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ABSTRACT

The purpose of this study was to model a 6 and 10 MV photon beam delivered from a
Varian Clinac 2100C linear accelerator. The model was obtained using the Monte Carlo
EGSnrc code system. Each physical component of the accelerator head was modeled by the
EGSnrc/BEAMnrc code according to the manufacturer's specifications. The absorbed dose in
water phantom was calculated by the EGSnrc/DOSXYZnrc code using the phase space
generated by BEAMnrc as a radiation source. The incident electron beam on x-ray target was
assumed to be monoenergetic, monodirectional, and its radial intensity distribution was
Gaussian. The free parameters were energy and radial Gaussian width - a full width at half
maximum (FWHM). Optimal values of the beam parameters were determined by a comparison
of local doses between the measurement and the calculation. The absorbed dose comparison
was done on the central axis depth dose and the dose profile curves at depth of 10 and 20 cm
of the 20x20 cm2 photon field at a source to surface distance of 100 cm. The beam parameters
were adjusted systematically so that the chi-square function was minimized. The model was
presently confirmed by the investigation of the relative output factors for the field size of 5x5,
10x10, 15x15, 20x20, and 30x30 cm2. The results demonstrated an excellent agreement within
the estimated uncertainty of the absolute dosimetry protocols of 1.5%. The model could be

used to check with other commissioning data from the measurement.
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ABSTRACT

The purpose of this study was to build a computer model for a 10 MV photon
beam delivered from a Varian Clinac 2100C linear accelerator. The model was
obtained using the Monte Carlo EGSnrc code system. Each physical component of the
accelerator head was modeled by the EGSnrc/BEAMnNrc code according to the
manufacturer’s specifications. The absorbed dose in water phantom was calculated by
the EGSnrc/DOSXYZnrc code using the phase space generated by BEAMnNrc as a
radiation source. The incident electron beam on x-ray target was assumed to be
monoenergetic, monodirectional, and its radial intensity distribution was Gaussian. The
free parameters were energy and radial Gaussian width - a full width at half maximum
(FWHM). Optimal values of the beam parameters were determined by a comparison of
local doses between the measurement and the calculation. The absorbed dose
comparison was done on the central axis depth dose and the dose profile curves at
depth of 10 and 20 cm of the 20x20 cm? photon field at a source to surface distance of
100 cm. The beam parameters were adjusted systematically so that the chi-square
function was minimized. Our optimal parameters of the initial electron beam were 10.6
MeV in energy and 1.0 mm in FWHM. The model was presently confirmed by the
investigation of the relative output factors for the field size of 5x5, 10x10, 15x15,
20x20, and 30x30 cm?. The results demonstrated an excellent agreement within the
estimated uncertainty of the absolute dosimetry protocols of 1.5%. The model could be

used to check with other commissioning data from the measurement.

Key words: electron beam parameters, output factor, linear accelerator, Monte Carlo
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INTRODUCTION

The Monte Carlo simulation had been demonstrated to be the accurate method
of dose calculation in radiotherapy. In the simulation, each particle was transported
from the entrance of the target through various components of the accelerator head until
it was absorbed in or exits the interested region. The method might be time consuming.
However, the emergences of powerful computer with substantial increase of processors
speed had made the Monte Carlo method become applicable in a routine clinical
treatment planning.**

The accuracy of dose calculation depended on the characterization of the
medical linear accelerator as well as the parameterization of the initial electron beam.
Uncertainties involving the above characteristics would result in a systematic error in
dose calculation. Typically, the manufacturer provided the details of physical
components of the linac but, unfortunately, the beam parameters could not be given
accurately due to the unknown on-site adjustment during the machine installation.
Thus, the determination of such parameters was the key issue in an implementation of
the Monte Carlo treatment planning system.

For photon beam modeling, a few of past studies focused on the issues of
parameterization of the initial electron beam.®*® Perhaps, the most important one was
by Sheikh-Bagheri and Rogers.® They investigated the effect of mean energy, energy
distribution, and intensity distribution of the incident electron beam on the target from
three major manufacturers of medical linear accelerators (Varian, Elekta, and Siemens).
They concluded that the most important parameters were the mean energy and the
radial intensity distribution. These parameters affected either the depth dose curve or
the lateral dose profile.

The photon beam models were mainly done for 6 and 18 MV beam, for
example, Refs. 6-11. In many radiotherapy centers in the Asian countries, a 10 MV
photon beam was used instead of the 18 MV because of smaller patient’s dimension.
Surprisingly, the modeling of 10 MV photon beam was very limited. W. van der Zee
and J. Welleweerd"? performed the quality check of the generated 10 MV photon beam
from Elekta SL15 linac using the manufacturer’s parameters. The determination of the
beam parameters of 10 MV photon beam was done by H. K. Kim et al*? using a trial

and error process. They both reported the 2% accuracy with the measured data; thus,
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exceeded the maximum error in dose calculation to the patient of the absolute
dosimetry protocols of 1.5%."

The main objective of this study was to model the 10 MV photon beam using
the EGSnrc code system. The model was expected to produce the dose distribution
similar to that from the linac within an acceptable accuracy of 1.5%. The incident
electron beam parameters were determined systematically based on each parameter’s
sensitivity on the dosimetric data reported by Refs. 6 and 7. The chi-square cost
function was used to find the optimal beam energy and its radial intensity distribution.
The dosimetric data for the comparison included the central axis depth dose and the
lateral dose profiles at 10 and 20 cm depths. All data were collected from a 20x20 cm?
photon beam at 100 cm source-to-surface distance. In order to verify the model, the
relative output factors of various field sizes were calculated and compared with the

measured data.
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MATERIALS AND METHODS
A. Monte Carlo calculations
1. Linac head simulation

The medical linear accelerator, Clinac 2100C (Varian Oncology Systems, Palo
Alto, CA), was used in this study. The machine was located at the Ramathibhodi
Hospital, Bangkok, Thailand. The linac head was modeled according to the detailed
specifications provided by the manufacturer using the EGSnrc user-code BEAMnrc.*
For photon beam mode, the structure of the machine’s head consisted of x-ray target,
primary collimator, flattening filter, monitor chamber, field light mirror, upper () and
lower (X) jaws. Each element was precisely represented by the component module
(CM) defined in the code. This included the geometries and the physical properties of
the individual structures.

The unknown parameters in simulation involved incident electron beam on x-
ray target. They were mean energy, energy distribution, and intensity distribution. In
this work, the pencil electron beam was assumed to be monoenergetic,
monodirectional, and circularly parallel with the central axis. The energy distribution
was not taken into account since previous studies reported its negligible influence on
beam characteristics.®’ In addition, the spatial distribution was assumed to be Gaussian,
which was characterized by a full width at half maximum (FWHM) of the beam
intensity distribution. Thus, in our study the energy and the FWHM were the
parameters of the incident electron beam.

The Monte Carlo calculations were done on a 2.4 GHz Intel Pentium 4
processor machine running Redhat® Linux 9.0. The cutoff energies for electron and
photon, AE/ECUT and AP/PCUT, were chosen as 0.7 and 0.01 MeV, respectively. The
selective bremsstrahlung splitting parameters were Npin = 20, Nmax = 200, and Russian
Roulette was switched off. In some cases, the directional bremsstrahlung splitting was
used as an alternative for efficient simulation.® The photon forcing option was not
employed. The range rejection was turned on with ESAVE_GLOBAL = 2 MeV.
However, to obtain the most accurate bremsstrahlung production in the target, the range
rejection was not applied in the target’s component module. The definitions and
descriptions for the BEAMnrc parameters are omitted here for brevity as they can be

found in Ref. 15. The number of incident electrons ranged between 100 and 300
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millions. The output phase space that contained all scored particles, was collected
below the lower jaws. The simulation time for each of the beam parameters took
between 45 and 60 hours. The size of phase space file was about 3-7 GB.
2. Dose calculations

The phase space obtained from BEAMnNrc was used as a radiation source to
calculate the 3D dose distribution in a water phantom using EGSnrc user-code
DOSXYZnrc." The ECUT and PCUT were set to 0.7 and 0.01 MeV, respectively. The
dimension of simulated water phantom was 49.5x49.5x40 cm® which was the same to
that of measurement. For the sake of simulation efficiency, the voxel size was varying,
photon splitting was used instead of recycling, and the air between secondary
collimator and phantom was included in the DOSXYZnrc simulation.'” For the
calculation of the relative output factors, the voxel size was comparable to the effective
volume of the ionization chamber. The number of histories and the photon splitting
number were chosen so that the statistical uncertainty was less than 0.5% in the voxels

of interest. The calculation time was approximately 4-16 hours.

B. Experimental measurements

Our measured data included the central axis depth dose and the lateral dose
profiles at depth of 10 and 20 cm for the field size of 20x20 cm? at the source-to-
surface distance (SSD) of 100 cm. The depth dose was measured starting from the
surface to the depth of 25 cm. For the dose profile measurement, the off-axis distance
was ranging from -20 to +20 cm. These measurements were acquired using an RFA-
300 dosimetry system (Scanditronix-Wellhoefer GmbH, Germany). According to the
manufacturer, the position accuracy of the scanning system was £0.5 mm. The inner
dimensions of the water tank were 49.5x49.5x49.5 cm®,

In case of the relative output factors, the doses for different field size, i.e., 5x5,
10x10, 15x15, 20x20, and 30x30 cm? were measured 10 cm depth, also at 100 SSD
and using a farmer type ionization chamber NE2571 (Nuclear Enterprise limited). Its
active volume was 0.69 cm® with a volume’s length of 24.1 mm and a wall thickness of
0.36 mm. The statistical uncertainty of the ionization chamber measurement was
estimated to be about 0.5%.
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C. Normalization and comparison of data

The optimal parameters for the incident beam were obtained from the matching
of calculated and measured data. The set of data recommended by Aljarrah® for the
determination of initial beam parameters should consist of the central axis depth dose
and lateral dose profiles at various depths. In this study, we used the central axis depth
dose of the 20x20 cm? field size and the dose profiles at the depths of 10 and 20 cm.

The depth dose data was normalized to the dose at depth of 10.5 cm. The
measured dose at depth beyond 5 cm was fitted to a fourth order polynomial function,
which was used to compare with the calculated dose. The depth past 5 cm was chosen
because the range of electron contamination in our photon beam was considered to be
much smaller. The doses at various depths were compared ranging from 5 to 25 cm.
The calculated profiles were folded at the beam axis to become symmetric. The
absorbed dose at the beam centre was normalized to unity. The measured lateral dose
profiles were, again, fitted to a fourth order polynomial function for the use of

comparison. It was performed within the off-axis distance of £10 cm at both depths.

In our study we chose the chi-square, x?, function as a cost function for

comparing measured and calculated dose distributions, D" and D®. It was defined as
}(2 =%Z (DiM _Dic)2
i

where the index i represented the voxel’s number. The optimal values of the beam
parameters were those that minimized the cost function. Previous studies reported that
the depth dose curve past the depth of maxima was mostly affected by the initial
electron beam energy while the lateral dose profile was sensitive to both the beam
energy and the radial distribution.®’ Thus, the initial beam parameters were determined
following the three steps. Initially, the beam energy was varied while the FWHM was
fixed and the central axis depth doses were inspected. The energy that minimized our
cost function was chosen for the next dose calculation where the energy was kept
unchanged and the FWHM was varied. In the second step, the dose comparison was
done using the dose profiles at two depths. As a result, the optimal FWHM was
obtained in this step. Finally, the beam energy was again finely tuned using the cost

function of the dose profiles as well as the depth dose.
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D. Relative output factors (ROFs)

The relative output factors were determined for the field size of 5x5, 10x10,
15x15, 20x20, and 30x30 cm? at 100 cm SSD for the verification of the incident beam’s
parameters in our photon beam model. The relative output factor was defined, here, as
the dose ratio at 10 cm depth of the interested field size to that of the 10x10 cm?. For
each field size, the average dose in the volume of 0.6 cm® on the central beam axis was

calculated using the same beam parameters with an appropriate jaw opening.
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RESULTS
A. Central axis depth dose curves

The FWHM of the beam radial intensity distribution was preliminary chosen to
be 2.0 mm. The energies of the beam were varied from 10.0 to 10.9 MeV, in a step of
0.3 MeV. Figure 1 showed the calculated depth doses of the 10.6 MeV beam with 2.0
mm FWHM in comparison with the measured data. For each of the beam energies, the
chi-squares were evaluated within the depth between 5 and 25 cm. Their values were
listed in Table 1. Apparently, the smallest value of chi-square was found at the energy
of 10.6 MeV. The closet value was at 10.0 MeV. The percentage differences between
the measured and calculated depth dose at the center of the voxels were illustrated in
Figure 2. Most of the differences were within 1%. The visual inspection of Figure 2
also indicated the better agreement for the beam energy of 10.6 MeV than that of 10.0
MeV. Therefore, using the central axis depth dose data with the preset FWHM, the
selected beam energy for the consequent simulation was 10.6 MeV.

B. Lateral dose profiles

Setting the beam energy to be 10.6 MeV the FWHM of the beam was varied to
produce the phase space for the 20x20 cm? field size at 100 cm SSD. It was used to
calculate the absorbed dose profiles in water at 10 and 20 cm depth. The chi-square of
the lateral dose profiles at both depths from the off axis distance between -10 and +10
cm was evaluated. Table 2 illustrated the chi-squares for various FWHMs carried out in
this study. It was found that the phase space with 1.0 mm FWHM yielded the minimum
chi-square. The calculated lateral dose profiles of the 10.6 MeV and 1.0 mm beam at
both depths were shown in Figure 3 together with the measured data. The agreement of
the dose profiles between the measurement and calculation was within 1% in the
comparison region.

Since the beam energy also affected the dose profile, the energy was varied
once more around the value obtained using the depth dose comparison. The phase
spaces were generated with 1.0 mm FWHM and energy ranging from 10.4 to 10.8 MeV
in a step of 0.1 MeV. The chi-squares of the dose profiles were calculated and listed in
Table 3. Evidently, the chi-squares obtained at the energy of 10.5 and 10.6 MeV were

comparably small value. It was not obvious which one was better due to the statistical
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uncertainty of the simulation. Thus, they were checked further using the chi-square of
the depth dose. Such results were shown in Table 4. Obviously, the depth dose chi-
square for the 10.6 MeV was approximately 10 times smaller than that of the 10.5

MeV. As a result, better agreement was achieved at the beam energy of 10.6 MeV.

C. Relative output factors (ROFs)

In addition to the 20x20 cm? field size, the optimal parameters of the incident
beam were used to acquire the phase spaces for the field size of 5x5, 10x10, 15x15, and
30x30 cm? at 100 cm SSD. Consequently, the ROFs were calculated from the results of
running DOSXYZnrc. They were tabulated in Table 5 together with the measured
values. Additionally, the corrected ROF’s were calculated by the modification of the
calculated values with the inclusion of the monitor chamber backscatter effect. We

I*® assuming these factors, which

applied the correction factors as proposed by Liu et a
were derived for the 6 MV photon beam, were the same to that of 10 MV. The results
showed good agreement with the measured values of better than 1%, except in the case

of 5x5 cm? where the difference was 1.3%.

10
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DISCUSSION AND CONCLUSIONS

The incident beam parameters were the important information for the Monte
Carlo treatment planning. The values obtained from the manufacturer’s manual might
not be reliable because of the on-site tuning during the machine installation. The
inaccuracy of the parameters would result in a systematic error in dose calculation.
Many past studies had extensively investigated the method of determining the beam
parameters, especially, for 6 and 18 MV photon beam. The same approach could be
used for the 10 MV photon beam in which there was a small number of publications.

In the current study, the beam parameters were the energy and the radial
intensity distribution, i.e.,, the FWHM. They were searched systematically by
comparing the calculated dose with the measured dose in water phantom. Firstly, the
beam energy was estimated using the depth dose data while the FWHM of the beam
was unchanged. Secondly, the FWHM was obtained by matching the dose profile
curves at the depths of 10 and 20 cm. Lastly, the energy was readjusted for better
agreement on both the dose profile curves and the depth dose. Here, the chi-square
function was used in the comparison. The parameters that gave the smallest value of
chi-square were chosen. If the smallest chi-square values were not significantly
different from other, then the visual inspection of the dose differences was needed. The
best match between the calculated and the measured data was found for the phase space
with the beam parameters of 10.6 MeV and 1.0 mm FWHM. All calculated dose
differed from the measured dose less than 1%.

The optimal parameters were verified with the calculation of the relative output
factors. The calculated values were adjusted by including the backscatter into the
monitor chamber. As a result, the absolute differences were less than 1% for the field
sizes larger than 10x10 cm?. Although the corrected ROF of the 5x5 cm? field size
differed from the measured value less than 1.5%, such disagreement was tolerable in
the absolute dosimetry protocols.

We planned to use the Monte Carlo model of our 10 MV photon beam to verify
other dosimetry data done by a local medical physicist. Generally, since the model was
sensitive to a small change in the details of the accelerator model, the inconsistency
might be originated from the alteration of the component inside the machine head. On

the other hand, it might indicate the requirement of careful measurement procedure or

11
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special attention on the measuring devices. The additional benchmark helped assuring
desirable treatment plan. Finally, the work pursued in this study was supposed to be an

initial preparation for an update to the Monte Carlo treatment planning system.
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280 Table 1 The chi-squares of the central axis depth dose from 5 to 25 cm in depth for
various simulated initial electron beam energies. The FWHM of the beam intensity

distribution is 2.0 mm.

Beam energy (MeV) Chi-square (A.U.)
10.0 3.6x10”
10.3 4.4x10°
10.6 25x107
10.9 5.9x107

285

Table 2 The chi-squares of the lateral dose profiles at various FWHMs of the 10.6
MeV beam energy.

FWHM (mm) Chi-square (AU)
2.0 46x10*
1.5 1.8x 10"
1.0 4.6x10°
0.5 2.4x10"
0.3 1.6 x 10"
0.1 1.9x 10"

13
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Table 3 The chi-squares of the lateral dose profiles for various beam energies with the

FWHM of 1.0 mm.

Energy of the initial
electron beam (MeV)

Chi-square (AU)

10.4 2.8x10"
10.5 42x10°
10.6 4.6x10°
10.7 1.2x 10"
10.8 2.9x10"

Table 4 The chi-squares of the central axis depth dose for the incident beam with 1.0

mm FWHM.

Energy of the initial
electron beam (MeV)

Chi-square (AU)

10.5

6.0 x 10°

10.6

5.7x10°

14



Table 5 The relative output factors evaluated at 10 cm depth for various square field

sizes from the calculation and measurement. The corrected ROF’s included the

1
| 8

300 backscatter effect suggested by Liu et al™". The percentage difference was determined

between the corrected and the measured ROFs.

Field size Calculated Corrected Measured Difference
(cm?) ROF ROF ROF (%)
5x5 0.9245 0.9216 0.9098 1.30
10x10 1.0000 1.0000 1.0000 0.00
15x15 1.0430 1.0466 1.0484 -0.17
20x20 1.0647 1.0722 1.0783 -0.57
30x30 1.1037 1.1193 1.1200 -0.06

15



Figure 1 The central axis percent depth dose obtained from the measurement and the
305 calculation. The beam parameters for the phase space were 10.6 MeV and 2.0 mm
FWHM.
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310

Figure 2 The percentage differences of the depth doses for various beam energies from
10.0 to 10.9 MeV. All phase space files were obtained with the 2.0 mm FWHM. The

dashed lines showed the 1% deviation from the measured value.
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315

Figure 3 Comparison of the measured and calculated dose profiles at 10 and 20 cm

depth, (a) and (b), respectively. The calculated doses were obtained for the 10.6 MeV

beam energy and 0.5 mm FWHM. Shown in the solid dots were the calculated doses

and the line represented the measured dose profiles.
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Figure 4 The calculated depth dose curve for the 10.6 MeV beam with FWHM 1.0 mm
compared to the measurement. The local percentage differences including their

statistical uncertainties were plotted below.
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