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Abstract

The proposedTENACIOUSmissionwill provide new knowledgeof the inner magnetosphericenergetic par-
ticle populationsthroughboth in situ andremotesensingtechniques.The missionpayloadconsistsof energetic
neutralatomimagers,energetic chargedparticle,andoptical sensorsthat will imagethe Earth’s geocoronaand
innermagnetosphericneutralparticlepopulationswhile alsoproviding in situ measurementsof energeticcharged
particles.TENACIOUSis optimizedto measurelocal andremoteparticlepopulationsfrom low-Earthorbit. The
TENACIOUSmissionprovidesasignificantlydifferentandcritically importantvantagepoint thanits high-altitude
counterparts.Theseuniquedatawill allow us to obtainentirely new tomographicviews of magneticsubstorms
andstorms,to imagetheflux tubesof theauroralaccelerationregion,andto explorethelow-altitudeextensionof
thering currentandplasmasheet,whichcanbeimagedeasilywith high temporalandspatialresolution.

Intr oduction: The Significanceof and Scientific Basisfor MagnetosphericImaging

Greatprogresshasbeenmaderecently in magnetosphericimaging. Beautiful imagesof energetic neutral
atoms(ENAs) createdby ion collisionswith the Earth’s tenuousupperatmospherehave beencollectedby sev-
eral satellites,including NASA’s POLAR satellite. Thesenew global imagesdemonstratethe feasibility and
scientificusefulnessof remotesensingto understandquantitatively the magnetosphericresponseto solarevents
[Jorgensen et al.(1997), Henderson et al.(1997), ]. In the TomographicEnergetic NeutralAtom Comprehensive
Imaging University Satellite(TENACIOUS) mission,we proposea suite of instrumentsthat will substantially
increaseour knowledgeandinsight into themagnetosphericresponsesby providing in situ measurementsof par-
ticle fluxesandsupportingopticalemissionsto complementENA imaging.Ultimately, with this new knowledge,
we will be ableto betterunderstandandpredict the magneticsubstormsandstormsthat energize andtransport
energeticparticlesin thegeospaceenvironment.

The power of ENA measurementsfrom spacecrafthasbeenamplydemonstratedrecentlyon orbit (ASTRID,
POLAR,GEOTAIL) - but particularlysoat high altitudesby theCEPPAD/IPSon theNASA POLAR spacecraft.
The TENACIOUS ENA imagerwe proposeis baseddirectly on the CEPPAD experiment. A schematicof how
POLAR remotelysensestheENAs producedby charge exchangebetweenthegeocoronaandtheenergetic ions
of thering currentis shown in Figure1. This figureillustrateshow a two dimensionalimageof theoptically-thin
ENA emissionscanbeformedfrom asinglevantagepoint.
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Figure 1. Schematicof GlobalEnergeticNeutralAtom Imaging

Fromhighapogeeorbits,ENA imagescanbeobtainedonaglobalscale.However, ENA emissionsareoptically
thin and involve the convolution of three-dimensionalneutraland ion densitydistributions, interactingwith an
energy-dependantcharge exchangecross-section.Thus,datafrom a singleENA sensorprovides a non-unique
determinationof the importantion fluxesalongthe line-of-sight. Ideally, multiple measurementsarerequiredto
obtainanunambiguousspatialdistribution. With theIMAGEandTWINS missions,NASA hastakenthenecessary
first steptowardstereoscopicimagingof geospacewith neutralatoms,ahighscientificpriority identifiedby NASA
in theirSun-EarthConnectionRoadmapandalsoby theNAS/CSSP. However, as [Gruntman(1997)]pointsout in
hisexcellentreview articleonENA imaging,viewsfrom boththe“outsidelookingin” (POLAR,IMAGE,TWINS)
andfrom the “inside looking out” (our proposedTENACIOUSmission)arecritically neededin orderto extract
themostmeaningfulphysicalinformationfrom theimages.This needis drivenby thefactthatthehighestspatial
resolutionand tomographycanbe obtainedonly from low altitudeswherethe optically thin emissionsare the
brightest.

We notethatdynamicmagnetosphericregionsconnectmagneticallyto low-altitudesat mid- to high-magnetic
latitudes. The feet of the flux tubesthreadingthe inner magnetosphereand inner magnetotailconnectto the
ionospherein regionswherethegeocoronaldensityis high. Therefore,ENA emissionsarefocusedin theseregions
andtheemissionsarebright. A low altitudespacecrafthastwo importantadvantagesover thoseimagingfrom high
apogee.First, it is closerto the sourceregion which meansthat the emissionswill be bright andwill provide
higherspatialresolutionimagesfor thesameangularresolutionimager. Second,thespacecraftlocationis rapidly
changingwhich meansthat the imagerwill provide a sequenceof imagesof the sameemissionregion but from
lines-of-sightthatareconstantlychanging.Thesetwo featuresallow for tomographicinversionsto beperformed
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with TENACIOUS,just in thesameway thattheBU TERRIERSSTEDI missioncouldprovide tomographic3-D
imagesof theupperatmosphereandionosphere.

Overarching Scientific Goalsand Objectives

Two of the mostimportantdynamicfeaturesof themagnetospherearegeomagneticstorms,characterizedby
ring currentintensificationswith Dstvariations,andsubstorms,characterizedby magnetotailreconfigurationswith
auroralelectrojetvariations.Eachevent is a globalmagnetosphericresponseto changesin thesolarwind andin-
terplanetarymagneticfield. For thepastthirty years,we have beenlimited in our ability to understandtheglobal
natureof thesephenomena.While we have amasseda greatvolumeof single-point,in situ measurementsthat
provide theglobalpicturein anaverage,staticsense(spaceclimatology),we have lacked an instantaneousview
of large-spatial-scalemagnetosphericdynamics(spaceweather).This lack of a globalperspective haslimited our
analysisof the in situ measurements.In addition,thelack of theseglobaldatalimit our ability to differentiatebe-
tweenvariousphysicalmodelsthatdescribemagneticstormsandsubstorms.Theselimitationsincludeinadequate
globalknowledgeof particleorigins,lossprocesses,transportmechanismsandtheir timedependence.

Unfortunately, ionsandmagneticfieldsare“invisible.” Thesequantitiesaredynamicandcanonly bemeasured
whenwefly throughthemwith aspacecraft.Singlepointmeasurementsthuscannotseparatetemporalfrom spatial
variability, nor canthey provide a globalview. Thenovel approachof ENA imaginghowever givesusthevision
we need.Recently, our teamhasdemonstratedwith thePOLAR instrumenton whichTENACIOUSis based,that
bothstormsandsubstormshave strongandrepeatableENA signatures.With theadventof globalENA imaging,
we arenow on thethresholdof majoradvancesin ourunderstandingof thesesciencetopics.

The TENACIOUS missionwill provide new knowledgeof the inner magnetosphericenergetic particlepop-
ulationsand their dynamicsthroughboth novel remotesensingtomographyof ENAs andthroughin situ mea-
surements.The missionpayloadconsistsof an ENA imager, energetic charged particle telescopes,andoptical
spectrographsthatwill imagetheEarth’sgeocoronaandtheinnermagnetosphericparticlepopulationswhile simul-
taneouslyproviding in situ ion andelectronmeasurements.TheTENACIOUSmission,with auniquelow-altitude
view differentfrom IMAGE andTWINS, will allow usto bestinterpretthe joint TENACIOUS-IMAGE-TWINS
particle images.This will allow us to imagethe spatialdistribution andspectralandtemporalevolution of ions
duringstormsandsubstormswith highspatialresolution.

The TENACIOUSgoalswill be accomplishedonboarda spinninglow-Earthorbit spacecraftin a polar near-
sun-synchronousorientation. From low altitudes,significantportionsof the inner magnetospherering current
regionsandnear-Earthplasmasheetcanbeviewedwith ENA andoptical imagersalongandneartheorbit track.
At low altitudes,the emissionsareexceptionallybright both becauseof proximity to the sourceregion and to
the high geocoronaldensities.Closenessto the sourceregion alsopermitshigherspatialresolutionthanwould
bepossiblefrom high apogeesatellitessuchasPOLAR, IMAGE, or TWINS. In addition,chargedparticlefluxes
canbesampledalongthe90 minuteorbit. TheENA andoptical imagesacquiredfrom this low-altitudevantage
point complementthosefrom high apogeeorbits; it is uniquelydifferentin that it is from the insidelooking out,
ratherthantheoutsidelooking in. Also, sincethespacecraftmovesthroughtheregionrapidly, it remotelysamples
thesameregion of spacefrom changingview paths,thusallowing for true tomographyof theemissionregions.
We stressthat a three-dimensional,time dependentpictureof the near-Earth plasmais essentialto the physics
of stormsandsubstorms;only at low altitudesdo theseregionsproject to volumesthat canbe imagedat high
resolution. Together, the ENA imagesandthe particledata,alongwith otherexpectedENA datasets(suchas
IMAGE or TWINS), will beusedto extractglobally theenergeticparticlepopulationsandtheir dynamics.

Weproposeto assembleasuiteof sensorsoptimizedto observe thedynamicsof energeticchargedparticlesand
their interactionwith neutralparticleswithin theearth’s magnetospherefrom a uniquelow-altitudevantagepoint.



4

Thesesensorsandthesatellitethatwill carrythem,all have excellentandprovenNASA flight heritage.They will
performthefollowing measurementswith thestatedgoals(alsooutlinedin Table), atanexceptionallylow costto
NASA:

� 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;

� 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

� obtainin situ measurementof thechargedparticleenergy distribution in regionswith UV andENA images;
ourorbit permitsportionsof theimagedregionsto bedirectly sampled;

� quantitatively relatehighspectral/spatial/temporal resolutionENA imageintensitiesto globalparticlefluxes
andtheir dynamics,bothlocally andremotelydriven.

Table1. Summaryof TENACIOUSScientificObjectives

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

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
from this reconfigurationis global, involving virtually all regionsof thetail aswell astheauroralionosphere,an
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essentialcomponentof a substorm. The relative timing of substormphenomenain the deepmagnetotail( � 40
Re),themid-tail plasmasheet(20-40Re),thenear-tail plasmasheet(10-20Re),theinneredgeof theplasmasheet
(5-10Re),andtheauroralionosphereprovide importantinformationaboutthesourceof particleenergizationdur-
ing substormsandtheinjectionof hot plasmainto geostationaryaltitudes.Statisticalstudieshave establishedthe
averagepropertiesof substorminjectionsincluding their strengthandradialandlocal time extent. However, the
questionremainsasto how representative theaveragesubstormis in termsof dynamicsandspatialextent. These
questionscanonly beanswereddefinitively by remotelyobservingthesystemglobally andanalyzingthe in situ
measurementsin thecontext of theglobalevolution. TENACIOUSimagersprovide immediateinsight into these
decadeold 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.

Figure 2. GlobalENA Imagesfrom POLAR DuringaModerateMagneticStorm

However, theseanalysesarehamperedby theinherentsinglepointPOLARENA measurements.Evenwith the
multipleENA datasetspromisedwith IMAGEandTWINS,all theseviewsarefrom theoutsidelookingin andlack
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the ability to imagewith high spatialresolutionthe near-Earthextensionsof thesemagnetosphericregions. For
example,themiddleto distanttail viewedat themagneticequatorwill bevirtually invisible in ENA, notprimarily
becausetherearenoenergeticions,but ratherowing to theverylow geocoronaldensitiesnearthemagneticequator
at suchgreatdistances.On theotherhand,thesesameregionsarevisible from low altitudes–asmallpitch-angle
ion from thetail cancharge-exchangein thehighgeocoronaldensitiesneartheEarthandthusbeseenwith a low-
altitudeENA imager. Thelow-altitude,“inside-out” views providedby theTENACIOUSENA imagerwill allow
for substantiallyimprovedandroutineobservationsof theseregionsandwill complementnicelytheglobalimaging
providedby IMAGE andTWINS. Indeed,linking thehigh andlow altitudesignaturesof substormsis extremely
difficult with traditionalmethodsandhasled to greatuncertaintyin substormmodeldifferentiation. A critical
outstandingquestionto beansweredis whetherthesubstormis initiated in a near-Earthcurrentsheetdisruption
region that propagatestailward or is it initiated first at a near-Earth reconnectionsite whoseeffects propagate
earthward? Thenext-generationTENACIOUSandIMAGE imagesshouldallow usto immediatelyestablishthe
critical directionof propagationduringasubstormandthusdifferentiatebetweencompetingsubstormtheories.

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 thering currentarewarrantedowing
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
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particleaccelerationsduring stormmain phaseandrecovery. With TENACIOUSwe will be ableto obtainhigh
spatialresolutioninformationof thestormtimering currentnotpossiblefrom high apogeeorbits.

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 3. CorrelationBetweenENAs andDst andGlobalStormImaging

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.Thisshortcomingrepresentsanunderconstraineddatasetfrom whichit is difficult to extractunambiguous
informationon thepopulationsthatconvolve to produceENAs. This sameproblemwill beencounteredevenby
themuchmorecapableIMAGEandTWINS imagers.By makingcomplementaryENA imagesat low-altitude,the
3-D multiview andhigherresolutionTENACIOUSdatawill reducetheseuncertaintiesandpermit the important
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next level of quantitative analysisof stormtimeinjection both nearthe equatorandpossiblyoff the equatorvia
parallelpotentials.

For theTENACIOUSmission,we shallbeobservingENAs producedwithin geospacebut from low-altitudes,
a complementaryvantagepoint to that of POLAR (the sameas IMAGE and TWINS will provide). Do we
have evidencethat ENAs from theselow-altitude regions will actually be observed? We have every expec-
tation they should be. The equatorialdistributions have fluxes near the loss cones–oftencomparableto the
trappedfluxes–thatwill mirror at lower altitudes. Theselower altitudeshave much higher neutraldensities,
often by many ordersof magnitude,so the commensuraterateof ENA productioncould be muchhigher. Fur-
thermore,a low altitudespacecraftis considerablycloserto this low-altitude sourceregion so the emittedflux
of ENAs shouldappearbrighter. Suchconsiderationshave alreadybeentreatedtheoreticallyby several studies
[Orsini et al.(1994), Milillo et al.(1996), Roelof(1997b), Roelof(1997a), ] andthesehave shown that low-altitude
imagingis notonly viablebut is highly desirable.Indeed,asnotedabove,bothASTRID andPolewardLeapobser-
vationsdemonstratenotonly theexistenceof low-altitudeENAsbut alsotheirhighintensityandalsotheirscientific
utility. Thosearereviewed 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
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 a simple solid statedetectingsystem. However it possessesa higher energy thresholdthan we will fly on
TENACIOUS;thereforetheratesthatit measuresshouldbealower limit approximationto whatweshouldexpect.
TIROSmeasuresENAs atmany hundredcountspersecondwhile in thepolarcapslookingbacktowardtheauroral
zoneandring current.Figure4 shows a plot of TIROSENAs, similar to Figure3, demonstratingtherelationship
of 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).
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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,will provide critical new informationon
bothstormandsubstormstudies.

Figure 4. CorrelationBetweenENAs andDst/AL FromTIROS

NewApplications of Low-Altitude Imaging

Auroral Acceleration

TheNASA Small Explorer, FAST, hasshown that theauroralzoneis a region of complexity with interesting
microphysicscouplingto macroscalephenomenon.Part of theauroralpuzzleis thedistribution in spaceandtime
of auroralarcs.While FAST canmake very rapidmeasurements,it is still limited in its ability to unravel spatial
versustemporalvariations.While thebulk of auroralenergiesarebelow our instrumentthreshold,theredoesexist
a finite componentin our energy range( � 15 keV) thatwe areconfidentwe canimage.TheTIROSandPOLAR
dataindicatestronglythatwe will. Therefore,TENACIOUShasthechanceof revealingthestructuresassociated
with protonauroraonamacroscopicscale.Owing to thespacecraftmotion,wewill thenfly throughthestructure,
possiblycoincidentally, andthusbe ableto make excellentprogressin unfolding the surroundingion fluxesfor
thefirst time,with tomographicinversiontechniques.As FAST hasrevealed,TENACIOUSwill have theexciting
possibility to imageasa functionof neutralatomenergy two major auroralaccelerationregionsto complement
classicaloptical images:theupward-acceleratedionsassociatedwith traditionalauroralarc regions(from which
auroralarcelectricfield structuremaybeinferredin 3D; andtheso-called“black aurora”regionscharacterizedby
downward-goinghotmagnetosphericionsthatneutralizeat thefeetof auroralfield lines.

Radiation Belt

Themechanismsthatform andacceleratetheradiationbelt particlescanbedifferentfrom thering current.For
example,boththeCRAND sourceandtheMarch1991solarwind shockproduceradiationbeltenhancementsin a
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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.
TENACIOUSwill have theability to trackphotometricallythe threemostabundantneutralgases[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-
ability bothannuallyandduring thesolarcycle. It shouldbenotedthat thescaleheightof thegeocoronavaries
mostrapidly at low altitudepreciselywhereTENACIOUSwill have the bestresolution.Thus,TENACIOUSis
uniquelysuitedto providing a3-D, timevariable,dynamicgeocoronalmodel.

Complementarity to Other NASA Neutral Atom Imaging Missions

As notedabove,TENACIOUSis complementarywith otherplannedNASA ENA imagingmissionsandshould
notbeperceivedasmerelyduplicatingotherrelatedmeasurements.TheTENACIOUSmeasurementswill betaken
at low altitudeswhich is uniquelydifferentthanIMAGE andTWINS, thetwo major futuremissions.Fromthese
low altitudes,highresolutionimagescanbeobtainedthatarenotpossiblefrom highapogees–theseallow arangeof
importantscientificstudiesdiscussedbelow. In addition,theTENACIOUSdata,whencombinedwith theseother
contemporaneousdatasets,will yield a meta-datasetthat is morepowerful even thanthe sumof the individual
components.Therefore,TENACIOUS is not only capableof highly self-containedscientific investigations,but
will alsocontributesignificantlyto theothermainNASA ENA missionspresentlybeingdeveloped.Table reveals
thecomplementarityof TENACIOUSto theseotherplannedNASA missions(andtheongoingPOLAR mission).

ScienceImplementation

We proposeto achieve the scientificgoalsandobjectives outlinedabove with optimizedinstrumentationon
TENACIOUS.The instrumentationdescribedbelow eitherhasprovenspaceflightheritageor is based,with low-
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or no-riskmodifications,on hardwarepreviously developedfor NASA missions.Theinstrumentationincludesan
ImagingEnergeticParticleSensor, IEPS(for energeticprotons,neutralatoms,andenergeticelectrons),anda pair
of TomographicExtreme-UltraViolet Spectrometers,TESS(for geocoronalimaging)eachtunedeitherfor daytime
or nighttimeobservations.Theseinstrumentsaredescribedbelow; individualsensorspecificationsaresummarized
in accompanying tables.

Table2. TENACIOUSENA ImagerComparedwith ComplementaryImagers

MISSION TENACIOUS IMAGE TWINS POLAR
MissionType UNEX MIDEX MOO ISTP
MissionCost(excludinglaunch) � 6 M$ � 45M$ � 15M$ � 150M$
ENA Instrument IEPS 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( � ) 12x 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� �

Instrumentation

Imaging Energetic Particle Spectrometers (IEPS). The TENACIOUS Imaging Energetic Particle Spec-
trometers(IEPS)aredesignedto measureboth pitch angledistributionsof in situ protonsandelectronsaswell
as imagesof remotely-generatedENAs. The IEPS instrument(shown schematicallyin the left of Figure5) is
designedcloselyafter theNASA POLAR/CEPPAD/IPS instrument(shown in its final flight configurationin the
right of Figure5). The IPS instrumentis now returningvery high quality measurementsof both ionsandENAs
from its POLAR orbit. TheIEPSusesthis well-provendesignandhasexcellentflight heritageafterover two full
yearsof flawlessoperation.We notethatnot sincetheS3-3satellitehave therebeencomprehensive pitch angle
measurementsof thisenergy particlepopulation(15 - 500keV) at low altitudes.

In theIEPS,weproposeto fly anearduplicateof thePOLARCEPPAD/IPSinstrument.Theinvestigatorswere
centralto thedesign,development,andfabricationof thatinstrumentwhich is now deliveringhigh quality neutral
atomimagesfrom thePOLAR orbit. TheIEPSadoptsthesametechniqueof “pin-hole” particleimagingusedin
thePOLARinstrumentandwhichis describedin detailin [Blake et al.(1995)].TheIEPSconsistsof asensorhead
assemblywith six identicalsensorheads- threeeachfor ionsandneutrals.Unlike theIPS,asingleheadidentical
in form to thosedescribedbelow constitutestheelectronsensor;it is not shown in Figure5 for simplicity.

Eachheadusespin-holeimagingto producethree20-degreefull-width-at-tenth-maxpixelshaving a triangular
responseto 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 a result, threenon-overlapping20-degreefields-of-view areobtained,yielding a 60-degreetotal polar
field-of-view for eachhead.The threeheadsthusprovide complete,non-overlapping180-degreepolarcoverage
segmentedinto nine,20-degreepixels.All azimuthal(in thespinplane)angularresponsesarealsotriangular, with
a full-width-at-tenth-maxof 12 degree. Thesatellitespin thussweepsout full 4� steradiancoverageof the unit
sphereon each3-secondrotation.
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Figure 5. EngineeringDrawing of IEPSandPhotoof POLAR/CEPPAD/IPS

TheIEPS,like theIPS,usesa segmented,monolithicsolid statedetector(SSD)at thefocal planeof eachpin-
hole camera.The SSDis run at full depletionwith a nominal thicknessof 150 mm. The pixels aredefinedon
the detectorthroughthe processof ion implantation;eachpixel is electricallydecoupledfrom its neighborsby
a guardring structure.In thedesignandfabricationof thesedetectors,madeby Micron Semiconductor, special
carewent into minimizing the deadlayer on the implanted(entrance)sideof thedevice. This specialattention,
alongwith low systemelectricalnoise( � 5 keV FWHM), hasallowed us to establisha thresholdfor ion and
neutraldetectionof � 15 keV (althoughwe notethattheIPShasbeenrunsuccessfullyon POLAR to aslow as12
keV). This low thresholdis critical asit allowsusto measurethesubstorm-relatedENAs whichhavecharacteristic
energiesin thekeV rangeratherthantensor hundredsof keV. As aconsequenceof thelow energy thresholdof the
detectors,theion/neutraltelescopesarephotosensitive to sunlight andreflected“Earth-light.” This responsivity to
light is animportantelementfor pointingrequirements;thetelescopesareorientedto minimizedurationof direct
EarthandSunviewing. No sensorwill sweepthroughtheSun’s field-of-view, andin theworsecase,somelook
directionsmayseetheearthfor asmuchashalf a spinwhenit will beblinded.However, therecovery time of the
detectorsis short( � 100milliseconds)so that the important“up” directionsfor ENA detectionwill be free from
light contamination.

Within theion/neutraltelescopes,a permanentmagnetandbaffle assemblyeliminatesto betterthan99%,inci-
dentelectronswith energiesup to � 1.5MeV from theopticalpath,therebyproviding acleanion/neutralmeasure-
ment. SunshadesandblackenedcollimatorseliminatethescatteredandEarth-reflectedsunlight. Each20�! 12�
IEPSpixel hasanominalCEPPAD-lik egeometricalfactorof � 5 x 10� � cm

�
-sr. During theconceptstudyphase,

simplemodificationsthatcouldraisethisvalueby a factorof two, with little masspenalty, will alsobeexplored.

Within eachsensorhead,thereis an independentdetectorboardmount containingcoupling capacitorsand
detector-biasingnetworks (typically 20V bias). Includedalso is circuitry for in-flight calibrationwith a charge
pulserfor eachpixel anda field-effect transistor(FET) for eachpixel. Theoutputsof this front-endanalogsignal
areroutedby mini-cablesto theanalogsignalconditioningcircuitsvia a pigtail. EachFET is coupledto standard
chargesensitive preamplifiersthatfeedtwo stagesof amplification,shaping,andbaselinerestoration.Theshaping
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time is approximately2.5msec.Theshapedsignalsarepulse-heightanalyzedon thedigital preprocessorboards
in a customgate-arraychip (KM-5) developedjointly with KMOS, Inc. for the POLAR mission. A stackof
discriminatorsis built into thechip,allowing for up to 16adjacentenergy bins.Theenergy thresholdandrangeof
theanalyzercanbe adjustedby sendingdigital commandsto digital-to-analogconverters(DACs) internalto the
chip. Thechip canberun in oneof two energy modesby selectionof two independentresistor-divider chainsin
thechip: linear( � E constant)or logarithmic( � E/E = constant)bin spacing.Thelow- andhigh-energy reference
voltageof eachDAC canbe controlledindependentlyproviding for a possibleenergy rangeof 0 to 1500keV.
Outputlogic pulsesfrom individual binsareaccumulatedat high rateandthen,for IEPS,arereducedin energy
resolutionto eight of the 16 possiblebins. The dataareaccumulatedin 24-bit scalersandreadinto memoryat
regular intervals, nominally 32 timesper three-secondspin. An in-flight calibrationcircuit is driven also from
the digital board. It consistsof two fixed precisionamplitudepulsesat 90 and240 keV that drive the front-end
electronics.A variableamplitudepulsegenerator, controlledvia an8 bit DAC, alsoprovidescalibrationsignals
on command.A functionalblock diagramof the ion, neutralandelectronsensors,andtheir analoganddigital
electronicsis shown in Figure6.

Figure 6. TENACIOUSIEPSfunctionalblock diagram.

Sincewe aresometimesin a chargedparticleforeground,it is importantfor us to know not only the ion pop-
ulationbut alsotheelectronpopulationat similar energies. The IEPSincludesalsoa singleelectronhead,using
thesameeffective designastheion/neutralhead.Theelectrondetectoris thicker andhasa thick front contactthat
stopsthe incident ions andneutralsfrom detection,thusproviding a cleanelectronmeasurement.The electron
sensorwill, like theions/neutrals,have acommandableenergy rangebut spanningnow from 15 to � 500keV.

Comparedto the POLAR instrumentthereis one principal differencein instrumentdesignwe proposeand
this will greatlyenhanceour ENA imaging. It is a value-addedfeatureand if not fully implemented,will not
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in any mannercompromisemissionsuccess.The extendeddesignrevolves aroundan inherentfeatureof the
CEPPAD instrument.The POLAR/CEPPAD/IPS doesnot differentiatebetweenionsandneutralsso it canonly
unambiguouslyidentify the lower intensityneutralswhenthereis a negligible local energetic ion population(for
examplewhenit is nearapogee,asin Figure1).

At highpolaraltitudes,thespacecraftdwellsfor longperiodsin themagneticlobeswhichareemptyof energetic
particles.At thesetimeswe canattributeparticlefluxescomingfrom thedirectionof themagneticequatorto be
energetic neutrals- a principal thatboth IMAGE andTWINS will rely on to varyingdegreesaswell. Similarly,
TENACIOUSIEPSwill bemakingits principalmeasurementsover thepolarcapsor beneaththe radiationbelts
whereneutralsare very well differentiated. Therefore,the prime instrumentthat only needwork for mission
successis theIPScomponentof theIEPS,whichhasalreadybeshown to operateflawlesslyfor two yearsin orbit.

However, to addgreatvalueto ourmeasurements,we wish to exploretheway to extendour dataaccumulation
into regionsof foregroundchargedparticleflux. At auroralandsub-aurorallatitudes,TENACIOUSwill encounter
plasmasheetand ring currentfield lines wherethereexists both an ENA sourcebut also a persistentflux of
energeticions.To allow for theunambiguousdetectionof energeticneutralsin thepresenceof this ion foreground,
we shallmodify theIPSdesignby includinga redundantion head(that is thereasonfor two setsof threeheads)
with an electrostaticion rejectionsystemsimilar to the one designedfor the CLUSTER/RAPID/IIMS sensor
[Wilken et al.(1997), ]. TheIIMS usespre-andpost-collimationwith amultipleslit electrostaticdeflectionsystem
usingelectricpotentialsof 10 kV. Whenthepotentialis off, the in situ ionspassthroughtheopticalpathandare
detectedby the IEPSSSDs.Whenthe retardingpotentialsareactive, the electricfields reducethe transmission
of ions with energies below 200 keV by threeto four ordersof magnitude[Wilken et al.(1997), ]. By toggling
theHV on andoff, TENACIOUSIEPSwill beableto alternatively view thelocal ion populationandtheline-of-
sight integratedENA emissions.Extensionof theENA measurementsinto theauroralregion will beanexciting
new prospect,but if not realized,will not impactour missionsuccesscriteria. Our scienceteamhascontacted
theCLUSTERhardwareteamaboutproviding expertisefor theelectrostaticshuttersystem;they have expressed
interestin suchacollaboration.Wenotethatshouldeithertheion or neutralheadfail theotheris a fully redundant
backupcapableof providing all thedataneededfor asuccessfulmission.

Table3. TENACIOUSIEPSSensorCharacteristicsandSystemResources

SensorCharacteristics Neutrals Protons Electrons Comments
Energy Range(keV) 15–400 15–400 15–400 8/16log/lin channels

Field of View/pixel (deg) 12x20 12x20 12x20 CompletePA /spin= 3s
Numberof polarpixels 9 9 3 No pixelsincludesun

Numberof azimuthalsectors 32 32 8
Temperature(Centigrade) -40 to -5 -40 to -5 -40 to -5 Operating

-40 to +35 -40 to +35 -40 to +35 Non-operating
Geometricfactor/pixel (cm

�
sr) 0.005 0.05 0.001

Geometricfactortotal (cm
�
sr) 0.05 0.05 0.01

Total IEPSResources
Mass 8.9kg

Volume � 11,000cm
�

Power 10.5W total; multiple regulatedV: +/-5,28,4,7
Telemetry � 3 kbpsaverage,2 contacts/day@ 160Mbps/contact

Processing Microprocessorandmemoryto manipulatedataandpackagetelemetry
Commanding � 8 kb/dayof 16bit commands,occasionalmemoryuploads
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As notedabove, theIEPSis largelybasedontheflight-provenNASA POLARIPSinstrumentandhasexcellent
heritage.ThethreePOLAR/IPSsensortelescopes,mechanicalhousing,andanaloganddigital electronicshave a
measuredcombinedmassof � 3 kg. TheIEPSis asecondgenerationinstrumentbasedon theIPSandhasalready
hadsomeengineeringdevelopment.It requiresonly minor modificationsto advancefrom an“IPS” to an“IEPS”.
Theestimatedmassof threeion, threeneutral,andoneelectrontelescopesandsupportingelectronicsandstructure
is � 8.9 kg. The main IEPSvolumeis 308 x 190 x 189 mm. A baselineinitial estimateof the IEPSresources
andrequirements,basedon the configurationshown in Figure5, areoutlinedin Table. This table includesthe
propertiesneededfor theelectrostaticdeflectorsystemnotedabove.

Thepropertiesabove havebeenchosennotonly to minimizechangesfrom theIPSdesign,but alsoto meetour
sciencerequirements.Thesearedrivenlargelyby thepossibilityof doingtomographyfrom theuniquelow-altitude
environment.

Theprincipleof tomographyis really no differentthanthebinocularvision mostof usarebornwith. With one
eye covered,we seeonly a flat imageandmustinfer distancefrom sizeor overlappingimages,but with botheyes
openwe areableto useparallaxto judgedistancesmuchmoreprecisely. In thesameway, a slowly moving ENA
imager, suchasthoseon POLAR, IMAGE, or TWINS, seesa columnintegratedENA map,andmust infer the
distanceto thesourcefrom modelsof theemissionregion. Stereoimagescombinedfrom multiple satelliteshelps
greatlyandthatis themainthrustbehindTWINS. However“depth” perceptionin stereoscopicvision is bestwhen
closeto thesource.Wenote,however, thatTENACIOUSreducestheuncertaintyby awholenew majorstepfrom
merestereoscopy. It takesadvantageof its rapid, low-altitudeorbit to effectively snapa parallaxpicture,every 3
secondsandthusevery 21kilometersalongits orbital track.

If theENA sourceis changingrapidly, suchasis seenin POLARENA substormstudies,threesecondsbetween
exposuresmightblur theimage.However, wedoknow from POLAR/IPSimagesthatsubstormENA bursts,which
have shortertimescalesthanstorms,persistfor 20 or moreminutes,with theonsetoccurringover severalminutes
which is muchslower thanthe exposuretime. However, during that time, thespacecraftwill have traversedthe
feetof theauroralfield linesandimagedtheevolution from widely varyingangles.This is critical for unraveling
the complex line-of-sight inversionsnecessaryto backout the fundamentalion flux distributions. The optimal
viewing geometriesprovided at low altitudesjust simply cannotbe accomplishedby the slowly-moving, high-
apogeesatellitessuchasPOLAR andotherplannedENA missions.

A secondrequirementfor tomographyis thatour dataratebe sufficiently high to invert theseexposures.We
appealto the aforementionedlow-altitude instrumentsto predicta datarate for the IEPS ENA imager. At the
POLAR/IPSperigee(4000km altitude)we typically observe � 4,000counts/(sec-sr-cm

�
-keV) with a threshold

energy of � 20 keV. TheTIROS/MEPEDinstrumentdescribedin sectionD.1 is in a circularorbit at 850km and
it observes � 1,000counts/(sec-sr-cm2-keV) with its thresholdenergy of � 30 keV. The ASTRID/PIPPIimager
wasin a circularorbit at � 1000km andrecordedfluxesof 500-2000counts/(sec-sr-cm2-keV) in anenergy band
of � 26-37keV. Note that the lower energy thresholdof IPSmorethancompensatesfor its greaterdistancethan
TIROS from theassumedsource.From thesedata,we canestimatea 10,000counts/(sec-sr-cm2-keV)at the15
keV thresholdfor TENACIOUS.If wedivide thespinplaneinto 32sectors,thenwehave � 100mspersectorwith
a 0.005geometricfactorresultingin about5 countsperpixel, significantlyabove theexpectedcosmicray noise
of 0.1counts/(sec-pixel) seenby IPS.At the lower averagerates,summingof adjacentpixelsmayberequiredto
improve countingstatistics,but duringmoderateto largeevents,statisticallysignificantimagesshouldbepossible
at our highestpossibletime resolutionof � 3 seconds.Part of thePhaseA studywill bedevotedto finalizing the
IEPSgeometricalfactorsbasedon themostcontemporaryratesandtradingthatoff againstthemassandvolume
constraints.At this juncture,we areconfidentthatexcellentimagescanbemaderoutinelyevenwith thepresent
POLAR-designedgeometricfactor.

To bestresolveparticlepitchangledistributionsandneutralatomimages,theinstrumentswill bemountedsuch
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that the long axis of the instrument(vertical axis in Figure5) pointsnominally alongthe spacecraftspinvector.
That is preciselytheorientationusedon thePOLAR spacecraft.To avoid thesun,the instrumentwill be rotated
slightly away from the spin axis. In eachspacecraftspin, the ion andneutraltelescopeswill mapout the unit
sphere.To maximizespatialcoverage,theion andneutralsensorsmaybemountedback-to-backasanalternative
configurationto the oneshown in Figure5. The singleelectrontelescopewill be mountedperpendicularto the
spinaxisandwill thuscover all pitch anglesonceperspin. Othertelescopealignmentsthatminimize resources
andmaximumsciencemaybe possibleandwill be studiedin the PhaseA period;we expectto proceedthough
with thebaselineconfigurationjustdescribed.

The expecteddataratefor the IEPSsensoris approximately3 kbps. This datais sharedbetweenthe various
instrumentcomponentsandis commandableby uplinking a new telemetrytable. The dataaresampledat some
high rate,storedin scalars,and then latchedandmoved into massmemory. The volumeof the entiredataset
(21 look directions- 9 neutral,9 ion, and3 electron;eachwith eight energy bins; eachsectoredin nominally
32 sectorsper spin) is far too large to fit our downlink limit. Therefore,we resamplethesedataaswe did on
the POLAR/CEPPAD experiment;samplingthe datainto an 8-bit compressedformat andundersamplingthose
elementsof thedatacubethathave fewer expectedcountsandallocatingmoretelemetryto thosepartsof thedata
cubewith moreexpectedcounts(i.e., at lower energies). For our calculations,we have usedtwo groundcontacts
with TENACIOUSperdayanda160Mbit downloadpercontact.

TomographicEUV Spectrographs(TESS). In orderto infer neutralatmosphericspeciesandtracerion den-
sities,neededto deconvolve theENA emissions,we proposeto fly two tomographicEUV spectrographs(TESS).
This instrumenthasalreadybeendesignedto fly onTERRIERSwhereit toowill measurethesameUV emissions.
TheTERRIERSdesignis perfectlysuitedto TENACIOUS.Atmosphericemis-sionsof [O] (130.4nm),[He] (116.8
nm),and[H] (121.6nm)aretargetedaswell asis [O � ] (834nm).Additional importantatmosphericemissionlines
arepossiblewith theTESSinstrumentandwill beprioritizedduringthePhaseA study.

TheTESSdesignoffersthebestcompromisebetweenspatialimaging,spectralresolution,andhigh sensitivity
throughtheuseof a novel spectrographmount.Thesystemconsistsof two basicallyidenticalspectrographs;one
nightglow instrument,andonewith anarrowerslit to reducesensitivity andincreasespectralresolutionfor daytime
operation.Figure7 illustratestheopticaldesign,whichconsistsof only two opticalelements:a slit assemblyand
a grating. Theseinstrumentsarethesameasthoseto be flown on TERRIERSwith thesamedataandtelemetry
interfacespreservedfor TENACIOUS.

We chosea SingleElementImagingSpectrograph(SEIS) [Cotton et al.(1994), ], becauseits imagingcapa-
bilities and large FOV offer the highestpossiblethroughputwith high spatialresolution(0.4� ) in a very small
configuration(150 mm Rolandcircle). The sensitivity of the night TESSinstrumentis shown alsoin Figure7.
Furthermore,this designallowed us to vastly increasethe sciencereturnby addinga nearly identicaldayglow
spectrographfor marginal cost.

EachTESSinstrumentwill utilize a microchannelplate(MCP) detectorwith a wedgeandstrip readout.This
typeof detectorhasbeenflown many timesincludingSTP78-1,EUVE, UVX, DUVE, BEARS,CUBSandTER-
RIERS.

Therequirementsontheimagingdetectorwereintentionallyminimizedin orderto simplify thereadoutanddata
handling,lower thedataratesandpower consumption,andincreasethereliability. To cover thepassbandsat 1.0
nm resolution,only 256binsareneeded(2.5bins/reselfor thenormalincidencespectrographand8 bins/reselfor
thegrazingincidencespectrograph),anda 40 mm diameteractive area.We expecta maximum(burst)countrate
of 20KHz for theentirebandpass(2.0-130.0nm). Thiscanbeachievedwith amicrochannelplate(MCP)imaging,
photon-countingdetectorwith a wedgeandstrip readout.We chosethis type of detector, becauseit offers very
high signal-to-noiseandthedynamicrangethatis necessaryfor theexpectedsignal.Furthermore,thetechnology



17

behindthesedetectorsis verymature.Weshallbuild thedetectorin housewith ourextensiveexperiencewith these
typesof detectors.Thedetailsof theoperationalcharacteristicsof thewedge-and-stripreadoutarewell known and
life testshave beenperformedon MCP’s in windowlessEUV detectors,whichshow thatthey continueto operate
nominallyevenafteranexposureto 1013counts/cm

�
. This is morethanadequatefor theTENACIOUSmission

with theexpectedcountratesmentionedabove. (At 20 kHz, thedetectorcanoperatecontinuouslyfor 2.0years.)

Figure 7. OpticalLayoutof TESSandSensitivity of theNightsideTESSInstrument

TheTESSdetectorbodieswill beconstructedof brazedceramic/metalfor ruggedness,simplicity andreliability.
This type of constructionhasbeenusedfor the detectorsin the ALEXIS satellite,identical to the TERRIERS
satelliteandin rocket experiments.Theseprogramshave demonstratedthatthetypeof designschemeproposedis
compatiblewith space-flightrequirements(vibration,thermal,etc.) Themicrochannelplateswill beheldin place
by anannularspringring applyinganevenpressurearoundthecircumferenceof theMCP stack.A stackof three
backto backMCP’s is baselined,eachhaving a channeldiameterof 12.55mm, anda channellengthto diameter
ratio of 80:1. This MCP configurationhasbeenusedin 23 spacecraft,1 shuttle,and11 rocket experiments,and
giveshigh gain ( � 2x10" ) with tight pulseheightdistributions( � 50%FWHM) andlow backgroundrates( � 0.5
events/s-cm

�
).

We intendto deposita KBr photocathodeon theMCPsto enhancethequantumefficiency between80.0-140.0
nm (about20%).Thetwo optionsin this region areKBr andCsI.WechoseKBr sinceit offersbetterstability and
a little higherquantumefficiency.

Thewedgeandstrip positionreadoutanodewill bemountedon thesignalfeedthroughsabout1 cm behindthe
MCP stack. An appropriatedesignis the three-elementanodewhich hasbeenusedextensively for otherspace
missions. The detectorwill not be the dominatingterm in eitherof the spectrographsresolutionbudgets. The
requiredresolutionperformance(90 nm) maybeobtainedwith a standardwedgeandstrip design.Thepredicted
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resolutionfor a 35 mm diameterwedgeandstrip patternon a quartzsubstrateis 50 nm. We have assumedinput
referrednoiselevelsof 1000e- rmsfor thewedgeandstrip,and1500e- rmsfor thezigzag.Thelatternoiselevels
aremodestfor chargesensitive preamplifierswhenloadedwith the � 200pFcapacitanceof this anodedesign.

We proposeto calibratethe detectorin flight by periodicallytaking dayglow spectra.Using the known lines
(e.g. 83.4,98.9,130.4,135.6nm),we candetectandcorrectfor changesin theelectronicslinearity, gainandDC
offsetsto theopticalresolutionof thespectrographs.

Conclusion: TechnicalIssuesand Advantagesof TENACIOUS (LEO Orbit) for Magnetospheric
Imagers

Theinstrumentsoutlinedabove to carryout themissiongoalsall have excellentflight heritage.In somecases,
the proposedinstrumentwill needonly modestmodificationsfrom a presentdesignor combinationof designs.
Furthermore,the TENACIOUS scienceteamhasexcellent experiencewith the design,development,delivery,
operation,andanalysisof thedatafrom thesetypesof sensors.

Wenotethatlow Earthorbit is anovel,andin many waysanoptimal,locationtoperformmagnetosphericneutral
atomimaging.We have notedtheadvantagespreviously. Oneconcernis themultiple scatteringof ENAs thatcan
occurin thedenserregionsof theatmosphere.Thisquestionhasbeentreatedtheoreticallyandshown thataltitudes
above850kilometersarenearlyscatter-free.Altitudesat1000kilometersor higherareoptimalfrom anENA point
of view, but higheraltitudesintroduceradiationdamageeffectsto sensorelectronics. [Soraas and Aarsnes(1996)]
showedfrom their rocket datathatevenat 450kilometerstheeffectsof scatteringwerestill surprisinglyminimal.
Indeed, [Gruntman(1997)]alludedto the fact thatproblemsattributedto multiple scatteringhave probablybeen
overestimatedbasedon simpletheory. Thereforewe aretargetinganapogeealtitudeof TENACIOUSat 1000km
to beinto a singleencounter(optically thin) ENA regime.Anythingabove 850km wouldbeacceptablesowe are
actuallyvery insensitive to exactaltitude.Our insertionaltitudeis � 470kilometers,soevenin theworstcase,the
goodscienceachievedby therocket flight givesusexcellentconfidencefor missionsuccess.

Theinitial orbital insertionwill placeTENACIOUSinto a10:30-22:30UT sun-synchronousplane.Duringour
motorburn to raiseapogee,someof theDv will go into achangein inclination.Weestimatethatanapproximately
four-degreeplaneanglechangeis possiblewith residualfuel beyondthatfor the1000km apogeeraisemaneuver.
This changein sun-synchronicitywill allow theorbit planeto slowly evolve with time at about0.5 degrees/day.
Therefore,we will cover all local times in one year and comeback to the sameconfiguration(with the same
ascendingnode) in two years. This situationis desirableas it allows us to measurelow-altitude ENAs at all
local times. At the sametime, we arealmosttotally insensitive to the rateof orbital motion; missionsuccessis
very weakly dependenton it. We will focus initially on substormENAs asthe 22:30UT local time sectorhas
beenobserved by POLAR to be themostprobablelocationfor ENA generationat substormonset.As we move
throughotherlocal time sectorsthroughoutthetwo-yearmissionlifetime, differentphysicsasappropriatewill be
emphasized.
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