively). Accordingly, a substantial discrepancy
in the dose in the build-up region from our MC simulation-
based calculations and their previously reported empirical
measurements was not anticipated. Table 1 summarizes the
dose comparison using the MC simulation results obtained
here and the previously measured values [13, 19] for the
square fields with lengths of 5, 10 and 15 cm. Consistent
results were generally observed in which all of the differ-
ences were less than 2%. Therefore, we conclude that our
calculated surface doses using the MC simulation were
justified.

Measurements of percentage depth dose
The percentage depth doses along the beam central axis for
our 6-MV photon beams were acquired experimentally with
four detectors for the four square field sizes of 5 × 5,
10 × 10, 15 × 15 and 20 × 20 cm2. The readings from each
detector were assigned to the effective point of measure-
ment for each individual detector. For the CC13 chamber,
the effective point was determined automatically by the
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computerized scanning system. The effective point of meas-
urement for the PFD dosimeter and Markus chamber was
assumed to be at the front surface and at the bottom of the
entrance window electrode, respectively. For the TLD chip,
the effective point was assigned to the middle of its thick-
ness and scaled by its density of 0.0496 g/cm2.
The depth dose curve comparison for the measurement

and the simulation for a 10 × 10 cm2 field is shown as an
example in Fig. 1. For all field sizes, we found excellent
agreement between all measured and simulated percentage
depth doses for the depth beyond the build-up region or the
depth after the maximum dose. However, near the surface a

large deviation from the MC simulation result is noticed
between the measurement using the CC13 chamber and the
PFD dosimeter, while the results from the TLD and
the Markus chamber seem to be in good agreement with
the MC simulation. This suggests that reliable measurement
of the percentage depth dose beyond the build-up region
can be obtained from any of our four detectors. However,
the dose measurement in the build-up region is strongly de-
pendent on the detector.
Focusing on the near-surface region, we examined the

percentage depth doses obtained from the four detectors as
well as from the MC simulation for a 6-MV photon beam
with the four different square field sizes (5 × 5, 10 × 10,
15 × 15 and 20 × 20 cm2). The trendlines for each data set
were obtained from the least square fitting using a polyno-
mial function of an appropriate order. A similar change was
observed in the near-surface region between the measured
data from both the Markus chamber and the TLD chip, and
the MC simulated data was observed (Fig. 2), in which
these curves have a negative curvature. In contrast, the
CC13 and PFD data show a positive curvature. The dose at
zero depth measured by each detector was always higher
than that of the MC simulation for all four evaluated square
field sizes, consistent with previous studies [13, 14, 16].
Interestingly, the dose readings from both the CC13
chamber and PFD dosimeter are almost steady near the
surface, varying less than 5% for the CC13 chamber and
10% for the PFD at within 1 mm from the surface for the
5 × 5 up to 20 × 20 cm2 field sizes, while it changes by
almost 30% in the MC simulation. The insensitivity of the
depth for the dose measurement near the surface using
these two detectors implies that a very precise position of
the measurement may not be necessary.
The dose at zero depth from the TLD measurement had

the best correlation with the MC simulations, with the per-
centage surface doses from the TLD data being 14.6, 20.5,
25.3 and 32.2 for the field sizes of 5 × 5, 10 × 10, 15 × 15
and 20 × 20 cm2, respectively. The worst and second worst
correlation with the MC simulated data was exhibited by
the CC13 and PFD detectors, respectively. These detectors
had a relatively large sensitive volume, and they are also
made of non-water equivalent material, which leads to an
over-response dose near the surface region where a steep
dose gradient exists. Therefore, the CC13 chamber and
PFD dosimeter are not recommended for surface dose mea-
surements unless their accurate correction factors are
available.

Correction factor for the measured surface dose
From the extrapolation of the measured dose in the
build-up region, the percentage doses at zero depth (surface
doses) for the 6-MV photon beam with different field sizes
are shown in Fig. 3. The measured surface dose clearly
increases with increasing field size, regardless of the

Figure 1: The percentage depth dose curves obtained using the
CC13 chamber, PFD dosimeter, Markus chamber, TLD chips and
the Monte Carlo simulation, for the 6-MV photon beam with a
10 × 10 cm2 field.

Table 1: Comparison of the percentage doses at the
surface, and at a depth of 0.0007 and 0.005 mm for the
6-MV photon beams obtained from our MC simulation and
from previously reported empirical measurements [13, 19]

Depth
(mm)

Field
size
(cm2)

Measured
value
[13, 19]

MC
simulation

Difference

0 5 × 5 10.53 10.27 –0.26

10 × 10 16.04 16.45 +0.41

15 × 15 21.74 22.22 –0.48

0.0007 5 × 5 11.50 11.61 +0.11

10 × 10 17.00 18.30 +1.30

15 × 15 23.60 23.61 +0.01

0.005 5 × 5 28.32 28.12 –0.20

10 × 10 33.34 33.48 + 0.14

15 × 15 38.02 37.35 –0.67
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detector used in the measurement, and this is also observed
with the MC simulation. This is mainly due to the increas-
ing number of scattered electrons in the air and collimator.
The measurements obtained from the TLD chip and

Markus chamber gave surface dose values close to that of
the MC simulation, while a very large discrepancy was
found when using the PFD dosimeter and, especially, the
CC13 chamber. Before scaling of the effective depth of
measurement, the over-response of the TLD chip and
Markus chamber for the surface dose were about 10%,
which is consistent with the reports of Devic et al. [13] and
Gerbi and Khan [16]. After taking into account the effect-
ive point of measurement, the over-response from the TLD
chip was reduced to approximately 4%, while that for the
Markus chamber remained almost unchanged due to its
larger effective volume.
The high percentage surface doses observed with the

PFD and CC13 dosimeter with the smallest field size
(5 × 5 cm2) were about 40% and 50%, respectively (Fig. 3).
Possibly, these two detectors pick up many low-energy
electrons from the non-electronic equilibrium situation in
the build-up region. Moreover, at some point of the meas-
urement, and especially close to the phantom surface, some
part of these detectors was above the water level, which is
also a cause of the non-equilibrium. Note that the percent-
age dose near the surface obtained with both the PFD and
CC13 chamber did not change rapidly with the increasing
depth, but remained approximately steady near the surface

Figure 2: The percentage depth dose for the four different square field sizes of (a) 5 × 5, (b) 10 × 10, (c) 15 × 15 and (d)
20 × 20 cm2, obtained from the four different dosimeters, plus the MC simulation data, normalized to the maximum depth
dose and the best trend line for each data set.

Figure 3: The percentage surface dose obtained from the four
different dosimeters and the MC simulation, normalized to the
maximum depth dose for each of the four square field sizes at a
100-cm SSD for the 6-MV photon beam.
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phantom for all four tested square field sizes (Fig. 2). In
other words, these detectors eliminate the high gradient
feature of the dose in the build-up region of the photon
beam. As a result, their position for measuring the surface
dose is not very critical. Because of this, both the PFD dos-
imeter and CC13 chamber can still be considered as useful
detectors for the surface dose measurement as long as their
accurate correction factors are given.
In order to scale down the over-response of the measured

surface dose, the correction factors for each dosimeter used
in this study were evaluated by calculating the ratio of the
MC simulated surface dose and the measured value. For a
field size of 10 × 10 cm2, the correction factor was 0.294,
0.378, 0.625 and 0.804 for the CC13 chamber, PFD,
Markus chamber and TLD chips, respectively. Noting that
a smaller correction factor implies a larger over-response of
the detector for the surface dose measurement, the over
dose response order (highest to lowest) was found to be the
CC13 chamber > PFD >Markus chamber > TLD chip.
The relationship between the correction factors, based on
the data from the MC simulation as the reference value,
for the four detectors at various open square field sizes are
shown in Fig. 4. The correction factors for the measured
surface dose obtained from the TLD chips are almost inde-
pendent of the square field size, with an average correction
factor of 0.817. The correction factors for the TLD chip
are, of course, the largest of the four different types of
detectors, since we found that this detector gave the nearest
surface dose to the MC simulations. In order to include the
effect of the field size dependence in the surface dose cor-
rection factor, we performed the least square fitting on the
correction factors for the four square field sizes, assuming a
parabolic tendency on the length of the field’s side. The

trendlines for the CC13 and PFD data were found to be
almost linear (Fig. 4).
The correction factor (Ci) for each detector (labeled by

an index i) as a function of the length of square field’s side
(L) can be written as in Eq. (3):

CiðLÞ ¼ aiL
2 þ biLþ di ð3Þ

where ai, bi and di are the parameters which depend on the
type of detector and are shown in Table 2. They are sup-
posed to be applicable to the surface dose of the square
field for a size ranging from 5 × 5 to 20 × 20 cm2. The
surface dose after the correction is simply obtained by a
multiplication of the correction factor Ci with the reading
surface dose from the measurement.
The surface doses for three other square field sizes

(3 × 3, 12 × 12 and 15 × 15 cm2) were empirically investi-
gated using the measurements derived from the Markus
chamber in a water equivalent solid phantom and, also, by
MC simulation. Only the 12 × 12 cm2 field is within the
range of our previously studied field sizes, the other two
extending this range to larger and smaller field sizes. The
percentage surface doses from the actual reading, the Eq.
(3) corrected values using the empirical correction factors
(Table 2), and the MC simulation values are shown in
Table 3, along with the modified percentage surface doses
using the GK method for the Markus chamber. The cor-
rected surface dose values (using Eq. (3) and Table 2) were
lower than that of the MC simulation for the 3 × 3 and
12 × 12 cm2 field sizes, and were closer to the MC simula-
tion than the GK corrected values for only the 12 × 12 cm2

field size. For both the 3 × 3 and 15 × 15 cm2 field sizes,
the GK corrected values were closer to the MC. In other
words, the empirical correction of the surface dose pre-
sented here (Eq. (3) and Table 2) is not better than the GK
method outside the range of the studied field size (5 × 5
cm2 to 20 × 20 cm2). Therefore, these empirical correction
factors Ci should only be used for square field sizes in the
range of between 5 × 5 to 20 × 20 cm2.

Figure 4: The correction factor for surface dose as a function of
the length of square field’s side for the four different dosimeters
based on the Monte Carlo simulation for the 6-MV photon beam.

Table 2: Fitting parameters for the correction factor of the
surface dose defined in Eq. (3) for the four different types of
dosimeters

Type of dosimeter
Coefficienta

a b c

CC13 –0.0002 0.0198 0.1091

PFD –0.0004 0.0291 0.1220

PTW model 23392 (Markus) –0.0006 0.0314 0.3628

TLD chip –0.0009 0.0357 0.5470

aSee Eq. (3) in the text.
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DISCUSSION

The MC simulated depth doses near the surface for this
6-MV photon beam were all in good agreement with the
previously reported measurements from similar machines
using an extrapolation chamber. For the beam used here,
we measured the percentage depth doses along the beam’s
central axis for four square field sizes (5 × 5, 10 × 10,
15 × 15 and 20 × 20 cm2) using four different detectors
(TLD chips, PFD dosimeter, CC13 and Markus chamber).
The consistency between the measured data from all four
detector types and the MC simulated data were observed
for depths beyond the depth of the maximum dose, but
were all clearly different from the MC simulated data in
the build-up region. Compared to the MC simulated data,
the measured doses were typically overestimated near the
surface region. The surface doses from each dosimeter were
then estimated by extrapolation of the measured doses near
the surface, and were found to increase with increasing
field sizes for all four types of dosimeters. For the CC13
chamber data, we found that the measured doses varied less
than 5% within 1 mm from the surface for all four evalu-
ated square field sizes, which means that its accurate posi-
tioning for surface dose measurement is not critical. From
the MC simulation, the simulated dose can vary up to 30%
from the surface to 1-mm depth in the phantom. As a
result, the CC13 chamber is likely to be suitable for reliable
surface dose measurement only if its over-response is ac-
curately known. Finally, we have derived the correction
factors for the surface dose measured by each of the four
types of detectors as a function of the length of the square
field’s side ranging from 5 to 20 cm. These are always less
than 1.0 due to the over-response of the detectors. The
smallest correction factor, or the largest over-response, was
found with the CC13 chamber, whilst the largest correction
factor, or the smallest over-response, was found with the
TLD chip.

ACKNOWLEDGEMENTS

The authors would like to thank the staff in the Department
of Radiation Oncology at Siriraj Hospital for their help and
discussion on the dose measurements.

FUNDING

This work is supported by the 90th year Chulalongkorn
University Scholarship, Ratchadaphiseksomphot Endowment
Fund of Chulalongkorn University.

REFERENCES

1. Podgorsak E-B. Radiation Oncology Physics: A Handbook
for Teachers and Students. Vienna: International Atomic
Energy Agency, 2005, pp.57–60, 170–172, 273–280.

2. Biggs P-J, Ling C-C. Electrons as the cause of the observed
dmax shift with field size in high energy photon beams. Med
Phys 1979;6:291–5.

3. Nilsson B, Brahme A. Absorbed dose from secondary elec-
trons in high energy photon beams. Phys Med Biol
1979;24:901–12.

4. Butson M-J, Mathur J-N, Metcalfe P-E. Skin dose from
radiotherapy X-ray beams: the influence of energy. Australas
Radiol 1997;41:148–50.

5. Klein E-E, Esthappan J, Li Z. Surface and buildup dose char-
acteristics for 6, 10, and 18 MV photons from an Elekta
Precise linear accelerator. J Appl Clin Med Phys 2003;4:1–7.

6. Bilge H, Ozbek N, Okutan M et al. Surface dose and
build-up region measurements with wedge filters for 6 and
18 MV photon beams. Jpn J Radiol 2010;28:110–6.

7. Nilsson B, Sorcini B. Surface dose measurements in clinical
photon beams. Acta Oncol 1989;28:537–42.

8. Stathakis S, Li J-S, Paskalev K et al. Ultra-thin TLDs for
skin dose determination in high energy photon beams. Phys
Med Biol 2006;51:3549–67.

9. Hsu S-H, Roberson P-L, Chen Y et al. Assessment of skin
dose for breast chest wall radiotherapy as a function of bolus
material. Phys Med Biol 2008;53:2593–606.

10. Butson M-J, Cheung T, Yu P-K-N et al. Variations in skin
dose associated with linac bed material at 6 MV x-ray
energy. Phys Med Biol 2002;47:N25–30.

11. Paelinck L, Wagter C-D, Esch A-V et al. Comparison of
build-up dose between Elekta and Varian linear accelerators
for high-energy photon beams using radiochromic film and
clinical implications for IMRT head and neck treatments.
Phys Med Biol 2005;50:413–28.

12. Price S, Williams M, Butson M et al. Comparison of skin
dose between conventional radiotherapy and IMRT. Australas
Phys Eng Sci Med 2006;29:272–7.

13. Devic S, Seuntjens J, Abdel-Rahman W et al. Accurate skin
dose measurements using radiochromic film in clinical appli-
cations. Med Phys 2006;33:1116–24.

14. Nilsson B-O, Montelius A. Fluence perturbation in photon
beams under nonequilibrium conditions. Med Phys 1986;13:
191–5.

Table 3: The percentage surface doses for a 6-MV photon
beam with a square field size of 3 × 3, 12 × 12 and 25 × 25
cm2, obtained from measurements using the Markus chamber
and then corrected using the GK method or empirical
correction factor Ci (Table 2 and Eq. (3)), in comparison
with that from MC simulations

Field size
(cm2)

Measurement
(nC)

Percentage surface dose (%)

MC
simulation

GK
method

Our
method

3 × 3 18.62 9.71 8.21 8.14

12 × 12 29.38 20.03 18.97 19.19

25 × 25 43.28 30.97 32.88 33.45

Depth dose in the build-up region and surface dose for a photon beam 381



15. David E, Mellenberg J-R. Determination of build-up region
over-response corrections for a Markus-type chamber. Med
Phys 1990;17:1041–4.

16. Gerbi B-J, Khan F-M. Measurement of dose in the buildup
region using fixed-separation plane-parallel ionization cham-
bers. Med Phys 1990;17:17–26.

17. Lamb A, Blake S. Investigation and modeling of the surface
dose from linear accelerator produced 6 and 10 MV photon
beams. Phys Med Biol 1998;43:1133–46.

18. Carl J, Vestergard A. Skin damage probabilities using fix-
ation materials in high-energy photon beams. Radiother
Oncol 2000;55:191–8.

19. Parsai E-I, Shvydka D, Pearson D et al. Surface and build-up
region dose analysis for clinical radiotherapy photon beams.
Appl Radiat Isot 2008;66:1438–42.

20. Chen F-Q, Gupta R, Metcalfe P. Intensity modulated radi-
ation therapy (IMRT) surface dose measurements using a
PTW advanced Markus chamber. Australas Phys Eng Sci
Med 2010;33:23–34.

21. O’Shea E, McCavana P. Review of surface dose detectors in
radiotherapy. J Radiother Pract 2003;3:69–76.

22. Velkley D-E, Manson D-J, Purdy J-A et al. Build-up region
of megavoltage photon radiation sources. Med Phys 1975;2:
14–9.

23. Bjarngard B-E, Vadasd P, Zhu T. Doses near the
surface in high-energy x-ray beams. Med Phys 1995;
22:465–8.

24. Abdel-Rahman W, Seuntjens J-P, Verhaegen F et al.
Validation of Monte Carlo calculated surface doses for mega-
voltage photon beams. Med Phys 2005;32:286–98.

25. Kawrakow I, Mainegra-Hing E, Rogers D-W-O. EGSnrcMP:
the multi-platform environment for EGSnrc. NRCC report
PIRS-877. Ottawa: National Research Council of Canada, 2006.

26. Rogers D-W-O, Kawrakow I, Seuntjens J-P et al. NRC User
Codes for EGSnrc. NRCC report PIRS-702. Ottawa: National
Research Council of Canada, 2010.

27. Rogers D-W-O, Faddegon B-A, Ding G-X et al. BEAM: A
Monte Carlo code to simulate radiotherapy treatment units.
Med Phys 1995;22:503–24.

28. Treurniet J-R, Walters B-R, Kawrakow I et al. BEAMnrc,
DOSXYZnrc and BEAMDP GUI User’s Manual. NRCC report
PIRS 0623. Ottawa: National Research Council of Canada, 2005.

29. Rogers D-W-O, Walters B, Kawrakow I. BEAMnrc User’s
Manual. NRCC report PIRS 0509(A). Ottawa: National
Research Council of Canada, 2006.

30. Walters B, Kawrakow I, Rogers D-W-O. DOSXYZnrc User’s
Manual. NRCC report PIRS 794. Ottawa: National Research
Council of Canada, 2006.

31. Rawlinson J-A, Arlen D, Newcombe D. Design of parallel
plate ion chambers for build up measurements in megavol-
tage photon beams. Med Phys 1992;19:641–8.

32. Scarbora S-B, Followill D-S, Howell R-B et al. Variations in
photon energy spectra of a 6 MV beam and their impact on
TLD response. Med Phys 2011;38:2619–28.

L. Apipunyasopon et al.382



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /JPXEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /JPXEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


