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Abstract

With theimmanentaunchof IMA GE and TWINS, andthe pastsuccessesf the ISEE, Geotailand POLAR
enegeticneutralatom(ENA) imagescomesatendenyg to perceve ENA imagersasprimarily high-altitudeinstru-
ments.However, theabsolutdlux of ENAs s far greateiin low-earthorbit at800kmthanary of thelocationsof the
abore mentionedsatellites.This high flux, combinedwith the rapid orbital motion, permittomographidnversion
of theimageseceved,for atrue,three-dimensionamageof the enegetic particlepopulationon thesenearearth
flux tubes.Sincethe ENA flux is a productof ion populationandneutralatmosphereanimagingsatellitemustalso
carryopticalinstrumentghatcanascertairthe neutraldensitiessothatabsolutdon fluxescanbe decowolved. In
addition,if the sattelitehasion instrumentsvhich samplein situ the sameflux tubepreviously obseredin ENAs,
it is ableto overdeterminethe data,so thatinstrumentakrrorscanbe removedto createan absolutedensityde-
termination.We sketchoutthevaluablenen obserationsandthe potentiallyparadignmchangingmagesavailable
from this uniqueperspectie, includingtomographioziews of magneticsubstormsndstorms mapsof theelectric
field alongtheflux tubesof theauroralacceleratiomegion, andsmall-pitchanglelow-altitudeextensionof thering
currentandplasmasheetwhich canbeimagedeasilywith hightemporalandspatialresolution.

Intr oduction: The Significanceof and Scientific Basisfor Low Altitude Imaging

Two of the mostimportantdynamicfeaturesof the magnetospherare geomagnetistorms,characterizedy
ring currentintensificationsvith Dstvariations,andsubstormsgharacterizethy magnetotaireconfigurationsvith
auroralelectrojetvariationsandtheir relatedvisible auroralmanifestationsEacheventis a globalmagnetospheric
responseo changesn the solarwind andinterplanetarynagneticfield. For the pastthirty years,we have been
limited in our ability to understandhe global natureof thesephenomenaWwhile we have amasse@ greatvolume
of single-pointjn situ measurementhatprovide theglobalpicturein anaverage staticsensgspaceclimatology),
we have lacked aninstantaneousiew of large-spatial-scalenagnetospheridynamics(spaceweather).This lack
of a globalperspectie haslimited our analysisof thein situ measurementdn addition,the lack of theseglobal
datalimit ourability to differentiatebetweervariousphysicalmodelsthatdescribenagneticstormsandsubstorms.
Theselimitations includeinadequategylobal knowledgeof particle origins, loss processedransportmechanisms
andtheirtime dependence.

Unfortunatelyionsandmagnetidieldsare“invisible? Thesequantitiesaredynamicandcanonly bemeasured
whenwe fly throughthemwith aspacecraftSinglepointmeasurementhuscannotseparatéemporalffrom spatial
variability, nor canthey provide a globalview. Thenovel approachof ENA imaginghowever givesusthe global
vision we need. Greatprogresshasbeenmaderecentlyin ENA magnetospherignaging. Beautiful imagesof
enegetic neutralatoms(ENAS) createdby ion collisionswith the Earths tenuousupperatmospherdave been
collectedby several satellites,including the POLAR satellite,which recentlydiscovered (R. Sheldon)that both
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stormsand substormshave strongand repeatableENA signatures. Thesenew global imagesdemonstratehe
feasibility and scientific usefulnesof remotesensingto understandjuantitatvely the magnetosphericesponse
to solarevents[Jorgensen et al.(1997) Henderson et al.(1997) ]. In the hypotheticallow-Earth orbit mission,
TENACIOUS (TomographicENA Comprehense lon and Optical University Satellite)a suite of instrumentss
proposedhatcansubstantiallyncreaseurknowledgeandinsightinto themagnetospheriesponseby providing
in situ measurementsf particlefluxesandsupportingopticalemissiongo complemenENA imaging. Ultimately,
with this new knowvledge,we will beableto betterunderstan@ndpredictthe magneticsubstorms&ndstormsthat
enegize andtransporienegetic particlesin the geospacervironment.

High-Altitude ENA Images

The power of ENA measurementom spacecrafhasbeenamply demonstratedecentlyon orbit (ASTRID,
POLAR, GECOTAIL) - but particularly so at high altitudesby the CEPRAD/IPS on the POLAR spacecraft. A
schematiocof how a high altitude imagerremotely senseghe ENAs producedby chage exchangebetweenthe
geocoronaand the enegetic ions of the ring currentis shavn in Figure 1. This figure illustrateshow a two
dimensionalmageof theoptically-thinENA emissionsanbeformedfrom a singlevantagepoint.
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Figure 1. Schematiof GlobalEnegetic NeutralAtom Imaging

Fromhighapogeerbits,ENA imagescanbe obtainedon aglobalscale.However, ENA emissionsareoptically
thin and involve the convolution of a three-dimensionaheutralatmospherevith the ion densitydistributions,
interactingwith anenegy-dependenthageexchangeross-sectionThus,datafrom asingleENA sensoprovides
anon-uniqualeterminatiorof theion fluxesalongtheline-of-sight.Ideally, multiple measuremen@rerequirecto
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obtainanunambiguouspatialdistribution. TheimpendingMA GEandTWINS missionshave takenthenecessary
first stepstoward stereoscopignagingof geospacevith neutralatoms.

Yet not every ambiguityis removed. Althoughthis stereoscopiview removesthe two-dimensionahmbiguity
it doesnot yet solve the separatiorof neutralfrom ion densitiesn the convolution. At best,it providesboundary
conditionsonthenon-uniquanversion.Worseyet, thelow flux of ENAs requiredongintegrationtimes,andthere-
fore cannotresol\e fine temporalchangescertainlynot 10’s of secondsandpossiblyaspooras10’s of minutes.
Therefore,as Gruntman [1997] pointsout in his excellentreview article on ENA imaging, views from both the
“outsidelookingin” (e.g.,POLAR,IMAGE, TWINS) andfrom the“inside looking out” (e.g., TENACIOUS)are
critically neededn orderto extractthe mostmeaningfulphysicalinformationfrom theimages.This needis driven
by the factthatthe highestspatialresolutionandtomographycanonly be obtainedfrom low altitudeswherethe
optically thin emissionsarethe brightest.

Now if high time- and spatial-resolutionmagescornveyed no nen physics,the distinctionwe have drawn is
moot. We ague, however, thatthereare severalimportantmagnetospheriprocessesnly revealedby this low-
altitudetechnique We consideffirst the advantageof high geocoronaheutraldensitiesandsecondhe advantage
of high ENA flux.

High Geocowonal Densities

Sincethe dynamicmagnetosphericegions(say L >5) connectmagneticallyto low-altitudesat mid- to high-
magnetidatitudes,the feetof the flux tubesthreadingthe innermagnetotaiconnectio the ionospherén regions
wherethe geocoronablensityis high. Supposewe areinterestedn pinpointingthe ENA brighteningassociated
with substormsasanindicatorof the substorninitiation region [Jorgensen et al.(1997)]. Sincethe neutralatmo-
spherds sotenuousat L >7 in the equatorialplane,we do not obsere equatorialENA flux until the accelerated
ions arewithin geosynchronousrbit. Thustheinitiation region may be ENA invisible at the equator purely be-
causethe productionrateis solow. However, if the substormion injection is isotropic,asmostmeasurements
indicate,therewill be a noticeableflux precipitatingat low altitude,at the foot of thefield line, whereENA pro-
ductionis mostplentiful becausef the highergeocoronatiensity An instrumenttlow altitude,then,hasthebest
chanceof observingthe substorminitiation region by observingthe acceleratecheutralsescapingrom the flux
tubeshaving precipitatingflux.

Now the identificationof which flux tube containsthis flux requireshigh spatialresolution. A low altitude
spacecrafwill have the neededesolutionthatis impracticalfor a high altitudespacecraftThe problemis simply
oneof optics.Neutralparticlescannotbe focussedsothatpinholetype opticsarethe bestthatcanbe achieved. In
suchanarrangementesolutionis tradedfor sensitvity, sothata highaltitudesatellitecanchooseoneor theother
but not both. This makestherequiredresolutioninherentlyimpractical. Attemptsto identify the trajectorywithin
the ENA imagerandtherebyovercomethis opticslimitation, say by penetratingan ultrathin carbonfoil suchas
in IMAGE/MENA, fail atthelow, 1 keV/nucleonenegiesproducedn substorms.Thereforeonly a low altitude
ENA imagercanmake this measuremenOnly a low altitudeENA imagerhasthe capabilityof capturingtheion
enhancements aglobalpictureof a substornonset.

High ENA Fluxes

A secondrelatedeffectis thatthe ENA flux is bright,enablingalow altitudeimagerto capturesignificantcounts
in a shorttime period. Thetime resolutionof suchanimagercanbelessthanl second.Thisis notjustabonus,
but a necessitysincethe satelliteis travelling 7 km/s. Werethe flux not bright enough,a longerintegrationtime
would leadto a severely smearedgicture. This satellitemotion canalsobe usedto our advantage permittingan
entiresequencef imagesof the sameemissionregion but from lines-of-sightthatareconstantlychanging. These
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two featuresallow for tomographidnversiongo beperformedjustthesameway thattheBU TERRIERSmission
couldprovide tomographic3-D imagesof the upperatmospherandionospherdrom alow altitudesatellite.

If we supposédhata substormbegins at a particularlocationin the nearEarthgeotail, thenwe would expect
anarcof flux tubeson the night sideof the Earthto brightenin ENA emissionduring the event. Mappinga flux
tubefrom theionospherdo thetail hasalwaysbeena majoruncertaintyin magnetospheriphysics,not the least
of which is the uncertaintyintroducedby Birkelandcurrentsnearthe Earth. The ability to mapa flux tube,say
from 400km to 3000km by following a 3-D emissionwill certainlyimprove our magnetidield models,constrain
theBirkelandcurrentsjmagetheopen/closedlux tubeboundaryandaswe describebelow, determingheparallel
potentialsalongtheflux tube. All thesemeasurementaredoneglobally, which is a muchstrongerconstrainton
the modelsthan single point measurementsuchasrocket borneinstruments.Only a low altitude ENA imager
canmalke thesemeasurementsesolvinglong standingdifferencesoncerninghe auroralacceleratiorregion.

Thereforeif thetechniques capableof imagingthe auroralacceleratiorregion and/orthe substorminitiation
region, it hasthe potentialto resohe somelong lastingdisputeswithin the spacephysicscommunity and make
importantprogressn magnetospherisciencenot possiblewith high altitudeimagers.

Overarching Scientific Goalsand Objectives

TENACIOUS canperformthefollowing measurementsith the statedgoals(alsooutlinedin Table):

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

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

¢ obtainradial neutral density (geocoronal)profiles by performinglimb scansof ENA bright objectsand
determiningthe multiple scatteringcoeficients;

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

¢ provide databasedor comparisorwith datafrom otheravailable satellitesto permit stereocENA views of
themagnetosphere;

e Obtainin situ measuremendf the chaged particle enegy distribution in regionswith UV and ENA im-
ages;our orbit permitsportionsof theimagedregionsto be directly sampledandhenceover-determinethe
decowolution;

e obsere the peakenepgy of the substormENA populationtherebyconstraininghe modelsof substormion
acceleration;

e guantitatvely relatehigh spectral/spatial/tengpd resolutionENA imageintensitieso globalparticlefluxes
andtheir dynamicspothlocally andremotelydriven, therebyconstrainingnodelsof substornonset.



Table 1. Summaryof ScientificObjectves

0 MagnetospheriStructureandRing CurrentDynamics

- Corvectionboundariesenegization,andglobalelectricfieldsfrom spectra
- Ring currentgrowth, decay andazimuthalasymmetries

- Radiationbelt physics

0 SubstormsandTail Dynamics

- Substorm-relatednegetic particleacceleration

- Plasmasheethinning/expansionandSubstornmonsettiming andlocation

- Auroral zoneplasmapressurgyradients

0 GeocoronaPhysics

- Responsef thegeocorondo changingconditions

- Non-sphericityof sourceregion

o Auroral StructureandAcceleration

- Imagingauroralarcs,currentregions,andenegeticion in/outflon regions

- Measuringhe parallelpotentialghrougha double-layestructurealonga givenflux tube

Curr ent State of Magnetosphericlmaging at High and Low Altitudes

Overthelastmary years theincreasingsophisticatiorof ENA imagershasled to betterempiricalglobalviews
of the stormtimering currentregion. Early resultsfrom the ISEE spacecraffRoelof et al.(1985) Roelof(1987) ]
demonstratethe concepbf quantitatve useof ENA obserationsandENA imaging.More recentresultsfrom the
GEOTAIL spacecraffLui et al.(1996) ] demonstratetheability of ENA measurements provide notonly enegy
but alsoring currentcomposition.Evenat low altitudes,ENA imagingstudieshave alreadyamply demonstrated
the power of thesedata, both from free-flying spacecraftsuchas ASTRID measurementef 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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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 examplethe directcorrelationof globally-integgratedENA imagesandthe Dstindex, and
alsoareallowing us to 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. Thisshortcomingepresentanunderconstrainedlatasetfrom 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 datacanreducetheseuncertaintiesand permitthe important
next level of quantitatve analysisof stormtimeinjection both nearthe equatorand possiblyoff the equatorvia
parallelpotentials.

For the TENACIOUS missionto succeedywe mustobsere the ENAs producedwithin geospacéut from low-
altitudes,a complementaryantagepoint to thatof POLAR (the sameasIMA GE and TWINS will provide). Do
we have evidencethatENASs from thesdow-altituderegionswill actuallybeobsered?We have every expectation
they shouldbe. The equatorialdistributions have fluxes nearthe loss cones—oftercomparableo the trapped
fluxes—thatwill mirror at lower altitudes. Theselower altitudeshave much higher neutral densities,often by
mary ordersof magnitude so the commensurateate of ENA productioncould be muchhigher Furthermorea
low altitudespacecrafis considerablycloserto this low-altitudesourceregion sothe emittedflux of ENAs should
appeabrighter Suchconsiderationbave alreadybeentreatedheoreticallyby severalstudieg Orsini et al.(1994)
Milillo et al.(1996) Roelof(1997b) Roelof(1997a) ] andthesehave shavn thatlow-altitudeimagingis not only
viablebut is highly desirable Indeedasnotedabore, bothASTRID andPolevardLeapobserationsdemonstrate
not only the existenceof low-altitude ENAs but alsotheir high intensity and alsotheir scientific utility. Those
are reviewed belov. In addition, we presentexciting new evidencefrom the long-running TIROS mission of
considerabl&ENA fluxesdetectedat low altitudeandtheir associatiowith 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
(someavhatsmallerthanthatof 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 102 cn?-sr but wereconstrainedo measurdrom altitudesbelov 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 studyshaved a remarkablygoodagreemenbetween
theobsered ENA emissioncomparedo asimplemodelof protonprecipitation gvenin thislower altituderegime



wheremultiple scatteringcanhave a blurring effect.

We notealsoin a studypresentlyundervay 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 Polavard Leapinstrumentthe TIROS enegetic particleexperiment
is asimplesolid statedetectingsystem However it possesseshigherenegy threshold~ 30keV) thanwe would
fly on TENACIOUS sothattheratesit measureshouldbe a lower limit approximation. TIROS measure&ENAs
atmary hundredcountsper secondwhile in the polarcapslooking backtoward the auroralzoneandring current.
Figure4 shavs a plot of TIROS ENAs, similar to Figure 3, demonstratinghe relationshipof ENA countrateto
AL andDstduringa substormanda magneticstorm.

In Figure4, the solid coloredcrosseslenotethe averageENA ratesmeasuredby the TIROS spacecraftvhile in
thepolarcapslooking backattheauroralzoneandring currentregions. We caninfer thattheseareENAs by virtue
of anotherdetectordooking towardthe nadirwhich obsered no discernibleion signalin the polar caps(squares).
Overthecourseof severaldayperiods duringthe 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 curve, suggestinghattheseare ENAs associateavith higher
latitude,auroralphenomenomniatherthanlower latitudering currentphenomenonkFromthesepowerful data,we
thereforehave every confidencahatthe uniqueTENACIOUS perspectie from low altitudes,with high spectral-,
temporal-,and spatial-resolutiorENA imagescoupledwith optical data,would provide critical new information
on bothstormandsubstornmstudies.
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New Applications of Low-Altitude Imaging

GeomagneticSubstorms

During a magnetospherisubstormmagneticenegy storedin the magnetotailobesis corverted,in part, to
plasmashedtow andinner magnetospherglasmathermalenegy. This enegy corversionprocesss rapid, hap-
peningonthetime scaleof minutes.It producedargedisturbances themagnetotaimagnetidieldsandparticles
over broadspatialscalesperhapsstartingasa highly-localizedsite of acceleratiorandthermalizatiorandgrow-
ing in scaleover a shorttime. Becausdhe magnetospheris electrodynamicallycoupled,the enegy dissipation
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from this reconfiguratioris global, involving virtually all regionsof thetail aswell asthe auroralionospherean
essentiatomponentf asubstorm.Therelatve timing of substormphenomenan the deepmagnetotai{>>40 Re),
themid-tail plasmashegP0-40Re), the neartail plasmashedil0-20Re), theinneredgeof the plasmashedb-10
Re),andtheauroralionosphergrovide importantinformationaboutthesourceof particleenegizationduringsub-
stormsandtheinjectionof hot plasmainto geostationangltitudes.Statisticalstudieshave establishedhe average
propertiesof substorminjectionsincluding their strengthandradial andlocal time extent. However, the question
remainsasto how representate the averagesubstormis in termsof dynamicsandspatialextent.

To beprecisetwo schoolsof thoughthave arisenconcerninghetriggermechanisnof a substormOneschool,
the“nearearthcurrentdisruption” (NECD) would placethetriggerin the 6-15 Reregion of thegeotail. The other
schoolthe“nearearthneutralline” (NENL), would placethetrigger20-40Redeepin thetail. It hasbeendifficult
for spacecrafto be in both placesat the sametime, andthe chanceoccurrence®f two spacecraftn the proper
locationis highly disputed.Thusthe questionasto the original triggerwill mostlikely requirea global,dynamic
imageof the entireregion. Thatis, thesequestionanonly be answerediefinitively by remotelyobservingthe
systemglobally and analyzingthe in situ measurements the context of the global evolution. TENACIOUS
imagerswould provide immediateinsightinto thesedecadeold 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) Senceet al.(1997) ]. During the substormlife-cycle, ENA emissionsare obsered to
first brightenweakly at the inner edgeof the plasmasheetduring a substormgrowth phase thenintensify in a
localizedregion nearpre-midnightat substormonset,andfinally spreadazimuthally (primarily to earlierlocal
times)asthe substornentersthe recovery phase.Thereafteitheinjectedions drift westward anddecaywhile the
associateENA emissionssubside.Simultaneousneasurementst geostationaryrbit confirmthetail stretching
andsubsequenbn injectionwhile auroralimagesrecordtheauroralarcbrighteningsandsuge evolution. Despite
the relatve simplicity of the POLAR ENA measurementsignificantqualitatve understandingf the substorm
injection procesdhasalreadybeenmade. The phenomenaeenin the auroralzoneandmagnetotaiarelinked by

theglobalimagesandthe comprehense view of spatialandtemporalevolution allows usto testvarioussubstorm
hypotheses.
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Figure 4. GlobalENA Imagesfrom POLAR During a ModerateMagneticStorm

However, theseanalysesare hamperedy the inherentsingle point POLAR ENA measurementsEven with
the multiple ENA datasetspromisedwith IMAGE and TWINS, all theseviews are from the outsidelooking
in andlack the ability to imagewith high spatialresolutionthe nearEarth extensionsof thesemagnetospheric
regions. For example,the middle to distanttail viewed at the magneticequatomwill bevirtually invisible in ENA,
not primarily becausehereareno enegetic ions, but ratherowing to the very low geocoronatlensitiesnearthe
magneticequatorat suchgreatdistances.On the otherhand,thesesameregionsarevisible from low altitudes—a
small pitch-angleion from the tail canchage-echangein the high geocoronablensitiesnearthe Earthandthus
beseenwith alow-altitudeENA imager Thelow-altitude,“inside-out” views provided by the TENACIOUSENA
imagerwould allow for substantiallyimproved and routine obserationsof theseregions andwill complement
nicely the globalimaging provided by IMA GE and TWINS. Indeed,linking the high andlow altitude signatures
of substormss extremely difficult with traditionalmethodsand hasled to greatuncertaintyin substormmodel
differentiation.A critical outstandingquestionto be answereds whetherthe substormis initiatedin a nearEarth
currentsheetdisruptionregion that propagategailward or is it initiated first at a nearEarth reconnectiorsite
whoseeffectspropagateearthvard? The next-generatiorENA imagesshouldallow usto immediatelyestablish
thecritical directionof propagatiorduringa substornandthusdifferentiatebetweercompetingsubstorntheories.

A secondoroblemwith POLAR (andpotentially IMA GE andTWINS) measurementss thatthe enegy spec-
trum of the ENA’'s producedn substormpeaksatenegiesbelov threshold. The POLAR/IPSthresholdvasabout
14-17keV, which suggesthatthe actualpeakis belov 8 keV, andpotentially aslow as1 keV. If theseions have
ary substantiabxygencomponentasthey undoubtedlywill atlow altitude,the enegy defectof typical solid state
detectordSSDs)or the equivalent“penetrationenegy” of Carbon-foilswill completelymaskthe signal. Con-
versely the enegy may betoo high for IMAGE/LENA to createa negative ion. Thusthe TENACIOUS detector
would have to blazenew groundin low enegy ENA detectionusingback-thinnedtchage coupleddevice (CCD’s)
or ultra-violet(UV) blind multi-channeplates(MCP’s) to detectthesesubstormENAS.
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Magnetic Storms

A geomagnetistormis characterizedby the injectionandenegizationof ionsdeepwithin thetrappingregion
of the inner magnetospher@_<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 strongenhancemenof the westward-flaving, azimuthalring current. The strongcurrentnear
the magneticequatorbetweern? and6 Re depressethe Earths surfacemagneticfield 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
procesqseeFigure?). Kinetic particlemodelsratherthanMHD modelsof thering currentarenecessarypwing
to the large gyroradii of the pressure-bearingns. Suchmodelshave evolved over the last twenty yearsbut all
dependon the specificationof initial injectedparticle populationsandevolving 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 comparisondiave beendonewith oneor at mosta few satellitestraversingonly portionsof the
volumeimportantfor the stormtime development.

With POLAR, the growth and decayof the enegetic 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 order of several spacecrafspinsor aboutone minute). An exampleof onesuch
sequencef ENA imagesfrom POLAR is shavn in Figure 2 during a magneticstormin Januaryl997. This
spatially-smoothedmageshaws the emissionamappedto the symmetryplaneof the magneticequator A clear
riseandfall andlarge local time asymmetryof the ENA flux is apparent.The partial ring currentis clearly seen
asfreshions during a storm suige are injecteddeepinto the trappingregion and then drift 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 seenonthegroundasanasymmetriggroundmagnetiadisturbancen localtime. 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 the globallyimagedregion. In oneimage,
we seethelocaltime, radial,andspectradistribution of thering currentionsandcantrackthemin time atrelatively
high time resolution. Thesedataare allowing us to testour modelsof electricfield penetratiorandthe complex
particleaccelerationsluring stormmainphaseandrecovery.

Although high-altitudeobsenrations,suchasIMA GE and TWINS, will permitexcellentazimuthalreconstruc-
tion of thering current,andhencethederiation of Dstfrom afirst-orderfit of the Fouriercomponentsthey do not
performaswell in determiningthe pitch-angledependenceT his dependenceanbestbe estimatedy comparing
the brightnessat low altitudeswith the brightnessat equatorialaltitudesalonga singleflux tube. Recentwork,
[Sheldon et al.(1998)]suggesthatthe mostrapid decreas@ndrecovery of Dstduringtruly large storms(|Dst >
200) may be dueto very small pitchangleions accelerateaut of theionosphere By geometricakonsiderations,
onecanshav thathigh-altitudeimagerswvould have greatdifficulty seeinghesdonsattheequatorandinsuficient
resolutionto resohe their flux tubesin thelow-altitudelosscones.Only alow-altitudesatellitecouldresolhe how
much,if ary, Dstwasdueto directionospheridnjection.
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Auroral Acceleration

The NASA Small Explorer FAST, hasshavn thatthe auroralzoneis a region of complity with interesting
microphysicscoupling to macroscalgphenomenon.Part of the auroralpuzzleis the distribution in spaceand
time of auroralarcs. While FAST canmale very rapid measurementst is still limited in its ability to unravel
spatialversusemporalvariations.Thebulk of auroralenegiesarebelon the SSDor C-foil instrumenthreshold,
requiringthe new technologyto covertheenegy range(1>¢ E > 15keV) however, bothTIROSandPOLAR data
indicatethatthe auroralarc ENA’'s extendup to atleast40 keV. Therefore, TENACIOUSwould have the chance
of revealingthe structuresassociatedavith protonauroraon a macroscopiscale.Owing to the spacecraftnotion,
we would thenfly throughthe structure,possibly coincidentally and thus be able to make excellent progress
in unfolding the surroundingion fluxesfor thefirst time, with tomographidnversiontechniques.As FAST has
revealed, TENACIOUS would have the exciting possibility to imageas a function of neutralatomenegy two
majorauroralacceleratiomegionsto complementlassicabpticalimages:theupward-acceleratembnsassociated
with traditionalauroralarcregions(from which auroralarc electricfield structuremay be inferredin 3D; andthe
so-called'black aurora’regionscharacterizedy dowvnward-goinghot magnetospherionsthatneutralizeat the
feetof auroralfield lines.

Radiation Belt

Themechanismshatform andacceleratéhe radiationbelt particlescanbe differentfrom thering current.For
example,boththe CRAND sourceandthe March1991solarwind shockproduceradiationbeltenhancemenis a
fardifferentmanneithantheradialdiffusionandadiabaticenegizationthatformsthequiettimering 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/ Breit- Severalregionshave beenproposedassourcef theseions, includingthetail, the
cuspandthe boundarylayer/ magnetosheathNone of theseregions have high enoughgeocoronaldensitiesto
producemuchENA flux, but if they aremappednto thelossconeat low altitudes,a substantiaENA flux would
result. The low altitude orbit of TENACIOUS, then, is the only placewheretheseputative sourcepopulations
could beremotelysensed.Thereforeit is of greatinterestto spectrallyresohe ENA’s arisingfrom high latitudes
anddiffering MLT, for thenwe maybeableto mapthe precursorgo aradiationbeltenhancemergndresohe their
sources.

Geocopnal 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 spectroscopitomographidnversionmethodspioneerecby TERRIERS,andappliedto the EUV sunlight
scatteredy thesespecieglescribedaterin SectionD.2a. In additionto theseneutralgasesvhich form a purely
gravitationally boundatmospherehothHe™ andO™ areconcevably importantelectrondonorsfor ENAs whose
densitieswould track the magneticallyconfinedplasmasphere. [Sheldon and Hamilton(1993)] hasshavn that
He andHet electrondonorcrosssectionsmay actuallydominateover H for selectspeciesandenegy of ENAs.
TENACIOUSwould have theability to track photometricallythethreemostabundantneutralgasegH], [He], and
[O], aswell asthemostimportantplasmaspeciegO™] (excluding[H ] whichis photometricallyinvisible). These
geocoronaimeasurementwill complementhosebeingmadefrom high altitudeswith advantagesimilarto those
describedor the ENA measurements.

Finally, the geocoronas an extensionof the upperatmosphere¢hat causesatellitedrag, which hashigh vari-
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ability both annuallyandduring the solarcycle. It shouldbe notedthatthe scaleheightof the geocoronavaries
mostrapidly atlow altitudepreciselywhereTENACIOUSwould have the bestresolution. Thus, TENACIOUSis
uniguelysuitedto providing a 3-D, time variable,dynamicgeocoronamodel.

Sciencelmplementation

We canachieve the scientificgoalsand objectives outlined abore with optimizedinstrumentatioron TENA-
CIOUS. The instrumentatiordescribedbelon either has proven spaceflightheritageor is based,with low- or
little modification,on hardwarepreviously developedfor NASA missions.Theinstrumentationncludesanimag-
ing Enegetic Particle Sensor IEPS (for enegetic protons,neutralatoms,and enegetic electrons)anda pair of
TomographicExtreme-UltraVblet SpectrometersTESS(for geocoronalmaging)eachtunedeitherfor daytime
or nighttime obsenations. We refer the interestedreaderto the TERRIERSsatellitedescriptionfor TESS,and
POLAR satellitedescriptionfor IPS.In this tablewe comparehe TENACIOUS instrumentatiorwith contempo-
raneous€ENA telescopes.

Table 2. TENACIOUSENA ImagerComparedvith Complementarymagers

MISSION TENACIOUS IMAGE TWINS POLAR
Mission Type UNEX MIDEX MOO ISTP
ENA Instrument IEPS L/IM/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 4x6 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  3x10°3

Optimal altitude determination

We notethatlow Earthorbit is a novel, andin mary ways an optimal, locationto perform magnetospheric
neutralatomimaging. We have notedthe advantagegreviously. Oneconcernis the multiple scatteringof ENAs
that canoccurin the densemegions of the atmosphere This questionhasbeentreatedtheoreticallyand shovn
that altitudesabove 850 kilometersare nearly scattefree. Altitudes at 1000 kilometersor higher are optimal
from an ENA point of view, but higheraltitudesintroduceradiationdamageeffectsto sensoelectronicfrom the
inner edgeof the radiationbelt andthe inward bulge of the southAtlantic anomaly Soraas and Arsnes [1996]
shavedfrom their rocket datathateven at 450 kilometersthe effectsof scatteringverestill surprisinglyminimal.
Indeed,Gruntman [1997] alludedto the fact that problemsattributed to multiple scatteringhave probablybeen
overestimatedasedon simpletheory Thereforewe tamget an apogeealtitude for TENACIOUS at 1000km to
be well within a singleencountei(optically thin) ENA regime. Anything abose 850 km would be acceptableso
we areactuallyvery insensitve to exactaltitude. Indeed,by choosingan elliptical orbit with perigeeat 400 km
andapogeeat 1000km, one could modelthe radial dependencef multiple scatteringaswell asprovide anin
situ independenimeasuref geocoronakcaleheightsat thesecritical radii. With five measurementsf the three
quantities:ions, neutralsand ENAs, the TENACIOUS missionwould put stringentconstraintson all modelsof
low-altitudefluxes.
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Summary

Thereforealow-altitudeENA imagernot only hasthe opportunityof measuringhe globaldynamicsof storms
andsubstormsbut alsothe absolutefluxesof ionsandneutralsin this critical “exobase’region of the collisional
geocorona.Thesemeasurementa/ould then have the potentialof resolvingboth long-standingdebateswithin
the magnetosphericommunity andimproving by anorderof magnitudethe empiricalmodelsof the geocoronal
exobase.
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