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The key issues of cosmic-ray-induced soft-
error rates, SER (also referred to as single-
event upset, SEU, rates) in microelectronic
devices are discussed from the viewpoint of
fundamental atomic and nuclear interactions
between high-energy particles and
semiconductors. From sea level to moderate
altitudes, the cosmic ray spectrum is
dominated by three particle species: nucleons
(protons and neutrons), pions, and muons. The
characteristic features of high-energy nuclear
reactions of these particles with light elements
are reviewed. A major cause of soft errors is

identified to be the ionization electron—-hole
pairs induced by the secondary nuclear
fragments produced in certain processes.
These processes are the inelastic collisions
between the cosmic ray particles and nuclei in
the host material. A state-of-the-art nuclear
spallation reaction model, NUSPA, is developed
to simulate these reactions. This model is
tested and validated by a large set of nuclear
experiments. It is used to generate the crucial
database for the soft-error simulators which
are currently used throughout IBM for device
and circuit analysis. The relative effectiveness
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of nucleons, pions, and muons as soft-error-
inducing agents is evaluated on the basis of
nuclear reaction rate calculations and energy-
deposition analysis.

1. Introduction

It has been known for many years that an ionizing particle
passing through an electronic device introduces strong
field perturbations. If the intruding particle is near a p-n
junction, it may induce a soft error, or single-event upset.
The basic physical picture is that excess electron—hole
pairs are generated in the wake of the penetrating particle.
The field in the neighborhood of the p-n junction, if
sufficiently strong, separates these electrons and holes
before they recombine, and sweeps the excess carriers of
the appropriate sign to a nearby device contact. A random
signal is registered if this collected charge exceeds a
critical threshold value.

This picture is adequate for the description of soft-error
phenomena due to low-energy particles. A well-known
example is the alpha particles’ [1] emitted from radioactive
residues which are occasionally present in the packaging
materials of integrated circuits [2, 3]. These alphas have
kinetic energies typically of the order of several MeV.
Some of them are stopped in the device. A key parameter
is the stopping power?, or energy loss per unit track
length, which is a measure of the local energy exchange
between the incoming particle and the electrons in the
medium. It is useful to convert the energy loss into
ionization pairs per unit track length. For Si, the
conversion factor is 3.6 eV per electron-hole pair [4].

An energy loss of 1 MeV/um in Si is therefore associated
with the generation of 2.8 x 10° electron-hole pairs/um,
which is equivalent to a local linear charge density of
+44.5 fC/um. When ionization (ionization pairs/um) is
plotted against particle penetration length, a so-called Bragg
curve is obtained. This curve is flat and has small values
at small path lengths, but it rises steeply and reaches a
maximum value near the end of the particle range. Most of
the kinetic energy of the particle is deposited into a narrow
Bragg region which surrounds the peak of the ionization
curve.

When the intruding particle is a high-energy cosmic ray
particle with a kinetic energy of several hundred MeV, the
above picture must be modified in a fundamental way. A
high-energy particle is very penetrating, and, in general, is

! The alpha-particle, *He, is a stable isotope of helium which consists of two
protons and two neutrons.

2 Niels Bohr was the first to obtain a stopping power formula for a charged
particle passing through a medium. The original derivation was based on classical
electrody ics. Subseq refi of Bohr’s classic work and incorporation
of quantum mechanics in the theory were due to H. A. Bethe, F. Bloch, E. Fermi,
L. Landau, W. Heitler, J. Ashkin, and many others. The term ““linear energy
transfer,” or LET, is also used in the literature of radiation physics. In most cases,
LET (up to a constant of proportionality) is the same as the stopping power, which
is energy loss per unit length.
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not stopped in the device. Since the energy deposited in
the host device is small, the excess charge generated by
clectronic ionization is insufficient to cause soft errors.
Nonetheless, soft errors can be induced by other
mechanisms of particle interactions. The cosmic ray
particles, especially protons, neutrons, and pions, can
collide with the nuclei in the semiconductor. The
probability of such a collision event is in general very
small. However, when a collision occurs, a nuclear
reaction is initiated, typically resulting in the emission of
secondary nuclear fragments. These fragments consist of
pions, protons, neutrons, light ions such as deuterons’,
tritons*, and helium’®, and heavy residual nuclei® such

as magnesium, oxygen, and carbon. With the exception
of neutrons, all of these reaction products contribute
electronic ionization energies. When the total number of
ionization electron-hole pairs induced by the secondary
fragments produced in a collision exceeds a critical value
(which is a characteristic of the device), the memory state
of the device can be switched. This microscopic picture
was invoked [5] to explain the anomalous malfunctions of
spacecraft electronic systems operating in background with
strong cosmic ray radiation. The picture is well supported
by extensive experimental observations that soft errors
are detected when devices and circuits are irradiated by
neutrons. (See, for example, References [6-10}.) Being
electrically neutral, neutrons do not lose energy in the
device by electronic ionization. They can only be stopped
by neutron-nucleus interactions which, in turn, produce
secondary charged fragments.

The charge-collection mechanisms were the focal point
of the SER studies reported in Reference [11]. In these
studies, the authors used surface barrier detectors as the
prototype device and investigated the SER induced by
protons.

The work described in this review is motivated by
reliability concerns for advanced devices exposed to
cosmic ray radiation. The devices are assumed to be
operating at sea level to moderate altitudes, that is,
altitudes below about 20 km, at which the cosmic ray
intensity peaks [9]. Attention is focused on three major
cosmic ray components: nucleons (protons and neutrons),
pions (7*, 7’), and muons (u*), with kinetic energies from
tens of MeV up to 1 GeV. Modeling cosmic-ray-induced

3 The deuteron, 2H, is an isotope of hydrogen which consists of a proton and a
neutron.

4 The triton, *H, is an isotope of hydrogen which consists of one proton and two
neutrons.

5 Helium ions in this review mean the isotopes ‘He (alpha-particle), or *He {which
consists of two protons and one neutron). In SER-related problems, "He are far
more important than 3He. The production probabilities of *He from nuclear
reactions are at least an order of magnitude larger than those of He.

6 By the current conventions of the high-energy and nuclear physics communities,
an isotope with mass number less than 30 is considered to be a light ion. Hence,
silicon and all residual nuclei produced from it are light ions. Despite the apparent
inconsistency in the term “heavy residual nuclei,” it is used throughout the text to
highlight the important fact that the ionization energies associated with the residual
nuclei are very different from those with the lighter reaction products (protons,
deuterons, tritons, and hetium).
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soft errors consists of two aspects: 1) a microscopic
analysis at the level of nuclear particle interactions, and
2) a system analysis at the levels of device and circuit.
Ultimately, the modeling capabilities at the device and
circuit levels are possible primarily because a general
nuclear reaction model, NUSPA’ [12], has been
developed. At the fundamental level of nucleon-nucleus
reactions, it has been systematically verified by a large
body of nuclear data (see Table 1). By means of the
NUSPA model, a crucial database is generated for
SEMM?®, a simulator for soft-error analysis, which is
currently used throughout IBM on a routine basis [2, 3].

This review gives a physicist’s scenario of what causes
soft errors in microelectronic devices bombarded by high-
energy particles. It addresses the key issues of the atomic
and nuclear interactions between cosmic ray particles and
semiconductors. The arguments and conclusions presented
here are based on modern nuclear physics. As such, they
are general and are valid for a wide range of technological
applications which are of current and future interest.
Discussions on soft-error problems in specific devices and
systems can be found in the other papers of this special
issue [8, 9] or elsewhere [10].

The work on the NUSPA model and its applications
in SER analysis was started in 1986. In the initial stage
of this development, the primary concern involved
applications at sea level, where protons and neutrons play
a major role. (See, for example, the cosmic ray spectra
shown in Reference [9].) The modeling efforts were
accordingly concentrated on proton and neutron reactions.
A critical review of nucleon-induced reactions and a
status report on comparisons of the NUSPA model with
experiments were given in a Physical Review paper in
1990 [12]. In recent years, because of growing interest
in the reliability issues of devices operating at higher
altitudes—environments in which pion intensities are
much stronger than at sea level—the NUSPA model was
extended to treat pion-nucleus reactions. Currently,
studies of pion-induced soft-error phenomena are still
in progress. Some new NUSPA results concerning
pion—nucleus interactions and their SER implications are
presented here for the first time.

In Section 2, the energy loss of charged cosmic ray and
secondary particles in silicon is reviewed. In Section 3,
nucleon-nucleus interactions are discussed. Their
relevance for soft errors in semiconductor devices is
emphasized. A brief description is given for the NUSPA
model, which is the basic simulation tool for nucleon- and
pion-nucleus reactions. In Section 4, pion-induced SERs

7 NUSPA stands for Nuclear Spallation Reaction Model/Codes. The basic theory,
formulated in the framework of a two-step, cascade-statistical approach to nuclear
reactions, is discussed in Reference [12]. Similar work related to this approach to
nuclear reactions can also be found in the references quoted there. The NUSPA
simulation codes were developed by the author. In this review, no distinction is
made between the theoretical model and simulation codes.

8 SEMM stands for Soft-Error Monte Carlo Modeling.
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Table 1 Experimental database used to verify nuclear

modeling.
E  Projectiles Targets Measurements Institutions
(MeV)
27 n C,N, O p>d, t, He UCD
29 p C, 0, Al p>d, t, He ORNL
32.2 n Si p,d, t, He UcCb
39 p C O p.d, t, He ORNL
40 n N, O p> d, t, He UCD
50 P O, Si He, Li, Be = IUCF
50 p,n  Si p, d, t, He UCD
50 " C,ALS,HI o,0, TRIUMF
60.7 n C N, O p, d, t, He uUcCb
61.7 p C, 0, Al p,d, t, He ORNL
65 n Fe, Sn, Pb n UCD
80 p Si recoils UCD-MSU
85 o Li, C,ALHI =, 0,0 PSI
90 p Al p,n,d, t, He MUCF
125 T Li,C,ALHI #%, 0,0  PSI
156 p Al p, d, t, He IUCF
165 ™ Li,C,ALHI =%, 0,0 PSI
164 p Al p,d, t, He IUCF
180 P Al recoils IUCF
200 p C,0,Si He, Li, Be = IUCF
205 e Li, C,ALHI =, 0,0 PSI
245 T Li, C, AL HI =", o, 0, PSI
315 ot Li, C, AL HI «", g, O, PSI
318 p C, Al, HI n LANL
500 ™ C o LANL
590 p C, Al, HI n LANL
800 p C, Al, HI n LANL

IUCF: Indiana University Cyclotron Facility

LANL: Los Alamos National Laboratory

MSU: National Superconducting Cyclotron Laboratory, Michigan State University
MUCF: Maryland University Cyclotron Facility

ORNL: Oak Ridge National Laboratory

PSI: Paul Scherrer Institute (former Swiss Institute for Nuclear Research)
TRIUMEF: Tri-University Meson Facility

UCD: Crocker Nuclear Laboratory, University of California, Davis

HI: heavy ions

a, elastic cross section

o, reaction cross section

0, total cross section

are discussed in the light of new NUSPA simulations of
pion-nucleus reactions. In Section 5, muon-nucleus
interactions and their associated SER problems are

analyzed. Finally, in Section 6, a summary of the nuclear
modeling work is presented.

2. Energy loss of cosmic ray and secondary
particles

In Reference [9], typical spectra of cosmic ray particles
are presented. When the charged cosmic ray particles—
protons, charged pions (7*), and muons (u*)—pass
through a semiconductor device, they exchange energy
with the host medium via electromagnetic interactions with
the atoms. Figure 1 shows the stopping power (energy loss
per unit length) of these particles in silicon, over a kinetic
energy range of 1-1000 MeV. In this energy range, which
is relevant for most device applications, the major
mechanism of energy loss is electronic ionization in the 93
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s
E Calculated stopping power of cosmic ray particles (protons,
charged pions, muons, electrons, and positrons) in s,

semiconductor medium. The energy loss of proton, pion,
and muon, denoted in Figure 1 by the solid, dotted, and
dashed curves, respectively, is computed from a standard
Bethe-Bloch-type theory’ [13-15]. Below 1 GeV these
three curves are qualitatively similar, except that the
stopping power of a proton is several times larger than that
of a pion or muon with the same kinetic energy. Electrons
and positrons™ are present in the cosmic rays as the
stable decay products of muons. Their stopping power is
computed from a Bethe stopping power equation and a
Bethe-Heitler equation [16] and is shown in Figure 1 by
the dot-dashed curve. For electrons and positrons, the
energy loss is dominated by bremsstrahlung effects' . This
is the main reason why the electron (positron) curve rises

9 The stopping power curves of proton, pion, and muon in Figure 1 are obtained
from a standard Bethe-Bloch-type theory, formulated in the framework of a
second-order Born approximation. The mean excitation potential of Si is taken

to be 174.5 eV. For the muon calculations, corrections due to spin-1/2 particle
scattering have been neglected. The total stopping power of electron and positron is
a sum of electronic ionization and radiation energy loss due to bremsstrahlung. The
electronic ionization part is computed by a Bethe equation, and the bremsstrahlung
part is computed by a Bethe-Heitler equation.

10 A positron (e *) is an anti-particle of the electron (e ™). Its properties are
identical to those of the electron (i.e., same mass, spin, and charge), except that the
charge it carries is positive. In modern particle physics, electrons, positrons, muons,
and their associated neutrinos are members of a class of elementary particles called
leptons, which are believed to be point-like.

11 Bremsstrahlung is the energy loss due to radiation suffered by a charged particle
which moves with a large velocity in the strong electromagnetic field of a nuclear
target. It is different from electronic ionization and is a major process of energy loss
for light particles such as electrons and positrons. For heavier charged particles
such as muons, pions, and protons, bremsstrahlung effects are usually negligible,
except when the particles are at ultra-relativistic velocities.
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rapidly with increasing kinetic energy. For protons, pions,
and muons, energy loss due to bremsstrahlung is negligible
below 1 GeV.

For a charged cosmic particle passing through a thin
Si sample, the energy deposited in the host material is
obtained from a linear approximation,

dE
AFE = Ex_ Ax. (1)

In (1), dE/dx is the stopping power. For a particle with a
kinetic energy of several hundred MeV passing through 50
um of silicon, AE is of the order of 50 keV. The stopping
power increases considerably at lower energies. For many
applications at sea level, however, low-energy charged
cosmic ray particles (say, below 50 MeV) are not expected
to give serious SER problems. This is because very
few of these particles can penetrate the shielding
atmosphere.

For each incoming cosmic ray particle (whether it
be charged or uncharged), there is a small but finite
probability of collision with an atomic nucleus in the host
medium. There are two classes of nuclear collisions:
elastic and inelastic scattering. In most elastic events, the
cosmic ray particle is deflected slightly from its original
trajectory (small-angle scattering) and deposits a small
amount of energy onto the target nucleus, which recoils
but does not change its intrinsic energy state. Large-angle
scatterings are very unlikely. In contrast, large energies
are exchanged in inelastic events. In the initial stage of an
inelastic event, secondary protons, neutrons, and pions are
produced, and an excited intermediate nucleus is formed.
This nucleus subsequently de-excites by the emission of
other secondary particles, and it is finally transformed
into a stable and lighter residual nucleus. These particle-
generating processes take place at the expense of the
binding energy of the parent nucleus. The secondary
fragments from the second reaction stage consist of
protons, neutrons, light ions such as deuteron, triton, and
helium, and heavy residual nuclei. The energy spectrum of
the secondary protons is wide. The kinetic energy of such
protons can be close to the incident energy of the cosmic
ray particles, or it can be as low as 1 MeV or less. Low-
energy protons deposit appreciable ionization energies
(per unit track length) in the host material. The light ions
have mean kinetic energies of a few MeV, and they are
associated with large ionization energies. Figure 2 shows
the stopping power curves of helium, triton, and deuteron
in silicon. For a given projectile energy, the stopping
power of any of these light ions is greater than the proton
stopping power. The final residual nucleus produced in an
inelastic collision typically has a kinetic energy of a few
MeV. Because of its small velocity, its range is shorter and
its stopping power is greater than that of the lighter ions.
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The secondary particles—the light charged ions and
heavy residual nuclei—because of their higher charges and
smaller kinetic energies, deposit larger ionization energies
in the semiconductor medium than do the incoming cosmic
ray particles. Unlike the high-energy cosmic ray particles,
their ranges are short. Some of the secondary fragments
cannot escape from the region in which they are produced;
hence, their kinetic energies are dissipated over a small
volume in the host medium. High-energy nucleon-nucleus
or pion-nucleus collisions often produce high multiplicities
of secondary charged fragments, and the total energy
deposited from such an event is in the MeV range.

The event creates in Si a large number of spurious
electron-hole pairs, which in turn are very effective in
inducing soft errors if they are generated near a p-n
junction in an operating device. The fundamental problem
to resolve is twofold. First, for each kind of cosmic ray
particle, what is the frequency with which the inelastic
nuclear collisions occur? Second, once the nuclear
collisions have taken place, what are the characteristic
energy and angular distributions of the secondary
fragments? To address these crucial questions, the
interactions between the cosmic ray particles and nuclei
must be critically examined.

3. Nucleon—nucleus interaction

Interactions between a nucleon (proton or neutron) and a
nucleus can be either an elastic or an inelastic scattering
event. In an elastic scattering event, symbolically
represented by

nucleon + target — nucleon + target, 2

the nucleon does not excite the target nucleus. This
process is analyzed by standard proton- and
neutron-nucleus optical models [17-19]. In the subsection
on elastic nucleon—nucleus scattering, it is shown that
elastic nucleon-nucleus collisions involve small recoil
energies; hence, they play a relatively minor role in soft-
error failures in most device applications. (However,
elastic collisions are important in radiation problems of
thick media where multiple scatterings must be considered.)

The inelastic nucleon-nucleus scatterings include all
nucleon-induced reactions of the type

nucleon + target > X, + X, + - + X
+ residual nucleus. ?3)

In (3), the reaction products X, X,, -+, X canbe
proton, neutron, deuteron, triton, and helium. When the
kinetic energy of the incident nucleon exceeds 280 MeV,
secondary pions can also be produced. In an inelastic
collision event, the identity of the incoming projectile is
lost, and the creation of secondary particles is associated
with energy exchanges which are of the order of MeV or
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larger. Since these inelastic collisions are considerably
more complex than elastic scatterings, special reaction
models must be developed for their analysis.

Consider a Si sample with thickness Ax, irradiated by
nucleons. This thickness represents the depth of the active
region in a device. Unless stated otherwise in the following
discussions, it is always assumed to be small (Ax < 50 pm).
The probability that a cosmic ray particle will pass
through the sample without any nuclear collision (elastic
or inelastic) is given by the transmission formula

P, = exp(—po, Ax). (4)

tot

In (4), p is the number of Si atoms per unit volume (cm ™),
and g, is the total nucleon-nucleus scattering cross
section, which is usually given in units of millibarns

(1 mb = 1 x 1077 cm?). The total nucleon-nucleus cross
section consists of two parts,

Tt = 0y + G > (5)

where o and o, are the (inelastic) reaction cross section
and the elastic cross section, respectively. In Figure 3, the
reaction and total cross sections of neutrons on *Si are
plotted against neutron energy. The reaction cross section
{solid curve) is computed from the NUSPA model, which
is discussed in the following sections. For the total cross
section (dotted curve), the elastic cross-section component

H. H. K. TANG
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= —==—g  NUSPA
-+ optical model

Cross section: (mb)

Neutron energy: . (MeV)

Calculated reaction and total cross sections of neutrons on 2Si as
functions of neutron energy. The inelastic reaction cross section,
denoted by the solid curve, is computed from the NUSPA model.
The total cross section, denoted by the dashed curve, is the sum of
the elastic and (inelastic) reaction cross sections. The elastic cross
section is obtained from optical mode! calculations.

(shape elastic) is constructed from optical model
calculations [20]. It is significant to note that the
nucleon-nucleus cross sections are energy-dependent, and
they are large at low energies. Also, the energies of the
cosmic ray nucleons span a wide range from tens of MeV
up to GeV [9]. If these features—energy dependence of
the nuclear cross sections and cosmic ray flux—are taken
into account, the reaction or collision rate (number of
nuclear collisions per unit time) due to elastic and inelastic
events in a Si sample is given by

Rye =4 F” AESEN1 - expl-po, (EIS]. (6
Emin

In (6), $(E) is the energy flux of the cosmic ray nucleons
expressed in units of particle number-cm2-s™'-MeV™;
E_ . and E_ _ are the lower and upper energy limits of the
cosmic ray spectrum; A is the surface area of the sample
exposed to the cosmic rays. For simplicity, the cosmic ray
flux is assumed to be normal to the surface of the sample,
though any angular dependence of the flux can be included
in the analysis in a straightforward manner. For a thin
sample (<50 pm), the condition po, (E)Ax << 1 is always
satisfied, and the reaction rate (6) can be reduced to a
simpler formula,

H. H. K. TANG

Ry = pAAx J o dE¢(E)o, (E). (6a)
i

The meaning of (6a) is apparent: ¢(E)o,,(E)dE is the
reaction rate per nuclear target (Si) due to the cosmic ray
nucleons in the energy interval [E, E + dE], and pAAx
is the number of scattering centers in the sample. If a
typical high-energy nucleon-Si total cross section of
600 mb is used (see Figure 3), for a Si sample 20 pum
thick, the probability of an incoming particle encountering
a nuclear collision in the sample is estimated to be
po, Ax = 6 x 107°. For a monoenergetic unit flux
(1 particle-cm >-s ™'} irradiating a sample with surface area of
50 pm x 50 um and a depth of 20 pm, the reaction rate
is estimated to be R, = 1.5 X 107 s

The reaction rate R, corresponding to a radiation
background gives a rough estimate for the probability of
soft-error fails. However, not every nuclear collision leads
to a soft error. For a given collision event, several key
factors determine the outcome: the distribution of the
ionization energies of the secondary particles, the location
of the collision site, and also the operating conditions
of the device in question. Hence, in order to carry out
rigorous and complete soft-error analyses, the distributions
of the secondary nuclear fragments and device structure
must enter the simulations.

® Elastic nucleon-nucleus scattering

As an example, Figure 4(a) shows the ¢lastic angular
distribution of 100-MeV protons scattered off the *Si
target, obtained from optical model calculations [20].

For a Si sample with surface area A, depth Ax, and
number density p (atoms per unit volume), irradiated by a
monoenergetic proton beam (100 MeV in this case) with
flux I, (protons per unit area per unit time), the number of
protons elastically scattered into a certain solid angle in
unit time is given by

do

AN, = pAAx],~o AQ

do
= pAAxI, 70 sin 8AGAQ. )
In (7), (8, ¢) denotes the polar coordinates, and the
direction of the incident protons is used to define the polar
axis; AQ) = sin 6A8A¢.

As is typical of such reactions, the angular distribution
is forward-peaked. More than 90% of the protons are
scattered into a forward cone subtended by a polar
angle of 20°. The probability of a proton being scattered
into large angles is very small. There is a one-to-one
correspondence between the projectile scattering angle and
the kinetic energy of the recoil target nucleus. In Figure 4(b),
the recoil energy of the ®Si nucleus is plotted against the
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proton scattering angle, for proton incident energies of 50,
100, 200, and 500 MeV. At scattering angles less than 30°,
except for very high incident energies, the recoil energy
is only a fraction of 1 MeV. Compared with the energy
exchanged in a typical inelastic collision, the elastic recoil
energy is small. Similar conclusions can be reached for
elastic pion—nucleus collisions. Examples of high-energy
pion—nucleus scattering can be found in References [21]
and [22]. Figure 4(c) shows the recoil energy of the 3sj
nucleus plotted against the pion scattering angle for pion
energies of 50, 100, 200, and 500 MeV. At angles less
than 30°, the recoil energy is small.

At low energies (tens of MeV), the total elastic proton—
and neutron-nucleus cross sections are large and are of the
order of barns" (see Figure 3). In low-energy reactions,
elastic collisions can be as frequent as, or even more
frequent than, inelastic collisions. A fundamental SER
issue comes up. Can elastic collision events alone cause
soft errors in a device? For example, in a device which
requires a critical charge (Q_,) of 50 fC to flip its memory,
it would take a minimum ionization energy of 1.12 MeV
to induce such a switch. Figure 4(b) shows that a recoil
energy with this magnitude is not possible except from
large-angle scatterings—events which are very unlikely.
(In elastic scatterings of protons or neutrons, the maximum
recoil energy for the *Si nucleus is reached in a backward-
scattering event. In this special case, the recoil energy is

12 The barn is a unit of cross section commonly used in high-energy and nuclear
physics; 1 barn = 1 X 107 cm®. In nuclear processes, 1 barn is considered to be
a “large” cross section.
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(a) Angular distribution of elastic scattering of 100-MeV protons off 283, obtained from optical model calculations. The angular distribution
is plotted against the scattering angle measured in the laboratory system. (b) chtlc energy of recoil nucleus as function of proton scattering
angle, for elastic scatterings of 50-, 100-, 200-, and 500-MeV protons off 28si. (c) Kinetic energy of recoil nucleus as function of pion
scattering angle, for elastic scatterings of 50— 100-, 200-, and 500-MeV pions off 2sj.

0.133E, where E is the nucleon incident energy in MeV.)
Hence, for devices with Q. larger than 50 fC, elastic
collisions in general are very inefficient in inducing soft
errors. However, for future devices with Q . smaller than
50 fC, the elastic collisions may not be negligible when the
devices are exposed to low-energy protons and neutrons.

From now on, the discussion is focused on the inelastic
collisions only. The probability for a nucleon to encounter
inelastic collisions in a thin Si sample of thickness Ax is
given by

P.=1-exp(-poAx). (8)

In Appendix A, a formal proof is given to show that
Equation (8) is consistent with basic transport theory,
Equations (4) and (5), and the observation that the elastic
cross sections are forward-peaked. Analogous to (6), the
reaction rate associated with inelastic nucleon-nucleus
collisions in a sample is given by

Ric=A J = AESEX1 ~ exp[-po (EIAX]
E

‘min

Emnax
= pAAx J’ dE¢(E)o (E). 9
Emin
The second line of (9) is due to the assumption of a thin
sample.

® Inelastic nucleon-nucleus scattering
For accurate modeling of soft errors at the device and
circuit level, knowledge of the distributions of secondary
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fragments from the inelastic nucleon-nucleus collisions

is essential. It is not enough that one can compute the
nucleon—nucleus reaction cross sections at all projectile
energies; one must also be able to predict the production
rates of various secondary reaction products as functions
of energy and angle. These crucial physical quantities

are deduced from cross sections which are computed or
measured. Combined with stopping-power calculations,
these production rates allow one to compute the ionization
energies generated in an inelastic event. An exact
treatment of this problem would require a global analysis
of all exclusive reaction channels™ of the nucleon-nucleus
system. For collisions in the hundred-MeV range, typically
hundreds of reaction channels are opened up. A full
quantum treatment of the multi-channel reaction dynamics
from first principles is neither practical nor possible.
Phenomenological models are often used for practical
applications.

A nuclear spallation reaction model is developed in the
framework of a two-step cascade-statistical approach.

On the basis of this model, a system of Monte Carlo
simulation codes, generically called NUSPA codes, has
been developed. Two crucial concepts are invoked:
intranuclear-cascade-type processes and compound
nuclear reactions. The ideas of intranuclear cascades were
originally formulated for high-energy reactions by Serber
in 1947 [23], and were developed by Goldberger in the
40’s [24], by N. Metropolis et al. in the 50’s [25], and by
Bertini [26] and others" in the 60s and 70’s. The notion
of compound nucleus formation was introduced by

Bohr in 1937 [27], and was based on Bohr’s so-called
Independence Hypothesis. Models of compound nucleus
reactions were subsequently developed by Weisskopf [28,
29] and others in the 40’s and 50°s. A critical discussion on
modern versions of the cascade-statistical approach to
nucleon-nucleus reactions and applications of NUSPA for
light elements are given in Reference [12]. The main
features of the model are now summarized.

The nucleon-nucleus reaction is assumed to take place
in two stages which involve different time scales. In the
first stage (intranuclear cascade process), the incident
proton or neutron interacts with the target nucleus via a
sequence of two-body, quasi-free scatterings between the
projectile and target nucleons. This process results in
secondary protons, neutrons, and pions, most of which are

13 In a nucleon—nucleus reaction, nucleon + target — X, + --- + X, + residual
nucleus, if the energies and momenta of all fragments X, - -+, X, and the residual
nucleus are measured, the measurement is said to be exclusive. The cross section
obtained is called an exclusive cross section. A given combination of secondary
fragments is called a reaction (exit) channel. The set of exclusive cross sections of
all possible exit channels constitutes the complete information on the reaction.

A similar terminology applies to pion—nucleus reactions.

14 Some of the most popular intranuclear cascade codes which have been used by
various national laboratories and research groups for basic and applied research
include the MECC code of Bertini [12, 26], the HECT code, which is a high-energy
transport code developed from the MECC code, and the VEGA code [K. Chen, Z.
Fraenkel, G. Friedlander, J. R. Grover, J. M. Miller, and Y. Shimamoto, Phys.
Rev. 166, 949 (1968)].
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emitted in the forward direction from the parent nucleus.
The reaction time for the cascade process is of the order of
107-10"% s. The model inputs are free nucleon-nucleon
and pion-nucleon cross sections which are known from
experiments with good precision. The simulations are
based on Monte Carlo methods. Since the adopted
statistical sampling techniques incorporate (approximately)
the Fermi momenta of the target nucleons and the Pauli
exclusion principle, many of the important medium
correction effects for the nucleon-nucleus system are
included [12]. At the end of the first stage, an excited
compound nucleus [27-30] is formed.

In the second stage, the statistical decay of the excited
compound nucleus is associated with many complex
intermediate processes and a longer reaction time which is
of the order of 107°~107" s. Protons, neutrons, and light
ions such as deuterons, tritons, and helium are emitted
randomly and isotropically in the rest frame of the
compound nucleus. The emission probabilities of these
decay channels are determined by the excitation energy,
the level density of the compound nucleus, and the
inverse capture cross sections of the emitted particles.
The calculations of these quantities are discussed in
Reference [12].

This model has several features which are unique
and useful for soft-error applications. First, the model
generates absolute cross sections. That is, the model
simulations do not require arbitrary normalizations with
respect to any prior measurements; consequently, the
calculations can be directly tested by nuclear experiments.
Second, all exclusive reaction channels of the final states
compatible with energy-momentum conservation are
simulated on an equal footing, even though in practice a
relatively small number of one-particle inclusive spectra®
are sufficient for most applications. On the practical side,
the computational methods adopted (Monte Carlo
samplings and simulations on an event-by-event basis)
provide a convenient means of generating the crucial
database for the soft-error simulator, SEMM. A subtle, but
more important, advantage of the model is that a certain
class of fundamental sum rules'® [31, 32] is automatically
satisfied. These sum rules set up rigorous constraints on
the reaction cross section and the cross sections of all
reaction channels. Since the model gives good predictions
of the reaction cross section as well as the dominant
channels (proton, neutron, and light ions), the sum rule

15 In a nucleon-nucleus reaction, the symbol nucleon + target — F + X is used to
denote an experiment in which the energy and momentum of a particular secondary
fragment F (pion, nucleon, light ion, or residual nucleus) is measured, irrespective
of the energies and momenta of any other fragments X released in the same event.
This measurement is said to be inclusive, and the cross section obtained is called a
one-particle inclusive cross section. Starting from the complete set of all exclusive
cross sections of a nucleon-nucleus system, a particular inclusive cross section can
be derived. However, in general, the knowledge of all inclusive cross sections alone
is insufficient to reconstruct the exclusive channels.

16 The author is indebted to J. L. Romero, who pointed out the usefulness of
exploiting the sum rules.

IBM J. RES. DEVELOP. VOL. 40 NO. 1 JANUARY 19%




feature guarantees that the model also gives a good
description of the distributions of recoil nuclei, which
are a major source of ionization energy.

Over the energy range 20 MeV-1 GeV, the NUSPA
model systematically predicts the nucleon-nucleus reaction
cross sections to within 5-10% of the experimental data.
An example is shown in Figure 5, in which the theoretical
reaction cross sections of a proton on 28Si, %0, and “C
are compared with the compiled data of Reference [33].
Hence, the collisional probability of a cosmic ray proton
or neutron at a given incident energy and for a given
semiconductor sample can be accurately predicted. This in
turn implies that the basic reaction rate given in Equations
(6), (6a), (8), and (9) can be reliably calculated once the
cosmic ray flux is known.

The model is shown to reproduce a large body of
nuclear data. In particular, there is a consistent agreement
between theory and experiments for the inclusive spectra
of the dominant channels—protons, neutrons, helium, and
residual nuclei. Details of this comparison are given in
Reference [12]. Table 1 is a summary of the database
against which the model is stringently tested; it is an
extension of the original database of Reference [12]. A few
of the neutron experiments [34-37] and all of the pion
experiments listed in Table 1 have been added after 1990.
As emphasized in Reference [12], in testing the model,
the simulations are done with one set of input model
parameters, and they are directly compared with the
existing data without ad hoc adjustments. Furthermore, it
should be emphasized that this reaction model provides a
scheme in which all dominant channels (protons, neutrons,
light ions, and heavy residual nuclei) are simulated within
the same theoretical framework. This is particularly
significant for soft-error analysis, since all charged secondary
fragments (which deposit ionization energies in the
semiconductor medium) are treated by one kinematically
self-consistent model.

® Numerical example

In order to demonstrate the basic points in the above
discussion, some details are now worked out for a
particular exit channel from the reaction of 200-MeV
neutrons on *Si. At this energy, a large number of exit
channels are energetically possible. The following is an
example taken from the Monte Carlo outputs of a NUSPA
simulation. In the first stage of the reaction (cascade
process),

n+ 3Si -2 + 2n + *Mg*. (10a)

After two protons and two neutrons have been emitted
from the system, an excited compound nucleus “Mg* is
formed. It then de-excites by particle emission (statistical
decay, or evaporation),
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Table 2 Example of a high-energy reaction channel for
200-MeV n + *Si.

Secondary K E. dE/dx e-h pairsijum  Range

particle MeV)  (keV/um) (um)
p 5.224 13.51 3.75 x 10° 225
p 4.195 15.91 4.43 x 10° 155
n 65.478 0 0 ®
n 22.958 0 0 ®
n 6.815 0 0 ®
‘He 12.218 79.91 2.22 x 10* 90.5
*He 12.025 80.83 2.25 x 10° 88.1
‘He 7.881 108.84 3.02 x 10 43.6
2c 4.138  1253.34 3.48 x 10° 3

BMg* - n + 3*He + "C. (10b)

In process (10b), a neutron and three alpha-particles are
emitted from the compound nucleus *Mg*, which is
transformed into a residual nucleus C. Table 2 displays
the kinematic details of the secondary fragments. The
kinetic energies, stopping powers, ionization rates
(ionization electron-hole pairs per unit length), and
maximum ranges of the fragments are shown. Note that
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neutron reactions, respectively, plotted against projectile kinetic
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the ionization rate is largest for the “°C residual nucleus,
followed by the alpha-particles. A secondary proton with
4 or 5 MeV gives an ionization rate that is small compared
with that of a typical alpha-particle. It may appear that the
major contribution to ionization comes from the residual
nucleus. However, in high-energy reactions, the frequency
of events with alpha multiplicity greater than 1 is high. In
these events, as the present example shows, the combined
ionization rates of several alphas in an event can be
comparable to the ionization rate from one recoil nucleus.
Also, in the high- as well as low-energy reactions, the
cross sections from the slow secondary protons (with
kinetic energies below a few MeV) are in general not
small. They constitute a source of ionization which

is not negligible in many applications. Some of these
observations have been discussed in the context of a
simple but realistic energy-deposition model for silicon
slabs irradiated by protons [38].

® Protons versus neutrons

The proton and neutron can be regarded as different
isotopic spin states of the same nuclear system. The
isotopic symmetry is exact if the strong (nuclear)
interaction is the only force in operation. In reality this
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symmetry is broken by the electromagnetic interaction,
which is manifested in the slightly different rest masses
of proton and neutron. The characteristics of high-energy
proton—nucleus and neutron-nucleus reactions are very
similar (above 100 MeV). This situation is exploited in
the SER work. From field measurements, the cosmic ray
neutron flux at sea level is found to be much larger than
proton flux [9]. Until recently, high-energy neutron
(accelerator) experiments have not been readily available,
so the proton-neutron similarity has been exploited, and
high-energy proton experiments have been used to verify
the simulation models at both the nuclear and device
levels.

At low energies, because of the Coulomb interaction,
the proton and neutron can no longer be treated as the
same particle. Figure 6 shows the NUSPA calculations of
the He (*He + ‘He) production cross sections from the
p + PSi reaction (solid curve), and the n + **Si reaction
(dashed curve), at projectile energies below 100 MeV. For
a Si sample irradiated by protons or neutrons (with energy
E), the He production rate (number of ions per unit time)
from inelastic collisions is given by

AN, = pAAXIo, (E). (11)

In (11), p, A, and Ax are the sample parameters specified
in the subsection on elastic nucleon-nucleus scattering; I
is the nucleon flux (particles per unit area per unit time);
o, (E) is the He cross section at nucleon energy E.

The He cross sections from the neutron reactions are
somewhat larger than those from the proton reactions. At
low energies, because the number of accessible reaction
channels is small, the qualitative features of these spectra
are easily understood from the viewpoint of reaction
Q-values. For example, in the alpha-producing channel
of the proton reaction,

p+ PSi—> ‘He + PAl Q= -7.714 MeV, (12)

whereas in the alpha-producing channel of the neutron
reaction,

n+ ®Si— ‘He + ®Mg  Q = —2.654 MeV. (13)

A minimum energy of 7.714 MeV must be supplied to
initiate reaction (12), and 2.654 MeV for reaction (13).
Because of the lower Q-value, the alpha-producing channel
of (13) is energetically more favorable than that of (12).
This is consistent with the NUSPA result shown in
Figure 6 and can be viewed as a consequence of Coulomb
interactions. The residual nucleus Al has one more
proton than ®Mg. The effect of the extra Coulomb
repulsion is manifested by the fact that the nuclear binding
energy of Al is 5.060 MeV lower than that of “Mg. This
is directly reflected in the Q-values of reactions (12) and (13).
Neutrons are slightly more effective in inducing soft
errors than protons at particle energies below 100 MeV
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and for the same proton and neutron fluxes. This is
because (n, He X) cross sections are somewhat larger
than the corresponding (p,‘He X) cross sections'’, while
the isotopic distributions of the residual nuclei from the
protons and neutrons are very similar. From about 20 MeV
or below, the proton reaction cross section decreases
rapidly because of the proton-nucleus Coulomb barrier.
This barrier, however, does not apply to neutrons. In the
10-MeV range, the neutron—nucleus cross sections are
large, and the (n, a) cross sections do not vanish. For
devices exposed to low-energy neutrons, one may expect
some residual soft-error failures below 20 MeV.

4. Pion—nucleus interactions

The cascade-statistical approach is shown to be successful
in constructing the distributions of the secondary
fragments from nucleon-nucleus reactions [12]. A similar
methodology can be used for pion-nucleus reactions. In
the NUSPA code, a pion option is developed for this class
of reactions. However, a few cautionary remarks are in
order.

The cascade-statistical approach to nucleon-nucleus
reactions can be shown to be a limiting case of a more
general formalism due to Feshbach, Kerman, and Koonin
(FKK) [39]. The FKK approach is based on nuclear many-
body theory, and it has been accepted as part of the tenets
of modern nuclear reaction theory [19, 30, 40]. However,
rigorous connections between the semiclassical cascade-
statistical method and a fundamental field-theoretic
framework of pion-nucleus reactions have not yet been
established.

There are at least three difficulties for a cascade-
statistical model for pion-nucleus reactions. First, the
cascade-statistical approach assumes a classical picture
of the incident particle. With a rest mass of about 0.14
nucleon mass, the intrinsic wave-mechanical nature of a
pion is much more pronounced than that of a nucleon with
the same kinetic energy. Furthermore, it is well known
that the pion mean free path in a nuclear medium is long
and is of the order of several fermis (1 fm = 10" cm)
for reactions at several hundred MeV. (The radius of a
#Si nucleus is about 3.6 fm.) Second, the formation
and propagation of quasi-bound pion-nucleon states
(A resonance) in the nuclear interior are important. The
propagation of these states is not properly incorporated
in the present model, and the effects of such states on
the spectra of the secondary fragments are not well
understood. Third, systematic measurements such as
(m*,p X), (7",n X), and (=", light ions), against which
reaction models can be rigorously tested, are lacking.

17 1t should be pointed out that, below 20 MeV, the concept of an intranuclear
cascade is questionable, and the NUSPA model must be modified for very low-
energy reactions. That the proton and neutron curves in Figure 6 cross near

20 MeV should be treated as an artifact of the model.
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! are theoretical results from the NUSPA model. The dashed and
dot-dashed curves are computed from a LAMPF parametrization
prescribed in References [41] and [42]. The circles represent data
from References [43] and [44].

Despite these theoretical uncertainties, it is seen below
that some overall features of inelastic pion-nucleon
collisions are reasonably well reproduced by the present
version of NUSPA. The implications of these simulations
for soft errors are to be assessed.

As with the proton and neutron reactions, it is of
primary importance to check that the overall pion-induced
reaction rates are correctly predicted. Figure 7 shows the
reaction cross sections of 7+ on *Si and "C. The solid
curves are the theoretical results from NUSPA
calculations. The dashed and dot-dashed curves are
obtained from a LAMPF parametrization [41, 42] derived
to fit a recent compilation of pion-nucleus cross-section
measurements. This parametrization serves to extrapolate
to systems or energy regions for which data are not
available. The circles represent data taken from References
[43] and [44]. For pion kinetic energies up to at least 500
MeV, the theoretical results agree systematically with the
data and LAMPF parametrizations to within 10-15%,
except at very low energies. Below 100 MeV, the model
tends to overestimate the reaction cross section. Table 3
shows NUSPA calculations of pion-nucleus reaction cross
sections for heavier systems, compared with some older
data. Agreement between theory and experiments is better
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Table 3 Pion-nucleus reaction cross sections—a
comparison of NUSPA calculations with experiments.
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Double differential inclusive spectra of secondary pions at (a) 30° and (b) 70°, from the reaction 500 MeV w* + 2C. The w* spectra are
measured in the laboratory system and are plotted against energy loss of the secondary pions. The solid curves are theoretical results from the
NUSPA model. The circles represent data taken at the P Anderson Meson Physics Facility of the Los Alamos National Laboratory [45, 46].

Pion-nucleus  Pion energy Reaction cross section
system (MeV) (mb)

NUSPA Experimental
a + YAl 225 620 600 = 30
o+ %Cu 225 1038 1058 + 45
a + "Sn 225 1471 1550 = 70
" + *pb 50 1563 1620 + 50
m + ®pb 125 2062 2477 + 385
7 + ®pb 150 2145 2490 = 160
n + *pb 225 2000 2290 + 90

than 20%. Hence, the theoretical predictions of pion-nucleus
reaction cross sections appear to be quite reasonable, and
reliable calculations of reaction rates (9) can be done.

Figure 8 shows examples of double differential inclusive
spectra®® of secondary pions (7*) from the reaction of

18 For a thin Si sample bombarded by =", the double differential inclusive cross
section gives the production rate of secondary 7, in the energy range of
(E—AE/2, E+AE/2) and measured in a solid angle A, that is,

p AAxIy(d*0/dQdE),

where I is the incident a* flux in units of particle number-cm ™
A x have the same meaning as the parameters of (7).

2-s_]; p, A, and
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500-MeV 7" on 2C. The spectra at laboratory angles of 30°
and 70° are shown. The cross sections are plotted against
pion energy loss (kinetic energy of incident pion — kinetic
energy of outgoing pion). The solid curves are calculated
from the NUSPA model; the circles represent recent data
taken at the Los Alamos National Laboratory [45, 46]. The
model reproduces the overall features of the experimental
spectra at all angles.

The results of reaction cross sections and pion-inclusive
spectra indicate that the NUSPA model has incorporated
some essential physics of pion-nucleus dynamics.
However, these are by no means definitive tests for the
model. Pion—nucleus reactions are still an active field of
basic nuclear research. It should be pointed out that the
present experimental database of pion-nucleus reactions
is still incomplete for extensive SER applications. More
theoretical and experimental work focused on the charged-
fragment exit channels of pion-nucleus reactions and
studies of the dominant excitation modes in pion-nucleus
systems remains to be done in the near future.

Both the pions and the nucleons interact strongly with
the nucleus. It is important to compare nucleon-nucleus
and pion-nucleus reactions. A key question with respect to
SER phenomena is how the nuclear target is excited by the
incident pion or nucleon. The dominant excitation modes
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directly affect the distributions of the secondary fragments
which deposit ionization energies in the host material.
Figure 9 shows the energy spectra of secondary He and
the excitation spectra of recoil nuclei (in the cascade step)
from the reactions p + *Si and =" + *Si, at projectile
energies of 250, 500, and 750 MeV. The spectra are
simulated by the NUSPA model. The solid and dashed
curves denote the results from the pion and proton
reactions, respectively. The excitation spectra are
constructed as follows. The cascade processes are
simulated on an event-by-event basis. At the end of each
cascade event, the excitation energy of the recoil nucleus
is computed (total energy of recoil nucleus — rest mass of
the recoil nucleus at ground state — kinetic energy). These
excitation energies of the simulated events are collected to
construct a histogram which is normalized with respect

to the reaction cross section. For an incident flux I, of
protons or pions (particles per unit area per unit time),
irradiating a Si sample, the number of recoil nuclei
produced per unit time, associated with excitation energies
in an interval [E — AE/2, E + AE/2], is given by

AN, = pAAxI AE x {excitation spectrum at energy E}.
(14)

At energies of about 200-400 MeV, it is significant to note
that the He cross sections from the pion reactions are
much larger than the He cross sections from the proton
reactions. Also, the excitation spectra of the recoil nuclei
are higher for the pion case. This is consistent with the
fact that the coupling between the pion and the nucleon is
very strong in this energy region, which shows up in the
pion—-nucleus reaction cross section (Figure 7). This implies
that over this energy region the pions are more effective
in exciting the nuclear target than the nucleons, and
subsequently secondary fragments are produced at higher
rates in pion reactions. This also means that in this energy
range, for the same incident flux of cosmic ray particles,
the pions are more effective in causing soft errors than
protons. At energies above 500 MeV, however, the He
spectra and recoil excitation spectra are similar for the
pion and proton cases.

For devices operating at sea level, where the pion
intensity is more than one order of magnitude lower
than the neutron intensity [9], the cosmic-ray-induced
soft errors are primarily due to the nucleons. Here
contributions of pion-induced SER can be regarded
as a higher-order correction to the total SER. At higher
altitudes, however, due to the higher pion intensities, their
effects are more pronounced than at sea level, and these
cosmic ray pions should be treated explicitly in SER
analysis.

The above discussion of pion-nucleus interactions
applies to energetic pions. Authors of References [47] and
[48] suggest another class of processes with which pions
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induce soft errors. When negative pions are stopped by the
materials surrounding the device, they can be captured by
the nuclei. The rest mass of the =~ (139.5669 MeV/c’) is
absorbed by the nuclear target, which then de-excites by
the emission of secondary fragments. Microscopically [49],
this process is thought to proceed by the capture of 7 by
a nucleon pair (proton-neutron or proton-proton). The
nucleons are ejected into the vacuum, or they can initiate
intranuclear cascades which lead to the emission of
secondary particles. The energy distributions of cosmic
ray pions are in general not well determined. Except
under the controlled conditions of accelerator experiments
(Reference [47] and work quoted therein), it is difficult in
realistic situations to make quantitative estimates of SER
contributions due to the stopped pions. It is likely that
these capture processes play some significant role in
applications at high altitudes, where pion fluxes are larger
than at sea level.

5. Muon problem

Unlike protons, neutrons, and pions, the interaction of
cosmic ray muons with the nuclei in the semiconductor
material does not involve strong nuclear forces. In

many respects, a muon behaves like a heavy electron
(m, = 105.659 MeV/c’, m, = 0.51100 MeV/c®), except
that it is unstable, with the following dominant decay
mode [50] (mean life = 2.197 x 107" s):

+ + =
n —e +vu+ve,

(15a)
(15b)

p,_—>e_+vu+176.
In (15a) and (15b), », and », are the neutrinos associated
with the muon and the electron, respectively. The bars
above v denote anti-particles.

Below 1 GeV, the muon stopping power is very close
to that of a charged pion (see Figure 1). Hence, a typical
high-energy muon, with a kinetic energy of hundreds of
MeV, deposits only a small ionization energy as it passes
through a thin Si sample. This energy alone would be
insufficient to cause soft errors.

As a positive muon slows down in the host medium, it
can capture an electron to form a muonic atom, which is
unstable. The u* decays into a positron, and the muonic
atom is transformed into an e e~ system, whose destiny
would be pair annihilation due to collisions with other
electrons:

et +te - 2y. (16)

This sequence of processes involves energies of the order
of MeV. (The ¢ "¢ annihilation process alone releases an
energy of 1.022 MeV.) For the above processes to take
place, the x* must be slowed down so that its kinetic
energy is in the keV range and the muon can capture an

orbital electron from a host atom. Since a high-energy 103
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Comparison of (a) secondary He energy spectra and (b) excitation spectra of recoil nuclei from the reactions 7% + BGiand p + 2Si, at
projectile kinetic energies of 250, 500, and 750 MeV. The spectra are computed from the NUSPA model. The solid and dashed curves
denote the results for the pion and proton reactions, respectively.
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muon has a long range and cannot be slowed down
significantly in the thin Si sample for the above processes
to occur, these processes need not be considered in the
soft-error analysis (unless there are significant sources of
slow muons).

As a negative muon slows down in the host medium,
it can fall into an orbit of an atom by knocking off its
electron (via Coulomb scattering). It then cascades into
lower orbits until it reaches the 1s orbit. The Bohr radius
of the 1s muon is about 1/207 of that of an electron, and
the spatial overlap of the muon wavefunction with the
nuclear charge distribution is non-negligible. In about a
microsecond, the muon falls into the nucleus and is
captured by a target proton via the weak process:

p o tp-ontuv, . (17)

The residual nucleus (with one proton less) can be in

an excited state, and de-excites by gamma ray, or light
particle, emission. However, for this muon capture to be
possible, the incoming 1~ must be slowed down to the
keV range. For high-energy muons, the probability of
causing soft errors in devices by this capture process is
negligible.

6. Summary and conclusion

Cosmic-ray-induced soft-error rates are analyzed by
focusing on three major components of the high-energy
cosmic ray particles: nucleons (protons and neutrons),
pions, and muons. The salient features of the atomic and
nuclear interactions between the cosmic ray particles and
the semiconductor materials are reviewed. On the basis of
general energy-deposition arguments, soft errors are shown
to be due primarily to the secondary reaction fragments
produced in the inelastic nucleon- and pion-nucleus
collisions in the host medium. Under appropriate
conditions, these secondary particles generate a sufficiently
large number of ionization electron-hole pairs in the
neighborhood of a p-n junction to cause a change in the
memory state of a device.

A state-of-the-art nuclear spallation model, NUSPA,
has been developed. It has been stringently tested by
a large body of nuclear data from nucleon—nucleus and
pion-nucleus reactions over a wide energy range (tens of
MeV to 1 GeV). The model is used to generate the crucial
database required by the soft-error simulator, SEMM,
which has been extensively used throughout IBM in the
past few years.

In the early years of the SER project, the main concern
was device applications at sea level, where neutrons and
protons constitute the major part of the cosmic ray.
Attention was focused on nucleon-induced SERs. The
NUSPA model played a critical role in the simulations of
inelastic nucleon-nucleus collisions. In applications at
higher altitudes, pion effects are expected to be non-
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negligible. So far, the NUSPA simulations are able to
reproduce the overall features of some pion-nucleus
reactions. However, because of the strong pion-nucleon
coupling over the energy region of 100-300 MeV, more
theoretical and experimental work in this energy region
is needed in the future. In addition, the SER induced by
stopped pions should also be examined. This will make
the SER analysis more complete.
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Appendix A
A formal proof is now given for Equation (8), which gives
the probability of inelastic nuclear collision events in a
sample. Consider nucleon transport in a Si slab with a
thickness L. Let the number density of scattering centers
(number of atoms per unit volume) be p. The beam
direction is taken to be along the x-axis. For an incoming
nucleon, there are two mutually exclusive possibilities:
a) propagation through the target fromx = 0 tox = L,
without any nuclear collisions, and b) propagation from
x = 0 tox = L, encountering at least one nuclear
collision. A nuclear collision is either an elastic or an
inelastic event.

The probability for an incoming nucleon to propagate
over an interval [0, x] without any nuclear collision is
P (x) = exp(—po, X).

tot

(AL)

In (Al), o, is the total cross section, 105

ot
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o,=0.t+o,, (Ala)
where o, and o, are the (inelastic) reaction cross section
and elastic cross section, respectively. Since the target is
assumed to be thin, the small energy loss of the nucleon
due to stopping power in the target is ignored, and thus the
energy dependence of o, o, and g, is suppressed. It is
convenient to introduce a collisional probability density
P_(x), such that P (x)dx is the probability that a nucleon
will encounter at least one nuclear collision in the interval
[x, x + &x]. It is straightforward to show that
Pc(x) = POy eXP(_Pamtx)- (Az)

As has been pointed out in the text, elastic nucleon-
nucleus scatterings are characterized by forward-peaked
angular distributions. In a typical elastic collision event,
the incoming nucleon is only slightly deflected by the much
heavier target nucleus, and suffers very little loss of its
kinetic energy. The identity of an elastically scattered
nucleon is not lost in the collision event, in contrast to
an inelastic collision event, in which the identity of the
incident nucleon is lost and the nucleon is removed from
the beam. From now on, large-angle scatterings are
completely ignored. The transmitted and elastically
scattered nucleons are regrouped into a new class. The
objective is to compute the probability for all events in
this class.

For a nucleon to reach point x, the following cases
are considered. The nucleon can reach point x without
encountering any collision (case of no collision). The
nucleon can encounter one elastic collision at some
intermediate point x, (0 < x, < x) before reaching
point x (case with one elastic collision). The nucleon can
encounter two elastic collisions at some intermediate
points x,, x, (0 < x; < x, < x) before reaching point x
(case with two elastic collisions). In general, the nucleon
can encounter N elastic collisions at points x,, x,, *** , Xy
(0 <x, <x, <--+<x, <x) before reaching x (case
of N elastic collisions). The probability for the case of
transport with N elastic collisions, P, (x), must be
computed.

In the simplest case of transport without collision, the
probability is

Px) = P(x) = exp(—p0,,%). (A3)
In the general case of N elastic collisions, the

probability for a nucleon to propagate over [0, x,] and

then encounter an elastic collision in the interval

(x,, x, + 8x,) is given by

Tq
POy OXP (_po-totxl)(;.—) dx, .

tot
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The probability for the nucleon to propagate over [x,, x,]
and encounter an elastic collision in the interval
[x,, x, + x,] is given by

o
PO, eXp[—po (%, — xl)](_d) dx, .

0‘0(
The probability for a nucleon to encounter elastic
collisions in the intervals [x,, x;, + 6x ],
[x,, x, + 8x)], *+*, [xy, Xy + 8x,] is given
by the joint probability

a-el
PO EXP (—pa'mxl)(a_) PO
tot

o-el
* €Xp [—po'm(xz - xl)](:r_) e patot

tot

o-el
exp[ — po, (xy — xy_))] o

tot

: exp{—po, (x — x,)]0x,8x, * - - &x,,

= (po-d)N exp(—po, x)ox,0x, - - - dx,, .

The probability for having N elastic collisions over [0, x]
is given by

P(x) = j dx, J dx, -+ de(pa-el)N exp(~po,,X)
0 X Xny—

N
_@%ﬂ

N1 &xP (—po,x). (A4)

tot

The total probability of transport over [0, x] with
transmission and elastic collisions is given by the sum of
these partial probabilities P, ,

N==x

> Py

N=0

Pi(x)

p a-el‘x

eXp(~p0,x) + — exp(~p7,,x)

(po %)
+——

2 exp(—po,Xx) + -

N
(po,x)

N exp(—po x) + -

tot

el

1w N

po,x (o, x)"
exp(—po, x)|1 + +oi b —

exp(=po,,X) exp(po, x)

exp[_p(owt - ael)x]

exp(~p, ). (A5)
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In arriving at the last result, Equation (Ala) has been
used; hence, the probability for the class of transmission
and elastic events combined is just the transmission
probability using the reaction cross section alone. The
probability of inelastic collision is

P(x)=1-Pyx) =1 - exp(—po,x), (A6)

which is the result of Equation (8) in the text.
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