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Abstract—The replacement of magnetic core with a well char-
acterized semiconductor memory in the Space Shuttle orbiter
general purpose computers (GPC’s) has provided a wealth of
on-orbit radiation effects data since 1991, The fault tolerant
GPC's detect, correct, and downlink memory upset status and
orbiter position information every few seconds, giving us the
ability to correlate 1400 upsets to date with altitude, geomag-
neti¢ latitude, and solar conditions. The predicted upset rate
was computed by a modified path-length distribution method.
The modification accounts for the Weibull distribution cross-
section (rather than a2 single upset threshold) and the device
scasitive volume thickness. Device thickness was estimated by
the method normally used to account for edge cffects at the
upset cross-section discontinuity that occurs at ion changes. A
galactic cosmic ray environment model accurately models the
average particle flux for each mission. The predicted and ob-
served upset rates were found to be in good agreement for
sensitive volume thicknesses consistent with the device’s fabrica-
tion technology.

INTRODUCTION

THE ability to accurately predict the rate of single
event upsets (SEU) in space botne computer memo-
ries directly affects costs not only for new designs but also
for enhancements to existing systems. Fortunately, the
prediction methodology has continued to improve. Parti-
cle accelerator test data has become more readily avail-
able as more test facilities have become operational. Cos-
mic ray models are now more representative of actual
environments. However, there are still computational lim-
itations that render the methodology less than perfect.
There are no operating particle facilities capable of pene-
trating components edge-on, so upset rate measurements
greater than about sixty degrees cannot be made. This
requires some flexibility in choosing a method for convo-
luting the SEU cross-section curve to the environment.
Compared with the accelerator, the space environment
consists of a much broader energy spectrum of many ion
species. This can produce “surprises” on-orbit, such as
multibit upsets, that may not be seen at an accelerator.
Also, the environment at the component depends on
accurate particle transport calculations which require an
accurate spacecraft shielding distribution.
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To further reduce these uncertainties, actual upset rate
data from spacecraft is nceded for comparison with ana-
lytical predictions. Howevcr, there are few opportunities
where well known experimental conditions for a large
enough set of data are available to allow accurate compar-
ison. The Space Shuttle flights of new general purpose
computer (GPC) memory devices provide an excellent
“test fixture” for evaluating SEU prediction methodolo-
gies.

SpAacE SHUTTLE GENERAL PURPOSE COMPUTERS

The five Space Shuttle general purpose computers
(GPCs) which are the heart of each Space Shuttle orbiter’s
guidance, navigation, and flight control system were up-
graded in 1991. The original magnetic core GPC memo-
ries were replaced by new microelectronic devices made
by Inmos Corp.~——the IMS1601EPL. The IMS1601EP! is a
non-radiation hardened 64kx1 static random access mem-
ory (SRAM) built using a conventional four-transistor cell
approach and 1.3 micron complementary metal oxide
semiconductor (CMOS) technology. As part of the GPC
design process, this technology was tested both in space
and in the laboratory. These investigations determined
that, like most nonradiation hardened SRAM’s, it was
susceptible to single event upsets (SEU’s) in the natural
space radiation environment the Shuttle operates in {1},
The GPC’s were therefore designed with a modified Ham-
ming Error Detection and Correction (EDAC) cade [2]
and periodic memory scrubbing which detects (up to two
bitflips per word) and corrects {(up to one bitflip per word)
SEU’s before they can contaminate the data processing
system. The GPC’s record the time of each soft error the
EDAC finds and downlinks it along with the GPC af-
fected. This information is retrieved after each mission
and correlated with the actual ground track to determine
the location of each upset. Each GPC has 200 pieces of
the IMS1601EPI 64kx1 SRAM arranged to form a 2 X
(2 x 128 k X 25) mainstore memory array. The array’s
25-bit output word format is composed of 16 data bits, 6
check bits, and 3 store-protect bits. The 16 data and 6
check bits (22 total) are routed to the SEC-DED circuitry
and can therefore be monitored for single event upsets
during each scrub cycle (1.6789 s intervals). This provides
a total of 2 X (2 X 128 k X 22) = 11,534,336 memofry bits



TABLE I
SUMMARY OF SHUTTLE GPC UPSETS

28,5 degree inclination missions

Altitude Number* Deceleration**
STS Launch Date, Duration (nmi) of SEU’s Comments Parameter, ¢
37 April 5, 1991, 6 days 243 55 Many SAA upsets 1300
43 August 2, 1991, 9 days 160 44 1 Pre-MECO upset 1443
44 November 24, 1991, 7 days 200 31 1116
49 May 7, 1992, 9 days 200 60 Many SAA upsets 1042
50 June 25, 1992, 14 days 160 61 942
46 July 31, 1992, 8 days 230, 160 77 Many SAA upsets 934
52 October 22, 1992, 10 days 165 50 1 Pre-MECO upset 787
54 January 13, 1993, 8 days 165 52 768
55 April 26, 1993, 10 days 165 45 1 Pre-MECO upset 729
57 June 21, 1993, 10 days 250 130 Many SAA upsets 798
51 Sept. 12, 1993, 10 days 160 65 701
*Actual number of upsets reported by GPC’s includes multi-bit upsets.
**Deceleration parameter is discussed in Radiation Environment section.
57.1 degree inclination missions

39 April 29, 1991, 8 days 140 99 1 eleven-bit SEU 1277
48 September 12, 1991, 5 days 292 161 Many SAA upsets 1525
42 January 22, 1992, 5 days 163 75 1 Pre-MECO upset 1290
45 March 24, 1992, 8 days 165 81 1050
47 September 12, 1992, 8 days 165 m 1 fourteen-bit SEU 855
53 December 2, 1992, 7 days 180 141 Only 2 upsets within SAA 811
56 April 8, 1993, 9 days 165 115 729

(equivalent to 11 Mb or 1.375 MB) per GPC which can be
monitored in real time during flight.

Fig. 1 shows the location of each SEU detected for each
of the first eighteen flights following the maiden flight of
the new GPC’s in April 1991. The new GPC’s have logged
over 1400 SEU’s without a single inflight anomaly due to
radiation. About half of these upset’s occurred for 28.5
degree inclination missions (Figure 1a) and the other half
were for 57.1 degree flights (Fig. 1(b)) as summarized in
Table 1.

For both 28 and 57 degree missions, higher SEU con-
centrations are found in the South Atlantic Anomaly
(SAA) and at the higher latitudes. Most SAA upsets are
thought to be caused by protons trapped in the van Allen
belts which happen to dip closer to the earth’s surface in
the region east of South America. SAA upsets are ob-
served only for altitudes above about 200 nmi. Five of the
28.5 degree flights had altitudes of at least 200 nautical
miles and only one of the 57.1 degree inclination flights
was above 200 nautical miles (see Table I).

Outside the SAA, most upsets are thought to be caused
by galactic cosmic rays (GCR’s) that penetrate the geo-
magnetic field. GCR upsets are concentrated toward
higher latitudes because lower rigidity (particle momen-
tum/charge) particles can penetrate the field at higher
latitudes. The geomagnetic cutoff effect is more pro-
nounced for the 57 degree flights since the cutoff rigidity
varies roughly as the cosine of the geomagnetic latitude
raised to the fourth power.

The upset rate prediction method for heavy ions is
different than for protons. Therefore, to allow finer dis-
crimination of model features, upsets caused by GCR
particles are separated from those caused by SAA pro-
tons. Observed upsets were separated by assuming that

each upset that occurred within the SAA was due to
trapped protons except the nominal GCR background
found outside the SAA was allowed to overlay the SAA.
These observed SEU rates, identified as either GCR or
SAA upsets, are compared with model predictions later.

PRE-MAIN ENGINE Cutorr (MECO) SEU’s

Four (4) SEU’s have occurred prior to main engine
cutoff (MECQO is about 8.5 minutes after liftoff) as shown
in Fig. 1. These Pre-MECO SEU’s were at altitudes
around 300,000 ft. Experiencing upset’s this early after
liftoff is not surprising since the heavy ion flux is essen-
tially the same above 200,000 ft as it is at orbital altitudes,
and the shuttle is above 200,000 ft within three minutes of
liftoff. The high magnetic latitude of the launch site (Fig.
1), for both 28 or 57 degree flights, enhances the ascent
upset rate probability.

Multibit Upsets

Multibit upsets—more than one bit affected by a cos-
mic ray ion—represent about 7% of the SEU’s for 57
degree flights, and 3% of the SEU’s for the 28.5 degree
flights. Most of the multibit upsets involve a pair of bits.
However, some involve triplets and quadruples. There was
one case where over eleven (11) bits were upset and
another where fourteen (14) were upset by a single cosmic
ray. These rare cases happened at latitudes of 57 degrees
and 52 degrees, respectively, and multibit upsets in gen-
eral occur more frequently at high latitudes (see Fig. 1).
In all cases, the EDAC successfully dealt with the multibit
events. The EDAC is implemented so that each GPC
word is composed of bits from different chips. Therefore
if a highly ionizing cosmic ray encompasses several con-
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Fig. 1. Shuttle GPC single event upsets. Multibit SEU’s are indicated
by triangles and Pre-MECO upsets are indicated by squares, Note that a
greater proportion of the multibit upsets are in the SAA and at higher
geomagnetic latitude for the 57 degree as opposed to the 28.5 degree
inclination missions. (a) Shuttle GPC single event upsets for 28.5 degree

inclination orbits. (b) Shuttle GPC single event upsets for 57.1 degree
inclination orbits.

tiguous bits in a chip, the EDAC can detect it since each
affected bit occupies a different word. These findings are
consistent with multibit hits being due to higher linear
energy transfer (LET) particles such as those slower, more
charged ions that can only penetrate the geomagnetic
field at the higher magnetic latitudes.

Most of the multibit upsets affected only one memory
area (low or high) and are assumed to be in one chip.
However, there have been cases where apparently more
than one chip was hit by a single particle. On STS-43 GPC
#1 lo and hi memory were hit simultaneously and STS-48
had two cases where different chips were upset simultane-
ously: GPC #1 lo and #2 hi, and GPC #4 lo and #1 lo.

These results indicate the importance of accurately
predicting inflight performance of a new chip prior to
system design. The remainder of this paper describes the
prediction methodology used for the IMS1601EPI and
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Fig. 2. Heavy ion single event upset integral cross-section versus effec-
tive linear energy transfer (LET) for seven IMS1601EPI devices tested at
Berkeley 88" cyclotron [3] The Weibull distribution (o(L)=1-
exp{-[(L - L,)/W¥} for L > L, and O for L <L) is fit by the
following parameters: Ly, = 2.75, W = 140.0, and s = 0.95). The heavy
ion single event upset cross-section curve is approximated by multiple
thresholds and cross-section intervals.

compares predicted with actual flight results for the first
eighteen shuttle flights of the new GPC’s.

SINGLE EVENT UPSET METHODOLOGY

Before flight of the new GPC’s, the memory device
(IMS1601EPI) was tested for SEU and latchup suscepti-
bility to heavy ions at the Berkeley 88" cyclotron [3] and
to protons at the Harvard Cyclotron [4]. In this device,
upsets may be caused by two distinct processes: 1) the
original ion (usually a galactic cosmic ray) deposits energy
by ionization directly in the sensitive volume (this process
is henceforth referred to as direct ionization); and 2)
energy is deposited by heavy ions that are produced in the
device as fragments of proton—nuclei interactions (this
process is henceforth referred to as proton secondary
upsets and the trapped protons of the South Atlantic
Anomaly are usually the source).

Direct Ionization Methodology

The upset rate is computed in principle using the well-
known method of convoluting the radiation flux with the
path-length distribution (5] and cross-section of a rectan-
gular parallelepiped (RPP) sensitive volume. However, the
original method allows only one RPP semsitive volume.
Since the actual cross-section is not a step function but
varies with effective LET, it has been suggested [6] that
the cross-section be divided into several steps in order to
more accurately represent it (see Fig. 2). This is like
assuming that several sensitive volumes are present, each
with different upset thresholds (Lth,) and cross-sections
(o;). Again, this method assumes the sensitive volume is
thin (relative to its width). This solves the problem of
integrating over all solid angles because the integration
can be terminated at L_,  if the cross-section is saturated
at high effective LET (i.e., high angles of incidence). For
the IMS1601EP], the cross-section is essentially saturated
for an L,,, of about 50-100 MeV cm?/mg (Fig. 2).



The direct deposition SEU rate per device {(in SEU’s/
second) is the sum of the SEU rate of each step and is
given by
SEU Rate (direct deposition)

- ): {AiLthit,.fL'““D[s,-(L)]I(L)L”z dL}, @
i=1 Lomin,

where,

i is the step index ranging from 1 to the number of steps
(n),

Lith; is the effective LET threshold for the ith step in
MeV cm?/mg,

A; is the surface area of the ith sensitive volume in m?
(4, =10"%A0)

Ag; = g; — 0;_, is the upset cross-section step size (o,
= () in cm? /device, the cross-section for the IMS1601EPI
is in Fig. 2

t; is the thickness of the ith sensitive volume in g/cm?, ¢,
is assumed to be a fixed fraction of the ith sensitive
volume width where the width is the square root of the
cross-section step (JAg;). t; is converted from cm to
g/cm’ by multiplying the density of silicon (2.33 g/cm?),
Ly, = Lth;t;/smax, is the minimum LET (MeV c¢m?/mg)
required to upset the part by passing across it diagonally,
smax; is the largest path-length (the diagonal) found in
the ith sensitive volume (in g/cm?),

Lyax is the effective LET (MeV cm’/mg) where the
cross-section becomes saturated,

D(s(L)) = differential path-length distribution [5] in the
ith sensitive volume in (g /cm?) ™', s(L) is the path-length
within which an ion of LET, L, will deposit enough energy
within the sensitive volume to upset it (s,(L) = Lth,t,/L),
and

I(L) is the radiation environment LET spectrum (the
integral LET flux of ionizing particles) at the device and is
determined in the next section in number of ions/(meter?
steradian second).

Upset Cross-Section

The IMS1601EPI device used in the GPC’s is the
epitaxial substrate version, since the commercial version is
susceptible to latchup and therefore is not acceptable for
GPC application. Heavy ion testing confirmed that the
epitaxial version did not latchup for linear energy transfer
(LET) values up to 100 MeV cm?/mg [1]. The measured
SEU cross-section versus cffective LET is shown in Fig. 2.
The cross-section represents an upset susceptibility for
particles of a given effective LET. The effective LET is by
definition the true LET divided by the cosine of the angle
of beam incidence. Hence, the assumption that the sensi-
tive volume is a thin slab is inherent in Fig. 2. The
IMS1601EPI upset cross-section is accurately represented
by the integral Weibull distribution [8};

o(L)=1-exp{-UL - L,)/WT)
‘forL > L, andOfor L <L,, (1)

with the following parameters: L, = 2.75, W = 1400,
and s = 0.95 as shown in Fig. 2. Weibull parameters were
found by simply plotting the function and the data and
varying the parameters until the function fits the data.

Device Sensitive Volume Thickness to Width Ratio

To select the thickness (¢;) for each step, one ratio of
sensitive volume thickness to width (P,) is used. The
sensitive volume is assumed to be square and very thin.
This allows ¢; to be found from ¢, = P, JAo;, where P, is
always chosen to be small. Provided P, < 1 the upset
rate is not very sensitive to P,, and a value of 1,/1000 (or
smaller) leads to an upper bound on the upset rate {7).
Selecting the correct ratio P, is similar to having to pick a
single part thickness using the original, single rectangular
parallelepiped upset rate formulation since part thickness
is not measured in radiation part testing. The value of P,
can be estimated based on the device technology. How-
ever, we present here a novel approach based on the edge
effect that distorts the cross-section curve at high inci-
dence angles. Since P, is small this is a small effect and
the measurements are somewhat subjective we cannot
rely on it entirely and it may not apply to all devices.
However, in this case, the edge effect determination of P,
is consistent with other methods as will be seen below.

Edge Effect Determination of P,

The value of P, was estimated from a careful examina-
tion of the upset cross-section curve versus effective LET.
Typically a part is exposed to higher angles of incidence
(8) to increase the effective LET. Then, a higher LET
particle is chosen at normal incidence (6 = 0) to further
increase the LET and so on. If the sensitive volume is not
too thin, the effective area of the chip will be reduced by
more than the cos § factor since ions passing through the
edges will not have sufficient LET to upset the part. This
effect can be accounted for using the following equation

(8]

o(8=0)=0(0)cos /(cos § — P,sing). (3)
This equation can easily be solved for the desired ratio
(P.):

P.=[1-0(8)/0(0)]/tan 6 @
Fig. 3 shows the actual data points for a typical
IMS1601EPI chip of the seven samples tested [3]. In this
case, four different ions were used at incidence angles
from zero to about 60 degrees to span the effective LET
range shown (a laser beam was used to insure there was
no shadowing of the beam at 60 degrees incidence [3)).
Note that the cross-section discontinuity at each change
of ions can be measured. We computed P, for thirteen
ion transition, cross-section discontinuity points for the
seven IMS1601EPI test samples. The value of P, ranged
from 0.1-0.2 with a mean of 0.16 + 0.04. Just as impor-
tant as the value of P, is that P, was found to be
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independent of LET because this is an important assump-
tion of the model.

This value is consistent with the physical characteristics
of the device. Dividing the measured limiting cross-section
(about 0.5 cm?) shown in Fig, 2 by the number of transis-
tors in the device (65,536 bits, 4 transistors per bit) yields
a transistor area of 190 um?. If this sensitive area is 1.3
pm thick (the IMS1601EPI is a 1.3 pm technology device)
the P, is 0.09, reasonably consistent with the edge effect
estimate.

Proton Secondaries

The measured SEU cross-section for protons is shown
in Fig. 4. The cross-section represents an upset suscepti-
bility for protons of a given energy. The SEU rate is
computed for the expected Shuttle trapped proton envi-
ronment (J) which is described in the next section. The
upset rate (due to proton secondaries) is computed in
principle by folding the radiation flux with the measured
upset cross-section.

SEU Rate (proton secondaries)

=4[ 0 (EVI(EYdE (5)
0

where,

J(E) is the differential proton flux at the sensitive volume
defined in the next section in number of protons/(cm?
steradian second MeV /n),

g,(E) is the proton cross-section (see Fig. 4) in cm?/
device as a function of energy (not LET as for heavy ions),
and

E,ax 15 the highest energy of the proton spectrum (about
500-1000 MeV /n).

RADIATION ENVIRONMENT

The heavy ion radiation environment for shuttle flights
consists of high energy galactic cosmic rays (GCR’s) that
penetrate the earth’s magnetosphere and lower energy
protons that are trapped by the magnetosphere.
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Fig. 4. Differential single event upset cross-section versus energy for
proton beam based on Harvard cyclotron testing (4]. The Weibull distri-
bution (g(L) =1—exp{—[(L - L,)/WF) for L >L,, and 0 for
L < L) is fit by the following parameters: L,, = 30.0, W = 100.0, and
s = 2.00).

Galactic Cosmic Ray

The standard GCR model often used to predict upset
rates is the Cosmic Ray Effects on Microelectronics
(CREME) code [9]. However, the CREME code accounts
for solar cycle modulation using an 11 year cyclic function
of time and does not distinguish between odd-even cycles
which have a 22 year period. The model presented below
depends on the actual Climax neutron monitor count for
a given time (rather than time alone) and agrees more
accurately with actual GCR flux measurements from 1954
to present. The new model agrees with the actual GCR
flux measured over the past 4 solar cycles within 9.2%
(10). The CREME code differs most at odd solar minima
and achieves an overall accuracy of 30.6% for the same
forty year period [10].

The free-space GCR component at earth is the result
of a solar wind modulated local interstellar spectrum
(LIS), i.e., the GCR spectrum at the outer boundary of
the heliosphere (roughly 100 AU). The GCR component
in the vicinity of earth is described by the time stationary



diffusion-convection model of solar modulation [11]. This
model has been successful [12), [13] in describing the
variation in galactic cosmic rays with time, given the
deceleration parameters (solar wind velocity, diffusion
coefficient, and size of modulation cavity). This precisely
determines the modulated GCR component at earth given
the value of the deceleration parameter (¢) which varies
over the 22-year solar cycle [14].

Since ¢ is a direct measure of the magnitude of solar
modulation, it is correlated with the ground-level (moun-
tain) measurement of neutron flux which also responds to
solar modulation. Since the Climax neutron monitor re-
sponds to higher energy cosmic rays (proton energy greater
than 2.2 GeV) than those that are responsible for upsets
in spacecraft avionics (energy below 1 GeV /nucleon), the
Climax neutron count can be used to predict the lower
energy cosmic ray modulation.

The following model [14] provides accurate (+10%)
GCR flux based on the Climax neutron monitor count.
The deceleration parameter (¢) is determined 95 days
later than the Climax neutron count by the following
correlation equations:

¢(T) = —0.8124 Climax(T — 95 d) + 3957.89 (6a)
&(T) = —0.8563 Climax(T — 95 d) + 4202.76 (6b)
¢(T) = —0.9528 Climax(T — 95 d) + 4772.86, (6¢c)

where Climax(T — 95 d) is the Climax neutron monitor
count (averaged over +14 d) at a time 95 d earlier than
current time (7). This time delay is consistent with the
results of the time-dependent diffusion-convection model
which suggests that propagation times are on the order of
100 d for reasonable values for the solar wind velocity, the
diffusion coefficient, and the radius of the modulating
boundary [15]. The value of ¢ is then used in the diffu-
sion-convection model (the Fokker—Planck equation) to
propagate the LIS through the heliosphere to the vicinity
of the earth.

These model equations for ¢ were found [14] by deter-
mining the value of ¢ that produced the best fit to the
quiet time cosmic ray energy spectra (see Fig, 5) for many
balloon and satellite measurements gathered over three
solar cycles. The resulting correlation in Fig. 6 shows the
model predictions consistently lie close to the actual mea-
surements over a forty year period.

The value of solar modulation associated with each
shuttle mission was found using this model. Table I shows
the resulting value of ¢ for each shuttle mission since the
new GPC’s were introduced in 1991. These values are
used in the Fokker-Planck equation to determine the
GCR differential energy flux for each mission. The dif-
ferential energy flux is converted to integral LET flux [9]
based on the known stopping power versus energy for
cach element.

Magnetospheric Attenuation

Free-space GCR’s are attenuated by the earth’s magne-
tosphere. The cosmic ray's cutoff rigidity (particle
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Fig. 5. Differential energy spectra for hydrogen, helium, oxygen, and
iron for 1973. Data points are actual particle measurements taken by
high altitude balloons and satellites such as IMP-8 [23]-[25]. Smooth
curves are the best fit by the GCR model equations described in the text
for ¢ = 580 (near solar minimum).
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Fig. 6. Deccleration parameter (¢) versus time for past forty years
based on the actual Climax neutron count [26] using (6) which converts
the Climax neutron count to ¢. Data points were determined by fitting
actual balloon and /or satellite quiet-time cosmic ray flux with the GCR
model equations described in the text.

momentum/charge) determines its ability to penetrate
the magnetic field and reach a given position. Shea and
Smart [16] have modeled the earth’s magnetic field and
tabulated the cutoff rigidity for each magnetic latitude
and longitude. Adams [17] has combined this table with an
orbit trajectory code to determine the cutoff for each
point of the orbit. Averaging over the orbit results in an
effective cutoff rigidity transmittance function which is
used to attenuate the free space cosmic ray flux.

Trapped Proton Radiation Environment

The trapped radiation spectrum during solar maximum
is determined by the AP-8 model with the 1970 epoch and
the 1970 USC & GS magnetic field [18). Only trapped
protons are considered since orbiter shielding is sufficient
at the GPC’s to eliminate trapped electrons. The orbit
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Fig. 7. Orbiter shielding distribution at the GPC location in aluminum equivalent mass thickness based on the elemental
volume dose program [21].

averaged proton energy spectrum propagated through the
orbiter walls increases dramatically with altitude. Missions
with altitudes above about 200 nautical miles have signif-
icant trapped proton contributions. Even for these flights,
the only trapped proton contribution occurs over the
South Atlantic Anomaly—consistent with actual SEU’s
logged on high altitude missions (Fig. 1). The orbit aver-
aged proton flux within the orbiter for 28.5 and 57.1
degree inclinations is similar.

Particle Transport Through Shuttle Orbiter Walls

The GCR and trapped proton energy spectra outside
the spacecraft are propagated through the spacecraft walls
by assuming energy loss due to ionization and nuclear
collisions [19] for a given wall thickness. The propagated
energy spectrum at the device is then converted to an
LET spectrum [9] since direct ionization calculations (2)
require an integrated LET spectrum /(L). Orbiter shield-
ing is accounted for by generating an LET spectrum for
ten (10) different thicknesses that cover the range of
thicknesses for the GPC location in the orbiter. The
orbiter shielding distribution in the forward avionics bay
where the GPC’s are located was calculated using the
elemental volume dose program [20). The aluminum
equivalent thickness of the orbiter body was determined
for 968 rays uniformly distributed in all directions emanat-
ing from the location of the GPC’s [21]. The distribution
is approximated by ten (10) thicknesses as shown in Fig. 7.
The LET flux for each of the ten thicknesses is a lincar
combination of the flux for each thickness weighted in
proportion to the shielding distribution in Fig. 7.

This approach yields satisfactory results for thicknesses
of 10 g/cm? (1.5 in). However, nuclear fragments are not
accounted for, so the model underestimates the flux for
large thicknesses. Adams [19] has shown that the errors
become significant for shielding of 50 g/cm? (7.3 inches
aluminum) and more. About 70% of the orbiter shielding
is above 10 g/cm? and 35% is above 50 g/cm?.

PREDICTED VERSUS ACTUAL UPSET RATE

The frequency of SEU’s varies considerably as a func-
tion of position within the orbit. Fig. 8 shows the time
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Fig. 8. Time between upsets for a typical high altitude (292 nmi), high
inclination (57.1 degrees) mission (STS-48) showing that the upset rate
can increase several orders of magnitude during SAA passage.

between actual GPC upsets for a typical high altitude,
high inclination orbit (STS-48). For this orbit, about half
of the upsets are located over the South Atlantic Anomaly.
The time between upsets decreases by 2-3 orders of
magnitude, as the shuttle traverses the SAA. Thus, upsets
caused by the GCR particles are easily separated from
those caused by trapped protons by assuming each SAA
upset was due to trapped protons, allowing for the normal
GCR background to overlay the SAA.

PREDICTED VERSUS ACTUAL UpSET RATES—GCR

The actual SEU rate due to GCR’s was calculated by
dividing the total number of GCR upsets by the flight
time for each of the eighteen STS missions. This data
appears in Fig. 9(a). The points around 1-3 upsets/GPC
day are the 28.5 degree missions and the higher upset
rates (4-7 upsets/GPC day) are the 57.1 degree inclina-
tion missions.

The predicted SEU rate due to GCR’s was determined
using the integrated pathlength distribution method (2).
The average free-space GCR flux was determined for
each shuttle mission based on the deceleration parameter
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Fig. 9. Predicted versus actual upset rates for shuttle missions showing that best correlation is found for sensitive volume
thickness to width ratio (P,) of about 0.05 + 0.01. For GCR upsets the best corrclation is found for sensitive volume
thickness to width ratio (P,) of about 0.065, and for SAA upsets it is found to be about 0.045. (a) Predicted versus actual
upset rate for GCRs. (b) Predicted versus Actual Upset Rate for Trapped Protons.

(see ¢ in Table I) derived from the average Climax
neutron count during the mission. The average GCR flux
at the device (I(L)) was found by propagating the free-
space flux through the earth’s magnetosphere and the
spacecraft shielding as described in the radiation environ-
ment section above.,

Fig. 9(a) shows the predicted upset rates for several
values of the device geometry parameter which describes
the sensitive volume thickness to width ratio (P,). Note
that the larger value (P, = 0.1) produces the lower pre-
dicted upset rates and the smaller value (P, = 0.01) pro-
duces the higher predicted upset rates. This is because the
minimum LET that can produce an upset is proportional
to P,. A value of about 0.065 for P, was found to give the
best correlation between predicted and actual GCR upset
rates. The smallest correlation coefficient (chi sq = 0.4)
was found for P, = 0.065 but this seems to be dominated

by the higher inclination flights since the 0.01 value pro-
duces better agreement for the lower inclination flights.
The fact that one value of P, cannot be found to satisfy
both the 28.5 and 57.1 degree flights may be due to the
inaccuracies of the transport code discussed earlier. Since
the code underestimates target fragmentation effects, the
computed LET flux for 28.5 degree orbits may have more
error than the 57 degree orbits. This is believed to be
because the lower inclination heavy ion spectra consist of
more energetic particles which produce more fragmenta-
tion than the 57 degree orbits. We observed this effect
[22] in the LET distribution measured by the Tissue
Equivalent Proportional Counter (TEPC) flown on STS-51
(28.5 degree) and STS-56 (57.1 degree). The model under-
estimated the LET distribution for both missions, but, for
LET’s above minimum ionizing iron nuclei the model
grossly underestimates the flux for the STS-51 (28.5 de-
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volume ratio (P,) ranging from 0.01 to 0.1 fits the actual data.

gree) mission. This suggests that the true value of P, is
larger than 0.065, more consistent with the 0.16 + 0.04
value determined from the edge effect measurement.

Predicted Versus Actual Upset Rates—Trapped Protons

The actual SEU rate due to trapped proton’s was calcu-
lated by dividing the total number of trapped proton
upsets by the flight time for each of the four STS missions
with altitudes above 200 nmi. This data appears in Fig.
9(b). The points below 2 upsets/GPC day are the 28.5
degree missions (STS-37, 49, and 57) and the higher upset
rates (around 5 upsets/GPC day) is the 57.1 degree
inclination mission (STS-48). The upset rates are higher
for the 57.1 degree inclination mission (STS-48) mainly
because its altitude is higher than the 28.5 degree mis-
sions (STS-37, 49, and 57), but also the 57.1 degree orbit
samples the heart of the SAA where the proton flux is
greater.

The method used to predict SEU rate due to trapped
protons differs from that described above for GCR upsets.
Trapped protons cause upsets by both direct ionization
and secondary particles created by the trapped protons
interacting with chip material. In this case the proton flux
J(E) determines the environment. The upset rate due to
direct jonization of these particles is found by (2) just as
was done for GCR’s. However, the upset rate due to
secondaries is found by (5). Fig. 9(b) shows the predicted
upset rate for several values of P, from 0.01 to 0.1 to
show the sensitivity to P,. The contribution of secondaries
does not depend on the P, ratio; however, the direct
ionization contribution does. The correlation is practically
ideal (chi sq = 0.1) for a sensitive volume thickness to
width ratio of 0.045.

Latitude Dependence

Fig. 10 shows the actual distribution of upsets with
geodetic latitude obtained from all of the upsets observed
for the 57 degree STS missions. For comparison with the
model, the predicted distribution is also shown. The pre-
dicted distribution is based on averaging the predicted

number of upsets over geodetic longitude for each lati-
tude bin. The average predicted Deceleration Parameter
(¢ = 980} for the time period of the flights was assumed.
The sensitive volume ratio (P,) ranging from 0.01 to 0.1
fits the actual data very well.

CONCLUSIONS

An integration method has been presented for process-
ing particle accelerator upset cross-section data to predict
in-flight SEU rates. The method was applied to a well
defined set of actual upset rate data—the new memory
device used by the STS orbiter. A special effort was made
to ensure accurate knowledge of environmental condi-
tions. A galactic cosmic ray model, accurate to +10%,
was used to define the actual radiation environment dur-
ing each of the eighteen STS flights analyzed.

The method has proven to be capable of accurately
predicting upset rate provided the geometric parameter
that describes the ratio of sensitive volume thickness to
width (P,) for the device is known. It was demonstrated
that P, determined by observing the edge effect disconti-
nuity (that occurs in measured cross-section versus effec-
tive LET at the transition from high angle of incidence to
zero when a new, usually heavier ion is selected) is consis-
tent with device technology. The value of P, for the
IMS1601EPI was determined to be about 0.1 based on
edge effect measurements (0.16) and comparison of pre-
dicted and actual upset rates (0.05), and is consistent with
the dimension derived from device technology (0.09). An
exact shielding calculation would increase the predicted
upset rate and make the value of P, determined from
comparison of predicted and actual upset rates (0.05)
more consistent with edge effect measurements and de-
vice technology. In any case, the results of this study
strongly suggest that P, is not close to the limiting value
of 0.001 or 0.0001.
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