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Abstract

The engrgetic electron environment at the geosyncnronsus orbit is very inteénse,.
dynamic, penetrating, and responsible for 4 variety of adverse charging effects bn
gpacesraft componénts, The mast 8erious of thege i8 the degradatisn and faflure
of widely used complementary-métdl ~oxide -sericonductor (CMOS) eléctronie com -
ponents as a regult of internal charge-buildup induced by the energetic electrbns.
Efforts to aceurately determine the expected lifetime ofthese coriponents in this
orbit have been hampered by the 1ack of detailed knowledge of the electran gpestrum
and intensity, particularly of the mate penetrating enérgfes > 1,5 MeV. Large
uncertainties therefore exist in current radiation models for this region ad a result
of these deficiencies. This]prbblem is illustrated through the caleulation of the dosge
received by a CMOS device from the erergétic elestrons and associated bréms ”
strahlung as & funstisn of aluminum shielding thickness wing the NASA AE-6 arid
the Aerospace measured electrbn eénvironments, Two computatisnal csdes which
have been fsund to be in gdod agreement were used to perfor the caleulatisrs, For
& given shielding thickness the dose received with the two radlat{on edvironments
differ by a8 much a2 a faster of géven with a correspondling varidtion in lifetime of
the CMOS. The important role of bremsstrdilung t6 the prbblem at the larger
ghielding thicknesses is evident from the reeults.” These diserepancies, which ad-
versely impact spacecraft shielding designs, will be resolved on the SCATHA iis ~
sion since the High-Energy Particle Snéctrometer expériment (SC-3) will provide
fine ressiution measureménts of the e betron flukes, erergy spectra; and pitch-
angle distribution over the énergy radge 100 keV to 4 MeV and the tntagral flux be-
tween 4 to 10 MeV. Prétong from 1MeV to 180 MeV add alphd pafticles from 8 MeV
to 60 MeéV will al§6 be measured, The differential and accumulated dbse received
as 8 furiction Of shiélding tHickness will be determiréd In real time throughoist the
misgisn from the measured quantities and the calculational codes.
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1 INTRODUCTION

A satellite in the geosynchrondus orbit ig subjected to an (nteride, continuvous,
highly dynamie, and very penetrating radiation envireiment. The energetic eiec-
troh poptilation (> 100 keV) exhibits large variations {n intensity arld spectral shape
assdclated with geomagnetle storms and substormg, In adaitidn, the particle popu- .
lation exhibits diurnal and longitudinal variations that are signifi¢ant., At the time
of Bolar particle eévents, high-energy protons, electrons, and alpha particle8 of
solar origin also have ready, efficient, access to the géosyrichronous prbit. This
complex radiation environment, which is difficult to model, is responsible for a
variety of adverse charging effects on spacecraft cothponents. The mo#t gerious
of thege problems, just identified in recent years, is the degradation arid ultimate
failure df complementary -metal-oxide -semiconductor (CMOS}¥léctrénic compo-
nents dué to internal-charge-buildup induced by the {onizing radiation in the gate
oxide and xt the semiconductor-ingulator interface of the devices. This process
occurs at radiation dose levels approximately two to three orders bf magnitude
below the level where bulk radiation damage seccurs in typical semiconddctor de-
vices. The overwhelming attractiveness of CMOS devices tncluding their 16w power
consumption and large-scalé -integrated circuit capabilities has reeulted in increased
usagé OF theee devices for satellite applications, including long-lived géosynchrorious
gatellite orbit applicationd, despite thebe problems,

Contending with thé charge-buildup problem requires that three distinzt areas
be {nvestigated: (1) the densitivity of CMOS, PMOS, and ather components to
ionizing radiation must be determined as a function of radiatibn particle type and
energy, component part type, manufacturing proce&d, and applicatibn: (2) the
radiation envirohment to which the devices will be exposed in orbit must be estab-
l{shed; and (3) based on the environment and the migé&ion lifetime desired, the
added Shielding to maintain the rediatisn dose below the damaging lévels must be
determined.

Radiation génsitivity teste on a variety of components are underway id several
laboratories employing principally radicactivée gamma-ray ermittirg sources and
electron accelerators. Both of these sources bnly approgimaéte the actual complex
eléctron Spectrum ércsuntéred inh gedd8ynchronous orbit but the accuracy of the
techhique is felt to be Better than our present knowledge of thé environment itself.

The principal models of the électron radiation envirordmernt in the geosyrchro-
hous orbit art! previded by NASA and are referred to a8 the AE-4! and the AE -8
models. 2 Bath models are thought to have dccuraciés of only a factor of two to
three. Recently, energetic electron measuremerits made on the ATS-8 synchronots
satellite by the Aerospace group3 sliggést that the aetual electroh flix is higher and
thé spectrum more energetic thari the NASA mddel predicts. The cofiséqueiices of
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the adsptisn Of the latter environment are significant t6 spacecraft deaigrers in
that greates shlelding La required to miaintaln the CMOS devized below the damage
level, I[xereased shielding means increaged welght whidh dlways has an edverse
effect od spacecraft design, The prineipal reasons for the inacduracies and dig-
crépanélés {n the mbdel environments are the limited freadureémerits ava{lable over
long time periods, extended energy range6 and with sufficient spectral resolution,
Until this situation improves, the spacecraft designer will be unable to optimize his
shielding treatment anti muet design conseérvatively,

In this paper ad experiment will be described that will te flown aboard the
SCATHA satellite in near-syrnchrénous orbit in 1878, A prime goal of the experi-
ment, identified 258 SC-&, will be to define the enérgeétic¢ particle radiation envir-
onmént in considerable detail and to determine the actual dose received in this
orbit by devices such as CMOS behind various shielding thi¢knegs, The experiraent
will be ¢perated continuously far at least a year and the differential and accimulated
radiation dose will be determined in near-peal time. The dose will be determined
from the measured differential spectrum of eleetrons, prétons, and alpha particlee
in conjunetion with particle transport calculations that establigh the surfice dose
behind different thicknesgés of aluminum shlelding,

Until the above medguremeénts are available, determination of the dose acquired
in the geasynchronous arbit and the required shielding of CMOS devices will have
to bé made with the available énvirénmental models, Extensive doee calculations
have beéén performed at Lbckheed and are dessribed in this paper using both the
NASA anti Aérogpace electron environmerits and emplaying two differerit transport
code8 to6 develbp confidence in the technique. The caléulations have included the
dose acquired from the brem#strahlung generated by the eleetrone in the shielding.
Solar flare proton doles 18 & functibn of shielding thickness have &lss been deter-
mined for an extended misgion satellite operating over the solar maximum period.

2. RADIATION ENVIRONMENT

The dosé in the synchronous orbit comes printipally from the outer radiation
belt efrétrons, Figure 1shows the lntegral flux of theee electroris a8 a function of
ériérgy obtalnéd frém the latest NASA AE-§ model? and fram the Agrogptce
méasurenients,” The Ab-6 model fiuxes ate mean valiies applicable in the 1980
time period for a magnetic L-shell of 6.8, répredentative of the 8ynchronous orbit,
It should be dated that no substantisl differences exist between thé AE-8 dnd the
edrlier AE-4 models in this region Of spacs, As mentloned earlier, the NASA
model 18 believed to be accilrate to within # X2 to + X3, The Aéroapice valies are
baaed on & few Hurdred days of data obtairied id 1976-78 with &fi {ristrumert on the
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ATS-8 gatelllte and conflrmed by earlier data obtained ori the ATS -1 synchronous
gatellite,
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The meet significant differences in the two environments éxist at the higher
erergies > 1,5 MeV. At 1 MeV energy the Aercgpace {lux values are X3 higher than
the mean AE -8 values, but the upper limit of the latter model would be consistent
with the former valués, Above thie energy the differenzes become progressively
larger with the Aersspace fluxes being a factor of  and 12 higher than the AE-8.
valués at energles of ¢ and 3 MevV, respectively. Thebe differenced dare due to a
dofter electron gpeetrum used {n the A%-6 model, that (s, the flux decreases rmore
rapidly with iriéreasing energy.

Because of the quasi-rardsm nature of the oceurrences, fluences, and spectra
of solar particle évents, selar proton fluxes muet be treated statistically, For a
syfichronous satellite misai{éd operating for four years in the 1978 to 1882 timé
period éhcomipassing the next maximum in eater detivity, the solar proton fludricés
were derived From the model gérieratsd by Ktﬁg‘.‘1 TH{& model ig bésed heavily on
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tho data obtaineéd during the last solar cycle-20 Which 18 d4ssuméd to be typleal of
the upcoming cycle-21. It should be ntted that approsimately 85 perednt of the
flience experiénced in cycle-20 wad acdquired during the singlé large event of
August 1972,

3, DOSF. CALCULATIONS

Thé electron Bpectra shown in Figure 1 have been ugéd as ihput to two inde-
pendent cbmputer programa that calculaté dose, The first program called AURORA
was originally develbped at Lockhe&d ts treat the ésdérgy deposited in the atmos-
phere by precipitating elestrons, 5 The program Was adapted for this purgoge by
substituting plane-parallel sheets of aluminum as the absorbing media in place of
the atmospheric constituents. The program util{zes finite difference techniques to
numerically sblve the Fokker-Planck steady-state equatibn for electrods diffusing
through the medium. The derivation of the diffusion equation IS rigorous and takes
into account changes in the blectron distributibn function as a furetion of time, pitch
angle, energy, and the radial distance frbm the axis of the electron beam. The
diffusion coelfieients used to deseribe the pitch-angle scattering in the diffugion
equatibn are valid down ts electron energies of -1 ke, The treatment is relativ-
istic afid therefare valld at all higher electron energ{es, The AURORA code does
not, however, irclude the surface dose at the CMOS chip due to the prodictisn of
bremsstrahlung in the slabs by the input &léctirons,

In Figure 2 the surhce dose accumulated psr year in the synchronous orbit at
the surface of a CMOS chip sandwiched between two infinite plane aluminum shield6
of equal thicknegs 18 ehown for beth the AE-4 and the Aerospace electron fluencés
as tnputs, The 0,018-in, rickel cover on the CMOS elements provides a measure
of shielding and thil has been included in the caleulationg, The shielding thickness
shown in Figure 2 is the additional shielding required around the component.

The second set of electron dose calculations were kindly performed by the Air
Force Weapons Laboratory (AF‘WL)6 using their Ménte Carlé technique. THhig pro-
gramm includes the gecondary dose due {» bre ~s8strahlutig. Comparison in Figure 2
of the AFWL and AURORA chde outputs fbr the Aérospace flux profiles reveals
essential agréérment for shielding thicknes&es up th 0, 15 inch. For greater shield-
ing the bremsstratilung dose Included in the AFWL code beging to dominate. This
illustrates the impracticality of Jt{lizing large thicknesses of low «dénsity muterial
to shield ""sott' devices id this environment. If a soh component requires greater
thah ~0.9 in, (1,39 g/cmz) of sluminum shieldifig to survive the mission duration
theh additional consideration mist be given to using high-density shielding such as
lead, tungstén, copper, &te, , inside the alufmirium to attenuaté the bremsstrahlung

705



dose, This latter effort {& much more difficult arid welght-defianding than shieiding
the diredt electrons and 18 not addregsed furthor in tals paper,

SYNCHRONOUS ORDBIT DOSES VS ALUMINUM SHIELBING
THICKNESS FOR A CMOS DEVICE WITH A 0, 040-INCH
NICKEL COVER BETWEEN TWD PLANE SIIELDS OF
EQUAL THICKNESS

TRABPED ELECTRONS
(DOSE PER YEAR FROM AEROSPACE FLUX PHOFILE)

LMSC AURRORA LODE
(DIRECT ELECTRON DOSE ONLY)

- = == AFWL MOTE CARLLU CODE
(INCLUDES BREMSSTRAHLUNG
CONTHIBUTION)

= TRAPPED ELECTRONS DOSE PER YEAR
AE-8 ENVIRONMENT

AFWL MONTE CARLO CODE
(INCLUDES BREMSSTRAHLUNG
CONTRIBUTION)

10

13k

SOLAR FLARE PROTONS

(TOTAL DOSE FROM MAX.
OF SOLAR CYCLE 20)

lbijilellJJJ;lll

0 0.10 0.20 0.28
SHIELDING THICKNESS (INCHEE OF ALUMINUM)

Figure 2. The Dass Acquired in Synehronous Orbit
From Trapped Eledirons and Salar Proténs a8 a
Funatién of Shielding Thiskness, The annual electron
dose hag been caleulated for the Aersspads Environs
ment utiliz{ng two independent computer ¢odés deséribed
Inthé text. The annual dose due te the AE-8 elastran
envtronment and the agssciated brérmastranlufg ha8
Been ¢aleulatad with the AFWL cbde

The {mpast of the two électron environments can also be ¢dsily seedi in Fig-
ure ¢, Fbr a ehielding thiskness of 6.10 in., a thicknesa tnat typleally surrsunds
4 CMOS ehip srcassd {n ail slectronics box withinn a spacseraft ekin, the CMOS chip
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would recéive a yearly doso of 10, 000 rads iri the AE~6 environmant but a dose of
70, 000 rads in the Aerospace anvironmeént, An equivalent way of expreaaing thla
tmpuet ig that 8 CMOS device behind 0, 1-in, aluminum that has n damage lovel at
.0, 000 rads would function for eng year in the énvironmant represented by the

AE-8 model but only 51 days in the Abrespacd environmont, Tho impact on mission
lifetime IS obviously very signifieant and at presont the spacecraft designor must
shleld conservatively,

The most probable dose received ina migsion dear the solar maximum period
from golar protons ls also shewn in Figure 2. The total fluence oxperienced in
cycle-20 as a function of proton eriergy was obtained from King4 and was assumed
to be typical of the maximum flueti¢es t0 be encountéred IN eyele-21, A proton
energy depositiort computer program called PROTON' developed at L.ockheed was
used to détérmine the dose behlhd plane-parallel slabs of aluminum shielding. To
determihe the total dosé¢ received by a CMOS device béhind a given shieldthickness,
the contribution from the solar protons. must be added to the cofitribution from the
trapped eleetrotis,

The relationship between the dose level shown in Figure 2 to the damage levels
of CMOS, PMOS, and most bipolar junctibn transistors is illustrated in Figure 3.
The annual dose dire to electrons ant! bremsstrahlurg in both the AE-6 and Aerospace
énvironments IS shbwn out to shielding thicknesses of 0.7 inch. The relatively con-
stant brerasstrahlung dose of between 256 to 800 rads per year (AE-6 vs Aerospace
madeld) accumulated behind thiek shields is quite évident and along With the solar
proton dsgé becomes the limiting factor on the radiatior softness of a device that
can be tolerated in a long dufation syrehronous drbit mission.

Curreéntly available soft CMOS and PMOS devices exhibit serious degradation at
levels between 4000 to 16,000 rads dué ta the charge-buildup problem. Reliable
utilization of these devices in even a one-year mission would require aluminum
shielding of approximately 0.2-in. thickness, Hardened CMOS devices, now be-
coming available, have degradation levels in excess of 150, 000 rads. A nbminal
shielding thiekness of 0.08 in. aluminum will protect a hard CMOS device for a
minimum of one-year operation in thé synchrohous otrbit, Many linear integrated
eireuits have exhibited damage levels as low as 20, 000 rads and corrégpondingly
greater shielding is required with these! devices. As mentioned earlizt, knawledge
of the radia st sensitivity of the electronic compohents to be used in an apniication
is egdential to long-lived, reliabie operation, Unfortunately, the radiation sénsi-
tlvity of cusrently available devices having {dentical part types can vary greatly
from supplier to supplier depending upon the manufacturing process used and can
everi vary significartly from wafer to wafer within the same manufacturing process.
Extreme caution Isthe watchword,
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SYNCHRONOUS ORBIT OGSES VS, ALUMINUM SHIELDING
THICKNESS FOR A SILICON DEVICE WITH A 0, 010-INCH
N':Cg%‘ ECgO_sVEﬁ BETWEEN TWO PLANE- SHIELDS-OF EGUAL
THi

BIPOLAR JUNCTION TRANSI STOR DEGRADATION LEVEL

DOSE PER YEAR FROM-AEROSPACE FLUX PROFILE .

ELECTRONS ANJ BREMSSTRAHLUNG
DOSE PER YEAR FROM NASA AE-8 ENVIRONMENT

DOSE (RADS)

10 CURRENT COMMERCIAL CMOS 7
Y DEGRADATION RANGE
- ‘— — o mdf mme ol e e = e e fmm wen e = vhe - e e e e ey
\
\
=N
10°F
}_
r
| £ 50LAR FLARE PROTONS e
{TOTAL DOSE FROM MAX. e TG
OF SOLAR CYCLE 201 ~-
102 A 1 -} o -
0.1 6.2 0.3 0.4 8.5 0.6 "7

SHIELDING THICKNESS (INCHES OF ALUMINUM)

Figure 3. Reélatlshship Betweén the Annual Dége va
Shielding Levele Acquired in the Synétironsus Orbit
From Electrong and the Associated Bremsstraniung
and the Damage Levele of Typical Bledtronic Devises,
The golar flare proton doee 18 that likely to be acquired
an a léng-duration misslon operating during ihe sélar
maximum period 1878-1§82

4. EXTENDED DURATION MISSIONS

Most synehronous satellite misslons are designed td sperate for more than
otie year in orbit. TO illustrate the impact of the radiatlon envizonments on these
extended misalons the t6tal doee acéumulated as & functisn of shislding thickdess
has been tabulated in Table 1fér a feur-year mission operating in the solar maxi-
mum perisd 1878 to 1882,

Adsumling that a typleal payload cémtaliiing CMOS or equlvalent éomponents
would Be ghielded With a minifmum 8f 0; 14f, of aluminum, Table § shéws that thé
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Chin would recelve a total dose over the 4=yea® period of 43, 800 rads Or 193,600
rads depending én Whether the A=<6 or the Aerospace environment, respectively,
i used, Hard CMOS with thil shielding would survive in the AB-6 enviroriment
but could .be marginal in the Aerospace enivironment. Most linear integrated cir-
Cuits would require 0.2 in, of shielding to survive the Aerospace environtnerit for
four years, but lese than 6.15 in. if the NASA environment {8 more represéntative,

Table 1. Total Dose (rads-Si) ve Aluminum Shielding for 4-Year
Syrichrofous-Orbit Mission 1978 to 1982

éﬁ?ﬁéﬁf; Electron Plug o ‘
Thickdess* Eremsstrahlung Doge Solar Total Mieeion Dgés
{in, ) AE-6 Agrospdcs Protons AE-6 Aerospace
0.050 340, 000 1, 200, 000 2,800 342,800 1,202,800
0. 075 116.000 460.000 2,050 118,050 462,690
0.100 42.000 192.000 1.600 43,600 183,600
0.150 6,200 31.200 1,050 7,250 38, 250
0.200 1.720 9,600 760 2,480 10, 380
| 6.250 1,140 4,720 580 1,720 5, 300
0.500 1.000 8, 200 290 1,230 3,430
0.700 960 2,800 146 1,100 2, 940

*CMOS chip with 0.010-in.

thickness,

Ni cover behind two plane alumirurm. shields of equdl

Flnally, since soft CMOS and PMOS devices can experience ptoblrme at dose
levels g3 low as 4000 rads, shielding 6f these deviées for a 4-year misgion should
conservatively cénsist of ar outer layer of aluminum approximately 0, 25+{n, thick
With tin {ntier layer of lead ¢r equivalent fbil (0.02 to 0.05 in.) to further reduce
the bremsastrahlung comi ribu. Con. Other sandwich corribinations &f aluriinum and

high-density metala can be uéad effedtively but caution must be exercised.

High

density materials are more welght=éffestive in reduelrg the ¢ransmission of the
{né{dent electrons Bince a higher fraction of the electrons backééatter out of & high-
However. the bremsstrahlung préduction In a high=density shield

{& greater than in a Ibw-density shield of the game electron shielding effect{iveness
by a factor of approximately the ratio of the atomni¢ numbers, Hence, the brems»
stralilunyg production ig 7, 5 timses higher ifi a lead shield than in an eluminur shield
of the satrie electron stopping pswer, A good céniprorilse tn shielding soft devides
is to stop most of the iricidént eleétrons in e low-2 fiaterial such as aluminum and

den ity shield.
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to follow this, if necessary, with ehigh-Z material t6 att¢nuate tlie bremmstrahlung

photons generated in the suter shield.

5. SCATHA HIGH-ENERGY SPECTROMETER

The SCATHA satelllte, which will be launched in 19'19 into & near-synehronous
orbit, will carry a high-energy partielé spectrometer, referred to as the SC-3
egperimertt, One oF the prime objectives Of the experiment IS to define the ener-
getic radiation environment in this orbit in considerable detail and to determine in
near-real time the doee acquired by the payloads and spacecraft equipment. Tb
accomplish this, the dpectrometer will be operated continttously and the measured
differential spsctra of eléctrang and protong will be used as inputs to the dose cal-
culation code) degeribed in thie paper.

The spectrometer 18 very &lmilar in desigh to one described irt ah earlier
papérS that bas been susceéssfully flown in gpace four timed on two low-altitude
migsions, The spectrometer consdists of a stacked array of surface-barrier silicon
detectors surrounded by an active plastic-Bcintillator. Pasgsive shielding consisting
of an suter layer of aluminum and an inner layer of tungsten surrounds the entire
aggembly to ehleld againsgt electrdns with energy <4 MeV and agaldst the associated
bremsatrahlung, The stacked silicon detectors are arranged with a thin (200-u)
defector in frént to measure the rate of energy loss by the incoming electrons, pro-
tons, and alpha particles, Simcathese three particle types have significarntly differ-
ent characteristies in pasding through matter, the ehergy loss in the thin detector
can be used to unigquely identify the particle type under analysis, Behind the thin
de/dX detector is an array of five detestors that are used t& stop and to measure
the incideht energy ofthe particle under analysis. By arranging several different
eombinations 0Fcoihcidehce and articoineidence between the twd detector systems,
different particle types over a wide energy range can be analyzed in a time-multi=
plexed maiiner. The active plastiec scintillator (s alwaye ueed in anticoincidence
with pulses in the main detectors and thug only particles entering through the nar-
row coilimatioh system are analyzed,

The collimator {& designed to have a 3-deg field~of-v{ew and becauee the gatei«
lite is spinning, piteh-angle distributions of the particles will be obtained with this
angular accuracy. The gpeétrometer will have the broad energy coverage ligted in
Table 22 Elestrong froin 100tu 4100 keV will be measured with 12-¢hannel differ-
ential energy resolut{én, The channels can be programmed in flight to cover the
entire energy rangeor a Ifmked energy range with high-energy resslutién, The
flax &f electrons between 3500 to 10, 000 keV will be meszured i ¢ differential
channel. Solar protora from 1¢6 160 MeV will also b2 measured with 12- ucnnel
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gnergy resolutlon in geveral different modes of Operation selectable by command.
Thus, 41l thé particle types and energy ranges of concern-to the radiation dose
problem will be measured in this dingle instrument.

Table 2. SC-3 High-Energy Particle Experiment bn SCATHA Mlsglon

Clapacteristics
Darticlg T-\’lpn E‘r‘sah:y ﬁhﬁga Daanhijbian Comments
Electrans 100 t0 4100 keV 12-channel Channel Widths
>3500 keV integral programmable from
15 KeV to 100 keV
Protons 1to 100 MeV 12-channel Multiple energy
modes required to
Alphag 6 to 60 MeV 12-chanrsl csver energy range

The capabilities of the SC-3 experiment ts resolve the fundamental difference
between the NASA ahd the Aerospace environment is tllugtrated in Figure 4, As
migntioned earlier, the AE-6 model exhibits a much steeper fali-off of the higher
énergy elestrons than the Aérospace measurement8 indicate. Inthe former ¢cage
this resuiis prinsipally from a laék of experimental data above ~2 MeV in energy,
As shown, the SC-3 experimert will define in great detail the shape &f the eleétron
spectrum out to 4.1 MeV through the several speratifig modee available in €hein-
Strumient.

In the future the clpacecraft deaignérs will have a better definition of the
gnergetie radiation environment ag {nput to his shielding analysis, Until that data
becomss available, however, he must design componént shielding in a congervative
mannér using the more sevére and adverse onvirodment suggested by the Aerospade
rmeagurerients,
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@ AFROSPACE SYNCHRONOUS SPECTRUM
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Figure 4. [lustration of the Various Ensrgy
Analysee that the SC-3 Experiment on SCATHA
Will Providé oh the Synchronous Orbit Ele¢tron
Environment
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