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THE EFFECTS COF SOhAR FLARES ON SINGLE EVENT UPSET
RATES

James H. Adams, Jr.* and Andrew Gelman®*

ABSTRACT

Solar flare particle events pose the most extreme
- 8EVU producing environment. The most severe aspects of
several flares have been combined to prciuce a model
for a composite worst-case flare particle svent, This
madel is proposed as a standard for ths design of
spacecraft that must operate without interruption.

1. _INTRODUCTION

Solar flare
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particle events can domirate the
 radiation ewiromment in the interplanetary medium and
"will affect any spacecraft not well protected by the
magnetosphere of the earth or some other planet,
These particle events should be a benchmark for the
design of spacecraft that must operate all the time
and a design conslderation for other spacecraft that
must recover gracefully from their effects.

In this paper, several large flares have been
.examined, Using these events as models, a composite
worst-case particle event was constructed, The
effects of this event on various electronic components
within a spacecraft are examined as a function of
device sensitivity, spacecraft orbit, and materizl
shielding.

2. SO0LAR FLARE PARTICLE EVENTS

Many solar flares are known to give rise to
particle radiation enhancements that are observable at
earth. A few times a year, these particle events are
large enough to dominate the radiation environment in
the interplanetary medium near earth. These large
events are at their worst for oaly = few hours, but

they may last for a few days.

The data base on large solar flare particle events
is sparse, The earliest evidence cpmes, from reports
‘of aurorae, some so large that theyfcou;d be seen at
‘the equator. Such aurorae may ha?e_éesulted from
glgantic solar flare particle evénts. The first
direet evidence for solar flare particles came from
ground-based measurements in the 1940G%'s and 1950's
that detecfed some large events. The heavy ions in
solar flare particle events are the principal cause of
SEU's. Data on the differential energy spectra of
heavy ions in solar flares has only been collected in
recent years. However, good data on solar flare
proton fluxes has been collected sinece the mid-1950's.
We will use the proton energy specira to construet a
composite of the worst features of %the most severe
flares, We will then assume that this composite flare
is heéavy ionm rich and use the heavy ion to proton

~raties of ref. 8 to get the heavy ion spectra.

The data base on solar flare particle events has
recently been reviewed by ref. 1. Flgure 1 presents
the event integrated proton fluences for all the large
flares from 1955 to 1982, Three distinct cycles of
solar activity ean be seen in the smoothed sunspot
numbers. These three cycles are repeated in the

frequency distribution of solar flare particle events., |

The character of the particle events in the three
cycles are quite different. The cycle-averaged profton
flux of the 19th cycle (1955-1961) exceeds that of the
20th (1966-1972) and 21st (1978-1982) ecycles by
factors of 4 and 6 respectively. Also the largest
flares of the 19th cycle are larger and have harder
spectra than those of the later cycles.
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Figure 1: Proton fluences above 10 and 30 MeV in
solar flare events during sclar-cycles 19, 20,and 21,
The solid curve represents Zurich smoothed sunspot
numbers,

Of the various flares summarized in figure 1, the
events of Feburary 23, 1956, May 10, 1955, July 14,
1959, and Nov. 12, 1960, stand out as the most severe
at energles above 30 MeV. Figure 1, however, shows
the event-integrated fluence. The most extreme
environment occurs at the peak of the flare particle
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Figure 2: The integral proton energy spectra for the

peaks of solar flare particle events of August 4, 1972
and Feburary 23, 1956,

!




g,

event. The proton differential and integral energy

spectra éﬂﬁ the peak of these and other flares were
examined . It was found that the integral proton
spectra of all the other flares fell within an upper
bound set by the combined integral spectra of the Feb,
23, 1956, event, using the upper bound reported by
.ref, 4 and the model of the Aug. 4, 1972, flare
* reported by ref, 8. These two integral proton spectra

are shown in figure 2,

Figure 3 shows the proton differential energy
spectrum for the solar flare particle event of August
4, 1972. This event is widely used as a benchmark in
the radiation effects community. The total radiation
dose it delivered was perhaps the most severe of any
flare, especially the dose to solar panels. Also
shown in figure 3 is the spectrum of the composite
formed from the Aug, 4, 1972, and Feb. 23, 1956,
flares. It can be seen that the earlier flare was
much more intense a2t high sneraies., This mezns that

¢ the composite spectrum will penetrate shielding more
-effectively and produce more SEU's, in most cases,
_than the event of August 1972 alone.
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Figure 31 The proton differential energy spectra for
the peaks of the August 4, 1972 solar flare particle
event and +the composite worst-case solar flare
particle event.

To complete the description of this composite
event, we wWill assume that it is enriched in heavy
ions such that only 10% of all flares are richer in
heavy ions than assumed for this composite event, The
heavy ion to proton raties for all the heavy ions
through nickel are given in ref. B. The ratios for
the remaining elements to protons were obtained from
ref. 9 and enriched, using the procedure in ref. 10.
This composite event represents a ecredible worst-case
solar flare particle event at earth for producing
SEU's and 1is proposed as a standard for use in SEU
rate calculations.

3. INTEGRAL LET SPECTRA

Most of the SEU's resulting from solar flares are
caused by intensely ionizing particlea. "In this case,

integral LET spectra are used to calculate the SEU

rate. These spectra present the flux of particles
that have an LET greater than or equal to the
threshold value. This LET threshold corresponds, in a
crude way, to a device 3EU threshold, and so the
particle flux above the LET threshold is approximately
propertional to an SEU rate. With this in mind, LET
spectra can be compared directly to get an idea of the
relative upset rates for the same device in various
enviromments, Figure 4 shows the LET spectrz for the
composite worst-case flare behind four thicknesses of

shielding. While material shielding does reduce the
SEU rate for any device in this environment, the

reduction is not 2F great as reported for the Aug. 4,
1972, event alone ',
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Figure 4: 7The integral LET spectra for the composite
worst—-case solar flare particle event outside the
magnetosphere., These specira are behind aluminum
shielding of the indicated thicknesses. These
thicknesses correspond to 0¢.025, 0.%, 0.5 and 2.0
inches of aluminum.

These integral LET spectra are also given in table
1. Since each doubling of the shielding thickness
causes approximately the same fractional reduction in
the LET spectrum, interpolation between spectra is
reasonably reliable. - These tabulated spectra can be
used to compute SEU rates using the method described
in ref., 11 for shielding thicknesses between 0,025 and
2.0 inches of aluwunum, The approximate effeé¢ts of
other shielding materials can be found by using their
equivalent thickness in mass per unit area of aluminum
for interpolation in table 1.

Table 1 also contains the integral LET spectrum

for the 10% worssgcase environment in the
interplanetary medium . This environment is
constructed such that the instantaneous radiation

environment is more severe only 10% of the time,

The effects of geomagnetic shielding on- the
composite worst-case flare are explored in figure 5.
In each case, the infegral LET spectrum 1s behind 0.1
inches of aluminum shielding and the sclar flare heavy
ions are assumed to be fully ionized. Curve a is the
integral LET spectrum outside the magnetosphere.
Curves b, ¢, d, e, and f are the orbit-averaged LET
spectra for orbital inclinations of 90, 60,50,40,and
30 degrees, All the orbits are circular at 400km
altitude, but &the shadow of the earth on the
gpacecraft has not been taken intc account, The
differences between curve a and curves b through f are
Jjust due to the orbit-averaged geomagnetiec cutoff
transmission to the spacecraft.

Geomagnetic shielding appears €0 bhe quite
effective, however the combined effects of material
and pgecmagnetic shielding must be considered. The
reader should refer to fig. 8 of ref. 11 to see the
cambined effect of magnetic and material shielding.
The ability of material shielding to restore the high
LET tail to solar flare LET spectra should be just as
important as in the case of cosmiec rays.

It has been generally assumed that solar flare
particle events do not affect the radiation
environment for spacecraft in a 30 inclination orbit
at low altitude, Curve g shows the LET spectrum
behind 0.1°inches of aluminum shielding, averaged
arcund a 30" irelination circular orbit at 400km, for
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_the 10% worst-case environment

- 3.92E+0  1,26E+3 2, MTE+8  1,26E+8  3.68E+7  B.31E+6

I 1. UUE+3 1.03840  1.20E+5 2.TOEasd, 5S.21E+3 1.20E+3

8 in the interplangtary
medium. The contribution from trapped protons is
alse included. Comparing curves f and g, we see that
the compesite worst-case flare produces —.a large
increase over the worst radiation environment normally
expected in this bit. The slze of this difference

.above 1000 MeV em /g depends on the validity of the

assumption that ultra-heavy nuclei are also enhanced
in heavy ion rich sclar flares.

TABLE 1: [NTEGRAL LET SPECTRA OUTSIDE THE MAGNETGSPHERE

PARTICLE FLUX
(particles/sq. meter ster. sec)

101 COMPOSITE WORST-CASE FLARE

WORST-CASE
LET 2 (] + ¥ * .
{¥eV ex™/g) 0.1 0. 025 9.1 0.5 2.9

1.61E+0 6.32E+3  2,75E+8  1,58E+8  6.29E+7  2,89E+47
2.51E+0 1.86E43  2.58E+8  1.3TE+8 4. TUE+T  1.6ME+7 |

6.12E+0  1,12E+3 2.36E+8 . 16E+8  2,95E+7  4.39E+6
9,56E+0  T.HGE+2 2,10E+8 9.41E+T  1,915+7  2,20E«6
1.49E+1  5,3TE42  1.68E+B  6.46E+T7_ 1.01E+7 9.TIE4S
2.33E+1 3. HOE+2 1, T6E+B  3.66E+7  4.BAE+6 4, 20E+45
3.64E+1  1,92E42  6.56E+47  1.TBE+T 2. 1TE«6  1,89ES
5.68E+1 1,09E+2 3.23E+T B.OUE+H 9. UDE +5 9.34E+4
8.BTE+1  5.90E+1 1. 43E+T 3.40E+46  3.97E+5 5. 15E+4
1,39E+2  3.DEE+1  5.8BE+6 1.3TE+6 1.70E+5  2.86E+l
1.55842  2,65E+1 W, TTE+6  1,05E+6  1.38645 2, 4SE+d
LT3E+2  2.29E+1  3.7TE+6  B.S8E+5  1.12E+5 2. 11E+4
1,93E+2 1. GTE+1 3. 00E+5 6. 85E+5 9. 18E+4 1, TAE+4
2.16E+2  1.T3IE+1  2.3BE+6  S.4UE+5  T.SUE+4 1, GUEel
2.52E+2  1,54E+1  1,88E45 4. 3TE+5S  6.20E+8 1, WED
2.70E+2  1.2BE+1 1.48E+6 3.51E+5  5.20E+4 1, 1UE+Y
3.02E+2  1,12E41 1 T9E+6  2,86E+5  W.36E+4  9.85E+3 |
3.38E+42  9.5BE+0  9.40E+S  2,31E+5 3. GUE+H B, 5UEe3 |
3.TIE+2  T.97E+0  T.61E+5  1.91E+5  3.05E+4  7.23E+3 |
4,22E+2  6.B6E+R  6.12E+5  1,56E45  2,56E+4 6. 18E+3

4,72E+2  5,84E+D  U.BSE+S  1.26E+5 2.13E+0  5.22B+3 .
5.27E+2  5.06E+0  3,TTE+5 1.01E+5 1.76E+4 U 41E+3 |
5.89E+2 U, UGE«0  3.32E+5 B, 7SE4  1,53E4 3. BIE43  §
6,59E+2  3.96E+0 2.93E+5 T.6IE+&  L3IE+HL 3.31E+3
T.36E+2 3.4TE+O 2.60E+5 6. 63E+ 1. 1TE+S 2.%1E+3
8.23E+2  3.11E+0  2,30E+5 5.TGE+4  1.OME+d  2,60E+3
§.20E+2  2,TUE+D  2,03E+5 5.02E+4  9,35E+3  Z,35E+3
1,03E+3  2,43E+0 1,BOE+5  4,3BE+8  B.UGE+3  2.16E+3 |
115643 2, 1440 1,58E+5  3.81E+4  7.78E+3  2.0DE+3
1.29E+3 1.3BE+0 1.38E+5 3.22E+4 6.11E+3 1,58E+3

1.61E+3  T.90E-1  1,01E+5  2,10%4; 4,13E+43 9.27242
1.80E+3  6.10E-1 8.95E+d  1.B6EW4! 3.31E+3  7,21E42
2,01E+3  4,6BE~1 T.88E+4  1.STE+d: 2.61E«3  5.56E+2
2,24E+3  3.60E~1  6.93E+4  1.32E+% 2,05E«3 4. 2BE+2
2.51E+3  2.78E-1 6,05E+4 1,10E+4  1,61E+3  3.31E+2
2.80E+3  2,15E-1  5.29E+¥  G9.28E+3 1.27E+3  2.58E+2
P 3.13E+3 1.66E=1 W4, 63E+4  T.T9E+3  9.9ZE+2  1,98E+2
: 3.50E43  1.27E-T  4,02E+4  6.52E+3 T7.67E+2  1.52E«2
3.91E+3  9,87E=2  3,50E+4  5.49E+3  6.03E+2 1. 1BE+2
4.38E+3  T.63E-2  3.03E+4 4, 60E43, 4, T2E+2 9. 20E+1
4, 89E4+3 5,852 2.59E+4  3.79E+3  3.65E+42  T.O07Est
5. UTE+3 4 4BE-2 2,20E+4  3.I0E+3 2 83E+2  5.47E+1
6.11E+3  3.45E~2 1.86E+M  2.50E+3 2,19E+2  4.22E+1
6.83E+3  2,63E2  1.55E44  1.G9E+3  1,6BE+2 3,238+
T.64E+3  1,95£-2  E.24E+4  1,51E+3  1.25E+2 2, U1E+1
8.54E+3  1,50E-2  1.03E+4  1,21E+3 9.75E+1  1.BGE+)
9.54E+3  1.13E-2  B.3SE+3  9.31E+2  T7,39E+1 1, UOE+1
1.07E+4  8,42E-3  6,T1E+3  T.19E+2 5.65E+1  1,07E+1
T, 19+ 6,15E=-3  5.27E+3  S.HNE+2  4,29E+1  7.G9E+C
1.33e+4 4, B3E-3 4.05E+3 4, 08E+2  3.22E+1 5.94E+0 |
1.49E+U  3.12E-3  3.06E+3  2.96E+2 2,36E+1 4, 30E+D
1,67E+8  2,24E-3  2,28E+3 2. 1UE+2  1.T2E+1  3.09E+0
1.86E+4  1.60E-3 L.T2E+3  1.58E+2  1.26E+1 2.26E+D
2.08E44  1,08E-3  1.2UE+3  1,12E+2 B,B8E40)  1.59E+0
2.33E+4 6, 64E-4 B U1E+2  T.55E+1  S5.97E+0  1.05£40
2.60E+4  3.25E-F  4,.B0E+2 4,.21E+1  3,35E+0 5.91E-1
2.9iE+8  LYUBE-S  2.89E+1  Z2.51E+0 2.83E-1  3,66E-2
3.25E+4  9.%8E-T  6,59E40 6.02E-1 9.TSE-2 B, 3263
3.63E+8  H.TBE-T 4.1TE+0  3,66E-1 6,U2E-2 4.77E-3
4,06E+4  3.12E-T 3. 20E+0 2.69E-1 B.69E-2 3.32E-3
4, GUE+d  2,00E-7 2.53E40 2.04E—1 3.38E-2 2.39E-3
5.0TE+4  1,30E-T 2.00E+0 1,55E-1 2,566~ 1.T2E-3
S.6TE+4  7.8TE-B  1,4BE+0 1,11E-1 1.81E-2 1.18E-3
6.38E+4  Y_33E-8  T.OPE4D  T.36E-2  1.19E-2  T.4SE-4
7.08E+4 2 47E-8 T.18E-1 U, 9YE-2 T.83E-3 4, B5E-4
T.92E44  1,26E-8 U, UEE-1  2,98E-2  4,56E-3 2.80E.H
B.85E+d  3.50E-9  1.32E-1  B.52E-3 1.32E-3 7.93E-5
9.90E+4  2,2TE-10 U, 34E-3  2,73E-4 4, TUE-5 2.65E-6
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Figure 5: The integral LET spectra for various
eircular orbits at 400km alt¢itude, Curves b, ¢, d, e,
and f are corbit-averaged LET spectra due %o the
composite worst—-case solar flare for orbital
inclinations of 90, 60, 50, 40, and 30 degrees
respectively, Curve a is the LET spectrum for the
worst-cazse solar flare outside the magnetosphere,
Curve g is the orbit-averaged LET spectrum for a 30
inclination circular orbit at 400 km and a 10%
Worst-case enviremment in the Interplanetary medium.
A11 spectra are behind 0.1 inches of aluminum and
solar flare heavy ions are assumed to be fully
jonized,

4, SEU RATES FOR TYPICAL DEVICES

SEY rates iIn the composite worst-case flare
environment have been computed for three typical
devices, The model data for the 93422 and the
HM6508RH were taken from ref, 13, while the model data
for a N-MOS d-RAM was taken from ref, 12,

Table 2; DEVICE PARAMETERS

DIMENSIONS OF

PART NO. TBE CRITICAL VOLUME CRITICAL CHARGE

B (in micrometers) {in picocoulombs)
g3422 30%30X2 ' 0.014
N-MO3 4-RAM 21X14X3.5 0,249
HM6508RH 20X15%2. 2 0. 82

Figure 6 compares the SEU rates for these devices
putside the earth's magnetesphere as a function of
aluminum shielding., The 3o0lid curves are for the
composite worst-case flare, while the dashed curves
are for the enviromment of' the Aug, 4, 1972, event,
It is clear from this figure that using the Aug. 4
event as a model would lead to an overestimate of the
effectiveness of shielding.

Figure 7 shows how the orbit-averaged SEU rates
would vary for these devices as a function of orbital
inelination for e¢ircular orbits at 400 km altitude,
The devices are assumed to be behind 100 mils of
aluminum shielding and the heavy ions from the solar
flare are assumed to be fully ionized as they enter
the magnetosphere. The reader is cautioned that the
charge state of solar flare heavy ions is not{ known,
though they are often assumed to be fully jonized. It
should also be noted that the instantaneous SEU rate
will vary around the orbit.
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Flgure 7: Orblt-averaged single event upset rates for
three devices as a funetion of orbital inclination for
the composite worst-case solar flare environment,
All orbits are circular and 400km altitude, All the
devices are assumed to be shielded by 0.1 inches of
aluminum.

5. CONCLUSIONS

The -- composite worst-case flare enviromment

‘presented here is a credible worst-case flare particle

envirgnment, based on all the available data. It

represents the sort of SEU producing environment that -

spacecraft must tolerate if they have to operate
without ‘interuption.” Material shielding is effective
in moderating the solar flare particle environment.

The effectiveness of geomagnetic shielding depends on
the charge state of solar flare heavy ions. A
conservative’ design assumption at present would be teo
neglect the benefits of geomagnetic shielding. If
geomaghetic shielding effects are included, the
effects of the material shielding present in the
spacecraft must alse be considered, It should alsc be
remembered that the upset rates presented in figure 7
are orbit-averaged., The actual rate will vary around

the orbit. For the higher inclination arbits, the
instantaneous rate will approach the rate outside the
magnetosphere al some pniats in the orbit.

The composite¢ solar .lare particle enviromment 1is
far more seve - than tr¢ sne normally present (see
ref. 11} in siace, even %or low altitude and low
inclination orbits. .. M™v  composite solar flare
particle enviranment Jarmses an extreme demand on
spacecaraft design. A dpitical factor determining the
cost and complexity of “spacecraft electronic systems
is the willingness of the spacecraft manager to
tolerate ocassional outages., If 99% "up" time is
acceptable, t' 4a no large solar flares have to be

.tolerated and = much milder environment can be
% . $pecified for the <pacecraft design considerations,
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