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Quantitative Assessment of Photoneutron-induced Secondary
Radiation Dose in Prostate Treatment Using an 18 MV Medical
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Purpose: This study aims to quantify the secondary radiation dose caused by photoneutrons during prostate cancer treatment using an 18
MYV medical linear accelerator (LINAC) through Monte Carlo simulations and experimental validation. Methods: Monte Carlo simulations
were performed using G4Linac MT to model the 18 MV photon beam of an Elekta LINAC. The simulation results were validated against
experimental measurements. Neutron characteristics, including penetration, cross-section interactions, Linear Energy Transfer (LET), and dose
contributions, were analyzed using an adult male ICRP phantom. Prostate treatment scenarios involved 3D-CRT plans with 4-fields, 5-fields,
and 7-fields. Specific absorbed fractions (SAFs) in various organs were also evaluated. Results: Simulation and experimental measurements
showed strong agreement, with a dose error of approximately 0.74%, and 97% of dose points passed a 2%/2 mm gamma index. Intermediate
neutrons constituted 87.05%, while 12.95% were fast neutrons. Neutron dose contributions were 0.63%, 0.33%, and 0.77% for the 3D-CRT
4-field, 5-field, and 7-field plans, respectively. SAF values decreased as neutron energy increased, highlighting reduced neutron interaction
efficiency at higher energies. Conclusions: Monte Carlo simulation is a reliable approach for evaluating neutron dose contributions in high-
energy X-ray LINACs. Optimization of treatment plans is essential to minimize neutron-induced dose contributions.
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INTRODUCTION LINAC head by a process known as photonuclear absorption.
This process takes place when photons with energies in excess
of 8 MeV interact with atomic nuclei. One or more neutrons
are then produced as a result of this interaction. Neutron
particles exhibit an elevated linear energy transfer (LET), a
characteristic that amplifies their potential to induce adverse
side effects within the patient’s body.!'"'] Furthermore, other
particles, such as electrons and positrons, also appear with

Radiation therapy is an essential and commonly used treatment
modality for solid cancers.["*) However, the effectiveness of this
treatment relies on the minimization of radiation side effects on
healthy organs.** This remains a major challenge in current
developments, with experiments being conducted on flash
very high-energy electron and proton modes.*®! An inherent
challenge within conventional high-energy photon-mode

radiotherapy, which is typically used to treat deep-seated e T G e B [ el

tumors, is that it is accompanied by contamination particles, National Center for Energy Sciences and Nuclear Techniques, B.P 1382
notably neutrons, which are not planned in the treatment R.P. 10001, Rabat, Morocco.

planning system (TPS).®!% Neutrons, particles with a mass of = (il 7 T - 2. T
around 1.6749 x 107" kg and no electrical charge, are created in
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high photon energies under indirect ionization and excitation
of the matter crossed. TPSs integrate the contribution of these
particles into the overall dose calculation, focusing on their
concentration near the skin surface.

Recent studies have explored neutron production in high-energy
photon LINACSs, highlighting the potential impact of secondary
neutron doses in radiotherapy environments. Tai et al.[
measured neutron dose equivalents in LINAC treatment vaults,
indicating significant neutron dose distributions in clinical
environments, particularly near LINAC components that
generate photoneutrons during high-energy photon therapy.
Similarly, Dowlatabadi et al.l'Y! examined photoneutron
production in Siemens LINACs using Monte Carlo simulations,
demonstrating variations in neutron production based on field
size and specific LINAC components. Assalmi and Diaft'!
further explored neutron production relative to LINAC field
configurations and compared the depth dose deposition of
neutrons with other secondary particles generated by an 18 MV
photon beam. This study demonstrated the high penetration
capacity of neutrons and their wide spatial distribution,
particularly in small fields where the collimators are in the
path of high-energy photon beams. This alignment increases
the probability of neutron production by photon disintegration,
underlining the significant impact of LINAC fields on neutron
contamination levels.

In the present study, we compared neutron dose contributions in
different three-dimensional conformal radiotherapy (3D-CRT)
treatment plans. The study highlights differences in neutron
exposure depending on the radiotherapy technique used,
aiming to optimize treatment planning and reduce unintended
neutron doses. Specifically, we quantified neutron contributions
in prostate cancer treatment across three distinct plans:
3D-CRT with 4 fields, 3D-CRT with 5 fields, and 3D-CRT
with 7 fields. This analysis illustrates the relationship
between neutron contribution and high-energy photon beams
in treatment fields. Providing insights to enhance treatment
strategies and optimize dose delivery, ultimately improving
clinical practice. In addition, we analyzed scenarios where
neutrons with quantified energy levels (0.005 MeV to 3 MeV)
reach the organs around the prostate.

To further the aims of this study, we investigate the dose
deposition characteristics of neutron beams from the 18 MV
source in elements commonly found in human soft tissue,
including hydrogen (H, 10.5%), carbon (C, 22.6%), oxygen,
and nitrogen (N, 2.34%).[' In addition, our research highlights
the ability of detected neutrons to penetrate and deposit doses
in high-density media. We are exploring the comparison of
the dose fraction between the total dose delivered by the 18
MYV beam and the neutron contribution in a water phantom.
In addition, our work involves investigating the neutron
dose contribution in prostate treatments, using a voxelized
ICRP110 human-adult phantom.!'¥! This study also includes
the calculation of the specific absorption fraction (SAF) of
neutrons detected in the various organs. To achieve these

objectives, a Monte Carlo simulation was run using an Elekta
medical accelerator configured for an 18 MV photon beam.
The geometric accuracy of the Elekta LINAC was validated
by measurements of the depth dose distribution (PDD)
and lateral dose distribution (profiles) in a water phantom,
including different irradiation field sizes. To understand the
nature of the neutrons created at 18 MV, we are tracking
their appearance in the geometric construction of LINAC.
This involves determining the role of the individual LINAC
components in the photonuclear reaction, and classifying
the detected neutrons into two distinct groups: 87.05%
intermediate neutrons (0.0003 < E <1 MeV) and 12.95% fast
neutrons (E > 1 MeV). Our study also includes a quantitative
analysis of the kinetic energy of the neutrons detected. This
evaluation also includes characterizing the spatial dispersion
of these neutrons across the radial and angular dimensions of
phase space.

MareriaLs AND METHODS

Monte Carlo modeling

The simulation and quantification of neutron particles
generated from 18MV photons were performed using the G4
Linac MT version 2, developed by El Bakkali ef al.!"! In this
study, the high performance of the HPC-Marwan computing
grid?? was used to carry out simulations with reduced
statistical uncertainties and a significant gain in computing
time.[?"! The flexibility of this code enables us to detect the
characteristics of secondary particles, including their type,
kinetic energy, and point of origin. Using this statistical data,
we can calculate the dose deposited by each particle type. By
using the Particle Data Group (PDG) identifier to characterize
each particle type stored in phase space, we can then use it as
a radiation source for dose calculations.

In the present investigation, the geometry of the Elekta Synergy
linear medical accelerator (LINAC) was modeled. Detailed
information regarding the dimensions and construction
materials of the LINAC head were obtained under a
nondisclosure agreement with Elekta AB, Stockholm, Sweden.

To validate the modeled LINAC geometry, we calculated the
dose using a 3D voxelized water phantom with dimensions of
40 cm x 40 cm x 40 cm. The voxel size was modeled according
to the recommendations provided by the AAPM-168 report!*?!
and the AAPM-105 report.®] The dose was calculated as the
mean absorbed energy over the mass of each voxel. This includes
the X-ray dose as well as the dose from contamination particles
resulting from the 18MV beam. The voxel size chosen aligns
perfectly with guidelines established in the literature, taking
into account the specific attributes of the ionization chamber
used for the measurements-the IBA CC13 ionization chambers
having a cavity diameter of 6.0 mm and a length of 5.8 mm. To
ensure complete coverage of the dose distribution and accurate
capture of rapid variations, particularly in the build-up region,
we adopted a voxel size of 0.5 cm x 0.5 cm x 0.1 cm along the
X, Y, and Z axes, respectively.
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Monte Carlo validation

To establish the accuracy and reliability of Monte Carlo
simulations carried out using the G4 Linac. MT code under
18MV conditions, a set of experimental measurements
was conducted within a water phantom. The aim was to
compare depth and lateral dose distributions. For this
purpose, IBA CC13 ionization chambers (IBA Dosimetry,
Schwarzenbruck, Germany) were utilized in conjunction
with a Blue Phantom? water phantom. Data acquisition was
carried out using myQA Accept 9.0, a sophisticated software
package with advanced interface and capabilities.[>*26] Tt
provides a range of tools for accurate data acquisition,
facilitating comparison of measured data with extracted
reference data, as well as dose manipulation and analysis
in single plans and subsets of plans. The software is
compatible with any TPS exporting in DICOM format.
In particular, it supports 3D visualization of dose cubes,
enabling comprehensive dose analysis.

To facilitate meaningful comparisons, both simulated and
measured doses were normalized with respect to their
individual maximum values. Discrepancies between the
Monte Carlo simulations and the experimental measurements
were assessed through the utilization of the mean absolute
error (MAE)?" as well as the gamma index (with criteria set
at 2% dose difference and 2 mm distance-to-agreement).**!

The gamma index method assesses dose agreement
by simultaneously evaluating the dose difference and
spatial positioning between measured and simulated dose
distributions. Specifically, it combines the criteria of dose
difference (2%) and distance-to-agreement (2 mm) into a
single metric that reflects both the accuracy of dose delivery
and its spatial precision. A gamma index value of <I indicates
that the dose at a particular point meets the specified criteria,
showing good agreement between the simulation and
measurement. Conversely, values >1 indicate areas where the
simulation does not meet the established criteria, highlighting
discrepancies in dose distribution. Using both the gamma
index and the MAE, we have evaluated the accuracy of the
simulation results. The gamma index captures localized

doses and spatial discrepancies, particularly in high-gradient
areas, while the MAE provides an overall measure of dose
differences.

ICRP adult male phantom

To quantify neutron dose distribution in high-energy photon
treatments, particularly in prostate radiotherapy, we conducted
a simulation study using the Monte Carlo code G4 Linac
MT.["¥I We evaluated three treatment plans: 3D-CRT with four
fields, 3D-CRT with five fields, and 3D-CRT with seven fields.
The ICRP110 phantom studied was precisely engineered to
reflect the anatomical and radiological properties of an adult
male, based on the chemical compositions and tissue densities
stipulated by ICRP110 standards.!"®!

The adult male ICRP phantom was voxelized in 3D to create
a voxel matrix with dimensions 254 x 127 x 444. A full
description of this phantom is provided in Table 1, including
mass, volume, dimension, and number of organs modeled.
The depiction of the ICRP adult male phantom is illustrated in
Figure 1, depicting various views, including coronal, sagittal,
transverse, and a full 3D view.

We analyzed the impact of neutron dose in a prostate treatment
scenario by employing an 18 MV photon beam, directed
through three distinct treatment plans. Neutrons were captured
through a phase space situated on the surface of the ICRP
adult male phantom. The chosen treatment fields accurately
represented the standard configurations employed in the
majority of practical prostate treatments, with a consistent
source-to-surface distance (SSD) of 90 cm. To reduce the
statistical uncertainties due to the low neutron flux, we have
considerably increased the number of simulated histories,
reaching the value of 5 billion. In addition, phase space
recycling has been implemented, with the process being run a
million times. This approach aims to optimize the distribution
of the neutron dose captured in each voxel. The accuracy of
the simulations depends on a number of factors, including
accurate modeling of the geometry and appropriate use of the
initial parameters. The validity of the geometry is confirmed by
experimental data on the photon dose distribution, reinforcing
the reliability of our results.

Figure 1: Graphical representation of an ICRP adult male phantom presented in coronal, sagittal, and three-dimensional views
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ResuLts anp Discussion

Validation of Monte Carlo simulations by experimental
measurements

Experimental measurements of the depth and lateral dose
distribution in a water phantom were used to validate the
accuracy of the G4 Linac. MT code model for the Elekta
accelerator head. To achieve a high degree of correspondence
with the experimental measurements, the initial parameters of
the Gaussian beam electrons have been optimized.*’ These
electrons are accelerated by a voltage of 18 MV to generate
X-rays by collision with the target material. The electrons
modeled have a mean energy of 15.6 MeV, a sigma energy of
0.4 MeV, and a spot size of 0.5 mm.

The validation of the Monte Carlo simulations through
experimental measurements of the depth and lateral dose
in a water phantom is presented in Figure 2. The phantom
was irradiated at a SSD of 90 cm using irradiation fields of
2 cm % 2 cm, 10 cm x 10 em, and 30 cm x 30 cm. Figure 3
displays the uncertainties of the dosimetric calculations.

Table 1: ICRP male adult phantom: Body composition and
voxel characteristics

phantom parameters Value
Body masse (kg) 73.3
Body volume (cm?) 2.62E05
Number of phantom organs 139
Total number of voxels 14,322,552

Number of voxels in XYZ
Phantom dimension XYZ (mm?)

254x127x444
542.798x271.399x1776
ICRP: International commission on radiological protection

Table 2 presents the gamma index percentages (2%/2 mm)
and the MAE of the comparison between the Monte Carlo
simulations and experimental measurements.

The measurements of the Monte Carlo simulations and
experimental measurements of the depth and lateral dose were
very similar, as shown in Figure 2, which indicates the high
accuracy of the G4 Linac MT code. Table 2 further supports
this conclusion, with the mean absolute dose error and gamma
index (2%/2 mm) indicating that all simulated dose results
agree with the experimental measurements within an error
0f <0.93%.

Statistical uncertainties are <2% in all MC calculations, while
statistical uncertainties for depth dose distributions increase
with depth due to the exponential attenuation of photons.3%3!!
It is also noted that the statistical uncertainties increase in the
build-up region due to the disturbance of the contamination
particles that appear with the photon beam in this region.*?33
For the dose profiles, the statistical uncertainty increases in
the region outside the irradiation field, which is explained by
the fact that the photon flux reaching the edges of the jaws
collimator is low compared to the middle of the field.B” The
geometry of the LINAC Elekta Synergy modeled in 18MV
mode is also validated for other radiation fields presented in
our recently published study.””

Neutron production

The 18 MV photon beam is typically used to irradiate
deep-scated tumors.B*! These high-energy beams are
accompanied by the appearance of other particles created by
the interaction of the X-rays with obstacles when the photons
are collimated toward the surface of the radiation field.['>3
The contaminating particles that appear with photon beams
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Figure 2: Comparison of the depth (top) and lateral (bottom) dose simulated by the G4Linac_MT code with experimental measurements for the

irradiation fields: 2 cm x 2 ¢cm, 10 cm x 10 cm, and 30 cm x 30 cm
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Figure 3: Evolution of statistical uncertainties with the calculated data points associated to the dosimetric functions of the profile dose and PDD

Table 2: Mean absolute dose error and gamma index
(2%/2 mm) for depth dose distribution and lateral dose
in different field sizes

Beam Fields Gamma MAE (%)
index (%)
PDD 2cm x2cm 96.26 0.78
30 cm x 30 cm 96.85 0.74
Profile 2 cm x 2 cm and depth=20 cm 90.24 0.93
10 cm x 10 cm and depth=10 cm 97.01 0.78

PDD: Depth dose distribution, MAE: Mean absolute error

are generally electrons and positrons that are created by the
Thomson—Rayleigh effect, photoelectric effect, Compton
effect, and pair creation effect.*® Moreover, the electrons and
positrons created have enough energy to create ionization
when they interact with different elements of the LINAC
or with patient’s body during the deposition of the photon
dose. 18 MV photon beams are also characterized by the
presence of neutron and proton contaminants. These particles
are created by photonuclear reactions between high-energy
photons (typically >8 MeV) and materials with a high
photonuclear cross section, such as high-Z materials used in
linac components.['*3*37 Photonuclear reactions occur when
the energy of the incident photon exceeds the binding energy
per nucleon within the nucleus, typically >8 MeV, which is
why these reactions are not observed at lower photon energies.
In practical radiotherapy treatments, these particles are not
planned by the TPS,!% but they contribute to the total dose
induced by the 18 MV photon beam.

Using Monte Carlo simulation, we can quantify and evaluate
the neutrons produced by 18 MV radiation. In addition, we
can track the origin of each type of particle created during the

interaction process between the particles and the material. The
construction materials for each element in the LINAC head
are presented in Table 3. The results illustrated in Figure 4
clearly show that neutron production by photoneutron reaction
in LINAC components is directly associated with regions
characterized by high material density. This increased density
enhances the probability of interactions with a larger number
of target nuclei per unit volume, leading to a higher probability
of particle interactions and subsequent neutron production.'3]
The main process behind neutron production is the (gamma, )
reaction, in which high-energy photons, generally in excess of 8
MeV, collide with nuclei of matter, resulting in the emission of
neutrons.?” The relationship between neutron production and
material density can be described by the following equation:

N=dX (1
where:

N is the neutron production rate (number of neutrons per unit
time),

@ is the particle flux (number of incident particles per unit
area per unit time).

2 is the macroscopic cross section for neutron production,
which is the probability per unit path length that a neutron
interaction will occur (cm™). The macroscopic cross section
2 can be expressed as:

L=no 2)
o is the microscopic cross section for neutron production (barn).
n is the number density of target nuclei.

The results presented in Figure 4 show that the majority of
neutrons passing through the phase space come from the
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Figure 4: Neutron production percentage across LINAC components and corresponding densities. The blue histogram represents the percentage of
neutrons generated within individual LINAC components. These percentages are calculated based on the total neutron count collected within a phase
space plane located at 100 cm from the target and for an open irradiation field of 10 cm x 10 cm. The red curve illustrates the density profile of each

LINAC component

Table 3: Material composition of Elekta Synergy linear
accelerator construction alloys: Classified by abundance

LINAC component
Target

Element composition

Tungsten/rhenium alloy

Primary collimator Tungsten/nickel/iron alloy

Difference filter Iron/chromium/nickel alloy
Iron/chromium/nickel/manganese alloy

Mylar

Flattening filter
Ton chamber

Backscatter plate Aluminum/iron/silicon/magnesium alloy
Jaws Tungsten/nickel/iron alloy
MLC Tungsten/nickel/iron alloy

Mirror and screen Mylar
LINAC: Linear accelerator, MLC: Multi-leaf collimators

secondary collimators (jaws) and multi-leaf collimators (MLC),
accounting for around 80% of the total neutron flux. The fact
that neutron production is lower in the target despite its high
density is due to the fact that photons are created in the target,
and a very small percentage of photons can re-enter the target.
In the case of the primary collimator, there are two reasons why
the percentage of original neutrons in the primary collimator
does not exceed 15% in phase space. The first reason is that
the collimator is further away from the phase space, making
it more likely that neutrons will be scattered laterally. The
second is the possibility of neutron absorption in other LINAC
components, preventing neutrons from the primary collimator
from reaching the phase space placed 100 cm from the target.

Neutrons originating from the secondary collimators have the
potential to reach patients during 18 MV beam treatments.
Figure 5 provides a visual representation of the quantification
of neutrons detected relative to photons, describing their
distribution in phase space positioned 100 cm from the target
and exposed to a field size of 10 cm % 10 cm. The figure offers
a comprehensive analysis of particle dynamics in phase space,
focusing specifically on the orientation of neutrons and photons
using the direction parameter ¢, the spatial distribution of

neutrons and photons as a function of radial position, energy
distribution and intensity of neutrons and photons spectrum.

The neutrons produced in the LINAC head detected at
100 cm from the target are classified by energy ranging from
0.005-2.98 MeV. Among them, 87.05% are intermediate
neutrons and 12.95% are fast neutrons. Although we
recognize the potential existence of neutrons with energies in
excess of 2.98 MeV, our study focuses primarily on neutrons
that effectively reach the patient’s body. For this reason, the
detection and classification processes take place at an SSD
of 100 cm. The energy distribution of these neutrons can be
explained by taking into account the influence of photons
reaching the jaws and the MLC [representing 80% of the
origin of detected neutrons, as shown in Figure 4]. These
photons undergo an energy loss when passing through the
flattening filter and the difference filter, which affects the
energy of neutrons generated by photon—neutron reactions.
For the neutrons generated in other LINAC components,
notably, the primary collimator, are more energetic and can
exceed 2.98 MeV, but these neutrons are created far from
the irradiation field opening, and probably diffuse laterally
or lose some of their energy before reaching the patient.
This detected neutron energy is sufficient to cause damage,
neutrons whose energy is between 100 keV and 2 MeV are
20 times more dangerous than photons and electrons.!'?
Neutrons are uncharged particles, and their ionizing effects
result primarily from the secondary charged particles
produced during their interactions with matter, such as
protons, alpha particles, and recoil nuclei. These secondary
particles are characterized by high LET, contributing to
the increased relative biological effectiveness (RBE) of
neutron radiation.”***! The track-averaged LET (LET)) for
these secondary charged particles can be expressed by the
following equation:
_S@.LET

LET, (keV / um) = 0 )

i

678 Journal of Medical Physics | Volume 49 | Issue 4 | October-December 2024 -




Assalmi, ef al.: Photoneutron dose in prostate treatment via 18 MV linac

0 B - |
2 —— Neutrons | 0,0100
—+— Photons
100 w 00075,
7 3z 3
P o e 21 0.0050 2
3 3
200 ‘ 00025
+ 0 0.0000
0 100 200 300 400 0 10 20 30 40 50 60
¢ (Deg) m
—$- Photons 0.0015 ~$- Photons
0.004
w w 0.0010
2 2
% 0.002 H
= © 0.0005
0.000 00000000000 0.0000
o 50 100 150 200 250 0.0 25 5.0 75 10.0 12.5 15.0 17.5
Radial position (mm) Energy (MeV)
le-7 le-7
2.0
—$— Neutrons —$— Neutrons
4 15
w
1 10
§2
05
° 0.0
0.0 0.5 10 15 2.0 25 3.0 0o 50 100 150 200 250
Energy (MeV) E Radial position (mm)
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Where @, represents the fluence of charged particle 7, and the
stopping power LET, is expressed by the equation (4):

LET, (keV / um) = dE, / dx 4)

where dE . is the energy lost by the particle and dx is the distance
traveled in the medium.

In 2007, the ICRP introduced a major update to the radiation
weighting factors (W) to reflect the biological effectiveness
of different types of radiation.””! These factors are used to
calculate the dose equivalent and the effective dose, accounting
for the differences in biological impact. For most radiation
types, including photons and electrons, W is set at a constant
value, independent of energy. However, for neutrons, W,
varies with energy, reaching approximately a value of 20
for neutrons with an energy of around 1 MeV. For high-LET

radiation, such as neutrons and alpha particles, W_reflects
the increased potential for biological damage compared to
low-LET radiation, such as photons and electrons, which cause
less ionization over the same distance.[*”) The mathematical
expression defining the radiation weighting factors for neutrons
is presented below (5):

o) 2501826 fork, <1ter .
5 417" foriMeV <E, <50MeV

To clarify the LET of neutrons produced in the LINAC 18 MV
geometry, Figure 6 shows LET values in a water medium for a
neutron energy spectrum ranging from 0.005 MeV to 6 MeV. It
also illustrates the corresponding weighting factor (W) derived
from the equation (5). Our approach involved calculating the
LET for each step within the water phantom by summing
the energy deposited across all steps within an event and
subsequently dividing it by the cumulative track lengths.

The most significant weighting factor is associated with
neutrons having an energy of approximately 1 MeV, recording
a W _of 20.7. In other words, these neutrons have a biological
impact approximately 20.7 times higher than that of electrons
and photons. This observation is supported by Baiocco et al.,[*!!
who demonstrate that neutrons with energy close to 1 MeV
exhibit higher levels of RBE.

Beyond 2 MeV of neutron energy, the LET begins to stabilize,
with the weighting factor converging to approximately 10 in
the 2 MeV to 20 MeV range. This approximation is based on
calculations performed in 5 keV increments, where W_remains
consistently around this value. Furthermore, for low-energy
neutrons below 10 keV, the weighting factor starts at 2.5 and
gradually increases to 5 as the energy reaches 100 keV.
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Neutron dose

The detected neutrons are recorded and stored in a phase space
database placed at 100 from the target. This phase space is a
file which stores information such as position, kinetic energy,
direction cosine, particle type, and weight of the particle across
a surface. This recorded data is then used for dose calculation,
where the neutron contribution is filtered using the PDG
particle identification code to determine their type. Our study
aimed to quantify the neutron dose in comparison to the total
dose within a water phantom irradiated by an 18 MV LINAC,
with a fixed field size of 5 cm x 5 cm at the central axis of the
beam. The comparison of these dose distributions is depicted
in Figure 7a. Furthermore, our investigation delved into the
ability of detected neutrons to penetrate various materials and
explored their absorption characteristics when exposed to an 18
MYV photon beam, as illustrated in Figure 7b and c. Specifically,
we examined the depth dose distribution in different media,
highlighting the deposition of neutron contamination dose in
the irradiated medium.

Materials considered included water (H,0), lead (Pb),
and cadmium (Cd), which are frequently used for neutron
shielding purposes.l***) In addition, we examined the role
of hydrogen (H) in water, investigating its ability to absorb
neutrons, thereby delaying their speed and reducing their
energy. Hydrogen is an elemental component commonly found
in human soft tissues, including (H, 10.5%), carbon (C, 22.6%),
oxygen (O, 63.7%), and nitrogen (N, 2.34%).

Based on the results presented in Figure 7, we can observe that
the neutron dose initially increases up to a point corresponding
to the maximum dose, and then decreases exponentially as the
depth of the medium increases. The neutron dose contribution
in water can reach a maximum of 1.1% near the surface of
the phantom, decreasing exponentially with increasing depth.

effect on neutrons, particularly low-energy neutrons (87.05%
of detected neutrons are classified as intermediate neutrons).
The high probability of neutron deceleration in water leads to
an increase in dose deposition. However, as depth increases,
the proportional abundance of neutrons decreases, resulting
in a lower contribution to the total dose. These results also
demonstrate the influence of material properties on neutron
dose distribution. It is particularly interesting to note that at
the material surface, the absorbed dose is higher for water and
cadmium than for carbon and lead. This difference in neutron
absorption can be attributed to the inherent properties of each
material.** The unique properties of materials such as water,
characterized by the presence of hydrogen, contribute to a
higher neutron collision cross section in the energy range from
0.005 MeV to 3 MeV (the range of neutrons detected).*! A high
neutron cross section in a material increases the probability
of interactions between neutrons and atomic nuclei, leading
to a reduction in neutron path length and a high neutron dose
deposition. Conversely, materials with lower neutron cross
sections facilitate neutron travel distances before absorption.
In particular, high-density substances such as lead have
comparatively lower neutron cross sections than water, carbon,
and cadmium. As a result, the probability of neutron absorption
is reduced compared to these materials.

To illustrate the relationship between neutron cross-section and
material interaction, the concept of the probability function
P (x) is useful. This function describes the probability of a
neutron undergoing an interaction at a specific depth (x) in
a given medium. This neutron flux represents the number of
neutrons passing through a designated zone per unit of time.
The probability that a neutron can traverse a distance (x) within
a material medium without experiencing any interaction is
governed by the equation:

. . . . -Zx
This phenomenon is attributed to water’s powerful moderating P (x)= €™ (6)
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Figure 7: Neutron dose contribution and neutron depth dose in different media. (a) Comparison of neutron dose contribution to total dose in a water
phantom irradiated by an 18 MV LINAC with a 5 x 5 cm? field size at the central axis of the beam. (b and c) Investigation of neutron penetration and
absorption characteristics in various media. (d) Neutron dose contribution in water compared with total dose from an 18 MV LINAC beam. Depth
dose distributions depicted for water (density: 1 g/cm3), carbon (density: 2.2 g/cm3), lead (density: 11.4 g/cm3) Cadmium (density: 8.65 g/cm3),

Hydrogen (density: 0.084 mg/cm®), and Nitrogen (density: 1.165 mg/cmd)
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The macroscopic cross section () is related to the microscopic
cross section (6) and the atom number density (N) by
equation (2).

We can deduce the probability of the neutron interacting with
matter nuclei by the quantity P (x) dx:

P(x)dx =™ ydx (7

Using the expression provided in equations (6) and (7), we can
determine the mean free path covered by a neutron between
successive collisions. This value corresponds to the mean free
path and is obtained by evaluating the average distance x that
a neutron traverses without experiencing any interactions,
across the entire distribution of interaction probabilities. We,
therefore, deduce the mean free path equal to the inverse of
the macroscopic cross section, we express it in centimeters:

1
A== 8
s ®)
For water, the relatively higher macroscopic cross-section (Z)
stems from its hydrogen composition [Figure 8]. Consequently,
the mean free path for neutrons in water is shorter compared
to lead.

In equation (6), the exponential term will be lower for water
due to its higher Z. This signifies that the probability of neutron
travel without interactions at a certain depth (x) is greater for
lead in comparison to water.

In Figure 8, we have provided a representation of the
cross-sectional profiles for eight selected materials, effectively
demonstrating the various interactions that LINAC 18 MV
neutrons undergo within these materials. The figure highlights
the neutron processes in the constitution of the total cross
section. This visual representation highlights the ability of
neutrons from the 18 MV photon beam originating from the
medical accelerator to penetrate the LINAC shielding and the
patient’s body during treatment.

Neutron dose contribution during prostate treatment
The objective of this study is to quantitatively assess the
neutron dose contribution during the treatment of prostate
tumors using an 18 MV photon beam. In addition, the study
aims to compare the neutron contribution across different
treatment plans. Specifically, three distinct treatment plans
are investigated: 4-field 3D-CRT, 5-field 3D-CRT, and 7-field
3D-CRT.

Figure 9 presents a visual representation of the dose heat map
in a two-dimensional slice for each of the aforementioned
treatment plans using an 18 MV photon beam. In the context
of the 4-field 3D-CRT plan, the prostate receives irradiation
from two lateral angles positioned at 90° and 270°, as well as an
anterior angle at 0° and a posterior angle at 180°. In the 5-field
3D-CRT approach, the prostate is irradiated from four lateral
angles situated at 60°, 120°, 240°, and 300°, accompanied by
an additional anterior angle at 0°. In the case of the 7-field
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Figure 8: Cross section of materials over a neutron energy range from 0.005 MeV to 3 MeV. This representation illustrates the cross-section associated
with individual neutron processes, as well as the total combined cross-section. This data is extracted from MC Geant4 and the NIST database
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Figure 9: Comparison of prostate cancer treatment plans in the ICRP adult male phantom. The visualization represents dose distribution maps for
different treatment plans in different views, including coronal, sagittal, and transverse planes. Left image: three-dimensional (3D) conformal plan with
4 fields, Middle image: 3D conformal plan using 5 fields, Right image: 3D conformal plan using 7 fields. Across all scenarios, a uniform field size of

7 cm x 7 cm is maintained

3D-CRT, the gantry angles are projected at 35°, 80°, 140°,
180°, 220°, 280°, and 325°. The map view provides a clear
illustration of the spatial distribution of radiation dose in the
prostate region.

To accurately assess the contribution of neutrons to the
overall deposited radiation dose, we performed an analysis
of the dose distribution in each organ of the ICRP adult male
phantom [Figure 10]. To achieve this objective, the irradiation
fields are filtered by other particles and only the neutron
sources collected with the 18 MV beam are introduced into the
treatment plans to precisely quantify the neutron dose fraction
in relation to the overall dose.

Quantifying organ-specific doses makes it possible to visualize
the impact of neutrons in each treatment plan.

In Figure 10, we have highlighted the organs with sufficient
neutron flux, focusing on those where the statistical uncertainty
in the Monte Carlo dose calculation remains below 2%. An
important observation drawn from the outcomes depicted in
Figure 10 is the distinct decrease in neutron dose contribution
in each organ for the 3D-CRT treatment plan (5 fields)
compared to the 3D-CRT (4 fields) and 3D-CRT (7 fields)
treatment plans. Moreover, a significant convergence of
neutron contributions becomes evident between the 3D-CRT
(4 fields) and 3D-CRT (7 fields) modalities in all organs shown
in Figure 10.

It is also clear that neutrons exert a significant influence on the
overall dose in organs located at a distance from the irradiation
fields. This is due to the predominant generation of neutrons
in the secondary collimators and the MLC [Figure 4]. As a
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Figure 10: Neutron dose contributions across various organs and body regions for three treatment plans: Three-dimensional conformal
radiotherapy (3D-CRT) (4 Fields), 3D-CRT (5 Fields), and 3D-CRT (7 Fields). The percent dose contribution is graphically depicted for each treatment

plan, accompanied by uncertainty dose errors illustrated as bars

result, these neutrons exhibit a higher lateral dispersion, a
feature highlighted by their radial positioning illustrated in
Figure 5. The neutron dose fraction remains minimal in the
prostate and bladder, which is explained by the high photon
dose prevailing in the irradiation fields. Conversely, it should be
noted that neutrons exert a more significant influence in body
regions with abundant bone structures, notably the ribs, femur,
tibia, fibula, patella, and spine. The increased contribution
observed in bone regions can logically be attributed to the
dense composition of bone materials, which consequently
increases neutron dose deposition.

The collective neutron dose contribution to all body regions
except organ contents amounts to 0.63%, 0.33%, and 0.77%
for the corresponding treatment plans of 3D-CRT (4 fields),
3D-CRT (5 fields), and 3D-CRT (7 fields). The diminished
neutron contribution in the 3D-CRT (5 fields) approach can
be rationalized by the omission of the posterior field and the
utilization of lateral fields inclined at a 60° angle, strategically
avoiding irradiation of the spine and femurs.

Neutron-specific absorbed fractions (SAFs)

Neutron emissions from high-energy photon beams, such
as those produced by an 18 MV LINAC, pose a significant
challenge in radiotherapy due to their high LET and RBE, both
of which are considerably higher than those of photons. Unlike
other secondary particles, neutrons can penetrate deep into
tissues, depositing energy and causing substantial biological
damage even at low doses. Studies, including Assalmi
and Diaf,[''! have demonstrated that secondary neutrons
generated from the LINAC head are capable of depositing
doses both within and outside the primary irradiation field.
Their results also indicated that neutron energies can reach
up to 0.5 MeV in organs such as the lung and trachea during
scenarios such as breast treatment, highlighting the deep
tissue penetration capability of these particles. In this study,
we focus on estimating the potential biological implications
and radiation dose distributions for various organs and tissues.

This investigation specifically addresses the underestimated
internal dosimetric impact of neutron radiation by calculating
specific absorbed fractions (SAFs)“®! for neutron energies
ranging from 0.005 MeV to 3 MeV. This factor is commonly
used in radiation dosimetry to estimate the absorbed dose in
different organs and tissues due to the interaction of ionizing
radiation.*4”) Although SAFs are generally used in internal
dosimetry to quantify the ratio of energy absorbed in a target
tissue to the energy emitted by a source, we used it in this study
to evaluate self-irradiation scenarios-specifically, to quantify
how much energy can be absorbed by each organ-at-risk, based
on the scenario where neutrons of these energy levels reach the
organ. This approach allows us to assess the absorbed energy
within target organs, such as the pancreas, liver, spleen, and
prostate, when exposed to neutron energies.

The evaluation of specific absorbed fractions (SAF) is carried
out using the InterDosi code,*! with a simulation of 3.108
histories numbers. We have validated this code using electron
and photon particles against the reference data provided
by the OpenDose collaboration.[*! This validation process
encompasses scenarios where the four identified organs
experience self-irradiation from electrons and photons with
energies of 1 MeV and 2 MeV. The results of this validation
are presented in Table 3, where a comparison is made between
our outcomes and the reference results calculated by the GATE
code. This comparative analysis allows us to evaluate the
alignment and agreement between our findings and established
benchmarks, thereby enhancing the credibility and significance
of our results.

According to the results detailed in Table 4, the results obtained
by Monte Carlo calculations using the InerDosi code show
good agreement with the corresponding reference values. This
agreement is particularly strong, with deviations of < 0.37%
and 0.73% for electrons and photons, respectively. This low
deviation underlines the high degree of confidence in the
reliability and accuracy of our research results.
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The study of specific absorption fraction (SAF) calculations on
neutrons generated by a medical linear accelerator operating in
18 MV mode is presented visually in Figure 11. In this figure,
SAFs are shown as a function of energy, covering the range
from 0.005 MeV to 3 MeV. The figure further explains the
interaction between SAFs and the mass and density of each
separate target organ.

The main observation arising from the SAF results presented
in Figure 11, specifically concerning the self-irradiation of the
four organs, is as follows: for all organs, there is a decrease
in SAF values as neutron energy increases. An exception can
be noted in the case of the prostate at 0.5 MeV, where a minor
increase occurs, as well as in the lungs, where SAF shows a
slight increase at 3 MeV compared to 2.5 MeV. We also observe
that the decreasing rate of SAF gradually stabilizes as energy
increases. The reason for these effects can be attributed to
fluctuations in neutron cross section in the organ materials,
as shown in Figure 8. Indeed, the prostate, despite having a
lower mass compared to other organs, has higher SAF values,
calculated as the ratio of energy absorption per organ mass.
Consequently, SAF values among the four studied organs
are inversely correlated with their masses. This principle can
be extrapolated to the majority of other organs specifically,
organs with lower mass have relatively higher SAF values.
This underlines the importance of organ-specific characteristics

in neutron dosimetry assessments. It is important to note that
higher SAF values do not necessarily indicate greater energy
absorption within the organ. Figure 12 illustrates the ratio
between energy absorbed and energy emitted within the organ.
Notably, higher absorption rates are observed in the kidneys
and lungs. This can be attributed to the larger volumes of
these organs, leading to increased interaction with emitted
neutrons and subsequently greater energy deposition. The
situation is especially marked in the case of bladders, where
we have simulated the urinary bladder wall. Absorption rate
also decreases as neutron energy increases, indicating that
the probability of neutrons passing through the material
without energy deposition also increases, due to the cross
section [Figure 8].

CONCLUSION

This study explores the impact of photo—neutron doses from
neutrons in an 18 MV medical linear accelerator. Using advanced
Monte Carlo simulations, we have investigated in detail the
presence, characteristics, and impact of photoneutrons in
prostate treatment scenarios. The accuracy of the Monte Carlo
simulations was validated by experimental measurements,
showing a high level of agreement between simulated and
measured dose distributions. This high agreement confirms
the reliability of our simulation approach, which enables us

Table 4: Self-irradiation specific absorption fractions within an ICRP adult male phantom for monoenergetic electrons
and photons at 1 MeV and 2 MeV: Comparative analysis with OpenDose collaboration reference data calculated using

the GATE Monte Carlo code

Energy Organ Electrons Photons

(MeV) This study OpenDose Difference (%) This study OpenDose Difference (%)

1 Liver 0.53567 0.53545 0.04 0.08422 0.08373 0.59
Prostate 50.41720 50.35680 0.12 1.83477 1.82498 0.54
Spleen 6.14346 6.13766 0.09 0.43719 0.43442 0.64
Pancreas 6.55266 6.54770 0.08 0.44889 0.44563 0.73

2 Liver 0.51588 0.51540 0.09 0.06867 0.06857 0.15
Prostate 42.52580 42.36915 0.37 1.31932 131316 0.47
Spleen 5.64226 5.62824 0.25 0.33949 0.33909 0.12
Pancreas 5.95798 5.94232 0.26 0.34742 0.34687 0.16

SAFs are expressed in kg '. SAFs: Specific absorbed fractions, ICRP: International commission on radiological protection
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Figure 11: Analysis of the specific absorption fraction (SAF) for neutrons emitted by the 18 MV LINAC. (a) SAFs in relation to energies ranging from
0.005 MeV to 3 MeV are presented, which relates to self-irradiation scenarios in the bladder, kidney, lung, and prostate. (b) The figure gives an overview
of the mass, volume, and density attributes of the respective organs, to understand their characteristics and their interaction with SAF values
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to accurately model real conditions and explore scenarios
that are not possible to reproduce experimentally. Neutron
penetration and cross-section interaction in various media
help us to understand their distribution and potential risks. By
quantifying neutron contributions in distinct prostate treatment
plans, we provide valuable insights into the interaction between
high-energy photon beams and secondary neutrons. Our results
demonstrated the decrease in neutron dose contribution in the
case of CRT-(5Fileds). In addition, the quantification of specific
absorbed fractions in the organs irradiated by the detected
neutrons adds a further degree of precision to the assessment
of potential organ-specific effects. In particular, the observed
decrease in SAFs with increasing neutron energy underlines
the importance of neutron considerations in 18 MV beams.
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