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Abstract— Pions make up a large part of the hadronic environ-
ment typical of accelerator mixed fields. Characterizing device
cross sections against pions is usually disregarded in favor of tests
with protons, whose single-event latch-up (SEL) cross section is,
nonetheless, experimentally found to be lower than that of pions
for all energies below 250 MeV. While Monte Carlo simulations
are capable of reproducing such behavior, the reason for the
observed pion cross-section enhancement can only be explained
by a deeper analysis of the underlying mechanisms dominat-
ing proton-silicon and pion-silicon reactions. The mechanisms
dominating the SEL response are found to vary with the energy
under consideration. While a higher pion nuclear reaction rate,
that is, probability of interaction, can explain the observed
latch-up cross-section enhancement at energies >100 MeV, it is
the volume-equivalent linear energy transfer (LETgq) of the
secondary ions that keeps the pion latch-up response high at
lower energies. The higher LETg( of secondary ions from pion—
silicon interactions is caused by the pion absorption mechanism,
which is highly exothermic. In spite of the observed higher cross
section for pions, the high-energy hadron approximation is found
to still provide reliable estimations of the latch-up response of a
device in mixed fields.

Index Terms— Accelerator, cross section, FLUKA, neutrons,
nuclear interactions, pions, protons, radiation hardness assurance
(RHA), single-event latch-up (SEL).
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I. INTRODUCTION

HARGED pions are hadrons which, by inelastic inter-
C action with the target nuclei, can release secondary ions
capable of causing hazards as critical as single-event latch-
up (SEL) in electronic devices. Although SEL hardening
techniques exist [1], they are rarely applied in commercial
static random access memories (SRAMs), which are typi-
cally characterized by very high heavy-ion cross sections [2]
and can exhibit latch-up also in high-energy hadron (HEH)
environments [3], [4].

An experimental study on pion single-event upset (SEU)
and SEL cross sections was performed in [5]. For SEU,
the pion cross-section shape directly reflected the typical
reaction cross-section resonance in silicon in the 75-250 MeV
energy region [6]. However, for SEL, the measured pion
cross-section enhancement was not limited to the established
resonance region, but extended at lower energies without any
straightforward explanation.

While there are at least a few articles in the literature
[71, [8] dealing with pion cross section measurements, and
one [5] directly dealing with their impact in an accelerator
environment, all these studies focused on SEUs. SEL rate
predictions in the accelerator environment were shown to be
quite a concern for certain memories characterized by strong
energy dependence in the proton cross section [9], [10]. This
was shown to be caused by the fragments released by the
primary particles interacting with the tungsten layers nearby
the sensitive volume (SV) of the device [11], [12]. The effect
was very relevant at energies above the typical 200-MeV
proton energy, used as a reference for testing and extended
up to 3 GeV.

For typical accelerator environments, the pion fluxes peak
at 1 GeV [13]. For the SEU case [5], it was concluded that
the effect on the soft error rate (SER) was limited because the
pion resonance was not extending beyond 250 MeV. However,
this conclusion has to be verified for SELs in order to confirm
that their rates in the accelerator are not underestimated.

Furthermore, the HEH equivalence approximation [14]
neglects the impact of charged hadrons at energies below
20 MeV. There is no experimental indication that the pion
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TABLE I
L1ST OF TESTED DEVICES AND THEIR FEATURES

Manufacturer Reference Datecode | Technology
Brilliance BS62LV1600EIP55 9254 180 nm
Lyontek LY62W20488ML 1529 180 nm

SEL cross section would reduce similar to that of protons
around and below this energy. Hence, this may provide a
further source of inaccuracy.

This work delves, in more detail, into the nuclear mech-
anisms with the aim of understanding what stands behind
the experimentally observed enhancement of the pion SEL
cross section with respect to that of protons. In order to
achieve this, this work strongly relies on the numerical analysis
of SEL cross-section responses as well as on the study of
basic pion—silicon and proton—silicon nuclear interactions. The
obtained simulation benchmarks are also used to calculate the
SEL rate expected in mixed-field environments and to assess
the consequences of the extended pion SEL cross-section
enhancement on the HEH equivalence.

II. EXPERIMENTAL INVESTIGATION

SRAMs are extensively used in the CERN Large Hadron
Collider (LHC) complex for radiation detection purposes [15]
as well as in the equipment exposed to the harsh radiation
environment [16]. In the former case, components having a
rather weak radiation tolerance are a better fit, whereas in the
latter, harder devices are more suited. Nevertheless, in both
cases, the pion SEL cross-section enhancement may have
a negative impact. On the one hand, by overpredicting the
hadronic flux, and, on the other hand, by underestimating the
rate of power cycles in the electronic equipment, which would
result in an availability underperformance for fundamental
physics experiments.

The pion experimental tests have been performed at the Paul
Scherrer Institute (PSI), at the piM1 facility. The facility and
the flux calibration are extensively described in [S] and [17].
Currently, the facility cannot provide pion fluxes well suited
for extensive SEL testing. This limited the number of devices
for which a statistically significant amount of events at various
energies could be collected in reasonable time.

Information on the tested references is reported in Table I.
The rather high cross section of the two tested references
allowed covering the whole available energy range at the
facility (51-233 MeV).

The high-energy proton SEL measurements were performed
at Kernfysisch Versneller Instituut (KVI) [18] in an energy
range of 50-186 MeV and at PSI [19] for 30 and 230 MeV.
The data acquisition procedure was the same as for the pions.

During the tests, the SRAMSs were biased at 3.3 V, irradiated
with the package on and at room temperature. One device
per reference was tested with both pions and protons. The
input current was monitored with a Keysight E3648A, whose
maximum current was set to 0.5 A in order to protect the
devices under test (DUTs). The nominal current of these
memories is typically below 1 mA. A latch-up was recorded
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Fig. 1. Negative pion and proton SEL cross sections for the Brilliance SRAM
with 95% confidence level error bars [5].
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Fig. 2. Negative pion and proton SEL cross sections for the Lyontek SRAM
with 95% confidence level error bars [5].

whenever the input current increased above 10 mA. In order
for the event to be counted as an SEL, the high-current state
was kept for 600 ms. Then, the equipment automatically cut
the supply to the memory for 900 ms in order to remove the
high-current state. Typically, the observed high-current states
were between 300 and 500 mA for both devices, regardless
of the primary particle or its energy. The tests were stopped
whenever about 100 SELs were detected for each tested
particle and energy. The devices did not experience any power
consumption increase during the test. However, they were not
tested after irradiation to check whether read/write operations
had been affected.

The experimental data are reported with error bars with
95% confidence level. For both the pion and the proton error
bars, an uncertainty on the fluence of £10% is considered.
For piM1, the uncertainty on the fluence has been verified by
using different sets of instruments based on scintillators and
ionization chambers, and time-of-flight measurements have
been performed to determine the pion contribution to the
overall flux [5].

Fig. 1 reports the SEL cross section of the Brilliance SRAM
as a function of the tested energies for both pions and protons.
The pion SEL cross section is a factor of 2-2.5 higher than
that of protons for the entire tested energy range.

Fig. 2 shows the SEL cross section of the Lyontek SRAM
as a function of the tested energies for both pions and protons.
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Fig. 3. Histograms of the distribution of high-state currents due to pion
interactions of the tested energies for the Brilliance SRAM. The red bin is
underneath the green bin for 0.5 A.
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Fig. 4. Histograms of the distribution of high-state currents due to pion and
proton interaction at a primary energy of 164 MeV for the Brilliance SRAM.

In this case, the pion SEL cross section is more than a factor
of 3 higher at 50 MeV and is generally up to a factor of 2
higher for the other energies.

Fig. 3 reports the histogram of high-current states of the
Brilliance SRAM for all the tested pion energies. Although
the current consumption was limited to 0.5 A to preserve the
integrity of the SRAM, the intensity distribution of the high-
current state is not seen to vary much with the pion energy.

Fig. 4 depicts the same histogram, but this time compar-
ing pion and proton high-current states at the same energy
of 164 MeV. Note that the pion high-current states concentrate
toward the upper limit, whereas proton high-current states are
much more distributed. This is relevant for reliability in the
accelerator mixed field, given that pions are not only expected
to trigger a larger fraction of the total SEL count, but also to
develop higher current states than protons.

III. MODELING AND MONTE CARLO SIMULATIONS
OF PION SEL CROSS SECTIONS

An integral rectangular parallelepiped (IRPP) model can
be used to replicate the SV of the device and determine the
energy deposition events contributing to the SEL response.
The heavy-ion SEL cross section as a function of linear energy
transfer (LET) (described in terms of its Weibull function [20])
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Fig. 5. Proton and negative pion SEL cross sections simulated with FLUKA
for an SV thickness of 3.0 and 1.8 xum and compared to the Brilliance
experimental data.

is convolved with the energy deposition distribution proba-
bility (converted to volume-equivalent LET through division
by the SV thickness and the silicon density), produced by
secondary ions of protons or pions, to retrieve the numerical
SEL cross section from a beam of protons or pions. For
the Brilliance SRAM, the heavy-ion Weibull fitting para-
meters are: og = 0.6 cm?, LET, = 2.4 MeV/(mg/cmz),
W = 13.7 MeV/(mg/cm?), and s = 1.8. However, they are not
known for the Lyontek SRAM. Hence, the following analysis
focuses on the Brilliance SRAM.

The sensitive size for the memory in the model was derived
from the observations on SEL induction regions achieved on
SRAM structures of 180 nm [21] performed with laser testing,
which was proved to provide reliable results for protons
and neutrons [9]. Laser testing was shown to be a valuable
complementary tool in the qualification process of integrated
circuits as it can enable determining the characteristics of the
SV such as the size [21], [22], and the thickness [23] as well
as to correlate it with the heavy-ion response for determining
the LET threshold [24], and the cross section [25] or even
the number of sensitive cells within the device [26]. All this
information can be used to retrieve a better estimation of
expected SEL rates in application.

A surface of 20 x 4 um?, representative of an array of
10 x 2 cells, is then used. Other than this, the simulations
employ a 6-um silicon back-end-of-line (BEOL) and a tung-
sten overlayer 0.4 um thick. The thickness of the SV is kept as
the free parameter for fitting the energy deposition events into
an actual SEL hadron cross section. An SV thickness between
1.8 and 3 xm can fairly represent the SRAM SEL response and
is compatible with thicknesses proposed for similar models in
SRAMs manufactured in 180-nm technology [27]. It is also
in good agreement with the observation that SEL structures in
SRAMs are usually wider and longer rather than thicker [28].

Fig. 5 presents the FLUKA 4.0 [29], [30] simulation data
for two thicknesses and the two particles compared to experi-
mental data. No perfect thickness matching for both the lower
(<100 MeV) and higher (>100 MeV) energy part of the cross-
section curves was found.
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Fig. 6. FLUKA-simulated SEL cross sections as a function of energy for

protons, charged pions, and neutrons. The energy range is meant to cover that
of the CHARM facility.

The largest thickness was found to better describe the
lower energy part, whereas the smallest was found to better
replicate the higher energy part. These observations apply to
both protons and negative pions. The disagreement between
the models is small, that is, the model based on the smaller
thickness returns, on average, cross sections which are 33%
higher than those from the model with the larger thickness.

The larger thickness model is taken as a baseline, which
will be verified in the nuclear interaction mechanisms and
used for the accelerator radiation hardness assurance (RHA)
considerations.

SEL cross sections are simulated for other particles making
up the accelerator mixed-field, that is, positive pions and
neutrons and for an extended range of energies meant to cover
the whole spectra of spallation products typically found in
the accelerator environment. Those cross sections are reported
in Fig. 6. No significant differences are found between protons
and neutrons all along the energy range (except at 21 MeV).
On the other hand, the pion cross sections are always higher
than those from the other two hadrons starting from well below
20 MeV up to 1 GeV, where the pion, proton, and neutron SEL
cross section finally match.

Note that while the proton and neutron cross sections fade
by more than one order of magnitude at 20 MeV with respect
to their high-energy value, the negative pion cross section
remains as high as the 50-MeV proton cross section even down
to 5 MeV.

In the HEH approximation, the cross section of all hadrons
is taken to be a step function starting at 20 MeV and equal
to the proton cross section at 200 MeV. This would be quite
conservative when considering protons and neutrons due to
the observed fallout. However, ignoring the fact that pions
can induce SEL even at energies below 20 MeV may lead to
underestimations of the expected SEL cross section in mixed
fields, although the presence of packaging may compensate
for that.

The other interesting observation is that, while positive
pions have the same charge as protons, their SEL cross section
is about ten times higher at 21 MeV than that of protons and
fades by one order of magnitude with respect to high energies
only at 10 MeV.
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of protons, neutrons, negative pions, and positive pions when interacting
with silicon nuclei as a function of energy. For pions, this includes inelastic
scattering and absorption.

IV. NUCLEAR INTERACTION MECHANISMS BEHIND
THE OBSERVED ENHANCEMENTS

A. Nuclear Reaction Cross Section

One of the main parameters that can affect the SEL cross
section response of pions with respect to protons is the
nuclear reaction cross section. This is the probability that a
pion or a proton of a certain energy will interact by either
elastic or inelastic scattering with a silicon nucleus.

Fig. 7 reports the nuclear reaction cross sections of protons,
neutrons, and charged pions in silicon as a function of the
primary energy. Protons and pions exhibit very contrasting
behaviors when it comes to their primary energy. At 200 MeV,
both negative pions and positive pions have a reaction cross
section which is at least 50% higher than that of protons.
At 21 MeV, the situation is reversed with protons now having
a cross section more than twice as high as that at 200 MeV,
whereas the negative pion reaction cross section halves and the
positive pion reaction cross section is four times lower than
at 200 MeV. As a result, the proton reaction cross section is
about a factor of 2.5 higher than that of negative pions and a
factor of 7 higher than that of positive pions.

Higher probability of interaction means higher yield of sec-
ondary ions capable of depositing a sufficiently high amount
of energy to trigger a single-event effect (SEE) at the same
primary particle fluence. What the reaction cross section by
itself does not say is how many secondary particles are
released due to the nuclear interaction and which are their
properties.

B. Scoring of Secondary lons by Atomic Number

The preex tool available in FLUKA allows resolving all the
possible nuclear interactions between primary particles and
target nuclei on a statistical basis. The underlying physics is
based on preequilibrium and evaporation models. The physics
models for pion nuclear interaction in FLUKA are described
in detail in [31]-[33]. Preex allows the extrapolation of dis-
tributions of byproducts in terms of species, kinetic energy,
LET, and range. The numerical simulations are performed by
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TABLE II

AVERAGE NUMBER OF REACTION PRODUCTS RELEASED BY PROTON,
NEGATIVE PION, AND POSITIVE PION INTERACTIONS WITH
SILICON NUCLEI FOR UNIT NUCLEAR REACTION

Primary energy By-products By-products By-products
[MeV] pt-Si T -Si wt-Si
21 2.60 5.17 4.95
200 5.11 6.13 6.10
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Fig. 8. Yield of secondary ions produced by nuclear reactions as a function

of their atomic number normalized to the number of interactions for mono-
energetic protons, negative pions, and positive pions at 200 MeV.

forcing the interaction of one million primary particles with
one million silicon nuclei. Natural silicon is used as a target
material. Hence, its isotopic composition is: 92.23% of 28Si,
4.67% of »Si, and 3.10% of *°Si.

Table II reports the average number of reaction products
produced by forcing the nuclear interaction of one million
primaries with the silicon nuclei as a function of the primary
particle and its energy. This is used to extract more detailed
scoring than what it is obtained from the Monte Carlo (MC)
simulations (for which biasing was used to enhance the nuclear
reaction cross section as otherwise only one in a few hundreds
of thousands of primaries would have an interaction with a
silicon nucleus).

Note that the minimum number of reaction products for
each nuclear reaction is 2, for which the products would be
the original primary particle and the Si nucleus after having
exchanged momentum. Clearly, the value of 2.6 for 21-MeV
protons indicates that it is quite common for protons of this
energy, and the nuclei they interact with, to simply experience
an exchange of momentum. Both charged pions at 21 MeV
release on average five reaction products.

The situation is more homogeneous among protons and
pions at 200 MeV, with protons releasing up to five reaction
products and pions up to six, on average.

Figs. 8 and 9 propose the comparison of the yield of
secondary ions released in proton—silicon and pion-silicon
nuclear interactions at 200 and 21 MeV, respectively. The
ions are identified by their atomic number and the yield is
normalized by the one million simulated reactions.

There are not many differences at 200 MeV among the
secondary ions released by proton-silicon and pion-silicon
interactions. That is, similar reaction channels are open.
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Note that pions seem to produce a larger amount of lighter
ions (from Z < 8), which is quite evident for alphas. On the
other hand, protons release a slightly higher amount of heavier
ions (Z > 11). This indicates that protons are more likely to
just knock a proton, a neutron or an alpha particle out of the
nucleus, turning the latter into an aluminum ion, a silicon ion
(different isotope) or a magnesium ion, respectively. On the
other hand, pions are likely to induce a higher level of
fragmentation, yielding also ions with intermediate Z between
alphas and magnesium.

Such effects become even more evident when considering
a primary energy of 21 MeV. At this energy, all the proton—
silicon interactions seem to belong to a handful of reactions.
On the other hand, for pions, basically all the reaction channels
that were open at 200 MeV are still open at 21 MeV. As a
result, both lighter and heavier ions are produced in similar
quantities to the 200-MeV case.

For the 200-MeV case, when considering both the amount
of reaction products and the relative nuclear reaction cross
section (which was about 50% higher for the pions), one can
conclude that the number of reaction products produced by
the same number of primary protons and pions would be,
when normalized to a single proton interaction, about 5 for
the protons and about 9 for the pions. As a result, the number
of secondary ions generated by pions will be about twice
those released by protons, yielding the factor of 2 difference
observed in the SEL cross section response at 200 MeV.

At 21 MeV, the positive and negative pions have rather
similar average amounts of reaction products. However, when
combined with the respective nuclear reaction cross sections,
the negative pions would yield twice as many secondary ions
as the positive pions. This is reflected in the simulated positive
pion SEL cross section, which is about half that of negative
pions at 21 MeV.

Note that the combination of the average number of reaction
products and the nuclear reaction cross section alone is not
enough to describe the enhanced pion cross section at 21 MeV
with respect to that of protons. Hence, analyzing other prop-
erties of the secondary ions, such as their kinetic energy, LET,
and range may help shed light on this difference.
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C. Pion Absorption Impact on Secondary-Ion Kinetic Energy

In spite of their common hadronic nature, pions interact
differently with heavy nuclei than protons. One of the main
mechanisms in pion-silicon interactions, regardless of the
charge of the pion, is the pion absorption (which can contribute
to more than 50% of the total nuclear reaction cross section
for positive pions and up to 70% for negative pions [34]).
This results in the emission of a few additional secondary
particles. The main peculiarity of these secondary particles is
that, even at low primary energy of the incident pion, they
may be emitted with quite high kinetic energy.

One example of the consequences of the pion absorption on
the kinetic energy of secondary particles is shown in Fig. 10.
The yield of secondary protons emitted by proton—silicon and
pion—silicon interactions as a function of their energy is shown
for a primary particle energy of 21 MeV. Note that the protons
emitted have a hard limit in the energy which corresponds to
the energy of the primary. On the other hand, the secondary
protons emitted by pion-silicon interactions have a continuous
distribution in energy up to about 140 MeV. This behavior is
known from past experimental measurements [35]. Basically,
when absorbed, a pion can excite the nucleus to the point that
highly exothermic reactions are triggered, releasing secondary
particles with high kinetic content.

Fig. 11 reports the yield of magnesium ions released by
proton—silicon and pion—silicon interactions as a function of
their energy for a primary particle energy of 21 MeV. The
same behavior observed for protons occurs for ions of any
atomic number. However, the kinetic energy transferred to ions
of growing atomic mass is lower. For magnesium, pions can
provide up to 13 MeV of kinetic energy, whereas protons can
only provide up to 4 MeV.

As shown, thanks to this absorption mechanism, pions are
capable of emitting a spectrum of secondary ions which are
more than twice as energetic as those emitted by protons.

The pion absorption cross section provides a nonnegligible
contribution to the nuclear reaction cross section (Fig. 7)
at any energy. However, its effects on the secondary ion
characteristics do not scale up with energy because the kinetic
content available to the secondary ions is always coming from
the pion rest mass (139 MeV/c?), which is fixed. This can be
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appreciated in Fig. 12, which depicts the yield of secondary
protons from 200-MeV primaries.

D. LET and Range of Secondary lons

Fig. 13 shows the yield of secondary ions as a function
of their LET upon generation normalized to the number of
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interactions for protons, negative pions, and positive pions at
21 MeV. When considering LET, the atomic number of the
ion is disregarded, assuming that all ions of similar LET will
behave similarly.

No big differences are seen between negative and positive
pions. On the other hand, the proton LET distribution is much
different as it is missing the discrete peaks. This is due to the
lack of secondary ions with intermediate and low Z (<12).
On the other hand, magnesium, aluminum, and silicon ions
are produced in a rather wide range of energies that lead to a
quite smooth LET distribution.

Although having quite distinct shapes, proton and pion LET
distributions do not seem to indicate that the SEL cross section
for protons would be that much lower than those of charged
pions. Indeed, these distributions will have to be scaled by the
nuclear reaction cross section, which, at this energy, is higher
for protons.

The range of secondary ions is an important parameter. For
instance, it was shown that the range distribution of secondary
ions can explain the angular dependence of proton and neutron
SEL cross sections in SRAMs [3].

Fig. 14 reports the yield of secondary ions as a function of
their range normalized to the number of reactions for protons,
negative pions, and positive pions at 21 MeV. Note that the
plot does not include all secondary ions. Ions with LET upon
generation below 2.4 MeV/(mg/cm?) have been filtered out
since this is the heavy-ion LET threshold of the Brilliance
SRAM.

With the imposed filtering based on the ion LET threshold,
all secondary ions have range above 500 nm for both proton
and pion distributions.

The range distributions are very different for proton and
pion secondary ions. All secondary ions from proton—silicon
interactions and a sufficiently high LET have ranges below
3.5 um. On the other hand, the pion-silicon interactions
can release ions with range as high as 40 um. The pion
distributions are also seen to peak just above 3.5 um, where
the proton distribution fades.

Fig. 15 depicts the yield of secondary ions as a function
of their range normalized to the number of reactions for
protons, negative pions, and positive pions at 200 MeV. At this
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Fig. 15.  Yield of secondary ions normalized to the number of interactions
as a function of their range for mono-energetic protons, negative pions, and
positive pions at 200 MeV.

energy, protons and pions generate secondary ions with very
similar range distributions. Therefore, considering that pions
yield twice as many secondaries as protons at 200 MeV, it is
confirmed that the nuclear reaction rate alone is enough to
explain the SEL cross section increase of a factor of 2 observed
experimentally.

E. LET Equivalent as Key Metric

Different from SELs, SEUs can develop even when a quite
low charge is collected in the SV. This is the reason why in
small SVs associated with SEUs, not only secondary ions,
but also direct ionization from protons can cause upsets [36].
On the other hand, the range distribution of ions, taken in
relative terms with respect to the SV thickness, is a decisive
parameter when it comes to SEL triggering [37], [38]. In this
case, the LET of the secondary ions is not a good metric to
determine the hadron response [39], [40] because most of the
secondary ions will not have a range long enough to transverse
a significant portion of the SV and deposit enough energy to
trigger an SEL.

In such context, a different metric has to be used, that is,
the volume equivalent LET (LETgq) [39], [41]. This metric
can be used to perform a new scoring of the secondary
ion distributions from protons and pions when the range R
of the secondary ion is shorter than the SV thickness, as
indicated below:

E
LETEsz—: R<t

M
LETgq = LET R > 1.

Here, E; is the kinetic energy of the secondary ion upon
generation, p is the density of the material where the energy
deposition occurs (in this case silicon), and 7 is the thickness
of the SV. Hence, this metric classifies the secondary ions
depending on the properties of the SV. In accordance with the
SV proposed for the MC simulations, the thickness is taken
to be 3 um.

Note that when an ion has a range long enough to go
through the whole SV thickness and beyond, its LETgq is
assumed to be equal to the LET upon generation.



1620

10°3

1074

1073

n

LETEQ (MEV/(mg/cmz)

10

Counts/# reactions/(MeV/(mg/cm?))

Fig. 16. Yield of secondary ions normalized to the number of interactions
as a function of their LETgq for mono-energetic protons, negative pions, and
positive pions at 21 MeV.

TABLE III

SEL CROSS SECTIONS CALCULATED BY CONVOLVING THE
HEAVY-ION WEIBULL CURVE WITH THE LET SPECTRA OF FIG. 13
AND WITH THE LETEq SPECTRA OF FIG. 16. THE SEL CROSS
SECTIONS OBTAINED FROM THE MC SIMULATIONS FOR
PROTONS AND CHARGED PIONS ARE ALSO REPORTED.

THE SEL CROSS SECTION UNITS ARE cm?/DEV

Method o SEL protons g SEL. g SEL.
negative pions positive pions
LET 2.96 - 10~ 336 - 10~ 7 1.32- 107
LETgq 9.90 - 1079 227 - 1077 8.99 - 108
Monte-Carlo 5.34 - 1079 147 - 10~7 538 - 103

Fig. 16 reports the yield of secondary ions as a function of
LETgq normalized to the number of interactions for protons
and pions at 21 MeV. As done for the range, the plot
reports only the secondary ions having an LETgq above
24 MeV/(mg/cmz).

The pion distributions in terms of LETgq have preserved
somewhat the shape that was shown in the LET-upon-
generation distributions in Fig. 13. Indeed, there are still
particles having LET as high as 12 MeV/(mg/cm?), though in
lower abundance. The biggest difference is the deeper lowering
on the left side of each peak, which shows that secondary ions
generated with LET in defect of that at the peak are often
associated with a range shorter than the SV thickness.

The differences between the proton LET and LETkq distrib-
utions are much more evident. The previous continuous distri-
bution is now replaced by a first continuous distribution fading
at an LETgq just above 5 MeV/(mg/cm?) and a secondary
peak at LETgq of 9-10 MeV/(mg/cm?). The latter represents
the residual amount of magnesium, aluminum, and silicon ions
having a long enough range.

The LETEq distributions represent a more faithful picture of
what is happening inside the SV. As a cross-check, the heavy-
ion Weibull curve, which is used in the MC IRPP method to
calculate the cross section response, can be convolved along
with the spectra reported in Fig. 16 and multiplied by the
respective nuclear reaction rates to get an SEL cross section.

Table III reports the SEL cross sections determined with
this method for the LET distributions and for the LETgq
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TABLE IV

HADRONIC ABUNDANCE OF HADRONS FOR SOME TEST POSITIONS INSIDE
CHARM [13]. ALL CHARGED PIONS ARE GROUPED TOGETHER.
PROTON, NEUTRON, AND KAON FLUXES ARE INTEGRATED
ABOVE 20 MeV, PION FLUXES ABOVE 1 MeV

Position Pions Protons Neutrons Kaons
R5 15.9% 13.8% 69.8% 0.6%
R10 22.8% 17.3% 58.8% 1.1%
R13 37.1% 20.2% 42.8% 0.0%

I 20-200 MeV
@3 200-1000 MeV
s > 1000 MeV
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Fig. 17.  SEL rates from pions from three energy ranges and three CHARM
positions.

distributions for the three primary particles as well as the
SEL cross sections obtained from the MC simulations. When
convolving with the pure LET spectra, the proton SEL cross
section is predicted to be as high as that of negative pions.
However, when using the LETgq spectra, both the proton and
the pion SEL cross sections are much closer to those calculated
through a full transport MC analysis.

The residual differences between the LETgq spectra and the
MC simulations is due to the fact that the angular distribution
of the emitted secondary ions is neglected in the LETgq
calculation. Hence, secondary ions may have, within the SV,
ionization tracks longer or shorter than the SV thickness.

In addition, the LETgq calculation takes all ions as emitted
at the top surface of the SV, whereas in the MC simulations,
the events generating secondary ions can occur at any point
inside or outside the SV and the relative distance to the SV
edge can play a role on whether an ion will deposit sufficient
energy to trigger an SEL or not.

V. RHA IMPLICATIONS

The CERN Highly-AcceleRated Mixed-field facility
(CHARM) facility [42] is taken as a study case for the RHA
considerations given its wide representativeness of the various
mixed-field radiation environments at CERN. The fluxes
used for the computations have been calculated by means of
FLUKA simulations of the facility [13]. Table IV reports the
hadronic abundance in percentage of all hadrons generated in
mixed fields. The pion contribution to the total flux can be as
low as 16% for the RS test position in the CHARM facility
and as high as 37% for the R13 position.

Fig. 17 depicts the pion SEL rate contributions for var-
ious CHARM positions by subdividing their contributions
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Fig. 18. SEL rate comparison between the HEH approximation approach
and the full particle folding approach (XS = cross section). Data are reported
by CHARM position and further subdivided for protons (blue), pions (red),
and neutrons (green).

into three energy ranges: 20-200 MeV, 200-1000 MeV, and
>1 GeV. As the plot shows, contributions to the total pion SEL
rate may vary widely depending on the position. Typically,
the 200-1000 MeV pion fluxes provide a higher contribution
than the 20-200 MeV pion fluxes to the total SEL rate by up to
a factor of 4. Pion fluxes with energy > 1 GeV are an important
contributor only for position R13, given that they are 15 times
and 200 times higher than in R10 and RS, respectively.

The HEH approximation in mixed field for the calculation
of the SEL rate is based on the assumption that all particles
have the same exact response regardless of their nature and
energy. In addition, that response would be equal to a step
function starting at 20 MeV and with the proton cross section
at 200 MeV as step value. The actual SEL response in mixed
field can more precisely be calculated by convolution of each
particle spectrum with the respective SEL cross section as a
function of energy. For this purpose, the numerical SEL cross
sections shown in Fig. 6 are used since they allow covering a
wider range of energies than the experimental cross sections.

Fig. 18 shows the contribution of each particle to the
total SEL rate (positive and negative pion contributions are
shown together) for three CHARM characteristic test positions
representative of the low-Earth orbit trapped proton (RS),
accelerator- and atmospheric-like (R10) and accelerator highly
energetic (R13) environments, respectively.

For all the three environments, the pion contribution to the
total SEL rate is underestimated when using the HEH approxi-
mation by factors of 1.6-2, depending on the pion abundance.
For protons and neutrons, the HEH approximation provides
either a fair or a conservative estimation. For the total SEL
rate, while underestimating the pion contribution, the HEH
approximation provides a fair estimation for RS and R10,
being the ratios between the actual fluxes SEL rate and that
delivered by the HEH approximation equal to 0.87 and 1.07,
respectively. For the R13 position, the underestimation from
the HEH approximation is stronger, since this ratio is 1.43.

Following these results, the HEH approximation still pro-
vides valuable estimations of the device SEL response in
mixed fields in most of the application cases. Hence, char-
acterizing the SEL cross section out of the single 200-MeV
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proton datapoint remains a valuable qualification scheme for
accelerator applications. At the same time, the SEL rate
predicted by experimental testing at CHARM and determined
through the HEH approximation for other environments will
be a fair representation of that obtained by proton testing.

For the only exception (R13), which concerns a small
amount of accelerator equipment, the underestimation obtained
by the single 200-MeV proton testing can be accounted for
by assuming a margin of less than 50% on the predicted rate
obtained through the HEH approximation.

VI. CONCLUSION

A pion SEL cross-section enhancement was experimentally
observed on two SRAMs for the whole energy range under
test. The enhancement was confirmed through MC simulations
of the SV energy deposition responses based on an IRPP
model.

Different from SEU, the pion SEL cross section was found
to be higher than those of protons and neutrons for a wider
range of energies. For the high-energy region (>100 MeV),
it was shown that the factor of 2 higher pion cross section is
due to the higher probability of pion interaction with silicon
nuclei, that is, to the nuclear reaction cross section. At such
energies, proton—silicon and pion-silicon reactions and their
secondary products do not differ that much.

At lower energies (<100 MeV) and, in particular, for the
21-MeV case, it was shown that the nuclear reaction cross
section alone cannot explain the observed enhancement, as it
would lead to a similar SEL cross section for protons and
pions. Secondary products were studied in terms of their
main characteristics, such as kinetic energy, LET, and range.
However, it was only when the SV dimensions were added to
the context and the LETgq was introduced that the higher
pion SEL cross section could be explained. The observed
differences can be related to the higher energy provided to
secondary products by the pion absorption mechanism, which
occurs for both positive and negative pions.

Finally, the HEH approximation for mixed fields was tested
against the pion SEL cross-section enhancement. The data for
representative accelerator environments showed that the effect
of the pion enhancement becomes significant only when pions
are in larger amount. Even in those rare cases, a small margin
on the SEL cross section measured with 200-MeV protons
can be enough to account for the inaccuracy introduced by
neglecting the pion cross-section enhancement.
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