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Abstract: The high-energy photons produced by the Linear accelerator (Linac) induce some nuclear
reactions in the materials in the Linac room and Linac head. Neutrons formed as a result of the
interaction of photons with materials are called photoneutrons. The aim of the study is to examine the
neutron doses formed in the environment for 6 different photon energies. In the study, the components
in the Linac head and the Linac chamber are modeled with the help of the Monte Carlo N-Particle
(MCNP) program. Then, the flux and dose of photoneutrons formed at 8 different points as a result of 6
different photon energies obtained from the Linac head were measured. as can be seen from the results,
as the photon energy used in the Linac increases, the resulting dose, and flux of photoneutron increase.
It can be understood from the results that the amount of neutron dose to be received by the organs in
the treatment field may be higher than the other organs. Especially in the treatments where the patient
is lying in the prone position, there may be a possibility of neutrons reaching the patient spinal cord.
Since photoneutrons with high radiobiological ability may pose a risk of secondary cancer for patients,
the photon energy chosen for patient treatments should be chosen appropriately and the use of
unnecessary high photon energy should be avoided.
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1. Introduction

Although there are many methods used for cancer treatment, the method of radiotherapy utilizing
photons and electrons is the most commonly used technique [1]. Electron energies from 6 MeV to 25
MeV can be generated in Linear accelerator (Linac) devices, which have been used in radiotherapy [2,3].
Because tungsten is a good material used to reduce the energy of photons, the important components of
Linac consist of tungsten. The primary collimator, jaws, and multi-leaf collimator (MLC), which are
possessed in Linac, are these components. The flattening filter affecting the photon beam is usually
made of steel [4].

Although the use of high-energy photons is a good method for cancer treatment, it has a downside.
During the radiotherapy treatment applied to the patient, some nuclear reactions that can generate
neutrons occur in the Linac room due to the high energy radiation obtained in the Linac devices [2,4,5,6].
The photon energy directly affects neutron production [4].

The photons created by the Linac cause undesirable neutron formation in the environment after a
certain threshold value [7,8,9,10]. These undesirable neutrons, which are demonstrated a high linear
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energy transfer (LET) ability, indicate secondary cancer risk for the patients and can ever reach staff
outside the room [6,11,12,13].

The atomic number (Z) of the environment in which the radiation is emitted directly affects the
threshold value of the photon energy for the formation of nuclear reactions. While this threshold value
is 7 MeV for the nuclear reaction that may occur in materials with a high Z value such as tungsten, this
value is 16 MeV for oxygen with a low Z value [14,15]. The process from primary electron generation
to the transport of all radiation and all nuclear reactions that may occur can be modeled with the Monte
Carlo (MC) method [14].

The neutron created by the photon is called photoneutron. The high-density head components of
the Linac are associated with the photoneutrons produced. In addition, these photoneutrons can also be
produced from the wall concrete in the room of Linac and the patient body [12,16,17,18,19]. The main
cause of the photoneutrons formation is nuclear reactions between tungsten and photon. Photoneutrons
are also formed in the environment due to other materials (flatting filter, source thickness, etc.) but they
are neglected because their ratio is low [6]. It has been stated in previous studies that most of the neutrons
formed (87%) are due to tungsten components [12,20].

The photoneutrons formed in the Linac head and Linac room are obtained as direct reaction
neutrons (knock-on) and evaporation neutrons [4]. When photons interact with a nucleus, their energy
is dispersed among nucleons. When a neutron near the nucleus surface achieves enough energy, that
neutron is emitted from the nucleus as an evaporation neutron. Photoneutron, known as a knock-on
neutron, occurs when the photon gives all of its energy to a single neutron. In addition, this neutron
spreads mainly in the direction of the incoming photon [2,6,21]. Photoneutrons produced by nuclear
reactions as a result of the use of Linac is roughly 100 to 200 times larger than electron-neutron
production, so studies have focused on photoneutrons [6,8,19].

This study aims to examine the neutron flux and neutron dose that can occur in the environment
at different photon energies obtained from Linac. Measurement results were obtained at eight different
points.

2. Materials and Methods

In the study, the simple model of the head of Linac was simulated by MCNPX2.6 MC code [22].
The Monte Carlo N-Particle (MCNP) code is a common code for examining neutron, photon, and
electron transport. A protective shield made of lead covering the head of the Linac is also included in
the modeling. The simulations were implemented for six different photon energies and 10x10 cm? field
sizes. In the modeling, detectors in the eight different points were defined to measure neutrons. The
detectors were employed to calculate the flux (Particle x cm x st) and neutron dose (mrem/hour). Some
measurement points were selected from regions that may be critical to the patient. If we define the target
position as (0,0,0) on the x, y and z axes, detector positions; (0,0,-90) for Point 1, (0,0,-50) for Point 2,
(-40,0,-100) for Point 3, (-80,0,-100) for Point 4, (0,-40,-100) for Point 5, (0,-80,-100) for Point 6, (-
240,-180, -100) for Point 7 and (-145,-400,-100) for Point 8. The created simulation is shown in Figure
1 and Figure 2.
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Figure 1. Simulation image of Linac room and Linac head created in MCNP

Update Gotal v | [B30712 [0 s een 2 w|[tom [0 0 i Upii Gotal v] [0 428" ! vz ~][e 1000 [0
| P welw gl P [ | N e N e 1 O O )
Reser || Zeom ot g - 1200m in Reset || Zoom o Zoomia
I~ Zoom B
[~ Orgn Target |V Orgin Tul‘“
o o ﬁ
] i % %
: Pridelimlton <20
m.[fz 5843 Em: 0385 Primary Collimators g
t
mLc 1 mLC
| EXF 100.0000
e 000000 mw [ aw @
[V Refresn v Refresh o
[~ st 16 el ; sur 16|
[~ Unuses Unused
[ cafis I cafw
[~ Color I iioste
v Facers [V Facets
WW Mesh WW Mesh =
Callne v Ca Lne v | 2
=2
[ Reat [ Reot 5
[ tal mesh 3 °4 [ taimesh
Rotate about Rotate sbout
-y f_' Vert FT
| [F% | [F%
o scale v o scae v
Res | 200 Res |30
re [~ Pscript

Figure 2. Simulation image of some detectors and Linac head created in MCNP

The geometric structure of the Linac room, which includes all its components and thickness, has
been taken into account. In addition, the target, flattening filter, primary collimator, jaws, and MLC
components of the Linac head are also considered. Agosteo et al. and Carinou et al. have pointed out
that there was no significant difference in comparing a simple MC model and a detailed MC model

[23,24].

containing 50.0% O, 31.5% Si, 8.3% Ca, 4.8% Al, 1.9% K, 1.7% Na, 1.2% Fe and 0.6% H [2,25].

The walls of the Linac room were simulated with a 2.35 gr/cm3 density concrete type
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In MCNP, the F5 tally was used to measure the flux and neutron dose. It was utilized the variance
reduction technique was to reduce the computation time and focus on the desired result in modeling. In
MCNP, the F5 tally was modified with the help of DE/DF dose factors, and the dose values at the desired
points were obtained as "mrem/hour" [22,26]. The results were acquired using e/y/n mode in MCNP
and run for 109 histories. The statistical uncertainties obtained for all results were below 1%.

3. Results

As a result of 6 different photon energies produced in the Linac head, the flux and dose of
photoneutrons occurring in different positions of the Linac chamber were investigated. Photoneutrons
formed in the Linac room are made up of knock-on and evaporation contributions. Contributions from
other reactions are quite small [6]. Some of the locations where photoneutrons are measured have been
attempted to be chosen similarly to places where the patient's surface may be exposed during treatment.
The results at the points where flux and dose were measured for the photoneutron are shown in Table 1
and Table 2.

Table 1. The obtained flux values for 6 different photon energies.
Flux (Particle xcm™2 xs™)
Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8
6 MV N/A N/A N/A N/A N/A N/A N/A N/A
8 MV 1,23E-08 5,27E-08 7,62E-10 5,52E-09 2,25E-09 4,80E-09 2,17E-09 6,13E-10
10 MV 6,08E-07 5,66E-06 6,04E-08 1,80E-07 1,33E-07 1,76E-07 7,34E-08 2,01E-08
12 MV 3,55E-06 2,15E-05 3,54E-07 9,66E-07 6,18E-07 9,90E-07 3,85E-07 1,05E-07
15 MV 2,18E-05 1,24E-04 1,51E-06 5,88E-06 3,02E-06 6,55E-06 2,32E-06 6,15E-07
18 MV 7,55E-05 4,14E-04  4,41E-06 1,99E-05 8,78E-06 2,36E-05 7,79E-06  2,03E-06

Table 2. The obtained neutron dose values for 6 different photon energies.
Dose (mrem/hour)
Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8
6 MV N/A N/A N/A N/A N/A N/A N/A N/A
8 MV 1,14E-12  4,73E-12  4,55E-14  3,93E-13  1,68E-13  3,54E-13  1,51E-13  4,34E-14
10MV  6,88E-11 6,88E-10  6,81E-12  1,94E-11  1,50E-11  1,92E-11  7,89E-12  2,16E-12
12MV  3,96E-10  2,40E-09  3,91E-11  1,05E-10  7,10E-11  1,08E-10  4,21E-11 1,16E-11
15MV  2,55E-09  1,46E-08 1,76E-10  6,81E-10  3,53E-10  7,57E-10  2,68E-10 7,11E-11
18 MV 9,18E-09  4,96E-08  5,26E-10  2,41E-09  1,05E-09  2,86E-09  9,38E-10  2,44E-10

Khaledi et al. stated that the threshold value of tungsten for the formation of photoneutrons is 7.42
MeV in their study [12]. In our study, we also did not observe flux and neutron dose values for the
photoneutron at 6 MV photon energy.

As expected, as the photon energy increased, the photoneutrons formed in the medium also
increased. We obtained the highest photoneutron value at point 2, 50 cm from the source. The second
highest value was measured at 90 cm (Source-skin distance (SSD)=90) from the source. As the
measurement points moved away from the central photon axis, the photoneutron flux and dose began to
decrease. This is a result of the same trend as other studies [2,21,27]. It can be understood from this
result that the amount of neutron dose to be received by the organs in the treatment field may be higher
than the other organs. As seen in Table 2, when the photoneutrons formed at a distance of SSD=90 cm
are examined, there is an approximately 8 thousand-fold difference between 8 MV and 18 MV.
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The lowest flux and dose values were measured at the farthest point from the source. The
photoneutron dose and flux values at Points 3-5 and 4-6, which are equidistant from the source, were
found to be close to each other. The differences between them can be attributed to the axis positions of
the MLC and jaws. Photoneutrons measured in the study also include contaminated neutrons produced
by the interaction of photons with concrete.

4, Conclusion

Since photoneutrons, which are harmful to normal tissues, formed during radiotherapy treatment
may lead to the risk of secondary cancer, their behavior in the environment should be carefully
examined. As can be seen from the results, as the photon energy used in the Linac devices increases, the
resulting photoneutron dose, and flux increase. Photoneutrons reaching critical organs may cause some
complications and secondary cancer risk in the patient. Furthermore, photoneutrons can reach the spinal
cord, especially when the patient is in a prone position. Photon energy selected for patient treatments
should be chosen appropriately, unnecessary high photon energy use should be avoided.
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