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ABSTRACT  

Research on neutron contamination in medical LINAC has been carried out. The purpose of the 

study was to determine neutron contamination visually and to calculate the flux of neutron 

contamination produced by the LINAC device head. The research was conducted in a simulation 

using the Particle and Heavy Ion Transport code System (PHITS) . The LINAC model used in the 

simulation refers to the Siemens Primus  LINAC head operating at voltages of 6 MV, 10 MV, 15, 

18 MV, and 25 MV. The main components of the LINAC head model are the primary collimator, 

flattening filter, and secondary collimator. The radiation field area used is 10 x 10 cm2 and the 

distance from the source to the surface of the water phantom object is 100 cm. The simulation 

shows that neutron contamination occurs due to photons' interaction with the LINAC components, 

namely the primary collimator, flattening filter, and secondary collimator. The operating voltages 

that produce neutron contaminants start at 10 MV. The increase in the voltage of the LINAC device 

causes a consequent increase in neutron flux. The calculation shows that the neutron flux on the 

surface of the water phantom is > 1011 n/cm2.s  Neutron flux has the potential to increase the total 

dose. 
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INTRODUCTION 

A medical Linear accelerator (LINAC) is a high-voltage electron accelerator. The LINAC 

produces X-rays, which originate from the interaction of electrons with a target. A good 

target for producing X-rays comes from materials that have a high atomic number[1]. LINAC 

devices are widely used as radiotherapy equipment, especially for cancer or tumor therapy[2]. 

Treatment of tumors located deeper below the surface of the skin requires a LINAC with 

energy above 10 MeV. However, high energy LINAC devices will produce bremsstrahlung 

X-rays  in addition to producing neutrons. Neutrons that are generated through the 

photoneutron mechanism are  neutron contaminants, which are undesirable in therapy 

because it will increase the dose in a patient. The impact will be damage to healthy tissues[3].   

Several studies have been conducted to understand the occurrence of neutron contaminants 

on LINAC devices. Martínez-Ovalle et al., (2011) studied the production of neutron 

contaminants in four different LINACs: Variant Clinac 2100 C, Elekta Inor, Elekta SL25, 

and Siemens Mevatron KDS, which operate at energies between 15 and 20 MV. The results 
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showed that the occurrence of neutron contaminants was strongly influenced by the type of 

target used on the LINAC device[4]. Further research was carried out by Nedaie et al., (2014) 

on the LINAC Varian 2100C device at a voltage of 18 MV. The simulation results show 

that the occurrence of neutron contaminants is highly dependent on the configuration of the 

LINAC[5]. Thekkedath et al., (2016) studied other effects that influence the occurrence of 

neutron contaminants on a LINAC device[6]. The results showed that the production of 

neutron contaminants is influenced by the radiation field area. Abu Talib et al., (2018) 

investigated the types of neutrons produced from the LINAC Elekta machine. The neutrons 

produced by LINAC are fast neutrons[7]. A recent study was conducted by Banaee et al., 

(2021) on the LINAC radiotherapy apparatus. The results showed that neutron contaminants 

occur due to the interaction of high energy photons > 8 MeV in materials that have high Z 

atoms[8]. 

Although several studies have been carried out to reveal the occurrence of neutron 

contamination, such research by displaying traces of neutron contaminants ranging from 

targets, collimators, and filtering filters to phantoms is still rare. The visualization will help 

explain the origin of the neutron contaminants. Consequently, pertinent efforts can be made 

to reduce neutron contaminants and avoid negative impacts on healthy tissue damage. 

The traces of neutron contaminants can be visualized using the Particle and Heavy Ions 

Transport code System (PHITS). The PHITS is a nuclear simulation program issued by the 

Japan Atomic Energy Agency (JAEA). It uses nuclear data that combines the data banks of 

the Organization for Economic Co-operation and Development (OECD)/Nuclear Energy 

Agency (NEA), RSICC, and the Research Organization of Information and Technology 

(RIST). The PHITS program is suitable for simulating both charged and neutral particles. It 

is also equipped with a tally that can visualize particle traces in 2 dimensions and calculate 

physical quantity of interest[9]. In this work, we will describe the visualization results of the 

occurrence of neutron contaminants and calculate neutron flux using the PHITS code. 

METHOD 

LINAC Head Modeling  

The medical LINAC model in the simulation is based on the Siemens Primus LINAC head model. 

The model used in the study consists of an electron source, a target, a primary collimator, a flattening 

filter, and a secondary collimator as the main components. The LINAC head components are made 

of Copper (Cu) target material. The primary and secondary collimator components are made of 

Tungsten (W), Nickel (Ni), and Iron (Fe), and the Flattening filter is made of copper (Cu)[10]. The 

model components of the LINAC head in two and three dimensions are shown in Figure 1. 

The modeling of LINAC head components is simulated using the Particle and Heavy Ions Transport 

code System (PHITS) version 3.2 program. To get low statistical errors, the simulation is carried out 

with 106 particle history. The cross-sectional library data used for neutrons dan photons are JENDL-

4.0, while for the electron is the intra-nuclear cascade (INCL4.6)[11]. The data is expected to guarantee 

the validity of the model. 

The success in modeling the LINAC device will be demonstrated by the visualization of the x-ray 

photon trails generated by the interaction of the accelerated electrons with the target. In addition, the 

X-ray photon spectrum shows a spectrum of light energy consisting of characteristic X-rays and 

Bremsstrahlung[12,13]. 

Visualization and Calculation of Contaminant Neutron Flux  

The visualization of the traces of contaminant neutron particles was carried out starting from the 

target to the surface of a water phantom which is  30 × 30 × 30 cm3 in size. The target distance from 
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the phantom surface is 100 cm. The collimator on the LINAC head is arranged so that the X-ray 

photons fall on a radiation field area of 10 x 10 cm2 on the phantom surface[14]. To determine the 

occurrence of contaminant neutrons, the LINAC device is operated from voltages of 6, 8, 10, 15, 18, 

and 25 MV. Visualization of traces of neutron contamination and calculation of neutron flux was 

carried out by the PHITS program using tally tracks. 

 

Figure 1.  LINAC head and water phantom model (a) Two dimensions (c) Three dimensions 

 
RESULTS AND DISCUSSION 

LINAC Device-Head Modeling 

The modeling has to be able to visualize the formation of the X-ray photon trace from the 

LINAC head and the X-ray spectrum. This is necessary to ensure that the designed model 

accords with the actual device[15]. According to the modeling, the X-ray photon trace 

produced by the LINAC head are shown in Figure 2a. The interaction of electrons with the 

target produces X-ray photons. The resulting photons scatter through the primary collimator, 

flatting filter, secondary collimator, and phantom. The highest photon flux intensity 

generated about the target is 1017 p/cm2.s (shown in red) and decreases further from the 

source and down to 1013 p/cm2.s (light blue) as it reaches the water phantom. The energy 

distribution of the resulting photons varies from 10-2 MeV to 6 MeV, forming a continuous 

curve. The continuous curve produced by the interaction of electrons with the target is called 

the Bremsstrahlung curve[16]. The resulting bremsstrahlung curve from the modeling is 

shown in Figure 2b. 
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Figure 2. a. Simulation results of X-ray photon traces at 6 MV LINAC voltage. b. 

The energy spectrum of 6 MV X-ray 

Neutron Contaminants 

Figure 3 shows visualizations of neutron contaminants produced by the LINAC head 

components at operating voltages of (a)  6 MV, (b)  8 MV, (c)  10 MV, (d) 15 MV, (e) 18 

MV, and (f) 25 MV. Neutron contaminants are depicted by color intensity. The highest 

intensity is shown in red, while the lowest intensity is shown in blue. The highest flux occurs 

around the primary collimator. The high intensity is generated by the primary collimator 

because this component is the first to interact with photons. The contribution of neutron 

contamination from the primary collimator in producing neutrons is about 55-60% of the 

total neutrons generated from the interaction of photons with LINAC head components[17]. 

Subsequently, the neutron intensity decreases after the photon interacts with the flattening 

filter and secondary collimator. Neutron contaminants produced by the components of 

LINAC head impinge on the water phantom at the voltages of 15, 18, and 25 MV. 

The simulation results show that the interaction of X-ray photons with the components of 

the LINAC head material at a voltage of 6 MV with the target does not result in neutron 

contaminations. This is because at a voltage of 6 MV the X-ray photon energy is smaller 

than the threshold energy of the target[18]. (Threshold energy Cu= 9.91 MeV). As a result, 

no neutrons are released from the atomic nucleus during interactions. The intensity of 

neutron contaminants appeared and increased after the LINAC voltage reaches 8, 10, 15, 

18, and 25 MeV. The increase in neutron contaminants is quite significant beyond the 

LINAC voltage of 15 MeV. At this voltage, the energy of the photons has exceeded the 

threshold energy of the primary collimator, flattening filter, and  secondary collimator 

material. The primary collimator and secondary collimator are made from the same material. 

The threshold energy of the materials is W=6.74 MeV, Ni=7.63 MeV dan Fe 7.63 MeV. 

The threshold energy of the flattening filter made of Cu is 9.91 MeV[3].   
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Figure 3.  Visulalization of neutron contaminants  produced by the components of the LINAC  head 
at operating voltages of (a)  6 MV, (b)  8 MV, (c)  10 MV, (d) 15 MV, (e) 18 MV dan 

(f) 25 MV. (h) The conversion of intensity in the flux value of X-ray photon. 

The spectrum of neutron contaminants is shown in Figure 4. The simulation results show 

that the spectrum of neutron contaminants is detected at voltages of 15, 18 and 25 MV. At 

a voltage of 15 MV the average energy of the neutron flux is at 0.23 MeV. Meanwhile, at 

18 MV and 25 MV the average energy is at 0.35 MeV and 0.89 MeV. Neutrons are generated 

through a giant dipole resonance (GDR) reaction mechanism between photons and the 

LINAC head component [3]. Neutron contamination resulting from the interaction of X-ray 

photons with LINAC head components is in the form of fast neutrons. Fast neutrons have 

an energy range of 106 MeV to 102 MeV[15] .  

The results of the simulation of visualization of neutron contamination using the PHITS 

program agree with the results of research conducted by Martínez-Ovalle et al., (2011), 

which states that the source of neutron contamination comes from the target  [4]. The results 

of the study are also similar to those obtained by Nedaie et al., (2014) and Banaee et al, 

(2021), which state that the neutron source originates from the interaction of photons with 

the LINAC head components, especially interactions with materials with high Z[5,8]. The 

results also agree with the work of Abu Talib et al., (2018), which simulated LINAC with 

the MCNP program and found that the type of neutron contamination was fast neutrons[7]. 

The calculation results of the neutron flux on the surface of the water phantom at a voltage 

of 15 MV, 18 and 25 MV are, respectively, 1.82  1011 n/cm2.s, 2.12  1011 n/cm2.s, and 

4.94  1011 n/ cm2.s. Neutron flux impinging on the phantom can cause an increase in the 
total dose, which is the sum of the photon dose and the neutron dose[19,20,21]. The addition of 
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a neutron dose is formed through a fast neutron scattering mechanism with hydrogen 

atoms[22]. 

 

 

Figure 4. Spectrum of neutron contaminants  at LINAC operating voltages of (a) 15 MV (b) 18 MV and 

(c) 25 MV 

CONCLUSION 

A simulation of the occurrence of neutron contamination from the medical LINAC has been 

carried out using the PHITS.  The results of visualization neutron contamination using the 

PHITS show that neutron contaminants occurs due to the interaction of photons with the 

components of the LINAC head. Neutron contamination starts to appear at LINAC voltage 

of 10 MV and continues to increase as the LINAC voltage increases. This is so because, at 

this voltage, the photon energy produced by LINAC has exceeded the threshold energy limit 

of the neutron bond energy in the material that makes up the LINAC head. Neutron 

contamination resulting from the interaction of photons with LINAC head components is in 

the form of fast neutrons. The calculation result of neutron contaminants on the surface of 

the water phantom shows that the neutron flux reaches the surface of the water phantom at 

a LINAC voltage of 15, 18 dan 25 MV. The calculation results of the neutron flux on the 

surface of the water phantom at a voltage of 15 MV, 18 and 25 MV are, respectively, 1.82 

 1011 n/cm2.s, 2.12  1011 n/cm2.s, and 4.94  1011 n/ cm2.s. Neutron flux has the potential 

to increase the total dose in a patient. 
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