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Abstract: In the atmosphere, it is generally understood that neutrons are the main contributor to the
soft error rate (SER) in electronic devices. These particles are indeed able to trigger nuclear reactions
in the sensitive regions of the devices, leading to secondary ions that may ionize the matter sufficiently
to upset a memory cell or induce a transient signal, known as soft errors. For reliability purposes,
it is crucial to be able to estimate the SER associated with a given technology, which is typically
characterized by its sensitive volume and its threshold linear energy transfer (LET). As an alternative
to the usual Monte Carlo methods, in this work we present an analytical model for SER prediction,
where we separate the radiation–matter interaction from the geometry considerations (sensitive
volume). By doing so, we show that the SER can be expressed as the sum of two contributions that
can be calculated for any threshold LET and any sensitive volume size. We compare our proposed
approach to existing Monte Carlo simulations in the literature, obtaining a very good agreement
despite our approximations, thus validating our approach. As an additional result, we can show that,
for future down-sized technologies that may be more sensitive to radiation effects, the contribution
of neutrons in the 1–10 MeV energy range to the SER is expected to decrease.

Keywords: soft error rate; single-event effect; neutron; sensitive volume

1. Introduction

In avionic and ground-level applications, neutrons are a major concern in terms of
triggering single-event effects (SEE). The rate of non-destructive SEEs, called the soft
error rate (SER), depends on the flux of particles and on the sensitivity of the considered
device (generally represented by a sensitive volume and a critical charge/energy [1–3]).
For reliability assessments, it is crucial to have tools [1–5] that estimate the SER for a
given environment and a given technology. Besides supporting the planning and data
analysis of irradiation test campaigns, such predictive tools can also improve the design
and development of hardening techniques to enhance the robustness of a device or circuit.
There are plenty of tools that aim to perform such calculations, and generally the Monte
Carlo method is a good way to account for the numerous scenarios that may occur when
a neutron breaks up a nucleus in an electronic device. Despite being highly effective,
such methods require complex information about the device (often unavailable) and often
involve long computational times.

In this work, we aimed to derive an analytical method to provide a simple way to
calculate the SER with a minimum number of input parameters. The analytical burst
generation rate (BGR) model, initially proposed by Ziegler and Landford [1] and improved
by Letaw and Normand [2] and later by Tosaka [3], is based on the energy deposition
inside a sensitive volume. This approach was justified for large-scale devices for which
the sensitive volume extension was longer than the range of the particles. Basically, it
was assumed that the only contributors to soft error were the secondary ions produced
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inside the sensitive volume. The SER was thus proportional to the sensitive volume, with
a multiplying factor called the BGR, which accounted for the nuclear processes during
a neutron–matter interaction. In today’s technologies, this approximation is no longer
valid, and we must consider that particles created outside the sensitive volume can travel
into the device before triggering a soft error. Here, we focus on an analytical approach
that separates the geometrical consideration (associated with the sensitive volume of the
technology) from the nuclear physics. The latter can be treated independently of the device
under examination, while the geometrical aspect can be simply treated analytically.

As electronic technologies shrink, the minimum neutron energy able to trigger an SEE
decreases. This means that low-energy neutrons may have a significant role since they are
very abundant in the atmosphere [6–8]. Our work also aimed to evaluate the contribution
of neutrons in the 1–10 MeV energy range to the soft error rate (SER) and determine if there
is a trend with downscaling. To do so, we performed calculations of the SER for different
technologies, isolating the contribution of neutrons in the 1–10 MeV energy range.

2. General Methodology to Evaluate the Soft Error Rate (SER)
2.1. Soft Error Rate

The SER depends on the sensitivity of the device and the flux of particles that can
trigger SEEs. Therefore, to estimate the SER we need to know the following:

• The SEE cross section, σSEE(E), characterizing the device sensitivity, which is known
to decrease when neutron energy decreases;

• The neutron energy spectrum, dϕ
dE , which characterizes the atmospheric environment.

Notice that, because neutrons result from multiple collisions of particles in the atmo-
sphere, their distribution can be considered approximately isotropic.

The SER can then be calculated as follows:

SER =
∫ ∞

0
σSEE(E)

dϕ

dE
dE (1)

2.2. Worst-Case Analysis

The SEE cross section, σSEE(E), measures the probability for an SEE to occur in a device
and is therefore a quantity that depends on the considered technology. Experimentally, the
cross section of a neutron has an onset above 1 MeV and reaches a saturation value at a few
tens of MeV. In the worst-case scenario, depicted in Figure 1, we consider that the cross
section is zero below 1 MeV and equal to a constant value, namely σsat, above.
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The International Electrotechnical Commission (IEC) standard [7] gives the avionic
flux, dϕ

dE (i.e., for an altitude of 12 km and a latitude of 45 degrees). The standard suggests
dividing this flux by 300 to obtain the flux at ground level. In this work, we used this
method to focus on ground-level applications. Therefore, we could calculate the SER for
four different neutron energy ranges of interest:

1. 1 MeV–10 MeV: this range is of main importance since the onset decreases below
10 MeV with device downscaling.

2. 10 MeV–50 MeV: in this region, the cross section increased toward the saturation cross
section, and results can be very different from one technology to another.

3. 50 MeV–200 MeV: the cross section has reached the saturation value.
4. Above 200 MeV: the cross section should also be at saturation, but experimental data

generally do not exist since monoenergetic beams of neutrons are not available.

Based on the flux of the IEC standard (divided by 300), the contributions of these
energy ranges to the SER were calculated using Equation (1). The results are given in
Table 1. It is shown that in the worst case (defined by the assumption of a constant SEE
cross section for neutrons above 1 MeV) the contribution of the 1–10 MeV energy range
is only 44% of the total SER at ground level. Hence, even though the differential flux
drastically increases at low energy (by more than an order of magnitude from 10 MeV
down to 1 MeV), neutrons in this energy range do not represent the main contributors to
SER. Moreover, knowing that the SEE cross section typically decreases with energy below
10 MeV, this contribution could be much smaller.

Table 1. Contribution of four main energy ranges to the SER in the framework of the worst-case
analysis, i.e., with constant SEE cross sections for neutrons above 1 MeV. Calculations were made
using the flux of the IEC standard divided by 300 to obtain the contributions at ground level.

Energy Range SER (FIT/Mcell) Contribution to Total SER

1 MeV–10 MeV 8.37·1015 × σsat (cm2) 44%

10 MeV–50 MeV 3.94·1015 × σsat (cm2) 21%

50 MeV–200 MeV 2.51·1015 × σsat (cm2) 13%

200 MeV–100 GeV 4.20·1015 × σsat (cm2) 22%

Total 19.02·1015 × σsat (cm2) 100%

2.3. Further Analysis

In the previous section, we learned that the 1–10 MeV range can represent, in the worst
case, 44% of the total SER. It is thus not the main contribution to SER but it is sufficiently
relevant to require investigating this energy range in more detail. To better quantify the
contribution of low-energy neutrons to the SER, we must include technological parameters
and more precisely describe the interaction of neutrons with matter. This is the goal of the
next sections.

3. Analytical Tool to Evaluate the SER

Soft error rates are often computed using Monte Carlo tools, which are powerful
but require long computation times and are typically case-specific, not easily allowing
the extraction of general trends. In this work, we investigated an analytical approach to
determine if it is possible to obtain a simple formula giving the SER as a function of the
representative parameters of the technology under study.

3.1. Soft Error Triggering Criterion

When a nuclear reaction occurs, many different secondary ions are produced, which
can trigger a soft error. In the present work, we consider that an ion triggers a soft error if
the following conditions are fulfilled:
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• The ion must cross through the sensitive region of the device. The boundaries of this
sensitive volume are not clearly defined, and, for the sake of simplicity, we consider
that it is a sphere of radius RS.

• The ion must deposit enough energy inside the sensitive volume. To fulfill this
condition, we consider that the ion must reach the sensitive volume with an adequate
LET, which is defined as the characteristic threshold LET of the device, noted LETth.

3.2. Ion Generation Rate

To evaluate the rate at which ions are produced due to nuclear reactions induced by
neutrons, we must know the geometry of the device and the materials. This information
is generally not known, but we can consider, in a first approximation, that the device is
mainly composed of silicon. Therefore, in the following calculations, we only consider
nuclear reactions that occur on silicon though light elements (such as oxygen) that can
introduce variation in the SER evaluation.

As the mean free path of neutrons is quite long (typically 20 cm in silicon), we can
assume that the rate of secondary ion production in our electronic device is uniform. If
we consider ions that are produced by neutrons with energy between En1 and En2, the
generation rate G(A, Z, Eion) of a secondary ion, characterized by its mass number A, its
atomic number Z, and its energy Eion, has an energy distribution given by Equation (2):

dG(En1, En2; A, Z, Eion)

dEion
=
∫ En2

En1

dσion(En; A, Z, Eion)

dEion
× dφ(En)

dEn
dEn (2)

where:

• G(En1, En2; A, Z, Eion) is the generation rate of the ion, given per unit of time and per
target silicon nucleus;

• dσion(En ;A,Z,Eion)
dEion

is the differential nuclear cross section to produce an ion A, Z with an
energy of Eion in the device;

• dφ(En)
dEn

is the differential neutron flux of the environment being considered.

Additionally, we can define the cumulative production rate that gives a production
rate above a given energy (

∫ ∞
E

dσion
dEion

dEion). As an example, Figure 2 plots the cumulative
distribution obtained in the case of secondary silicon ions at ground level for the neutron
energy ranges of 1–10 MeV and 1–200 MeV. These distributions were computed using the
DHORIN code [9] with Equation (2). We calculated these generation rates for all kinds of
secondary ions (with mass number A and atomic number Z) that can be produced during
nuclear reactions induced by a neutron on a silicon atom target. They include all elements
from hydrogen (Z = 1) to silicon (Z = 14), including various isotopes.

3.3. Probability to Reach the Sensitive Volume

If a given ion is produced at a distance, r, from the center of the sensitive volume, its
probability, Pgeom(r), to be emitted in the direction of the sensitive volume (whose radius
is Rs) can be estimated by simple geometrical considerations. This is justified by the fact
that, as neutrons are isotropic in the atmosphere, secondary ions are too. Therefore, the
probability for an ion to be emitted toward the sensitive volume may be estimated by
Equations (3) and (4) [10]:

Pgeom(r) = 1 i f r < RS (3)

and:

Pgeom(r) ≈
1
4

(
RS
r

)2
i f r ≥ RS (4)
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3.4. Ion Range and Threshold LET

The range R(A, Z, Eion) of a secondary ion is defined as the distance it can travel
before being stopped. For a given ion in a given material, the range R(A, Z, Eion) can be
calculated, for example, with the SRIM code [11]. Even if an ion is emitted toward the
sensitive volume, it will not reach the sensitive volume if its range is shorter than the
distance to cover (∼ r− RS), which translates to a minimum energy requirement for the
ion. Moreover, the ion must reach the sensitive volume with an adequate LET (>LETth)
to have a chance to trigger a soft error, and since the LET decreases at high energies, this
requirement also implies the presence of an upper limit on the ion energy. In summary, the
ion energy must be between E1 and E2 such as LET(E1) = LET(E2) = LETth and E1 < E2.
This is illustrated in Figure 3.
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Figure 3 shows a typical evolution of the LET as a function of its energy. It depends
on the ion and the material that is crossed by the ion, but it always has this kind of peak,
which is called a Bragg peak. We also represented a second x-axis to show the relationship
between the ion energy, Eion, and its range, R(A, Z, Eion). We can see that, if an ion (with
an energy Eion) travels a distance that is too short (i.e., <R2) before entering the sensitive
volume, its LET will be lower than the threshold LET. Therefore, to trigger an event, it must
cover at least the distance R2. Similarly, if it covers a distance that is too long (longer than
R1), it will enter the sensitive volume with an energy lower than E1, which corresponds
to an LET below the threshold. Consequently, the distance (∼ r− RS) traveled by the ion
before reaching the sensitive volume must be between R1 and R2. In other words, the
distance, r, at which the ion is produced from the center of the sensitive volume must
obey Equation (5):

Rmin ≤ r ≤ Rmax (5)

where Rmin should obey Equations (6) and (7):

Rmin = R(Eion) + RS − R(E2) i f Eion > E2 (6)

Rmin = 0 otherwise (7)

and Rmax should obey Equation (8):

Rmax = R(Eion) + RS − R(E1) (8)

3.5. Probability to Trigger a Soft Error

The first condition for an ion (A, Z) to be able to trigger a soft error is that its LET at
the Bragg peak is higher than the threshold LET of the considered technology. This may be
written according to Equation (9):

∀Eion, PSEE(A, Z) = 0 i f LETmax(A, Z) < LETth (9)

Otherwise, once generated with an energy, Eion, the probability that an ion (A, Z)
triggers a soft error depends on both the probability of being emitted toward the sensitive
volume and the condition of r given by Equation (5). Therefore:

PSEE(A, Z, Eion) =
∫ Rmax

Rmin

4πNSiPgeom(r)r2dr (10)

where NSi is the number of silicon targets per unit volume (NSi = 5× 1022 at/cm3).
Now, to calculate the integral of Equation (10), we need to consider two cases:

• If Eion > E2:

In this case, after Equation (6), we have Rmin > RS. This means that Pgeom is given by
Equation (4). Therefore, Equation (10) becomes Equation (11):

PSEE(A, Z, Eion) = πNSiRS
2(R(E2)− R(E1)) (11)

• If Eion < E2:

Here, we have Rmin < RS, and we must distinguish ions that are produced inside and
outside the sensitive volume. We thus split the integral into two parts, and Equation (10)
becomes Equation (12):

PSEE(A, Z, Eion) =
∫ RS

Rmin

4πNSiPgeom(r)r2dr +
∫ Rmax

RS

4πNSiPgeom(r)r2dr (12)
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which leads, using Equations (3) and (4), to Equation (13):

PSEE(A, Z, Eion) =
4
3

πNSiRS
3 + πNSiRS

2(R(Eion)− R(E1)) (13)

It is worth noting that the probability that an ion triggers a soft error is a third-degree
polynomial of RS in which the coefficients only depend on the threshold LET (included in
E1, as illustrated in Figure 3). In fact, the term with the power of 3 is linked to the sensitive
volume, and the term with the power of 2 is linked to its surface.

3.6. Soft Error Rate

Finally, the soft error rate due to an ion (A, Z) generated by an atmospheric neutron
in the [En1 ; En2] energy range and for a technology characterized by its sensitive volume
radius, RS, and its threshold LET is given as follows:

SER(En1, En2; A, Z; RS, LETth) =
∫ ∞

E1

PSEE(A, Z, Eion)×
dG(En1, En2; A, Z, Eion)

dEion
dEion (14)

In Equation (14), the integral starts at E1 since below this value there is no possibility
to trigger a soft error. As the probability PSEE has a different expression depending on the
value of Eion compared to E2 (see Section 3.5), we split the integral into two parts

SER(En1, En2; A, Z; RS, LETth) = IV(En1, En2; LETth)×
4
3

πRS
3 + IS(En1, En2; LETth)× πRS

2 (15)

where IV (volume term) and IS (surface term) are two functions that only depend on LETth
and the considered energy range. They are defined as follows:

IV(En1, En2; LETth) = NSi

∫ E2

E1

dG
dEion

dEion (16)

IS(En1, En2; LETth) = NSi

{∫ E2

E1

(R(Eion)− R(E1))
dG

dEion
dEion +

∫ ∞

E2

(R(E2)− R(E1))
dG

dEion
dEion

}
(17)

The main conclusion of this calculation is that we can obtain analytically the SER in a
specific range of neutron energy and for a given technology characterized by Rs and LETth.
The main advantage is that we have separated the geometrical consideration (RS) from
the nuclear physics (IV and IS). The two quantities can be precomputed with a dedicated
nuclear physics tool, and the SER is finally simply calculated using Equation (15).

4. Main Results and Discussions
4.1. Example of SER Calculation for 1–200 MeV

We calculated, with the DHORIN code, the functions IS and IV, which are plotted in
Figure 4 for the 1–200 MeV energy range. Basically, the IV function represents the nuclear
reactions that occur inside the sensitive volume, while the IS function represents those that
are triggered outside the sensitive volume.

To show how we can calculate the SER, let us consider an arbitrary technology studied
in work [3], which used an improved BGR model. In this work, the sensitive volume
was known to have a value of 4.5 µm3 (corresponding, in our approach, to a radius of the
sensitive volume of Rs = 1.02 µm) and a critical charge of 30 fC (corresponding to a threshold
LET of 2.82 MeV·cm2/mg). From Figure 4, we can read that IV = 200 FIT/Mcell/µm3 and
IS = 300 FIT/Mcell/µm2. We can calculate the SER at ground level using Equation (15),
which leads to Equation (18):

SER = 200× 4
3

πR3
S + 300× πR2

S = 1880 FIT/Mcell (18)
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Notice that this value is in very good agreement with work [3], which was given to
be 1900 FIT/Mcell. However, work [3] was given to deal with the critical charge down to
10 fC, while current technologies are known to be around 1 fC and even below.

To validate our approach below 10 fC, we compared our results with Monte Carlo
simulation results from the literature [12] based on some technology information [13].
These simulations used a cube for the sensitive volume, and we simply calculated the
radius of a sphere with the same volume. Four technologies were studied, each with a
different gate length (250 nm, 130 nm, 90 nm, and 65 nm). For each of them, the critical
charge was known, and the threshold LET could be estimated by dividing this charge by
the radius of the sensitive volume (with the appropriate unit conversion). Table 2 gives the
relevant parameters, the SER calculated by the Monte Carlo method, and the SER calculated
using Equations (15)–(17). The comparison of the SER obtained by the two approaches
is plotted in Figure 5. The difference between the two approaches was lower than 13%,
despite the differences in terms of modeling and the approximations made in this work.
It must be noted that our method systematically overestimates the SER compared to the
Monte Carlo method, which is fine for reliability purposes (worst case). Moreover, the fact
that this difference slightly decreases with downscaling is not well understood but is due
to our approximations.

Table 2. Comparison of SER at ground level between the Monte Carlo method and the presented
method.

Gate
Length

(nm)

Sensitive
Volume
(µm3)

Rs
(µm)

Qc
(fC)

LETth
(MeV·cm2/mg)

SER Monte Carlo
at Ground Level

(FIT/Mbit)

IS
(FIT/Mcell/µm2)

IV
(FIT/Mcell/µm3)

SER (Equation (15))
at Ground Level

(FIT/Mcell)

250 0.245 0.388 8 1.99 237 380 380 272

130 0.025 0.181 2.5 1.34 103 913 913 116

90 0.01 0.134 1.2 0.87 107 1850 1323 117

65 0.0035 0.094 0.8 0.82 56.7 2068 1330 62
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the analytical approach developed in this document.

4.2. IV Calculation for 1–10 MeV

For the 1–10 MeV neutron energy range, we calculated, using the DHORIN code, the
term IV, associated with the sensitive volume, and we plotted the contribution of each
secondary ion as a function of the threshold LET. The results are shown in Figure 6. It
appears that the main contribution was due to the recoiling silicon ions (from elastic and
inelastic reactions), except for at very high LETth values, where the Mg ion contribution
was dominant.
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For modern technologies, where the threshold LET is typically between 0.1 and
1 MeV·cm2/mg, IV is in the range of 600–1100 FIT/Mcell/µm3. For very sensitive tech-
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nologies that are even sensitive to direct ionization from protons, the threshold LET is
below 0.54 MeV·cm2/mg. For all these technologies, IV no longer depends on the LETth.
Consequently, this means that this first contribution to the SER is only governed by the size
of the sensitive volume. With downscaling, this contribution is then expected to decrease,
ultimately becoming negligible. Concerning light particles (proton and alpha) produced in
the neutron-induced reaction, their contribution is negligible since they must be produced
at the Bragg peak inside the sensitive volume, which is more and more unlikely with
transistor scaling.

4.3. IS Calculation for 1–10 MeV

We calculated, with the DHORIN code, the term IS, which is associated with the visible
surface of the sensitive volume and plotted the contribution of each secondary ion as a
function of the threshold LET. The results are shown in Figure 7. Above 1.45 MeV·cm2/mg,
the main contribution was again attributed to recoiling 28Si and 25Mg. However, below
1.45 MeV·cm2/mg, the light particles (proton and alpha) had a role since they were pro-
duced outside the sensitive volume and may have reached it with a sufficient LET. This
is the reason why the IS function increased more rapidly below 1.45 MeV·cm2/mg (alpha
contribution) and even more below 0.54 MeV·cm2/mg (proton contribution).
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4.4. Contribution of the 1–10 MeV Energy Range to the SER

We investigated the contribution of the 1–10 MeV neutron energy range to the total SER
(at ground level). To do so, we used Equation (17) to calculate IS (En1 = 1 MeV, En2 = 10 MeV)
and IS (En1 = 1 MeV, En2 = 200 MeV). Dividing the first quantity by the second one led to the
contribution of the 1–10 MeV range to the IS term. Similarly, using Equation (16) allowed
us to evaluate the contribution to the IV term. The results are presented in Figure 8. For
the IV function, the contribution of the 1–10 MeV energy range increased when the LETth
was decreasing (which corresponds to device downscaling). For LETth < 1.5 MeV·cm2/mg
this contribution was quite constant, showing that there was a limitation of the low-energy
range when shrinking the device. As far as the IS function is concerned, the contribution of
the 1–10 MeV energy range decreased for LETth < 1.5 MeV·cm2/mg, meaning again that
downscaling will not indefinitely increase the contribution of low-energy particles.
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In summary, for down-sized technologies with low threshold LET values, the observa-
tion that the contribution of 1–10 MeV to IV is constant and the contribution to IS is decreas-
ing implies that the overall contribution of this energy range to the SER is decreasing.

5. Conclusions

In this work, we examined neutron-induced SEEs and developed an analytical model
aimed at calculating the SER, which also allowed us to investigate the contribution of low-
energy neutrons (1–10 MeV). To build an efficient tool, we separated the radiation–matter
interaction from the geometry considerations (sensitive volume). It is generally assumed
that an SEE occurs when an ion crosses the sensitive volume and releases enough energy.
We slightly modified this assertion by considering that it is equivalent to reaching the
sensitive volume with an adequate LET (called LETth).

The probability that an ion reaches the sensitive volume was computed analytically.
On the other end, the nuclear physics part was calculated with the DHORIN code, which
allowed us to determine the energy distributions of all secondary ions that can be produced,
from hydrogen (Z = 1) to silicon (Z = 14), including their isotopes. Two main functions were
derived: IV(LETth), which is related to the nuclear reactions occurring inside the sensitive
volume, and IS(LETth), which is related to those occurring outside the sensitive volume.
We found very good agreement between our results and Monte Carlo simulations of SER
from the literature. We investigated the 1–10 MeV and the 1–200 MeV energy ranges, and
we showed that, with the downscaling evolution, the contribution of the lowest energy
range is not expected to increase, even if the sensitivity is increasing (as expressed by the
decreasing LETth).

In this work, we focused on low-energy neutrons in the atmosphere, but the method-
ology can be replicated for other environments such as accelerators. To do so, we need to
know the neutron spectra and need to compute the associated ion generation rate using a
code such as DHORIN or an equivalent. Then, the IV(LETth) and IS(LETth) functions can
easily be calculated, and the contribution of the considered energy range to the total SER
can be evaluated.

With device downscaling, electronic devices are more and more sophisticated, with
many materials and complex geometries. It is crucial to perform accurate Monte Carlo
simulations accounting for all these parameters. However, many of these parameters are
proprietary, and it is necessary to develop calculation methods that rely on less parameters.
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This kind of method, including the method presented here, can be used by any end-user of
an electronic device and with very short calculation times (less than a minute, compared to
a Monte Carlo simulation that can last hours or even days).

Finally, it seems possible to account for other kinds of materials if the geometry
remains simple (i.e., the addition of different layers of materials). Our approach could also
be extended to the proton environment that is encountered in space.
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