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ABSTRACT

We havedesignedan imagercapableofobservingthe Thomsonscatteringsignal from transient,diffuse features
in the heiospherefrom a spacecraftsituatednear1 AU. The imager is expectedto trace thesefeatures,which
include coronal massejections, co-rotatingstructuresand shock waves,to elongationsgreaterthan 900 from
the Sun. The instrumentationultimately mayberegardedas a successorto the heliosphericimaging cabability
shownpossibleby the zodiacal-lightphotometersof the HELlOS spacecraft.The second-generationinstrument
we have designed,would makefar moreeffective useof j~gitj~solar wind data from spacecraftin the vicinity
of theimagerby extendingtheseobservationsto the structuressurroundingit. In addition, an imagerat Earth
couldaliow up to threedayswarningof the arrival of a massejection from the Sun.

Fig. 1. Artists’ depictionof typical massejectionsmonitoredby the Solar MassEjection
Imager. The massejectioncenteredon theSun arisesfrom it at the beginningof Day 1 and
expandsoutward. This massejectionis depictedafter it hasmovedoutward from the Sun
after two and after threedaysof travel towardsthe Earth. The schematicview depictsan
areaof sky 120°x 170°in size. The event is constructedso that it will reachEarth after
four daystravel.

INTRODUCTION

For the SolarMassEjection Imager,different orbits dictatehow bright the Moon and Sun are in eachfield of
view. In addition,thevariousspacecraftposedifferent problemsfor mountingan imagerthat is intendedto look
at the whole sky, since bright partsof thespacecraftmay reflect differing amountsof light atdifferent locations
in the spacecraftorbit. In thefollowing sectionswe outine whathasbeets done to dateto definethe spacecraft
instrument.Wewould like themassejectionimagerto producehigh-resolutionimagessimilar to thosedepicted
in Figure 1. Originally, suchan instrumentwas proposed(/1/) for theISTP WIND spacecraftand a NASA
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SIGNAL LEVELS AND NUMBER OF PHOTONS

Becausethe signal levels presentfrom thefeaturesto be measuredare small comparedto the solar brightness,
the instrumentationmustbe designedcarefully to eliminateunwantedstray light. Table 1 estimatesthe signal
levels expectedfor variousphenomenaat 1 AU. Thebrightnessesof coronalmassejections(CMEs)and streamers
were derivedfrom featurestracedoutwardfrom the Naval ResearchLaboratory (NRL) SOLWIND coronagraph
to theHELlOS photometerfield (/3/). For CMEs the assumptionis that the CME in question movesoutward
to elongations(angulardistancesfrom the Sun) of 60°and 90°at constantvelocity and without dispersion.
Shock brightnesseswereestimatedfrom the in-situ plasmadensity enhancementsbehindshocksobservedfrom
the HELlOS spacecraft(/4/), and assumedto be viewedat 60°and 90°from the Sun-spacecraftline. A more
completedescriptionof the currentHELlOS dataanalysisis given in /5/. Signal levels in the following tables
are givenin termsof “S10 unit” equivalentto theflux of one tenth magnitudestar per squaredegree.

TABLE 1 Signal Levels Expectedat 1 AU

Elongation Signal SignalDuration
Feature degrees Sb days

Bright CME 60 3 1.5

90 2 1.5
Bright streamer 60 2 1

90 1 1
Bright shock 90 1-2 0.5
Major unidentified 60 3 2
~ fluctuation 90 2 2
Cometshock 20 3-10 0.1

The Thomson-scatteredcoronallight mustbe detectedin the presenceof backgrounddiffuse light from many
sources:scatteredlight from bright sourcessuchastheSun,Moon, or Earth; thezodiacallight and Gegenschein;
and the stars, either individually as bright point sourcesor collectively as a contribution to the diffuse sky
brightness.The ultimate limit of diffuse-light sensitivity should beset by photon counting statistics;this limit
dependsupon the optics and scanningconfiguration,spectralbandpass,and total detectorefficiency. The total
detectedphoton countN can beapproximatedasin /1/ by

logN = 6.65 — 0.4mv + 2logD + log(~t), (1)

wheremy is the equivalentstellar visual magnitude,D the aperture(diameter) in cm, and .~t theintegration
time in seconds.The backgroundsky brightnessvariesroughly over the range100-6000SlO units betweenthe
darkest sky and the ecliptic plane at solar elongations�20°. If we presumethat D = 1.433cm (the sizeof
a one-halfinch squareapertureas in the WIND spacecraftdesign)and ~t = 1 s, then from equation (1) we
obtain 917photonsavailableper given 1°squarepixel brightnessof 1.0 Sb unit (my = 10). Spectralfilters and
instrumentquantumefficienciesfurther limit the numberof photonswhich canbedetected.
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In general,the signal-to-noiseratio of theinstrumentwill be limited by integrationtimes, viewedareaof sky,
andthesizeof theaperture.The numberof detectedphotonsfrom a typical heliosphericfeature(CME) at 90°
elongation(seeTable b for featurebrightness)canbe small in one second. If the spacecraftgathersonly a tiny
fraction of thenecessarycountsto detecta signal in thedarker areasof sky on a singlepass,then we conclude
that we must countphotons with our detectors.The WIND imagerdesign (Figure 2) intendedto useimage
intensifiersto do this. The limit of thesignal to noisefor astablephoton-countinginstrumentis purely statistical;
how manydetectedphotonsarenecessaryto measurethesignal. If longertimesare spenton anygivensectionof
sky, thenit becomespossibleto usesomedetectorotherthanonewhich countsphotons(suchasaCCD). Sucha
devicecan integratetheincomingphotonsto build up a sufficient signalabovea statisticalnoisereadoutlevel as
well asobtaina sufficient numberof photonsto detectthe signalabovetheconstantzodiacal-lightbackground.

THE MOST LIKELY CANDIDATE SPACECRAFT/ORBIT

Although weexpectthat with carethe SolarMassEjection Imagerinstrumentationcould bedesignedfor nearly
any spacecraft,one of the mosteasily built typesof instrumentationcould be placedon a near-Earthorbiting
zenith-nadirpointing spacecraft.One suchspacecraftis the Air ForceDMSP or the NOAA TIROS. From the
DMSP orbit, the brightestsignals to be baffledout of theimagerwill be 1) the Sun, 2) the Earth, and 3) the
Moon. From low-Earthorbit the Earth canbe nearlyas bright as the Sun and cover nearly180°of thesky.
Figure 3 gives aschematicof the SMEI instrumentationin onetypical DMSP orbit.

U
Fig. 3. Orbit of a typical DMSP satellite (9am— 9pm). The spacecraftorbit is circular
at 800km above the surfaceof the Earth and maintainsits relation with respectto the
Sun-Earthline (Sun-synchronous).DMSPorbits varyfrom 6am— 6pm Sun-synchronousto
12noon— 12midnightSun-synchronous.

BACKGROUND SIGNALS FROM ZODIACAL LIGHT, STARS AND OTHER SOURCES OF
LOW-LEVEL LIGHT

Low-level sourcesof light from thecosmossuchaszodiacallight and theMilky Way are generallybrighter than
the variableThomsonscatteringsignal we wish to detect. We mustbe ableto subtractthesesignalsfrom the
backgroundor atleastkeep them constantfrom orbit to orbit. The zodiacallight appearsto beunchangingand
smoothlyvarying from theHELlOS deep-spaceorbit to levelsnearthelower levelsof brightnessto beviewedby
theSolarMassEjectionImager.By determiningthepointingdirectionfor eachpixel it will bepossibleto remove
this unwantedsourceof backgroundlight eitherby meansof a lookup table, a mathematicalalgorithm, or by
assuminganunchangedvaluefrom previousorbits. Starscan bedealt with in thesameway. However,because
starsare point sourcesof light, thepositionsof eachpixel boundarywill necessarilyneedto beaccuratelyknown
(within 0.1°)for stellar identification and removal from therecord.

ZodiacalLight and theGegenschein

The brightnessof theZodiacalLight approximatelyfollows the plane of the ecliptic. In principal this sourceof
backgroundlight should presentno problemfor theimager aslong asits signal, which is far brighterthan the
Thomsonscatteringsignal, doesnot statistically overwhelmthe faint signal we wish to detect,or saturatethe
imager.

We areextremelyfortunatethat theHELlOS spacecrafthasprovidedaworkingmodelfor theSolarMassEjection
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non-varyingevenbelow this level. We note that others(/6/) havedescribed20 SlO unit small-scalevariations
of the Gegenscheinfrom ground-basedobservations.Thesevariationsare NOT observedby HELlOS, and this
leadsus to concludethat thesevariationsare causedby cloudsor air massvariationsin Earth’satmosphere.In
anycase,Gegenscheinlight, thoughtto bedue to backscatterfrom thezodiacalcloud,is presentin thedirection
oppositethe Sun andshould not interfere with a sunward-lookingimager.

Starlight

Starlight in generalis presentas discretesourcesof light. However, in general the brightnessesof stars are
comparableto 119 SlO units everywhere.Thereis approximatelyone8th magnitudestarin everysquaredegree.
Certain portionsof the sky are brighter than othersand may presentcertainproblems for the imager. These
portionsof the sky include theMilky Way and otherlargediffuse objectssuchas M31 and thelargeand small
Magellanic Clouds. Some imager pixels may containa bright or variablestar that overwhelms theThomson
scatteringsignal at that solar elongation.These“bad” pixels will needto be identified and removedfrom the
record on eachorbit. If the option is availableto transmitall thedata to theground, asis presumedpossible
from most low-Earth orbiters, then the on-boardspacecraftelectronicsbecomessimpler to constructthan for
spacecraftin high orbits. The necessaryalgorithms,if needed,canbedevelopedand adjustedoncethedataare
on theground.

Ram Glow and Other Spacecraft-ProducedIllumination

Ram Glow is alow-level light sourcewhich formsa comet-likehaloand tail neara spacecraftin low-Earthorbit.
The glow is causedby manydifferent sources(/7/) including: 1) a concentrationof the ambientgasseswhich
peak in theram direction, 2) outgassingfrom thespacecraft,3) leakage,4) ventingand 5) thruster firings. In
visible light from low-Earth orbit someof the constituentmolecularglows are significantly abovethe ~~100Sb
unit zodiacallight backgroundat 90°elongation.The amountsof this glow vary from spacecraftto spacecraft.
Extrapolatingfrom Shuttlemeasurements,at heightsbelow 400 km the glow rivals or can be greaterthan the
backgroundzodiacallight. If thesourceof this light were to vary, it could causesignificant problemsfor the
imager at theseheights. With the possibleexception of sourceson the vehicle such asthruster firings, these
sourcesof light extrapolateto well below thelevelthat could causea detrimentaleffect on theimagerat the800
km DMSP orbit.

BAFFLE DESIGNS - STRAY LIGHT SUPRESSION

For any spacecraft,stray light suppressionmust be provided from sunlight, earthshineand moonlight in the
designof the imagerbaffle system.Straylight falling directly on the lensfrom someof thebrighter planetsand
starsmay alsoadverslyaffect small portions of theimage. In addition, care mustbe taken so that portions of
thespacecraftwhich scattersunlight or earthshineareasfar aspossiblefrom thefield of view. Two partsof the
imagermustbebuilt carefully in orderto minimize straylight. Thesepartsare thebaffle system(that lowersthe
amountof straylight which failson thelens),and thelensitself. Togethertheseimagerpartsattenuateunwanted
light in amultiplicative fashion. We concentratehereon the designof thebaffle systemand the suppressionof
straylight by thebaffle system.

There are severalbasic designsfor Solar MassEjection Imagerbaffle systemsthat can be built for existing
spacecraft.Becausethesky is scannedin onedirection by thespacecraftmotion for a spinningspacecraft,these
baffle systemsneed to cover a largeangularportion of the sky in only in one dimension and are thus slit-type
baffle systems. Figure 4 is a photographof a slit-type test baffle built for the Sun-crossingsensorproposedfor
thespinningWIND spacecraft.The WIND spacecraftis a spacecraftrotatingwith its axis perpendicularto the
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ecliptic plane. This basic slit configuration allows a scanof the whole sky aroundthe spacecraftin a swath
that is 60°in width. The test baffle,when coatedblack internally, performedasspecifiedto reducestraylight
to one part in i0~ to within 22°of theSun and reducedstraylight even furtherat greaterangulardistances.
DMSP and theNOAA TIROS zenith-nadirpointing spacecraftare effectively spinningplatforms for theSolar
MassEjection Imager. However,in this typeof instrument,theimagemust becompiled over thewholeof one
orbital period — namely90 minutes.In this instanceto bemosteffectivethe slit should beorientedin theplane
perpendicularto thespacecraftorbital motion.

SPACECRAFTRESOURCEESTIMATES

We expectdiffering versionsof the Solar MassEjection hnagerto usediffering amountsof spacecraftresources
dependingupon the type of orbit for which the instrumentis designed. Large data rates are generallynot
availablemonitoredon a real-timebasis from spacecraftat the L

1 point. Thus,a greatdealof on-boarddata
processingis requiredfor suchinstrumentation.Largerdata ratesin real time are possiblein lower orbits, but
the simpler and smaller computersystemrequirementsfor suchsystemsare largely offset by themorecomplex
instrumentationrequiredto dealwith straylight fromtheEarth. Higher resolutioninstrumentation(more than
onepixel persquaredegree)or morefrequentimages(morethanoneper 90 minutes)will requirecorrespondingly
more spacecraftresources.Table 3 containsspacecraftresourceestimatesfor the SolarMassEjectionImager.

TABLE 3 SpacecraftResourceEstimates

Power Mass
Platform Bit Rate (watts) (kg)

800 km ConstantSun L Orbit 1—10 kbs 12 15
Geosync.,3—axisstabilized 0.5—1.5kbs 12 15

L1 Spinningaxistowards0 0.1—0.5kbs 10 13
L1 Spinningaxis J~to c 0.1—0.5 kbs 10 13

CONCLUSIONS

We envision aimager capableof tracing solarmassejectionsand otherheliosphericfeaturesfrom nearthe Sun
out to theorbit of the Earth. Such instrumentationwould have the capabifity of forecastingthe arrival at
Earthof thesefeaturesin realtime. The HELlOS spacecraftphotometershaveshownthat suchinstrumentation
is feasible,and they alsogive limits on thesignal to noiserequiredfor suchinstrumentation. Although several
instrumentdesignsarepossibledependingon thetypeof spacecraftandits orbit, mostof ourpreliminarydesigns
dependupon the rotationof thespacecraftto scanthesky. Theseinstrumentscompile an imagealonga plane
parallel to thespacecraftrotationaxis. A testbaffle constructedfor a rotatinginstrumentshowsthat thestray
light reductionis greatenoughto allow a60°scanof the sky in this plane andhelpsdeterminetheultimate size
of a high-resolutionimageron a rotating spacecraft.
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