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Abstract 
 
 

The computer code TALYS has been used to calculate interactions between cosmic-ray 

neutrons and silicon nuclei with the goal to describe single-event upset (SEU) cross sections in 

microelectronics devices. Calculations for the Si(n,X) reaction extend over an energy range of 2 to 

200 MeV. The obtained energy spectra of the resulting residuals and light-ions have been integrated 

using several different critical charges as SEU threshold. It is found that the SEU cross section seems 

largely to be dominated by 28Si recoils from elastic scattering. Furthermore, the shape of the SEU 

cross section as a function of the energy of the incoming neutron changes drastically with decreasing 

critical charge. The results presented in this report stress the importance of performing studies at 

mono-energetic neutron beams to advance the understanding of the underlying mechanisms causing 

SEUs.  
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1 Introduction 
 
In recent years, single-event effects (SEEs) induced by ionizing particles have been recognized in the 

microelectronics and aerospace industries as one of the key factors that can limit the reliability and 

performance of electronic devices in advanced technologies [1]. This report concerns an important 

class of SEEs, single-event upsets (SEUs), which causes soft fails. In an SEU event, the state of a 

circuit is changed from 0 to 1, or from 1 to 0, by a charge released by an intruding particle hitting a 

sensitive part of an electronic device. Contrary to a hard fail, a SEU does not result in a physical 

damage or a functional degradation of the circuit. However, since SEUs cause data corruption, there 

are serious reliability issues in applications in which data integrity is critical. 

The main purpose of this report is to identify the most important relevant nuclear reactions for 

SEU events induced by neutrons and to qualitatively describe the dependence of the SEU cross section 

from some key parameters. The new nuclear reaction code TALYS is used to calculate the cross 

sections for different nuclear reactions and for residual production.  

The remainder of this section will give an overview on SEU effects and discuss why neutrons 

are important. The TALYS code is described in Sect. 2 and the performed calculations in Sect. 3. The 

results are discussed in Sect. 4 and summarized in Sect. 5.  

 
 
 

Les “erreurs logiques induites” (SEEs), induits par des particules ionizantes sont désormais reconnues 

dans l’industrie microélectronique et aéronautique comme étant un facteur clef limitant la fiabilité et la 

performance des dispositifs électroniques dans le domaine des technologies de pointe. Ce rapport, 

concerne une classe importante de SEEs, “Single-Event Upsets” (SEUs) responsables d’erreurs non-

destructrices. Lors d’un SEU, l’état logique d’un circuit passe de 0 à 1, ou bien de 1 à 0, du fait d´un 

courant produit par l’intrusion d’une particule ionizante au sein d’une région sensible d’un equipement 

électronique. Contrairement à une erreur destructrice, un SEU ne provoque pas de dommages 

physiques ou fonctionnels du circuit, mais ils sont à l’origine de corruption de données, et constituent 

donc un problème sérieux dans les secteurs où l’intégrité des données est essentielle. 

Le sujet principal de ce rapport sera de donner une perception physique du phénomène, et 

expliquer en quoi les neutrons sont si importants. Le code TALYS est décrit dans la section 2, alors 

que les simulations le sont dans la section 3, les résultats dans la section 4 et résumés en section 5. 

Le sujet principal de ce rapport est d’identifier les méchanismes nucleaires responsables de 

SEUs induits par des neutrons ainsi que de décrire qualitativement la dépendance des SEUS en 

fonction de certains paramètres clefs. Le nouveau code nucléaire TALYS fut utilisé afin de calculer les 

sections efficaces des différentes réactions nucléaires, ainsi que pour la production de résiduels. 
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1.1 The nature of Single-Event Upsets 
 

When a charged particle is passing through a microelectronic device, it ionizes atoms along its path. In 

a semiconductor, this is corresponding to the creation of electron-hole pairs around the particle track 

(see Fig. 1). These electrons and holes in turn perturb the electric field in the device. As a result, the 

equipotential surfaces of the electric field are distorted from their equilibrium configuration in such a 

way that they wrap around the particle track in a shape of a funnel. At any point on the equipotential 

line, the electric field vector is always perpendicular to the line. Hence, the electric force will always 

push electrons and holes in opposite directions. This further separates the electrons and holes, and 

recombination is delayed or prevented. Eventually excess charge of one type is collected as an 

electrical pulse in the drain region, while the excess charge of the opposite polarity is swept into the 

substrate. If this collected charge exceeds a threshold value known as the critical charge, the state of 

the cell can be changed, and an SEU is said to have occurred. The importance of critical charge will be 

discussed later. For more details, see Refs. [1,2]. 

There are several well-known sources of SEEs that affect microelectronics devices [3]. The 

oldest problem can be tracked to certain packaging materials used in integrated circuits. These 

materials contain traces of radioactive nuclei that emit alpha particles. A notorious example is 210Po, 

contained in lead, having a half life of 138 days and emitting alpha particles with a kinetic energy of 

5.3 MeV. Improving the packaging processes, using alpha-free materials, solved this problem. 

 

 

                               
Figure 1: Schematic drawing showing how ionizing particles deposit energy in an electronic device:  

a) incoming charged particle; b) incoming neutron producing charged particles by a nuclear reaction or 

elastic scattering [3]. 
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Another well-known source of SEEs is thermal neutrons. Thermal neutrons are slow neutrons 

with kinetic energies in the milli-electronvolt range. Due to the presence of 10B in borophosphosilicate 

glass (BPSG), used as an insulator layer adjacent to the device, and its huge absorption cross section 

for those slow neutrons, thermal neutrons are captured and the following reaction can occur: 

  
                                   nth + 

10B → 4He (1.47 MeV) + 7Li* (0.84 MeV) 
 
This reaction is important because of its huge cross section and, moreover, is really efficient 

for producing SEEs, due to the opposite direction of the two produced nuclei. The latter increases the 

probability for one of them to hit a sensitive region of the device. In new technologies, with the BPSG 

removed, or enriched with 11B instead, the thermal problem is essentially removed. Finally, the third 

source of SEEs, and by far the most important one will be discussed in the next sections.  

 

1.2 The role of cosmic neutrons 
 

At flight altitudes, as well as at sea level, neutrons and muons dominate cosmic rays. The most 

important particles for SEEs are neutrons, which are uncharged and therefore penetrate the atmosphere 

rather efficiently, and, moreover, interact strongly with nuclei, which make them efficient in causing 

SEUs.  As far as SEUs are concerned, muons do not pose serious SEUs problems because of their 

electromagnetic interaction with nuclei, which is much weaker than the strong interaction. Therfore, 

we will only be interested in neutron spectra. 

Since neutrons do not carry electric charge, they do not ionize the device they hit. However, 

when a high-energy cosmic neutron collides with a nucleus in the device material, a spallation reaction 

is initiated. A complex sequence of nuclear processes takes place, and as a result light charged 

particles such as protons, deuterons, tritons, 3He and alpha particles are produced. In addition, the 

reaction also releases heavy recoil nuclei like, e.g., 26Mg, 27Al or 28Si. If this happens near a sensitive 

region of the device, it can lead to a SEU. 

As soon as a charged particle penetrates a material, it slows down and loses kinetic energy due 

to the excitation and ionization of the atoms surrounding the particle path. This form of radiation is 

characterised by the stopping power, which is the energy loss per unit path length. The stopping power 

varies approximately as a function of Z/v2, where Z is the ion charge and v the ion velocity. Hence, the 

stopping power is higher for residuals than for light particles (see Fig. 2). Therefore, within a limited 

volume, residual nuclei deposit a larger ionization energy than the lighter secondary fragments 

produced in the same collision event. 
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Figure 2: Stopping power of typical spallation fragments and light particles in 28Si. This calculation was 

performed with SRIM [5]. Units were chosen to facilitate comparison with values given below. 

 

Due to this difference in the stopping power between light particles and residuals, two 

parameters have to be taken into account in this study: the sensitive volume for SEUs of the electronic 

device, or a typical sensitive thickness, and the critical charge of the device (or energy threshold) to 

cause an SEU. In Ref. [6], Goldhagen assumes a critical charge of 80 fC for the devices tested in the 

article, and a sensitive thickness of 2.5 µm. These values agree well with those given in Ref. [7]. 

In Fig. 2, the stopping power of protons, alpha particles and two residuals in silicon is shown. 

From the stopping power the released charge per micron can be derived. In silicon, it takes an average 

energy of 3.6 eV to create an electron-hole pair. Hence a stopping power of 1 MeV / µm is associated 

with 2.78 * 105 electron-hole pairs per micron, corresponding to 44.5 fC per micron. This has to be 

compared with typical values for the critical charge (80 fC) and the distance in which this charge must 

be deposited (2.5 µm). It is then obvious, that heavy spallation fragments, with a large charge and 

hence a high stopping power, are more efficient to free enough charge in the sensitive volume. This is 

why we will mainly be concerned with heavy residuals rather than light particles. 
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2 The nuclear reaction code TALYS 

 

For the understanding of single-event upsets, nuclear data on interactions between cosmic rays 

neutrons with silicon nuclei are crucial. For this work, the TALYS code [8,9] has been used for 

calculations of the relevant cross section data. TALYS is a nuclear reaction program created at NRG 

Petten, the Netherlands and CEA Bruyères-le-Châtel, France. This computer code has been developed 

to achieve predictions of nuclear reactions that involve photons, neutrons, protons, deuterons, tritons 

and alphas particles in the 1 keV – 200 MeV energy range and for target nuclides of mass 12 and 

heavier. TALYS has two main purposes; it can be used as a nuclear physics tool, confronting nuclear 

models with experiment, and, secondly, as a nuclear data tool, predicting nuclear data where no 

experimental library exists. This second function is what will be exploited in this report. Other 

applications that rely directly on data libraries generated by computer codes like TALYS are, e.g., 

innovative power reactors (GEN-IV), accelerator-driven systems for transmutation of radioactive 

waste, fusion reactors, production and radiotherapy with medical radioisotopes and astrophysics. 

The TALYS version used in this study is the 0.64 beta version, the first version that has been 

released to testers. It was compiled on a PC running Windows XP using the g95 compiler and 

MinGW [11]. 

 

2.1 How to run TALYS 
 

A user who wants to perform calculations with TALYS has to provide an input file that consists of 

keywords and their associated values. An example for a minimum input file for TALYS is: 
 

projectile     n 

element       Si 

mass          28 

energy       200  

 

This input file represents the simplest form in which you can put a question to TALYS. The 

shown input file will cause TALYS to calculate cross sections for the interaction of a neutron, with a 

kinetic energy of 200 MeV, hitting a 28Si nucleus. Then, if one wants to be more specific more 

keywords can be added. A typical example of a TALYS input file used in this report is listed and 

explained in the Appendix. A complete list of all keywords and their function is found in Ref. [8]. 
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2.2 The treatment of nuclear reactions in TALYS 
 

The TALYS user manual [8] gives an overview on nuclear reactions and the models employed by 

TALYS. Here only a brief summary is given. 

An outline of the theory of nuclear reactions can be given in many ways. A classic one is in 

terms of time scales: short reaction times are associated with direct reactions, long reaction times with 

compound nuclear processes, and at intermediate time scales, pre-equilibrium processes occur. An 

alternative classification can be given with the number of intranuclear collisions, which is one or two 

for direct reactions, a few for pre-equilibrium reactions and many for compound reactions. As a 

consequence, the coupling between the incident and outgoing channels decreases with the number of 

collisions and the statistical nature of the nuclear reaction increases with the number of collisions. Fig. 

3 gives an overview over the different mechanisms during a nucleon-induced reaction in a schematic 

manner. The different mechanisms are described below. Fig. 4 is the result of a TALYS calculation 

and shows a typical spectrum for an outgoing particle. The different contributions of compound, pre-

equilibrium and direct reactions are indicated. 

 

 
Figure 3: A particle incident on a target nucleus will induce several binary reactions, which are described by 

the various competing reactions mechanisms that are mentioned in the text. During the reaction process 

particles may be emitted and the corresponding recoiling residual nucleus remains. Depending on the 

incident particle type and energy, many different reaction channels are available resulting in a variety of 

possible residual nuclei [8]. 
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Figure 4: Result of a TALYS calculation of Si(n,xn’). Shown is the spectrum for outgoing neutrons 

produced by an incoming neutron of 96 MeV hitting a silicon target. The energy regions to which direct, pre-

equilibrium and compound mechanisms contribute are indicated.  

 

The main relevant nuclear models and reaction stages are the following: 

 

• The optical model: a model used to describe both differential and total cross section in the 

presence of absorptive effects is called an optical model, so called because the calculation resembles 

that of light incident on a somewhat opaque glass sphere. In this model, the scattering is represented in 

terms of a complex potential, where the real part is responsible for the elastic scattering; it describes 

the ordinary nuclear interaction between target and projectile and may therefore be very similar to a 

shell-model potential. The imaginary part is responsible for the absorption and can be understood as 

the attenuation of the incident wave to the benefit of reaction mechanisms that lead to the compound 

nucleus. Details can, e.g., be found in Ref. [11]. The specific optical model used in TALYS is 

described in Ref. [12]. This model the most important one for the whole calculation since it provides 

input parameters, like, e.g., transmission coefficients, used by other models at a later stage in the 

calculation. 

• The direct reaction (right part in Fig. 4): An incident particle that interacts primarily at the 

surface of the target undergoes a direct reaction. This forms the opposite extreme from compound 

reactions since only very few nucleons of the target are involved. The memory of initial energy and 

direction is largely conserved and nuclear structure effects are visible, leading to discrete peaks in the 

spectra of the outgoing particles. 

• The pre-equilibrium reaction (middle part in Fig. 4): Pre-equilibrium emission takes place 

after the first stage of the reaction but long before statistical equilibrium of the compound nucleus is 
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attained. It is imagined that the incident particle step-by-step creates more complex states in the 

compound system and gradually loses its memory of the initial energy and direction. This mechanism 

can be described by the exciton model. In this model, the nuclear state is described by the total energy 

Etot and the total number of particles above and holes below the Fermi surface. Particle (p) and holes 

(h) are indiscriminately referred as excitons. Furthermore, it is assumed that all possible ways of 

sharing the excitation energy between different particle-hole configuration with the same excitons 

number n = p+h have equal a-priori probability. Qualitatively, the equilibration process is imagined to 

proceed as follows: after entering the target, the incident particle collides with one of the nucleons of 

the Fermi sea. The formed state with n = 3 (2p1h), is the first step that is subject to particle emission. 

Subsequent interactions result in changes in the number of excitons, characterized by ∆n = +2 (a new 

particle-hole pair) or ∆n = –2 (annihilation of a particle-hole pair) or ∆n = 0 (different configuration 

with the same excitons number). Moreover, at any stage there is a non-zero probability that a particle 

is emitted. Fig. 5 illustrates this mechanism. The process continues until the nucleus has reached 

equilibrium, i.e., the so-called compound or evaporation stage. Details of the pre-equilibrium model 

used in TALYS are given in Ref. [13].  

• Compound reaction (left part in Fig. 4): The last stage in the nuclear reaction is the 

compound or evaporation stage. The incident energy has been  shared between all the nucleons of the 

combined system (target + projectile). The memory of the initial state has been lost and a statistical 

distribution is reached and particles are emitted isotropically.  The Hauser-Feshbach formalism is used 

to describe this part of the reaction. 

 

 

 
 

Figure 5: Schematic drawing of the reaction flow in the exciton model used to describe the pre-equilibrium 

part [8]. Indicated are the competing process of emission of a particle and creation of a new particle-hole 

state.  

2.3 Relevant nuclear reaction mechanisms 
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In the projectile range between 1 keV and several hundreds of MeV, the importance of a particular 

nuclear reaction mechanism varies with the incident energy. Below, the main reaction mechanisms 

that apply in the various energy regions are outlined. All the values, as well as all the illustrations 

given above, are taken from TALYS calculations that correspond to reactions between an incoming 

neutron and a 28Si nucleus. 

 

2.3.1 Low energies  

 

• Elastic scattering and capture (En < 1.85 MeV): The energy of the incident neutron (En) is 

below the excitation energy of the first inelastic level of 28Si (which is at 1.79 MeV), and there are no 

(n,p), etc, reactions that are energetically possible. Thus, the only reaction possibilities are elastic 

scattering and neutron capture. At these low energies, only the 28Si and 29Si nuclides are involved. The 

shape elastic scattering cross section can directly be determined from the optical model mentioned 

above. The compound nucleus either decays by means of compound elastic back to the initial state of 

the target nucleus, or by means of neutron capture, after which gamma decay follows to the continuum 

and to discrete states of the compound nucleus (29Si). 

• Inelastic scattering to discrete states (1.85 MeV < En < 10 MeV): For a 28Si nucleus, the first 

inelastic channel opens up at 1.85 MeV. Reactions to these discrete levels have a compound and a 

direct component. Obviously, the elastic scattering and capture mechanisms described above also 

apply here. In addition, gamma decay to an isomeric state or the ground state of the target after 

inelastic scattering is possible. The graph in Fig. 6 corresponds to the reaction n + 
28Si → 29Si, and 

shows, as a function of the incident neutron energy, the total production cross section of 29Si. This 

TALYS calculation clearly shows how channels open: below a neutron energy of 1.85 MeV, the only 

two channels for the compound nucleus to decay are elastic scattering and capture, then, as soon as the 

neutron energy exceeds this threshold (corresponding to the first excited level of 28Si), we clearly see 

that the inelastic channel open with a sharp decrease of the capture channel. The same observation can 

be made at a neutron energy of 4.95 MeV (corresponding to the second excited state of the 28Si 

nucleus). 
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Figure 6: Total production cross section of 29Si as a function of the incoming neutron energy. Note the 

jumps at 1.85 and 4.95 MeV where inelastic channels in 28Si open up. 

 
 

2.3.2 High energies  

 

• Pre-equilibrium reactions (En > 15 MeV): At higher energies, inelastic cross sections to both 

the discrete states and the continuum are possible. Like reactions to discrete states, reactions to the 

continuum also have a compound and pre-equilibrium component. Also non-elastic channels to other 

nuclides, through charge exchange (n,p) and transfer reactions (n,α) open up at that range of energies. 

Again, the channels described in the previous subsections also apply there. 

• Multiple compound emission (En > 8 MeV): At incident energies above about the neutron 

separation energy, the residual nuclides formed after the first binary reaction contain enough excitation 

energy to enable further decay by compound nucleus particle emission. This gives rise to multiple 

channels such as (n,2n), (n,np) etc. For even higher energies, this picture can be generalized to many 

residual nuclei, and thus more complex reaction channels. 

• Multiple pre-equilibrium emission (En > 40 MeV):  At still higher incident energies, the 

residual nuclides formed after binary emission may contain so much excitation energy that the 

presence of further fast particles inside the nucleus becomes possible. These can be imagined as 

strongly excited particle-hole pairs resulting from the first binary interaction with the projectile. The 

residual system is then clearly non-equilibrated and the excited particle that is high in the continuum 

may, in addition to the first emitted particle, also be emitted on a short time-scale (i.e. show some 

“memory” of the direction of the incident neutron). 
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3 TALYS calculations and SEU estimation 

  
Before starting to perform calculations with TALYS on 28Si(n,X ), we have to define the relevant 

parameters of the problem and their range of values. 

The first parameter is the neutron energy. As TALYS is supposed to perform in the 1 keV – 

200  MeV energy range, this scale should have been adopted for this work. However, as shown in Fig. 

7, for a neutron energy smaller than 1.9 MeV, the residual energy (which for this energy range is 

composed at 99% of the energy that comes from elastically scattered nuclei of 28Si) is too small to be 

considered by TALYS and, as a consequence, the program returns a production cross section which is 

nearly zero. Due to this observation, the energy range was reconsidered and limited to between 2 and 

200 MeV. 

As mentioned before, the critical charge is of the order of 80fC, with a sensitive thickness of 

2.5 µm. However, due to the miniaturization of electronic devices, both critical charge, and sensitive 

thickness of electronic devices are supposed to become smaller and smaller. That is why four energy 

thresholds (or deposited charge thresholds) have been adopted which were 20 fC, 40 fC, 60 fC and 

80 fC. Obviously the energy threshold and the sensitive thickness are linked and it would have been be 

reasonable to take four values into account. However, even for a neutron energy of 200 MeV, 99.99% 

of the recoiling energy of the different residuals is below 2 MeV, which correspond to a stopping 

range of 1 µm for 28Si nuclei in a silicon material. Therefore, as an approximation, it is assumed that 

each residual created with a larger energy than the threshold is able to induce a SEU. 

 

 
 

Figure 7: The total production cross section of 28Si, compared to the elastic scattering cross section. 
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3.1 The most important residuals 
 
As mentioned before, calculations using the TALYS code have been performed, in order to determine 

the production of residuals by cosmic neutrons hitting 28Si nuclei. For all neutron energies between 2 

and 200 MeV, the total production cross section, as well as the energy spectrum of each residual has 

been calculated. In order to illustrate the previous section on reaction mechanisms, a few spectra of 

total production cross section are presented below and discussed. 

 

• Production of 29Si: the production of this isotope corresponds to the capture of the neutron. 

Together with 28Si, these are the only two residuals that can be created below a neutron energy of 

4.5 MeV. Fig. 6 shows the cross section between 0 and 5 MeV. The peculiar behaviour of the cross 

section in this energy region has been discussed above. In the range between 5 and 200 MeV (see Fig. 

8), the cross section for this reaction is in the order of 10-1 mb, with a maximum for capture at 20 

MeV, decreasing fast at higher neutron energies.  

 

 
 

Figure 8: The total production cross section of 29Si as a function of the neutron energy. The production of 
29Si corresponds to the neutron capture process. 

 

• Production of 28Si: the production of 28Si has to be understood as production of recoiling 

nuclei of 28Si by elastic scattering, which have a high enough energy to be considered as an ionizing 

particle. Contrary to the production cross section of 29Si, as well as for the other residuals, usually 

being of the order of magnitude of a few milli barns, the (n,n) cross section and with it the 28Si 

production is quite huge (see Fig. 9). This is especially true in the region below 4.5 MeV, because no 

reactions such as (n,p) or (n,α) are energetically possible due to negative Q-values (Q(n,p) = -3.85; 

Q(n,d) = –9.36; Q(n,t) =  –16.16; Q(n,3He) =  –12.13; Q(n, α) =  –2.65 MeV) and the Coulomb barrier 
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that prevent those light charged particles to escape from the 28Si nucleus in this energy range. Then, 

elastic scattering is, together with capture, the only possibility for the compound nucleus to decay in 

that energy range , thus leading to the formation of 28Si and 29Si only. 

 

 
 

Figure 9: The total production cross section of 28Si as a function of the neutron energy. This cross section 

corresponds to elastic scattering. 

 
Concerning the shape of the curve shown in Fig. 9, it is important to notice two maxima, one 

at 2 MeV and one at 40 MeV. The 2 MeV maximum is not a real one, due to the energy threshold 

inside TALYS, mentioned in the previous section. The curve should not suddenly drop to zero, and an 

easy way to be convinced is to study the neutron elastic scattering cross section, as well as the 

production cross section of 28Si. Obviously those two values should be equal for same neutron energy 

(see Fig. 7).  

 

• Production of 28Al: The production of this isotope corresponds to the charge exchange (n,p) 

process, and due to both a Q value of Q(n,p) = –3.85 MeV and the Coulomb barrier that prevents low-

energy protons to escape from the 28Si nucleus, the production of 28Al is impossible for a neutron 

energy below 4.5 MeV. Fig. 10 illustrates this threshold, as well as the formation maximum of 28Al for 

medium energy neutrons (about 15 MeV). The latter can be understood by considering that for more 

energetic neutrons, both compound and pre-equilibrium processes open other decaying channels, and 

enable the compound nucleus to evaporate more light particles, as deuterons, tritons or alphas, leading 

to the production of other residuals, such as Mg, Na, or Ne isotopes. 
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Figure 10: The total production cross section of 28Al as a function of the neutron energy. The production of 

this residual corresponds to the 28Si(n,p) reaction. 

 

For even higher neutron energies, the excitation energy of the nucleus can evaporate more and 

more particles before equilibrium is reached. This happens by multiple pre-equilibrium and multiple 

compound emissions, and contributes to an increase of the population of nuclides further down in the 

reaction chain. Then, isotopes of Mg, Na, Ne begin to appear in the production chain, and eventually, 

for neutron energies over 140 MeV, the formation of 9Be becomes possible. Fig. 11 illustrates the 

variety of residuals, created by a 96 MeV neutron, and their relative importance, by plotting the 

production cross section vs. the atomic number of the residual. 

 

3.2 SEU thresholds and residual spectra 
 
In the previous section, we have discussed the total production cross section for the most important 

residuals. However, to look at the total production cross section of each residual is not enough since 

we have to take into account the different possible thresholds for an SEU to occur. For this purpose we 

need the energy distribution for each residual at each neutron energy and apply cuts for the different 

energy thresholds. To obtain the energy spectra we have to run a full TALYS calculation (i.e. include 

the keyword ‘recoil’), which increases the run time from a few minutes for a total production cross 

section calculation to several hours. 

As mentioned before, we make the approximation that each residual had a stopping range 

smaller than to the typical distance, thus stopping inside the sensitive thickness. Then, all residuals 

created with an energy that deposits more than the critical charge are assumed to create upsets. In 

silicon it takes an average energy of 3.6 eV to create an electron-hole pair, hence a 80 fC charge is 
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equivalent to an energy of 1.92 MeV, 60 fC to 1.44 MeV, 40 fC to 0.96 MeV and 20 fC to 0.48 MeV. 

Therefore, to receive the desired result, one has to integrate the energy distribution from this energy 

threshold upwards, to get the SEU cross section. 

 

 

 
Figure 11: Production cross section for different residuals at a neutron energy of 96 MeV as a function of 

the atomic number. Note the logarithmic scale. 

 

To compute the energy distribution of the residuals, TALYS determines first the maximum 

recoil energy each residual product can have. Obviously this maximum depends on the incident 

neutron energy. Then, equidistant bins are taken from zero to this maximum energy. The user can, 

within certain limits, choose the number of bins. Here, the maximum possible number has been 

chosen, because a much finer grid will give an integral closer to the true residual production. To 

illustrate the integration procedure, Fig. 12 shows the energy spectrum of the 26Mg residual produced 

by 20 MeV neutrons on 28Si. The four different thresholds are also indicated and the fact that this 

threshold may of course be anywhere inside the energy bins taken by TALYS.  

The integration of the energy spectra is performed in ROOT [14], i.e., outside of TALYS. 

However, some particular aspects of TALYS led to some difficulties. For one neutron energy, the 

different energy spectra of residuals do not have the same width of bins, in other words, it is 

impossible to sum the different spectra and then integrate the sum to get the final result. Instead, one 

has to integrate the energy spectrum of each residual individually and then sum the intermediate 

results to get the final value on the SEU cross section. This sounds not too difficult but programming 

and bookkeeping turned out to be not so easy, since a huge number of spectra have to be taken into 

account. Furthermore, the number of spectra to integrate changes with energy (2 spectra for a 5 MeV 

neutron, but 74 for a 200 MeV neutron) and the integration has to be done for the different thresholds. 
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Last not least, ROOT had to filter the relevant information from the huge TALYS output file. The 

results of these calculations for the four chosen energy thresholds are given in Sect. 4.1. 

 

 

 
Figure 12: Energy distribution of the 26Mg residual. The four thresholds corresponding to different critical 

charges are indicated. It is also shown how the integration might start inside a certain energy bin. 

 
 

3.3 Light charged particle induced SEUs 
 
Light charged particles, such as protons, deuterons, tritons, 3He and alphas, were not considered in 

SEUs calculations in the previous section since the energy deposited within the sensitive volume is too 

small, according to the adopted scale for energy thresholds and distances. However, with the expected 

advances in technology, the development towards higher scale integration includes reducing the 

operation voltage, which also means that the critical threshold is going to decrease. For this purpose, 

contribution of light charged particles is expected to become significant for SEUs, and we shall try to 

evaluate their contribution. 

According to the previous estimations reported in Sect. 1.2, light particles are not responsible 

of SEU due to the low stopping power that characterizes them. Then taking those particles into 

account means that the different values of threshold and typical distance have to be changed in an 

appropriate way. Indeed, contrary to residuals were the huge typical distances ensure us about the 
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“equality” between residual production cross section and an SEU, this typical distance has to be taken 

into account as a variable for light particles. As a consequence, simulations were done with different 

energy thresholds and different typical distances. 

 
3.4 Integration of light charged particles spectra 
 
Similar to the residual case, calculations with TALYS on the production of light charged particles 

have been performed in the neutron energy range of 2 to 200 MeV. In order to establish a qualitative 

SEU cross section curve for those particles, values of thresholds and typical distances were chosen in 

order to obtain a well-distributed cross-section scale for SEUs. Indeed this scale has to be distributed 

between zero, corresponding to a null contribution of those particles, and the total production cross 

section for light charged particles, corresponding to the case that each produced charged particle 

causes a SEU. Using SRIM [5] and following the reasoning outlined in Sect. 1.2, it can be concluded 

that we have to assume much lower thresholds for an SEU, than in the case for residuals. The critical 

charges have to be in the fC range, with associated distances of about one micrometer, if light charged 

particles are to become important. Thus calculations were done for a threshold of 0.5 fC, with 

associated distances of 0.5, 1.0 and 1.5 μm, as well as for a distance of 1 μm and thresholds of 0.1, 0.5 

and 1.5 fC. 

Integration of light particles spectra could not be done with the same program as for the 

residuals, due to the special shape (cp. Fig. 1) of the stopping power. In fact, due to this stopping 

power, to perform the calculations, several approximations had to be made. The first approximation 

concerns the stopping power itself, due to the impossibility to calculate the stopping power of 

deuterons, tritons and 3He particles using SRIM. As mentioned before this function varies with Z, thus 

the stopping power of deuterons and tritons has been taken to be the same as the stopping power of 

protons, and likewise for alphas and 3He particles. This approximation is also justified by the low 

cross section for deuteron, triton and 3He production, compared to proton and alpha production (cp. 

Fig 18). The second approximation concerned the threshold of the different spectra that had to be 

integrated to get the SEU cross section. For a incident particle with an energy of Ein, the energy loss 

ΔE passing a distance ΔX, should be given by:  

∫
Δ

⎟
⎠
⎞

⎜
⎝
⎛=Δ

X

s

ds
dx
dEE

0

. 

 

This relation that has been approximated for practical reason to:  

X
dx
dEE

inE

Δ⋅⎟
⎠
⎞

⎜
⎝
⎛≈Δ . 
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This approximation is motivated by the fact that at high energies for light charged particles, 

the stopping power varies very slowly with energy (see Fig. 2). Since the stopping power increases, 

although slowly, with decreasing energy, this approximation implies that the SEU cross section 

becomes slightly underestimated. The stopping power was then computed with SRIM to obtain the 

different energy domains for which light particles can cause upsets. Then, as for residuals, the energy 

spectra were integrated over the relevant region. Results are given Sect. 4.2. 
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4 Results and discussion  
 
4.1 Residual contribution 
 
Before starting the discussion of the results, it is important to note which assumptions and 

simplifications have been made to obtain them. First of all, the results presented do not take the 

geometry of the device into account. Only characteristic thicknesses of the sensitive layer and critical 

charges are considered. In other words, cross section data for Si(n,X) are almost directly translated 

into SEU cross sections without looking at, e.g., the electric field in the device and without 

performance of transport calculations for charged particles produced further away from the sensitive 

layer. This could be done in a future work, using a Monte Carlo simulation that includes the geometry 

of the device and the electric field in it (which will be changed by the charged particle), and using, as 

further input, nuclear data from TALYS on the production of charged particles in silicon, as well as in 

the surrounding material.    

The result for the SEU cross section due to residuals for different critical charges is shown in 

Fig. 13. This figure also shows the total cross section for residual production, i.e., without cuts in the 

energy spectra. A first obvious observation is that when the energy threshold decreases, the 

corresponding SEU cross section is increasing. This is due to the decreasing cut in the energy spectra. 

The four different curves show a threshold for SEU at a neutron energy around 10 MeV. This is, for 

low critical charges, immediately followed by a maximum at a neutron energy of about 20 to 30 MeV, 

and then decreasing again, leading to a flat tray for higher energy neutrons, while for high critical 

charges, the cross section slowly rises and remains fairly constant above about 50 MeV.  

For high-energy neutrons, the energy maximum of the different residual spectra can be as 

much as several tens of MeV. As a consequence, all four different thresholds are inside the first energy 

bin. Therefore, the SEU cross section for a specific residual is just its production cross section reduced 

by a threshold dependent fraction of the first bin. The fine structure in the energy spectra of the 

residuals is lost in the interesting region and the results might be rather crude. The fact that only the 

first bin is considered also explains why the SEU cross sections, independent of the threshold, behave 

very similar at the highest neutron energies. The total production cross section for the different 

residuals is fairly constant above about 150 MeV (cp. Figs. 8-10), and since the first bin contains by 

far the largest fraction of the cross section the SEU cross section also becomes nearly constant.  

To get the rate for SEUs induced by neutrons in the atmosphere, the curves in Fig. 13 have to 

be folded with the terrestrial neutron spectra. In fact, the neutron spectrum at sea level is not flat, but 

decreases in a logarithmic way in the considered energy range. It then becomes clear that the peak at 

about 20 MeV, evolving with decreasing critical charge, becomes extra important for SEUs. 

Moreover, due to the miniaturisation of the electronic equipment, in the future, the thresholds, or 

critical charges, are going to decrease further, and as a consequence the SEU cross section is expected 
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to increase. The limit of this increase of the SEU cross section would correspond to the total cross 

section, i.e., the case that any elastic scattering or reaction would induce an SEU.  

 

 

    
Figure 13: Comparison between the total cross section (upper solid line) and the cross section applying the 

four different thresholds. Note the change in shape as the critical charge reduces from 80 fC (thick solid line 

at the bottom, 1.92 MeV threshold) down to 20 fC (dashed, 0.48 MeV). 

 

 
4.2 Light charged particles contribution 

 
The contribution of light charged particles to SEUs will be discussed by first looking at one specific 

threshold and one typical distance to identify the contributions of each particle. Then, the influence of 

different energy thresholds and typical distances will be shown.  

Fig 14 shows the SEU cross section for light charged particles assuming a critical charge of 

0.5 fC to be deposited within 1 µm. The corresponding cut-off energies have been calculated with 

SRIM [5]. The possible associated production of more light charged particles and the recoil have been 

neglected in this calculation. What we, nevertheless, can observe is a difference of at least one order of 

magnitude between the cross section induced by deuterons, tritons and 3He, in comparison to the 

dominating cross section due to protons and alphas. This is especially true in the 2-20 MeV range, 

where protons and alpha particles constitute the only (charged) particles ejected out of silicon nuclei. 

This is due to the differences in the Q-values (cp. Sect. 3.1), allowing protons and alphas to be emitted 

at lower neutron energies than deuterons, tritons and 3He. Moreover, for that neutron energy range, we 

clearly observe that almost all particles created contribute to the SEU cross section. This can be 
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understood by taking into account that the stopping power is huge at low energies (Bragg peak), 

ensuring a deposited energy over the threshold. This also means that all reaction mechanisms 

contribute to the cross section. When increasing the neutron energy, the emitted particles have, on 

average, higher and higher energies, leading to a decrease of their stopping power. Thus, for neutron 

energy of a few tens of MeV, preequilibrium and direct contribution are only partially integrated into 

the SEU cross section, since the stopping power of very energetic particles is too low to lead to a SEU. 

This causes the flat tail in Fig. 14, observed for the high-energy neutrons. 

By summing up the different contributions of the light charged particles, the total contribution, 

for different thresholds and typical distances, were calculated. This summation is not strictly correct, 

since the production of several different charged particles in the same reaction is ignored. The curves, 

therefore, only indicate an upper limit for the SEU cross section but should correctly describe its 

qualitative behaviour as a function of the considered parameters. The results are shown in Figs. 15 and 

16. For comparison, also the total cross section for light charged particle production, which can be 

understood as a SEU cross section at zero threshold, is included. 

 
 

 
 

Figure 14: Contribution of different particles to the SEU, assuming a critical charge of 0.5 fC to be 

deposited within 1 µm. The uppermost solid line shows as upper limit the sum for all particles without 

applying any threshold. The possibility of the production of several light charged particles as well as the 

corresponding recoil nucleus is here ignored. 
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Figure 15: SEU cross section for different distances and a fixed critical charge of 0.5 fC. The total 

production cross section (without any threshold) is shown for comparison. 

 

 
 

Figure 16: SEU cross section for different critical charges. The distance is fixed to 1 µm. For comparision, 

the total production cross section (without any threshold) is shown as well. 

 

The approximations and assumptions made for these calcualtions are the same as in the case of 

residuals, with the exception of the typical distances for the charge deposit. The latter could be 

neglected in the residual case but had to be included for the light particles. Again, the model used in 

this report does not take care of the 3D geometry of a specific electronic device, and assumes that a 
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SEU occurs each time a produced particle deposites a critical charge above threshold within the 

allowed distance. 

The figures shown above confirm that, for low critical charges, light charged particles come 

into play. As observed for residuals, the light charged particle contribution to SEUs increases with 

decreasing critical charge. On the other hand, the SEU cross section becomes smaller if the typical 

distance also decrease. Similar to the residual case, the shape of the cross section shows a steep rise at 

an energy of about 5 MeV energy, where proton and alpha production becomes large, followed by a 

maximum around 20 MeV and a long, relatively flat tail at higher energies.   

 

4.3 Comparison between light and heavy particles 
 

In order to compare light charged particle and residual data, one has to use the same critical charge. 

The distance parameter can be neglected for residuals since their stopping poser is so high. Thus, we 

need only to look at the energy threshold. For critical charges of 0.1, 0.5 and 1.5 fC, the residual 

contribution does vary very little, since practically the complete residual spectra are integrated, even 

for low neutron energies. For that reason, only calculations for 0.5 fC have been performed. The result 

is shown in Fig. 17. It can be seen that the SEU cross section due to residuals is very close to the total 

residual-production cross section as shown in Fig. 13. 

 

 
 

Figure 17: Comparison of the SEU cross section due to residuals and the upper limit for the SEU cross 

section due to light charged particles for different distances. The critical charge was set to 0.5 fC. Thus the 

SEU cross section for residuals is very close to the total residual-production cross section (cp. Fig. 13). 
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According to that final simulation, and keeping in mind that the SEU cross section for light 

charged particles is just an upper limit, it appears that the residual contribution is dominant below, at 

least, 110 MeV for the high distance of 1.5 µm, and dominates even up to about 200 MeV for shorter 

distances. However, the light charged particles contribution seems significant at high energies and has 

to be taken into account. An interesting difference in the behaviour of the two contributions can be 

observed. Contrary to the flat tail or slow increase with neutron energy that characterizes the light 

charged particle SEU contribution, the residual contribution shows a broad maximum around 30 MeV. 

The cross section then decreases with increasing neutron energy, and is at 200 MeV just about one-

third of the maximum value. Another important difference is that the residual SEU cross section is 

very large even at very small neutron energies, whereas the light charge particle contribution vanishes 

below 5 MeV.     

Finally, to get an idea of the final SEU cross section, both contributions, residuals and light 

charged particles, have to be taken together in an appropriate way. Just summing those two 

contributions does not give the correct result, since light charged particles and residuals are emitted in 

the same reaction. Therefore, they could both individually or taken together, be responsible for an 

upset in the same reaction. As an example, a magnesium nucleus might be emitted as a recoil together 

with a proton and a deuteron. And even if all three particles, taken separately, are below the SEU 

threshold, they could lead to an SEU if we sum the charge released by all of them together. This is 

especially important for high-energy neutrons, which are more likely to cause multiple emissions in 

the spallation process. 

As indicated above, the possiblility that several light particles are created in the same reaction 

has been neglected. A way to illustrate this multiple production of light particles, is to look at the 

multiplicity, or yield, Y which, for a particles z, is defined as: Yz = σn,xz / σnon-elastic. The multiplicity 

represents in a relative scale the number of particles z emitted during the nuclear reaction. This is 

shown in Fig. 18. The graph also shows the difference in the order of magnitude between the 

production of protons, deuterons and alphas comparated to tritons and 3He. However, this still does 

not, e.g., show in how many cases a proton is produced together with an alpha particle, in the same 

reaction. To account for this, detailed studies of all possible reaction channels, like the mentioned 
28Si(n,pα), have to be done. 

Despite all the described simplifications and assumptions put into our calculations, it is clear 

that the residual contribution to the SEU cross section is large and is dominated by elastically recoiling 

nuclei of 28Si. The behaviour of the elastic-scattering cross section is thus the reason for the observed 

decrease of the SEU cross section for neutron energies above about 30 MeV. 
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Figure 18: Multiplicity of the different light charged particles in the 28Si(n,X) reaction. 
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5 Summary, conclusion and outlook 
 

In this report, cross sections for single event upsets involving residuals, and to a lesser extent light 

charged particles, have been calculated using the nuclear reaction program TALYS. The purpose was 

to establish a qualitative and general overview of the problem, in order to determine the range of some 

interesting parameters, as well as to understand the nuclear basics of the problem. The way of getting 

results is outlined, in order to allow some future work on the same subject.  

Besides the valuable information of the SEU scale, two important observations were made. 

The first one is that the SEU cross section, both for residuals and light charged particles, is already 

large or reaches its maximum in the energy range of 20 to 50 MeV. Thus, this energy region seems 

especially important for SEU studies since the atmospheric neutron flux is much larger in this energy 

region than at higher energies, say above 100 MeV. The other observation is, that, even when reducing 

typical parameters as critical charges and typical distance to smaller values, residuals, and especially 

elastic recoils, are most important for SEUs.  

This study is simple in the sense that only primary nuclear reactions are studied. No tracking 

of the produced particles through the devices have been considered. What, e.g., if a reaction occurs 

somewere outside but close to the sensitive volume but some produced particle(s) manage to reach the 

sensitive region? Furthermore, it is important to assume different production places for the charged 

particles even inside the sensitive layers. Finally, also the electric field inside, e.g., a memory device, 

and how it is changed by the presence of one or several charged particles, possibly extending the 

sensitive volume (funneling), is important to study. A Monte Carlo program like, e.g., Geant4 could 

model some of these improvements. Such a Monte-Carlo model should be more representative for 

SEU studies, and could translate with more precision cross section into SEUs frequency for an 

electronic device. Nevertheless, input data on the cross section for different nuclear reactions, e.g., 

calculated by TALYS, would have to be provided for the Monte Carlo code.  However, as a first step 

for further investigations, one could try to sum up the different contributions of residuals and light 

charged particles, as discussed in Sect. 4.3.  

 In conclusion we note the importance of performing experimental studies at mono-energetic 

neutron beams and confronting them with theoretical calculations and simulations. Only by this can 

we achieve a better understanding of the SEU process. 
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Appendix 
 

A typical input file used for the calculations this report is based on is listed below. 
 

# 

#  general 

# 

projectile              n                                                  

element                si                                                  

mass                   28                                                  

energy                 30  

# 

#  Parameters 

# 

maxZ                   10  

maxN                   10 

xseps                  10-10   

popeps                 10-10   

recoilaverage           n                                          

# 

# Output 

# 

outspectra              y 

outangle                y 

dxxmode                 2  

recoil                  y  

  
The first four lines of the input file given above (under the heading ‘general’) is an example of a 
minimum input file for TALYS, and will calculate the reaction of a 30 MeV neutron incident on 28Si 
(see also the example given in Sect. 2.1). To be more specific, more keywords can be added. The 
keywords used in the input file above are described below. 
 
maxZ: the maximal number of protons away from the initial compound nucleus that is considered in a 
chain of nuclides. Obviously this parameter has to be large enough to ensure complete evaporation of 
all daughter nuclei, and was set to its minimum value 
 
maxN: this parameter is the symmetric of the previous, concerning neutrons. This value represents the 
maximal number of neutrons away from the initial compound nucleus that is considered in a chain of 
nuclides, and also was set to its minimum value. 
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xseps: this parameter is the limit for considering cross sections in the calculations, in mb. This 
parameter can be increased to reduce the computation time. 
 
popeps: the limit for considering population cross sections in the multiple emission calculation, in 
mb. Nuclides that, before their decay, are populated with a total crosssection less than popeps are 
skipped, in order to reduce the computation time. 
 

recoilaverage: flag to consider one average kinetic energy of the recoiling nucleus per excitation 
energy bin. This approximation significantly decreases the calculation time, and was just used for a 
global overview, before a complete calculation. 
 
outspectra: flag for the output of angle-integrated emission spectra.   

 
outangle: flag for the output of angular distributions for scattering to discrete states. 
 
dxxmode 2: flag for the output of double-differential cross sections per emission angle as a function 
of angle. 
  
recoil: flag for the calculation of the recoils of the residual nuclides and the associated corrections to 

the light-particle spectra. 
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