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Abstract

With the immanentlaunchof IMAGE andTWINS, andthe pastsuccessesof the ISEE,GeotailandPOLAR
energeticneutralatom(ENA) images,comesatendency to perceiveENA imagersasprimarily high-altitudeinstru-
ments.However, theabsoluteflux of ENAs is fargreaterin low-earthorbit at800kmthanany of thelocationsof the
above mentionedsatellites.This high flux, combinedwith therapidorbital motion,permit tomographicinversion
of theimagesreceived,for a true,three-dimensionalimageof theenergeticparticlepopulationon thesenear-earth
flux tubes.SincetheENA flux is aproductof ion populationandneutralatmosphere,animagingsatellitemustalso
carryopticalinstrumentsthatcanascertaintheneutraldensitiessothatabsoluteion fluxescanbedeconvolved. In
addition,if thesattelitehasion instrumentswhichsamplein situ thesameflux tubepreviously observedin ENAs,
it is ableto over-determinethedata,so that instrumentalerrorscanberemoved to createanabsolutedensityde-
termination.Wesketchout thevaluablenew observationsandthepotentiallyparadigmchangingimagesavailable
from thisuniqueperspective, includingtomographicviewsof magneticsubstormsandstorms,mapsof theelectric
field alongtheflux tubesof theauroralaccelerationregion,andsmall-pitchangle,low-altitudeextensionof thering
currentandplasmasheet,whichcanbeimagedeasilywith high temporalandspatialresolution.

Intr oduction: The Significanceof and Scientific Basisfor Low Altitude Imaging

Two of the mostimportantdynamicfeaturesof themagnetospherearegeomagneticstorms,characterizedby
ring currentintensificationswith Dstvariations,andsubstorms,characterizedby magnetotailreconfigurationswith
auroralelectrojetvariationsandtheir relatedvisibleauroralmanifestations.Eacheventis aglobalmagnetospheric
responseto changesin thesolarwind andinterplanetarymagneticfield. For thepastthirty years,we have been
limited in our ability to understandtheglobalnatureof thesephenomena.While we have amassedagreatvolume
of single-point,in situ measurementsthatprovidetheglobalpicturein anaverage,staticsense(spaceclimatology),
we have lackedaninstantaneousview of large-spatial-scalemagnetosphericdynamics(spaceweather).This lack
of a globalperspective haslimited our analysisof the in situ measurements.In addition,the lack of theseglobal
datalimit ourability to differentiatebetweenvariousphysicalmodelsthatdescribemagneticstormsandsubstorms.
Theselimitations includeinadequateglobal knowledgeof particleorigins, lossprocesses,transportmechanisms
andtheir time dependence.

Unfortunately, ionsandmagneticfieldsare“invisible.” Thesequantitiesaredynamicandcanonly bemeasured
whenwefly throughthemwith aspacecraft.Singlepointmeasurementsthuscannotseparatetemporalfrom spatial
variability, nor canthey provide a globalview. Thenovel approachof ENA imaginghowever givesustheglobal
vision we need. Greatprogresshasbeenmaderecentlyin ENA magnetosphericimaging. Beautiful imagesof
energetic neutralatoms(ENAs) createdby ion collisionswith the Earth’s tenuousupperatmospherehave 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 imagesdemonstratethe
feasibility andscientificusefulnessof remotesensingto understandquantitatively the magnetosphericresponse
to solar events[Jorgensen et al.(1997), Henderson et al.(1997), ]. In the hypotheticallow-Earth orbit mission,
TENACIOUS(TomographicENA Comprehensive Ion andOpticalUniversity Satellite)a suiteof instrumentsis
proposedthatcansubstantiallyincreaseourknowledgeandinsightinto themagnetosphericresponsesby providing
in situ measurementsof particlefluxesandsupportingopticalemissionsto complementENA imaging.Ultimately,
with this new knowledge,we will beableto betterunderstandandpredictthemagneticsubstormsandstormsthat
energizeandtransportenergeticparticlesin thegeospaceenvironment.

High-Altitude ENA Images

The power of ENA measurementsfrom spacecrafthasbeenamplydemonstratedrecentlyon orbit (ASTRID,
POLAR, GEOTAIL) - but particularly so at high altitudesby the CEPPAD/IPS on the POLAR spacecraft.A
schematicof how a high altitude imagerremotelysensesthe ENAs producedby charge exchangebetweenthe
geocoronaand the energetic ions of the ring current is shown in Figure 1. This figure illustrateshow a two
dimensionalimageof theoptically-thinENA emissionscanbeformedfrom asinglevantagepoint.

Figure 1. Schematicof GlobalEnergeticNeutralAtom Imaging

Fromhighapogeeorbits,ENA imagescanbeobtainedonaglobalscale.However, ENA emissionsareoptically
thin and involve the convolution of a three-dimensionalneutralatmospherewith the ion densitydistributions,
interactingwith anenergy-dependentchargeexchangecross-section.Thus,datafromasingleENA sensorprovides
anon-uniquedeterminationof theion fluxesalongtheline-of-sight.Ideally, multiplemeasurementsarerequiredto
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obtainanunambiguousspatialdistribution. TheimpendingIMAGEandTWINS missionshavetakenthenecessary
first stepstowardstereoscopicimagingof geospacewith neutralatoms.

Yet not every ambiguityis removed. Althoughthis stereoscopicview removesthetwo-dimensionalambiguity,
it doesnot yet solve theseparationof neutralfrom ion densitiesin theconvolution. At best,it providesboundary
conditionsonthenon-uniqueinversion.Worseyet,thelow flux of ENAs requireslongintegrationtimes,andthere-
fore cannotresolve fine temporalchanges,certainlynot 10’s of seconds,andpossiblyaspooras10’s of minutes.
Therefore,asGruntman [1997] pointsout in his excellentreview article on ENA imaging,views from both the
“outsidelooking in” (e.g.,POLAR, IMAGE,TWINS) andfrom the“inside looking out” (e.g.,TENACIOUS)are
critically neededin orderto extractthemostmeaningfulphysicalinformationfrom theimages.Thisneedis driven
by the fact that thehighestspatialresolutionandtomographycanonly beobtainedfrom low altitudeswherethe
optically thin emissionsarethebrightest.

Now if high time- andspatial-resolutionimagesconveyed no new physics,the distinctionwe have drawn is
moot. We argue,however, that thereareseveral importantmagnetosphericprocessesonly revealedby this low-
altitudetechnique.Weconsiderfirst theadvantageof highgeocoronalneutraldensities,andsecondtheadvantage
of high ENA flux.

High Geocoronal Densities

Sincethe dynamicmagnetosphericregions(say, L � 5) connectmagneticallyto low-altitudesat mid- to high-
magneticlatitudes,the feetof theflux tubesthreadingthe innermagnetotailconnectto the ionospherein regions
wherethe geocoronaldensityis high. Supposewe areinterestedin pinpointingtheENA brighteningassociated
with substormsasanindicatorof thesubstorminitiation region [Jorgensen et al.(1997)]. Sincetheneutralatmo-
sphereis so tenuousat L � 7 in theequatorialplane,we do not observe equatorialENA flux until theaccelerated
ionsarewithin geosynchronousorbit. Thusthe initiation region maybeENA invisible at theequator, purelybe-
causethe productionrate is so low. However, if the substormion injection is isotropic,asmostmeasurements
indicate,therewill bea noticeableflux precipitatingat low altitude,at the foot of thefield line, whereENA pro-
ductionis mostplentiful becauseof thehighergeocoronaldensity. An instrumentat low altitude,then,hasthebest
chanceof observingthe substorminitiation region by observingthe acceleratedneutralsescapingfrom the flux
tubeshaving precipitatingflux.

Now the identificationof which flux tubecontainsthis flux requireshigh spatialresolution. A low altitude
spacecraftwill have theneededresolutionthatis impracticalfor ahigh altitudespacecraft.Theproblemis simply
oneof optics.Neutralparticlescannotbefocussed,sothatpinholetypeopticsarethebestthatcanbeachieved. In
suchanarrangement,resolutionis tradedfor sensitivity, sothatahighaltitudesatellitecanchooseoneor theother,
but not both. This makestherequiredresolutioninherentlyimpractical.Attemptsto identify thetrajectorywithin
theENA imagerandtherebyovercomethis opticslimitation, say, by penetratinganultrathincarbonfoil suchas
in IMAGE/MENA, fail at the low, 1 keV/nucleonenergiesproducedin substorms.Thereforeonly a low altitude
ENA imagercanmake this measurement.Only a low altitudeENA imagerhasthecapabilityof capturingtheion
enhancementsin aglobalpictureof asubstormonset.

High ENA Fluxes

A second,relatedeffectis thattheENA flux isbright,enablingalow altitudeimagertocapturesignificantcounts
in a shorttime period. Thetime resolutionof suchanimagercanbelessthan1 second.This is not just a bonus,
but a necessitysincethesatelliteis travelling 7 km/s. Weretheflux not bright enough,a longerintegrationtime
would leadto a severelysmearedpicture. This satellitemotioncanalsobeusedto our advantage,permittingan
entiresequenceof imagesof thesameemissionregion but from lines-of-sightthatareconstantlychanging.These
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two featuresallow for tomographicinversionsto beperformed,just thesamewaythattheBU TERRIERSmission
couldprovide tomographic3-D imagesof theupperatmosphereandionospherefrom a low altitudesatellite.

If we supposethat a substormbegins at a particularlocationin the nearEarthgeotail, thenwe would expect
anarcof flux tubeson thenight sideof theEarthto brightenin ENA emissionduring theevent. Mappinga flux
tubefrom the ionosphereto thetail hasalwaysbeena majoruncertaintyin magnetosphericphysics,not theleast
of which is theuncertaintyintroducedby BirkelandcurrentsneartheEarth. The ability to mapa flux tube,say,
from 400km to 3000km by following a3-D emissionwill certainlyimproveourmagneticfield models,constrain
theBirkelandcurrents,imagetheopen/closedflux tubeboundary, andaswedescribebelow, determinetheparallel
potentialsalongtheflux tube. All thesemeasurementsaredoneglobally, which is a muchstrongerconstrainton
the modelsthansinglepoint measurements,suchasrocket borneinstruments.Only a low altitudeENA imager
canmake thesemeasurements,resolvinglongstandingdifferencesconcerningtheauroralaccelerationregion.

Thereforeif the techniqueis capableof imagingtheauroralaccelerationregion and/orthesubstorminitiation
region, it hasthepotentialto resolve somelong lastingdisputeswithin thespacephysicscommunity, andmake
importantprogressin magnetosphericsciencenotpossiblewith highaltitudeimagers.

Overarching Scientific Goalsand Objectives

TENACIOUScanperformthefollowing measurementswith thestatedgoals(alsooutlinedin Table):

� obtainhigh-energy-spectral resolutionimagesof ENAswith excellenttimeresolution,broadspatialcoverage
andexceptionalspatialresolutionin threedimensions;

� obtainultraviolet (UV) imagesof major neutralspecieswith comparabletime resolutionandcomparable
or betterspatialresolutionthanENA imagesbothfor ENA inversionsandto determinetheresponseof the
upperatmosphereto magneticstormsandsubstorms;

� obtain radial neutraldensity(geocoronal)profiles by performing limb scansof ENA bright objectsand
determiningthemultiple scatteringcoefficients;

� obtainmultiple line-of-sightviews of theENA sourceregionsalongtheshort-periodorbit to allow for true
tomographicinversionsof thelow-altitudeextensionof magnetosphericparticlepopulationsandtheauroral
accelerationregion (especiallyfor L � 6.6Re);

� provide databasesfor comparisonwith datafrom otheravailablesatellitesto permit stereoENA views of
themagnetosphere;

� obtain in situ measurementof the charged particleenergy distribution in regionswith UV andENA im-
ages;our orbit permitsportionsof theimagedregionsto bedirectly sampledandhenceover-determinethe
deconvolution;

� observe thepeakenergy of thesubstormENA population,therebyconstrainingthemodelsof substormion
acceleration;

� quantitatively relatehighspectral/spatial/temporal resolutionENA imageintensitiesto globalparticlefluxes
andtheir dynamics,bothlocally andremotelydriven,therebyconstrainingmodelsof substormonset.
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Table1. Summaryof ScientificObjectives

o MagnetosphericStructureandRing CurrentDynamics
- Convectionboundaries,energization,andglobalelectricfieldsfrom spectra
- Ringcurrentgrowth, decay, andazimuthalasymmetries
- Radiationbelt physics
o SubstormsandTail Dynamics
- Substorm-relatedenergeticparticleacceleration
- Plasmasheetthinning/expansionandSubstormonsettiming andlocation
- Auroral zoneplasmapressuregradients
o GeocoronalPhysics
- Responseof thegeocoronato changingconditions
- Non-sphericityof sourceregion
o AuroralStructureandAcceleration
- Imagingauroralarcs,currentregions,andenergetic ion in/outflow regions
- Measuringtheparallelpotentialsthroughadouble-layerstructurealongagivenflux tube

Curr ent Stateof MagnetosphericImaging at High and Low Altitudes

Over thelastmany years,theincreasingsophisticationof ENA imagershasled to betterempiricalglobalviews
of thestormtimering currentregion. Early resultsfrom theISEEspacecraft[Roelof et al.(1985), Roelof(1987), ]
demonstratedtheconceptof quantitative useof ENA observationsandENA imaging.Morerecentresultsfrom the
GEOTAIL spacecraft[Lui et al.(1996), ] demonstratedtheability of ENA measurementsto providenotonlyenergy
but alsoring currentcomposition.Evenat low altitudes,ENA imagingstudieshave alreadyamplydemonstrated
the power of thesedata,both from free-flying spacecraft,suchas ASTRID measurementsof the ring current
[Barabash et al.(1997), Brandt et al.(1999), ], andfrom rocket experiments,suchas“Poleward Leap” measure-
mentsof auroralprotonarcs[Soraas and Aarsnes(1996), ].

Figure 2. CorrelationBetweenENAs andDst andGlobalStormImaging
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The most contemporaryhigh-altitudeENA resultsare from the POLAR spacecraft[Jorgensen et al.(1997),
Henderson et al.(1997), ] (seeFigure3) which emphasizethepower of 2D imagingfrom a POLAR orbit andthe
ability to instantaneouslyimagetheentirering currentthroughouta magneticstorm(seeFigure2). ThePOLAR
ENA imagespermit,for example,thedirectcorrelationof globally-integratedENA imagesandtheDst index, and
alsoareallowing us to track the stormtimeinjection processvisually. The azimuthalasymmetrycanbe seento
evolve during a storm,reflectingthe aggregateeffectsof ion drifts andthe establishmentandlossof the partial
ring current. Despitethe power of the POLAR data,the quantitative physicalinterpretationof the ENA images
is confoundedby their inherentlylow spatialresolution. The currentpixel sizeprojectsto an areathat is large
in comparisonto the neutraldensityscaleheightand the ion pressuregradientscalelength in the ring current
regions.Thisshortcomingrepresentsanunder-constraineddatasetfrom whichit isdifficult to extractunambiguous
informationon thepopulationsthatconvolve to produceENAs. This sameproblemwill beencounteredevenby
themuchmorecapableIMAGEandTWINS imagers.By makingcomplementaryENA imagesat low-altitude,the
3-D multiview andhigherresolutionTENACIOUSdatacanreducetheseuncertaintiesandpermit the important
next level of quantitative analysisof stormtimeinjection both nearthe equatorandpossiblyoff the equatorvia
parallelpotentials.

For theTENACIOUSmissionto succeed,we mustobserve theENAs producedwithin geospacebut from low-
altitudes,a complementaryvantagepoint to thatof POLAR (thesameasIMAGE andTWINS will provide). Do
wehaveevidencethatENAs from theselow-altituderegionswill actuallybeobserved?Wehaveeveryexpectation
they shouldbe. The equatorialdistributions have fluxes near the loss cones–oftencomparableto the trapped
fluxes–thatwill mirror at lower altitudes. Theselower altitudeshave much higher neutraldensities,often by
many ordersof magnitude,so thecommensuraterateof ENA productioncouldbe muchhigher. Furthermore,a
low altitudespacecraftis considerablycloserto this low-altitudesourceregionsotheemittedflux of ENAs should
appearbrighter. Suchconsiderationshavealreadybeentreatedtheoreticallyby severalstudies[Orsini et al.(1994),
Milillo et al.(1996), Roelof(1997b), Roelof(1997a), ] andthesehave shown that low-altitudeimagingis not only
viablebut is highly desirable.Indeed,asnotedabove,bothASTRID andPolewardLeapobservationsdemonstrate
not only the existenceof low-altitudeENAs but alsotheir high intensityandalsotheir scientificutility. Those
are reviewed below. In addition, we presentexciting new evidencefrom the long-runningTIROS missionof
considerableENA fluxesdetectedat low altitudeandtheir associationwith stormsandsubstorms.

[Barabash et al.(1997)]usedtheASTRID datato show acorrelation,asin Figure3, of theENA flux measured
from a low altitude orbit (1000 km) with Dst. Their instrumenthad a geometricfactor of 2.5 x10� � cm

�
-sr

(somewhatsmallerthanthatof thePOLARCEPPAD imager).Within theenergy rangeof 26-37keV, they observed
ENA ratesof 100counts/secondevenduringintervalsof veryweakring activation(Dst � -40nT).Thesedatawere
usedto createmapsof thering currentionsandusedto doquantitative modelingof asmallmagneticstorm(Dst �
-80 nT) on 8 February1995.Simulationresults[Brandt et al.(1999), ] andforwardmodelingrevealedthatduring
the main phasethe ENAs seenat low altitude were consistentwith a strongdusksidesourcenearthe equator
betweenL=4 to 8 centeredat19MLT with aspreadof aboutonehourof MLT. This is similar to thestrongpartial
ring currentpeakobservedin ENAs neartheequatorby POLAR.

[Soraas and Aarsnes(1996)]have usedENAs measuredfrom thePolewardLeapsoundingrocket to probethe
structureof protonarcsin theauroralzone.They useda solid statedetectingsystemwith a geometricalfactorof
4.3x 10� � cm

�
-sr but wereconstrainedto measurefrom altitudesbelow 454km, in regionsof multiple scattering

in thehigherdensitylow altitudesatmosphere.At energiesof 20-50keV, they observe highly directionalENAs
comingfrom a protonarc with ratesapproaching1000counts/second.Using thesedata,the studywasableto
observe ENAs in an arc during the expansionphaseof a substormand provide a regional map of the proton
precipitationwith excellentenergy spectralresolution.Thestudyshoweda remarkablygoodagreementbetween
theobservedENA emissionscomparedto asimplemodelof protonprecipitation,evenin thisloweraltituderegime
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wheremultiple scatteringcanhave ablurring effect.

We notealsoin a studypresentlyunderway at BostonUniversity [Alothman and Fritz(1998), ], thediscovery
that even the NOAA TIROS spacecrafthave beenobservingENAs routinely from their 850 km polar orbit for
decades.TheTIROSorbit is atanaltitudejustmidwaybetweentherocketENA measurements( � 450km) andthe
ASTRID measurements(1000km). Like thePolewardLeapinstrument,theTIROSenergeticparticleexperiment
is asimplesolidstatedetectingsystem.However it possessesahigherenergy threshold( � 30keV) thanwewould
fly on TENACIOUSsothat theratesit measuresshouldbea lower limit approximation.TIROSmeasuresENAs
at many hundredcountspersecondwhile in thepolarcapslooking backtowardtheauroralzoneandring current.
Figure4 shows a plot of TIROSENAs, similar to Figure3, demonstratingthe relationshipof ENA countrateto
AL andDst duringasubstormandamagneticstorm.

In Figure4, thesolidcoloredcrossesdenotetheaverageENA ratesmeasuredby theTIROSspacecraftwhile in
thepolarcapslookingbackat theauroralzoneandring currentregions.Wecaninfer thattheseareENAs by virtue
of anotherdetectorlooking towardthenadirwhich observedno discernibleion signalin thepolarcaps(squares).
Over thecourseof severaldayperiods,duringthecourseof two magneticstormsin 1980,wecanseethattheENA
ratetracksboth the Dst (black heavy line) andthe AL indices(greenline). Indeed,it is arguablethat the ENA
ratestrack theAL curve morecloselythantheDst curve, suggestingthat theseareENAs associatedwith higher
latitude,auroralphenomenon,ratherthanlower latitudering currentphenomenon.Fromthesepowerful data,we
thereforehave every confidencethattheuniqueTENACIOUSperspective from low altitudes,with high spectral-,
temporal-,andspatial-resolutionENA imagescoupledwith opticaldata,would provide critical new information
on bothstormandsubstormstudies.

Figure 3. CorrelationBetweenENAs andDst/AL FromTIROS

NewApplications of Low-Altitude Imaging

GeomagneticSubstorms

During a magnetosphericsubstorm,magneticenergy storedin the magnetotaillobesis converted,in part, to
plasmasheetflow andinnermagnetosphereplasmathermalenergy. This energy conversionprocessis rapid,hap-
peningonthetimescalesof minutes.It produceslargedisturbancesin themagnetotailmagneticfieldsandparticles
over broadspatialscales,perhapsstartingasa highly-localizedsiteof accelerationandthermalizationandgrow-
ing in scaleover a shorttime. Becausethemagnetosphereis electrodynamicallycoupled,theenergy dissipation
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from this reconfigurationis global, involving virtually all regionsof thetail aswell astheauroralionosphere,an
essentialcomponentof asubstorm.Therelative timing of substormphenomenain thedeepmagnetotail( � 40Re),
themid-tail plasmasheet(20-40Re),thenear-tail plasmasheet(10-20Re),theinneredgeof theplasmasheet(5-10
Re),andtheauroralionosphereprovide importantinformationaboutthesourceof particleenergizationduringsub-
stormsandtheinjectionof hotplasmainto geostationaryaltitudes.Statisticalstudieshave establishedtheaverage
propertiesof substorminjectionsincludingtheir strengthandradialandlocal time extent. However, thequestion
remainsasto how representative theaveragesubstormis in termsof dynamicsandspatialextent.

To beprecise,two schoolsof thoughthavearisenconcerningthetriggermechanismof asubstorm.Oneschool,
the“nearearthcurrentdisruption”(NECD) wouldplacethetriggerin the6-15Reregion of thegeotail.Theother
school,the“nearearthneutralline” (NENL), wouldplacethetrigger20-40Redeepin thetail. It hasbeendifficult
for spacecraftto be in both placesat the sametime, andthechanceoccurrencesof two spacecraftin the proper
locationis highly disputed.Thusthequestionasto theoriginal triggerwill mostlikely requirea global,dynamic
imageof theentireregion. That is, thesequestionscanonly beanswereddefinitively by remotelyobservingthe
systemglobally and analyzingthe in situ measurementsin the context of the global evolution. TENACIOUS
imagerswouldprovide immediateinsightinto thesedecadeold questions.

As noted previously, the promiseof ENA imaging has beenmadeclear recently by the POLAR space-
craft. POLAR hasprovided the first glimpse of the substorminjection region through global ENA imaging
[Henderson et al.(1997), Spence et al.(1997), ]. During the substormlife-cycle, ENA emissionsareobserved to
first brightenweakly at the inner edgeof the plasmasheetduring a substormgrowth phase,thenintensify in a
localizedregion nearpre-midnightat substormonset,andfinally spreadazimuthally(primarily to earlier local
times)asthesubstormenterstherecovery phase.Thereaftertheinjectedionsdrift westwardanddecaywhile the
associatedENA emissionssubside.Simultaneousmeasurementsat geostationaryorbit confirmthetail stretching
andsubsequention injectionwhile auroralimagesrecordtheauroralarcbrighteningsandsurgeevolution. Despite
the relative simplicity of the POLAR ENA measurements,significantqualitative understandingof the substorm
injectionprocesshasalreadybeenmade.Thephenomenaseenin theauroralzoneandmagnetotailarelinkedby
theglobalimagesandthecomprehensive view of spatialandtemporalevolutionallowsusto testvarioussubstorm
hypotheses.
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Figure 4. GlobalENA Imagesfrom POLAR DuringaModerateMagneticStorm

However, theseanalysesarehamperedby the inherentsinglepoint POLAR ENA measurements.Even with
the multiple ENA datasetspromisedwith IMAGE and TWINS, all theseviews are from the outsidelooking
in and lack the ability to imagewith high spatialresolutionthe near-Earth extensionsof thesemagnetospheric
regions.For example,themiddleto distanttail viewedat themagneticequatorwill bevirtually invisible in ENA,
not primarily becausethereareno energetic ions,but ratherowing to thevery low geocoronaldensitiesnearthe
magneticequatorat suchgreatdistances.On theotherhand,thesesameregionsarevisible from low altitudes–a
smallpitch-angleion from the tail cancharge-exchangein thehigh geocoronaldensitiesneartheEarthandthus
beseenwith a low-altitudeENA imager. Thelow-altitude,“inside-out”viewsprovidedby theTENACIOUSENA
imagerwould allow for substantiallyimproved and routineobservationsof theseregions andwill complement
nicely theglobal imagingprovidedby IMAGE andTWINS. Indeed,linking thehigh andlow altitudesignatures
of substormsis extremelydifficult with traditionalmethodsandhasled to greatuncertaintyin substormmodel
differentiation.A critical outstandingquestionto beansweredis whetherthesubstormis initiatedin a near-Earth
currentsheetdisruptionregion that propagatestailward or is it initiated first at a near-Earth reconnectionsite
whoseeffectspropagateearthward? The next-generationENA imagesshouldallow us to immediatelyestablish
thecritical directionof propagationduringasubstormandthusdifferentiatebetweencompetingsubstormtheories.

A secondproblemwith POLAR (andpotentially, IMAGE andTWINS) measurements,is thattheenergy spec-
trumof theENA’sproducedin substormspeaksatenergiesbelow threshold.ThePOLAR/IPSthresholdwasabout
14-17keV, which suggestthat theactualpeakis below 8 keV, andpotentially, aslow as1 keV. If theseionshave
any substantialoxygencomponent,asthey undoubtedlywill at low altitude,theenergy defectof typicalsolidstate
detectors(SSDs)or the equivalent “penetrationenergy” of Carbon-foilswill completelymaskthe signal. Con-
versely, theenergy maybetoo high for IMAGE/LENA to createa negative ion. ThustheTENACIOUSdetector
wouldhave to blazenew groundin low energy ENA detection,usingback-thinnedchargecoupleddevice (CCD’s)
or ultra-violet(UV) blind multi-channelplates(MCP’s) to detectthesesubstormENAs.
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Magnetic Storms

A geomagneticstormis characterizedby theinjectionandenergizationof ionsdeepwithin thetrappingregion
of the inner magnetosphere(L � 6.6 Re). This trappedion populationdecaysto somerestingstatetypically on
the orderof a few days. The stormtime ion populationis sufficiently energizedsuchthat its netguiding center
drift leadsto a strongenhancementof the westward-flowing, azimuthalring current. The strongcurrentnear
the magneticequatorbetween2 and6 Re depressesthe Earth’s surfacemagneticfield which definesthe classic
magneticstormindex, Dst. Early studiesdemonstratedthe relationshipbetweenthe energy contentof the ring
currentand the strengthof Dst as well as the large azimuthalasymmetriesthat can ariseduring the injection
process(seeFigure2). Kinetic particlemodelsratherthanMHD modelsof the ring currentarenecessaryowing
to the large gyroradii of the pressure-bearingions. Suchmodelshave evolved over the last twenty yearsbut all
dependon the specificationof initial injectedparticlepopulationsandevolving electricandmagneticfields that
the particlesreactto during a stormcycle. Thesemodelshave provided a theoreticalview of the global system
but until recently, have hadrelatively little datato constrainandtestour understandingof the physicsof storm
injection. Most comparisonshave beendonewith oneor at mosta few satellitestraversingonly portionsof the
volumeimportantfor thestormtime development.

With POLAR, the growth and decayof the energetic ion populationduring a magneticstorm was directly
tracked on a global scalefor the first time usingENAs. The high geometricfactor, excellentenergy resolution,
andcapablespatialresolutionof the POLAR ENA imagerpermit us to createglobal imagesof the ring current
at high time resolution(on the orderof several spacecraftspinsor aboutoneminute). An exampleof onesuch
sequenceof ENA imagesfrom POLAR is shown in Figure 2 during a magneticstorm in January1997. This
spatially-smoothedimageshows the emissionsmappedto the symmetryplaneof themagneticequator. A clear
riseandfall andlarge local time asymmetryof theENA flux is apparent.Thepartial ring currentis clearlyseen
as fresh ions during a stormsurge are injecteddeepinto the trappingregion and thendrift westward owing to
gradient-curvatureeffects;thereis evenevidenceof ionosphericextractionof energeticionsduringthemainphase
[Sheldon and Spence(1998), Sheldon et al.(1998), ] of anotherstormin 1996. Theseions carry an azimuthally-
localizedcurrentthatis seenonthegroundasanasymmetricgroundmagneticdisturbancein local time. However,
from the groundthereis no clearway to know the radial or azimuthaldistribution of current. Presently, only a
crudeasymmetryindex calledASY is ever routinelyproduced.On theotherhand,our POLAR imagesprovide
immediateglobalcontext for theanalysisof pointmeasurementswithin theglobally imagedregion. In oneimage,
weseethelocaltime,radial,andspectraldistributionof thering currentionsandcantrackthemin timeatrelatively
high time resolution.Thesedataareallowing us to testour modelsof electricfield penetrationandthecomplex
particleaccelerationsduringstormmainphaseandrecovery.

Althoughhigh-altitudeobservations,suchasIMAGE andTWINS, will permitexcellentazimuthalreconstruc-
tion of thering current,andhencethederivationof Dst from afirst-orderfit of theFouriercomponents,they donot
performaswell in determiningthepitch-angledependence.This dependencecanbestbeestimatedby comparing
the brightnessat low altitudeswith the brightnessat equatorialaltitudesalonga singleflux tube. Recentwork,
[Sheldon et al.(1998)]suggestthat themostrapiddecreaseandrecovery of Dst duringtruly largestorms(

�
Dst

� �
200)maybedueto very smallpitchangleionsacceleratedout of the ionosphere.By geometricalconsiderations,
onecanshow thathigh-altitudeimagerswouldhavegreatdifficulty seeingtheseionsattheequator, andinsufficient
resolutionto resolve their flux tubesin thelow-altitudelosscones.Only a low-altitudesatellitecouldresolve how
much,if any, Dst wasdueto directionosphericinjection.
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Auroral Acceleration

TheNASA Small Explorer, FAST, hasshown that theauroralzoneis a region of complexity with interesting
microphysicscoupling to macroscalephenomenon.Part of the auroralpuzzleis the distribution in spaceand
time of auroralarcs. While FAST canmake very rapid measurements,it is still limited in its ability to unravel
spatialversustemporalvariations.Thebulk of auroralenergiesarebelow theSSDor C-foil instrumentthreshold,
requiringthenew technologyto cover theenergy range(1 � ¿E � 15keV) however, bothTIROSandPOLARdata
indicatethat theauroralarcENA’s extendup to at least40 keV. Therefore,TENACIOUSwould have thechance
of revealingthestructuresassociatedwith protonauroraon a macroscopicscale.Owing to thespacecraftmotion,
we would then fly throughthe structure,possiblycoincidentally, and thus be able to make excellent progress
in unfolding the surroundingion fluxesfor the first time, with tomographicinversiontechniques.As FAST has
revealed,TENACIOUS would have the exciting possibility to imageasa function of neutralatomenergy two
majorauroralaccelerationregionsto complementclassicalopticalimages:theupward-acceleratedionsassociated
with traditionalauroralarcregions(from which auroralarcelectricfield structuremaybeinferredin 3D; andthe
so-called“black aurora”regionscharacterizedby downward-goinghot magnetosphericionsthatneutralizeat the
feetof auroralfield lines.

Radiation Belt

Themechanismsthatform andacceleratetheradiationbelt particlescanbedifferentfrom thering current.For
example,boththeCRAND sourceandtheMarch1991solarwind shockproduceradiationbeltenhancementsin a
fardifferentmannerthantheradialdiffusionandadiabaticenergizationthatformsthequiettimering current.If the
radiationbelt ions areadiabaticallytransportedto their low-L, high-B location,thenonecanconfidentlypredict
that the “sourceregion” for the radiationbeltshaslower energy ions that arereducedby the ratio of magnetic
field strengths,�
	���
������������ ����� . Severalregionshave beenproposedassourcesof theseions,includingthetail, the
cuspandthe boundarylayer/ magnetosheath.Noneof theseregionshave high enoughgeocoronaldensitiesto
producemuchENA flux, but if they aremappedinto thelossconeat low altitudes,a substantialENA flux would
result. The low altitudeorbit of TENACIOUS, then, is the only placewheretheseputative sourcepopulations
couldberemotelysensed.Thereforeit is of greatinterestto spectrallyresolve ENA’s arisingfrom high latitudes
anddifferingMLT, for thenwemaybeableto maptheprecursorsto aradiationbeltenhancementandresolve their
sources.

Geocoronal Science

As powerful astheENA measurementsare,they donotreturnthesourceion distributionswithoutdeconvolving
thedensitiesof theneutral,electron-donorbackgroundgas.On thisbasisalone,ameasurementof thegeocoronal
densityis essential,including not only [H], but also[He] and[O] at low altitudes. We accomplishthis taskby
usingspectroscopictomographicinversionmethodspioneeredby TERRIERS,andappliedto the EUV sunlight
scatteredby thesespeciesdescribedlater in SectionD.2a. In additionto theseneutralgaseswhich form a purely
gravitationally boundatmosphere,bothHe� andO� areconceivably importantelectrondonorsfor ENAs whose
densitieswould track the magneticallyconfinedplasmasphere. [Sheldon and Hamilton(1993)] hasshown that
He andHe� electrondonorcrosssectionsmayactuallydominateover H for selectspeciesandenergy of ENAs.
TENACIOUSwouldhave theability to trackphotometricallythethreemostabundantneutralgases[H], [He], and
[O], aswell asthemostimportantplasmaspecies[O � ] (excluding[H � ] whichis photometricallyinvisible). These
geocoronalmeasurementswill complementthosebeingmadefrom highaltitudeswith advantagessimilar to those
describedfor theENA measurements.

Finally, thegeocoronais anextensionof theupperatmospherethatcausessatellitedrag,which hashigh vari-
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ability bothannuallyandduring thesolarcycle. It shouldbenotedthat thescaleheightof thegeocoronavaries
mostrapidly at low altitudepreciselywhereTENACIOUSwould have thebestresolution.Thus,TENACIOUSis
uniquelysuitedto providing a3-D, timevariable,dynamicgeocoronalmodel.

ScienceImplementation

We canachieve the scientificgoalsandobjectivesoutlinedabove with optimizedinstrumentationon TENA-
CIOUS. The instrumentationdescribedbelow either hasproven spaceflightheritageor is based,with low- or
little modification,onhardwarepreviously developedfor NASA missions.TheinstrumentationincludesanImag-
ing Energetic ParticleSensor, IEPS(for energetic protons,neutralatoms,andenergetic electrons),anda pair of
TomographicExtreme-UltraViolet Spectrometers,TESS(for geocoronalimaging)eachtunedeitherfor daytime
or nighttimeobservations. We refer the interestedreaderto the TERRIERSsatellitedescriptionfor TESS,and
POLAR satellitedescriptionfor IPS.In this tablewe comparetheTENACIOUSinstrumentationwith contempo-
raneousENA telescopes.

Table2. TENACIOUSENA ImagerComparedwith ComplementaryImagers

MISSION TENACIOUS IMAGE TWINS POLAR
MissionType UNEX MIDEX MOO ISTP
ENA Instrument IEPS L/M/HENA MENA IPS
GlobalImaging regional yes yes yes
Energy Range(keV) 15–400 10–200 1 – 100 15-1500
Energy Resolution( � E/E) 0.15 0.7 0.4 0.15
Numberof Energy Bins 8 4 16
AngularResolution( � ) 12 x 20 4 x 6 4 x 4 12 x 20
Typ. ProjectedSpatialRes.(Re) 0.03x0.05 0.5x 0.75 0.5x0.5 1.9x 3.2
Typ. TemporalRes.(sec) 10 300 60 96
Typ. pixel dimension(mm) 2.0x 3.5 1.5x 1.5 1.5x 3.0
Geom.Fact./pixel (cm

�
-sr) 5x10� � 1.4x10� � 3x10� �

Optimal altitude determination

We note that low Earthorbit is a novel, and in many waysan optimal, location to performmagnetospheric
neutralatomimaging.We have notedtheadvantagespreviously. Oneconcernis themultiple scatteringof ENAs
that canoccur in the denserregionsof the atmosphere.This questionhasbeentreatedtheoreticallyandshown
that altitudesabove 850 kilometersare nearly scatter-free. Altitudes at 1000 kilometersor higher areoptimal
from anENA point of view, but higheraltitudesintroduceradiationdamageeffectsto sensorelectronicsfrom the
inner edgeof the radiationbelt andthe inward bulge of the southAtlantic anomaly. Soraas and Arsnes [1996]
showedfrom their rocket datathatevenat 450kilometerstheeffectsof scatteringwerestill surprisinglyminimal.
Indeed,Gruntman [1997] alludedto the fact that problemsattributed to multiple scatteringhave probablybeen
overestimatedbasedon simpletheory. Thereforewe target an apogeealtitudefor TENACIOUS at 1000km to
be well within a singleencounter(optically thin) ENA regime. Anything above 850km would be acceptableso
we areactuallyvery insensitive to exactaltitude. Indeed,by choosingan elliptical orbit with perigeeat 400 km
andapogeeat 1000km, onecould modelthe radial dependenceof multiple scattering,aswell asprovide an in
situ independentmeasureof geocoronalscaleheightsat thesecritical radii. With five measurementsof the three
quantities:ions, neutralsandENAs, the TENACIOUS missionwould put stringentconstraintson all modelsof
low-altitudefluxes.
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Summary

Thereforea low-altitudeENA imagernotonly hastheopportunityof measuringtheglobaldynamicsof storms
andsubstorms,but alsotheabsolutefluxesof ionsandneutralsin this critical “exobase”region of thecollisional
geocorona.Thesemeasurementswould thenhave the potentialof resolvingboth long-standingdebateswithin
themagnetosphericcommunity, andimproving by anorderof magnitude,theempiricalmodelsof thegeocoronal
exobase.
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