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Abstract— Experimental monoenergetic proton single-event
upset (SEU) cross sections of a 65-nm low core-voltage static
random access memory (SRAM) were found to be exceptionally
high not only at low energies (<3 MeV), but also at energies
>3 MeV and extending up to tens of MeV. The SEU cross section
from 20-MeV protons exceeds the 200-MeV proton SEU cross
section by almost a factor of 3. Similarly, monoenergetic neutron
cross sections at 14 MeV are about a factor of 3 lower than
the 20-MeV proton cross section. Because of Monte Carlo (MC)
simulations, it was determined that this strong enhancement is
due to the proton direct ionization process as opposed to the
elastic and inelastic scattering processes that dominate the SEU
response above 3 MeV in other SRAMs. As shown by means of
a detailed energy deposition scoring analysis, however, this does
not appear to be caused by the critical charge of the SRAM
being lower than the charge resulting from the average proton
ionization through the linear energy transfer (LET). On the other
hand, this is caused by high-energy δ-rays (>1 keV) that can
deposit their full kinetic energy within the sensitive volume (SV)
of a cell despite their range being theoretically much longer than
the characteristic size of the SV. Multiple Coulomb scattering
events are responsible for increasing the trajectory path of the
δ-rays within the SV, resulting in a six-fold increase in the
probability of upset with respect to the sole electron ionization.

Index Terms— Delta-rays, Monte Carlo (MC) simulations,
proton direct ionization, single-event upset (SEU).

I. INTRODUCTION

D IRECT ionization from low-energy protons (LEPs) and
related upsets in highly integrated memory devices have

been a subject of study for one and a half decades [1], [2],
[3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16]. When the critical charge is low enough (as it
is the case for advanced node technologies, <90 nm [5]),
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even LEPs can have sufficient linear energy transfer (LET)
[0.1–0.5 MeV/(mg/cm2)] to cause a bit flip [16].

Direct ionization upsets from protons can be observed as a
result of monoenergetic experiments at energies below 3 MeV.
Above this energy, the average LET of protons in silicon
is further reduced well below 0.1 MeV/(mg/cm2) [17], [18].
Consequently, the charge collected through direct ionization
is not expected to exceed the critical charge. At the same
time, other physical processes, such as elastic and inelastic
scattering, can cause proton-induced upsets above 3 MeV [19],
[20], [21]. In these cases, the major source of ionization is a
secondary recoil ion with much higher LET than the primary
proton [up to tens of MeV/(mg/cm2)].

Secondary ions are produced as a result of the interac-
tion between the proton and the nucleus of an atom. These
processes are, however, characterized by low cross sections
(i.e., only one in several thousand primary protons will experi-
ence a nuclear interaction in a nanometric volume). Oppositely,
each primary proton will interact with the electronic cloud of
one or several atoms of the semiconductor, mostly resulting in
total ionizing dose (TID), but, sometimes, also in single-event
upsets (SEUs).

The amount of kinetic energy that is transferred by the
protons to these electrons, or δ-rays, can vary. Most of the
electrons generated have very low kinetic content and will
deposit all their energy near the proton trajectory, i.e., within
the ionization track. However, if the energetic content is high
enough, these δ-rays can travel much farther and further ionize
other atoms (i.e., create additional electron–hole pairs) along
their trajectory.

δ-rays carry part of the ionization potential of any ioniz-
ing particle passing through matter and are, therefore, very
important for the accuracy of numerical tools used to simulate
energy deposition in semiconductor devices, such as full
transport Monte Carlo (MC) codes. Pure electron ionization
can be considered of relevance for highly integrated technolo-
gies, because it was shown that upsets from a low-energy
electron beam in static random access memories (SRAMs) are
possible [22], [23]. In addition, the generation of high-energy
δ-rays along the ionization structures of ions and LEPs can
sensibly increase the number of upsets observed in these kinds
of technologies [24], [25], [26]. In the last case, the δ-rays are
so energetic that they can not only intersect several atoms,
but even many separate sensitive volumes (SVs) along their
trajectory.

In a previous work [16], monoenergetic proton SEU cross
sections of three SRAMs sensitive to direct ionization from
protons were measured. For one of these chips, the measured
SEU cross section at energies ≥3 MeV did not decrease as
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sharply as it should based on the proton LET, but kept gradu-
ally decreasing up to tens of MeV. This behavior is different
from that of the other two SRAMs or other data available
in the literature. Even if it is generally noted that SEU cross
sections of SRAMs of similar technology in the 20–50-MeV
energy range are typically higher than at hundreds of MeV,
this increase is typically limited to less than 50%, whereas for
the particular SRAM under consideration, it reached almost a
factor of 3.

This work is devoted to studying the reasons behind this
abnormally high SEU cross section at energies above 3 MeV.
This is investigated by means of detailed energy deposition
scoring functionalities available from MC simulations. With
these tools, one can calculate the contribution to the overall
SEU cross section of each physical process at play. Later, these
tools also help to determine the features of the high-energy
δ-rays that dominate the SEU induction process for protons
with primary energy in the order of tens of MeV.

II. EXPERIMENTAL OBSERVATIONS

The experimental data [16] were collected at various
accelerators capable of delivering quasi-monoenergetic low-
and high-energy protons [respectively, Centro Nacional de
Aceleradores (CNA) [27] and Radiation Effect Facility
(RADEF) [28], [29] for low- and intermediate-energy protons
(<20 MeV), and PARTREC [30] and Paul Scherrer Institute
(PSI) [31] for high-energy protons (>20 MeV)]. The experi-
mental details are reported in [16] and [32]. Other than the
proton cross sections, it is relevant to report the 14-MeV
neutron cross sections [32], [33] (measured at Frascati Neutron
Generator (FNG) [34]) in order to compare it with proton cross
sections in the few tens of MeV energy interval.

The data under analysis are those of two SRAMs. One
is a custom-built SRAM whose core voltage is tunable
(0.3–1.2 V) [35], hereafter called the RADSAGA SRAM.
All data reported refer to the minimum core voltage, i.e.,
0.3 V. The other SRAM is a commercial memory from ISSI,
hereafter called ISSI SRAM (with a core voltage of 0.85 V).
The former SRAM shows enhanced proton SEU cross section,
whereas the latter is taken for comparison purposes only,
because it is considered as representative of the state of the
art in terms of proton SEU response for low, intermediate, and
high energy.

The experimental cross sections are reported in
Figs. 1 and 2, for the ISSI and RADSAGA SRAMs,
respectively. Only one device for each reference was tested.
The data are plotted with error bars calculated at 95%
confidence level considering a 10% error on the fluence
provided by all the facilities and a (2/

√
N ) error on the

number of SEUs. Since each data point is the result of several
thousands of SEUs, the error bar is dominated by the error
on the fluence. However, being this very small and given the
several orders of magnitude scale of the y-axis, the error
bars in the plots may be smaller than the markers and not be
always visible.

A comparison of the experimental cross sections of the
two SRAMs highlights the different responses at the inter-
mediate energies of (3–20 MeV) and even at high ener-
gies (>20 MeV). At 3 MeV, the SEU cross section of the
RADSAGA SRAM is about two orders of magnitude lower if

Fig. 1. Low-, intermediate-, and high-energy proton and 14-MeV neutron
experimental SEU cross sections as a function of hadron energy for the ISSI
SRAM. The high-energy proton data are fit with a Weibull with the following
parameters: σsat = 1.5 × 10−14 cm2/bit, E0 = 0 MeV, W = 10 MeV, and
s = 1.8. The data are compared with the G4SEE simulated cross sections.

Fig. 2. Low-, intermediate-, and high-energy proton and 14-MeV neutron
experimental SEU cross sections as a function of hadron energy for the
RADSAGA SRAM when tuned at 0.3 V. The high-energy proton data are
fit with a Weibull with the following parameters: σsat = 1.8 × 10−13 cm2/bit,
E0 = 0 MeV, W = 10 MeV, and s = 1.8. The data are compared with the
G4SEE simulated cross sections.

compared with the peak value at 0.9 MeV. On the other hand,
the SEU cross section of the ISSI SRAM at this same energy
is almost four orders of magnitude lower than the peak value
at 0.6 MeV.

The experimental 14-MeV neutron cross section of the ISSI
SRAM well aligns with the proton data at 6 and 18 MeV.
A factor of ≈3 difference exists when comparing the experi-
mental 14-MeV neutron to the 18-MeV proton cross section
for the RADSAGA SRAM.

If the proton cross sections of both SRAMs were fully
dominated by elastic and inelastic scattering processes at
energies between 10 and 20 MeV, they would be expected
to either match those of neutrons of similar energy (for which
direct ionization is not possible) or to be slightly lower due to
the additional Coulomb repulsion between the proton and the
nucleus of the atom. However, the fact that the experimental
SEU cross section is approximately three times higher is a first
valuable indication that direct ionization from protons may be
important at few tens of MeVs for the RADSAGA SRAM.

III. PROTON SEU CROSS SECTIONS

BY PHYSICAL PROCESS

The Geant4-based [36] G4SEE tool [37] is used to perform
MC simulations of energy deposition in the SVs of these
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two SRAMs. The SV models are the same obtained with
FLUKA [16], [38] and [39]. In summary, the ISSI model is
a cubic rectangular parallelepiped (RPP) of side 310 nm and
a critical charge of 0.96 fC (corresponding Ecrit = 21.6 keV),
whereas the RADSAGA RPP model has a square surface with
a side of 640 nm, a thickness of 250 nm, and a critical charge
of 0.55 fC (corresponding Ecrit = 12.4 keV).

Finally, the two models have different back-end-of-line
(BEOL; 6 versus 12 μm of SiO2, a simplification of the
actual BEOL), though at the energies under consideration
(5–20 MeV), this is not expected to have any significant
impact on the results, because the energy lost by the protons
is <3% with respect to the energy prior to the BEOL (e.g.,
a proton with an energy of 5 MeV prior to the BEOL will
reduce its energy down to 4.91 MeV after the BEOL of the
ISSI and down to 4.82 MeV for the BEOL of the RADSAGA
SRAM).

The use of G4SEE enabled access to several features useful
for this work.

1) A better fit of the ISSI experimental cross section at
intermediate energy is achieved through G4SEE without
any change to the RPP model described in [16]. The
strong underestimation from FLUKA was due to the
approximative treatment of the nuclear elastic scattering
process in FLUKA (threshold at 10 MeV).

2) The possibility to enable/disable physical processes in
G4SEE allowed extracting SEU cross sections of these
SV models on a process-by-process basis for both pro-
tons and δ-rays.

3) The detailed energy deposition scoring tool allows
obtaining a deeper insight into the nature of the particles
(type and energy) behind the energy deposition events
that contribute to the SEU triggering.

G4SEE numerical SEU cross sections for the two SRAMs
are reported in Figs. 1 and 2, and they include all relevant
mechanisms. The fitting achieved with the experimental data
is very good at any proton energy.

The main physical processes behind proton upsets in
SRAMs are through electromagnetic (direct ionization and
Coulomb elastic scattering) and nuclear processes (nuclear
elastic and inelastic scattering, which also includes complex
nuclear reactions).

By running various simulations with only one of these
processes enabled, the contribution of each physical process to
the proton SEU cross section can be disentangled. This results
in plots, such as those in Figs. 3 and 4 for the two SRAMs,
respectively.

Concerning the processes themselves, there a few notewor-
thy features. The Coulomb elastic scattering process, while
being present at any proton energy, does not contribute in a
very significant fashion to the overall proton SEU cross section
at any primary proton energy. Only for the ISSI SRAM, it is
just a minor contributor for the 3-MeV data point.

The nuclear elastic scattering becomes significant (or even
the most important) only above 3 MeV and up to few tens of
MeV. Below this energy range, it is much lower than direct
ionization and, above, than nuclear inelastic scattering.

The nuclear inelastic scattering becomes dominant at
≈20 MeV, and it is less significant at lower energies. All these

Fig. 3. Low-, intermediate-, and high-energy proton SEU cross sections
as a function of the primary proton energy for the ISSI SRAM by physical
process. Results retrieved with G4SEE.

Fig. 4. Low-, intermediate-, and high-energy proton SEU cross sections as a
function of the primary proton energy for the RADSAGA SRAM when tuned
at 0.3 V by the physical process. Results retrieved with G4SEE.

three processes share similar trends among the two SRAM
models.

On the other hand, the contribution to the proton SEU cross
section of direct ionization differs between the two SRAM
models straight after the peak (which is reached at different
energies due to the diverse BEOL). As generally expected,
the contribution from direct ionization for the ISSI SRAM
completely disappears above 3 MeV. On the other hand, the
contribution for the RADSAGA SRAM remains dominant up
to 10 MeV, and it is still an important contributor at 20 MeV
and at least as relevant as the nuclear elastic scattering at any
higher primary proton energy.

This is a somewhat unexpected result, but it is, to the
best of our knowledge, the only way to justify such a high
experimental SEU cross section in the 3–20-MeV energy
range. Nevertheless, given the small LET of the protons of
these energies, the average proton ionization does not seem
to provide enough justification for these findings. Therefore,
a detailed scoring analysis is used to investigate where these
high amounts of energetic events, exceeding the critical charge,
are originating from.

Before moving deeper within the physics behind these
SEUs, it may be important to perform a checkup about
the accuracy of these simulation results. For nanometric
volumes and MC simulations, the generation and explicit
transport of δ-rays within the medium can have very important
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Fig. 5. Effect of changing the energy threshold for production of δ-rays in
G4SEE on the energy deposition spectrum for the RADSAGA SRAM SV
model with only the proton direct ionization process enabled. A case with
all processes enabled is also reported to show that the events from the other
processes become important only at around twice the critical energy of the
SRAM. The primary particles are 10-MeV protons.

consequences on the results. This is defined by means of a
production threshold in terms of either energy or range of
the δ-rays. This means that all δ-rays below this production
threshold are not explicitly generated and transported. Their
energy is fully deposited locally at the point of the primary
proton ionization track where they would have been generated.
As a result, their full kinetic energy is deposited. On the
contrary, if the δ-ray has an energy exceeding the production
threshold, it is generated and transported through the various
media until its energy becomes null. Using a production
threshold in MC simulations is required to keep the simulation
time reasonable.

Simulation results are affected, because if this threshold
is set too high, then δ-rays that could have escaped the
nanometric SV will not be generated and will, hence, deposit
in the SV their full kinetic energy.

Fig. 5 depicts the spectra of energy deposited in the
RADSAGA SRAM SV, as the δ-ray energy threshold is
changed for a 10-MeV primary proton beam. The energy
threshold used in the previous plots was 0.860 keV. Other
values in the 0.255–47.32-keV energy threshold range have
been simulated while keeping only the proton direct ionization
process enabled. What the plot shows is that for the SV under
consideration, there is basically no difference in the number
of energy deposition events exceeding the critical energy if
the production threshold is lower than ∼5 keV. This means
that no information is lost if δ-rays below this energy are not
explicitly generated and transported, because they are anyway
expected to deposit their full energy in an SV of this size.

On the other hand, at higher production thresholds, the
amount of events exceeding the critical energy rapidly
increases by orders of magnitude. This increase stops at
∼22 keV, which is the theoretical upper limit for the energy
that a 10-MeV proton can transfer to a δ-ray, according to [40]

Emax = 2mec2(γ 2 − 1)

1 + 2γ me
M + (me

M

)2 (1)

where me = electron mass, M = proton mass, c = speed of
light, and γ = Lorentz factor.

Fig. 6. Effect of changing the electromagnetic physics library in Geant4 on
the energy deposition spectrum for the RADSAGA SRAM SV model with
only the proton direct ionization process enabled. The primary particles are
10-MeV protons.

This shows that if δ-ray production thresholds above 5 keV
are employed, an overestimation in the simulated SEU cross
section would appear.

The choice of the Geant4 physics library may also affect
the numerical results due to the different transport models
employed for the δ-rays. Concerning the data reported in
this work, the transport of the δ-rays in G4SEE was han-
dled through the ElectroMagnetic Physics Option4 (EMopt4)
library.

Simulations with another three physics modules implement-
ing different δ-ray transport models (EMopt3, Penelope, and
Livermore) were performed. A comparison among the energy
deposition distributions resulting from the implementation of
these libraries is available in Fig. 6 for the 10-MeV proton
primary energy with only hadron ionization enabled. The
distributions look quite similar, and the tiny differences at
the higher energies yield a maximum discrepancy among the
numerical SEU cross sections of just ±2% with respect to
EMopt4.

Therefore, it can be concluded that the selection of the
physics library would actually have little impact on the trans-
port of δ-rays, which is relevant for the following analysis.

IV. DETAILED SCORING OF PROTON DIRECT IONIZATION

The detailed scoring functionality of G4SEE allows scoring
the characteristics of the primary and secondary particles
depositing energy while passing through the SV of the device.
Only δ-rays having an energy above 0.860 keV are scored,
because this is the energy threshold set for production and
which is low enough according to Fig. 5.

In the following energy deposition histograms, these distri-
butions are considered.

1) Proton p+ Energy Deposition: Caused by protons pass-
ing through the SV and based on the energy deposition
due to low-energy δ-rays (E < 0.860 keV), typically, the
peak of this distribution is located around the tabulated
LET for the primary proton energy.

2) δin Energy Deposition: Caused by one or a few δ-rays
with energy above 0.860 keV that are generated by a
proton passing inside the SV.

3) δout Energy Deposition: Caused by one or a few δ-rays
with energy above 0.860 keV that are generated by a
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Fig. 7. Energy deposition histogram for the RADSAGA SRAM from a
primary proton energy of 2 MeV. The data are separated to distinguish energy
deposition caused by protons (p+), high-energy δ-rays generated inside (δin)
and outside (δout) the SV, and by the combination of proton and δ-rays
(p+ + δin) inside the SV.

Fig. 8. Energy deposition histogram for the RADSAGA SRAM from a
primary proton energy of 5 MeV. The data are separated to distinguish energy
deposition caused by protons (p+), high-energy δ-rays generated inside (δin)
and outside (δout) the SV, and by the combination of proton and δ-rays
(p+ + δin) inside the SV.

proton passing outside the SV and that travel inside the
SV.

It is noted that all δin events are accompanied by the
presence of a proton inside the SV. Therefore, the cumulative
energy deposition of such an event is given by the summation
of the energy deposited by the proton through low-energy
δ-rays around the ionization track and that of these high-energy
δ-rays that proceeds further away from the proton ionization
track. For this reason, in the histograms, also, the p+ + δin

energy deposition distributions are shown.
Finally, the plots also mark a couple of noteworthy energy

levels. The first one (p+ LET) is the energy that, on average,
a proton of a given energy is expected to deposit in silicon
over a length equal to the thickness of the SV. The second one
(Ecrit) is the critical energy (analog to the critical charge) of
the SRAM.

Figs. 7–10 show the histograms of energy deposition from
direct ionization for protons having a primary energy of 2, 5,
10 and 20 MeV, respectively.

As the plots show, when the energy increases, a decreas-
ing amount of p+-type energy depositions can lead to an
SEU. At 20 MeV, p+-type events not accompanied by the

Fig. 9. Energy deposition histogram for the RADSAGA SRAM from a
primary proton energy of 10 MeV. The data are separated to distinguish
energy deposition caused by protons (p+), high-energy δ-rays generated inside
(δin) and outside (δout) the SV, and by the combination of proton and δ-rays
(p+ + δin) inside the SV.

Fig. 10. Energy deposition histogram for the RADSAGA SRAM from a
primary proton energy of 20 MeV. The data are separated to distinguish
energy deposition caused by protons (p+), high-energy δ-rays generated inside
(δin) and outside (δout) the SV, and by the combination of proton and δ-rays
(p+ + δin) inside the SV.

generation of high-energy δ-rays are indeed not expected to
generate any SEU.

On the other hand, high-energy δ-rays generated inside
the SV yield an energy deposition that, alone, would be
sufficient to cause upsets at any of the considered primary
proton energies. Actually, since the energy transferred to the
high-energy δ-rays increases with the primary proton energy,
starting at 5 MeV, even high-energy δ-rays generated outside
the SV can yield events energetic enough to trigger an SEU.

Regarding the p+ + δin energy deposition distributions,
a shape transition is observed, as the energy increases. In the
region around the Ecrit , the shape of this distribution resembles
that of protons at 2-MeV primary proton energy. However,
at higher energy, the shape tends to resemble more and more
that of the high-energy δ-rays generated inside the SV, with
proton energy deposition through low-energy δ-rays becoming
less and less significant.

This is further highlighted in Fig. 11, where, for each
primary proton energy, the contribution of δin to the energy
deposition in p+ + δin events in the cases in which the
critical energy of the SRAM is exceeded is shown. As depicted
in the plot, at 2 MeV, the distribution is centered around 0.5,
meaning that 50% of the energy deposition is coming from
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Fig. 11. Probability distributions for the energy deposition contribution of δin
in p+ + δin events exceeding the critical energy for different primary proton
energies. The width of a bin is normalized to the number of events in that
bin.

Fig. 12. Amount of δ-rays per primary proton that exceed the production
threshold of 0.860 keV from the primary proton energies of 2–20 MeV. Data
apply to the RADSAGA SRAM SV.

low-energy δ-rays (<0.860 keV) and the other 50% from high-
energy δ-rays (>0.860 keV).

At higher primary proton energies, it becomes increasingly
likely that the high-energy δ-rays in events exceeding the
critical charge contribute to 70%–90% to the total energy
deposition. It is noted that the δ-ray contributions may have a
hard cutoff at the top, lower than 1, because there will always
be a minimal amount of energy deposited by the primary
proton.

In summary, the generation of high-energy long-range
δ-rays (both inside and outside the SV) and the related energy
deposition events can explain the observed experimental SEU
cross sections for the 3–20 MeV range when it comes to direct
ionization effects.

V. NATURE AND MECHANISM OF δ-RAY UPSETS IN

PROTON DIRECT IONIZATION

The δ-ray events depicted in the previous plots are a
result of the production of one or more δ-rays by a single
proton interacting with the silicon atoms. G4SEE also allows
determining the contribution to the total energy deposition
down to the individual δ-rays in these events. This allows,
for instance, to retrieve the kinetic energy and the energy
deposited by each of these particles.

Fig. 12 depicts the amount of δ-rays per primary proton
that are produced by protons with the primary energies of

Fig. 13. Lethargy of δ-rays from primary protons with an energy of 10 MeV.
The blue curve considers all δ-rays. The red curve only those yielding events
overpassing the critical energy of the SRAM. The green curve is the same as
the red, but in this case, Coulomb scattering events for δ-rays are disabled.

Fig. 14. Fraction of δ-ray kinetic energy that is deposited inside the SV
as a function of the δ-ray kinetic energy for those δ-rays that lead to events
exceeding the critical energy of the SRAM. δ-rays from 10-MeV protons. The
width of a bin is normalized to the number of events in that bin.

2–20 MeV in the RADSAGA SRAM SV. The multiplicity of
δ-rays per primary proton decreases exponentially regardless
of the primary proton energy.

Taking 10 MeV as a reference, ∼80% of the total proton
fluence will not yield any δ-ray with an energy above pro-
duction threshold (0.860 keV). The probability of producing
a single δ-ray is lower than 20%, whereas producing two or
more δ-rays comes with a cumulative probability of <3% no
matter the primary proton energy.

The figure also shows that when the primary proton energy
increases, the probability of producing several δ-rays dramat-
ically decreases by orders of magnitude.

Concerning the 10 MeV case, Fig. 13 presents the lethargy
of the δ-rays as a function of their kinetic energy. The plot
shows that there is equal probability for δ-rays to be generated
with any kinetic energy between the production threshold and
the maximum kinetic energy that a proton can transfer to them.
The figure also reports about the kinetic energy of the δ-rays
that belong to events that overpass the critical energy of the
SRAM. Despite the lower statistics, it is clear that δ-rays with
energies up to around 13 keV can contribute to events that can
overpass the critical energy. On the other hand, higher energy
δ-rays would typically keep escaping from the SV.

It is noted that single high-energy δ-rays that can deposit
enough energy to exceed the critical energy (12.4 keV) are
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Fig. 15. Contribution to the energy deposition of 10 MeV protons of electron
ionization and of electron multiple scattering events from the high-energy
δ-rays.

very rare. Typically, the events leading to upset are driven
by the combination of the energy deposition of 2–5 of these
high-energy δ-rays depositing 1–10 keV.

The most noteworthy feature of these δ-rays is that they
tend to deposit their whole energy inside the SV. Considering
the continuous slow down approximation (CSDA) range of
δ-rays of these energies and the characteristic sizes of the
SV (thickness = 250 nm and main diagonal = 939 nm), the
maximum energies that a δ-ray would be capable of depositing
is ∼2.5 and ∼5.5 keV, respectively.

Fig. 14 depicts the fraction of kinetic energy that the
δ-rays actually deposit in the SV as a function of their kinetic
energy. The figure only considers the δ-rays that can contribute
to the generation of an upset event. It is evident that most of
these δ-rays actually deposit their full energy in the SV, even
if their kinetic energy exceed, even by five times and by two
times (up to 13 keV) the values obtained from the CSDA for
the thickness and the main diagonal, respectively. Ultimately,
it is because these δ-rays can deposit such large amounts of
energy that such a large number of upsets from proton direct
ionization are observed.

The reason behind these large energy depositions from
δ-rays is related to the fact that δ-rays undergo strong scat-
tering within the medium rather than moving through straight
lines. Coulomb scattering events make the trajectory of these
δ-rays inside the SV much longer than the characteristic sizes
of the SV (either thickness or diagonal), allowing them to
deposit their full kinetic energy.

The importance of Coulomb scattering events is evident in
Fig. 13, where it is shown that, if these events are excluded,
there is a huge decrease in the amount of δ-rays that can
contribute to upsetting the SRAM.

As shown in Fig. 15, if Coulomb scattering events of δ-rays
are disabled, a strong reduction of the total energy deposition
spectra above the critical energy would occur. As a result,
84% of the events leading to an upset would not be correctly
reproduced. Therefore, δ-ray Coulomb scattering events yield
a six-fold increase in the number of upsets with respect to the
sole electron ionization.

In conclusion, what is shown through this detailed scoring
analysis is that it would not be correct to consider that all
δ-rays produced above a certain energy (∼5 keV) deposit their
full kinetic energy in the SV. At the same time, a fraction of

these δ-rays will still deposit their full kinetic energy in the
SV, due to Coulomb scattering events, resulting in the observed
proton direct ionization events at tens of MeV.

Concerning the potential impact of these δ-ray-induced
upsets on the upset rate for space applications, this was
covered in a previous study [16], where the upset rates of the
RADSAGA and ISSI SRAMs were calculated with various
methods. The results of that analysis pointed out that the LEP
response dominates the upset rate over the intemediate- and
high-energy responses for both SRAMs. Therefore, no specific
implications on the upset rate related to the observations of
proton direct ionization upsets at tens of MeVs would have to
be drawn.

VI. CONCLUSION

The article reports about proton direct ionization phenomena
impacting the SEU cross section of a highly integrated SRAM
with low core voltage. The main focus is on the observation
of an enhanced proton SEU cross section at tens of MeVs,
which can be attributed, through comparison with neutron
experiments and detailed scoring MC simulations, to proton
direct ionization.

SV models and MC simulations showed that it was possible
to reconstruct the experimental response of the SRAM as
a function of primary proton energy under monoenergetic
proton beams. The numerical tools provided by G4SEE were
used to separate the various physical processes contributing
to the triggering of SEUs in this SRAM, and in a second
one for comparison purposes only. Direct ionization from
protons was shown to be the process presenting the largest
differences among the two SRAMs. For the chip under study,
direct ionization is expected to be the dominant contributor at
10 MeV, a significant contributor at 20 MeV and as important
as the nuclear elastic scattering at higher energies.

The detailed scoring of the MC simulations showed that
high-energy (>0.860 keV) δ-rays generated inside and outside
the SV are determinant in the triggering of upsets at primary
proton energies above 3 MeV. A small amount of these high-
energy δ-rays (2–5) produced by a single proton can deposit
enough energy to exceed the critical energy of the SRAM.

Although having a range longer than the characteristic sizes
of the SV according to the CSDA, these δ-rays can deposit
their full kinetic energy in the SV even when being generated
with a kinetic energy of 13 keV. This is due to Coulomb
scattering events, that significantly increase the actual path of
the δ-ray inside the SV and that result in a six-fold increment
of the number of events exceeding the critical energy of the
SRAM with respect to the sole electron ionization process.

Concerning MC simulations, this work shows, on the one
hand, how important it is to set low-enough production
thresholds for δ-rays in order to avoid overestimations in
the SEU cross sections and, on the other hand, that the
accurate transport of these high-energy δ-rays is fundamental
in the understanding of the experimentally observed SEU cross
sections, because the latter may be not fully related to well-
known concepts, such as the proton LET and the CSDA.
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