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Abstract. The purpose of this study is to provide detailed characteristics of
incident photon beams for different primary electron energy for the field size
of 10 x 10 cm? in terms of the photon fluence profile, energy photon fluence
profile, and energy photon distribution, The method used in this study was the
Monte Carlo calculation method, it is considered to be the most accurate method
for dose calculation in radiotherapy. The Monte Carlo codes used were the
BEAMnrc code to simulate the 6 MV photon beam produced by Varian Clinac
2100 and photon transport, DOSXYZnrc code to simulate the absorbed dose in
a water phantom, and the BEAMDP for the photon beam characteristics at the
surface water phantom. We have calculated the percentage depth dose (PDDs)
for the 10 x 10 cm? field size and the calculated PDDs was compared to the
measured PDD, and the gamma index was determined as a function of depth in
the phantom, the gamma index criterions used was 3% for dose difference and
3 mm for distance to agreement.

The acceptance criterion was more than 95% and the statistical uncertainty was
1%. The photon beam characteristic maximum increased in a linear manner as
a function of the primary electron energy. The percentage of the beam char-
acteristic maximum was determined relative to the primary electron energy of
6.1 MeV. For example, for a primary electron energy of 6.7 MeV, the percentage
of the photon fluence maximum was 23.22% of the photon fluence maximum
at 6.1 MeV, the percentage of the photon energy fluence maximum was 32.69%
of the photon energy fluence maximum at 6.1 MeV, and the percentage of the
photon energy distribution maximum was 19.39% of the photon energy distri-
bution maximum at 6.1 MeV. Our study can be useful to improve photon beam
dosimetry and radiotherapy quality.

PACS codes: 87.50.cm, 87.10.Rt, 87.50.st
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1 Introduction

Medical linear accelerators (Linac) are widely used in modern radiotherapy, due
to their flexibility and their high therapeutic reliability. The photon beam is
produced by energetic electrons striking a target generally constructed of tung-
sten due to its high atomic number to facilitate the production of photons by
bremsstrahlung [1-3]. In this study, the calculation method was the Monte Carlo
method; the Monte Carlo methods have been used extensively in medical physics
for modeling linear accelerators and for radiation therapy calculations. The
Monte Carlo methods used are considered the most accurate method for pre-
dicting dose distributions for treatment-planning purposes [8-31].

Several possible approaches are described and discussed in detail in previous
publications. One approach of a source model is to characterize the beam ana-
lytically, as described by Jiang et al. [45], Another approach is to perform com-
plete Monte Carlo simulations of the radiation transport through the accelerator
head [38-44]. In this study, the Monte Carlo codes used were the BEAMnrc to
simulate the linac head; this code provides the phase space (PS) files [33]; the
BEAMDP was used to analyze the phase space files (PSF) for determining the
photon beam characterization at the water phantom surface. The DOSXYZnrc
was used to simulate the photon beam transport in the water phantom and to cal-
culate the dose within the water phantom [34]. The STATEDOSE code to read
and to analyze .3ddose files output of DOSXYZnrc and to make the necessary
operations on dose calculation distribution in the phantom including the dose
normalization to maximum dose [47].

The geometry Monte Carlo of 6 MV photon beam produced by Varian Clinac
2100 was built with BEAMnrc based on manufacturer-provided information
(Varian Medical System); the field size was 10 x 10 cm? and the distance source
surface (SSD) was 100 cm. The physical process was modelled according to
EGSnrc code, wherein we have simulated the transport of radiation as realisti-
cally as possible [35]. The PSF was generated by the BEAMnrc code that con-
tains the necessary data (position, momentum, energy, and charge) for all parti-
cles traversing the phase space scoring plane. The PSF were used in BEAMDP
code, in order to analyze the PSF data in terms of photon fluence profile, photon
energy fluence profile, and photon energy fluence distribution. The PS plane was
at the water phantom surface (on Z axis z = 100 cm). Based on the PSF, the
photon beam characterization was analyzed, the primary electron energy varied
from 6.1 to 6.7 MeV with 0.2 MeV step. This study represents an investiga-
tion of the photon beam characteristic sensitivity to primary electron energy for
a purpose to contribute in the linac dosimetry improvement and in the electron
source above the target refinement.

The measured percentage depth dose (PDD) was performed for Varian Clinac
2100 linear accelerator, the beam energy is 6 MV for the open field size of

55



M. Bencheikh, A. Maghnouj, J. Tajmouati

10 x 10 cm?, and the SSD is 100 cm. All the reference PDD measurements
were performed using a motorized scanning system in a PTW. The simulation
validation of Varian Clinac 2100 was performed using the gamma index method
as a technique for the quantitative evaluation of dose distribution comparison
as Low et al. [20,46]. The gamma index criterions were choose as used in
the work of Palta et al. [4] and they set to allow the dose difference (DD) and
distance to agreement (DTA) of 3% and 3 mm respectively. The gamma index
acceptance rate was almost 99% for percentage depth dose (PDD), and almost
98% for beam dose profiles, thus, the Varian Clinac 2100 Monte Carlo geometry
was validated according the tolerance limit recommended by TRS430 [5] and in
IAEA-TECDOC-1583 [6].

2 Materials and Methods

2.1 Monte Carlo simulation validation

For Monte Carlo simulation validation of 6 MV photon beam produced by Var-
ian Clinac 2100, the gamma index values, which were < 1, defined the agree-
ment between the measured and the calculated dose distribution along the depth
in the water phantom, and the gamma index acceptance rate was determined.

Figures 1 and 2 show the PDD distribution comparison and gamma index eval-
uation, and dose profile comparison and gamma index evaluation, respectively
for the field size of 10 x 10 cm?, the photon beam energy of 6 MV and SSD of
100 cm.
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Figure 1. Measured PDD, calculated PDD, and gamma index as a function of depth on
the beam central axis in the water phantom. The 6 MV photon beam produced by Varian
Clinac 2100, the field size was 10 x 10 cm? and the SSD was 100 cm.
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Figure 2. Measured dose profile, calculated dose profile, and gamma index as a function
of off axis distance at: a depth of Dp,ax (A); and a depth of 10 cm (B) on the beam central
axis in the water phantom. The 6 MV photon beam produced by Varian Clinac 2100, the
field size was 10 x 10 cm? and the SSD was 100 cm.

The gamma index acceptance rate was 99 % for the criteria (3%/3mm) for the
PDD distribution; in the next, the Monte Carlo simulation was validated for the
dose profiles at a depth of maximum dose (D,ax) and at a depth of 10 cm, the
field size was 10 x 10 cm?.

The gamma index passing rate was found for the criteria (3%, 3 mm) at 97%
for the dose profile distribution at a depth of D, and 98,62% for the dose
profile distribution at a depth of 10 cm, thus the Varian Clinac 2100 Monte Carlo
simulation was validated with accuracy and as realistically as possible. Our
results revealed that the PDDs and beam profiles agreed by almost 99% and
97%, respectively, and within the tolerance limit recommended by TRS430 [5]
and in IAEA-TECDOC-1583 [6]. The gamma index found marked a good and
more developed calculation in comparison with previous study as it was done by
Kadman et al. [7].

For the validated Monte Carlo simulation, the primary electron source above the
target was elliptical form and it had the Gaussian spread. Its characterizations
were X- and Y-coordinates equal to 1.4 mm, the mean angle spread of primary
electrons was 1° and the electron source energy was 6.52 MeV.

2.2 Primary electron assumptions

The initial electron energy is not clearly provided by the manufacturer and varies
among linacs of the same model [17-21,24]. Based on the primary electron en-
ergy validated above, the electron beam energy was selected surrounding the
energy validated of 6.52 MeV. The Monte Carlo calculation was performed for a
monodirectional electron point source upon the target and the electron energies
varied from 6.1 to 6.7 MeV with 0.2 MeV step, and the PDD were calculated,
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the results of measurements and calculations were compared to validated within
gamma index acceptance rate tolerance of 95%. The gamma index technique
was used for the quantitative evaluation for comparing the measured and cal-
culated PDDs, the acceptance gamma index criterions were 3% for the dose
deviation (DD) and 3 mm for distance to agreement (DTA).

2.3 PDD validation

The percentage depth dose was validated by acceptance by gamma index cri-
terions; the photon beam characterization was investigated depending on the
primary electron energy above the target. The measured PDD and the calcu-
lated the PDD were plotted for each value of primary electron energy. Figure 3
presents the measured PDD and the calculated PDDs as a function of depth on
the beam central axis for each value of primary electron energy. The field size
is 10 x 10 cm?, the photon beam energy of 6 MV produced by Varian Clinac
2100, and the SSD is 100 cm. The SP file was recorded at z=100 cm at the water
phantom surface and directly under the air gap.

For all primary electron energy, the gamma index was determined to compare
the calculated PDDs to measured PDD. Figure 4 presents the gamma index curve
as function of depth on the beam central axis. The percentage of acceptance of
gamma index criterions was more than 95 % for all primary electron energy
studied.
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Figure 3. Measured PDD and calculated PDDs as a function of depth in a water phantom
on the beam central axis for each value of primary electron energy (6.1 MeV; 6.3 MeV;
6.5 MeV; and 6.7 MeV). The photon beam energy of 6 MV produced by Varian Clinac
2100, the field size is 10 x 10 cm?, and the SSD is 100 cm.
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Figure 4. Gamma index as function of depth in water phantom on the beam central axis
for each value of primary electron energy (6.1 MeV; 6.3 MeV; 6.5 MeV; and 6.7 MeV).

3 Results and Discussion

3.1 Photon fluence profile

Based on PS file at the water phantom surface, the planar photon fluence profiles
were determined as a function of the off axis distance, Figure 5 presents the
planar photon fluence profiles for each value of the primary electron energy.
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Figure 5. The planar photon fluence profiles as a function of off axis distance at the water
phantom surface for a 10 x 10 cm? field size for each value of primary electron energy
(6,1 MeV; 6,3 MeV; 6,5 MeV; and 6,7 MeV). The photon beam of 6 MV produced by
Varian Clinac 2100 accelerator, and the SSD is 100 cm.
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Figure 6. The variation of photon fluence maximum as a function of the primary electron
energy at the water phantom surface.

The photon fluence profiles increased with the primary electron energy above
the linac target, and the planar photon fluence profiles kept the same difference
between them in the off-axis range from O to 5 cm and all planar photon fluence
profiles have zero at the beam edge.

It can be seen that the photon fluence maximum for each planar photon fluence
profile increased with the primary electron energy and moved in the increasing
primary electron energy in a linear manner. For this purpose, the photon fluence
profile maximum was determined for each planar photon fluence curve, and Fig-
ure 6 shows the variation of photon fluence profile maximum as a function of
the primary electron energy above the linac target.

The photon fluence profile maximum varied in a linear manner as a function
of the primary electron energy and the slope of the line was 1,285 10~% pho-
ton per incident particle per MeV. The photon fluence maximum increased with
increasing of primary energy electron above the target.

3.2 Photon energy fluence profile

The photon energy fluence has an interesting role in dosimetry study of external
radiotherapy and in deep tumor treatment [1-5,47]. The energy fluence profiles
were determined as a function of off-axis distance. Figure 7 gives the photon
energy fluence profiles for each value of the primary electron energy.

The photon energy fluence profiles increased with the primary electron energy
above the target, and the planar photon fluence profiles kept the same difference
between them in off-axis range from O to beam edge (almost at 5 cm) and all
planar photon energy fluence profiles have zero at the beam edge.

It can be seen that the photon energy fluence maximum for each planar photon
energy fluence profiles increased with the primary electron energy and moved in
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Figure 7. The planar photon energy fluence profiles as a function of off axis distance at
the water phantom surface for a 10 x 10 cm? field size for each value of primary electron
energy (6.1 MeV; 6.3 MeV; 6.5 MeV; and 6.7 MeV). The photon beam of 6 MV produced
by Varian Clinac 2100 accelerator, and the SSD is.100 cm.

the increasing primary electron energy in a linear manner. The photon energy
fluence maximum varied depending on the primary electron energy above the
target. Figure 8 presents the photon energy fluence maximum as a function of
the primary electron energy.
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Figure 8. The variation of the photon energy fluence maximum as a function of the
primary electron energy at the water phantom surface.
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The photon energy fluence maximum varied in a linear manner as a function of
the primary electron energy and the slope of the line was 2,861 10~%5 MeV per
incident particle per MeV

3.3 Photon energy fluence distribution

We have investigated also the energy fluence distribution depending on the pri-
mary electron energy above the Varian Clinac 2100 target. Figure 9 shows the
variation of the energy fluence distribution as a function of the energy.
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Figure 9. The planar photon energy fluence distributions as a function of the energy at
the water phantom surface for a 10 x 10 cm? field size for each value of primary electron
energy (6,1 MeV; 6,3 MeV; 6,5 MeV; and 6,7 MeV). The photon beam of 6 MV produced
by Varian Clinac 2100 accelerator, and the SSD is 100 cm.

The photon energy fluence distribution increased with the increasing of primary
electron energy above the target, and the photon fluence distribution kept the
same difference between them in the energy range from 0.5 MeV to 6 MeV, and
the most of the photons have an energy of 1.24 MeV.

It can be seen that the photon energy fluence maximum for each photon energy
fluence distribution increases with increasing of primary electron energy and
moved in the increasing primary electron energy as a linear manner. The photon
energy fluence maximum varied depending on the primary electron energy above
the target. Figure 10 presents the photon energy fluence maximum distribution
as a function of the primary electron energy.

The planar photon energy fluence distribution maximum varied in a linear man-
ner as a function of the primary electron energy and the slope of the line was
6,49 10797 MeV per incident particle per MeV.

It can be seen from Figure 5, Figure 7, and Figure 9, the photon fluence pro-
file, the photon energy fluence profile and the photon energy fluence distribution
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Figure 10. The variation of photon energy distribution maximum as a function of the
primary electron energy at the water phantom surface.

increased with increasing of primary electron energy. To illustrate the primary
electron energy effects on the photon beam characterizations, we have calculated
the deviation characterization quantity maximum relative to those of 6.1 MeV
as formula below:

Max(Xprimary electron energy) - MaX(XGJ )

Deviation = 100 x
eviation Max (X 1) ,

ey

where X: phhoton characterization quantity at the photon surface.

Figure 11 presents the variation of deviation of photon beam characterization
maximum relative to photon beam characterization at primary electron energy
6.1 MeV as a function of the primary electron energy.

The photon energy fluence maximum increased more than both photon fluence
maximum and energy fluence distribution maximum as a function of the primary
electron energy. For primary electron energy at 6.7 MeV, the percentage of
photon fluence maximum was 23.22% of photon fluence maximum at 6.1 MeV,
the percentage of photon energy fluence maximum was 32.69% of photon energy
fluence maximum at 6.1 MeV, and the percentage of photon energy distribution
maximum was 19.39% of photon energy distribution maximum at 6.1 MeV.

The photon energy maximum increased as a function of the primary electron
that striking the target for producing the photons by bremsstrahlung effects and
the photon energy varied up to the electron energy above the target. Our study
illustrates the relationship between the both variations of photon fluence and
photon energy fluence as function of the primary electron energy above the Var-
ian Clinac 2100 target using the Monte Carlo method.
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Figure 11. Variation percentage of photon fluence maximum relative to photon fluence
maximum at 6.1 MeV, the percentage of photon energy fluence maximum relative to pho-
ton energy fluence maximum at 6.1 MeV, and the percentage of photon energy distribu-
tion maximum relative to photon energy distribution maximum at 6.1 MeV as a function
of the primary electron energy.

3.4 The statistical uncertainty

The statistical uncertainty of Monte Carlo simulation of 6 MV photon beam
produced by Varian Clinac 2100 was 1 at the maximum dose as found by M.
Aljamal et al. [40].

4 Conclusion

This study presents an investigation on the primary electron energy on the photon
beam characterization at the water phantom surface, according to photon beam
characterization required; the primary electron energy above the target was se-
lected, this study also illustrates that optimal beams will have high fluence and
low energy fluence that recommended by IAEA in TRS-398 [49].

The variation of photon fluence, photon energy fluence, and photon energy flu-
ence distribution were varied in a linear manner depending on the primary elec-
tron energy [9]. Our study can be useful to improve photon beam dosimetry,
radiotherapy treatment and to design new accelerators more efficient and of
high quality in the photon external beam radiotherapy; the optimal photon beam
can be found as high photon fluence and low photon energy fluence to save the
healthy cells surrounding the tumor volume treatment [5].
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