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Abstract: In proton accelerator facilities, interactions between high-energy protons and target materials lead to the production
of secondary neutrons over a broad energy spectrum. These neutrons generate complex radiation fields within accelerator
tunnels and surrounding structural components, resulting in significant dose contributions with direct implications for
personnel and environmental safety. In this study, the effects of concrete enhanced with ferroboron and boron carbide (B, C)
additives at concentrations of 5%, 10%, and 15% on secondary neutron dose distributions were investigated using FLUKA
Monte Carlo simulations. The simulations were performed under proton beam loss scenarios at an energy of approximately
1000 MeV, and the shielding performance of the materials was evaluated by calculating the ambient dose equivalent, H*(10).
The results demonstrate that boron-enhanced concretes provide a substantial improvement in neutron attenuation compared
with standard concrete, thereby contributing to the development of effective and optimized shielding designs for proton
accelerator facilities. This study offers a valuable reference for radiation protection considerations in high-energy accelerator
environments.
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1. Introduction

In proton accelerator facilities, the interaction of high-energy protons with target materials leads to the production
of secondary neutrons spanning a wide energy spectrum. These neutrons generate complex radiation fields within
accelerator tunnels and surrounding structural components, resulting in significant dose contributions that pose
serious concerns for personnel safety and environmental protection [1-4]. In particular, secondary neutron fields
produced under proton energies on the order of 1000 MeV and beam loss scenarios are of critical importance due
to the high radiation levels involved and the stringent shielding requirements they impose. Consequently, accurate
modeling and effective control of secondary neutrons are essential for both the design phase and the safe operation
of proton accelerator facilities [5-7]. The dose distributions generated by secondary neutrons in accelerator
environments must be carefully evaluated not only to ensure occupational safety but also to protect the surrounding
environment and public health. For this reason, the development of effective shielding solutions to control and
mitigate accelerator-induced radiation remains a key objective within the framework of international radiation
protection standards and regulations. In shielding design, the neutron attenuation performance of materials is
optimized in conjunction with economic and structural considerations to achieve cost-effective yet reliable
radiation protection solutions [1, 6-10]. In the radiation shielding design of proton accelerator facilities, the neutron
attenuation and dose reduction capabilities of various materials are taken into account. Standard concrete is one of
the most widely used shielding materials due to its high mechanical strength, cost-effectiveness, and inherent
neutron attenuation properties [8-14]. However, to further enhance the shielding performance of concrete against
neutron and gamma radiation, different additives are incorporated into the concrete matrix at specific weight
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fractions. In particular, additives such as iron, ferroboron (FeB), and boron carbide (B, C) have been shown to
significantly improve neutron attenuation performance. Iron contributes to enhanced photon and particle
attenuation owing to its high atomic number and density, while boron-containing compounds such as ferroboron
and boron carbide exhibit high efficiency in capturing thermal and low-energy neutrons. As a result, the energy-
dependent shielding performance of concrete-based materials can be optimized, enabling effective attenuation of
neutrons over a broad energy range [1, 6, 8-15]. Experimental studies on radiation shielding design are often
limited due to high costs and complex implementation conditions. Therefore, Monte Carlo—based particle transport
simulations are widely employed in the design and optimization of shielding systems for proton accelerator
facilities. The FLUKA Monte Carlo simulation code, which incorporates detailed physical models for high-energy
hadronic interactions and offers advanced capabilities for complex geometry definitions, enables accurate
modeling of secondary neutron production, transport, and interactions with matter. In particular, ambient dose
equivalent values (H*(10)) calculated using the FLUKA USRBIN scoring module serve as a critical indicator for
the development of shielding designs that comply with radiation protection standards in accelerator
environments.[15-19]. In this study, the effects of concrete configurations doped with 5%, 10%, and 15%
ferroboron and boron carbide on secondary neutron dose distributions are systematically investigated using
FLUKA-based simulations. The results reveal the influence of different additive types and concentrations on
shielding performance and provide valuable insights for the development of safe, efficient, and optimized shielding
designs in proton accelerator facilities. Accordingly, this work aims to contribute to the existing literature while
also serving as a relevant reference for radiation safety considerations in the design of future high-energy
accelerator installations.

2. Materias and Methods

In this study, a tunnel-type shielding geometry was constructed to evaluate the dose distributions of secondary
neutrons generated under abnormal operating conditions in proton accelerator facilities with a proton energy of
1000 MeV. The shielding configuration consisted of standard concrete and concrete doped with boron carbide
(B4 C) and ferroboron (FeB) at weight fractions of 5%, 10%, and 15%. All shielding calculations and dose
evaluations were performed using the FLUKA Monte Carlo particle transport code, employing versions 2011.2b
and 2011.2c. The simulation framework was designed to accurately model secondary neutron production,
transport, and interactions within the tunnel environment and surrounding shielding materials.

2.1 FLUKA Monte Carlo Simulation Design and Data Generation

The tunnel model was developed to investigate neutrons generated by the interaction of protons with a copper
target under abnormal operating conditions. The proton beam was treated as a point source, and the abnormal
operating scenario was modeled as a point beam loss. The corresponding beam loss was set to 10 W, which is
equivalent to 6.24 x 10'3 protons per second [1, 3, 10]. The proton energies and beam loss parameters used for the
calculation of dose equivalents under abnormal operating conditions are summarized in Table 1.

Table 1. Beam energy and loss used in shielding design.

Beam Energy Beam Loss
(MeV) (p/s)
1000 0.624x101

To ensure that the dose rate outside the tunnel shielding surrounding the copper target remains below the prescribed
regulatory limits, the shielding thickness in the simulation geometry was deliberately selected to be sufficiently
large. A spherical geometry with a radius of 25 m was defined to allow for comprehensive particle transport and
interaction within the surrounding environment. To terminate particle tracking and prevent artificial
backscattering, a 1 m thick black-body boundary was implemented at the outermost layer of the sphere.Standard
concrete and concrete mixtures doped with B, C and FeB at weight fractions of 5%, 10%, and 15% were employed
as shielding materials, while the total shielding thickness was fixed at 24 m. Within the spherical shielding volume,
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an air-filled tunnel with dimensions of 5 m x 5 m x 10 m was explicitly modeled to represent the accelerator tunnel
region. A simplified schematic of the shielding geometry adopted for the numerical simulations is presented in
Figure 1.

Figure 1. Simplified geometry of the shielding configuration showing the cross-sectional view of the tunnel and
surrounding shielding layers (left) and the longitudinal side view (right). The x-axis represents the horizontal direction,
while the z-axis corresponds to the proton beam direction.

During proton transport within the tunnel, copper was selected as the target material in regions where beam losses
are expected to be concentrated, particularly on the inner surfaces of accelerator components. The target was
modeled as a rectangular copper block with dimensions of 5 cm % 5 ¢cm x 5 cm. In order to determine the maximum
dose levels, a point source was positioned at the geometric center of the copper target. Furthermore, to prevent
direct activation of the shielding material due to beam interaction, the beam axis was located at a distance of 2.5
m from the side walls and 4 m from the upper wall of the tunnel.Due to the statistical nature of Monte Carlo
simulations, a large number of particle histories is required to achieve high accuracy. Therefore, to reduce
statistical uncertainties, five independent simulation runs were performed using different random number
sequences, each consisting of 6 x 10® primary particles. Owing to the large number of high-energy particles and
the computational intensity of the simulations, all calculations were carried out using the TR-GRID national high-
performance computing infrastructure.The simulation outputs were analyzed in detail using the FLUKA output
files. The USRBIN scoring card was employed to evaluate dose values at various locations within the tunnel air
and across different thicknesses of standard concrete as well as B, C- and FeB-doped concrete shielding materials.
The detector dimensions were defined as 3400 cm, 3000 cm, and 1900 cm along the x-, y-, and z-axes, respectively,
with corresponding numbers of bins set to 340, 300, and 190. This configuration resulted in detector voxel volumes
of 10 x 10 x 10 cm?.In the FLUKA simulations, particle fluences were converted into dose equivalents using
FLUKA'’s built-in fluence-to-dose conversion coefficients through a convolution method applied within the
USRBIN scoring framework. The proton energy was fixed at 1000 MeV, and the resulting dose distributions were
visualized and analyzed using FLUKA’s graphical user interface, FLAIR. Figures 2(a-b) present the dose
distribution profiles of secondary neutrons generated by the interaction of 1000 MeV protons with the target
material along the x-axis, both within the tunnel air environment and across the surrounding shielding, for different
shielding materials. Specifically, Figure 2(a) illustrates the results for standard concrete and concrete doped with
5%, 10%, and 15% boron carbide (B, C), while Figure 2(b) corresponds to standard concrete and concrete doped
with 5%, 10%, and 15% ferroboron (FeB). The dose rate (H) is expressed in micro sieverts per hour (uSv/h), and
the radial distance (x) is given in centimeters (cm). Figure 4(a-d) illustrates the variation of the ambient dose
equivalent rates of secondary neutrons produced by 1000 MeV proton-target interactions as a function of radial
distance from the target center, evaluated both inside the tunnel air environment and within the surrounding
shielding material. In all subfigures, a pronounced decrease in dose equivalent rates is observed with increasing
radial distance. This general trend can be attributed to the combined effects of the geometric dispersion of the
neutron flux and the multiple scattering, moderation, and absorption processes occurring within the shielding
materials.
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Figure 2(a-b). Comparative representation of the radial distance—dependent ambient dose equivalent rates of secondary

neutrons generated by the interaction of 2000 MeV protons with the target material: (a) standard concrete and concrete

doped with 5%, 10%, and 15% boron carbide (B, C), and (b) standard concrete and concrete doped with 5%, 10%, and
15% ferroboron (FeB).

Figure 4. Comparative presentation of the radial distance—dependent ambient dose equivalent rates of secondary neutrons
generated by 1000 MeV proton—target interactions, evaluated within the tunnel air and the surrounding shielding: (a) air
environment for B, C-doped concrete, (b) shielding environment for B, C-doped concrete, (c) air environment for FeB-
doped concrete, and (d) shielding environment for FeB-doped concrete.

For the tunnel air environment (Figs. 4a and 4c), the dose values are highest in regions close to the target and
decrease progressively with radial distance for all shielding configurations. Standard concrete yields the highest
dose levels, particularly near the target, whereas concretes doped with B, C and FeB exhibit a noticeable reduction
in air-borne dose levels. Although the dose reduction achieved with a 5% additive content is relatively limited, it
remains consistent compared to standard concrete. Increasing the additive ratio to 10% and 15% results in a more
pronounced reduction in dose values, indicating enhanced neutron attenuation.The results obtained within the
shielding material (Figs. 4b and 4d) more clearly demonstrate the effectiveness of the boron-based additives. While
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standard concrete exhibits relatively high dose levels within the shielding, concretes containing B, C and FeB
show a substantial decrease in dose equivalent rates across all radial distances. In particular, shielding
configurations incorporating 15% B, C and FeB provide the lowest dose values throughout the shielding volume,
indicating superior attenuation performance. The improved shielding efficiency of B, C-doped concrete can be
attributed to the high thermal neutron capture cross section of boron, which is especially effective for absorbing
low- and intermediate-energy neutrons. In contrast, FeB-doped concrete combines the neutron absorption
capability of boron with the high density and scattering efficiency of iron, thereby contributing to the moderation
of higher-energy neutrons. Overall, the results clearly demonstrate that increasing the boron-based additive content
systematically enhances neutron shielding performance, leading to more effective radiation protection compared
to standard concrete in both the tunnel air and shielding environments.

3. Results and Discussion

In this study, the ambient dose equivalent distributions generated by secondary neutrons produced through the
interaction of 1000 MeV protons with a copper target were analyzed using FLUKA Monte Carlo simulations, both
within the tunnel air environment and across the surrounding shielding materials. The shielding performances of
standard concrete and concrete doped with different fractions of B, C and FeB were comparatively evaluated
along both the linear direction (x-axis) and the radial distance from the target.Figures 2(a—b) present the dose
distributions obtained along the x-axis within the tunnel air environment and inside the concrete shielding for a
proton energy of 1000 MeV. For the standard concrete shielding configuration, relatively high dose levels are
observed in regions close to the target, whereas a pronounced reduction in dose values is evident for concretes
containing boron-based additives. In particular, increasing the additive content to 10% and 15% results in a much
steeper decrease in dose levels compared to standard concrete. This behavior can be attributed to the high thermal
neutron capture cross section of boron, which enables efficient absorption of secondary neutrons.Figures 4(a—d)
illustrate the variation of radial ambient dose equivalent values of secondary neutrons as a function of the distance
from the target center. In all subfigures, a monotonic decrease in dose equivalent values is observed with increasing
radial distance for all shielding materials. This trend arises from the combined effects of the geometric dispersion
of the neutron flux and the multiple scattering, moderation, and absorption processes occurring within the shielding
materials. The radial dose profiles obtained for standard concrete exhibit higher dose levels, particularly in regions
close to the target, whereas significantly lower dose values are achieved across all radial distances for B, C- and
FeB-doped concretes. Although the dose reduction achieved at a 5% additive ratio is relatively limited, it provides
a consistent improvement compared to standard concrete. As the additive content increases to 10% and 15%, the
reduction in dose becomes substantially more pronounced. These results indicate that increasing the boron content
strengthens the neutron absorption mechanism and significantly reduces the dose contribution from secondary
neutrons.FeB-doped concretes demonstrate particularly notable performance in terms of moderating high-energy
neutrons. The high density and scattering capability of iron contribute to the reduction of neutron energy, while
the boron component within ferroboron efficiently captures the moderated neutrons. In contrast, B, C-doped
concretes exhibit a more dominant effect in the absorption of low- and intermediate-energy neutrons. This
distinction reveals that the two additives provide complementary shielding behavior across different neutron
energy ranges.Overall, the concrete shielding configurations containing 15% B, C and FeB vyield the lowest
ambient dose equivalent values across all radial distances, both within the tunnel air environment and inside the
shielding material. The results clearly demonstrate that increasing the fraction of boron-based additives
systematically enhances neutron shielding performance and provides more effective radiation protection compared
to standard concrete. These findings offer valuable guidance for the development of safe, efficient, and optimized
shielding designs in high-energy proton accelerator facilities. Similar works reported in the literature [20-23].

4. Conclusion

In this study, the ambient dose equivalent distributions generated by secondary neutrons produced through the
interaction of 1000 MeV proton beams with target materials were comprehensively evaluated using FLUKA
Monte Carlo simulations for accelerator tunnels and the surrounding shielding structures. By comparatively
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analyzing standard concrete and concrete shielding configurations doped with different fractions of B, C and FeB,
the effects of boron-based additives on neutron shielding performance were quantitatively assessed.The obtained
results demonstrate that concretes enriched with boron-containing additives significantly reduce secondary
neutron—induced dose levels compared to standard concrete. In particular, increasing the additive content leads to
lower ambient dose equivalent values both within the tunnel air environment and inside the shielding material.
This behavior indicates the presence of an effective attenuation mechanism arising from the combined action of
boron’s neutron capture capability and the interaction processes occurring within the concrete matrix.A
comparative evaluation of B, C- and FeB-doped concretes reveals that the two materials exhibit complementary
shielding behavior across different neutron energy ranges. FeB-doped concretes provide an advantage in
moderating high-energy neutrons, whereas B, C-doped concretes are more effective in absorbing low-energy
neutrons. These characteristics suggest that the use of boron-based additives at appropriate ratios enables the
optimization of shielding designs according to specific radiation scenarios.In conclusion, this study demonstrates
that boron-doped concretes represent a strong and effective alternative for controlling neutron-induced radiation
under beam loss scenarios encountered in proton accelerator facilities. The presented findings contribute to the
development of more efficient, reliable, and optimized shielding solutions from a radiation protection perspective
and provide a solid foundation for future studies involving different proton energies, shielding thicknesses, and
hybrid material configurations.
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