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ARTICLE INFO ABSTRACT

This paper presents an analytical method for the calculation of the neutron ambient dose equivalent H* (10)
regarding patients, whereby the different concrete types that are used in the surrounding walls of the treatment
room are considered. This work has been performed according to a detailed simulation of the Varian 2300C/D
linear accelerator head that is operated at 18 MV, and silver activation counter as a neutron detector, for which
the Monte Carlo MCNPX 2.6 code is used, with and without the treatment room walls. The results show that,
when compared to the neutrons that leak from the LINAC, both the scattered and thermal neutrons are the
major factors that comprise the out-of field neutron dose. The scattering factors for the limonite-steel,
magnetite-steel, and ordinary concretes have been calculated as 0.91 + 0.09, 1.08 +0.10, and 0.371 +0.01,
respectively, while the corresponding thermal factors are 34.22 +3.84, 23.44 +1.62, and 52.28 +1.99,
respectively (both the scattering and thermal factors are for the isocenter region); moreover, the treatment
room is composed of magnetite-steel and limonite-steel concretes, so the neutron doses to the patient are 1.79
times and 1.62 times greater than that from an ordinary concrete composition. The results also confirm that the
scattering and thermal factors do not depend on the details of the chosen linear accelerator head model. It is
anticipated that the results of the present work will be of great interest to the manufacturers of medical linear
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accelerators.

1. Introduction

Medical linear accelerators of different models and electron en-
ergies (4-25 MeV) are widely used for radiotherapy. For radiation
protection purposes, these devices are normally installed in treatment
rooms that are composed of particular dimensions and are constructed
with the use of different concrete types. The unwanted neutrons are
produced through the electronuclear (e,én), single photonuclear (y,n),
and double photonuclear (y,2n) reactions of the high-energy electrons
and photons that bombard the high-Z material targets when the energy
of the photon beam is greater than approximately 7 MeV (Hsu et al.,
2010; Mesbahi et al., 2010; Naseri and Mesbahi, 2010; Thalhofer et al.,
2014). The produced neutrons basically lose their initial energies
through the multiple scatterings that are from the different elements
of the treatment room walls, and they are then scattered back to the
treatment room where they may reach the patient. The scattered
photons and neutrons from the treatment room are the main dosage
sources in the out-of field region (Biltekin et al., 2015; Followill et al.,
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2003; Liu et al., 2011; Takam, 2010; Vega-Carrillo et al., 2007; Xu
et al., 2008). The measurement and applied correction factor of the
scattered radiation contribution are recommended by the IAEA for all
of the reference radiations at certain distances. The basic sources of
scattered radiations are the walls, floor, and ceiling, as well as the other
objects that normally exist in the treatment room, and the use of the
shadow cone is one of the recommended methods for the measurement
of the scattered neutrons in the irradiation room (IAEA, 2000a, 200b;
1S08529, 1998). The quality of radiation therapy is highly dependent
on the photon doses that are delivered to the patient. In general, the
delivered dose is due to the direct and scattered radiations in the
treatment room (Bartesaghi, 2007); for example, the emphasis of both
the Safety Series Report No.16 (2000) and the ISO8529-3 (2000) is a
maximal elimination of the scattered neutrons for the neutron dosi-
meters and the field calibration, and this is also confirmed for the
calibration of the gamma dosimeters. With regard to radiotherapy
patients, the ICRP publication 103 (ICRP, 2007) calls for “.. delivery of
the required dose to the volume to be treated, avoiding unnecessary
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exposure of healthy tissues.”

As described by Pena et al., 2005 the three energy ranges of the
neutrons in the treatment room are as follows: Fast neutrons (0.1 MeV
to 10 MeV), epithermal neutrons (0.50 MeV to 0.1 MeV), and thermal
neutrons (less than 0.50 eV). The three ranges are produced via the
interactions between the high energy photons with the LINAC head
components and the treatment room walls (Pena et al., 2005). In
medical linear accelerators, bremsstrahlung X-rays are produced
through the interaction of the high-energy electrons with the target.
The scattering and thermal neutron cross sections, the different (y,n)
threshold energies of the materials in the walls, and the linear
accelerator installations along the photon path are the most important
factors for the determination of the scattering and thermal factors. The
unwanted doses of the extra neutrons and photons are not prescribed,
as they are of course non-therapeutic; also, the energy spectrum of the
produced neutrons ranges from thermal to several MeVs, based on the
initial energy of the electron beam (up to 25 MeV). In the treatment
room, the average energy of the produced neutrons varies from
0.1 MeV to 2MeV, and the radiation weighting factor of 20 is
recommended for these deeply penetrating particles with a high
radiobiological effectiveness (RBE) (NCRP Report 116., 1993); for this
reason, their contributions to a patient's out-of field dose that is relative
to the direct dose from the photon beam can be important with respect
to the risk of cancer inducement (Naseri and Mesbahi, 2010).

Measurements of the photo neutron contaminated components
(direct, scattered, and thermal neutron fluences and spectra) are
possible when either a passive or active neutron detection system is
used in the treatment room. For the passive detectors, the energy
spectrum and the ambient dose equivalent of the neutrons that are
produced by a 15 MV Varian iX medical LINAC have been measured
with a Bonner sphere spectrometer in the out-of field region, and as the
thermal-neutron detector, the TLD pair (TLD600 and TLD700) was
placed at the center of each sphere (Benites-Rengifo et al., 2014).
Recently, a pairs of dosimeters that comprise the TLD 600 (°LiF: Mg,
Ti) and the TLD 700 ("LiF: Mg, Ti) were placed inside a paraffin sphere
with a 20 cm diameter, and they were used to measure the ambient
dose equivalent [H"(10)] of the neutrons at different positions around
the LINAC head (Ramirez et al., 2016). In another work, the CR-39
solid-state nuclear track detectors (SSNTDs) were used to investigate
the variations of the fast neutron intensity at the different positions of
the treatment room (Shweikani and Anjak, 2015). The neutron fluence
¢(D) at the point-of-interest that is located at the distance [ from the
center of the LINAC head, and that is measured according to the unit
n ecm~2/Gy X-ray, is determined through the use of neutron detector
reference instruments (IAEA, 2000a, 2000b). For the active detectors,
however, there are no available data in the literature.

A certain fraction of the neutron dose that is delivered to the patient
is due to the scattering that is off the walls of the treatment room. The
production and backscattering of the photoneutrons from a simple wall
with a thickness of 2.5 m and dimensions of 6x6 m?, in width and
length, respectively, for example, have been calculated; for this
purpose, the photon and neutron beam spectra that were used as the
photon and neutron sources, respectively, originated from the 18 MV-
beam target of the Varian LINAC (Mesbahi et al., 2010). Notably, the
neutron fluence has only been calculated at the inner maze entrance
with the use of 10 cm and 20 cm radius scoring cells for the field size
with dimensions of 30x30 cm? (Mesbahi et al., 2012). In addition, the
room-return neutrons at the spherical cavity with different radii from
150 cm to 1010 cm, and with the use of ordinary concrete (2.35 g/
cm®), have been calculated with and without air; for this purpose, the
monoenergetic neutron source has been considered. The energy spectra
of neutrons have also been reported for different cavities (Vega-Carrillo
et al., 2007).

In this study, the scattering and thermal neutron factors of the
bunker have been calculated in terms of the installation of the Varian
2300 C/D medical LINAC; therefore, the scattering and thermal
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neutron factors of the bunker have been calculated for a case where
the concrete type regarding the walls is important for the design of the
bunker. For the purpose of this study, the actual detector (silver
activation counter) has been simulated to calculate the neutron
fluences and doses, and the configuration of the LINAC head, the
treatment room with different concrete types, and the actual activation
counter have been simulated with the use of the Monte Carlo MCNPX
2.6 code. The activation counter is commonly used for the measure-
ment of the neutron yield of the pulsed neutron sources such as the
plasma focus and the Tokamak (Ragabi moghaddam and Abbasi
Davani, 2009). The selected medical linear accelerator has not been
used as a multi-leaf collimator (MLC). It should be noted that the
calculated contributions (Mao et al., 1997) of each of the different parts
of the LINAC head such as the target, flattening filter, and primary and
secondary collimators are different to the total neutron source
strength/fluence at any point in the treatment room. Also, for the
18 MV-photon case, the neutron contamination has been calculated at
the isocenter with and without a flattening filter (Mesbahi et al., 2010).
According to this study, the calculations of the scattering and thermal
factors are based on the neutron fluences for E, > 0.5eV and E, <
0.5 eV, respectively. The influence of the MLC and the other compo-
nents on the scattering and thermal factors and the neutron doses can
be calculated later to obtain the total of the neutron fluences.
The main purposes of the present work are as follows:

1. The transportation of the coupled electron-photon-neutron modes

. The selection of a measurable arrangement of the silver activation
counter to ensure its capability as a reliable neutron detector for
neutron fluence calculations, whereby the Varian 2300C/D linear
accelerator head is used as an intense pulsed neutron source, and a
treatment room with usable dimensions and different types of
concretes has been employed.

3. A determination of the scattering and thermal factors of treatment
rooms where, along the patient couch, the concrete construction is
either limonite-steel, magnetite-steel, or ordinary concretes that
includes the use of the Monte Carlo method for different photon
fields and positions.

. The calculation of the received backscattered neutron dose contribu-
tions from the walls of the treatment room (out-field) to the patient
at the isocenter.

2. Materials and methods
2.1. Linear accelerator head simulation

The full details of the 2300C/D Varian medical linear accelerator
head that is operated at 18 MV have been simulated using the Monte
Carlo MCNPX 2.6 code. The model includes a LINAC that is operated
at the dual-photon energies of 6 MeV and 18 MeV, and the multiple
electron energies of 6 MeV, 9 MeV, 12 MeV, 16 MeV, 18 MeV, and
20 MeV; but, an MLC is not included here. The diameter of the pencil-
electron beam is 1 mm (Podgorsak, 2005). The electron-photon-
neutron modes and all of the main components of the medical
LINAC head were considered for the simulation. The main parts of
the LINAC head consist of a target (W), copper as the cooling section
that is in front of the target, a Be window, a primary collimator (W), a
flattening filter (Fe+Ta), and upper and lower jaws (W), all of which
have been simulated to investigate the neutron production. Both the
LINAC head and the typical treatment room that were used in the
simulations are shown in Figs. 1 and 2, whereby the former shows the
details of the LINAC head, while Fig. 2 illustrates the treatment room
dimensions, the position of the activation counter, and the direction of
the LINAC head. The number of the primary particle histories (i.e.,
electrons) has been set to 2.00x10°.
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Fig. 1. LINAC head and activation counter at three different positions (position 1 or isocenter, position 2 and position 3); dimensions in mm.

2.2. Silver activation counter simulation

The activation counter is made of a cylindrical natural-silver foil
(197Ag and 1°°Ag isotopes), and is of a 160 mm length and a 10.5 g/cm?®
density. The inner and outer diameters are 16 mm and 16.025 mm,
respectively. To calculate the fast neutron fluencies (n cm~2/GyX-ray)
that originate from both of the LINAC head and the treatment room,
the thicknesses of the polyethylene neutron moderators (of a 0.935 g/
em?® density) have been optimized for the in-field and out-of field
detections. For the registration of the fast neutron fluences, the silver
foil is placed inside the neutron moderator while the thermal neutron
fluence is calculated through the removal of the neutron moderator.
The neutron fluence spectra that correspond to the in-field and out-of
field of the photon beam are different; that is, the in-field neutron
fluences are the neutrons that originate from either the target and the
flattening filter of the LINAC head and have travelled through the
photon field, while the out-of field neutrons are those that have been
scattered off the treatment room walls.

The thermal neutron cross sections of °’Ag and °°Ag isotopes are
40 b and 113 b, respectively. The thermal neutron capture by the '7Ag
and !%Ag isotopes occur after well-known reactions, as follows
(Gentilini et al., 1980):

n'” + Ag - v +110 Ag 510 Cd + p=(Ep = 2.82 MeV and T »

=2425) (e))
ng, +197 Ag — y +108m Ag 5108 Cd + p=(Eg = 1.49 MeV and T
= 144.65) 2)

For a typical irradiation time duration, the silver activity A(t) may
be obtained as follows:
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A(t) = No®(1 = &), 3)
where N is the number of Ag nuclei per cm®, o is the microscopic
thermal neutron cross section, @ is the total neutron fluence (n cm™2)
at the detector position, A is the decay constant, and ¢ is the irradiation
time. It is also assumed that the induced activity of the silver foil is
proportional to the initial neutron beam fluence. For both the 197Ag
and ?99Ag isotopes, Eq. (3) may be rewritten as follows:

A = O[Ng70107(1 - Exp(—/llost) + N1096109(1 - eXP(—ﬂnot)] @)

For a relatively long irradiation time for example, 1000 s (compared
with the half-lives of 24.2 s and 144.6 s), the term (1-e™) has been
fairly set to 1; therefore, the following equation applies:

Asar = q)(N107 o107 + N1096109) 5)

The total reaction rate in the silver foil can be simply calculated
using Tally F4 (i.e., the volumetric flux or the average track lengths per
volume for the particle-of-interest) together with a reaction number of
102; alternatively, 487 keV gamma rays, which are emitted following
the neutron-induced beta decay in the silver, can be registered. The
induced activities (Bq/GyX-ray) that are due to the fast and thermal
photoneutrons have been calculated at the isocenter (position 1), at
0.5 m (position 2), and at 1 m (position 3), far from the central-beam
axis, for different photon field sizes. The spatial coordinates of
isocenter (position 1) to position 3 are (0,0,-0.9), (0.5,0,-0.9), and
(1,0,-0.9), respectively, where the origin (i.e., (0,0,0)) is the center of
the treatment room floor. The spatial coordinates of the LINAC head is
(0, 0,0.1)(see Fig. 2).
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Fig. 2. Treatment room, orientation and location of the LINAC head, and activation counter (dimensions in m).

2.3. Treatment room simulation

To determine the scattering and thermal factors, all of the calcula-
tions have been undertaken along the patient couch, with and without
the treatment room walls, at the three above-specified positions. The
photon field sizes have been changed from 0x0 cm? to 40x40 cm? in
5x5 cm? step sizes. The considered treatment room dimensions are
7.5x7.5%3.8 m®, where the 1 m thick walls are made of three different
concretes with different densities that are specified in parentheses, as
follows: ordinary (2.35 g/cm®), limonite-steel (4.54 g/cm?®), and mag-
netite-steel (4.64 g/cm®). The weight fraction of these concretes are
listed in Table 1 (McConn et al., 2011), and the threshold energies of
the (y.n) reaction of the elements for the selected types of concretes, the
silver activation counter, and the LINAC head components are listed in
Table 2. For a special point-of-interest in the treatment room (e.g.,
along the patient couch), the total fluences of the neutrons (n cm=2/
GyX-ray) can be calculated as follows (IAEA, 2006):

©)

(Dtotal = Diirect + Pscatter + Prhermat>

where @girec: is the neutron fluence (n cm’z/GyX-ray) with an energy
greater than 0.5 eV and that exclusively originates from the LINAC
head; Qscqier represents the neutron fluence (n ecm™2/GyX-ray) with an
energy greater than 0.5 eV that is from all of the components, except
the LINAC head, that are inside the treatment room; and @ermar is the
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Table 1
Weight fractions of three concrete types (McConn Jr. et al., 2011).

Weight fraction

Ordinary concrete Limonite and steel Magnetite and steel

H 0.008485 H 0.006840 H 0.002374
C 0.050064 (6] 0.156222 (6] 0.137678
(0] 0.473483 Mg 0.001545 Mg 0.003669
Mg 0.024183 Al 0.006399 Al 0.010358
Al 0.036063 Si 0.014784 Si 0.015753
Si 0.145100 K 0.000883 Ca 0.055675
S 0.002970 Ca 0.057590 Ti 0.015969
K 0.001697 v 0.000883 A% 0.000647
Ca 0.246924 Fe 0.754854 Fe 0.757877
Fe 0.011031

thermal neutron fluence (n cm~2/GyX-ray) with an energy less than
0.5 eV and that is from the inside of the LINAC head, the patient coach,
the indoor air, the treatment room walls, and any other facility that is
inside the treatment room. To calculate the neutron fluence and dose,
and for the sake of simplicity, the neutrons with the energies E, <
0.5 eV and E, > 0.5 eV have therefore been considered as thermal and
fast neutrons, respectively. Due to the difference between the fast and
thermal neutron fluences/doses that were produced from the interac-
tions with the different concretes, it seems that the floor materials are
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Table 2

The (y,n) reaction threshold energies of the elements for the selected types of concretes,
LINAC head components, and silver activation counter (IAEA, 2000a).

Element Abundance (y,n) reaction threshold energy (MeV)
Be 100.00 1.67
C 98.89 18.72
0 99.76 15.66
Mg Mg 78.99 16.53
Mg 10.00 7.23
26Mg 11.01 11.90
Al 100.00 13.60
Si 28gi 92.23 17.18
2984 4.67 8.47
30g4 3.10 10.61
S 32 95.02 15.04
33g 0.75 8.64
34 4.21 11.42
K 39K 93.26 13.08
40K 6.73 10.10
Ca 40Ca 96.94 15.64
*2Ca 0.65 11.48
3Ca 0.14 7.93
“Cca 2.09 11.13
\ 99.75 11.05
Fe 54Fe 5.90 13.38
56Fe 91.72 11.20
57Fe 2.10 7.65
58Fe 0.28 10.04
Cu %3Cu 69.17 10.85
55Cu 30.83 9.91
Ag 107Ag 51.84 9.54
1097g 48.16 9.19
Ta 99.99 7.58
w 180y 0.12 8.41
182y 26.30 8.07
183y 14.28 6.19
184y 30.70 7.41
186wy 28.60 7.19

necessarily considered in any simulation that is regarding neutron
fluences/doses.
Each term of Eq. (6) is rewritten in Eq. (7) (IAEA, 2006), as follows:

_Q .5.40 1.260
boa= 2™ s T g

' O]

where Q is the neutron source strength value (n/GyX-ray) of the LINAC
head, d is the distance (m) for the point-of-interest that is a far distance
from the target, and S is the total area of the treatment room (m?)
(TAEA, 2006). The direct neutrons (fast and thermal) are the neutrons
that are delivered to the silver activation counter at all of the positions
when the treatment room walls are removed, while the scattered
neutrons are delivered when the walls are present. The scattering
factor (SF) is defined as the difference between the produced fast
neutron fluence at each position, with and without the walls, as follows:

_ FNF¢ — FNFyc
FNFyc¢

SF

’ )
where FNFc and FNFp ¢ are the produced fast neutron fluences (E,, >
0.5 eV) with and without the treatment room walls, respectively.

The thermal factor (TF) is defined as the difference between the
produced thermal neutron fluence at each position with and without
the walls, as follows:
rp—TNFe — TNFyc

TNFyc ®
where TNF- and TNFpn¢ are the thermal neutron fluences (E,, <
0.5 eV) with and without the treatment room walls, respectively. It is
assumed here that the total electron beam current of the medical
LINAC that is on the target is 76 pA, and that it is approximately equal
to 4.74x10'* e, which is equivalent to 1 Gy X-ray dose at isocenter
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Fig. 3. Scattering factors of the treatment room at position 1 for limonite-steel,
magnetite-steel, and ordinary concretes.

(Mohammadi et al., 2016). The results have been obtained through a
multiplication of this conversion factor for all of the calculated values.

To calculate the neutron ambient dose equivalent, the average
neutron energy spectrum over the total surface of the silver activation
counter must be determined first, in addition to the use of the
appropriate conversion coefficients that are normally used in the
radiation protection data sheets (ICRP, 1996).

3. Results and discussion
3.1. Scattering factors

Fig. 3 shows a comparison of the scattering factors at isocenter
(position 1) for the different concrete types and photon field sizes.
According to Fig. 3, the scattering factors are 1.081 + 0.098, 0.903 +
0.087, and 0.387 £ 0.045 for the magnetite-steel, limonite-steel, and
ordinary concretes, respectively, for field sizes that are larger than the
range from 10x10 cm? to 40x40 cm?; that is, the scattering factors do
not exhibit significant changes for field sizes ranging from 10x10 cm?
to 40x40 cm?. The scattered neutron fluence is greater than that of the
direct neutrons in the treatment room for the closed field and
represents a small contribution for the 5x5 cm? field size, and this is
why the scattering factors are greater than the other fields. The results
here confirm that the neutron fluencies are strongly dependent on the
photon field sizes at the isocenter, and this is in agreement with other
works (Al-Ghamdi et al., 2008; Lin et al., 2001); however, the fast
neutron fluence is increased as the photon field size increases.

Fig. 4 shows a comparison between the scattering factors along the
patient couch at position 2 for all of the field sizes. According to Fig. 4,
the scattering factors decrease as the field size increases up to
10x10 cm?, but then increases for larger field sizes. The scattering
factors of the limonite-steel, magnetite-steel, and ordinary concretes
represent variation ranges of 1.10-3.41, 1.73-4.50, and 0.77-2.55,
respectively, for the photon field sizes from 10x10 cm? to 40x40 cm?;
moreover, for the regions near the edge of the photon field, the
contribution of the scattered neutrons is more than those of the farther
regions. These results provide the reason for why the scattering factors
increase according to the increasing of the photon field size.

Fig. 5 illustrates the scattering factors of the three types of concrete
that are along the patient couch at position 3. According to Fig. 5, the
scattering factors of the limonite-steel, magnetite-steel, and ordinary
concretes vary from 2.24 to 2.8, 2.96 to 3.6, and 1.46 to 1.6,
respectively, for the different photon-field sizes. By comparing Fig. 5
with Fig. 4, the variation ranges of the scattering factors at position 3
are less than those of the scattering factors at position 2 1.10-3.41,
1.73-4.50, and 0.77-2.55 for the limonite-steel, magnetite-steel, and
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ordinary concretes, respectively); therefore, the scattering factors do
not significantly change at position 3. According to Figs. 3-5, the
scattering factors are greater than the unity for all of the concretes used
in this work, with the exception of the ordinary concrete, at the
isocenter; therefore, the large neutron-fluence fractions that are
delivered to the patient are due to the scattering neutrons. Since the
average energy of the scattering neutrons (the out-of field neutrons) is
less than that of the neutrons that originate from the target and the
flattening filter (the direct neutrons or in-field neutrons), the conver-
sion coefficient of the scattering neutrons is less than that of the direct
neutrons; therefore, the contribution of the scattering neutron dose
that is delivered to the patient is less than that of the scattering neutron
fluence.

The scattering neutron fluence basically depends on the neutron
source strength and spectrum of the LINAC head, the treatment room
dimensions, and the wall concrete type. The scattering neutron
equivalent doses are strongly dependent on both the average energies
and the average fluences of the scattering neutrons. Through a
comparison of Figs. 3-5, the scattering factors increase in accordance
with the distance from the isocenter. The larger fractions of the doses
that are received by the patient may be related to the scattering
neutrons at the photon out-of field.

Fig. 6 shows the neutron elastic scattering cross sections of iron,
oxygen, and calcium nuclei for a range of neutron energies, wherein the
iron represents the largest cross section. Due to the high weight
fraction of the iron in the magnetite-steel and limonite-steel concretes,
the scattering factors become greater than that of ordinary concrete for
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all of the field sizes.

3.2. Thermal factors

Fig. 7 shows the thermal factors of the treatment room at isocentrt
(position 1) for the limonite-steel, magnetite-steel, and ordinary
concretes. According to Fig. 7, the thermal factors decrease in
accordance with an increasing of the photon field size at the isocenter
up to 15x15 em?, and they then become flat with further increases of
the field size. The thermal factors of the limonite-steel and magnetite-
steel concretes are approximately the same, while the thermal factor of
the ordinary concrete is greater than those of the limonite-steel and
magnetite-steel concretes. Also, the thermal neutron fluence from the
LINAC head is less than that from the treatment room; therefore, the
thermal factors are significantly greater than the scattering factors.

Fig. 8 illustrates the thermal factors of the treatment room at
position 2 for the limonite-steel, magnetite-steel, and ordinary con-
cretes. According to Fig. 8, the thermal factors of the magnetite-steel,
limonite-steel, and ordinary concretes are the same for the field sizes
from 5x5 cm? to 25x25 cm?, and they then increase in accordance with
an increasing of the field size.

Fig. 9 shows a comparison of the thermal factors at position 3 for
the magnetite-steel, limonite-steel, and ordinary concretes. According
to the data of Fig. 9 and the standard deviations, the thermal factors
remain approximately constant for all of the photon field sizes at
position 3.

3.3. Relationship between total neutron fluences, scattering, and
thermal factors

In this section, a study of the relationship between the total neutron
fluences, the scattering, and the thermal factors of the treatment room
that is for the attainment of a general formula is presented. The total
neutron fluences at the isocenter without the treatment room walls is
equals to the summation of the direct fast and thermal neutron
fluencies that originate from the LINAC head. As discussed earlier,
the fast neutron fluencies correspond to the neutrons with energies that
are more than the cadmium cut-off (i.e., E, > 0.5 eV), while the thermal
neutrons are those with E,<0.5eV. For a given field size at the
isocenter, the total neutron fluence without the treatment room
(¢airect) has been obtained as follows:

0
Pirect= 4xd? =@ t+(pthermal’

(10)
where Q is the neutron source strength value of the LINAC head, and d
the distance(m) of the interest point (e.g., the isocenter) from the target
of the LINAC head. The scattering neutron fluence (¢scarre) that
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Fig. 6. Neutron elastic scattering cross sections of the iron, oxygen, and calcium nuclei
(JANIS).
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Fig. 9. Thermal factors of the treatment room at position 3 for limonite-steel, magnetite-

steel, and ordinary concretes.

originates from just the treatment room has been calculated as follows:

an

Pcatter = a(ﬂﬁm‘ + h[/)thermal,

where a and b are the scattering and thermal factors, respectively. The
total neutron fluence at the isocenter in the treatment room, however,
is equal to the following:

Droral = Piirect T Pscatter, a2
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Table 3
Total neutron fluence (n cm™2/GyX-ray) at the isocenter for ordinary, magnetite-steel,
and limonite-steel concretes.

Field size  Total neutron fluence (n cm™2/GyX-ray)_Isocenter
(em?)
Total neutron fluence  Total neutron fluence Total neutron fluence
(n em™~2/GyX-ray) (n cm™2/GyX-ray) (n em™2/GyX-ray)
_Ordinary Concrete _Magnetite-steel _ Limonite-steel
(SF + (TF + 1) (SF + (TF + 1) (SF + (TF + 1)
Dipgase  ¢thermal 1) ¢thermal 1) ¢thermal
(/)_fast (/{ﬂnst
Closed 3.190 184 5.17 95.26 4.06 96.53
5x5 1.845 109 2.61 46.20 2.33 56.50
10x10 1.475 73 2.00 35.94 1.84 39.64
15x15 1.373 55 2.01 25.68 1.82 33.33
20x20 1.390 55.69 1.96 23.50 1.82 34.18
25x25 1.373 50.21 2.11 23.85 1.96 31.88
30x30 1.373 53.50 2.24 23.14 2.03 34.50
35x35 1.357 52.00 2.09 21.31 1.87 31.51
40%x40 1.373 53.29 2.17 27.16 2.00 41.47
Average  15x15cm? to 10x10 cm? to 10x10 cm? to
40x40 cm? 40x40 cm® 40x40 cm®

Diorar = (1.371 £
0.01)@rqsr + (53.28
1.99)@tnermat

Diorar = (2.08 +
0.10)@rqse + (24.44
£ 1.62)@thermat

Diotar = (191
0.09)Prase + (35.22
+ 3.84)Ptnermat

Puotal = (SF + 1)(pﬁlst + (TF + 1)(’}scan‘er’ (13)
This equation is generally correct for all concrete types. Table 3 lists
the scattering and thermal factors of the ordinary, limonite-steel, and
magnetite-steel concretes at the isocenter (position 1) for all of the
photon field sizes. According to Table 3, the total neutron fluence of the
ordinary concrete at the isocenter has been obtained for field sizes from
15x15 ecm? to 40x40 cm?, as follows:
D = (1371 £0.01) g, + (53.28 £1.99) 0 (14)
The obtained total and direct neutron fluencies are (1.73 +
0.12)x10” nem™2/Gy X-ray and (9.39 +0.85)x10° n cm™2/GyX-ray,
respectively, for the 5x5 cm? field size with and without the treatment
room walls. According to Table 3, the SF + 1 coefficient is equal to
1.845; therefore, the value of 1.73x10” n ecm™2/GyX-ray is equal to
1.845x9.39x10° n cm~2/GyX-ray. This analytical method should re-
main true for other field sizes and concretes; therefore, Eq. (13) can be
replaced by Eq. (7) at the isocenter. Similarly, with the use of Eq. (13),
the total neutron fluences of the magnetite-steel and limonite-steel
concretes have been obtained for the 10x10 cm? to 40x40 cm? field
sizes according to Eq. (15) and Eq. (16), respectively, as follows:

Dt = (2,08 £0.10) gy, + (2444 £1.62) 9,100 (15)

Dt = (1.91 £0.09) gy, + (3522 £3.84) 9 (16)

The high wt% of the iron nuclei and the low-threshold energy of the
(y,n) reaction may be the causes of the high scattering factor values of
the magnetite-steel and limonite-steel concretes. But the scattering
factors of the treatment rooms that are made of the magnetite-steel and
limonite-steel concretes are 2.91 times and 2.45 times (with a 16%
discrepancy) greater, respectively, than that of the ordinary concrete.
Mesbahi et al. (2012) reported that the produced neutron fluence per
n/m? per primary photon is 1.65x107° for ordinary concrete, but the
value of 1.86x107°> was derived for both the magnetite-steel and
limonite-steel concretes. Although the neutron production factors are
the same for the magnetite-steel and limonite-steel concretes in the
above-referenced work, the scattering and thermal factors exhibit
different values at the isocenter for the magnetite-steel and limonite-
steel concretes in the present work.

For a treatment room that is made of ordinary concrete, the results
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Fig. 10. The scattered neutron dose percentage for ordinary, magnetite-steel, and
limonite-steel concretes.

show that the average energies of the direct and scattered neutrons at
the isocenter are 0.7 MeV and 0.3 MeV, respectively, for all of the
photon field sizes, which also conforms to the IAEA, 2006 report.
According to the ICRU74, the conversion coefficient values of 375 and
233 have been selected for the direct and scattered neutrons, respec-
tively. The average energy of the scattered neutrons in the treatment
room with the magnetite-steel and limonite-steel concretes is
0.35 MeV, and the conversion coefficient is 258. Fig. 10 shows the
scattered neutron dose contributions (%) to the patient at the isocenter
for the ordinary, magnetite-steel, and limonite-steel concretes for
different photon field sizes. According to Fig. 10, the scattered neutron
dose contribution decreases with an increasing of the photon field size.

Table 4 shows the total scattered and direct neutron ambient dose
equivalent (mSv/GyX-ray) at the isocenter for the ordinary, magnetite-
steel, and limonite-steel concretes. The results here are in agreement
with almost all of the previous works for a treatment room that is made
of ordinary concrete, with the exception of the work undertaken by
Ramirez et al., 2016. According to Table 4, and in relation to the
simulations that have been undertaken in the published works
(Ghassoun and Senhou, 2012), the simulation results of the present
work represent a maximum discrepancy of 23%; however, a compar-
ison with the other experiment data shows larger differences (approxi-
mately 40%). The maximum difference is regarding the work of
Ramirez et al. (Ramirez et al., 2016), and this can be attributed to
the following:

1) In the measurements performed by Ramirez et al., the TLD

dosimeters were placed in a 10 cm spherical moderator, while in
the present work, and based on the Monte Carlo evaluations, the

Table 4
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optimal radius of the cylindrical moderator is 5cm, and the
detection of low-energy neutrons has not been compromised as a
result.

2) The room dimensions in the work of Ramirez et al. are 8.95 m x10 m
(the wall-height information is missing), while the room dimensions
in the present work are 7.5 mx7.5 mx3.8 m. The larger dimensions
normally result in a lower neutron dose at the isocenter; moreover,
the maze entrance in the work of Ramirez et al. is 1.8 m larger than
that of the present work, and this causes a considerable fraction of
the produced neutrons that escape from the treatment room and that
are not detected at the isocenter.

Also, the room dimensions that were used in the work of Alem-
Bezoubiri et al., 2014, are 6.45 mx7.37 mx4.18 m, and are approxi-
mately similar to the wall dimensions of the present work. But, the
room dimensions that were used by Ghassoum et al., 2012, are
6 mx6 mx2.7m, and are much smaller than the room that is con-
sidered in the present work. Small room dimensions normally result in
larger neutron dose contributions at the isocenter. In addition, the
MCNP tally and the LINAC head configuration that were used by
Ghassoum et al. are different from what has been used in the
calculations of the present paper.

According to Table 4, such neutron dose values are extremely
harmful to the human body. Since the average photon dose to the
patients is approximately 70 Gy for the course of a treatment (25—-30
sessions), the total neutron doses to the patient are 259 + 11.40 mSy,
463.05 + 27.80 mSv, and 420.05 + 24.78 mSv for the ordinary, magne-
tite-steel, and limonite-steel concretes, respectively, for a 10x10 cm?
photon field. For a treatment room that is made of the magnetite-steel
and limonite-steel concretes, the neutron doses to the patient are 1.79
and 1.62 times greater than that for the room made of ordinary
concrete. It is well known that the biological damage increases with an
increasing of the linear energy transfer (LET); therefore, the damage
caused by heavier particles such as protons, alpha particles, heavy ions,
and fission fragments are greater than the damage that is caused by
electrons and positrons. The RBE values of the protons and other ions
that normally recoil via neutron interactions are relatively greater than
that of the photons in the patient body that signifies the neutron dose
for radiotherapy.

4. Conclusion

This work presents the simulation results of the neutron dose from
a medical LINAC to the patient with and without treatment room walls
that are made of three different concrete types; for this purpose, the
Monte Carlo N-particles MCNPX 2.6 code has been used. The results
provide detailed information on the neutron contributions from the
walls of the different concretes, and they also confirm that the neutron

Total, scattered and direct neutron ambient dose equivalent (mSv/GyX-ray) at the isocenter for treatment rooms made of ordinary, magnetite-steel, and limonite-steel concretes.

Field size Total dose (mSv/GyX- Total dose (mSv/GyX-ray)_Other reported data_Ordinary Concrete Total dose__ Total dose_limonite-steel
(cm?) ray) _Ordinary concrete magnetite-steel (mSv/  (mSv/GyX-ray)

MC Difference (%) Experimental Difference (%) GyX-ray)
5%5 3.02+0.15 - - 5.32+0.33 4.65 £ 0.26
10x10 3.70+0.16 3.41 (Alem-Bezoubiri 8 2.74 (Alem-Bezoubiri 26 6.62 +0.40 6.00 = 0.36

et al., 2014) et al., 2014)

3.13, (Howell et al., 15.4 2.21(Ramirez et al., 40

2005) 2016)

4.55, (Ghassoun and  23.0 - -

Senhou, 2012.)
15x15 4.210.20 - - - - 8.01+0.46 7.12£0.36
30x30 4.38+0.17 3.78 (Alem-Bezoubiri  13.70 3.43 (Alem-Bezoubiri ~ 21.70 8.38+0.46 7.65 £ 0.39

et al., 2014) et al., 2014)
35x35 4.19+0.21 - - - - 7.48 £ 0.45 6.64 £ 0.40
40x40 3.90+0.21 - - - - 6.86 +0.34 6.41+£0.37
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dose is increased through the scattering that is off the walls of the
treatment room. To reduce the thermal neutron dose it is necessary to
use a thin layer of the thermal neutron absorber material around the
patient body, with the exception of the desired photon pathway. Also,
to reduce the neutron dose to the patient, a treatment room with low
scattering and thermal factors is recommended.
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