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IMAGE/HENA: Global ENA imaging of the plasma sheet and
ring current during substorms

P. C:sonBrandt! R. Demajistre! E. C. Roelof! D. G. Mitchell,! S.Mendé

Abstract. Enegetic neutralatom(ENA) imagesin the 10-60keV rangeof the
plasmasheetandring currentregion are presented.The imageswere obtained
during two substormsn the mainphasef the 4 October2000stormby the high
enepgy enepetic neutralatom (HENA) imageronboardthe IMA GE satellite.
They shav ENA emissionsxtendingout into the nightsideplasmasheetregion
of L<15. During the two substormsequenceshe edgeof the mosttailward
ENA emissionsappeargo move earthvard in associatiorwith dipolarization
obsenred at geosynchronousdistanceby the GOES satellite. At the time of
geosynchronoudipolarization,the auroralonsetwas obsered by the far ultra
violet (FUV) imageronboardIMA GE. Preliminaryequatorialion distributions
derived from the individual ENA imagesin the substormsequencesave been
obtainedthrougha constrainedinear inversiontechnique.The resultsshow that
theion fluxesin the >6Rg plasmasheetsuddenlydecreas@rounddipolarization
during approximately30 min. About 10-20 min after the startof the plasma
sheefflux decreaseipn injectionsareseenby the geosynchronousatellites.The
peakof thering currentflux is pushedn from geosynchronous L=4 over the
substormsequencesTwo exosphericmodelsare usedin the inversion. We find
thatmorerealisticplasmasheetluxesareobtainedwith anexospherianodelthat
containsenhanceaxospherichydrogendensitieson the nightside. Implications
for Earthward propagatiorarediscusse@ndan Earthward propagatiorvelocity is

estimatedo 27-33km s—!.

1. Introduction

Themagnetospherisubstormis still theleastunderstood
global magnetospheriphenomena.One of the challenges
hasbeento draw conclusionsaboutthe large-scaledynam-
ics from local measurement@ the geomagnetidail and
plasmasheet.Many substornmodelshave beendeveloped,
but two mainmodelshave emepged. Thetail currentdisrup-
tion (TCD) model[Lui, 1991]andthenearEarthneutraline
(NENL) model[Baker et al., 1996].

This paperreportsthefirst globalimagesof theenepetic
ion distributions in the nearEarth plasmasheetout to 15
REg duringtwo substormsn the mainphasef the4 October
2000 storm. The imageswere obtainedin the 10-60 keV
rangewith 6 min resolutionby the high enegy neutralatom
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(HENA) imager[Mitchell et al., 2000]onboardthe IMA GE
satellite[Burch, 2000].

Enegeticneutralatoms(ENA) areproducedvhensingly
positively chagedenegeticions undego chage-e<change
collisionswith cold neutralatomsor molecules. The ions
becomeneutralandpropagateinafectedby electromagnetic
fields. If theinitial enegy is muchgreateithantheplanetary
escapeenegy (0.6 eV/nucleon),thenthe ENAs are unaf-
fectedby gravitationalfieldsandwill maintaintheir enegy
andmomentum.In theterrestrialmagnetospherehe ener
geticionswill chage exchangewith the geocoronaat high
altitudesand emit ENAs. In this way the ring currentand
theplasmasheettanbeimaged.In additionto carryingwith
it spectralanddirectionalinformationof the enegeticions,
the ENA alsois a directmeasuremerdf the compositionof
thoseions.

The purposeof this paperis to reportthefirst globalim-
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Figurel. ThelMF B, (boldline) andthe D; (thin line) for
the 4 October2000storm. The two vertical lines mark the
time for thetwo substorms.

agesof the dynamicsof the plasmasheetand to present
preliminary resultsof our inversionsof the ENA images.
The paperfirst describeshe solar wind and geomagnetic
conditionsduring the events. Thenthe ENA obsenations
are presentedogetherwith auroralimagesfrom the far-
ultraviolet (FUV) imageronboardMA GE. We thenproceed
by quantifyingthe timing of the dynamicsin the ENA im-
ages. Geosynchronousbsenationsof the magneticfield
signaturedrom GOESandpatrticleinjectionsignaturesrom
the Los Alamos National Laboratory(LANL) satellitesare
thenputin relationto the signaturesseenin the ENA im-
ages. Lastwe presentanddiscusstheion distributionsde-
rivedfrom the ENA imagesthrougha constrainedinearin-
versiontechnique Theseobsenationsshow thatthe plasma
sheetflux dropsin associatiorwith dipolarizationin about
30 min, but arequickly restoredn the sametime scale.

2. Observations

In this sectionwe will presentthe ENA imagesof the
substormsthe enegetic particle injectionsand dipolariza-
tions seenat geosynchronousndthe auroralonsetseenby
IMAGE/FUV.

2.1. Storm conditions

ThelMF B, is plottedtogethemith the D; index in Fig-
ure 1. The 4 October2000 storm displayedan almost24
hourlong mainphaselueto a steadilydecreasindMF B,.
Thethick line is theIMF-B , andthethinneris the D;. The
two verticallines at 06:10UT and09:22UT mark the au-
roral onsetsof the two substormsasdefinedby thefar ultra
violet (FUV) imageron boardIMA GE.
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2.2. ENA observations

Platesl and 2 showv four ENA imagesduring eachsub-
storm sequencdor 10-60 keV and integratedover 6 min
(3 spins). The ENA imagesare presentedn an azimuthal
equidistantprojectionwith a 18C°field of view (FOV). To
illustrate the projection one can think of the detectorbe-
ing locatedin the centerof a sphere,with the pole of the
spherebeingthe directionof the spin axis. Theimagehas
thenbeenwrappedonto the surfaceof this sphereandthen
backprojectedwith distancegpresered,to theimageplane
tangentialto the imaginedsphere. The dashedgridlinesin
the backgroundmark the latitude (horizontallines) andthe
longitude(verticallines) of this sphere.The latitudecorre-
spondgo theelevationanglein theinstrumentndthelongi-
tudecorrespondso thespinangle.The coordinatesystems
geocentric.Thecircleaboutthecenterepresentthelimb of
the Earth,while thearcinsidethelimb representshetermi-
nator Themagnetiadipolefield linesof L shells4, 8 and12
aredrawn for referenceat noon,davn, midnight,anddusk.
The magneticlocal time (MLT) of eachsetof field linesis
markedin red. All imagesaretaken from a vantagepoint
abovethenorthpole. This projectionis closesto whata hu-
maneyewould see.Theweakhorizontalbandsof emissions
attheupperportionsof eachimage(grid longitude-30°) are
the solar contaminationcausedoy residualsunlighthitting
thedetectomplates.

Duringthefirst sequencef imagesn Platel we seehow
the nightsideENA flux increasesith time in the L<4 re-
gion. Note how the ENA emissionsfrom the L>8 region
decreasavith time. The auroralonsetwasdeterminedrom
the IMA GE/FUV imagesto be at 06:10UT, corresponding
to Platelb. The substormsequencavith its onsetat 09:22
UT hada clearerENA signatureandis showvn in Plate2. In
this sequencet is moreevidentthatthe ENA fluxesin the
L>8 regiondecreasediginificantly after09:32UT.

Below wewill inverttheisotropiccomponenbf theequa-
torial ion distribution from the ENA imagesin Platesl and
2. However, it would requireanimpracticallylarge number
of inversionsto accuratelytime the dynamics. Therefore,
we summedthe region asmarked in Figure 2a and plotted
the summedntensitiesasa function of time. The summed
region lies between-30°and+30°maplatitude(instrumental
elevational angle marked by the horizontalgridlines), and
between60°to 90°map longitude (instrumentalspin angle
markedby theverticalgridlines).

The minimum L-shell the LOS intersectsabove 60°spin
angleis approximatelyL=10 as is sketchedin Figure 2b.
Thismeanghatthe ENAs within thedashedegionin Figure
2awerecreatedby ionsfrom L>10. Theseplotsareshown
for thetwo differentsubstormsn Figures3 and4. In Figure
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Plate 1. TheENA imagesin the 10-60keV rangeof thefirst substormsequenceavith auroralonsetat06:10UT. Theinsetis
theauroralimageobatinedby the FUV/WIC cameraon boardIMA GE.
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Plate 2. The ENA imagesin the 10-60keV rangeof the secondsubstormsequencevith auroralonsetat09:22UT. Theinset
is theauroralimageobatinedby the FUV/WIC cameraon boardIMA GE.
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Figure 3. Thetotal ENA intensityasa functionof time for
the 06:10UT substorm.The intensityis obtainedfrom the
region enclosedy thedashedine in Figure2.

Figure2. In orderto accuratelytime the dynamicghe ENA
emissionswithin the solid line aresummedandplottedasa

functionof timein Figures3 and4.
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Figure 4. Thetotal ENA intensityasa functionof time for

the 09:22UT substorm.The intensityis obtainedfrom the
region enclosedy thedashedine in Figure2.
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Figure 5. Plot of the 75-113 keV protons at geosyn-

chronous.Vertical linesindicatethe injectionsat 06:23UT
(19:23MLT) and09:38UT (22:38MLT).

3 we seehow the ENA flux from the L>10region startsde-
creasingapidly at06:03UT +2 min. In bothFigures3 and
4 the dottedline marksthe auroralonsetidentifiedby FUV;

the dashedine markswhenGOESobsenedthe dipolariza-
tion; the dashed-dottetine markswhenthe particleinjec-
tion reachedhe LANL satelliteat geosynchronousThere
is a correspondingapid decreasdor the L>10 ENA fluxes
around09:26 UT +£2 min ascanbe seenin Figure4. Note
thattheauroralonsetwasabout4 min beforethedecreasef
theL>10ENA emissiondere.

2.3. Geosynchronousion observations

Figure5 shows the 75-113keV protonsdetectecby the
LANL satellite 1989-046. The vertical lines mark the in-
jectionsdetectedat 06:23UT (19:23MLT) and09:38UT
(22:38MLT).

Figure6 shovsthegeomagneti®, (solid)andB,, (dashed)
component.The vertical lines mark the dipolarizationsig-
natureassociatedvith eachsubstormat 06:11 UT (21:22
MLT) and09:34UT (00:47 MLT). The first dipolarization
shaws very little changein the B, componenthich could
dueto the factthatthe GOESsatellitewasduskward of the
stretchedcurrentsheet. At 07:00 UT the B, component
startedto increasendicatinga more stretchedield config-
uration. At 09:34UT we seethe classicalsignatureof the
dipolarizationwith sharplydecreasing, andincreasing..

2.4. FUV observations

TheauroralFUV obsenationsareshowvn asinsetsin the
lower left cornerof Platesl and2. The gridlinesrepresent
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Figure 6. TheB, (dashedpndB, (solid) componenbf the
geomagnetidield at geosynchronoumeasuredy GOES.
Theverticallinesmarkthedipolarizationsignaturest06:11
UT (21:22MLT) and09:34UT (00:47MLT).

the geomagnetidatitude andlongitudes. Latitudegridlines
are 10°apartstartingat the pole andlongitudegridlinesare
45°apart. The bright sideof the globeis the daysideresult-
ing from resonantlyscatteredsunlight. Note that the grid
appearso changepositionfromimageto image.Thisis due
to awobbleof the spacecrafspin axisduringthis particular
date.Oneshouldnottry to estimateary surfacecoordinates
of the emissionsfrom the grid. We canthereforenot de-
terminethe magneticlatitude of the onsetregion. We have
determinedhetwo onsetimesfrom ahighresolutionmage
sequencéo 06:10UT and09:22UT.

2.5. Earthward propagation

Fromtheaboveobsenationsonemayestimateapropaga-
tion velocity. We dothis by takingthetime from the startof
thedecreasat >10Rg in Figures3 and4, until thefirstion
intensificationsare seenat geosynchronoualtitudein Fig-
ure5 for the06:10and09:22UT substorm.This givesusan
Earthward propagationvelocitiesof 27 and 33 km s~! for
the two substorminjections. Thesevaluesagreewell with
in-situ measurementgduang and Frank, 1994].

3. Inversion method and results

The numericalmethodwe useis called constrainedin-
earinversionand closely follows the methoddescribedby
Twomey [1977]. However, we utilize two nenv and, we
believe, essentialfeaturesrecently introducedby Roelof
[2002] and Demajistre et al. [2002]. First, the unknown
variablesto be inverted are simply the equatorialion in-
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tensitiesjron (L, ¢, u) ateachdiscretdocation(L, ¢), bin
in the magneticequatorialplane. In otherwords, the out-
put of theinversionmethodgivestheion distribution itself,
ratherthan coeficientsof its expansionin orthogonalffunc-
tions or numericalsplines(e.g., Perez et al. [2001]). Not
only doesthis directformulationallow animmediateassess-
mentof the physicalappropriatenessf theresult,but it also
reproducesorereadily phenomenologicgbatternssuchas
"fronts” and"edges”in the ion distribution whosediscon-
tinuitiestendto be smoothecby analyticalrepresentations.
Second the constraintsof the inversionare determinecdby
a novel "tuning” techniquebasedon the ENA imageitself.
Theinversionmustbeconstrainedbecausét is only weakly
over-determinedj.e., the numberof pixelsin theimageis
only asmallmultiple of the numberof locationbins (L, ¢)
neededo describetheion distribution.

The numberof countsaccumulatedn the ith camera
pixeliswrittenin termsof theaveragechormalarea{ 4; (e, 3))
of the cameraseenby an ENA incidenton the instrument
from elevationanglee andazimuthangleg.

a:m/mm/wwmmhmmm<n

We write Jgn 4(e, B) for jenva(e, 3)AE becausave as-
sumethattheenegy (or velocity) passandsA E arenarron
enoughsothatthereis no significantvariationin thecamera
response. The integral over the angles(e, 3) in principle
coverstheentiresky (4x sr) andnotjustthe smallsolid an-
gle of asinglepixel. Thisis becaus@achpixel hasa "point-
spread’functionowing to internalscatteringhatcanbesig-
nificantly largerthanthe pixel itself. The averagingof A4; is
over the time At during which the countsare accumulated
in the pixel, e.g.,aminimumof onespin (At=120s)for IM-
AGE/HENA. It alsomustbe integratedover the solid angle
of the pixel andary significantorbital motion of the space-
craft during the exposuretime for the pixel. All properties
of the ENA cameramustbe incorporatednto the function
(Ai(e, 8)). Exampledor otherENA instrumentshave been
published:the MEPI particletelescopeon ISEE-1[Roelof,
1987]andthe PIPPIcameraonAstrid-1[C:son Brandt et al.,
2001]. Thedetaileddescriptiorfor HENA is givenby Roel of
[2002].

Thewell-known relationshipbetweerthedifferentialnum-
berflux jen 4 andjron for an”’ENA opticallythin” medium
is expressedn termsof aline-of-sight(LOS) integral. The
simplestcaseis thatof "high-altitude” ENA imagingof ring
currentionsimmersedn the hydrogengeocorona

mF@wMMW%wmmxm

wheres is the distancevectorfrom the point of emissionr
the cameraat positionR alongthe LOS. Thuss = R —r
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givesthedirectionof the ENA. The crosssectionfor chage
exchangds o’ (E), andn (r) is thegeocoronahydrogen
density We assumehatthereis negligibly weakscattering
of theion alongthe magneticfield line. Thenthe magnetic
moment(1 — u?)/B is conseredandtheion intensityjion
with pitch-cosineu at ary point on a field line may be re-
latedvia Liouville’ stheoremto j;¢, 5 with pitch-cosineu,,
at thatlines’ equatorialcrossing. Again, we shall assume
enepy resolutiongoodenoughthatjgx 4 andj; , maybe
replaceddy Jena = jenaAE andJil y = jiONAE.
Now Equationsl and2 may be combined. Usually, the
integrationsarecarriedout asindicated first alongthe LOS
andthenoverthe angularresponsef theinstrument.How-
ever Roelof [2002] hasnotedthatthetriple integral overthe
instrumentarrival solid angleand LOScanbe transformed
into a volumeintegral in geomagnetisphericalpolar coor
dinates.TheexactJacobiaris r%/s*, sowe have

2
de sin edBds = drdf sin 0d¢:—2, 3)

whered is the geomagnetico-latitudeand¢ is themag-
netic longitude (MLT). If we furthermoreapproximatethe
geomagnetidield by a dipole, thendr = (arcsin® §)dL
when the innermostintegral over volume is taken over 6.
Obviously, a = 1Rg. Thefinal resultis

Ci= [dr [ abKiL. O TN L b))
where
Ki(L, &) = ar P At / i sin30£2nH(r)(Ai(e, 8) )

In passingfrom Equation4 to 5 we have neglectedthe
pitch-angledependencén J;4 v (L, ¢, ieq), i.€., we have
madethe approximationof an isotropic equatorialion dis-
tribution. This will be adequatdor this paper which only
dealswith ENA imagestaken at high latitudesduring peri-
ods when pitch-angleeffects appearto be negligible. The
moregenerakaseis treatedby Roelof [2002].

Theintegral over colatituded for the kernelin Equation
5 is carriedout (usingan efficient integrationalgorithm)for
eachequatorialpositionbin (L, ¢);. Thenthe doublein-
tegral in Equation4 canbe approximatedy linear quadra-
tures.

Ci = Esz(L,¢)kJ;g)N(L,¢)k, (6)

where the index k runs over all equatorial position bins
(L, ). We have thus achieved our goal of formulatingan
ENA imageinversionexplicitly in termsof the equatorial
ion intensitiesndexedby their positionbins (L, ¢).

C:sonBrandtetal.

In more concisematrix/vector notationwe write C =
KJ, whereK is anon-squarenatrix because¢herearemore
pixels (i) thanpositionbins (k). Theelementsn K arenot
exactly K;(L, ¢)g, but ratherarelinearcombinationghereof
resultingfrom the particularquadraturdormula appliedto
Equation4. The constrainedeast-squaresolutionfor this
linearsystemis [Twomey, 1977]

J = (KTK + vH) 'K 2C 7

whereo—? is theinverseof the covariancematrix of the
pixel counts H is asmoothingmnatrix,and-y is theconstraint
strength.

Now we cometo the secondnnovation, the "tuning” of
the constraintstrength. The "regularization” yH mustbe
large enoughto stabilizethe inversion,but smallenoughto
avoid unnecessargistortion. In nearlyall caseghatwe have
testedtheunconstrainethversion(y=0)is very poorly con-
ditioned.In orderto "tune” theregularization we first simu-
late an ENA imageusing Equation4 with the 38-parameter
modeldevelopedby Roelof and Skinner [2000]. We choose
theparameterso produceatestion distribution J,SO) thatwe
estimateshouldproducean ENA imagesimilar to the one
we aretrying to invert. This could be thoughtof asa first
guessattheresult.We addPoissorcountingstatisticso the
countsCi(O) in the simulatedENA image. We theninvert
theimageusing Equation7 andour first guessat the value
of the constrainistrengthy(?). This givesusa solution.J{"

thatwe comparewith J.”. This comparisortells usif ~(*)
wastoo small (inversionill-conditioned)or too large (solu-
tion overly smoothed)leadingusto our next guessy(!). We
canalsoadjustthe form of H at eachstep. We have tried
severalformsof H andhave foundthatthe minimumlength
solution (H = I, the identity matrix) consistentlyexhibits
themoststablebehaior. We repeathis process: timesun-
til we find a suitablecombinationof v(®) andH(™ | i.e.,one
suchthatJ 2”) reproducesheessentiaspatialfeaturesof the

testdistribution J,(co). Finally, we obtainour actualsolution
by usingy(™ andH(™ in Equation7 to invertthe obsened
pixel countsC}; for our bestestimateof the equatorialion
intensitiesJ (L, ¢).

In brief, what we have doneis to iteratively "tune” the
regularizationso thatit faithfully retrievesa testion distri-
bution that can simulatean ENA imagethatlooks like the
obsered ENA image. If thetestintensityfunctionis simi-
lar to the actualion intensitythatwe finally invertfrom the
ENA image,thenour processs self-consistent.This "tun-
ing” processs greatlyfacilitatedby formulatingthe inver
sionproblemdirectly in termsof theequatoriaion intensity
distribution J;} x (L, ¢, f1e4) asspecifiedn Equatiord.



IMA GE/HENA: Substormimaging

Figure7. Thetwo exospherionodelsused.Thedashedine
display enhancedxosphericdensitiesat large altitudeson
thenightside.

4. Exosphere

To illustrate the effects of the exospherewe use here
thesymmetricChamberlaiimodel[Chamberlain, 1963]and
anasymmetrionodelbasedon the DE-1 measuremente-
portedby Rairden et al. [1986]. They provided measured
columndensitiesof the nightsideexospherewhich shaved
anexcessoverthe symmetricChamberlairmodelwhich of-
ten is referredto as a “geotail”. Both modelscan be de-
scribedby

n(R,¢) = 3300 exp[17.5e 158 — )

where

H(¢) = 1.46[1 — ksin(8) cos(9)]. 9

Here ¢ is the local time anglefrom noonand?# is the po-
lar anglefrom the z-axisin the GeocentricSolarMagnetic
(GSM) coordinatesystem. A non zero value of k allows
oneto representhegeotailin theform of anaxis-symmetric
(aroundthesun-earthiine) exosphereSettingk = 0 restores
thesymmetricChamberlairmodel. All numericcoeficients
in the above expressionave beenobtainedfrom thefit to
the Chamberlairmodelby Rairden et al. [1986]. By fitting
their columndensitief thegeotailto Equations3 and9 we
obtaink = 0.3. Thesymmetricandaxis-symmetrianodelis
plottedfor ¢=18Cin Figure7. We would like to stresshat
althoughthe existenceof a geotailis confirmed the quanti-
tative knowledgeis thin.

5. Results

The ENA imagesin Plates1 and 2 have beeninverted
usingthe two exosphericmodelsabore (k=0 and k=0.3in
Equation9).

Theinversionsof the ENA imagesequencén Platel are
shawvn in Plates3 with the symmetricexosphereandin Plate
4 with the asymmetricexosphere. The ion distribution is
plottedin L-MLT coordinateutto L=15. In fact,theion
flux in theinversionis clampedo zeroatL <2 andL >15.

The effectsfrom the contaminationof residualsunlight
in the detectoris clearly visible on the daysideat L¢,6 as
the enhancedntensities. We have chosento shav the con-
taminationin this paperto illustratehow andwhenit effects
the data,and moreimportant,how to eliminateit from the
ion distribution. The LOSstoward the sun contamination
in Platesl and?2 (above mapgrid longitude-30°) intersects
a minimum L-shell of 6 for both substormsand therefore
ion distributionsbelov L=6 arefree of solarcontamination.
Also, thefield of view (FOV) of theinstrumentcutsoff the
edgesoutside 45°| instrumentallatitude. Here the sensi-
tivity of the instrumentis low andthusthe responsdunc-
tion amplifiesthe uncertaintiesThereforewe stresghatthe
emptyregionsontheduskanddawn sidesin theinvertedre-
sultsbelow aretheeffectsof thefinite FOV of theinstrument
andnot zeroflux.

At 06:01UT (Plate3a)theion distribution displaylarge
fluxes out to 13 Rg in the post midnight sectorwith its
peakat 6 Rg. Theenhancemerdaround6 Rg extendsfrom
postmidnightto the dusksector In theremainingsequence
(Plates3b-3d) the nightsidefluxes above 7Rg decreases.
Thepeakof theion distribution movesearthwardfrom about
6 Rg to 5 Rg andspreadslsoin localtime.

Plate4 showvs the sequencef inversionsusingthe asym-
metric exosphericmodelwith £ =0.3. It is immediately
clearthatthe ion fluxesarein generalwealer thanfor the
inversionsin Plate3 with £ =0. Thereasorfor this is that
the asymmetricexospheredisplayshigher densitythanthe
symmetricmodel does,as can be seenin Figure 7 and so
lession flux is requiredto matchthe obsened ENA images.
At 06:01 UT therearerelatively high ion fluxesout to 13
Rg, which move graduallyearthvard throughoutPlates4b-
4d. We canseethatthe peakion flux movesfrom 6 Rg to
about4 Rg andexpandalsoin localtime. A similardevelop-
mentcanbeseerfor the09:22UT substormshavnin Plates
5 and6. ThecorrespondindENA imagesareshavn in Plate
2. Plate5 shaws the inversionusingthe symmetricmodel
exospherewith k=0. The overall fluxesareslightly higher
thanfor Plate3 and appeardo be more confinedin MLT.
Again,we seeintenseion fluxesoutto 13 Rg thatdecreases
throughouthesequencéhatmaybeinterpretechsanEarth-
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Plate 3. The invertedion distributionsin the 10-60keV range(6 min integration) for the 06:11 UT substormusing the
symmetricRairden et al. [1986] modelexopsherdseeEquations3 and9).
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Plate 4. The invertedion distributionsin the 10-60keV range(6 min integration) for the 06:11 UT substormusing the
asymmetridrairden et al. [1986] modelexopsherawith £ =0.3from Equations8 and9.



12 C:sonBrandtetal.

(@) 09:13 UT 4 Oct 2000 (b) 09:21 UT 4 Oct 2Q00
SIEARR B

T I T

b
[

|

g

Plate 5. Theinvertedion distributionsin the10-60keV range(6 min integration)for the09:22UT substornusingthe Rairden
et al. [1986] modelexopshergseeEquations8 and9).
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Plate 6. The invertedion distributionsin the 10-60 keV range(6 min integration) for the 09:22 UT substormusing the
asymmetridrairden et al. [1986] modelexopsherawith £ =0.3from Equations8 and9.
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ward motion. The peakion flux movesfrom 5 Rg to 4 Rg

asit alsoincreaseslueto the substorminjection. In Plate
5a a minimum appearso develop in the 2230-0130MLT

wedgeataround/ Rg. Onemaybetemptedalsoto attribute
a tailward propagationof this minimum, or the maximum
beyondit. Althoughinterestingwe mustcautionthe reader
thatthis couldbeaneffectof ouruseof a puredipolefieldin

the inversion. Any findings concerningthis featurewill be
reportedn afuture paper

Plate6 shows the inversionusingthe asymmetrionodel
exosphereawith k¥ =0.3. Again, the overall fluxesarelower
thanthe symmetricmodel.

6. Discussion

It is worthwhile attemptingto put our obsenationsin a
physicalcontext. Herewe outline a plausiblescenario.Be-
fore substormonsetat 06:10UT the crosstail electricfield
appeargo beenhancediueto anegative or very smallposi-
tiveIMF B,. Thisenhanceghecorvectionfrom thedayside
magnetopausand the Earthward ExB drift on the night-
side, resultingin a tail anda plasmasheetwith higherion
flux thannormal. This appearsasthe higherion flux above
geosynchonousltitude in Plate3. The IMF B, steadily
decreaseandthereforethe crosstail currentwill build up
until it disruptsat someplacedueto someinternalinstabil-
ity [Lui, 1991] or triggeringfrom the NENL [Baker et al.,
1996; Ohtani, 2001; Savin et al., 2001]. The disruption
causeshe stretchedmagneticfield configurationto dipo-
larize which inducesan intensedawvn-to-duskelectricfield
pulse. Thedipolarizationis obsenedat geosynchronouby
GOESaround06:11UT asshown in Figure6. At thistime
the ion fluxes at geosynchronousave increasedslightly.
Thereasorfor the rapidly decreasinglasmasheetflux ac-
compalying the dipolarization,is thattheinduceddawn-to-
duskelectricfield will transportheionsearthwardthrough
enhancedExB drift, fasterthanthe particlescanbereplen-
ishedby the overall E x B drift setup by the corvectional
electricfield. Theionshave now reachedower altitudesand
have beenenepgizedthroughbetatrorandpossiblyfermi ac-
celeration. This is wherethey are obsened by the LANL
satellitein Figure5.

Now, sincethe IMF B, is still decreasindo morenega-
tive values,a steadysupply of plasmais corvectedin from
thedaysideoverthe polesonreconnectefield linesandwill
increasethe nightsideion flux assoonas the first dipolar
izationandthe substorminjectionis complete.The plasma
sheetwill thin, the crosstail currentwill build up andthe
processwill repeatitself for the next substorm. This pat-
tern repeatedtself several timesduring the entireday of 4
October

C:sonBrandtetal.

From our obsenationsit appearghat the particle pres-
sureincreasedn the >6 Rg plasmasheetsteadilybefore
dipolarization. At dipolarizationthe pressureoutside8 Rg
decreasedapidly while the pressurénside8 Rg increased.
Kistler et al. [1992] foundthatthe pressuréncreasedtdis-
tances<10 Ry andeitherdecreasedr stayedthe sameout-
side10 Rg. We feel thatit may be dangerouso generalize
thepressurgrofilesof substormsvithout studyingthe IMF.
The reasonis that an enhancedxternal crosstail electric
field enhanceshe Earthward E x B drift andthereforein-
creaseshe particle pressurghroughadiabaticenegization.
However, the loading of fresh solarwind plasmafrom the
lobeswould actto decreasehe temperatureof the plasma
sheetandthereforeact asa competingprocessto cool the
plasmasheet. This balancebetweentheseprocessesre
clearly dependenbn IMF and a deeperstudy of their ef-
fect is beyond the scopeof this paper Several factsimply
thattheionsdo undego an Earthward propagationi(1) Af-
ter plasmasheetfluxesdecreasethe fluxesaroundgeosyn-
chronousincrease;(2) Several studiesof in-situ measure-
mentshave shovn thatearthvardflow occursmainly within
30 Rg [Ohtani, 2001].

7. Summary and conclusions

We have presentedhefirst globalimagesandion distri-
butions of the Terrestrialplasmasheetoutto 14 Rg. The
imageswere obtainedby the HENA instrumenton board
IMA GE duringtwo substormsn themainphasef the4 Oc-
tober, 2001, storm. A constrainedinear inversionmethod
wasusedo derivetheion distributionfrom theENA images.
Theinversionusesadipolemagnetidield andanexospheric
modelbasedon the DE-1 obsenationsreportedby Rairden
et al. [1986]. We summarizeour findingsasfollows.

1. Before the substormthe ion fluxes abore geosyn-
chronouswverehigh dueto anenhanceaonvectionin
thestormmainphase.

2. lon fluxesabore 10 R startedto decreas& min be-
fore geosynchronousdipolarization(GOES)and 13-
16 min beforegeosynchronougjection (LANL). If
thisis interpretecasan Earthwardpropagatiorthe es-
timatedflow velocitiesarein therange27-33km s !.

3. Plasmasheetfluxesdecreas@neorderof magnitude
afterthedipolarization.After the substornthe fluxes
arerestored We interpretthedecreasé plasmasheet
flux asthe plasmasheetions beingaccelerateearth-
ward by the inducedsubstormelectric fields, faster
thanthey canbereplenishedrom the overall corvec-
tion. After the substormplasmasheefluxesincrease
dueto therefilling from the corvection.
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4. The useof a symmetricexosphericmodel basedon
thefit by Rairden et al. [1986]gave peakplasmasheet
fluxesatL=10about5-10°(cmsrs)~!, while anasym-
metric exospherewith a nightsideexcessof neutral
densities,gave abouta factor of five lower plasma
sheefflux.

We would like to stressthat the inversionresultsreported
here are preliminary and qualitatve results. The inver
sion method still needsrefinement,such as more accu-
ratelyincorporatingheproductionmechanisnfior theENAs
originating from the interactionbetweenthe ions and the
exobase.A more quantitate study of the storm-substorm
relationshipduring the 4 Octoberstormwill be published
soon.
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