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Semiempirical Method for Predicting Single Event
Effect Rates Due to Direct Ionization
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A semiempirical method for predicting on-orbit single event effect rates has been developed. The derivation of
this technique circumvents the need for assumptions regarding sensitive volume geometry, the use of the concept
of effective linear energy transfer, and sensitive volume dimension input. Prediction results are compared to flight
data from the Cosmic Ray Upset Experiment, for which the presented method is shown to compare up to an order
of magnitude more closely than previous methods when applied both to flight-lot-specific and to generic ground
test data. The utility of this method in performing trade studies also is demonstrated through an application of

candidate microprocessors.

Nomenclature

energy transferred to the medium by ion

differential flux of ions (ions/cm?:time + steradian - MeV)
with atomic number Z, mass number A, and energy £

= transport kernel, units area

= linear energy transfer

linear dimension along the ion path length

azimuthal angle

angular incidence factor

= error cross section, cm?

= polar angle
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Introduction

INGLE eventeffect (SEE) rate prediction with currentindustry

electronics has become a difficult task. In the space industry,
candidate electronic components include commercial devices, for
which detailed informationaboutthe design and manufacturingpro-
cess often is not available for use in SEE rate modeling. For these
applications, traditional SEE rate predictionmethods, which require
input of sensitive volume dimensions and assumptions of geometry,
may notbe ideal. In fact, recently published results have shown that
SEE rate predictions can deviate from observed flight SEE rates
by orders of magnitude."> The methodology presentedin this work
providesrapid SEE rate prediction without the assumptionsinvoked
in traditional SEE rate prediction methods.

In addition, the number of candidate spacecraft devices that are
sensitive to SEE continues to increase; therefore, the number of
SEE rate predictions required by each space mission is increasing.
Where SEE rate prediction previously was performed on the few
non-radiation-hardened devices used in a space mission, there cur-
rently exists a need for systems-level trade studies to rapidly assess
usability of an array of commercial devices in a space radiation
environment. To determine the usability of SEE-sensitive devices,
the rate of SEE in the mission orbit is compared to the mission
requirements.’ The method enables assessment of candidate device
usability by coupling the mission-specific radiation environment
with device tolerance as one system for analysis.
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Methodology

Electronics in orbit are exposed from all directions to the ion-
izing space radiation environment existing external to the space-
craft, which suggests an integral over the entire device surface to
include all impinging particles. The governing equation for SEEs
is described by Petersen* The transport-kernel term represents the
ability of particle energy deposition and collection phenomena to
cause an effect: The transportkernelis equal to one if the deposited
charge can cause an effect and equal to zero if the deposited charge
cannotcause an effect. The transportkernel and the space particulate
environment are integrated over 47 sr to obtain the net effect of an
environmentincident onto a sensitive geometry from all directions:

Rate = Z ///kI(ZIAlEIQI ¢)

Isotopes

x F(Z, A, E, 0, ¢)dE sin6 do d¢ (1)

Several assumptionsare employedto simplify Eq. (1) for calculation
purposes? It is assumed that the energy deposited into a sensitive
volume by an ion is equal to its energy loss as calculated using its
impinging linear energy transfer (LET), defined as

dE
LET = —

dx @

where E is the energy transferred to the medium and x is the linear
dimension along the ion path length. In reality, there is some non-
linear motion of a heavy ion, and Xapsos® showed that the energy
lost by the ion is not exactly equal to the energy deposited into a
sensitive volume. It also is assumed that the LET of the incidention
is constant through the sensitive volume, although detailed analysis
proves that there is LET variation along the path length.® Special
precautions, such as the denuding of test devices, are taken in ex-
perimental testing to minimize the penetrationdepth to the sensitive
volume.” In addition, ions with equal LET values are assumed to
produce the same effect on a given sensitive volume, which allows
ions to be grouped by LET, a single variable, rather than by atomic
number, mass number, and energy. Stapor et al.® demonstrated that
charge collection by ions of higher energy differs from that by ions
of lower energy but equal LET, and they attributed the differences
to ion track structures. However, the use of this assumption greatly
simpifies the single event upset (SEU) rate prediction. Given these
assumptions, the governing equation may be simplified to the form*

Rate:/// k(L,0,$)F(L,0,¢)dLsin0dodp  (3)
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where the LET is representedby L. The behaviorof the transportker-
nel is dependent on the device under consideration. Quantification
of a device response with computer solution requires detailed mod-
eling of all internal geometries and materials and functional sim-
ulation. Another route is to determine the SEU cross section, the
ratio of the number of errors to the test ion fluence, as defined in
Eq. (4), through experimental means allowing the replacement of
the transportkernelby a variable thatis obtainable for practicaluse’:

Number of errors

= “)
Ionfluence

The space-environmentdifferential flux F is assumed to be omnidi-
rectionalandisotropic. The variationin shieldingon spherical space-
craft has been found to be relatively ineffectivein attenuatingheavy
ions in the space environment, which are extremelyenergetic.”'° An
orbit-averaged flux may be employed to obtain the orbit-averaged
SEU rate expected, and a peak flux may be used to obtain the peak
flux expected. The resulting expression, which forms the basis of
many SEU rate prediction methods, is

Rate:///G(L.0.¢)F(L.0.¢)dLsin0d0d¢ 5)

where o is the cross section, or the ratio of the cumulative num-
ber of errors to the total ion fluence. The proposed method treats
error rate prediction by considering the component or device as a
single sensitive volume immersed in a particulate environment and
by performing a spherical integration, yielding

2IT pIT p Lmax
Rate = / / / o(L,6,p)F(L,6,¢9)dLsin6dod¢ (6)
0 0 L

where the limits of integration are from the threshold LET for the
first effect observed, Ly,, to the maximum LET in the environment
considered, L.

The following assumptions are employed in the proposed method
to enable calculation. The cross section o is assumed to be inde-
pendent of the polar angle of ion incidence, allowing the device
sensitivityo (L, 9, ¢) to be modeled as o (L, 6). Recall that the pre-
vious methods discuss model device sensitivityas o (L) and employ
amodel of the sensitive volume. This work utilizes the test data gen-
erateddirectly forazimuthal angles, whichreplacethe effective LET
assumption. Device sensitivity also is assumed to be the same for
ions entering the device from the front as from the back. Invoking
these assumptions yields

I Lmux
Rate = 2I1 / / o(L,0)F(L)dL sin6 do @)
0 L

The integral environment spectra f (L) are obtained from the dif-
ferential spectra F'(L):

(o)
fi) = —/ F(L)dL ®)
L
Inserting Eq. (8) into the governing equation results in
T o fin
Rate=2n/ / o(L,6)df(L)sin6 dd 9)
0 Joo

which represents the heart of this error-rate prediction method.

In the solution procedure described in the following sections, the
6 spaceis discretizedinto angular sectors defined by the anglesused
in ion-beam testing. From the interior expression in the equation,
in which the cross section is placed in the flux space rather than the
LET space, an interesting system is derived for analysis. Here, the
device cross section is expressed across an environment flux space,
allowing direct assessment of the device in the mission-specific
environment.

Experimental angular heavy-ion data typically are interpreted in
terms of effective LET and effective cross section, to provide the de-
vice response to ions of different LET striking at normal incidence.
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Fig. 1 Generic-device mission system.

However, the experimental data may show scatter beyond experi-
mental error. Research on the effects of ions at differentangles of in-
cidencehas shown that charge collectionis altered significantly with
angle of ion incidence, even with the same ion at the same energy,
and has been extended to show that cross sections also are affected
by angle of ion incidence.'*'> For test ions of sufficient penetration
depth, the angular data obtained in experimentation directly mea-
sure edge effects and high-angle impacts, producing cross-section
data that inherently include the entire device response. Depending
on the facility, these may be only those ions with lower LET; how-
ever, ions in the lower LET regime are the most abundant in the
space environment and contribute the majority of the SEE rate in
devices that are SEE sensitive?

The experimental data provided by the ground facility, effective
LET, and cross section were converted to incident LET and cross
section using the following equations:

LETinc = LETeffeclive X COS(Q) (10)
Oinc = Oeffective X COS(Q) (1 1)

The interior integral in Eq. (9) suggests the use of omnidirectional
environment spectra and incident cross-section data in the same
plane. Figure 1 presents the system in generic form, in which de-
vice incident cross-section data are graphed with omnidirectional
environment integral flux values for corresponding LET. Plotting
the device sensitivity as a function of the mission environment flux
presents the appropriate question: Whatis the SEU rate correspond-
ing to this system?

The 6 space is discretized in the second step of the solution of
Eq. (9). Through the use of the angular incidence factor, the omni-
directional environment is divided into spherical angular sections,
86, =6, 06,4, fori =1,..., M, forming a hemisphere over the
top half of the device. The fraction of surface area incidentby a spe-
cific sector, or angular incidence factor, is derived from spherical
coordinates and is given as

K = (cosO — cos6) (12)

where 6, is closest to the normal, 0 deg, and 6, is the next largest
angle sampled, with a maximum of 90 deg. Equation (12) represents
the fraction of predicted environment omnidirectional flux incident
between angles 6; and 6, and includes ion incidence onto both the
top and the bottom (+z and —z) of the device. If the largestangle is
less than 90 deg, then an additional segment from the largest angle,
61, to 90 deg, 6,, is added. The use of the device mission system
allows the simplification to

T fin
RatezZn// Oinc(fi 6)df sinf do (13)

0 Joo

Here 0y, is the device incident cross section, and f is the predicted
omnidirectional integral LET flux for a specific mission orbit pro-
file. The interior integral is accomplished through integration of the
device mission system (o vs f). The range of integrationis from the
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fluence for LET threshold, fy,, of each angular sector to the fluence
for the largest LET in the environment prediction, fiax.-

With the definition of the angular incidence factor, the € space is
discretizedinto M segmentscovering® = Otom/2,andcalculations
are performed for each é6; as

ftn

Rate(‘sgj) = K; / Ginc(f)i+s df (14)

(o)

The value of the index s determines which set of cross-sectiondata
will be used for each sector. Because device sensitivity varies with
angle of ion incidence, for each 86; the endpoints 6, and 8; +-; will
have different cross sections, 6; and o, . An upper-bound predic-
tion utilizes the more conservative cross section for each 86, and
so it is assumed that the larger of ¢; and o; .| represents the cross
section for the entire sector 8¢; . It is often advantageousto have both
an upper- and a lower-bound estimate of expected performance for
design consideration.

The summationof the SEU rates for each sphericalsegmentyields
the predicted SEU rate for the device in the orbital environment as

M
Rate = Z Rate(56;) (15)

i=1

Recall that the definition of k¥ contains a multiplicative factor of
2. Because the device sensitivity is assumed to be hemispherically
symmetric, cross-sectionvalues obtained experimentally for the top
half of the device are applied to the bottom half of the device by
scaling the angular incidence factor by 2. The SEU rate is directly
proportionalto ¥ and is equivalentlyscaled. Notice that this solution
does notrequire the explicitmodeling of the sensitive volume of the
device. Instead, the model uses the sensitive-volume information
contained in the angular cross-section data set. Using the incident
cross section instead of the effective cross section implicitly models
the sensitive volume.

Applications
SEU Rate Analysis of a SRAM (Application 1)

Figure 2 presents a typical heavy-ion ground-test data set, where
the x axis presents effective LET of the testion and the cross section
is shown on the y axis.'’ These data were obtained using the stan-
dard heavy-ion SEE test method.” The data set presented in Fig. 2
represents the SEU sensitivity of a Hitachi 1-Mbit SRAM when the
cells are programmed to zero.'> A data set also exists for the case
in which cells are programmed to one but is not shown here.'3

Note the large variation in cross-section data points for the
same effective LET value. In typical SEU rate prediction meth-
ods, these data would be curve-fitted to obtain a single effective
LET response*!* Figure 3 presents these data transformed to in-
cident LET and cross section, with the angle of test ion incidence
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Fig. 2 Hitachi 1-Mbit SRAM ZQ0405 4628128 heavy-ion test data:
effective LET vs effective cross section (all cells programmed to 0).
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Fig. 3 Hitachi 1-Mbit SRAM heavy-ion test data: incident LET vs
cross section.
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Fig. 4 Heavy-ion LET spectra prediction for APEX spacecraft.

(AOI) shown in the legend. Here it is shown clearly that the device
response to angular incident ions is different from that to ions with
equal LET at normal incidence. However, because we are not using
the effective LET concept, we can see clearly that data scatter at the
same incident LET is due to the higher cross section of the device
to angular hits.

The predicted mission-specific environment for the Cosmic Ray
Upset Experiment (CRUX) on the APEX satellite, on which the
Hitachi SRAM flew, was provided by NASA Goddard Space Flight
Center Radiation Physics Office and is shown in Fig. 4.

The incident cross-section data are coupled with the mission-
specific omnidirectionalheavy-ion environmentintegral LET spec-
tra to produce the device mission system. The plane of incident
LET is orthogonal to that presented in the device mission system.
Therefore, each point shown on the device mission systemhas a cor-
respondingincident LET. The device mission system for the Hitachi
1-Mbit SRAMs in the APEX satellite is shown in Fig. 5. Note that,
immediately, it can be seen that ions striking at high angles of inci-
dence will cause the highest SEU rate in this orbit. It also is shown
graphically in this perspective that ions with LET values to which
the SRAM is most sensitive exist in the APEX orbit in far smaller
quantities than the quantities of those to which the device is far less
sensitive. For this case, the predicted number of particles to which
this SRAM is sensitive is about 18, but the number of particles in
the APEX orbit that the device is most sensitive to is four orders of
magnitude smaller.
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Table1 Hitachi 1-Mbit SRAM on CRUX: prediction results
compared to flight data

SEU rate, E—02 SEUs/device/day

Lower-bound On-orbit Upper-bound
o prediction observations prediction
1 3.88 £0.02 440+£0.31 5.05+0.24
2 3.88 £0.04 4.40£0.62 5.05+0.48
3 3.88 £0.06 440+£0.93 5.05+0.72
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Fig. 5 Device mission system for Hitachi 1-Mbit SRAM in the APEX
orbit.

Noticethat there exists a complete device missionsystem for each
test ion angle. Because the ground-test data set consisted of data
points at specified angles of test ion incidence and the same angles
were used for each ion, the test data set created a comprehensive
devicemissionsystem. The intentis to characterizethe entire device,
from 6 = 0 to /2, by defining the sectors to use as much available
angular data as possible to approximate the sensitivity of defined
adjacent angular sectors.

The device is divided into angular sectors from 6 = 0 to /2,
where the response at each sector’s endpoint is defined in the de-
vice mission system. The SEU rate for the ith sector is simply the
integral under the device mission system curve scaled by «. Table 1
presents comparisons of the upper- and lower-bound results with
published flight data.! Because the CRUX mission alternated the
programming of all SRAM cells between ones and zeroes every 24
h, the predictions assumed that all cells spent 50% of the time in
the zero state and 50% in the one state. Notice the close agreement
between the predicted SEU rates and the on-orbit behavior. Vari-
ances include uncertainties in the measurement of cross section, as
calculated from the experimental data sets.

To bound the SEU rate, an upper-bound prediction was obtained
using the highestof the two endpointcross sectionsto representeach
sector’s sensitivity. A lower-bound prediction utilized the lowest
of the two cross sections of each angular sector to represent the
sensitivity of the sector.

Use of Generic Test Data (Application 2)

Other than the data used for the prediction presented in appli-
cation 1, only generic ground-test data or test data on the same
device type from a different lot were available for the SRAMs on
the CRUX experiment. In fact, all previouslyreported SEU rate pre-
dictions performed for the CRUX SRAMs used generic ground-test
data? The use of generic test data is common in SEU rate predic-
tion because of the rarity of having lot-specific ground-testdata for
the mission under consideration. This section presents the applica-
tion of the proposed method to SEU rate prediction using generic
ground-test data. SEU rate predictions were performed for three

SRAM types on CRUX: the Hitachi 1-Mbit SRAM HM658128, the
Micron 1-Mbit SRAM MT5C1008C-25, and the Micron 256-Kbit
SRAM MTS5C2568. Results are compared to on-orbitobservations,
consisting of daily average SEU rates and standard deviation data
on the 16 to 40 samples for each of the three SRAMs.? Compar-
isons also are performed with other reported predictions that used
the same input data sets of test data and environment spectra.'%13:13

Figure 6 presents data for the Hitachi 1-Mbit SRAM HM658128,
the Micron 1-Mbit SRAM MT5C1008C-25, and the Micron 256-
Kbit SRAM MT5C2568 extracted from generic ground-test data
sets.!!1> The Hitachi 1-Mbit SRAM has the lowest cross section
of the three, with the Micron 256-Kbit being the highest, except at
high LET. Test data were implemented in which the angle of testion
incidence was 0 deg because the experiments were not performed
at specific angles. The device mission system for the three SRAMs
in the APEX environmentwas calculated and is presented in Fig. 7.
The APEX mission heavy-ion flux is shown on the x axis, and the
generic device sensitivity data are on the y axis. The Hitachi 1-Mbit
SRAM should have the lowest SEU rate in this mission. The Micron
256-Kbitand 1-Mbit SRAMs look as if the SEU rates will be about
equal in this mission. Note that qualitative SEU rate comparison is
not evident solely from examination of Fig. 6. This is particularly
important in system engineering trade studies, where comparison
between devices is important.

SEU rates were calculated using the proposed method with the
generic test data sets. The cross section for 0 deg was assumed to be
representativeof the entire angularsector O to w /2. Hence, k = 1 for
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Fig. 6 Generic ground-test heavy-ion data for SRAMs on the CRUX
Experiment.
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Table2 Generic SRAMs on CRUX: prediction results compared to flight data

SEUs/device/day

SEU rate source Hitachi 1-Mbit

Micron 1-Mbit

Micron 256-Kbit

On-orbit observations

(4.40 = 0.31)E—02

(22.0 £ 11.00E—02

(25.5 £ 2.8)E—02

Semiempirical method 3.88E—02 15.8E—02 30.1E—02
CREME prediction 8.40E—02 89.4E—02 249E—-02
Integral Weighting prediction 6.45E—02 68.5E—02 164E—02
Figure-of-Merit prediction 5.73E—-02 26.2E-02 83.7E—-02
NOVICE prediction 2.05E-02 23.4E—-02 184E—02
all of these predictions. For this simplified prediction, each device 10° g
SEU rate is equal to the area under each curve. Table 2 presentsre- F O
sults of SEU rate predictions performedusing the proposed method, ¥ oo @ v
again using the daily-average environment for 176 days. Note that g - go
the predicted SEU rate for the Micron 256-Kbit SRAM is the highest S a4 X § 8
of the three and that the Hitachi 1-Mbit SRAM was predictedto have £ 10 o
the lowest SEU sensitivity in the APEX orbit. This relative compar- 3 L A
ison agrees with results of analysis of the device mission system. 2 r o
The closest comparison of this semiempirical method with the % i
flightresults was for the Hitachi 1-Mbit SRAM, where the prediction 2 10tk 4 +
is 12% less than the observed value. The Figure of Merit was the a F
second closest, where the prediction was 30% higher than the flight [
observation. The CREME prediction was the least accurate, with an | v
error of a factor of 2. Because the observed flight data measurements 10 \ :

have a low standard deviation and the input into all predictions was
the same, differencesbetween the SEU rate predictionsand the flight
observations are due to the different prediction methods.

The largest difference between the results from proposed method
and flight observations were found for the Micron 1-Mbit SRAM,
for which the calculation of SEU rate was 28% lower than the ob-
served value. This semiempiricalmethod proved more accurate than
both the Integral Weighting and CREME predictions, which were
a factor of two and three too large, respectively. Here the NOVICE
and Figure of Merit results were 6% and 19% greater than the flight
observations, respectively. Notice also that the result of the generic
SEU rate prediction for the Hitachi SRAM is slightly lower than the
lower-bound lot-specific prediction shown in Table 1. This is con-
sistent with the methodologyin the prediction procedure presented;
becausethe lower-boundlot-specific predictionassumed eachangu-
lar sector sensitivity to be represented by the smaller cross section,
the use of only one angular sectoris truly the lowest-bound estimate
for this device. The large standard deviation in the observed flight
data for the 23 Micron 1-Mbit SRAMs, equal to 52%, probably con-
tains lot-to-lot variance, though special action was taken to procure
from only one lot.2

Table 2 also presents the comparison of results from this semiem-
pirical method for the Micron 256-Kbit SRAM with reported flight
data and other prediction methods.! Here we can see that the pro-
posedsemiempirical SEU rate predictionresult was 18 % higherthan
the observed flight data. All of the other methods overpredicted the
SEU rate. The CREME predictionwas an order of magnitudehigher
than the flight data, which is over 70 standard deviations. The In-
tegral Weighting and NOVICE predictions are factors of 6 and 7,
respectively, greater than the flight data. With the reasonable vari-
ance in the flight observationdata for this device—less than 11% of
the reported result' —it can be concluded that the method presented
in this work is clearly the most accurate for this case. Note that the
SEU rate for the Hitachi 256-Kbit device is higher than that for the
Hitachi 1-Mbit device. These results are in contrast to the common
perception that, as a technology matures, it becomes more SEU
sensitive. Although it often is assumed that design changes, man-
ufacturing revisions, and technology improvements will increase
device sensitivity, the opposite is sometimes the case, as is shown
here. These unexpectedresults emphasize the advantage of the pro-
posed method because it requires no assumptionsor input regarding
device internals or sensitive volumes.

Microprocessor Trade Study (Application 3)

This section presents the utility of the device mission system in
trade-study analysis. The mission scenario presented for this appli-
cation includes the comparison of the SEU rates of several com-
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Fig. 8 Device mission system for candidate microprocessors for the
MAP spacecraft. MAP commercial microprocessor trade study. Orbit =
L2; 50 mils solid Al spherical shielding:0, 486DX2-66 cache-on SEU; [,
486DX2-66 cache-on lockup; <, 486DX2-66 cache-off SEU; x, 486DX2-
66 cache-off lockup; +,486DX-33 cache-on; A, 486DX-33 cache-off; and
v, 80386-20/B.

mercial microprocessorsfor the MAP mission, located at L2, which
is essentially in free space, or geomagnetically unshielded. Avail-
able SEU ground-testdata for each candidate microprocessor were
obtained.! Because of the variety of test angles used, only data
points for 0-deg angle of ion incidence, or normal incidence, were
selected for use and transformed to incident LET. The free-space
integral LET spectra were obtained from analyses performed for
the MAP mission project office. The device mission system for the
microprocessors in the MAP orbital environment was produced by
graphing the ground-testincidentcross-sectiondata with MAP mis-
sion omnidirectional fluences for correspondingincident LET and
is shown in Fig. 8.

Different types of SEU were observed in the microprocessors
during heavy-ion testing, and cross sections were determined for
each type. The data points designated as SEU represent transient
errors detected in output of the processor. The lockup data points
refer to a test mode that the device entered and from which reset was
necessary to restore normal functionality !® These two types of SEUs
have far different system impacts, and although they are shown on
the same device mission system, the failure modes are distinguished
in the analysis. In addition, the SEU test results showed different
sensitivity to SEU, depending on whether the cache memory was
used; therefore cross-sectiondata are presented for each case.!®

Notice the data pointsthat fall in the toprightregion of the system,
including the 80386-20/B SEU, the 486DX2-66 SEU for cache-
on mode, and the 486DX-33 SEU for cache-on mode. This device
should experience the highest SEU rates of the group, based on
this brief examination. Note that the data points for the 486DX-33
device do not extend beyond a MAP flux of about 0.1 particles/cm?-
day. This device displayed destructive latchup at an LET of about
20Me V - cm*/mg; therefore, SEU data for higher LET valuesdonot
exist.

Because all of these data are representative of 0-deg angle of
ion incidence, « is equal to 1, and the SEU rate of each data set is
simply the integralunder each curve. The calculationwas performed
for each using the trapezoidal rule and is shown in Table 3. The
highest SEU rate predicted was the 80386/20-B, with one SEU or
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Table3 SEU rate predictions: candidate microprocessors
for MAP mission

MTBF*? (years)

Microprocessor SEE type = 1/SEU rate

486DX2-66 cache-on SEU <24

486DX2-66 cache-on SEFI 40

486DX2-66 cache-off SEU <55

486DX2-66 cache-off SEFI 90

486DX-33 cache-on Destructive N/A
and cache-off latchup

386-20/B SEU also nondestructive <25

microlatchup
Mongoose 1 SEU 2.9E+4-04
Honeywell SOI test metal SEU 1E+14

*Mean time before failure.

lockup expected every 1.7 years. The 486DX2-66 was predicted to
experienceanupsetevery 11.6years with cache on. The SEU rate for
the 486DX-33 was not obtainable because the device experienced
destructive latchup at LET =20 MeV - cm?/mg. Notice that these
findings are similar to those found upon quantitative examination of
the device mission system. The predicted SEU rate for the 486DX2-
66 when cacheis notused was considerablyless than that of the other
candidates. In cache-off mode, the predicted SEU was once every
37 years. Also note that the predicted rate of lockup was much less
than that of SEU. The determination of different cross sections for
these failure modes was extremely helpful in this analysis.

Conclusions

The semiempirical method developed in this work enables rapid
SEU rate prediction, which is shown to be more accurate when
appliedto devicesthatare sensitive to SEU, or have low LET thresh-
old. The methodology is shown to circumvent inputs and assump-
tions regarding sensitive-volume geometry or dimensions and does
not employ the effective LET approximation. Thus, this method
does not introduce the errors associated with such assumptions.
Results compare the method proposed with other available error-
rate prediction methods and with daily average flight data from
the CRUX experiment on the APEX mission, which represents an
average over approximately 176 days. All predictions were per-
formed using the same input test data and environment models.
The environment model was selected to simulate the orbital en-
vironment during the flight data collection, providing daily fluxes
for a quiet environment during solar minimum, because the APEX
environment has remained approximately static during data collec-
tion. Holding the environment model and ground-test data sets as
constants in the comparisons has allowed the results shown to es-
tablish the increased accuracy of this method over other methods in
modeling the error rate of devices that are sensitive to SEE. A trade
study also is presented to demonstrate the system-level capability of
this methodology. The application of such analyses in early design
stages is critical to maintaining the shortened schedules in today’s
industry. Note that this method applies only to events induced by
direct ionization. The analysis of events due to indirect ionization
is not covered in this work.
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