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Abstract 

The present study investigates the effects of neutron shielding by concrete slabs in the 
context of nuclear fusion (14 MeV neutrons). MCNP and Geant4 numerical simulations 
have been performed to characterize neutron transport through concrete slabs with thick-
nesses ranging from 1 to 160 cm. Using a monoenergetic, normally incident 14 MeV neu-
tron source, we examine neutron-flux attenuation and spectral evolution after propaga-
tion through concrete. The results show that multiple elastic and inelastic scattering pro-
cesses dominate the transport, leading to a strong spectral redistribution and a significant 
build-up of scattered neutrons. For intermediate thicknesses (50–100 cm), the transmitted 
flux is largely composed of scattered and secondary neutrons, with a pronounced epither-
mal slowing-down component approximately following a 1/𝐸𝐸 behavior, a thermal peak 
resulting from hydrogen moderation, and a residual high-energy tail corresponding to 
partially degraded primary neutrons. At larger thicknesses (≥100 cm), absorption and cap-
ture of thermalized neutrons become dominant, resulting in a sharp decrease in the trans-
mitted flux. The impact of these spectral modifications on the soft-error rate (SER) of mi-
croelectronic devices is evaluated by folding the transmitted neutron spectra with energy-
dependent single-event upset (SEU) cross-sections representative of advanced semicon-
ductor technologies. The results indicate that, although total neutron flux decreases sig-
nificantly with increasing concrete thickness, the spectral redistribution and the persis-
tence of intermediate-energy neutrons can maintain a non-negligible contribution to SER 
in certain configurations. These findings highlight the importance of using full transport 
simulations, including spectral effects, when assessing radiation-induced reliability risks 
in fusion facilities. 

Keywords: nuclear fusion; D–T neutrons; neutron shielding; concrete slabs; soft-error 
rate; electronics reliability 
 

1. Introduction 
The development of future fusion power plants (FFPPs) requires integrating numer-

ous electronic systems, including diagnostics, control electronics, monitoring devices, and 
safety-related instrumentation, within environments characterized by intense radiation 
fields [1–3]. In these environments, radiation-induced effects can significantly impact re-
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liability, performance, and lifetime [3]. In deuterium–tritium (D–T) fusion reactors, 14 
MeV neutrons are produced as the main carriers of fusion energy and represent one of the 
principal sources of radiation-induced degradation in materials and electronic systems 
[4–6]. Unlike charged particles, neutrons can penetrate deeply into surrounding structures 
and undergo multiple nuclear interactions, including elastic scattering, inelastic scatter-
ing, moderation, absorption, and capture [7–9]. As a result, the neutron field outside the 
plasma chamber is not only attenuated by shielding materials but also strongly modified 
in energy and angular distribution [10,11]. 

Concrete is widely used as a biological and structural shielding material in nuclear 
facilities because of its availability, mechanical robustness, cost-effectiveness, and favora-
ble composition for neutron moderation and gamma attenuation [12,13]. In fusion envi-
ronments, however, the shielding performance of concrete cannot be described solely by 
a simple exponential attenuation law because neutron transport involves scattering, mod-
eration, absorption, and secondary radiation production [14,15]. The presence of light el-
ements, especially hydrogen, promotes neutron slowing down, while heavier elements 
contribute to scattering and absorption processes [12,16]. Consequently, the transmitted 
neutron spectrum after propagation through concrete may contain a complex mixture of 
residual fast neutrons, epithermal neutrons generated by moderation, thermalized neu-
trons, and secondary particles [10,13,17]. This spectral redistribution is particularly im-
portant when assessing radiation effects on sensitive electronic components located be-
hind shielding barriers [18]. 

Modern microelectronic devices are increasingly vulnerable to radiation-induced 
single-event effects (SEEs), including single-event upsets (SEUs), due to the continuous 
reduction in feature sizes, operating voltages, and critical charge thresholds [19–21]. As 
defined by the JEDEC standard JESD89B [22], an SEE designates any measurable or ob-
servable change in state or performance of a microelectronic device, component, subsys-
tem, or system (digital or analog) resulting from a single energetic particle strike. An SEE 
can result in a soft (reversible) or hard (irreversible) error in device or circuit operation 
[22]. An SEU is a soft error caused by a state change in a latch, flop, memory cell, or other 
bistable element from the particle strike [22]. In neutron environments, soft errors may be 
induced indirectly by neutron interactions through secondary charged particles produced 
in semiconductor materials and device packaging [23]. Attenuating high-energy neutrons 
through shielding is a straightforward strategy for reducing SEUs [24,25]. Several studies 
have addressed neutron attenuation in concrete while explicitly considering the resulting 
reduction in soft-error rate (SER) [26–29]. The soft-error rate (SER), therefore, depends not 
only on the total neutron flux but also on the detailed neutron energy spectrum and on the 
energy-dependent response of the electronic technology considered [30]. In the context of 
fusion facilities, where electronics may be placed in shielded galleries, diagnostic areas, re-
mote handling systems, or control zones, a reliable evaluation of neutron-induced soft errors 
requires an accurate description of neutron transport through shielding structures [31]. 

Monte Carlo particle transport codes provide a powerful approach for modeling neu-
tron propagation in complex materials and geometries. Codes such as MCNP [32,33], 
Geant4 [34–36], and FLUKA [37,38] are commonly used to simulate nuclear interactions 
over broad energy ranges and to predict particle fluxes, energy spectra, and secondary 
radiation fields. By combining transport calculations with energy-dependent SEU cross-
sections, it becomes possible to estimate the impact of shielding-induced spectral changes 
on the SER of electronic devices [39]. 

This work investigates the neutron-shielding behavior of concrete slabs exposed to 
14 MeV neutrons, representative of those produced in a D–T fusion plasma. The term 
“slab” is quite generic and refers to structures that are almost one-dimensional, such as 
slabs or walls. Concrete thicknesses ranging from 1 to 160 cm are studied using MCNP 
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and Geant4 simulations in order to characterize neutron attenuation, spectral redistribu-
tion, and the relative contributions of scattered, moderated, and residual fast neutrons. 
The transmitted neutron spectra are then folded with energy-dependent SEU cross-sec-
tions characteristic of advanced semiconductor technologies to evaluate the correspond-
ing SER. The objective is to determine how concrete thickness affects both neutron 
transport and electronic reliability, and to demonstrate the importance of considering full 
spectral information, rather than total flux attenuation alone, when assessing radiation-
induced risks in nuclear fusion environments. This work is part of the NERITA project 
(“Neutron Electronics Reliability In Tokamaks and Accelerators”) [40], which aims to 
evaluate the risks of SEE induced by neutrons in tokamak and accelerator environments 
for commercial off-the-shelf (COTS) electronics. 

This paper is structured as follows: Section 2 introduces the main mechanisms that 
govern neutron transport through a concrete slab in a nuclear fusion environment. Then, 
it provides a brief overview of the MCNP and Geant4 codes, used to numerically simulate 
neutron–concrete interactions. This section also describes the basic mechanisms of neu-
tron interactions with semiconductor circuit materials, as well as the models used to esti-
mate the neutron-induced SER. Section 3 details the results of the numerical simulation, 
beginning with a preliminary comparison of the MCNP and Geant4 results. The results 
are then presented in terms of the fraction of transmitted neutrons, the build-up factor, 
the energy distribution of transmitted neutrons, and the contributions from different en-
ergy domains. Section 4 discusses all these results, along with their implications for the 
neutron-induced SER of shielded integrated circuits. 

2. Materials and Methods 
2.1. Neutron Shielding by a Concrete Slab 

Figure 1 summarizes the principal mechanisms governing neutron transport through 
a concrete shield in a fusion environment. A large population of incident fusion neutrons, 
typically dominated by high-energy D–T neutrons at approximately 14 MeV, enters the 
concrete slab. As they propagate through the bulk material, these neutrons may undergo 
scattering, absorption, energy degradation, or secondary-neutron production through in-
teractions with concrete nuclei. Consequently, only a fraction of the incident neutrons 
reaches the exit surface, while many are absorbed, backscattered, or significantly moder-
ated by successive collisions within the shielding material. 

The transmitted neutron population can be separated into two contributions. The first 
contribution is the uncollided, or ballistic component, made of neutrons that cross the slab 
without interaction and therefore keep an energy close to the initial value, 𝐸𝐸  ≈ 14 MeV. This 
component decreases exponentially with the slab thickness and rapidly becomes very small 
for thick concrete shielding. The second contribution is the collided component, which in-
cludes neutrons that have undergone one or several scattering reactions, and secondary 
neutrons produced inside the slab. These neutrons generally emerge with degraded ener-
gies, producing a transmitted spectrum that is no longer peaked at 14 MeV but shifted to-
wards lower energies, with possible intermediate-energy and thermalized components. 

In the fusion context, this distinction is essential. Concrete shielding does not simply 
attenuate the neutron flux; it also modifies the neutron energy spectrum. A thick slab can 
strongly suppress the direct 14 MeV component while leaving a degraded scattered spec-
trum behind the shield. Consequently, and as we will discuss later, radiation effects on 
electronics located behind shielding must be evaluated using the transmitted spectrum, 
not only the source spectrum because the relative importance of high-energy, epithermal, 
and thermal neutrons can be substantially changed by neutron transport through the con-
crete. In addition to neutrons, other secondary particles are generated when neutrons in-
teract with concrete. These particles include charged particles, such as protons and elec-
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trons, as well as electromagnetic radiation, such as photons. These particles are generally 
shielded by the concrete, so the exit flux is low but still present [41]. 

 

Figure 1. Schematic representation of neutron transport through a concrete shield in a fusion envi-
ronment. Incident 14 MeV D–T neutrons enter the slab and undergo scattering, absorption, moder-
ation, and secondary-neutron production. The transmitted neutron population at the exit surface 
consists of uncollided ballistic neutrons and collided neutrons, including multiply scattered and 
secondary neutrons. 

If 𝑁𝑁𝑖𝑖𝑖𝑖 denotes the total number of incident neutrons entering the concrete shield, 
while 𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜 represents the total number of neutrons emerging from the exit surface after 
transport, the transmitted population 𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜 can be decomposed into two contributions: 
the ballistic component 𝑁𝑁𝐵𝐵, corresponding to neutrons that cross the shield without un-
dergoing any interaction, and the collided component 𝑁𝑁𝐶𝐶 , which includes neutrons that 
have experienced one or more interactions, such as scattering, moderation, or secondary 
production, before reaching the detector surface. These quantities are linked by 𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜 =
𝑁𝑁𝐵𝐵 + 𝑁𝑁𝐶𝐶 . In Monte Carlo simulations, and as detailed in the next sections, this transmitted 
population can be estimated either by a surface-event filter in MCNP [32,33] or by a thin 
scoring volume placed after the slab in Geant4 [34–36]. 

2.2. MCNP Simulations 

MCNP version 6.3 [32,33] was used to perform quasi-one-dimensional neutron 
transport simulations through ordinary concrete slabs. The slab thickness 𝑡𝑡 was defined 
along the 𝑥𝑥-axis, with the frontal and rear faces located at 𝑥𝑥 = 0 and 𝑥𝑥 = 𝑡𝑡, respectively. 
The lateral dimensions were 10𝑡𝑡 × 10𝑡𝑡 , extending from −5𝑡𝑡  to +5𝑡𝑡  along both 𝑦𝑦  and 
𝑧𝑧. The slab was surrounded by void regions on the source and transmission sides, and the 
lateral boundaries were treated as a vacuum. A monoenergetic 14 MeV neutron source 
was placed at the center of the frontal face and emitted neutrons in the +𝑥𝑥 direction with 
direction vector (1, 0, 0). The source was modeled as a pencil beam. The concrete was 
modeled with a density of 2.30 g/cm3 and a material composition representative of ordi-
nary concrete, including the following elements in weight fractions: H (0.45%), O (51.26%), 
Si (36.04%), Al (3.55%), Na (1.53%), Ca (5.79%), and Fe (1.38%). The ENDF/B-VIII.0 evalu-
ated nuclear data library was considered for these elements [32,33]. The ENDF/B-VIII.0 
data were taken at room temperature, which corresponds to normal-temperature condi-
tions of approximately 293 K. This assumption is consistent with the generic, ordinary 
concrete shielding configuration considered in this study. 

A total of 𝑁𝑁𝑖𝑖𝑖𝑖 neutron histories (varying from 106 to 109 as a function of concrete slab 
thickness) were simulated to obtain statistically meaningful transmission data. The char-
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acteristics of the neutrons crossing the exit surface at 𝑥𝑥 = 𝑡𝑡 + 1 mm (see Figure 1) were 
recorded individually in a file using a PTRAC surface-event filter. The PTRAC file enables 
a detailed analysis of the transmitted neutron population in terms of its energy spectrum, 
attenuation, and the relative contribution of ballistic and collided neutrons following its 
passage through the shield. It also facilitates a direct comparison with Geant4, since this 
file is similar to the Geant4 output, which records the individual characteristics of the out-
going neutrons (Section 2.3). 

2.3. Geant4 Simulations 

The same quasi-one-dimensional MCNP model was reproduced in Geant4 version 
11.3 [34–36] using the same geometry and concrete composition. The physics list “Shield-
ing”, recommended for simulation of deep shielding, was considered. For neutron ener-
gies of 20 MeV and below, the high-precision (HP) neutron models and cross-sections are 
used to describe elastic and inelastic scattering, capture, and fission. The Geant4 produc-
tion cutoff thresholds are set to 1 mm in range for photons, electrons, and positrons, while 
the proton cutoff is set to 0 mm. The corresponding energy thresholds for photons, elec-
trons, and positrons are material-dependent and are converted by Geant4 into an energy 
value for each material, whereas the proton cutoff corresponds nominally to 0 keV. The 
individual characteristics of neutrons crossing a thin detection volume located at 𝑥𝑥 = 𝑡𝑡 +
1 mm (see Figure 1) were recorded in an output simulation file. 

Verifying the results using Geant4 strengthens the reliability of our simulation results 
by providing an independent cross-check with two well-established Monte Carlo 
transport codes. Consistent results between both codes help consolidate the conclusions 
and reduce the risk of code-specific bias or modeling errors. 

2.4. Neutron Interactions with Circuit Semiconductor Materials 

When a neutron strikes the semiconductor material of an integrated circuit, it may 
undergo several types of interactions with the material, depending primarily on its inci-
dent energy. Owing to its electrical neutrality, the neutron does not directly induce ioni-
zation through Coulomb interactions with atomic electrons. Instead, the neutron interacts 
with the nuclei of atoms through nuclear processes, including elastic scattering, inelastic 
scattering, and neutron capture reactions [9]. 

In elastic scattering events, a fraction of the neutron kinetic energy is transferred to a 
target nucleus, producing a recoil nucleus. If the transferred energy exceeds the displace-
ment threshold energy of the semiconductor lattice, the recoil nucleus can be displaced 
from its crystallographic site, thereby generating lattice defects and contributing to dis-
placement damage [6]. For higher-energy neutrons, inelastic nuclear reactions and cap-
ture processes may occur, leading to the emission of secondary charged particles such as 
protons, alpha particles, or heavier charged fragments. The recoil nuclei and the second-
ary particles deposit energy along their trajectories through the semiconductor via ioniza-
tion mechanisms. This process is called indirect ionization because the neutron itself does 
not ionize the material directly; instead, ionization is caused by the charged particles gen-
erated after the neutron interacts with nuclei [42,43]. 

The generated charge carriers may be transported and collected by electric fields pre-
sent in sensitive regions of the circuit, including reverse-biased p-n junctions, memory 
nodes, or other critical volumes. If the collected charge exceeds the critical charge required 
to perturb the logical or electrical state of the node, the device response may be altered 
[44]. Such radiation-induced perturbations are generally known as single-event effects 
(SEEs). Depending on the device architecture, operating conditions, and amount of col-
lected charge, SEEs may manifest as transient signals, logic upsets, functional interrup-
tions, or memory bit flips [45]. A particularly common manifestation is the soft error, in 

https://doi.org/10.3390/app16147139


Appl. Sci. 2026, 16, 7139 6 of 25 
 

https://doi.org/10.3390/app16147139 

which the stored state of a memory element is inverted without inducing permanent 
structural damage to the device [46–48]. 

2.5. SER Estimation 

The soft-error rate (SER) quantifies the frequency of such radiation-induced soft er-
rors in a device or system under a specified radiation environment [47]. It is therefore a 
key reliability metric for evaluating the susceptibility of semiconductor components to 
neutron-induced effects. SER is commonly expressed in terms of failures in time (FIT), 
corresponding to the number of failures that occur in 109 h, or alternatively through the 
mean time between failures (MTBF), which represents the average time interval between 
successive failures. Consequently, SER provides a quantitative basis for assessing radia-
tion sensitivity, comparing device technologies, and predicting the operational reliability 
of electronic systems exposed to neutron radiation. 

In the field of radiation effects on electronic devices [19,20], the neutron-induced 𝑆𝑆𝑆𝑆𝑆𝑆 
of a given integrated device or circuit is defined as follows [46]: 

𝑆𝑆𝑆𝑆𝑆𝑆 =  �𝜙𝜙(𝐸𝐸)𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆(𝐸𝐸)𝑑𝑑𝑑𝑑. (1) 

where 𝜙𝜙(𝐸𝐸) is the neutron flux per unit energy and 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆(𝐸𝐸) is the device or circuit neu-
tron-induced 𝑆𝑆𝑆𝑆𝑆𝑆 cross-section [46], expressed in cm2. The 𝑆𝑆𝑆𝑆𝑆𝑆 obtained from this equa-
tion has units of s−1. To convert the 𝑆𝑆𝑆𝑆𝑆𝑆 into FIT, the calculated value must be multiplied 
by 3.6 × 1012. 

In the domain of SEEs in semiconductor memories, the neutron-induced cross-sec-
tion is often expressed in terms of a single memory bit. In such cases, it is referred to as 
the cross-section per bit, which is expressed in cm2/bit. The resulting 𝑆𝑆𝑆𝑆𝑆𝑆 (Equation (1)) 
is therefore obtained per bit and then converted to FIT/Mbit when appropriate. This will 
be the case throughout the rest of this paper. Moreover, in the context of fusion neutron 
energies, the cross-section per bit, which results from the different neutron–circuit mate-
rial interaction mechanisms, is usually described by two analytical models depending on 
the neutron energy range considered, as explained in the following. 

2.5.1. Thermal and Low-Energy Neutrons 

In the case of thermal and low-energy neutrons, the cross-section per bit is referred 
to as the thermal circuit cross-section. It follows a 1 𝑣𝑣⁄  dependence, where 𝑣𝑣 is the neu-
tron velocity, and is given by the following equation [30]: 

𝜎𝜎𝑇𝑇ℎ(𝐸𝐸) = 𝜎𝜎𝑘𝑘𝑘𝑘�
𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅
𝐸𝐸

   (2) 

In Equation (2), 𝐸𝐸 is the neutron energy, 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅  = 25 meV, and 𝜎𝜎𝑘𝑘𝑘𝑘 is the cross-section 
value for 𝐸𝐸 = 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 . The dependence of the thermal cross-section on 1/√𝐸𝐸 is related to the 
probability of neutron absorption in circuit materials as a function of energy [30]. 

2.5.2. Fast Neutrons 

In the case of fast neutrons, the high-energy neutron-induced cross-section per bit, 
𝜎𝜎𝐹𝐹𝐹𝐹, is usually accurately represented by a saturating Weibull model [22]: 

𝜎𝜎𝐹𝐹𝐹𝐹(𝐸𝐸) = 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 �1 − 𝑒𝑒−(𝐸𝐸−𝐸𝐸𝑇𝑇ℎ𝑤𝑤 )𝑠𝑠� 𝐻𝐻(𝐸𝐸 − 𝐸𝐸𝑇𝑇ℎ) (3) 

where 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 is the saturation cross-section, 𝐸𝐸𝑇𝑇ℎ is the threshold energy below which the 
cross-section is zero, 𝑤𝑤 is a scale parameter with the same unit and dimension as energy, 
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and 𝑠𝑠 is a dimensionless shape parameter. In this equation, 𝐻𝐻(𝐸𝐸 − 𝐸𝐸𝑇𝑇ℎ) is the Heaviside 
step function, equal to 0 when 𝐸𝐸 ≤ 𝐸𝐸𝑇𝑇ℎ and equal to 1 when 𝐸𝐸 > 𝐸𝐸𝑇𝑇ℎ [49]. 

The integration of the energy-dependent cross-section over the neutron spectrum, as 
given in Equation (1), can be carried out numerically using standard numerical integration 
techniques. These include the rectangle method and Simpson’s method, especially the adap-
tive Simpson method [50], which is particularly appropriate for this kind of integration. 

3. Results 
3.1. Preliminary Comparison Between MCNP and Geant4 

Figure 2 compares the transmitted neutron energy spectra calculated using Geant4 
and MCNP for a concrete slab irradiated by monoenergetic 14 MeV neutrons. Two slab 
thicknesses are considered: 50 cm and 100 cm. The spectra (histograms) show the number 
of neutrons per energy bin, normalized per neutron source, versus the neutron energy. 
They cover the range from thermal energies to the incident neutron energy. For both slab 
thicknesses, Geant4 and MCNP produce very similar spectral shapes across the entire en-
ergy spectrum. The calculations accurately reproduce the key characteristics of neutron 
transport through concrete, including a significantly low-energy component resulting 
from moderation, an intermediate-energy continuum, and a high-energy contribution as-
sociated with neutrons that experience minimal energy loss prior to transmission. As ex-
pected, and discussed later in Section 3.2, increasing the slab thickness from 50 cm to 100 
cm significantly reduces the transmitted neutron intensity, demonstrating neutron atten-
uation and moderation in concrete. 

 

Figure 2. Transmitted neutron energy spectra after passage through 50 cm and 100 cm thick slabs, 
comparing results from Geant4 and MCNP simulations for an incident 14 MeV neutron beam. The 
spectra show the number of neutrons per energy bin, normalized per source neutron, as a function 
of neutron energy (500 logarithmically spaced bins from 10−9 to 102 MeV). Geant4 and MCNP raw 
data were obtained with 𝑁𝑁𝑖𝑖𝑖𝑖 =  106  source neutrons for a 50 cm thick slab and with 𝑁𝑁𝑖𝑖𝑖𝑖 =  107 
source neutrons for a 100 cm thick slab. 

The close agreement observed between the Geant4 and MCNP calculations supports 
the reliability of the simulation results. The comparison shows that the two transport 
codes produce very similar transmitted spectra within the investigated energy range and 
for the considered slab thicknesses. In the following sections, only the MCNP results are 
presented; however, the corresponding Geant4 simulations were systematically per-
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formed for cross-checking purposes and consistently produced results that were in very 
good agreement. 

3.2. Fraction of Transmitted Neutrons and Build-Up Factor 

Figure 3 shows the evolution of the fraction of transmitted neutrons as a function of 
concrete slab thickness. Two distinct transmission quantities are represented: the fraction 
of total transmitted neutrons or total transmission, 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡, expressed as 

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜  
𝑁𝑁𝑖𝑖𝑖𝑖

  (4) 

and the fraction of ballistic (or uncollided) transmitted neutrons or ballistic transmission, 
𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 , given by 

𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏  
𝑁𝑁𝑖𝑖𝑖𝑖

.   (5) 

The results of Figure 3 show that as the concrete slab thickness increases, both trans-
mission curves decrease, indicating that neutron transmission becomes progressively 
weaker when the concrete thickness is greater. However, the two curves exhibit very dif-
ferent attenuation behaviors, revealing two distinct physical regimes. The ballistic trans-
mission follows a pure exponential decay as a function of the slab thickness, 𝑡𝑡, as follows 

𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡) = exp(−Σ𝑟𝑟𝑡𝑡)   (6) 

where Σ𝑟𝑟  is an effective attenuation coefficient expressed in cm−1 and 𝑡𝑡 is expressed in 
cm. Fitting Equation (6) to the ballistic transmission curve of Figure 3 leads to Σ𝑟𝑟  = 0.113 
cm−1, corresponding to a neutron mean free path, 𝜆𝜆, in concrete of approximately 8.86 cm, 
a value of the same order as expected for 14 MeV neutrons in ordinary concrete [17]. The 
behavior of the ballistic transmission shows that the probability for a neutron to cross the 
concrete slab without any collision rapidly becomes extremely small. For thin slabs, the 
ballistic component is still relatively large, but it drops by several orders of magnitude as 
the thickness increases, reaching values close to 10−8 for the largest slab thicknesses. 

The total transmission decreases much more slowly than the ballistic transmission. 
For 𝑡𝑡 > 50 cm, the total transmission can be described by the following expression 

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) ∝  exp(−Σ𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡)   (7) 

with Σ𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 0.054 cm−1, revealing the increasing importance of multiply scattered neu-
trons. 

Figure 3 shows that at small thicknesses, the total and ballistic transmissions are rel-
atively close because many transmitted neutrons have not yet undergone collisions. As 
the slab becomes thicker, the two curves separate strongly. The total transmission remains 
several orders of magnitude above the ballistic transmission, especially for greater thick-
nesses. This indicates that, although the direct uncollided contribution is almost com-
pletely suppressed, a significant number of neutrons still exit the slab after undergoing 
one or more scattering events. 

This difference between the two curves highlights the importance of collided neu-
trons in the transmitted flux. For thick slabs, the transmission is no longer dominated by 
ballistic neutrons but by scattered neutrons that have changed direction and energy dur-
ing their transport through the material. Consequently, the total attenuation is less steep 
than a simple exponential law based only on uncollided particles. The figure therefore 
demonstrates that multiple scattering strongly enhances the transmitted neutron popula-
tion compared with the purely ballistic prediction, particularly at large slab thicknesses. 
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Figure 3. Total transmission, 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡, and ballistic transmission, 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏, as a function of slab thickness. 
The total transmission includes both collided and uncollided neutrons, while the ballistic transmis-
sion involves only uncollided neutrons. The collided and uncollided flux components were derived 
directly from the PTRAC files using post-treatment. The red dashed line gives the exponential at-
tenuation fit of the ballistic transmission. 

The build-up factor quantifies the increase in transmitted flux due to particles that 
have undergone collisions within the material. It can be defined as follows: 

𝐵𝐵 =
𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡  
𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

  (8) 

A build-up factor equal to one means that the transmission is purely ballistic, with no 
significant contribution from scattered neutrons. A build-up factor higher than one indicates 
that collided neutrons contribute to the transmitted flux. The higher the build-up factor, the 
greater the contribution of scattered particles relative to the uncollided component. 

Figure 4 shows the variation in the logarithm of the build-up factor with the concrete 
slab thickness. The natural logarithm of the build-up factor increases continuously as the 
material thickness increases, rising from a value close to zero for very thin slabs to a value 
of around 10 for a thickness of approximately 160 cm. The increase is rapid at low thick-
nesses: the build-up factor rises sharply from the very first few centimeters, indicating that 
the contribution from scattered neutrons quickly becomes significant compared to the bal-
listic component. For 𝑡𝑡 < 50 cm, the curve of the logarithm of the build-up factor can be 
fitted by the law 𝑎𝑎1 × 𝑡𝑡, with 𝑎𝑎1 = 0.0869 cm−1 (coefficient of determination 𝑅𝑅2 ~ 0.998). 
This indicates that the build-up factor increases very rapidly with thickness: each centimeter 
multiplies the build-up factor 𝐵𝐵 by 𝑒𝑒0.089 = 1.09, i.e., an increase of 9% per centimeter. 

As the slab thickness continues to increase, the curve remains upward-sloping, but 
the slope gradually becomes shallower. For 𝑡𝑡 > 70 cm, the curve can be fitted by the law 
𝑎𝑎2 × 𝑡𝑡 + 𝑏𝑏2 , with 𝑎𝑎2  = 0.0457 cm−1 and 𝑏𝑏2  = 2.3602 (coefficient of determination 
𝑅𝑅2 ~ 0.994); this means that the build-up factor 𝐵𝐵 increases by 5% per centimeter. This 
trend reflects a continuing increase in the role of collided neutrons, but with a slower rate 
of increase at greater thicknesses. Thus, the change in slope indicates the shift from an 
initial regime where the first collisions efficiently drive the transmitted component to a 
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more diffusive regime where deceleration, absorption, backscattering, and lateral leakage 
gradually limit the growth of the transmitted component. 

 

Figure 4. Natural logarithm of the build-up factor, 𝐵𝐵, as a function of concrete slab thickness. The 
red dashed line gives the linear fit for slab thicknesses smaller than 50 cm, and the green dashed line 
gives the linear fit for slab thicknesses greater than 70 cm. 

Overall, Figure 4 shows that the thicker the slab, the greater the contribution of scat-
tering phenomena to the total transmission. The build-up quantifies this difference be-
tween total transmission and purely ballistic transmission: it highlights the growing im-
portance of scattered neutrons in the flux transmitted through the material. The results in 
Figures 3 and 4 are quantitatively consistent with the classical theory of fast neutron 
transport in concrete [51]. 

3.3. Energy Distributions of Transmitted Neutrons 

The energy distributions of the transmitted neutrons are shown in Figures 5 and 6 for 
several concrete slab thicknesses. Each curve corresponds to a specific slab thickness, 𝑡𝑡, 
ranging from thin slabs (1–40 cm) to thicker ones (50–100 cm). 

Figure 5 shows that, particularly for slabs of 1 to 10 cm, the transmitted spectrum is 
dominated by a very pronounced peak around 14 MeV. This peak corresponds to neu-
trons that pass through the slab without interacting or with very little energy loss. The 
transmission, therefore, strongly retains the signature of the incident source. As the thick-
ness of the slab gradually increases, this high-energy peak gradually diminishes. This de-
crease reflects the reduction in the ballistic component: the thicker the slab, the lower the 
probability that a neutron will pass through the material without colliding. At the same 
time, the spectrum gradually broadens towards lower energies. This broadening is due to 
the successive collisions that the neutrons undergo within the material. During each in-
teraction, some of the neutrons’ energy may be transferred to the medium, producing 
slowed-down neutrons. As the thickness increases from 1 to 10, 15, 20, 30, and then 40 cm, 
a gradual redistribution of the neutron population is observed from the high-energy re-
gion towards the intermediate, epithermal, and thermal regions. The spectrum, therefore, 
becomes less dominated by fast neutrons close to 14 MeV and is increasingly influenced 
by scattered and slowed-down neutrons. 

This trend becomes even more pronounced for thicker slabs, as shown in Figure 6. 
The curves corresponding to thicknesses of 50, 60, 80, and 100 cm show that the 14 MeV 
contribution is significantly reduced while the population of lower-energy neutrons be-
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comes dominant. The spectrum then exhibits a broad distribution over several orders of 
magnitude in energy, indicating highly collisional transport. The transmitted neutrons are 
no longer primarily ballistic, but rather, they are neutrons that have undergone numerous 
scatterings before exiting the slab. A peak of thermal neutrons at very low energies is also 
observed in thick slabs. This peak indicates that a significant proportion of the neutrons 
have been slowed down by interactions within the material enough to reach the thermal 
range. This peak becomes more pronounced as the slab thickens because the path length 
and average number of collisions within the material increase. Thus, the material acts as 
both an attenuator of fast neutrons and a moderator that gradually transforms the initial 
fast neutron spectrum into one enriched with low-energy neutrons. 

 

Figure 5. Energy spectra of transmitted neutrons for various thicknesses, 𝑡𝑡, of the concrete slab: 𝑡𝑡 
= 1, 2, 5, 10, 15, 20, 30, and 40 cm (500 logarithmically spaced bins from 10−9 to 102 MeV). The diagram 
(in inset) shows the configuration used for the calculation: incident neutrons of 14 MeV pass through 
the concrete slab, after which the transmitted neutrons are recorded individually in an output file 
using the PTRAC output command in MCNP. 

 

Figure 6. Energy spectra of transmitted neutrons for various thicknesses, 𝑡𝑡, of the concrete slab: 𝑡𝑡 
= 50, 60, 80, and 100 cm. The same configuration as shown in the inset of Figure 5, and the same 
histogram parameters were used for the calculation. 

3.4. Contributions per Energy Domain 

As shown in the previous section, the transmitted neutron spectrum spans a wide 
range of energies, especially with thick concrete slabs. For a more detailed analysis and 
for the upcoming SER analysis (Section 4.2), this spectrum is divided into three energy 
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domains. Figure 7 shows these domains according to their energy ranges: Part I covers 
energies below 1 eV, Part II covers energies between 1 eV and 0.1 MeV, and Part III covers 
energies above 0.1 MeV. The number of transmitted neutrons in each energy domain is 
obtained by summing the histogram bin counts over the corresponding energy interval. 
It is denoted 𝑁𝑁𝐼𝐼 for Part I, 𝑁𝑁𝐼𝐼𝐼𝐼 for Part II, and 𝑁𝑁𝐼𝐼𝐼𝐼𝐼𝐼 for Part III. These quantities are linked 
by the relation 𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑁𝑁𝐼𝐼 + 𝑁𝑁𝐼𝐼𝐼𝐼 + 𝑁𝑁𝐼𝐼𝐼𝐼𝐼𝐼. 

 

Figure 7. Energy spectrum of transmitted neutrons for a concrete slab thickness of 100 cm (500 log-
arithmically spaced bins from 10−9 to 102 MeV). The spectrum is divided into three parts: Part I is for 
energies below 1 eV, Part II covers energies between 1 eV and 0.1 MeV, and Part III is for energies 
above 0.1 MeV. The number of transmitted neutrons is indicated for each part of the spectrum. 

Figure 8 shows the fraction of transmitted neutrons as a function of slab thickness for 
the three regions of the spectrum. For Part III (fast neutrons, 𝐸𝐸 > 0.1 MeV), the curve peaks 
at a very small slab thickness of around 0 to 1 cm. The fraction of transmitted fast neutrons 
is then close to 1, which means that most incident neutrons pass through the slab while 
retaining a high energy. As the thickness increases, this fast component decreases continu-
ously, reflecting the gradual attenuation due to interactions within the material. Fast neu-
trons undergo collisions, lose energy, and are gradually transferred to lower energy regions. 
At greater thicknesses, the fast component becomes negligible because very few neutrons 
retain an energy higher than 0.1 MeV after passing through a large amount of material. 

The curve for Part II (intermediate-energy neutrons, 1 eV < 𝐸𝐸 < 0.1 MeV) shows dif-
ferent behavior. It initially increases rapidly with slab thickness, reaching a maximum 
around 30 cm before decreasing gradually. This trend results from a balance between two 
opposing effects. For thin slabs, few neutrons have undergone enough collisions to be 
slowed down into the intermediate energy range, which explains the low initial value of 
this component. As the slab thickens, fast neutrons are increasingly slowed by scattering, 
thereby increasing the population of intermediate-energy neutrons. The curve therefore 
rises to a maximum, reached for a slab thickness of approximately 30 cm. Beyond this slab 
thickness, the intermediate neutrons continue to undergo collisions: some are further 
slowed down towards the thermal range, while others are absorbed or unable to escape 
the slab. The transmitted population in this energy range then decreases. 

As with the curve of Part II, the transmission in Part I (low-energy neutrons, 𝐸𝐸 < 1 
eV) shows an initial increase followed by a decrease. It reaches its maximum at a thickness 
of around 40 cm. For very thin layers, this component is nearly nonexistent because the 
14 MeV incident neutrons have not had enough time to undergo collisions and reach ther-
mal or sub-thermal energies. As the thickness increases, the number of collisions in-
creases, which slows down the neutrons to the 𝐸𝐸 < 1 eV range. Therefore, the curve rises 
sharply and reaches its maximum at a greater thickness than the curve in Part II. This shift 
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is consistent with the fact that more collisions—and thus greater material thickness—are 
required to produce highly slowed neutrons than intermediate-energy neutrons. Beyond 
approximately 40 cm, however, the transmitted thermal component decreases because 
low-energy neutrons are more likely to be absorbed or trapped by multiple scattering be-
fore reaching the slab’s exit. 

 

Figure 8. Fraction of transmitted neutrons as a function of slab thickness for the three energy do-
mains of the transmitted neutron spectrum. 

4. Discussion 
4.1. Neutron Shielding by Concrete Slabs 

First, the total transmission shown in Figure 3 remains below 1, meaning that the 
number of neutrons transmitted through an ordinary concrete slab remains lower than 
the number of incident neutrons. This result can be understood from the balance between 
neutron loss mechanisms and neutron multiplication reactions occurring within the ma-
terial. As indicated in Section 2.2, the ordinary concrete considered in this work is mainly 
composed of H, O, Si, Na, Ca, Al, and Fe atoms. When 14 MeV neutrons originating from 
a D–T fusion source enter the concrete, they undergo numerous elastic and inelastic inter-
actions with these nuclei. Elastic scattering, particularly on H, efficiently slows down the 
neutrons and redistributes their directions [7,52]. Inelastic scattering on O, Si, Na, and Fe 
further degrades the neutron energy and contributes to the generation of a broad slowing-
down spectrum. As a result, a significant fraction of the incident neutron population is 
either backscattered toward the source, lost through lateral leakage, or eventually ab-
sorbed after moderation to lower energies. This behavior is consistent with the classical 
description of neutron transport and slowing-down in shielding material [13,53,54]. 

In principle, neutron multiplication reactions can occur in concrete. At 14 MeV, some 
nuclei present in concrete exhibit threshold reactions of the type (n, 2n), (n, 3n), or more 
generally (n, xn), producing secondary neutrons. Examples include reactions on O, Si, and 
Fe nuclei. However, these reactions have relatively high thresholds and modest cross-sec-
tions at fusion-neutron energies. Consequently, only a limited fraction of the incident neu-
tron population undergoes such multiplication processes. In our simulations, the only 
neutron-multiplication channels observed were (n, 2n) reactions, which occurred only 
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rarely. These reactions represent 0.38% of n-Si interactions, 0.12% of n-Fe interactions, and 
0.04% of n-O interactions. Moreover, many of the secondary neutrons are emitted at lower 
energies and remain subject to further scattering, moderation, and absorption before 
reaching the exit surface [17,54]. This behavior contrasts with dedicated neutron-multi-
plying materials such as beryllium or fissile materials. For instance, beryllium is com-
monly used as a neutron multiplier because the 9Be(n, 2n) reaction is efficient at fusion-
neutron energies. Ordinary concrete does not possess such multiplying properties. Its role 
is instead dominated by moderation, scattering, leakage, and eventual capture, which ex-
plains its widespread use as a neutron shielding material [13,17]. Therefore, although sec-
ondary-neutron production contributes to the transmitted population and to the build-up 
effect, the losses due to backscattering, moderation followed by capture, and lateral leak-
age largely exceed the neutron gain associated with (n, xn) reactions. 

The neutron-transport results through a concrete slab shown in Figures 3–8 indicate 
a progressive redistribution of the transmitted neutron flux as the slab thickness increases, 
along with a strong spectral redistribution and a significant build-up of scattered neu-
trons. For thin slabs, the transmitted flux is mainly dominated by fast neutrons close to 
the incident energy of 14 MeV. As the slab becomes thicker, elastic and inelastic scattering 
processes become increasingly important, reducing the 14 MeV peak and broadening the 
spectrum toward lower energies. At intermediate thicknesses, multiple collisions generate 
a significant population of slowed-down neutrons, producing an epithermal component 
approximately following a 1/𝐸𝐸 behavior, a thermal peak associated with hydrogen mod-
eration, and a residual high-energy tail from partially degraded primary neutrons. Figure 
8 shows that the transmission maxima of the different energy parts occur at different thick-
nesses, around 0–1 cm for fast neutrons, 30 cm for intermediate-energy neutrons, and 40 
cm for low-energy neutrons. For larger thicknesses, absorption and capture of thermal-
ized neutrons become dominant, leading to a sharp decrease in the transmitted flux de-
spite the continued production of slowed-down neutrons within the material. 

It should be noted that biological shields in real fusion facilities are generally made 
of reinforced concrete and other high-density materials rather than purely homogeneous 
ordinary concrete. In the present study, the steel reinforcement was not explicitly mod-
eled, and the concrete was treated as a homogeneous material. This assumption may affect 
the calculated neutron transmission and spectral redistribution [55]. Steel rebars increase 
the local iron content, which can modify the probabilities of fast-neutron scattering and 
inelastic interactions, as well as affect the intermediate-energy spectrum through reso-
nance absorption in iron [56]. Depending on the reinforcement fraction, bar spacing, and 
position relative to the neutron path, the transmitted spectrum may therefore differ from 
that obtained for homogeneous ordinary concrete. Consequently, the present results 
should be interpreted as a reference case for homogeneous ordinary concrete, while rein-
forced-concrete biological shields require explicit modeling of the steel distribution for 
quantitative design calculations. 

Finally, it is important to note that in a real tokamak environment, the neutron source 
exhibits spectral broadening, and the neutron field reaching the biological shield may 
have a broad angular distribution due to previous scattering in surrounding structures 
[57,58]. The source model in the present work assumes monoenergetic 14 MeV neutrons 
normally incident on the concrete slab. This configuration was chosen as a reference case 
to isolate the effect of concrete thickness on neutron attenuation, spectral redistribution, 
and SER. For an ideal homogeneous slab, the first-order effect of oblique incidence is an 
increase in the effective path length from 𝑡𝑡 to 𝑡𝑡/(cos 𝜃𝜃), where 𝜃𝜃 is the angle of incidence 
with respect to the slab’s normal. Thus, incidence angles of 30°, 45°, and 60° correspond 
to effective thickness increases of approximately 15%, 41%, and 100%, respectively. In the 
ballistic approximation, this increased thickness should be considered in Equation (6). 
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Oblique incidence is therefore expected to enhance the suppression of the direct 14 MeV 
component and to shift the transmitted spectrum toward lower energies. Since the SER is 
obtained by folding the transmitted neutron spectrum with the device-specific SEU cross-
section, any change in the transmitted spectrum induced by angle may also modify the 
calculated SER. However, realistic angular distributions cannot be reduced to a single ef-
fective path length, especially when multiple scattering and room-return effects are pre-
sent. The conclusions of this study should therefore be regarded as reference results for a 
normal-incidence slab configuration, while quantitative predictions for real fusion facili-
ties require angular-dependent, three-dimensional transport calculations [15,17,59]. 

4.2. Implications for the Neutron-Induced SER of Shielded Integrated Circuits 

We investigated the impact of these spectral changes on the soft-error rate (SER) of 
two types of complementary metal-oxide-semiconductor (CMOS) static random-access 
memory (SRAM) circuits. The first circuit is a 65 nm bulk CMOS SRAM test vehicle fabri-
cated by STMicroelectronics. The memory circuit contains 8.5 Mbits of single-port SRAM 
(no deep N-well) with a bit cell area of 0.525 µm2, operating at a nominal core voltage of 
1.2 V [60]. The second circuit is a commercial 32-Mbit SRAM fabricated in 40 nm bulk 
CMOS by Integrated Silicon Solution Inc. (ISSI) and operating at a core voltage of 1.1 V 
(obtained as an extrapolated value based on the technology node) [60]. These two tech-
nologies have been characterized in terms of neutron-induced SEUs, and the parameters 
of the models that give the neutron bit-flip cross-section (Equations (2) and (3)) as a func-
tion of the neutron energy are precisely known. These parameters are summarized in Ta-
ble 1 [61–64]. Figure 9 shows the variation in the neutron bit-flip cross-section as a function 
of the neutron energy for the two technologies. 

Table 1. Cross-section model parameters for the 65 nm ST and 40 nm ISSI CMOS bulk SRAM tech-
nologies [61–64]. 

SRAM 
𝝈𝝈𝒌𝒌𝒌𝒌 

(cm2/bit) 
𝝈𝝈𝒔𝒔𝒔𝒔𝒔𝒔 

(cm2/bit) 
𝑬𝑬𝑻𝑻𝑻𝑻 

(MeV) 
𝒘𝒘 

(MeV) 𝒔𝒔 

65 nm ST SRAM [61,62] 1.90 × 10−16 3.17 × 10−15 0.148 9.115 0.856 
40 nm ISSI SRAM [63,64] 3.16 × 10−15 1.40 × 10−14 0.01 14.05 0.82 

 

Figure 9. Neutron-induced bit-flip cross-section for the 65 nm STMicroelectronics and 40 nm ISSI 
CMOS bulk SRAM technologies. 

The SER has been evaluated by folding the simulated neutron energy distributions 
with energy-dependent bit-flip cross-sections, as explained in Section 2.5 (Equation (1)). 
These energy distributions were normalized per source neutron and then scaled to the 
assumed incident flux before being used in the SER calculation. Figures 10 and 11 show 
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the calculated SER as a function of slab thickness for 65 nm and 40 nm CMOS SRAM 
technologies, respectively. In these figures, the SER is decomposed into the three energy 
domains defined in Section 3.4. 

 

Figure 10. SER as a function of concrete slab thickness for the 65 nm STMicroelectronics CMOS bulk 
SRAM technology. 

The SER results for the 65 nm CMOS SRAM technology (Figure 10) show that the 
fast-neutron contribution (Part III) is dominant over the whole thickness range. At a small 
concrete thickness, this contribution is very large because the transmitted spectrum still 
contains a significant fraction of high-energy neutrons. As the slab thickness increases, the 
fast component decreases continuously and almost exponentially. This is due to the atten-
uation and moderation of fast neutrons in concrete: elastic and inelastic scattering pro-
gressively reduce their energy, while absorption and leakage reduce their number. The 
thermal-neutron contribution (Part I) behaves differently. It first increases with thickness, 
reaches a maximum around 40 cm, and then decreases. This maximum is a typical conse-
quence of neutron moderation. For thin slabs, only a small fraction of the incident fast 
neutrons has been slowed down to thermal energies, so the thermal contribution is weak. 
As the concrete thickness increases, more neutrons undergo multiple scattering events 
and populate the thermal energy range. This increases the thermal flux and therefore the 
thermal SER contribution. Beyond the maximum, however, the total transmitted neutron 
population becomes strongly attenuated, and thermal neutrons are also absorbed effi-
ciently by the concrete constituents. The decrease in neutron intensity then dominates 
over the production of new thermal neutrons, leading to a reduction in the SER associated 
with Part I. The intermediate-energy contribution (Part II) also shows a maximum, but it 
remains much smaller than the two other contributions. Its peak occurs around 30 cm. 
This contribution corresponds to neutrons that have been partially moderated but have 
not yet reached the thermal range. For small thicknesses, the number of such neutrons is 
limited because the spectrum is still dominated by fast neutrons. For intermediate thick-
nesses, scattering redistributes part of the fast-neutron population into the epithermal and 
intermediate-energy range, which increases the SER associated with Part II. For larger 
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thicknesses, attenuation and further moderation toward thermal energies reduce this in-
termediate component. 

Figure 11 shows the SER results for the 40 nm CMOS SRAM technology. These results 
show the same physical mechanism as for the 65 nm CMOS SRAM technology: concrete 
progressively transforms the incident fast neutron spectrum into a degraded spectrum con-
taining thermal and intermediate-energy neutrons, while simultaneously attenuating the 
total transmitted flux. Like Figure 10, this figure illustrates the competition between neutron 
moderation and neutron attenuation in concrete. Increasing the slab thickness first transfers 
part of the fast-neutron population toward lower energies, producing maxima in the ther-
mal and intermediate-energy SER contributions. For larger thicknesses, the transmitted flux 
becomes strongly reduced in all energy ranges, and all SER contributions decrease. 

 

Figure 11. SER as a function of concrete slab thickness for the 40 nm ISSI CMOS bulk SRAM tech-
nology. 

However, the main difference with respect to the 65 nm technology is the much larger 
sensitivity of the 40 nm SRAM, especially to the low-energy neutron components. The 
fast-neutron contribution is higher for the 40 nm device, but the increase is even more 
pronounced for the thermal and intermediate contributions. In the 65 nm case, the thermal 
contribution reaches a maximum of only about 102 FIT/Mbit, whereas in the 40 nm case it 
reaches several 103 FIT/Mbit. Similarly, the intermediate-energy contribution is also sig-
nificantly higher in the 40 nm SRAM. Another important difference is the relative im-
portance of the thermal contribution at large concrete thickness. In the 65 nm case, the 
fast-neutron contribution remains generally dominant or comparable over most of the 
thickness range. In the 40 nm case, the thermal contribution becomes comparable to the 
fast contribution around 𝑡𝑡 = 80 cm and becomes larger for thicker slabs. This means that, 
after sufficient moderation in concrete, the SER of the 40 nm SRAM is no longer primarily 
controlled by the residual fast-neutron spectrum, but rather by the moderated thermal-
neutron component. The 40 nm SRAM is then much more sensitive to the low- and inter-
mediate-energy domains of the spectrum than the 65 nm SRAM. Consequently, for thick 
concrete slabs, the thermal-neutron contribution becomes a major, and eventually domi-
nant, component of the SER in the 40 nm technology. 
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Figure 12 shows the total simulated SER, obtained as the sum of contributions from 
parts I, II, and III of the transmitted neutron spectra, versus slab thickness for the 65 nm 
STMicroelectronics and 40 nm ISSI CMOS bulk SRAMs. As expected from the individual 
contributions of parts I, II, and III discussed previously, the total simulated SER of the 40 
nm SRAM is systematically higher than that of the 65 nm SRAM over the whole thickness 
range. The two SER curves decrease almost exponentially with increasing slab thickness 
and remain roughly parallel on the logarithmic scale, indicating that the SER ratio be-
tween the two technologies is nearly constant, with the 40 nm device being approximately 
4–5 times more sensitive than the 65 nm device. 

 

Figure 12. Total simulated SER (the sum of the SERs for parts I, II, and III) as a function of the 
thickness of the concrete slab for both the 65 nm STMicroelectronics and 40 nm ISSI CMOS bulk 
SRAMs. Experimental SER measurements obtained at the JET tokamak during its final D-T opera-
tion are also shown with experimental horizontal error bars. The vertical dotted line indicates the 
104.5 cm thickness of the concrete slab behind which the two experiments were placed at JET. 

From a shielding-design perspective, the curves of Figure 12 can be used to estimate 
the minimum concrete thickness required to reduce the SER below a specified allowable 
threshold. For the reference incident neutron flux considered here, 𝜙𝜙𝑖𝑖𝑖𝑖 = 106 n cm−2s−1, 
approximate values obtained from the simulated curves are summarized in Table 2. These 
values should be understood as design-oriented estimates for the specific one-dimen-
sional homogeneous concrete configuration studied here. 

Table 2. Minimum concrete thickness required to reduce the SER below a specified allowable 
threshold. 

Allowable SER Threshold 
Minimum Thickness 

for 65 nm SRAM 
Minimum Thickness 

for 40 nm SRAM 
103 FIT/Mbit ~65–70 cm ~95–100 cm 
102 FIT/Mbit ~100–105 cm ~125–130 cm 
10 FIT/Mbit ~135–140 cm ~155–160 cm 
1 FIT/Mbit ~160 cm >160 cm 
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These values are clearly not universal shielding criteria. They scale with the incident 
neutron flux and depend on the SEU cross-section specific to the device. For a different 
incident flux 𝜙𝜙𝑖𝑖𝑖𝑖 , the calculated SER values will scale approximately linearly with the 
flux, provided the same neutron spectrum and device response are assumed. Therefore, 
the required concrete thickness must be recalculated for each radiation environment, de-
vice technology, and allowable SER requirement. 

While the present study focuses on ordinary concrete, other concretes may be used 
in fusion shielding applications, including borated concrete and heavy concrete. Borated 
concrete is expected to enhance the absorption of thermal and epithermal neutrons 
through boron capture reactions, given the large thermal capture cross-section of 10B 
[65,66]. This could reduce the low-energy part of the transmitted spectrum, which is par-
ticularly important for electronic technologies whose SER is sensitive to thermal neutrons 
[48]. Heavy concretes, which are based on high-density aggregates or iron-rich constitu-
ents, modify the fast-neutron attenuation, scattering, inelastic reaction balance, and reso-
nance absorption structure [67]. Consequently, the transmitted neutron spectrum and the 
resulting SER could differ from those obtained for ordinary concrete. Although the con-
clusion that shielding-induced spectral redistribution must be included in SER estimates 
remains valid, quantitative SER values and the required thickness of shielding must be 
recalculated for each specific material. 

Finally, it should be noted that the quantitative SER results presented in this section 
are limited to the two bulk-silicon CMOS SRAM technologies considered here. Other de-
vice substrates and architectures, such as FD-SOI, silicon carbide electronics, wide-
bandgap devices, or radiation-hardened memory architectures, may exhibit different neu-
tron-induced SER responses [68–70]. These differences may be due to changes in the ge-
ometry of sensitive volume, charge-collection efficiency, critical charge, substrate compo-
sition, nuclear reaction channels, layout-level hardening, and error-correction schemes 
[48,68,71,72]. Then, while the shielding-induced spectral modifications reported in this 
work are generally relevant for neutron transport, the corresponding SER values must be 
recalculated using technology-specific neutron-induced SEU cross-sections. The conclu-
sions of the SER analysis should therefore be understood as applying to bulk-silicon 
CMOS SRAMs only. 

4.3. Comparison with Previous Experiment at JET 

In the context of radiation effects on electronics for fusion facilities, the 65 nm and 40 
nm bulk CMOS SRAMs described in Section 4.2 were tested in real conditions at the Joint 
European Torus (JET) [73–75] during its final D–T plasma campaign (see [60] for details). 
Since D–T plasmas generate 14 MeV neutrons, JET provided a realistic environment to 
study neutron-induced soft errors in electronic memories representative of systems that 
may be used in future tokamak buildings. 

Two test benches with the 65 nm and 40 nm SRAM circuits were installed in the JET 
basement (in position B6), below a 1045 mm reinforced concrete slab supporting the toka-
mak chamber, where the neutron field was partially shielded but still significant [60]. A 
neutron spectrometer was placed near the memories to measure the local neutron spec-
trum and fluence during each plasma pulse, allowing the observed single-event upsets to 
be directly correlated with the machine-induced neutron environment [60]. 

The results reported in [60] showed clear radiation-induced degradation of SRAM 
reliability: the 65 nm SRAMs exhibited a bit-flip rate of 493 h−1 Gbit−1 under an average 
residual neutron flux (at circuit level) of about 3.22 × 105 cm−2 s−1 in position B6, while the 
40 nm SRAMs showed a higher rate of 2342 h−1 Gbit−1 under an average residual neutron 
flux of about 3.07 × 105 cm−2 s−1 at the same B6 position. These measurements clearly 
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demonstrated that electronics located in partially shielded areas of future fusion reactors 
may still experience significant neutron-induced soft errors. 

To enable comparison with the slab simulations, the experimental SER values were 
rescaled to the transmitted neutron flux predicted by MCNP for a 104.5 cm-thick concrete 
slab irradiated by an incident neutron flux of 106 n cm−2 s−1. The resulting normalized SER 
values are 170 FIT/Mbit for the 65 nm SRAM and 776 FIT/Mbit for the 40 nm SRAM. These 
values are also reported in Figure 12. Since MCNP simulations are based on highly sim-
plified assumptions compared to the actual JET environment (for example, a homogene-
ous concrete slab of fixed thickness rather than a detailed model of the building with nu-
merous openings for cables or conduits, and a monoenergetic 14 MeV neutron source ra-
ther than the actual tokamak source), any agreement between the simulations and exper-
imental data should be considered an order-of-magnitude estimate rather than a valida-
tion of the detailed neutron field. The ratio between the experimental SER values is ap-
proximately 4.6, in good agreement with the simulated ratio. Moreover, the absolute po-
sitions of the experimental points are reasonably close to the corresponding simulated 
curves, within about a factor of two. This approximately factor-of-two difference between 
the JET experimental points and the simulated slab curves can be explained by the ideal-
ized assumptions adopted in the present model. The simulation considers a homogeneous 
ordinary-concrete planar slab, a monoenergetic 14 MeV pencil-beam source, normal inci-
dence, vacuum lateral boundaries, and the absence of cavities, penetrations, ducts, access 
doors, cable paths, multilayer shielding structures, or room-return scattering. In contrast, 
the real JET environment involves a realistic D–T neutron source with energy-angle dis-
tributions shaped by transport through the tokamak and surrounding structures, as well 
as a complex and highly heterogeneous three-dimensional geometry. These features may 
significantly alter the neutron field behind the shield [57–59,76,77]. Penetrations and ducts 
can create paths for neutrons to travel along, which can increase the transmitted flux com-
pared to predictions for a homogeneous slab. Conversely, additional shielding layers or 
structural materials may further attenuate or reshape the neutron spectrum. Room-return 
scattering from surrounding walls and cavities may also contribute to the local neutron flu-
ence at electronics locations. Additional uncertainties related to neutron-flux normalization, 
experimental positioning, board configuration, and Weibull SEU cross-section model 
(which is a simplified representation of the response function of a device) may also contrib-
ute. Because these effects are coupled, the present comparison should not be interpreted as 
a detailed validation of the JET neutron field. Rather, the fact that the experimental points 
are within about a factor of two of the simplified simulation confirms that our simulation 
approach appears suitable for providing a first-order estimate of the SER behavior of a given 
SRAM technology behind concrete shielding in the context of nuclear fusion. Such an ap-
proach could provide a rapid order-of-magnitude estimate of the SER value of circuits in a 
given radiation environment representative of nuclear fusion facilities. 

5. Conclusions 
This work investigated the transport of 14 MeV fusion neutrons through ordinary 

concrete slabs and their impact on neutron-induced soft-error rates in advanced CMOS 
SRAM technologies. The study was motivated by the fact that future fusion facilities will 
require a large number of electronic systems for diagnostics, monitoring, control, and 
safety functions, some of which may be located in shielded but still neutron-exposed ar-
eas. In such environments, 14 MeV D–T neutrons can penetrate deeply into structural and 
shielding materials and may induce single-event effects in electronic devices through sec-
ondary charged particles generated by neutron interactions in semiconductor materials 
and device packaging. 
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Monte Carlo simulations performed with MCNP and cross-checked with Geant4 
showed that concrete shielding does not simply reduce the neutron flux by exponential 
attenuation. Instead, neutron transport through concrete produces a strong redistribution 
of the neutron energy spectrum. As the slab thickness increases, the uncollided ballistic 
component close to 14 MeV decreases rapidly, whereas multiply scattered neutrons form 
a build-up contribution. This leads to the emergence of intermediate-energy and thermal 
neutron populations in addition to the remaining high-energy tail. For thin slabs, the 
transmitted spectrum remains dominated by fast neutrons close to the source energy, 
whereas for thicker slabs the spectrum becomes increasingly shaped by moderation, scat-
tering, absorption, capture, backscattering, and leakage. 

The analysis demonstrated that these spectral modifications are essential for as-
sessing the reliability of electronics behind concrete shielding since the SER depends on 
the convolution of the transmitted neutron spectrum with the energy-dependent SEU 
cross-section of the considered device. Consequently, two given devices exposed to the 
same shielded neutron field may exhibit different SER trends depending on their sensitiv-
ity to fast, intermediate-energy, or thermal neutrons. In the present work, the 65 nm bulk 
CMOS SRAM was mainly controlled by the fast-neutron contribution, whereas the 40 nm 
bulk CMOS SRAM showed a stronger contribution from moderated low-energy neutrons. 
This result illustrates that shielding can reduce the total neutron flux while simultane-
ously producing spectral components that remain relevant for soft-error production. For 
the incident neutron flux of 106 n cm−2 s−1 considered here, the simulated SER curves have 
been used to derive indicative minimum shielding thicknesses of concrete. For example, 
reducing the SER below 103 FIT/Mbit requires a thickness of approximately 65–70 cm for 
the 65 nm SRAM and 95–100 cm for the 40 nm SRAM. Reaching 10 FIT/Mbit requires a 
thickness of about 135–140 cm and 155–160 cm, respectively. However, these values 
should not be used as universal shielding design criteria since they depend on the incident 
neutron flux and the SEU cross-section of the device in question. Rather, they demonstrate 
how the proposed methodology can be used to determine the required shielding thickness 
for a given radiation environment, device technology, and allowable SER threshold. 

The comparison with SRAM measurements performed during the JET D–T campaign 
further supports the relevance of this approach. Although the simplified slab model cannot 
reproduce the full complexity of the JET building, source distribution, angular neutron field, 
and material heterogeneity, the simulated SER values were found to be consistent with the 
experimental results at the order-of-magnitude level. This indicates that coupling Monte 
Carlo neutron-transport calculations with device-specific SEU cross-sections can provide 
useful first-order estimates of neutron-induced SER in shielded fusion environments. 

The quantitative conclusions of this study are limited to the idealized configuration 
considered here: a quasi-one-dimensional homogeneous ordinary-concrete slab irradiated 
by normally incident 14 MeV neutrons. The results are therefore directly relevant to first-
order estimates for slab-like walls or shielding barriers, but they should not be directly 
extrapolated to complex fusion-plant buildings without additional transport calculations. 
In realistic buildings, penetrations, ducts, cavities, air gaps, non-planar geometries, and 
multi-layer shielding systems may significantly modify both the neutron fluence and the 
transmitted spectrum. The main contribution of this work is thus the proposed methodol-
ogy: coupling Monte Carlo neutron-transport simulations with device-specific SEU cross-
sections to assess shielding-induced SER changes. For practical fusion-plant shielding de-
sign, this methodology must be applied to facility-specific three-dimensional models, in-
cluding the actual source, geometry, materials, penetrations, and electronics locations. 
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