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Evaluation of the dosimetric characteristics of 10 MV 
flattened and unflattened photon beams in a 

heterogeneous phantom 

INTRODUCTION 

In a conventional clinical linear accelerator 
(linac) with the energy range of 4–25 MV, the 
angular distribution of bremsstrahlung photons 
is predominantly in the direction of the incident 
electrons. These photons are further modified by 
a flattening filter (FF), which is placed in the 
beamline to homogenize the beam energy. Since 
the introduction of linac in the 1950s, FF has 

been regarded as an essential component.               
However, there are several unresolved issues 
regarding the use of FF. In modern clinical linear 
accelerators, including Varian and Elekta, these 
filters comprise conical-shaped pieces of metal 
and are typically made of high-Z materials, such 
as iron, copper, or tungsten, or their mixture; the 
metals used depend on the beam energy. 

Several issues can occur because of the             
presence of an FF in linac. Specifically, the         
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ABSTRACT 

Background: The free flattening filter (FFF) beam can affect the characteristics 
of the linac output such as the maximum dose depth, surface dose, dose in 
the fall-off area, and doses outside the field because the beam hardening 
effect does not occur in the FFF linac head. Therefore, the present study 
aimed to investigate the influence of the FFF beam on the dose distribution in 
an inhomogeneous phantom using the EGSnrc/DOSXYZnrc Monte Carlo 
package. Materials and Methods: In the present study, an Elekta Infinity 
10 MV photon beam equipped with a multileaf collimator Agility linear 
accelerator was used. Two types of virtual inhomogeneous phantoms were 
built for percent depth doses (PDDs) and dose profiles measurement. The first 
phantom comprised four layers: water (4 cm thickness), bone (2 cm 
thickness), lung tissue (5 cm thickness), and water (19 cm thickness). The 
second phantom had a half-lung tissue slab and a half-bone slab (10 cm 
thickness) on the left side of the water. Results: The PDD curves in the 
inhomogeneous phantom considerably decreased in the lung area for small 
exposure fields because the charged particle equilibrium was not achieved. 
The dose in the lung was higher than the dose in the water when the charged 
particle equilibrium was reached. Meanwhile, the dose in the bone is always 
lower than the dose in the water. Conclusions: The dose distribution of 
flattening filter (FF) and FFF beams in the inhomogeneous phantom was the 
same in the small field of exposure. However, differences in dose distribution 
are increasingly apparent for larger field sizes. 
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reduction of the dose rate can occur because of 
decreased primary beam intensity (1–4); changes 
in beam spectrum cause problems for dose              
calculation and beam modeling (1,4–6); a                       
significant source of scattered radiation within 
the beam is created and produces particle               
contamination (electron and neutron) in the  
primary beam (7–10). 

In recent years, research on flattening filter 
free (FFF) linac has experienced a significant 
increase in the number of publications, and 
many studies report the use of Monte Carlo (MC) 
simulations with various codes (1,6,7,11,12). There 
are many publications on the dosimetric              
properties of FFF beams for Varian accelerators; 
however, presently, there are no publications on 
Elekta InfinityTM (13–15). The comparison between 
photon beams produced with and without an FF 
in the beamline of an Elekta Precise linac using 
MC simulations has been also previously            
reported (12,15–17). MC simulations and                   
measurements have been combined by Daylard 
et al. (2010) to investigate the effect of the              
absence of an FF (a 6 mm copper plate was           
inserted in the treatment head) in an Elekta           
Precise linac (12). This beam produced many head 
scatters. In an unflattened photon beam, Kragl et 
al. (2009) have placed the same plate in the 
beamline to compensate for the absence of an FF 
(15). They determined that the average dose rate 
in the Elekta Precise unflattened beam was             
increased by two times compared with that of 
the flattened beam. Some treatment techniques 
(e.g., IMRT and VMAT) require a beam with a 
high dose rate; thus, this mode is very suitable. 
Tyler et al. (2016) have calculated the small field 
correction factor in unflattened mode Elekta  
Axesse. The clinical implementation of                 
unflattened beam greatly affects the measured 
correction factor (16). The relative dose in the 
Elekta Versa HD 6 and 10 MV unflattened beam 
was lower than that in the flattened beam               
because of an additional scattering caused by the 
presence of an FF (17). 

The quantity of neutron contamination in the 
Elekta Infinity 10 MV unflattened beam was 
higher than that in the flattened beam; however, 
the beams had the same quality. We reported 

836 

this result in our previous study. The effect of 
the absence of an FF in the treatment head in 
our previous study was limited, which allowed 
the investigation of the existence of particle  
contamination in the phantom surface (18). The 
present study, which is an extension of the                
previous one, examines the effect of an                      
unflattened beam on phantom's dosimetric   
characteristics. 

The present study aimed to investigate the 
dosimetric effect after the removal of an FF from 
the Elekta InfinityTM 10 MV photon beam in a 
heterogeneous phantom. The use of this                 
phantom is based on the fact that the human 
body comprises several types of materials. 

 
 

MATERIALS AND METHODS 
 

Modeling of a head linac 
For the present study, an Elekta InfinityTM 

10 MV photon beam was modified to enable          
irradiation delivery with and without the FF in 
the beamline. Linac head modeling is the initial 
stage in the particle transport simulation. For 
the MC modeling of the radiation transport 
through the linac head into the water, an EGSnrc
-BEAMnrc/DOSXYZnrc package was used (19, 20). 
The geometry and material of linac components 
were modeled based on the manufacturer data 
(Elekta Oncology Systems, Stockholm, Sweden). 
The linac components modeled in BEAMnrc 
were the target, primary collimator, difference 
filter, FF, back-scatter plate, ion chamber,               
mirror, and multileaf collimator (MLC). The            
geometry of each component was designed             
using component modules (CMs) that are               
available in the BEAMnrc user code. The CM 
used for each linac head component is listed in 
table 1. This linac head was commissioned to 
obtain an appropriate initial electron energy and 
full width at half maximum in the simulation. 

The MC model for this linac simulation was 
operated with the presence (FF mode) and the 
absence (FFF mode) of the FF. The simulations 
were conducted for the square field sizes of 
1 × 1, 2 × 2, 3 × 3, 4 × 4, 10 × 10, 15 × 15, and 
20 × 20 cm2. 
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Phantom design 
Virtual phantom design and dose calculations 

were conducted using the DOSXYZnrc user code. 
The heterogeneous water phantom of 
40 × 40 × 40 cm3, which was recommended by 
the manufacturer, was placed at the source to 
surface distance = 100 cm and contained water, 
bone, lung, and air. The phantom is modeled to 
comprise several volume elements (voxels) to 
facilitate the analysis of dose distribution. The 
phantom design for the percent depth dose 
(PDD), dose profile, and gamma index                     
calculation was different, which made the                  
simulation time more efficient. 

The virtual heterogeneous phantom for the 
PDD calculation that was built is shown in figure 
1. The heterogeneous model comprised four  
layers: water (4 cm thickness), bone (2 cm  
thickness), lung tissue (5 cm thickness), and              
water (29 cm thickness) (figure 1). This                
phantom was adopted from Onizuka et al. 
(2016) (21). The voxel on the surface, build-up, 
and tail region of the phantom were                      
differentiated to make the simulation efficient. 

Two phantoms were used to analyze the           
profile dose in the heterogeneous medium. The 
first phantom comprised bone and water media, 
and the second phantom design comprised lung 
and water media (figure 2). The phantom design 
with a different medium is used to analyze the 
dose profile if it enters different types of media. 
Furthermore, this phantom design adopted that 
used in the Onizuka et al. (2016) study (21). 

The phantom design for gamma index                
calculations is made with a size of 
40 × 40 × 40 cm3. The phantom was divided into 

Table 1. Component modules (CMs) used for modeling the 
head linac components. 

80 voxels for x, y, and z directions with a 0.5 cm 
voxel size. 

 
 
 
 
 
 
 
 
 
 

 

Simulation parameters in DOSXYZnrc 
The source used in this step is the phsp file 

obtained from the BEAMnrc simulation of the 
phantom’s surface. Therefore, isource 2:               
phase–space source incident from any direction 
was selected. The defined parameters are shown 
in table 2. The phsp file contains particle             
information produced by linac’s simulation, 
which includes the type of particle charge,            
energy, position, and weight. 

The photon and electron cut-off energies 
were set to 10 keV (PCUT) and 711 keV (ECUT). 
No variance reduction techniques were applied 
in this simulation. Other EGSnrc parameters 
were set as default. The number of particles  
simulated was 1.2 × 109 histories. 3ddose files 
were produced at the end of the simulation             
containing the coordinate of voxels in x, y, and z 
directions, dose distribution in each voxel, and 
dose error. The dose error value was related to 
the statistical uncertainty of simulation. 

In the present study, statistical uncertainty 
was not calculated manually, but it was one of 

No. Head linac components CMs 

1 Target SLABS 

2 Primary collimator and difference filter FLATFILT 

3 Flattening filter FLATFILT 

4 Ion chamber CHAMBER 

5 Back-scatter plate SLABS 

6 Mirror MIRROR 

7 MLC MLCE 

8 
Air (defined between the MLC and 

phantom) 
SLABS 

Figure 1. Phantom heterogeneous design for PDD calculation. 

Figure 2. Heterogeneous phantom design for dose profile 
calculation: (a) bone and water medium and (b) lung and  

water medium.  

(a) (b) 
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the simulation outputs. A standard batching 
method was used. This statistical uncertainty 
depends on the number of histories simulated to 
reduce the simulation variance. The number of 
particles is inversely proportional to the             
variance and efficiency of the simulation (20, 22). 

 

 

RESULTS 
 

The statistical uncertainty of this simulation 
was less than 1% for all cases. The dose rate in 
the present study indicated that the FFF beam 
was higher than the FF because there was no 
beam hardening, which increased the beam 
quantity in FFF (table 2). 

 
PDDs 

The beam hardening effect was also observed 
in PDDs (figure 3). The surface dose in FF was 
higher than that in FFF but was in reverse with 
the fall-off region. dmax at the field size of 
2 × 2 cm2 shifts 0.2 cm into a shallower depth for 
the linac head with the FF and FFF of 2.1 and 
1.9 cm, respectively. However, these 0.2 cm 
shifts can still be considered based on the 
3%/3 mm acceptance criterion. 

Dose profiles 
The dose profiles in the heterogeneous              

medium at the depth of 10 cm from the phantom 
surface are shown in figure 4. Doses in the lungs 
are always higher than those in the water for 
large field sizes, whereas in small field sizes,  
doses in the lungs are smaller than those in the 
water. The effect of FF presence can be observed 
from the flat form of the dose profile in each            
medium. The curvature pattern of FFF dose              
profiles was also observed in each medium for 
large field sizes. The dose reduction in FF and 
FFF in each medium for all field sizes is shown in 
table 4. 

 
Gamma passing rate 

The gamma index’s value in a heterogeneous 
phantom for the field size of 10 × 10 cm2 of FF 
and FFF beams at various depths is shown in  
figure 5. As shown in this figure, in the broad 
field size, the dose distribution can be                    
considered the same only for the area around the 
beam axis. This pattern can also be seen in the 
dose profile, which coincides only in the area 
around the central axis. Meanwhile, in areas far 
from the beam axis, there was a massive                
difference in dose distribution because the FFF’s 
dose profile curve is increasingly apparent. 
Meanwhile, the gamma passing rate values for 
some field sizes are shown in table 5. 
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Parameters in 
DOSXYZnrc 

Description Value 

xiso, yiso, ziso 
x, y, and z coordinates of the 

isocenter 
0, 0, 

and 20 

Theta 

Angle between the +z direction 
and a line joining the origin in the 

phase–space plane to the 
isocenter (in degrees) 

180 

Phi 

Angle between the +x direction 
and the projection of the line 

joining the origin in the phase–
space plane to the isocenter on 

the xy plane (in degrees) 

0 

Phicol 

Angle by which the collimator is 
rotated in the collimator plane 

perpendicular to the beam 
direction (in degree) 

 0 

dsource 
Absolute distance from the origin 
of the phsp file to the coordinate 

of the isocenter (in cm) 
20 

Table 2. Parameters defined in the isource 2 in DOSXYZnrc 
(17). 

(a) (b) 

Figure 3. PDD for 10 MV photon beam for FF and FFF in a  
heterogeneous phantom for field sizes of (a) 10 × 10 cm2 and 

(b) 2 × 2 cm2. 

Field size 
(cm2)  
1 × 1 2.10 

2 × 2 2.09 

3 × 3 2.08 

4 × 4 2.07 

Table 3. Comparison of the dose rate of FFF and FF for a small 
field size. 
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Table 4. Comparison of dose reduction at the interface of FFF 
and FF outside the field size at a 10 cm depth. 

DISCUSSION 

The dose rate results shown in table 3 agree 
with the results obtained by Sangeetha and 
Sureka (2017) and Mahdavi et al. (2019) who 
reported that the dose rate around the beam 
axis of FFF was approximately two times higher 
for all field sizes (4, 23). The beam hardening in FF 
can reduce surface doses; however, FF                
contributes to the generation of secondary            
radiation sources (neutron and electron               
contamination), which causes particles to            
scatter at large angles on the phantom surface. 

PDDs in the heterogeneous phantom are 
shown in figure 4. As shown in this figure, there 
was an upstream pattern before entering the 
bone and a downstream pattern when it exited 
the bone. The same results have been reported 
by Reynaert et al. (2018), who investigated PDDs 
in water and bone media (24). The bone density 
(1.85 g/cm3) was higher than those of the water 
(1 g/cm3) and lung (0.26 g/cm3), which                     
produced many low-energy back-scatter                
electrons at the border between the water and 
bone, which increases the dose in the water in 
that area and results in an upstream pattern (21). 

Figure 4. Dose profiles in a heterogeneous phantom for d = 10 cm and SSD = 100 cm (a) at 10 × 10 cm2 for bone and water               
medium, (b) at 10 × 10 cm2 for lung and water medium, (c) at 2 × 2 cm2 for bone and water medium, and (d) at 2 × 2 cm2 for lung 

and water medium. 

(a) (b) (c) (d) 

Figure 5. γ-index distribution for a field size of 10 × 10 cm2 in 
a heterogeneous phantom for the following depths: (a) 

d = 0.25 cm (water), (b) d = 5.25 cm (bone), (c) d = 10.25 cm 
(lung), and (d) d = 20.25 cm (water). 

Field size 
(cm2) 

Dose reduction in lung 
and water medium (%) 

Dose reduction in bone 
and water medium (%) 

Lung Water Bone Water 

1 × 1 1.93 5.56 4.36 3.56 

2 × 2 4.28 5.82 2.68 3.23 

3 × 3 3.70 5.05 3.57 4.84 

4 × 4 7.34 6.07 2.48 4.44 

10 × 10 14.86 15.15 13.77 15.24 

15 × 15 18.86 17.48 17.04 19.69 

20 × 20 25.45 25.78 25.54 28.91 

Field sizes (cm2) GPR for all phantoms (%) GPR in the area around the central beam axis (%) 

1 × 1 100 100 

2 × 2 100 100 

3 × 3 100 100 

4 × 4 100 100 

10 × 10 97.87 82.58 

15 × 15 87.24 61.40 

20 × 20 70.78 36.03 

Table 5. Gamma passing rates (GPR) for all field sizes. 
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The dose in the lung medium considerably              
decreased in a small field because the lateral 
equilibrium of charged particles was not 
reached. In a small field, electrons produced by a 
10 MV photon beam in the lung medium have 
better range than the size of defined voxels. This 
makes many electrons to deposit the dose               
outside the exposure field, which considerably 
decreases the dose in the lung medium. With an 
increase in field sizes, the pattern of dose              
reduction in the lungs is no longer observed              
because the lateral equilibrium of charged               
particles has been reached. 

The dose profiles are shown in figure 4. The 
lungs have a lower density than the water, 
which causes reduced beam attenuation and  
results in the reduced scattering of the lungs. 
Therefore, the particles in the lung deposit are 
higher because of fewer scattered particles. In 
large field sizes, the lateral equilibrium of 
charged particles is reached because the range 
of secondary electrons is smaller than the field 
size. Consequently, the dose in the lungs is               
higher than that in the water. This phenomenon 
contrasts with what occurs at the interface the 
water and bones. This study was in line with the 
study conducted by Onizuka et al. (2016) (21). 

The gamma passing rate for a field size of 
10 × 10 cm2 was unaffected by the FF in the              
central beam axis. Georg et al. (2011) performed 
an analysis of the difference in gamma index  
between FF and FFF on 10 MV Elekta Precise 
linac. They found the same result with this              
present study which found almost the same            
distribution of gamma values between these two 
beams for 10 × 10 cm2 field (25). Meanwhile, the 
dose distribution in small field sizes can be             
considered the same between the beam from the 
head of the linac with FF and FFF even in the 
central beam (table 5). This is because the 
beam’s characteristics in the small field are the 
same because of the relatively small MLC              
openings. 

 
 

CONCLUSIONS 
 

The absence of an FF in a linac caused             
changes in heterogeneous phantom in the PDDs, 

dose profiles, and gamma passing rate, especial-
ly for a large field size (≥10 × 10 cm2). The dose 
on the phantom surface on the FFF is higher 
than that on the FF because of electron                         
contamination. The PDD curve in the                        
heterogeneous phantom decreases dramatically 
in the lung area for the small field because of the 
inability to achieve charged particle equilibrium. 
 
 
Conflicts of interest: Declared none. 
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