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Abstract:

High-energy proton accelerators generate high-energy neutrons through spallation
processes, and these neutrons represent one of the most challenging particle types in terms
of radiation shielding. In this study, secondary neutron dose distributions in the tunnel air
environment at different distances and within the surrounding shielding structures were
calculated for a 1000 MeV proton accelerator using FLUKA Monte Carlo simulations.
Standard concrete, ferroboron (Fe2B), and concrete doped with 20% Fe.B were considered
as shielding materials, and their shielding performances at various thicknesses were
comparatively evaluated. The simulation results demonstrate that Fe.B provides superior
shielding performance compared to standard concrete and 20% Fe.B-doped concrete,
owing to its high effectiveness in moderating fast neutrons and absorbing thermal neutrons.
In addition, an increase in shielding thickness was found to significantly reduce the
measured dose levels. The findings indicate that Fe.B-based materials constitute an
effective and viable alternative for optimized shielding design in high-energy proton

accelerator facilities.

1. Introduction

High-energy proton accelerators play a critical role
in a wide range of advanced technological
applications, including fundamental particle
physics research, the development of intense
neutron sources, medical isotope production, and
radiation resistance testing [1-3]. In such systems,
complex and multi-stage nuclear reactions occur as
a result of interactions between protons with
energies typically on the order of approximately 1
GeV and the target material. Among these
reactions, the most prevalent is the spallation
process, which consists of successive stages
including the intranuclear cascade (INC), pre-
equilibrium emission, and evaporation. During the
early stages of spallation, high-energy protons
penetrating the target nucleus undergo multiple
collisions with nucleons, leading to the emission of
secondary particles with a broad energy spectrum,
particularly neutrons. These neutrons, especially
those with high-energy components, pose
significant radiological risks through both direct
and indirect exposure pathways [4,5].

Because neutrons carry no electric charge, they do
not interact via electromagnetic forces and can

therefore travel considerable distances within
materials compared to other types of ionizing
radiation. This characteristic makes neutrons one
of the most challenging radiation types to shield
against. Effective control of neutron radiation
originating from proton accelerators is essential to
ensure personnel safety, protect accelerator
components from radiation-induced damage, and
maintain environmental radiation levels within
permissible limits. In this context, the design of
efficient neutron shielding systems represents a
fundamental engineering requirement in high-
energy accelerator facilities [4, 6, 7].

Conventional concrete, which is widely used in
neutron shielding applications, contains medium-
weight elements that are effective in moderating
fast neutrons, as well as light elements that
contribute to the attenuation of low-energy
neutrons [8]. However, due to their relatively low
density, standard concrete requires large structural
thicknesses to achieve sufficient shielding
performance, thereby limiting both structural
efficiency and economic feasibility. The
fundamental approach to neutron shielding
involves the moderation of fast neutrons using
hydrogen-rich materials and the absorption of
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thermal neutrons by elements with high neutron
capture cross sections [5,9]. Accordingly,
specialized concrete mixtures with enhanced
shielding performance have been developed by
incorporating high-density iron and boron-
containing ferroboron (FeB, Fe.B), which is highly
effective in neutron absorption, into standard
concrete compositions [1,5, 10, 11]. These
modified concretes not only provide more effective
shielding across a broad neutron energy spectrum
but also enhance radiological safety in accelerator-
based nuclear facilities and contribute to the long-
term  mechanical durability of structural
components [12, 13].

Monte Carlo-based particle transport codes, such
as FLUKA, GEANT4, MCNPX, and PHITS, are
widely employed in the design and optimization of
radiation shielding systems. These computational
tools offer high accuracy and reliability in
determining  dose  distributions,  modeling
secondary radiation production, and calculating
optimal shielding thicknesses [5, 14, 15].

In this study, current approaches to the shielding of
secondary neutrons generated by spallation
processes in 1000 MeV proton accelerators are
investigated. The neutron shielding performances
of standard concrete, Fe.B, and concrete doped
with 20% Fe:B are comparatively analyzed using
FLUKA Monte Carlo simulations. Dose
distributions within the tunnel air environment and
inside the surrounding shielding structures are
evaluated to identify the most effective shielding
material.

2. Material and Methods

Within the scope of this study, a tunnel-type
shielding geometry was modeled to estimate the
dose distributions of secondary neutrons generated
under abnormal operating conditions in accelerator
facilities employing 1000 MeV proton beams.
Standard concrete, Fe2B, and concrete doped with
20% Fe.B were considered as shielding materials.
The shielding design and dose calculations were
carried out using the FLUKA Monte Carlo
simulation code, versions 2011.2b and 2011.2c.

2.1 Simulation Design and Data Generation
Using the FLUKA Monte Carlo Code

The tunnel design was developed to account for
neutrons generated by proton interactions with a
copper target under abnormal operating conditions
of the accelerator. The proton beam was modeled
as a point source. In order to ensure that the dose
rate outside the tunnel shielding surrounding the
copper target remained below the maximum
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permissible limits, a sufficiently large shielding
thickness was selected in the simulation geometry.
In the geometric definition of the model, a
spherical geometry with a radius of 25 m was
defined to allow particle interactions within the
specified environment. A 1 m thick black-body
boundary was applied to the outer layer of this
sphere to terminate particle tracking. Standard
concrete, Fe:B, and concrete doped with 20% Fe.B
were employed as shielding materials, and the total
shielding thickness was set to 24 m. Within this
spherical geometry, a tunnel filled with air and
having dimensions of 5 m X 5 m x 10 m was
modeled.

During proton transport inside the tunnel, copper -
commonly wused for the inner surfaces of
accelerator components in regions where beam
losses occur - was selected as the target material.
The target was modeled as a rectangular copper
block with dimensions of 5 cm x 5 cm x5 cm. To
determine the maximum dose levels, a point source
was positioned at the geometric center of the
copper target. Furthermore, to prevent direct
interaction and activation of the shielding material
by the proton beam, the beam axis was positioned
at distances of 2.5 m from the side walls and 4 m
from the upper wall.

Due to the statistical nature of the Monte Carlo
method, a large number of particle histories are
required to achieve high accuracy. Accordingly, to
reduce statistical uncertainties in the calculations,
the simulations were performed in five independent
cycles using different random number seeds, each
consisting of 6x10® primary particles. Owing to the
high particle energy and large number of histories,
the simulations required substantial computational
resources and were carried out on the TR-GRID
national high-performance computing cluster.

The simulation outputs were analyzed in detail
using FLUKA output files. To determine dose
values at different distances within the tunnel air
environment and across varying thicknesses of
standard concrete, Fe.B and 20% Fe;B-doped
concrete shielding, the USRBIN detector card was
employed. The detector dimensions were defined
as 3400 cm, 3000 cm, and 1900 cm along the x, y
and z - axes, with corresponding bin numbers of
340, 300, and 190. This configuration resulted in
detector voxel dimensions of 10x10x10 cm?.

In the FLUKA simulations, dose equivalents were
calculated using the USRBIN scoring card by
convoluting particle fluence with the fluence-to-
dose-equivalent conversion coefficients
implemented in FLUKA. The proton energy was
set to 1000 MeV, and the resulting dose
distributions were visualized and analyzed using
FLUKA’ s graphical user interface, FLAIR. The
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dose distribution curves of secondary neutrons on
the xy-plane, generated by proton-target
interactions at a proton energy of 1000 MeV in the
tunnel air environment and within different
surrounding shielding materials, are presented in
Fig.1(a-c) for the following  shielding
configurations: (a) standard concrete, (b) Fe.B, and
(c) concrete doped with 20% Fe,B.

Figure 1. xy-plane dose distribution of secondary
neutrons in the tunnel air and surrounding shielding
environment - (a) standard concrete, (b) Fe;B, and (c)
concrete doped with 20% Fe;B - for a 1000 MeV
proton accelerator.

For the shielding configurations consisting of
standard concrete, Fe;B, and concrete doped with
20% Fe;B, the radial dose values obtained at
different distances within the tunnel air
environment and inside the surrounding shielding
materials are comparatively presented and
analyzed in Fig.2 and 3.

Figure 2. Radial dose distributions obtained at
different distances in the tunnel air environment for
shielding configurations consisting of standard
concrete, Fe:B, and concrete doped with 20% Fe:B.

Fig. 2 presents the secondary neutron radial dose
distributions obtained at different distances from
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the target center in the tunnel air environment for
shielding configurations composed of standard
concrete, Fe:B, and concrete doped with 20% Fe2B.
For all shielding types, the dose values reach their
maximum levels in regions close to the target and
exhibit a pronounced decrease with increasing
radial distance. This behavior is consistent with the
attenuation of neutrons due to scattering, energy
loss, and interactions within the air environment
and the surrounding shielding materials.

In the case of standard concrete shielding, although
the dose levels decrease with distance, relatively
higher dose values are maintained near the target
compared to the other shielding materials. This
observation can be attributed to the limited
effectiveness of standard concrete in moderating
high-energy neutrons and absorbing thermal
neutrons.

When Fe:B is employed as the shielding material,
significantly lower dose values are observed over
the entire radial distance range compared to
standard concrete. This result highlights the
enhanced neutron attenuation capability of Fe:B,
which arises from the high thermal neutron capture
cross section of boron combined with the
contribution of iron to the energy degradation of
fast neutrons.

The concrete doped with 20% Fe:B exhibits an
intermediate shielding performance between
standard concrete and pure Fe.B. The
corresponding dose distributions indicate a
substantial improvement relative to standard
concrete; however, the attenuation levels do not
fully reach those achieved with Fe.B shielding.
Nevertheless, considering the structural and
economic advantages of doped concrete, this
configuration can be regarded as a balanced and
practical alternative for shielding applications.
Overall, the results shown in Fig. 2 clearly
demonstrate that Fe.B-based shielding materials
provide more effective radiation protection against
secondary neutrons generated in high-energy
proton accelerator facilities. Furthermore, the
findings emphasize that the composition of the
shielding material plays a critical role in
determining dose levels within the tunnel
environment, supporting the use of Fe.B and Fe.B-
doped concrete as strong candidates for optimized
shielding design. The Fe2B shielding configuration
demonstrates the most significant dose reduction
across all radial distances. The steep decline in
dose within the initial shielding layers highlights
the superior neutron attenuation performance of
Fe.B, which can be attributed to the combined
effects of iron in degrading the energy of fast
neutrons and boron in efficiently capturing
thermalized neutrons.
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Figure 3. Radial dose distributions obtained for
different shielding thicknesses in tunnel-surrounding
environments composed of standard concrete, Fe:B, and
concrete doped with 20% Fe:B.

Consequently, Fe.B provides a more compact and
efficient shielding solution compared to standard
concrete.

For concrete containing 20% Fe.B, the dose
distributions lie between those of standard concrete
and pure Fe:B shielding. A substantial
improvement over standard concrete is evident,
particularly in the near-shielding region, indicating
that the incorporation of Fe:B significantly
enhances neutron attenuation. Although its
performance does not fully match that of pure
Fe:B, the doped concrete offers a favorable
compromise  between shielding efficiency,
structural applicability, and material feasibility.
Overall, the results presented in Fig. 3 clearly
demonstrate that both the shielding thickness and
material composition play a decisive role in
controlling neutron dose levels in tunnel-
surrounding environments. Fe.B-based materials,
either as pure shielding or as concrete additives,
markedly improve shielding effectiveness and
represent promising candidates for optimized
radiation protection in high-energy proton
accelerator facilities.

3. Results and Discussions

In this study, dose distributions of secondary
neutrons generated by proton-target interactions at
a proton energy of 1000 MeV were investigated in
detail using FLUKA Monte Carlo simulations for
different shielding materials and shielding
thicknesses. Radial dose values obtained for
shielding configurations consisting of standard
concrete, Fe2B, and concrete doped with 20% Fe.B
were comparatively evaluated both in the tunnel air
environment and within the surrounding shielding
materials.
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3.1. Radial Dose Distributions in the Tunnel Air
Environment

Fig. 2 presents the radial dose distributions of
secondary neutrons obtained at different distances
from the target center in the tunnel air environment
for shielding configurations composed of standard
concrete, Fe:B, and concrete doped with 20% Fe:B.
For all shielding types, the dose values reach their
maximum levels in regions close to the target and
decrease significantly with increasing radial
distance. This trend can be attributed to neutron
attenuation resulting from scattering, energy loss,
and interactions within the air environment and the
surrounding shielding materials.

For the standard concrete shielding configuration,
although the dose levels decrease with distance,
relatively higher dose values are observed near the
target compared to the other shielding materials.
This behavior indicates the limited effectiveness of
standard concrete in moderating high-energy
neutrons and absorbing thermal neutrons.

In contrast, the Fe:B shielding configuration
exhibits substantially lower dose levels over the
entire radial distance range. This pronounced
reduction highlights the superior neutron
attenuation capability of Fe.B, which arises from
the combined effects of iron in degrading the
energy of fast neutrons and boron in efficiently
capturing thermalized neutrons. Consequently,
Fe:B emerges as the most effective shielding
material in reducing secondary neutron doses
within the tunnel air environment.

The concrete doped with 20% Fe.B demonstrates
an intermediate performance between standard
concrete and pure Fe:B. While a significant
improvement in dose reduction relative to standard
concrete is achieved, the attenuation levels remain
lower than those obtained with pure Fe.B
shielding. Nevertheless, considering its structural
integrity and economic feasibility, Fe.B-doped
concrete represents a practical and balanced
alternative for shielding applications.

3.2. Radial Dose Distributions within the
Shielding Materials

Fig. 3 shows the radial dose distributions obtained
within the tunnel-surrounding shielding materials
for different shielding thicknesses. For all shielding
configurations, the dose values decrease rapidly
within the initial layers of the shielding and
gradually reach lower and more stable levels at
larger radial distances. This behavior reflects the
successive scattering, moderation, and absorption
processes experienced by secondary neutrons as
they propagate through the shielding materials.
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Among the investigated materials, the Fe.B
shielding configuration provides the highest dose
attenuation across all shielding thicknesses. The
steep dose reduction observed near the target
region demonstrates the superior shielding
efficiency of Fe.B against high-energy neutrons,
enabling more compact shielding designs.

For concrete containing 20% Fe.B, the dose
distributions indicate a clear improvement over
standard concrete, particularly in the near-shielding
regions. However, its performance does not fully
match that of pure Fe:B shielding. Despite this
limitation, Fe.B-doped concrete effectively
reduces neutron doses with increasing thickness
and offers a viable compromise between shielding
efficiency and practical applicability in
engineering designs.

3.3. General Assessment

Overall, the results clearly demonstrate that both
shielding thickness and material composition play
a decisive role in controlling neutron dose levels in
the tunnel air environment and within the
surrounding shielding structures. While pure Fe.B
provides the highest attenuation performance,
concrete doped with 20% Fe:B offers a balanced
solution by combining enhanced shielding
capability with  structural and economic
advantages. These findings indicate that Fe.B-
based materials are strong candidates for optimized
radiation shielding in high-energy proton
accelerator facilities

4. Conclusions

In this study, the shielding performance of standard
concrete, Fe:B, and concrete doped with 20% Fe.B
against secondary neutrons generated by 1000
MeV proton-target interactions was investigated
using FLUKA Monte Carlo simulations. The
results indicate that Fe.B exhibits superior
shielding performance compared to standard
concrete across all investigated regions, primarily
due to the effective moderation of fast neutrons and
the high thermal neutron capture capability of
boron. Concrete containing 20% Fe.B provides a
significant dose reduction relative to standard
concrete while offering a balanced solution in
terms of structural applicability and cost.
Accordingly, the findings demonstrate that
material composition and shielding thickness play
a decisive role in neutron shielding design, and that
Fe.B-based  materials represent  promising
alternatives for effective radiation protection in
high-energy proton accelerator facilities. More
works done on similar topics[16-19].
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