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Abstract

The proposedTENACIOUS missionwill provide newv knowledgeof the inner magnetospherienegetic par
ticle populationghroughbothin situ andremotesensingiechniques.The missionpayloadconsistsof enegetic
neutralatomimagers,enegetic chaged particle,and optical sensorghat will imagethe Earths geocoronaand
innermagnetospherineutralparticlepopulationswhile alsoproviding in situ measurementsf enegetic chaged
particles. TENACIOUSis optimizedto measurdocal andremoteparticlepopulationsrom low-Earthorbit. The
TENACIOUSmissionprovidesasignificantlydifferentandcritically importantvantagepointthanits high-altitude
counterparts.Theseuniquedatawill allow usto obtainentirely newv tomographicviews of magneticsubstorms
andstorms,to imagetheflux tubesof the auroralaccelerationmegion, andto explore the low-altitude extensionof
thering currentandplasmasheetwhich canbeimagedeasilywith hightemporalandspatialresolution.

Intr oduction: The Significanceof and Scientific Basisfor Magnetosphericlmaging

Greatprogresshas beenmaderecentlyin magnetospheriimaging. Beautiful imagesof enegetic neutral
atoms(ENASs) createdby ion collisionswith the Earth’s tenuousupperatmospherdave beencollectedby sev-
eral satellites,including NASA's POLAR satellite. Thesenew global imagesdemonstratehe feasibility and
scientificusefulnesof remotesensingto understandjuantitatvely the magnetosphericesponseo solarevents
[Jorgensen et al.(1997) Henderson et al.(1997) ]. In the TomographicEnegetic Neutral Atom Comprehense
Imaging University Satellite (TENACIOUS) mission, we proposea suite of instrumentsthat will substantially
increaseour knowledgeandinsightinto the magnetosphericesponsedy providing in situ measurementsf par
ticle fluxesandsupportingopticalemissiondo complemenENA imaging. Ultimately, with this new knowvledge,
we will be ableto betterunderstandand predictthe magneticsubstormsand stormsthat enegize andtransport
enegeticparticlesin thegeospacenvironment.

The power of ENA measurementom spacecrafhasbeenamply demonstratedecentlyon orbit (ASTRID,
POLAR, GEOTAIL) - but particularlysoat high altitudesby the CEPRAD/IPS onthe NASA POLAR spacecratft.
The TENACIOUS ENA imagerwe proposeis baseddirectly on the CEPRAD experiment. A schematicof how
POLAR remotelysensedhe ENAs producedby chage exchangebetweenthe geocoronandthe enegeticions
of thering currentis shavn in Figurel. This figureillustrateshow a two dimensionaimageof the optically-thin
ENA emissionsanbeformedfrom a singlevantagepoint.
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Figure 1. Schematiof Global Enegetic NeutralAtom Imaging

Fromhighapogeerbits,ENA imagescanbe obtainedon aglobalscale. However, ENA emissionsareoptically
thin andinvolve the convolution of three-dimensionaheutralandion densitydistributions, interactingwith an
enegy-dependanthage exchangecross-section.Thus, datafrom a single ENA sensormrovides a non-unique
determinatiorof the importantion fluxesalongthe line-of-sight. Ideally, multiple measurementarerequiredto
obtainanunambiguouspatialdistribution. With theIMA GEandTWINS missionsNASA hastakenthenecessary
first steptowardstereoscopiagnagingof geospacevith neutralatoms ahigh scientificpriority identifiedby NASA
in their Sun-EarthConnectiorRoadmagmandalsoby the NAS/CSSPHowever, as [Gruntman(1997)] pointsoutin
his excellentreview articleon ENA imaging,views from boththe“outsidelookingin” (POLAR,IMAGE, TWINS)
andfrom the “inside looking out” (our proposedTENACIOUS mission)arecritically neededn orderto extract
the mostmeaningfulphysicalinformationfrom theimages.This needis driven by thefactthatthe highestspatial
resolutionand tomographycan be obtainedonly from low altitudeswherethe optically thin emissionsare the
brightest.

We notethatdynamicmagnetosphericegionsconnectmagneticallyto low-altitudesat mid- to high-magnetic
latitudes. The feet of the flux tubesthreadingthe inner magnetospherand inner magnetotailconnectto the
ionospheren regionswherethegeocoronatlensityis high. Therefore ENA emissionsrefocusedn theseregions
andtheemissiongrebright. A low altitudespacecrafhastwo importantadwvantageoverthoseimagingfrom high
apogee.First, it is closerto the sourceregion which meansthat the emissionswill be bright andwill provide
higherspatialresolutionimagesfor the sameangularresolutionimager Secondthe spacecraftocationis rapidly
changingwhich meansthatthe imagerwill provide a sequencef imagesof the sameemissionregion but from
lines-of-sightthatare constantlychanging. Thesetwo featuresallow for tomographidnversionsto be performed
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with TENACIOUS, justin the sameway thatthe BU TERRIERSSTEDI missioncould provide tomographic3-D
imagesof theupperatmospherandionosphere.

Overarching Scientific Goalsand Objectives

Two of the mostimportantdynamicfeaturesof the magnetospherare geomagnetistorms,characterizedby
ring currentintensificationsvith Dstvariations,andsubstormscharacterizethy magnetotaiteconfigurationsvith
auroralelectrojetvariations.Eacheventis a globalmagnetosphericesponséo changesn the solarwind andin-
terplanetarymagneticfield. For the pastthirty years,we have beenlimited in our ability to understandhe global
natureof thesephenomenaWhile we have amassed greatvolume of single-point,in situ measurementthat
provide the global picturein an average static sensgspaceclimatology), we have lacked aninstantaneousiew
of large-spatial-scalenagnetospheridynamics(spaceweather).This lack of a globalperspectie haslimited our
analysisof thein situ measurementsn addition,the lack of theseglobal datalimit our ability to differentiatebe-
tweenvariousphysicalmodelsthatdescribemagneticstormsandsubstormsThesdimitationsincludeinadequate
globalknowledgeof particleorigins,lossprocessedransportmechanismsndtheirtime dependence.

Unfortunatelyionsandmagnetidieldsare“invisible? Thesequantitiesaredynamicandcanonly bemeasured
whenwe fly throughthemwith aspacecraftSinglepointmeasurementhuscannotseparatéemporalfrom spatial
variability, nor canthey provide a globalview. The novel approactof ENA imaginghowever givesusthe vision
we need.Recently our teamhasdemonstratedvith the POLAR instrumenton which TENACIOUS s basedthat
both stormsandsubstormshave strongandrepeatabldENA signaturesWith the adwentof global ENA imaging,
we arenow onthethresholdof majoradwancesn our understandingf thesescienceopics.

The TENACIOUS missionwill provide newv knowledge of the inner magnetospherienegetic particle pop-
ulationsandtheir dynamicsthroughboth novel remotesensingtomographyof ENAs andthroughin situ mea-
surements.The missionpayloadconsistsof an ENA imager enegetic chaged particle telescopesand optical
spectrographthatwill imagethe Earths geocoronandtheinnermagnetospheriparticlepopulationsvhile simul-
taneouslyproviding in situion andelectronmeasurementd-he TENACIOUS mission,with a uniquelow-altitude
view differentfrom IMA GE and TWINS, will allow usto bestinterpretthe joint TENACIOUS-IMAGE-TWINS
particleimages. This will allow usto imagethe spatialdistribution and spectralandtemporalevolution of ions
duringstormsandsubstormswith high spatialresolution.

The TENACIOUS goalswill be accomplishesnboarda spinninglow-Earth orbit spacecraftn a polarnear
sun-synchronousrientation. From low altitudes,significantportionsof the inner magnetosphereng current
regionsandnearEarthplasmasheetcanbe viewedwith ENA andopticalimagersalongandnearthe orbit track.
At low altitudes,the emissionsare exceptionally bright both becausef proximity to the sourceregion andto
the high geocoronaldensities. Closenesgo the sourceregion also permitshigherspatialresolutionthan would
be possiblefrom high apogeesatellitessuchasPOLAR, IMAGE, or TWINS. In addition,chaged particlefluxes
canbe sampledalongthe 90 minute orbit. The ENA andopticalimagesacquiredfrom this low-altitude vantage
point complementhosefrom high apogeeorbits; it is uniquelydifferentin thatit is from the insidelooking out,
ratherthantheoutsidelookingin. Also, sincethespacecrafinovesthroughtheregionrapidly, it remotelysamples
the sameregion of spacefrom changingview paths,thusallowing for true tomographyof the emissionregions.
We stressthat a three-dimensionaltime dependenpicture of the nearEarth plasmais essentiato the physics
of stormsand substormspnly at low altitudesdo theseregions projectto volumesthat can be imagedat high
resolution. Together the ENA imagesandthe particle data,alongwith otherexpectedENA datasets(suchas
IMAGE or TWINS), will beusedto extractglobally the enegetic particlepopulationsandtheir dynamics.

We proposedo assembl& suiteof sensor®ptimizedto obsere thedynamicsof enegeticchagedparticlesand
their interactionwith neutralparticleswithin the earths magnetospherigom a uniquelow-altitudevantagepoint.
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Thesesensorsandthe satellitethatwill carrythem,all have excellentandproven NASA flight heritage. They will
performthefollowing measurementsith the statedyoals(alsooutlinedin Table), atanexceptionallylow costto

NASA:

obtainhigh-enegy-spetral resolutionmagesof ENAs with excellenttimeresolution proadspatialcoverage
andexceptionalspatialresolutionin threedimensions;

obtainultraviolet (UV) imagesof major neutralspecieswith comparabldime resolutionand comparable
or betterspatialresolutionthanENA imagesbothfor ENA inversionsandto determinethe responsef the
upperatmospheréo magneticstormsandsubstorms;

obtainmultiple line-of-sightviews of the ENA sourceregionsalongthe short-periodorbit to allow for true
tomographianversionsof the low-altitudeextensionof magnetospheriparticlepopulationsandthe auroral
acceleratiomegion (especiallyfor L < 6.6 Re);

provide databasedor comparisorwith datafrom otheravailable satellitesto permit stereoENA views of
themagnetosphere

obtainin situ measuremenif the chagedparticleeneqy distribution in regionswith UV andENA images;
our orbit permitsportionsof theimagedregionsto bedirectly sampled:;

gquantitatvely relatehigh spectral/spatial/tengpd resolutionENA imageintensitiego globalparticlefluxes

andtheir dynamicsbothlocally andremotelydriven.

Table 1. Summaryof TENACIOUS ScientificObjectives

0 MagnetospheriStructureandRing CurrentDynamics

- Corvectionboundariesenegization,andglobalelectricfieldsfrom spectra
- Ring currentgrowth, decay andazimuthalasymmetries

- Radiationbelt physics

0 Substorm&andTail Dynamics

- Substorm-relatednegetic particleacceleration

- Plasmasheethinning/expansionandSubstornonsettiming andlocation
- Auroral zoneplasmapressurgyradients

0 GeocoronaPhysics

- Responsef thegeocorondo changingconditions

- Non-sphericityof sourceregion

o Auroral StructureandAcceleration

- Imagingauroralarcs,currentregions,andenegeticion in/outflon regions

GeomagneticSubstorms

During a magnetospherisubstormmagneticenegy storedin the magnetotailobesis corverted,in part, to
plasmashedtow andinner magnetospherplasmathermalenegy. This enegy conversionprocesss rapid, hap-
peningonthetime scaleof minutes.It producedargedisturbances themagnetotaimagnetidieldsandparticles
over broadspatialscales perhapsstartingasa highly-localizedsite of acceleratiorandthermalizatiorandgrow-
ing in scaleover a shorttime. Becausdhe magnetospheris electrodynamicallycoupled,the enegy dissipation
from this reconfiguratioris global, involving virtually all regionsof thetail aswell asthe auroralionospherean
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essentiacomponenbf a substorm. The relative timing of substormphenomenan the deepmagnetotail(>40
Re), the mid-tail plasmashedl0-40Re), the neartail plasmashedtl0-20Re), the inneredgeof the plasmasheet
(5-10Re),andtheauroralionosphergrovide importantinformationaboutthe sourceof particleenegizationdur
ing substormsandthe injection of hot plasmainto geostationaraltitudes. Statisticalstudieshave establishedhe
averagepropertiesof substorminjectionsincluding their strengthandradial andlocal time extent. However, the
guestionremainsasto how representate the averagesubstormis in termsof dynamicsandspatialextent. These
guestionscanonly be answerediefinitively by remotelyobservingthe systemglobally andanalyzingthein situ
measurements the context of the global evolution. TENACIOUS imagersprovide immediateinsightinto these
decadenld questions.

As noted previously, the promiseof ENA imaging has beenmade clear recently by the POLAR space-
craft. POLAR has provided the first glimpse of the substorminjection region through global ENA imaging
[Henderson et al.(1997) Spence et al.(1997) ]. During the substormiife-cycle, ENA emissionsare obsened to
first brightenweakly at the inner edgeof the plasmasheetduring a substormgronth phase thenintensify in a
localizedregion near pre-midnightat substormonset,andfinally spreadazimuthally (primarily to earlierlocal
times)asthe substormenterstherecovery phase.Thereaftetthe injectedions drift westward anddecaywhile the
associate®NA emissionssubside.Simultaneousneasurementst geostationaryrbit confirmthe tail stretching
andsubsequeribn injectionwhile auroralimagesrecordtheauroralarcbrighteningsandsulge evolution. Despite
the relative simplicity of the POLAR ENA measurementsignificantqualitatve understandingf the substorm
injection procesdhasalreadybeenmade. The phenomenaeenin the auroralzoneandmagnetotailrelinked by
theglobalimagesandthe comprehense view of spatialandtemporalevolution allows usto testvarioussubstorm
hypotheses.
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Figure 2. GlobalENA Imagesfrom POLAR During a ModerateMagneticStorm

However, theseanalysesrehamperedy theinherentsinglepoint POLAR ENA measurement&venwith the
multiple ENA datasetspromisedwith IMA GEandTWINS, all theseviews arefrom theoutsidelookingin andlack
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the ability to imagewith high spatialresolutionthe nearEarth extensionsof thesemagnetosphericegions. For
example themiddleto distanttail viewedatthe magneticequatowill bevirtually invisible in ENA, not primarily
becausé¢herearenoenegeticions,but ratherowing to theverylow geocoronatlensitiesnearthemagneticequator
at suchgreatdistances.On the otherhand,thesesameregionsarevisible from low altitudes—asmall pitch-angle
ion from thetail canchage-exchangean the high geocoronatiensitiemearthe Earthandthusbe seenwith alow-
altitudeENA imager Thelow-altitude,“inside-out” views provided by the TENACIOUS ENA imagerwill allow
for substantiallymprovedandroutineobsenrationsof theseregionsandwill complemennhicelytheglobalimaging
provided by IMA GE and TWINS. Indeed linking the high andlow altitude signatureof substormss extremely
difficult with traditional methodsand hasled to greatuncertaintyin substormmodeldifferentiation. A critical
outstandingyuestionto be answereds whetherthe substormis initiated in a nearEarth currentsheetdisruption
region that propagatedailward or is it initiated first at a nearEarth reconnectiorsite whoseeffects propagate
earthvard? The next-generationTENACIOUS and IMA GE imagesshouldallow usto immediatelyestablishthe
critical directionof propagatiorduringa substormandthusdifferentiatebetweerncompetingsubstorntheories.

Magnetic Storms

A geomagnetistormis characterizedby theinjectionandenegizationof ionsdeepwithin thetrappingregion
of the inner magnetospherd_<6.6 Re). This trappedion populationdecaysto somerestingstatetypically on
the orderof a few days. The stormtime ion populationis sufiiciently enegized suchthatits netguiding center
drift leadsto a strongenhancementf the westward-floving, azimuthalring current. The strongcurrentnear
the magneticequatorbetween? and 6 Re depressethe Earth’s suriace magneticfield which definesthe classic
magneticstormindex, Dst. Early studiesdemonstratedhe relationshipbetweenthe enegy contentof the ring
currentand the strengthof Dst aswell asthe large azimuthalasymmetrieghat can arise during the injection
procesgseeFigure?2). Kinetic particlemodelsratherthanMHD modelsof thering currentarewarrantedowing
to the large gyroradii of the pressure-bearingpns. Suchmodelshave evolved over the last twenty yearsbut all
dependon the specificationof initial injectedparticle populationsand evolving electricand magneticfields that
the particlesreactto during a stormcycle. Thesemodelshave provided a theoreticalview of the global system
but until recently have hadrelatively little datato constrainandtestour understandingf the physicsof storm
injection. Most comparison$iave beendonewith oneor at mosta few satellitestraversingonly portionsof the
volumeimportantfor the stormtime development.

With POLAR, the growth and decayof the enepgetic ion populationduring a magneticstorm was directly
tracked on a global scalefor the first time usingENAs. The high geometricfactor excellentenegy resolution,
and capablespatialresolutionof the POLAR ENA imagerpermitusto createglobal imagesof the ring current
at high time resolution(on the orderof several spacecrafspinsor aboutone minute). An exampleof onesuch
sequencef ENA imagesfrom POLAR is shavn in Figure 2 during a magneticstormin Januaryl1997. This
spatially-smoothednageshavs the emissionamappedto the symmetryplaneof the magneticequator A clear
rise andfall andlarge local time asymmetryof the ENA flux is apparent.The partialring currentis clearly seen
asfreshions during a storm suige areinjecteddeepinto the trappingregion and thendrift westward owing to
gradient-curatureeffects;thereis evenevidenceof ionospheriextractionof enegeticionsduringthemainphase
[Sheldon and Spence(1998) Sheldon et al.(1998) | of anotherstormin 1996. Theseions carry an azimuthally-
localizedcurrentthatis seernonthegroundasanasymmetriggroundmagnetiadisturbancen local time. However,
from the groundthereis no clearway to know the radial or azimuthaldistribution of current. Presentlyonly a
crudeasymmetryindex called ASY is ever routinely produced.On the otherhand,our POLAR imagesprovide
immediateglobal context for theanalysisof point measurementsithin thegloballyimagedregion. In oneimage,
we seethelocaltime, radial,andspectratistribution of thering currentionsandcantrackthemin time atrelatvely
high time resolution. Thesedataareallowing us to testour modelsof electricfield penetratiorandthe comple
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particleaccelerationsluring stormmain phaseandrecovery. With TENACIOUS we will be ableto obtainhigh
spatialresolutioninformationof the stormtime ring currentnot possiblefrom high apogeeorbits.

Curr ent State of Magnetosphericlmaging at High and Low Altitudes

Overthelastmary yearstheincreasingsophisticatiorof ENA imagershasledto betterempiricalglobal views
of the stormtimering currentregion. Early resultsfrom the ISEE spacecraffRoelof et al.(1985) Roelof(1987) ]
demonstratetheconcepbf quantitatve useof ENA obserationsandENA imaging. More recentresultsfrom the
GEOTAIL spacecraffLui et al.(1996) ] demonstratetheability of ENA measurements provide notonly enegy
but alsoring currentcomposition.Even at low altitudes,ENA imagingstudieshave alreadyamply demonstrated
the power of thesedata, both from free-flying spacecraftsuchas ASTRID measurementsf the ring current
[Barabash et al.(1997) Brandt et al.(1999) ], andfrom rocket experiments,suchas“Poleward Leap” measure-
mentsof auroralprotonarcs|[Soraas and Aarsnes(1996) ].
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Figure 3. CorrelationBetweenENAs andDstandGlobal Stormimaging

The most contemporaryhigh-altitude ENA resultsare from the POLAR spacecraffJorgensen et al.(1997)
Henderson et al.(1997) ] (seeFigure3) which emphasizeéhe power of 2D imagingfrom a POLAR orbit andthe
ability to instantaneouslymagethe entirering currentthroughouta magneticstorm(seeFigure2). The POLAR
ENA imagespermit,for examplethedirectcorrelationof globally-integgratedENA imagesandthe Dstindex, and
alsoareallowing usto track the stormtimeinjection processvisually The azimuthalasymmetrycanbe seento
evolve during a storm, reflectingthe aggrgateeffects of ion drifts andthe establishmenandloss of the partial
ring current. Despitethe power of the POLAR data,the quantitatve physicalinterpretationof the ENA images
is confoundedby their inherentlylow spatialresolution. The currentpixel size projectsto an areathatis large
in comparisonto the neutraldensity scaleheightandthe ion pressuregradientscalelengthin the ring current
regions. Thisshortcomingepresentanunderconstrainedatasetfrom whichit is difficult to extractunambiguous
informationon the populationghat convolve to produceENAs. This sameproblemwill be encounteredven by
themuchmorecapabldMA GE andTWINS imagers.By makingcomplementarfENA imagesatlow-altitude, the
3-D multiview andhigherresolutionTENACIOUS datawill reducetheseuncertaintiesand permitthe important
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next level of quantitatve analysisof stormtimeinjection both nearthe equatorand possiblyoff the equatorvia
parallelpotentials.

For the TENACIOUS mission,we shall be observingENAs producedwithin geospacéut from low-altitudes,
a complementaryantagepoint to that of POLAR (the sameas IMAGE and TWINS will provide). Do we
have evidencethat ENAs from theselow-altitude regions will actually be obsered? We have every expec-
tation they shouldbe. The equatorialdistributions have fluxes near the loss cones—oftercomparableto the
trappedfluxes—thatwill mirror at lower altitudes. Theselower altitudeshave much higher neutral densities,
often by mary ordersof magnitude,so the commensurateate of ENA productioncould be muchhigher Fur
thermore,a low altitude spacecrafis considerablycloserto this low-altitude sourceregion so the emittedflux
of ENAs shouldappearbrighter Suchconsideration$iave alreadybeentreatedtheoreticallyby several studies
[Orsini et al.(1994) Milillo et al.(1996) Roelof(1997b) Roelof(1997a) ] andthesehave shavn thatlow-altitude
imagingis notonly viablebut is highly desirableIndeed asnotedabore, bothASTRID andPolevardLeapobser
vationsdemonstrateotonly theexistenceof low-altitudeENASs but alsotheir highintensityandalsotheir scientific
utility. Thosearereviewed below. In addition,we presentexciting new evidencefrom the long-runningTIROS
missionof considerablé&ENA fluxesdetectedat low altitudeandtheir associatiorwith stormsandsubstorms.

[Barabash et al.(1997)]usedthe ASTRID datato shav a correlation,asin Figure3, of the ENA flux measured
from a low altitude orbit (1000 km) with Dst. Their instrumenthad a geometricfactor of 2.5 x10~3 cn?-sr
(somavhatsmallerthanthatof thePOLAR CEPFAD imager).Within theenegy rangeof 26-37keV, they obsered
ENA ratesof 100counts/secondvenduringintervals of veryweakring activation(Dst > -40nT). Thesedatawere
usedto createmapsof thering currentionsandusedto do quantitatve modelingof a smallmagneticstorm(Dst ~
-80nT) on 8 Februaryl995. Simulationresults[ Brandt et al.(1999) ] andforward modelingrevealedthatduring
the main phasethe ENAs seenat low altitude were consistentwith a strongdusksidesourcenearthe equator
betweerlL=4 to 8 centerecht 19 MLT with a spreacbf aboutonehourof MLT. Thisis similarto the strongpartial
ring currentpeakobseredin ENAs neartheequatorby POLAR.

[Soraas and Aarsnes(1996)] have usedENAs measuredrom the Polevard Leapsoundingrocket to probethe
structureof protonarcsin the auroralzone. They useda solid statedetectingsystemwith a geometricafactorof
4.3x 1072 cn?-sr but wereconstrainedo measurdrom altitudesbelon 454km, in regionsof multiple scattering
in the higherdensitylow altitudesatmosphere At enegiesof 20-50keV, they obsere highly directionalENAs
coming from a protonarc with ratesapproachinglO00 counts/secondUsing thesedata,the study was ableto
obsere ENAs in an arc during the expansionphaseof a substormand provide a regional map of the proton
precipitationwith excellentenegy spectrakesolution. The studyshoved a remarkablygoodagreemenbetween
theobsered ENA emissioncomparedo asimplemodelof protonprecipitation gvenin thislower altituderegime
wheremultiple scatteringcanhave a blurring effect.

We notealsoin a study presentlyundervay at BostonUniversity [Alothman and Fritz(1998) ], the discovery
that eventhe NOAA TIROS spacecrafthave beenobservingENAS routinely from their 850 km polar orbit for
decadesTheTIROSorbitis atanaltitudejust midway betweertherocket ENA measuremenis450km) andthe
ASTRID measurement&l 000km). Like the Polevard Leapinstrumentthe TIROS enegetic particleexperiment
is a simple solid statedetectingsystem. However it possessea higher enegy thresholdthan we will fly on
TENACIOUS;thereforegheratesthatit measureshouldbealower limit approximatiorto whatwe shouldexpect.
TIROSmeasure&NAs atmary hundredcountspersecondvhile in thepolarcapdooking backtowardtheauroral
zoneandring current. Figure4 shaws a plot of TIROS ENAs, similar to Figure3, demonstratinghe relationship
of ENA countrateto AL andDstduringa substormanda magneticstorm.

In Figure4, the solid coloredcrosseslenotethe averageENA ratesmeasuredby the TIROS spacecrafvhile in
thepolarcapslooking backattheauroralzoneandring currentregions. We caninfer thattheseareENAs by virtue
of anotherdetectorooking towardthe nadirwhich obsered no discernibleion signalin the polar caps(squares).
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Overthecourseof severaldayperiodsduringthe courseof two magneticstormsin 1980,we canseethatthe ENA

ratetracksboth the Dst (black heary line) andthe AL indices(greenline). Indeed,it is arguablethatthe ENA

ratestrackthe AL curve morecloselythanthe Dst curwe, suggestinghattheseare ENAs associatedavith higher
latitude,auroralphenomenormiatherthanlower latitudering currentphenomenonkFromthesepowerful data,we

thereforehave every confidencehatthe uniqueTENACIOUS perspectie from low altitudes,with high spectral-,
temporal-,andspatial-resolutiofENA imagescoupledwith opticaldata,will provide critical new informationon

bothstormandsubstornmstudies.
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New Applications of Low-Altitude Imaging

Auroral Acceleration

The NASA SmallExplorer FAST, hasshavn thatthe auroralzoneis aregion of compleity with interesting
microphysicscouplingto macroscalghenomenonPart of the auroralpuzzleis thedistribution in spaceandtime
of auroralarcs. While FAST canmale very rapid measurements, is still limited in its ability to unravel spatial
versusemporalvariations.While thebulk of auroralenegiesarebelov ourinstrumenthresholdtheredoesexist
afinite componenin our enegy range(> 15 keV) thatwe areconfidentwe canimage.The TIROSandPOLAR
dataindicatestronglythatwe will. Therefore,TENACIOUS hasthe chanceof revealingthe structuresassociated
with protonauroraon amacroscopiscale.Owingto the spacecrafinotion,we will thenfly throughthestructure,
possiblycoincidentally andthus be ableto make excellentprogressn unfolding the surroundingon fluxesfor
thefirst time, with tomographidnversiontechniquesAs FAST hasrevealed, TENACIOUSwill have theexciting
possibility to imageasa function of neutralatomenegy two major auroralacceleratiorregionsto complement
classicalopticalimages:the upward-acceleratetbns associatedvith traditionalauroralarc regions(from which
auroralarcelectricfield structuremaybeinferredin 3D; andthe so-called'black aurora’regionscharacterizethy
downward-goinghot magnetospherimnsthatneutralizeat the feetof auroralfield lines.

Radiation Belt

Themechanismshatform andacceleratéhe radiationbelt particlescanbe differentfrom thering current.For
example,boththe CRAND sourceandthe March1991solarwind shockproduceradiationbeltenhancemenis a
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fardifferentmannetthantheradialdiffusionandadiabatieenegizationthatformsthequiettimering current.If the

radiationbelt ions areadiabaticallytransportedo their low-L, high-B location,thenone canconfidentlypredict
that the “sourceregion” for the radiationbelts haslower enegy ions that are reducedby the ratio of magnetic
field strengths Bsource/ Brert- Severalregionshave beenproposedassourcef theseions, includingthetail, the

cuspandthe boundarylayer/ magnetosheathNone of theseregions have high enoughgeocoronaldensitiesto

producemuchENA flux, but if they aremappednto the lossconeat low altitudes,a substantiaENA flux would

result. The low altitude orbit of TENACIOUS, then, is the only placewheretheseputatve sourcepopulations
couldbe remotelysensed.Thereforeit is of greatinterestto spectrallyresolve ENA’s arisingfrom high latitudes
anddiffering MLT, for thenwe maybeableto maptheprecursorso aradiationbeltenhancemerandresole their

sources.

Geocoponal Science

As powerful asthe ENA measuremeni@re,they do notreturnthe sourceon distributionswithout decowolving
the densitiesof the neutral,electron-donobackgroundyas.On this basisalone,a measuremerntf the geocoronal
densityis essentialjncluding not only [H], but also[He] and[O] at low altitudes. We accomplishthis task by
using spectroscopitomographidnversionmethodspioneeredoy TERRIERS,andappliedto the EUV sunlight
scatteredy thesespecieglescribedaterin SectionD.2a. In additionto theseneutralgasesvhich form a purely
gravitationally boundatmospherehbothHe™ andO™ areconcevably importantelectrondonorsfor ENAs whose
densitieswould track the magneticallyconfinedplasmasphere. [Sheldon and Hamilton(1993)] hasshawn that
He andHet electrondonorcrosssectionsmay actuallydominateover H for selectspeciesandenegy of ENAs.
TENACIOUSwiIll have the ability to track photometricallythe threemostalundantneutralgaseqdH], [He], and
[0], aswell asthemostimportantplasmaspecie§O*] (excluding[H "] whichis photometricallyinvisible). These
geocoronaimeasurementwill complementhosebeingmadefrom high altitudeswith advantagesimilarto those
describedor the ENA measurements.

Finally, the geocoronas an extensionof the upperatmospheré¢hat causesatellitedrag,which hashigh vari-
ability both annuallyandduring the solarcycle. It shouldbe notedthatthe scaleheightof the geocoronavaries
mostrapidly at low altitude preciselywhereTENACIOUS will have the bestresolution. Thus, TENACIOUS is
uniquelysuitedto providing a 3-D, time variable,dynamicgeocoronamodel.

Complementarity to Other NASA Neutral Atom Imaging Missions

As notedabore, TENACIOUSIs complementaryvith otherplannedNASA ENA imagingmissionsandshould
notbepercevedasmerelyduplicatingotherrelatedmeasurementhe TENACIOUS measurementsill betaken
atlow altitudeswhichis uniquelydifferentthanIMA GE and TWINS, the two major future missions.Fromthese
low altitudes highresolutionmagescanbeobtainedhatarenotpossiblerom highapogees—thesdlow arangeof
importantscientificstudiesdiscussedbelow. In addition,the TENACIOUS data,whencombinedwith theseother
contemporaneoudatasets,will yield a meta-datesetthatis more powerful even thanthe sumof the individual
components.Therefore, TENACIOUS is not only capableof highly self-containedscientificinvestigations put
will alsocontritute significantlyto the othermainNASA ENA missionspresentiybeingdeveloped.Table reveals
the complementarityf TENACIOUSto theseotherplannedNASA missions(andthe ongoingPOLAR mission).

Sciencelmplementation

We proposeto achieve the scientific goalsand objectives outlined above with optimizedinstrumentatioron
TENACIOUS. Theinstrumentatiordescribedelov eitherhasproven spaceflightheritageor is basedwith low-
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or no-riskmodifications,on hardware previously developedfor NASA missions.Theinstrumentationncludesan

ImagingEnepgetic Particle SensarlEPS(for enegetic protonsneutralatoms,andenegeticelectrons)anda pair

of Tomographid&Extreme-UltraVolet Spectrometers,ESS(for geocoronaimaging)eachtunedeitherfor daytime
or nighttimeobserations. Thesanstrumentaredescribedelav; individual sensospecificationgresummarized
in accompaning tables.

Table 2. TENACIOUSENA ImagerComparedvith Complementarymagers

MISSION TENACIOUS IMAGE TWINS POLAR
Mission Type UNEX MIDEX MOO ISTP
Mission Cost(excludinglaunch) <6M$ ~45M$  ~15M$ >150M$
ENA Instrument IEPS HENA MENA IPS
Globallmaging regional yes yes yes
Enegy Range(keV) 15-400 10-200 1-100 15-1500
Enegy Resolution(AE/E) 0.15 0.7 0.4 0.15
Numberof Enegy Bins 8 4 16
AngularResolution(®) 12x 20 4xX6 4x4 12x 20
Typ. ProjectedSpatialRes.(Re)  0.03x0.05 0.5x0.75 0.5x0.5 1.9x3.2
Typ. TemporalRes.(sec) 10 300 60 96
Typ. pixel dimension(mm) 2.0x3.5 15x15 1.5x3.0
Geom.Fact./pixel (cm?-sr) 5x1073 1.4x103  3x1073

Instrumentation

Imaging Energetic Particle Spectrometers (IEPS). The TENACIOUS Imaging Enegetic Particle Spec-
trometers(IEPS) are designedo measureboth pitch angledistributions of in situ protonsand electronsaswell
asimagesof remotely-generate@BNAs. The IEPS instrument(shavn schematicallyin the left of Figure5) is
designedcloselyafterthe NASA POLAR/CEPRD/IPS instrument(shawvn in its final flight configurationin the
right of Figure5). The IPSinstrumentis now returningvery high quality measurementsf bothionsand ENAs
from its POLAR orbit. The [IEPSusesthis well-proven designandhasexcellentflight heritageafter over two full
yearsof flawlessoperation.We note that not sincethe S3-3satellitehave therebeencomprehense pitch angle
measurementsf this enegy particlepopulation(15- 500keV) atlow altitudes.

In thelEPS,we proposdo fly anearduplicateof the POLAR CEPRAD/IPSinstrument.Theinvestigatorsvere
centralto the design,developmentandfabricationof thatinstrumentwhichis now delivering high quality neutral
atomimagesfrom the POLAR orbit. The IEPSadoptsthe sametechniqueof “pin-hole” particleimagingusedin
thePOLAR instrumentandwhichis describedn detailin [Blake et al.(1995)]. ThelEPSconsistof asensohead
assemblywith six identicalsensotheads threeeachfor ionsandneutrals.Unlike theIPS,a singleheadidentical
in form to thosedescribedelow constituteghe electronsensorit is notshavn in Figure5 for simplicity.

Eachheadusespin-holeimagingto producethree20-deyreefull-width-at-tenth-maxpixels having a triangular
responsedo an incident unidirectionalbeam. The pinhole optics definedby the entranceslit size, focal plane
distance,and pixel location on the focal planeyield contiguousresponsecurves that overlap at the tenth-max
level. As aresult,threenon-overlapping20-deyreefields-of-viev are obtained,yielding a 60-deyreetotal polar
field-of-view for eachhead. The threeheadshusprovide complete non-overlapping180-dgreepolar coverage
sggmentednto nine,20-dgreepixels. All azimuthal(in thespinplane)angularesponsearealsotriangular with
a full-width-at-tenth-maxof 12 degree. The satellitespin thus sweepsout full 4 steradiancoverageof the unit
sphereon each3-secondotation.
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IEPS Sensor -- Configuration #1

Figure 5. EngineeringDrawing of IEPSandPhotoof POLAR/CEPRD/IPS

ThelEPS,like the IPS, usesa sggmentedmonolithic solid statedetector(SSD)at the focal planeof eachpin-
hole camera.The SSDis run at full depletionwith a nominalthicknessof 150 mm. The pixels are definedon
the detectorthroughthe processof ion implantation;eachpixel is electrically decoupledrom its neighborsby
a guardring structure.In the designandfabricationof thesedetectorsmadeby Micron Semiconductorspecial
carewentinto minimizing the deadlayer on the implanted(entranceside of the device. This specialattention,
alongwith low systemelectricalnoise(< 5 keV FWHM), hasallowed us to establisha thresholdfor ion and
neutraldetectionof ~15 keV (althoughwe notethatthe IPS hasbeenrun successfullyon POLARto aslow as12
keV). Thislow thresholds critical asit allows usto measureahe substorm-relate&ENAs which have characteristic
enegiesin thekeV rangeratherthantensor hundredf keV. As aconsequencef thelow enegy thresholdof the
detectorstheion/neutratelescopearephotosensitie to sunlight andreflected'Earth-light” Thisresponsiity to
light is animportantelementor pointingrequirementsthe telescopesreorientedto minimize durationof direct
EarthandSunviewing. No sensomwill sweepthroughthe Sun field-of-view, andin the worsecase,somelook
directionsmay seethe earthfor asmuchashalf a spinwhenit will be blinded. However, therecorery time of the
detectorss short(~100 milliseconds)so thatthe important“up” directionsfor ENA detectionwill befreefrom
light contamination.

Within theion/neutraltelescopesa permanentnagnetandbaiffle assemblyeliminatesto betterthan99%, inci-
dentelectronswith enegiesupto ~1.5MeV from the optical path,therebyproviding a cleanion/neutralmeasure-
ment. Sunshadeandblackenedcollimatorseliminatethe scatteredand Earth-reflectecdsunlight. Each2(® x 12°
IEPSpixel hasanominal CEPRAD-lik e geometricafactorof ~ 5 x 10~3 cm?-sr. During the conceptstudyphase,
simplemodificationgthatcouldraisethis valueby afactorof two, with little masspenalty will alsobe explored.

Within eachsensorhead,thereis an independentietectorboard mount containingcoupling capacitorsand
detectotbiasing networks (typically 20V bias). Includedalsois circuitry for in-flight calibrationwith a chage
pulserfor eachpixel andafield-effect transistor(FET) for eachpixel. The outputsof this front-endanalogsignal
areroutedby mini-cablesto the analogsignalconditioningcircuitsvia a pigtail. EachFET is coupledto standard
chagesensitve preamplifierghatfeedtwo stagef amplification,shapingandbaselineestoration Theshaping
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time is approximately2.5 msec. The shapedsignalsare pulse-heighanalyzedon the digital preprocessoboards
in a customgate-arraychip (KM-5) developedjointly with KMOS, Inc. for the POLAR mission. A stackof
discriminatords built into the chip, allowing for up to 16 adjacenenegy bins. The enegy thresholdandrangeof
the analyzercanbe adjustedby sendingdigital commandgo digital-to-analogcorverters(DACSs) internalto the
chip. The chip canberunin oneof two enegy modesby selectionof two independentesistordivider chainsin
the chip: linear (AE constantr logarithmic(AE/E = constantpin spacing.Thelow- andhigh-enegy reference
voltage of eachDAC canbe controlledindependentiyproviding for a possibleenegy rangeof 0 to 1500keV.
Outputlogic pulsesfrom individual bins areaccumulatedt high rateandthen,for IEPS,arereducedn enegy
resolutionto eight of the 16 possiblebins. The dataareaccumulatedn 24-bit scalersandreadinto memoryat
regular intervals, nominally 32 times per three-secondpin. An in-flight calibrationcircuit is driven alsofrom
the digital board. It consistsof two fixed precisionamplitudepulsesat 90 and 240 keV that drive the front-end
electronics.A variableamplitudepulsegeneratgrcontrolledvia an 8 bit DAC, alsoprovides calibrationsignals
on command.A functionalblock diagramof the ion, neutraland electronsensorsandtheir analogand digital
electronicds showvn in Figure6.
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Figure 6. TENACIOUSIEPSfunctionalblock diagram.

Sincewe aresometimesn a chaged particleforeground,it is importantfor usto know not only theion pop-
ulation but alsothe electronpopulationat similar enegies. The IEPSincludesalsoa singleelectronhead,using
the sameeffective designastheion/neutralhnead.The electrondetectoiis thicke