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 Research has been carried out to investigate the occurrence of secondary 

electron contamination in a linear accelerator (LINAC) machine. The 

research was conducted in a simulation using a Monte Carlo-based 

simulator, namely Particle and Heavy Ions Transport code System 

(PHITS). The simulation of the occurrence of secondary electron 

contamination was carried out based on the model of the LINAC Electa 

head that is operated at voltages of 6, 8, 10, 15, 18, and 25 MV, using a field 

area of 10 X 10 cm and SSD 100 cm. The simulation results show that 

electron contamination occurs due to the interaction of X-ray photons with 

the components of the LINAC head, namely the primary collimator, 

flattening filter, and secondary collimator. The secondary electron 

contaminants generated by the LINAC head components spread through the 

water phantom. The higher the operating voltage, the higher the secondary 

electron flux produced. The secondary electron contamination dose 

calculated in the water phantom shows that the higher the LINAC voltage, 

the higher is the dose received in the phantom. 
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INTRODUCTION  

Megavolt X-rays are high-energy X-rays. 

The X-ray beam can be generated by a 

medical Linear Accelerator (LINAC) 

machine through the interaction of 

accelerated electrons with a target 

(Anderson et al., 2015). The targets that are 

used to produce high-energy x-rays are 

those with high atomic numbers (high Z) 

such as tungsten, gold, silver, and tantalum 

(Vichi et al., 2020; Yeh et al., 2017). The 

resulting megavolt x-ray beam can be 

focused, directed, and uniformed using 

filters and collimators placed after the target 

(Anam et al., 2020).  

However, the interaction of high energy 

x-rays with filters and collimators creates 

contaminants in the form of secondary 

electrons (Mesbahi, 2009). Additionally, 

electron contaminants are also contributed 

by the interaction of electrons with the 

target, although in a low percentage (Seif & 

Bayatiani, 2015; Vichi et al., 2020).  

The presence of secondary electron 

contaminants during treatment using LINAC 

may damage superficial skin tissue (dermis) 

to the deepest skin (hypodermis) (Butson, 

1998; Mazzeo et al., 2014). Increasing the 

dose of secondary electron contaminants on 

the skin can cause an erythema (Lye et al., 

2010; Yadav et al., 2010), which is the 

appearance of reddish patches on the skin 

caused by dilation of blood vessels under 

the skin, and desquamation, namely 

exfoliation of the skin from the body. The 

most severe impact is the occurrence of 
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superficial lesions, which is abnormal skin 

tissues that can cause cancer or tumors 

(Jagtap et al., 2016; Smit & du Plessis, 

2015; Yani et al., 2016).   

Several studies have been carried out to 

understand the occurrence of secondary 

electron contaminants. Among them is the 

work of Petti et al. (1983) which revealed 

the presence of secondary electrons in 

accelerator equipment. Gonzalez et al. 

(2017) evaluated the emergence of 

secondary electrons in metallic materials. 

The latest research was conducted by 

Chegeni et al. (2021), which tried to find out 

what parameters affect the emergence of 

secondary electrons in LINAC. 

 Several techniques were used to 

calculate secondary electron contaminants, 

including direct measurements using 

electron filter plates and magnetic sweepers, 

spectrometry, and dosimetry methods 

(Chegeni et al., 2021; Han et al., 2020). 

Another technique used is the Monte Carlo 

analysis and simulation method. Sadrollahi 

et al. (2019) using a Monte Carlo-based 

program, were able to determine the 

secondary electron energy of 0.1 MeV using 

a model of the Simen Premus LINAC 

machine. Anam et al. (2020) using the 

Monte Carlo BEAMnrc-based program, 

were able to reveal the emergence of 

electron contaminants and the intensity of 

each component on the LINAC machine. 

 Although several studies have been 

carried out to reveal the occurrence of 

secondary electrons, there are still few 

studies that reveal the occurrence of 

secondary electron contaminants, displaying 

traces of secondary electron contaminants 

ranging from the target to the LINAC 

components and phantom. This visualization 

is very helpful in understanding where the 

secondary electron contaminants actually 

come from. As such, efforts to reduce 

contaminants so as not to have a negative 

impact on tissue damage can be carried out 

adequately. Several attempts have been 

made to reduce the occurrence of secondary 

electron contaminants, including installing 

magnetic deflectors, replacing part of the air 

column between the patient and the head of 

the radiotherapy system with helium gas, 

and limiting treatment time (Chegeni et al., 

2021). 

Visualization of traces of electron 

contaminants can be displayed using the 

Particle and Heavy Ions Transport code 

System (PHITS). The advantage of the 

PHITS code or PHITS program is that it is a 

Monte Carlo-based program, equipped with 

a tally that can display a visualization of 

trace particles in 2 and 3 dimensions and 

calculate the physical quantity to be 

determined. The PHITS program is also 

suitable for simulating the transport of 

charged and uncharged particles that move 

randomly (Hashimoto et al., 2015). The 

PHITS program has been tested and become 

the basis for developing designs of medical 

devices in Japan (Furuta & Sato, 2021).  

 The use of the PHITS program to 

visualize the occurance of secondary 

electron contamination and the calculation 

of the dose generated from the LINAC 

machine at various voltage variations have 

never been done. Hence, the study is a 

novelty of this research. 

Furthermore, the purpose of the study is 

to visually consider the occurrence of 

secondary electrons in the components of 

the LINAC machine and calculate the dose 

of secondary electrons in the water phantom 

using the PHITS code. 

 

METHOD 
 

Modeling of LINAC Device 

The simulation of the LINAC device 

model is based on the head of the LINAC 

Electa model which is operated at voltages 

of 6, 8, 10, 15, 18, and 25 MV. The 

selection of voltage is based on the 

operating voltage of the LINAC machine 

usually used in the hospital.  The output 

field area of the radiation field is set for a 

field area of 10 × 10 cm and a Source to 

Image Receptor Distance (SID) of 100 cm. 

At a distance of 100 cm is placed a water 
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phantom with a cube geometry measuring 

40 × 40 × 40 cm3 (Hasan et al., 2019).  

The model of the LINAC head consists of 

a number of main components, namely 

electron source, target, primary collimator, 

flattening filter, and secondary collimator. 

The components of the LINAC device head 

were simulated using the Particle and Heavy 

Ions Transport code System (PHITS) 

version 3.2 program (Sato et al., 2015). The 

model of the components of the LINAC 

head and water phantom shown in Figure 1. 

 
Figure 1. Configuration of LINAC head components 

and water phantom for investigation of 

electron contaminant. 

 

   The materials for the LINAC head 

component refer to the Electa linac model. 

The main components are made of metal 

and a mixture of several metals. The 

complete material data is shown in Table 1. 

                    
Table 1. Data of LINAC-head material (Abou-taleb 

et al., 2018) 

Components of LINAC 

head 

Material 

Target Gold (Au) 

Primary 

collimator 

Tungsten(W), 

Nickel (Ni), Iron 

(Fe) 

Flattening filter Copper (Cu) 

Secondary 

collimator 

Tungsten(W), 

Nickel (Ni), Iron 

(Fe) 

Simulation of Secondary Electron 

Contamination  

Inspection on secondary electron 

contaminants is carried out starting from the 

target to the water phantom. The spectrum 

and distribution of the electron particle 

traces were observed using a tally track. 

Meanwhile, the absorbed dose uses a tally 

deposit. The simulation LINAC machine 

was carried out with primary electron 

particles numbering to 109. The ANGEL 

software is used to display particle traces 

and geometry visualization. The cross-

sectional data library used for electrons and 

photons is JENDL-4.0 (Sato et al., 2015). 

These data will expectedly guarantee the 

validity of the model designed. 

 

RESULTS AND DISCUSSION 

Validity of model  

Model validation is intended to ensure 

that the model matches the actual X-ray 

equipment. The matching criteria include 

the equipment producing X-ray beams and 

the Percentage Depth Dose (PDD) curve 

must match the measurement results (Ezzati 

et al., 2020).    

 The simulation results show that the 

LINAC machine has produced X-ray beams, 

which is indicated by the presence of X-ray 

particle traces starting from the target 

through the collimator and up to the water 

phantom. Traces of high-intensity X-ray 

particles are shown in red and low-intensity 

particles are shown in blue. High-intensity 

X-rays are generated near the target and the 

lowest in the area obstructed by the 

components of the LINAC head. This high 

intensity of X-rays around the target is 

caused by the mechanism for the generation 

of X-rays between accelerated electrons and 

the target (Anam et al., 2020). The image of 

the simulation result of the X-ray particle 

traces from the LINAC head is shown in 

Figure 2a. 

The model of LINAC machine has also 

matched the actual equipment. This is 

demonstrated by the correspondence of the 

PDD curve values generated by the 
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simulation with the measurement results 

(Figure 2b). The PDD curve has a low 

surface dose pattern then rises to a 

maximum value and decreases 

exponentially. Such a low dose on the 

surface of the water phantom is caused by 

the X-ray being attenuated. As the 

interaction of x-rays with water phantom 

increases in depth, ionization processes 

through the mechanism of the photoelectric 

effect, the Compton effect, and the 

production of pairs increase, resulting an 

increase in the dose and reaches the 

maximum value in the buildup area. The 

dose then decreases as the X-rays decrease 

in energy and flux or intensity (AL-Naqqash 

et al., 2018; Efendi et al., 2017). 

 
a. 

 
 b. 

Figure 2. a. The simulation results of X-ray particle 

traces at a LINAC voltage of 8 MV. b. 

PDD Graph of X-Ray energy simulation 

results at 6,8 10, 15, 18 and 25 MV 

The results of the calculation of the 

maximum dose build-up value on a LINAC 

machine operating at 6, 8, 10, 15, 18, and 25 

MV show that the simulation results agree 

with the reference, except for the 6 MV. 

This difference is caused by beam 

hardening, that is to say beam enhancement 

due to scattering caused by local spots far 

from the radiation source (Efendi et al., 

2017). The difference in the build-up value 

at 6 MeV is 2%. The simulation result value 

is still within the required tolerance (Yani et 

al., 2016). The simulation results of the 

build-up value and its comparison with the 

reference are shown in Table 2. 

 
Table 2 Comparison of build-up values obtained 

from simulation and reference (Podgorsak, 

2005)  

No Energy Simulation Reference ∆𝐿 

(%) 

1 6 MV 1.47 cm 1.5 cm   98  

2 8 MV 2.0 cm 2.0 cm 100  

3 10 MV 2.5 cm 2.5 cm 100  

4 15 MV 3.0 cm 3.0 cm 100  

5 18 MV 3.5 cm 3.5 cm 100  

6 25 MV 5.0 cm 5.0 cm 100  

 

Secondary electron contaminants 

Figure 3 shows the traces of secondary 

electrons resulting from the interaction of 

photons with components of the LINAC 

head operated at voltages of 6, 8, 10, 15, 18 

and 25 MV. The secondary electron 

intensity resulting from the interaction of 

photons with the primary collimator, 

flattering filter and secondary collimator 

components is depicted by color intensity. 

The highest electron intensity is shown in 

red and the lowest in blue. 

Based on Figure 3, the intensity of 

secondary electrons is highest around the 

primary collimator and flattering filter. The 

value of the electron flux intensity ranges 

from 109 to 1016 electrons/cm2.s. The 

secondary electron intensity decreases 

further away from the flattering filter and 
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decreases further around the secondary 

collimator and water phantom.  

Such high intensity of secondary 

electrons about the primary collimator is 

produced by the interaction between 

photons and W, Ni and Fe atoms through 

the mechanism of the photoelectric effect, 

Compton scattering and pair production. 

Based on these three mechanisms, Compton 

scattering is dominant (Chegeni et al., 

2021). With respect to the decrease in the 

intensity of secondary electrons in the 

secondary collimator, it is due to the 

relatively low number of photons impinging 

on the component.  

 

Figure 3. Particle traces of electron contaminant with X-ray voltage of (a) 6 MV, (b) 8 MV, (c) 10 MV, 

(d) 15 MV, (e) 18 MV, (f) 25 MV 

The increase in the LINAC voltage has 

an impact on the electron flux intensity. The 

higher the voltage applied, the higher the 

intensity of the resulting neutron flux. An 

increase in voltage results in a greater 

primary electron velocity, such that it 

produces X-ray photons of higher intensity 

and energy when it strikes a target 

(Podgorsak, 2005). Subsequently, when the 

photon collides on the LINAC components, 

it also produces a higher intensity of 

secondary electrons. The simulation results 

for determining the intensity and energy 

distribution of secondary electrons on the 

water phantom surface using LINAC 

voltage variations are shown in Figure 4. 

 
Figure 4. Spectrum of secondary electrons simulated 

at operating voltages of 6, 8, 10, 15, 18 and 

25 MV. 
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Based on Figure 4 shows that the highest 

secondary electron flux is obtained at a 

voltage of 25 MV and the lowest at a 

voltage of 6 MV. In general, an increase in 

the LINAC operating voltage causes larger 

secondary electron fluxes. This increase is 

caused by the increase in the intensity of X-

rays hitting the LINAC head components, 

such as the flattening filter and collimator 

(Chegeni et al., 2021; Mesbahi, 2009).  

 

Dose of Secondary Electron Contaminant 

Simulation result shows that the 

secondary electron flux strikes the phantom 

surface and penetrates further down the 

water phantom. The calculation results on 

the dose of secondary electron 

contamination at operating voltages of 6, 8, 

10, 15, 18 and 25 MV are shown in Figure 

5.  

 

Figure 5. Dose of electron contaminants in the 

phantom at operating voltages of  6, 8, 

10, 15, 18, and 25 MV. 

Based on Figure 5 the dose on the surface 

of the phantom is low and increases up to 

certain depth, and decreases exponentially 

with increasing depth. At a voltage of 6, 8, 

and 10 MV the dose increases at a depth of, 

0 cm, 0.5 cm, and 1 cm respectively. 

Furthermore, the maximum dose 

corresponding to the voltage of 15 MV 

occurs at a depth of 2 cm. Finally, at 

voltages of 18 and 25 MV, the maximum 

dose is reached at a depth of 1.5 cm. In 

general, the increase of LINAC machine 

voltage has an impact on the increase in the 

dose (Chegeni et al., 2021). 

Based on the simulation results, the 

PHITS program has been able to accurately 

determine that the penetration power of 

secondary electron contamination occurs 

between 0 - 2 cm. 2 cm is the average 

thickness of the human skin (Oltulu et al., 

2018). The presence of these contaminants 

causes a skin sparking effect. It is an 

ionization process on the skin that can cause 

damage to the skin (De-Colle et al., 2021; Jo 

et al., 2017).  

  

CONCLUSION 

An investigation has been carried out on 

secondary electron contaminations resulting 

from LINAC machine operated at voltages 

of 6, 8, 10, 15, 18, and 25 MV based on a 

validated model. The simulation results 

show that X-ray photons interacting with the 

primary collimator, flattening filter, and 

secondary collimator components produce 

secondary electron contaminants. The 

higher the voltage applied, the higher the 

secondary electron flux produced. The 

secondary electron contamination dose 

calculated in water phantom shows that dose 

increases with the LINAC operating voltage. 

Future research is to consider other 

aspects that affect the occurrence of 

contaminants, such as the radiation field and 

the type of material that makes up the 

LINAC head. 
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	Simulation result shows that the secondary electron flux strikes the phantom surface and penetrates further down the water phantom. The calculation results on the dose of secondary electron contamination at operating voltages of 6, 8, 10, 15, 18 and 2...
	Figure 5. Dose of electron contaminants in the phantom at operating voltages of  6, 8, 10, 15, 18, and 25 MV.
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