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Abstract

Compact fusion reactors are receiving increasing interest as a promising route for accelerat-
ing the path toward commercial fusion, thanks to their reduced size and cost. However, this
compactness introduces new technological challenges, including higher radiation loads on
critical functional components, such as the magnet system. Neutron shielding is therefore
of utmost importance to guarantee the expected lifetime of the device, and its selection
must account for the harsh environment imposed by the high radiation flux. Shielding
materials should be structurally stable, not melt within the operational temperature win-
dows, and be relatively low-cost. For nuclear reactor applications, binary compounds are
typically the preferred choice as they often meet these requirements, particularly in terms
of availability and cost. In this work, we present a systematic Monte Carlo analysis of
more than 700 binary compounds, exposed to the neutron spectrum at the most loaded
position of the vacuum vessel in a simplified model of a compact fusion reactor. Shielding
performances were evaluated in a toroidal geometry in terms of neutron attenuation, power
deposition, and activation, leading to the identification of several promising compositions
for effective neutron shielding in future fusion applications.

Keywords: neutron shielding materials; compact fusion reactors; Monte Carlo simulations

1. Introduction

The recent commercial availability of high-temperature superconductors, capable
of sustaining significantly higher magnetic fields, has marked a breakthrough in fusion
research, enabling a reduction in the size of conventional tokamaks and, consequently,
in the cost of the first demonstrators [1]. The possibility of designing fusion-relevant
devices without the budget of large collaborations or massive public projects has made
this approach highly appealing, attracting considerable attention and funding from both
private and public institutions [2]. However, the strong reduction in size introduces new
challenges for these fusion machines, among which radiation damage to the magnet system
is particularly critical [3-5]. The most promising fusion reaction, deuterium—tritium (D-
T), produces 14 MeV neutrons that escape the plasma and transport energy through the
reactor structures. Due to their neutral nature, neutrons undergo relatively few interactions
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while passing through materials, which allows them to travel long distances and easily
reach even remote and delicate components such as the magnets [6]. In compact reactors,
where the space between the plasma and the magnets is strongly reduced, this effect
becomes particularly critical. Several recent studies have highlighted the alarmingly high
particle fluxes and radiation damage expected in the magnets of compact reactors (see,
for example, [7]), and the computational study of effective neutron shielding has been
identified as a key milestone in the fusion roadmap by the scientific community [8].

The choice of the shielding material for protecting the components of the machine
must be made carefully, taking into account the harsh environment to which it will be
exposed, as well as technological and engineering constraints. The material should ensure
good radiation attenuation, be structurally stable, remain solid within the operating tem-
perature windows, and be relatively low-cost. Binary compounds are generally used for
this purpose in the nuclear industry, as they often meet these requirements [9-11]. They
can synergistically combine favorable nuclear properties by pairing an element with a high
neutron capture or reflection cross-section, such as boron or tungsten, with another element
that effectively thermalizes neutrons or provides a mechanically stable matrix, such as
hydrogen or carbon. In addition, many of these compounds exhibit high chemical and
thermal stability and high melting points, and can be engineered in various forms, such as
composites or ceramics.

In this context, we present a large-scale study of the shielding properties of 718 bi-
nary compounds, combining composition and density data from the Materials Project
database [12] with Monte Carlo (MC) transport and activation simulations. Numerical
approaches of this kind have been widely adopted over recent decades owing to continual
improvements in computational performance, and they have proven useful in a variety
of applications [13-15]. The effects of the neutron flux going out from the most loaded
position of the vacuum vessel of a compact fusion machine (e.g., an ARC-like reactor [16])
were simulated using a simplified tokamak-like geometry, consisting of a toroidal shell
based on the dimensions proposed in [1]. This allowed for the evaluation of neutron atten-
uation through the shielding material, as well as several key parameters for characterizing
material behavior, such as Power Density Deposition (PDD). Moreover, a comparative
analysis of the results is carried out, enabling us to suggest the most promising candidates
for experimental testing. This multi-simulation approach is designed to generate a large
dataset for future research on the shielding properties of materials under neutron irradia-
tion, paving the ground for Al-based methods. Although the work is primarily focused on
fusion applications, the methods described here can be easily generalized to a wide range
of contexts, making the results potentially useful across various scientific fields.

2. Materials and Methods

In this section, we provide an overview of the data source used for our simulations
and highlight the key aspects of the analysis, in order to clarify the starting point of the
following discussion.

2.1. Materials Data

To compile the dataset needed for this study, a brute-force querying approach was
employed, through the use of the Materials Project API (mp-api) [17]. Specifically, a custom
Python v.3.12 script that employs the mp-api and pymatgen [18] libraries was conceived.
Such a script iteratively queries the database, looking for stable binary compounds con-
taining one period-two target element (from the first and second rows the periodic table
without noble gases), chosen because of their light atomic mass. Additional filtering was
applied to each material in order to consider only compounds containing elements with an
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atomic number less than or equal to 92. The resulting dataset, in the form of the simplified
chemical composition, density, and atomic numbers of the constituent elements, was then
employed to create the input files of the MC simulations. This brute-force approach thus
ensures a fast and complete extraction of eligible materials, which makes it versatile for
application in other contexts and processes.

2.2. Monte Carlo and Activation Simulations

In the present work, MC simulations were performed employing the Particle and
Heavy Ion Transport code System (PHITS) [19] (version 3.341) and its native nuclear data
library Japanese Evaluated Nuclear Data Library (JENDL-4.0) [20]. PHITS is a multiplat-
form, multipurpose FORTRAN-based MC code and is developed by the Japanese Atomic
Energy Agency (JAEA). The code has been compared to other widely used MC codes, like
OpenMC, and has already been applied for radiation damage modeling on superconducting
magnets [16,21].

The model geometries, representing the shield of an ARC-like reactor, were defined
directly in PHITS using its native Constructive Solid Geometry (CSG) framework. A sim-
plified toroidal shell was built with a major radius of 300 cm, an inner minor radius of
110 cm, and a thickness of 20 cm. The total shield volume is approximately 3.1 m3. This
simplified model was adopted to propose an automated workflow and reduce computa-
tional time. Each simulation had a statistic of 1 x 107 particles, divided into 47 batches
(2.1 x 10° particles per batch). The neutron spectrum outgoing from the most loaded posi-
tion of the vacuum vessel of an ARC-like reactor, reported in [16], is presented in Figure 1b.
An isotropic ring source of radius 300 cm, located inside the torus, as shown in Figure 1a,
was set so that this neutron spectrum and flux impinged on the shield in our simulations.
The transmitted and reflected fluxes of various particles (neutrons, photons, electrons,
and protons) were evaluated using a regional mesh in the T-TRACK tally, employing two
fictitious 1 mm thick shells placed near the inner and outer surfaces of the main torus,
to evaluate both the integral and spectral shielding performances of the selected materi-
als. In addition, we evaluate PDD within the material, with the aim of generating a rich

dataset that enables the identification of potentially useful correlations and previously
unexplored phenomena.
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Figure 1. Two main inputs of the analysis are shown. (a) Cross-section of the simplified geometry
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used in the MC simulations. (b) Neutron flux spectrum implemented as the irradiation source.

After thoroughly analyzing the entire dataset, a small subset of compounds was
selected for detailed activation analysis using the DCHAIN code [22]. DCHAIN is a decay
chain analysis tool that simulates the time-dependent decay of nuclides in a given radiation
environment. It is natively coupled with PHITS, which can automatically generate the input
files required for the activation calculations. Both maintenance and end-of-life scenarios
were simulated: the former considers two 1-year periods of burning plasma separated by
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a 2-month shutdown, while the latter evaluates the decay after 10 full-power years (FPY)
of operation.

3. Results

In this section, we present the results of the MC simulations and the subsequent analysis
that leads to the selection of a series of best candidates for neutron shielding applications.

3.1. Full Dataset Results

In order to quantify the shielding performance of the selected materials in terms of
neutron flux attenuation, which represents the primary focus of the analysis, it is useful to
introduce a parameter defined as the ratio between the neutron flux density incident on
the shield (integrated over the full energy range employed and expressed inn cm =2 s71),
and the same quantity emerging outside of it. This parameter will be referred to as the
Neutron Flux Ratio (NFR). A comprehensive overview of the results obtained from the
entire dataset is shown in Figure 2, where the NFR is plotted as a function of PDD.

The horizontal dotted line, corresponding to NFR = 0.802, denotes the reference
case (i.e., the absence of shielding material) and highlights the flux density reduction
attributable to purely geometrical effects. In that case, although the total number of neutrons
is conserved, they are spread over a larger exit surface area; consequently, the void reference
value differs from 1. Thus, a value of 0 denotes perfect shielding, while NFR = 0.802
corresponds to no shielding: the outgoing flux equals the incoming flux, and the material
does not contribute to the flux density decrease. Moreover, materials above this line
increase the neutron flux relative to the void case due to neutron multiplication driven
by their nuclear cross-sections. As an example, BeO exhibits an NFR of 0.93; this neutron
enhancement mainly results from the (n, 2n) and (7, n+2«) reaction channels. Another
interesting observation from the figure is that most of the data present a linear dependence
of NFR on PDD. This behavior is readily explained: a lower NFR corresponds to a stronger
neutron interaction, and therefore (if the interaction is inelastic) to a larger amount of power
deposited in the material.
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Figure 2. NFR as a function of PDD for the full set of materials. Dot size corresponds to the
compound density, while color indicates the specific light element present in each compound.

Two main subsets of materials with the most favorable shielding properties can be
identified—hydrides and borides—as they ensure a flux ratio below 4%. A more detailed
analysis of these two classes will be discussed in the following subsections.

Given the large size of the dataset, several approaches are able to represent the rela-
tionships amonyg its key properties. For example, in Figure 3, the NFR is plotted against the
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compound density, with a color map indicating the PDD. Higher PDD values are generally
associated with improved shielding performance, as the energy of the captured neutrons is
deposited in the material.
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Figure 3. NFR as a function of the density of the compounds, for the full set of materials. Dot color
indicates the PDD.

At the same time, PDD is a technologically relevant parameter, as it impacts the design
of the cooling system and defines the operational temperature window of the shield. It
is noteworthy that materials exhibiting high shielding performance, particularly those
belonging to the two most promising classes, hydrides and borides, span a wide range of
density values. This suggests that density alone is not a sufficient predictor of shielding
effectiveness. Indeed, while higher material density tends to increase the probability
of neutron interactions, by effectively scaling the microscopic cross-section through the
nuclear number density, the nuclear properties are ultimately governed by the microscopic
cross-sections and the elemental composition of the material.

In a further analysis, shown in Figure 4, the NFR is plotted as a function of the atomic
number of the heavier element in the compound. The behavior observed in this plot
indicates that there is no straightforward correlation between shielding effectiveness and
the atomic number of the heavier element, rather highlighting the importance of other
specific nuclear properties, such as the nuclear configuration of the element. In this sense,
we can observe peaks of low neutron absorption that can be attributed to the enhanced
nuclear stability (e.g., nuclei whose neutron numbers are close to magic numbers [23]).
While they may not capture neutrons that have been slowed by the light element, they can
be fragmented or induced to undergo (n, 2n) reactions by incident neutrons with energies of
several MeV or higher. This mechanism could explain why this multiplication is observed.

Indeed, a first insight into what the best candidates should be can be inferred from
Figure 5. In this figure, the shielding capabilities are related to the ratio between the total
mass of the heavier and the lighter elements in the compound, namely considering the
stoichiometry. From the plot, it is clear that the lowest flux ratio is associated with the
hydrogen-based component with a medium-high total mass ratio.

Given that most hydrides show the lowest NFR values while borides combine rela-
tively high shielding capability with low PDD values, the following in-depth analysis will
be restricted to these two subsets. This choice is also motivated by their widespread use
in nuclear applications: hydrides give the best NFR values, whereas borides are widely
used as control materials and are a valid alternative if one wants to avoid hydrogen-rich
materials in nuclear facilities.
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Figure 4. NFR as a function of the atomic number Z of the heavier element in the compound, for the
full set of materials. Dot color indicates the PDD.
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Figure 5. NFR as a function of the material’s total mass ratio, for the entire dataset. Marker size
represents material density, while color indicates the light element present.

3.2. Borides and Hydrides

Further investigation regarding the properties and performance of both borides and
hydrides is thus presented in this subsection. To begin, one of the major aspects to take
into account is the availability of materials [24]. In Figure 6, the materials able to provide
an NFR smaller than 3.5% are plotted with respect to PDD values, with markers scaled
according to the abundance (in the Earth’s crust and in the sea) of the heavy element they
represent. In this subset, one can find nine compounds, composed mainly of rare elements,
with the exception of manganese tetraboride (MnBy). Despite its high flux ratio with respect
to the subset, this compound shows the lowest energy deposition value of the entire set of
best candidates.

Another key requirement for nuclear materials is a sufficiently high fusion temperature
so that they remain solid under operating conditions. For the purpose of this study, only
materials with a melting temperature above 1000 K were selected, employing Materials
Project’s melting point data, obtained with a graph neural network model [25]. Thermal
issues can also arise from gamma-ray production. Large emissions of this radiation can
cause severe overheating of nearby components (potentially critical on the magnet system
near the shielding layer, which needs to be kept at 20 K or below), while also posing safety
issues for the personnel and complications in remote maintenance. For these reasons, it is
desirable to investigate and minimize such emissions [26]. In Figure 7, we plot gamma-ray
flux—defined here as photons with an energy greater than 10* eV—for the best borides,
in terms of PDD, with a color map indicating melting temperatures. It is worth noting
that the gamma-ray flux decreases exponentially with increasing density of the compound,



Appl. Sci. 2025, 15, 11557 70f13

as confirmed by our results; however, a detailed analysis of the influence of material density
on gamma attenuation is beyond the scope of the present study.
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Figure 6. A focus on the most effective borides, with NFR plotted against PDD. The marker size
reflects the relative abundance of the associated heavy element.

Within this subset, MnB; and BRh show comparatively elevated gamma-ray flux.
In the case of MnBy, the effect is attributable to the *Mn(n, 7)—°°Mn reaction, fre-
quently exploited for neutron-flux monitoring in nuclear reactors [27,28], which produces

gamma radiation.
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Figure 7. Detailed view of the top-performing borides, showing PDD as a function of gamma-ray
flux. Marker color indicates the relative fusion temperature of the compound.

The same plots reported in Figures 6 and 7 are represented for the hydride subset in
Figures 8 and 9. These compounds are the best-performing ones in the dataset for neutron
shielding applications since they possess the lowest flux ratio values. However, their energy
deposition is greater than the values computed for borides. In this subset, TaH, exhibits
the best shielding performance across the entire dataset, despite the low abundance of Ta
(2.00 ppm). Conversely, TiH, shows an NFR three times higher than that of TaHj, but it is
the most readily available material within the hydride subset, with titanium’s abundance

being three orders of magnitude greater than that of tantalum.
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Figure 8. Detailed view of the most effective hydrides, showing NFR versus PDD. Marker size
indicates the relative abundance of the corresponding heavy element.
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Figure 9. Close-up of the best-performing hydrides, with PDD plotted against gamma-ray flux.
Marker color represents the relative fusion temperature of each compound.

4. Discussion

In order to select a set of best candidates, starting from the compounds in the previous
section, further analysis was performed, with some considerations:

*  ZrH, was added as it is widely used in fusion applications and zirconium has higher
abundance with respect to other heavy elements [29-31].

¢ Despite their poorer shielding performance, borides generally exhibit lower levels of
PDD and can be preferable in some neutron control applications, as mentioned before.
For these reasons, they are included in the set to offer a wider range of options.

¢ Elements with very low natural abundance are excluded for economic reasons.

*  Materials available only under extreme, laboratory-level conditions are not considered.

Thus, the final group is composed of eight compounds: TaH,, VH,, HfH,, TiH;, ZrHj,
TaB,, WBy, and MnBj. In Table 1, an overview of these materials is presented, showing
the following: density values (p) and Fusion Temperature (FT) from Materials Project’s
database; gamma-ray flux (7F), NFR, and PDD from MC simulations; and heavy elements’
abundance (HA) from [24].
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Table 1. Summary of the top candidate materials for neutron shielding, including key performance
metrics such as NFR, PDD, and gamma-ray flux. These entries represent the most effective materials
identified from our dataset and were selected based not only on absolute performance but also on
additional criteria outlined previously (e.g., relevance to nuclear environments).

Composition p[g/cm®] NFR PDD[W/m?] FT[K] HA [ppm] +F [1/cm?s]

ZrH, 5.64 0.0248  1.25 x 10* 1910 165 2.32 x 1010
TaH, 13.20 0.0031  1.94 x 10* 2125 2.00 7.97 x 108
VH, 476 0.0058  2.04 x 10* 1150 120 5.00 x 10°
HfH, 11.66 0.0051  2.26 x 10* 2487 3.00 1.64 x 10°
TiH, 3.88 0.0099  2.20 x 10* 1591 5650 1.01 x 101
TaB, 12.27 0.0232  1.35 x 10* 3360 2.00 1.55 x 10°
WB, 12.42 0.0289  1.23 x 10* 2738 1.25 1.30 x 10°
MnB, 453 0.0328  1.03 x 10* 2401 950 1.59 x 1010

For the selected compounds, we performed an in-depth study of neutron attenua-
tion across the entire emission spectrum. As expected, materials within the same subset
(hydrides and borides) exhibit very similar behavior. In Figure 10a,b, it can be seen that
boron-based materials are more effective at capturing epithermal and resonance neutrons,
whereas hydrides tend to produce neutron multiplication in that energy range. The ma-
jor difference, however, is in the most populated ranges of intermediate energy and fast
neutrons: here, the presence of hydrogen causes a heavy decrease in the outward flux,
by a factor of between two or three orders of magnitude, while for the borides, it re-
mains between 1072 and 10~!. Overall, this indicates the better shielding performance
of hydrides.

107! —TaB, 1 —HH,
E&MW —WB, kB —TaH,
° 102 W —MB, .9 107! L1 —TiH,
IS 5] VH,
= = LED 2N
S 1073 e 102 e Hfﬂ N
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10 Fﬂj 107 Y EF .
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(a) Borides (b) Hydrides

Figure 10. Attenuation of neutron flux over the energy spectrum for selected boride compounds (on
the left) and hydrides (on the right).

A final point concerns the activation of materials exposed to high neutron fluence.
Material activation is a crucial factor for worker protection, a reduction in radioactive-waste
hazards, and the prevention of damage to reactor components [32]. Activation levels were
calculated for each of the compounds shown in Table 1. The resulting activity is plotted
as a function of irradiation time in Figure 11 for the entire group of the best candidates,
while a focus on borides and hydrides is shown in Figure 12a and Figure 12b, respectively.
One can thus observe that the variation in activity levels between the peak reached during
irradiation and the lowest values in the shutdown phase is less than one order of magnitude
for all compounds, apart from VH,, which shows both the highest activity values during
irradiation and the lowest ones during shutdown, with a decrease of almost five orders of
magnitude. On the other hand, TiH, has the second-lowest activity value during shutdown
while maintaining relatively low activity levels during irradiation, in the range of 10'° Bq.
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Figure 11. Comparison of simulated activity levels with one year of continuous irradiation at full
power, followed by a two-month cooling period.
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Figure 12. Activity profiles of selected compounds under a one-year irradiation and two-month
shutdown maintenance cycle.

In addition, the end life cycle is shown for both subsets of borides and hydrides
in Figure 13, with the two separate plots in Figure 14a,b. The activity levels are shown
for a period of 100 years of shutdown, following a precedent ten-year period of full
power irradiation.

Once again, VH, shows a steep decline as soon as the shutdown period begins;
however, its activity levels do not decrease as much as for other hydride compounds, as
is the case of TaH; and TiHj, which present the lowest activity values after 100 years,
in the range of 10~* Bq. On the other hand, borides show a similar behavior in terms of
activity levels’ decrease, without however reaching the same values as the hydrides: in fact,
the activity is still relatively high (10!! Bq) even after 100 years of shutdown.

10" —— HfH
2

1 01 5 ——TaH,
— 1 012 ——TiH,
g — VH2
= 100
- ZrH,
E 10° B,W
45 103 MnB,
< ! TaB,

107

10°°

07 Ny ) 25 N7 7,
J J
€. Capy J’C’e,& J’C‘e,& Je. 2 0 ay

Time [s]

Figure 13. Comparison of predicted activity levels for the best candidate group under end-of-life
operating conditions.
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Figure 14. Predicted activation levels of boride and hydride compounds following end-of-life
operational exposure.

Following this comprehensive analysis, considering that it possesses the highest
abundance among all best candidates, has a relatively low NFR and, above all, shows
low activity values, which are almost negligible after 50 years of shutdown, TiH, can be
considered the most promising binary compound in this dataset for neutron shielding
applications, from a neutronics perspective.

5. Conclusions

In this paper, an automated workflow for inspecting the shielding capability of binary
compounds in an ARC-like reactor was shown. MC simulations were performed on
simplified tokamak geometries for all compounds extracted from the Materials Project
database, in order to extract crucial properties for the characterization of such compounds.
Such an approach shows that, in general, hydride and boride compounds possess the
lowest NFR values, and for this reason, more detailed analysis was performed only on
these two subsets. This further investigation allowed us to select a series of ideal candidates
for neutron shielding applications, using the NFR as the driving parameter in the analysis,
while also considering other crucial properties like activity levels, availability, and PDD.
TiH, was individuated as the most promising material for neutron shielding applications,
mainly due to the low NFR shown and the almost negligible activity levels during its
end-life cycle. This workflow can be extended to the extraction of many more compounds
and the computation of crucial physical properties for fusion applications and beyond.
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