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Abstract. Outerradiationbelt electrons(ORBE) at 0.1 - 10 MeV area major hazardfor
geosynchronouandhigh altitude Earthorbiting spacecrafaswell ashumanspaceflight.Yet despite
40yearsof study theinherentvariability of theseelectronanalke their predictionso difficult thatspace
assetareprotectedoy in situ monitorsfollowedin realtime suchasthoseat NOAA’'s SEC.Although
electronsareubiquitousin neutralplasmaseglectronsof this enegy anddensityarefound neitherin
the Earths ionospheranor in the SolarWind, suggestinghattheseelectronggaintheir enegy locally.
Compoundinghe problem,is the poor correlationof solarwind enegy with measuredluxesof these
electrons.The fundamentaproblemappeardo be identifying the local sourceof theserelatvistic
electrons.We arguefor a highly non-lineay rapid stochasticacceleratiorprocessoccurringin the
Earth’s cusps.Only a cuspsourcesatisfiesall the obserationalconstraints.This paperconcernstself
with the evidencethat ORBE areacceleratedh the cusp,in a secondoaper we presenthe physicsof

thequadrupolacusptrapitself.



Intr oduction

Theorigin of theMeV electrondn the Earths “outer radiationbelt” (ORBE) hasbeenmysterious
sincetheir discorery 40 yearsago by Van Allen ( [Allen et al.(1959); Mcllwain(1996); Baler
etal.(1997)]). Despitetheir understandablgeletriouseffectson spaceelectronicsneithermilitary nor
civilian spacecrafoperatorsareableto predicttheir sudderenhancementsindmustrely on passie
shieldingandin situ monitorsof thesehazardouparticles. Statisticalmodelsare valuablefor post
mortems but aretoo imprecisefor real-timeprevention. Thereis still debateon whetherreal-time
preventionis cost-efective, but the debateds cloudedby the poorsuccessateof presenpredictors.By
analogyto the weatherbureau preventive measurefiave becomemuchmorecommonaspredictions
improved. Thatis, we have a 40-yeardatabas®n the climateof spaceput have very little ability to

predicttheweather

Predictors

Weakstatisticallinks or neuralnet“black boxes” arethe only predictorswe have foundin the
~40yearssincethe ORBE discovery by VanAllen [Allen etal.(1959) ], for if anything betterwere
found, it would beusedat NOAA’s SEC.The onepredictorthatthe SECusesthe neuralnetpredictor
of [Koonsand Gorne/(1991) | wasbasedon the daily sumof the previous 10 daysof Kp, wherethe
1-dayresolutionwasdictatedby the quality of the data. Althoughthis predictorcanaccountfor 70%
of thegeometricvariation(variancesn thelogarithm)in thedaily averagedE>3 MeV integral enegy
electronchannelfrom GOESgeosynchronousatellites the predictionswork bestat low actiity level
andfail ratherdramaticallyin predictingthe onsetof high electronfluencegseeFig. 1). Yetthisweak
correlationwasbetterthanDst or AE, which producedaven smallercorrelations.The oneexceptionis
thesolarwind velocity correlation,Vy,,, [Blake etal.(1997) ], which hasremainedunexplained.Nor is
thereary explanationwhy Kp shouldwork atall. Whathasbeenlackingarephysicalmodelsthatcan
directthe statisticalinvestigationinto fruitful correlationghat might createbetterpredictorsof MeV

electronenhancements.



Sources

Wherearetheseelectronsandwhy is their origin a mystery?TheseMeV electronsaretrappedn
the Earth’s dipolefield, at radial distancegrom ~ 3—7 Re at the equatoy forming the outerradiation
belt[Allenetal.(1959) ]. Thefluxesshav extremevariability, including rapid, adiabaticeffectsand
non-adiabatidnjectionson the scaleof hoursor days,followed by a decayon a timescaleof days
to weeks[Mcllwain(1996) ]. A typical MeV enhancemeniccurs~24 hoursafterthe beginning of
a “stormy” period,andtakes 0.5—-2daysto reachits maximumwhich almostalwaysoccursat 6.6
Re before4.0 Re (personacommunicationG. Ginet,1997). As the Earths dipole field wealensat
larger distancesthe fluctuationsof thefield causeddy solarwind disturbance$ecomencreasingly
important,so thatthe radial transportrateis fasterthanone Re per day at distanceseyond 6 Re
[StulzandLanzeotti(1974) ]. Thereis even someevidencefrom electricfield measurementhat
during disturbedtimes, this diffusive transporttime canbe as shortasan Re per hour (personal
communication,J. Wygant,1997). And beyond 8 Re, thedipolefield is sodistortedthatit cannottrap
theelectronsatall, thatis, they do not possessill threeadiabatianvariantsof the motionandtherefore
areatbest‘pseudo-trapped[Roedeer(1970) ].

Generallyit is the third invariantthatis violated mosteasily meaningthatthe electronscannot
drift 36 aroundthe Earthwithoutencounteringhemagnetopausandbecomingost. Thusthesource
of these~1 day rising enhancementf MeV electronsmight be arguedto bein the trappingregion
itself, for otherwiseit would appeatto be atransientin the outerregions,having alifetime of several
tensof minutesthetimeit takesfor electrongo drift aroundthe Earth. Yetup until POLAR, extensve
searchesn thetrappingregion have shavn no acceleratiomregion or population(obserableby a peak
in phasespacealensity)thatcanbethesourceof the outerzoneelectronge.g.,a“Nishidarecirculation”
type mechanisniNishidg1976) PaulikasandBlake(1979) Ingrahametal.(1996) ]).

Recentwork using the high spectralresolutionMeV electronspectrometeon POLAR,
CEPRAD/HIST, have confirmedwhat otherdatasetshave beentelling us, that during quiettimes,
the phasespacedensityat constanimagneticmomentuniformly risestoward higherL-shells,awvay
from the Earth[Selesnik andBlake(1997) ]. (Thisis alwaystruefor quietperiods,but strictly true

only for E<1MeV electronduring stormyperiods.Selesnickin his mostrecentwork with improved



instrumentcalibrationfunctions,[privatecommunication1999] stateghatthe dataaremostconsistent
with an externalsource.Sincethe existenceof externalsourceis undisputedyve referto this source
alone.)Furthermoresincethe diffusive radialtransportratefor theseelectronsduring stormsis quite
rapid, this suggestshatthe sourceis externalto the trappingregion, but populateshe ORBE rapidly
duringa storm. However, the solarwind (atinfinite L-shell) hasa lower phasespacedensitythanthe
magnetospherghetherwe compareat constanenegy or constantnmagnetionomentLi etal.(1997)

] andcannotbethe putative source.Thusuntil recentlywe could only saythatthe mysterioussourceof

theseelectrondies at 7<L <oo.

Accelerators

This is troubling, becausehesehigh L-shells hold pseudo-trappeg@opulationsand should
have lower, not higher phasespacedensitiesthanthe trappedpopulation. One solutionmight be
to put a sourcewithin the pseudo-trappingegion, which would neccessitata rapid acceleration
mechanisnthat could acceleratén lessthana drift period(e.g.,the 1991“shockacceleration’avent
[Li etal.(1993) ]), yetremainfor mary hourswhile filling theradiationbelts. Thatis, canwe replace
the mysterioussourcewith a possiblylessmysteriousn situ acceleratothathhasthe characteristics
obseredin ORBE enhancementsPhis hasbeenanareaof active work, with suggestionghatresonant
wave acceleratior{ [Elkingtonetal.(1999)]), lightning dischages [ehtinenet al.(2000)]), or substorm
inductie acceleratior( [Kim et al.(2000); Ingrahamet al.(1999)]) might be suchan accelerator
mechanism.However, no internalmechanismhasyet beenfound that satisfiesthe obserational

constraintoutlinedbelow.

The Puzzle

Thuswe find that ORBE enhancementemaina puzzle,with weakcorrelationgo Kp, stronger
correlationswith V,,, yet without anidentifiablesourceor acceleratiormechanism However, the
wiseinvestmenin GGSgivenustwo new obserationsthathave provided two importantclues: high
spectralandspatialresolutionof ORBE enhancementsindcontinuoushigh time resolutionV,,. With
POLAR we canproduceaccurataadial profilesandspectrakesolutionto “fingerprint” theacceleration

mechanismwhereasNIND (andnow ACE) candeliver the high time-resolution continuoussolar



wind neededo catchORBE enhancementsn theact”.

Observational Constraints

Thereareseveralbasicobsenationalconstraintghatary predictive modelof ORBEenhancements

mustaddress:
¢ 1) theradialgradientrising outward during quietperiodsandflatteningduring storms;
¢ 2) thepitch-anglegradientflatteningduringquiettimesandpeakingat 90° duringstorms;
¢ 3)the0.5-2daytime delayin therisetime of ORBEwhencomparedo Dstor Kp risetimes;
¢ 4)theconstanspectraincreaseof MeV electronselov somethresholdenepy;
¢ 5)thebettercorrelationwith Kp thanwith Dstor AE;
¢ 6) thefastestorrelationwith noonlocaltime; and,

e 7)the(sometimesgxcellentcorrelationwith V,,, or AV, (andnotwith B, E,, N;, or N;V2).

Transport

Thefirst obseration, which could not be arguedcorvincingly until POLAR, thoughhintswere
availablefrom low altitude satellitessuchas SAMPEX, arguesthattransportis occurringfrom the
outsidein. Weincludethe pitch-anglegradientbecausét is consistentvith radial diffusion, peakingat
9(® dueto the betatronacceleratiorof radialtranspor{SculzandLanzeotti(1974) ]. Whentransport
is slow (quietperiods)the pitch-anglegradientis erasedy scatteringorocessesThis is supporteddy
UARS measurementsf MeV electroninjectionsat low altitude,correspondingo smallpitchangles,
which shav atime delaywith respecto the equatorthatis well modelledby pitchanglediffusion
[Sculzetal.(1999) ]. Thisimpliesthatthe injectioncannotbeisotropicin pitchangleor otherwise
thelow altitudeobsenrationswould be simultaneousThuswe have two choicesgithertheacceleration
is primarily at9(°, or theacceleratioroccursat large radial distancesndis transportedadially. When

combinedwith theradialgradientthe secondptionappearsnostlikely.



Thetheoryof radialtransportwaswell developedfrom the 19605, wheremagneticandelectric
impulseswereshavn to accountfor the radial diffusion andtransportof radiationbelt particles. This
is consistenwith smallerradial gradientsduring times of enhancedliffusive transport,andgive
transportrateswell in excessof 1 Re/day Thusonecanshaw thatfield fluctuationsmeasurediuringa
magneticstormgive transportimesfor ORBE s on thetime scaleof hours(J. Wygant,1997,private

communication).

Time Delay

Thusthe typical 48 hour or atypical 12 hourrise time for ORBE, cannotbe attributedto purely
transportdelaysfrom someexternalsource sincetransporttimesduring stormscanbe assmallas
anhour, ratheronemustassumehatthe sourceitself hasa similar built-in time delay Onecould
imaginethata solarprotoneventor interplanetaryconditionsmight leadto a slow increasen ORBE,
but no suchextraterrestriasourcehasbeenlinked to ORBE enhancementsSimilar objectionscanbe
raisedfor in situ acceleratorsfor if the sourcewerea nearlyinstantaneoumjection suchasoccurred
duringthe 1991 storm,it would not have the requisite2-daytime delay This could be saidfor most
1storder or single-stepacceleratiormechanismsuchshockaccelerationfeconnectiorelectricfield
accelerationinductive betatronaccelerationfFermiacceleratiorandso forth, they all acceleratéoo
quickly.

This leadsusto the possibilitythatan electroncould perhapgake mary smallstepsthatprolong
the acceleratiorprocessandincrementallyprovide the enegy, say from a seriesof severalintense
substormge.g, [Ingrahamet al.(1999);Kim et al.(2000)]). Thentime betweentheseacceleration
eventswould allow transportanddiffusion, sothatsomeparticleswould getacceleratednary times,
othersonly once. Thusthis randomacceleratiorwould appearto usto be a diffusionin enegy space,
or a2ndorder stochasti@ccelerationThetwo basicrequirement®n ary stochastiacceleratiorare
a sufiiciently enegized“seed” populationto startthe processanda sufiiciently “trapped” population

thatwill undego multiple acceleratiorstepswith someprobability



Spectralfingerprints

If thetime delayis dueto a slow, stochastiacceleratiorprocesswe shouldseethe tell-tale
characteristispectrakignaturef the mechanismSincea diffusionin enegy spaceapproximates
thisrandomenegization,the higherenegiesshouldappeataterthanthelower enegies. Furthermore,
the“enegy slope”,or spectraindex (if it canbeapproximatedy a powver law), movestoward higher
enepgy just asatemperaturgradientin a copperbar movesasthe heatdiffusesoutward. Note that
underthe assumptiorof a constaninitial spectraindex, a power law slope,the outcomeof stochastic
acceleratiordoesnot changetheindex, it remainsa power law but now at higheramplitude.Contrast
this with singlestepprocessegqge.g.,a DC electricfield acceleratiorwould hardernthe spectrunmupto a
fixedenegy) which all imposea differentcharacteristicignatureon the enegy spectrumWhatdo the
datashow?

Whenwe examinethe LANL geosynchronousatelliteswe find thatspectrataken beforeand
afteran ORBE enhancemertftenhave identicalspectraindiceswith merelyenhancedluxes,exactly
aspredictedby a stochastigorocesqprivate communication,). Freeman98) However, we mustbe
clearthatthe amplitudechangecannotextrapolateto infinite enegy, sincethe highestenegiestake the
longesttime to acceleratelonger perhapsthanthe temporalextentof the storm. Thusif stochastic
processesideedenegizethe spectratheremustexist somethresholdenegy, abore which the spectra
remainunchanged Closerexaminationof the higherspectralresolutionPOLAR/HIST datashav
exactly this characteristica sharpbendin the spectraindex atthe higherenepies, E > 3MeV. This
breakis consistentvith the stochasti@ccelerationime becomingongerthanthe durationof theevent.
Furthermoreduringthe fastesORBE enhancementf the last 3 years,Januaryl0, 1997,the spectral

index displayeda lower thanusualbreakin the spectraindex, atE < 2 MeV.

Kp/AE/Dst

If the acceleratiormechanisnis stochasticthenthis probablyindicateswhy Dstis nota good
predictorof the ORBE increasesDst is primarily a single-stegprocessa rapid changefollowed by
a gradualreturn. ( [Reere$1998)] shaws a surpisingjoint occurrenceprobability betweenDst and

ORBE,which [Sheldo2000)] arguesis not causal.)Thereforethe absolutdevel of Dst (otherthan



theinitial adiabaticdecreas®f the ORBE occurringduring main phase)givesno indicationof the
multi-stepstrengthof the ORBE enhancementSoit is not surprisingthatKp is a betterindicatorthan
Dst. More significantlywe find thatKp is betterthan AE, thatdisturbancest midlatitudearea better
indicatorof ORBE increaseshandisturbancesit high latitudewhich mapto thetail. This bringsinto
guestionary acceleratiormechanisnthatinvolvestail disturbanceswhich would presumeablhhave

bettercorrelationwith AE thanKp.

LT

Work with AZORA dataatlow altitudeshaw thatfluctuationsn MeV electronsarebestcorrelated
in the noonquadran{Fungand Tan(1998) | especiallyat very shorttime scales.If the acceleration
mechanisnproducedany small pitchangleparticles,onewould expecta sharpspike at low altitude
during the injection followed by a gradualrise as pitch anglediffusion flattenedthe bulk of the
distribution. ThusFung’s analysisis consistenwith a daysideinjection, andinconsistentvith a
substormor tail source A carefulanalysisof theJanuaryll, 1997eventshavedthatthe noonquadrant
alsoshavedthefirst arrival of the 1000-foldincreaseof ORBE electrongprivatecommunicationG.

Reares1997).

Visw

The bestclueis the high correlation(R=70!) of solarwind speedwith ORBE enhancements.
Converting Vy,, to E, = Vg, x B ruinsthe correlation,asdoesthe conversionto p = NZ-VS%U. That
is, whenwe corvert the solarwind velocity to eithermechanicabr electricalenegy, we find the
correlationis worse.Yethow elsearewe to couplethe enegy of the solarwind to the ORBE?

Themessagén this datais thatthe ORBE is not directly driven, or elsethereshouldbe a better
correlationwith thedriving enegy. Or mathematicallywe might saythatthe responses non-linear
Usingour discussiorof stochasti@cceleratiorasa guide,we might arguethat, say reconnection?,
is the enegy driver, but thermalizedV,, is the seed-populatioenegy. Thushighervelocity may
leadto bothahigherenegy driver anda highertemperatureseedpopulationin a way thatgivesmore

correlationwith velocity thanwith enegy alone.
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Solar Wind Statistics

We have correlatedhe GOESE1 channel(electronswith E>2MeV) with solarwind conditions
asmonitoredby IMP-8. SincelMP-8 Omni datais availableat 1 hourresolution,we have rebinned
our GOESdatainto 1 hourbinsaswell. As obsered by PaulilakisandBlake, the mostsignificant
correlationis with V,,, andfor southvard B,. The dataalsoshav the highestcorrelationsbetween
24-48hourtime lags,aspreviously noted.

Whatis perhapshot expecteds the sometimedettercorrelationof MeV ionswith B, northward.
This suggestshatthereis a non-electricabspecto the stochasti@cceleratiorprocesswhichis in
somesensejndependenof E,. In addition, the subsetf the fastestl/3 V,, possessiearlyall the
positive correlationswith the slowest1/3 shaving a negative correlation.Clearlyanon-lineareffectis

couplingsolarwind velocity into ORBE.

Model Constraints

With the abore discussionwe have motivateda stochasticacceleratiormechanisnfor ORBE
enhancementsccurringsomevhereat large distancesl. >7 Re from the Earththoughprobablynot
down tail. This mechanisnmusttake both mechanicahndelectricalenegy from the solarwind in
anon-linearfashion. The acceleratiortiimes mustbe on the orderof hoursto days. Basedon these

well-acceptedbsenationalconstraintsye outlinea modelthathas3 parts:
[SOLARWIND, V] — [StochasticAccelerator] — [ORBE] (1)

wherethe box marked “ORBE” would follow the lead of Temerin(M. Temerin, GGSworkshop,
1997)and Selesnick(R. Selesnick private communication,1998) using a time-dependentadial
diffusionmodelto bring the ORBE in from atime-variableboundaryconditionaroundL=7 Re. These
modelshave alreadybeenshawvn to qualitatively describethe shapeandtemporalevolution of ORBE
enhancementd, they aregivenanappropriateenhancedoundarycondition. Thusthekey to achiezing

asuccessfumodelpredictionliesin themiddlebox, thetime variationof the outerboundarycondition.



11

Input Constraints

Theinput constraintsare provided by the statisticaldatawe discussedbore. The accelerator
mustbe correlatedwith V;,,, with Kp, andwith theancillaryfindingsof B, northward,aswell ashigh
dVsw/dt. As we pursuethesestatisticscarefully we alsoexpectto find a SM dipoletilt dependence,
andatime lag asdescribedoy [Fungand Tan(1998) ] who analyzedow altitude EXOS-B electron
data.

Ratherthanpiping all theseconstraintdnto a multi-layer neuralnetandhopingfor the best,we
learnfrom Chens work on neuralnetpredictorsof magneticstorms( [Chenetal.(1997)]),thatneural
netswork bestwhenconstrainedy physicallaws. Thuswe attemptto write a differentialequation
expressinghedependencef theacceleratiomegion to eachof theseeffects,weightingeachinputwith
acouplingconstanthatwill be determinedrom fitting to the data. For example,if Vj,, is the“seed”
populationfor a stochasti@ccelerationthentherapidity with which electrongeacha certainenegy is

givenby the FermimechanisnequationFermi(1949) ]
T = Tye™ 2)

whereT, = 0.5mV2, is theinitial “seed”enegy, « is the (enegy dependentgnengy diffusionrate,
andt is thetime.
Likewise, if we saythatthetime rate of changeof ORBE in someenegy boundedsubsetis

proportionalto their density NV, divided by somecharacteristi¢osstime, ,
dN/dt = Ny/7 — N(>t) = Noe /" (3)

Whichwhencombinedwith equation2, givesusthefamiliar power law tail,

NGB =N () v (4)

Thistheorypredictsthatthe productionof MeV electrongs exponentiallyrelatedto the enegy of
the seedpopulationthatbeginsthe process.This is animportantconstrainthatgoesinto the coupled
differentialequationsiescribingthe “efficiengy” of the stochastiacceleratiorbox. Similarly thereare
argumentdor thetrappingtime 7 thatdependon IMF B,, dipoletilt, andsolarwind pressureamong

others.However, theremay be morethanonephysicalmodelfor how the trappingtime dependsn,
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say solarwind pressureAs we discusdater, directobsenationsby POLAR of thetrappingregion will

becrucialin narraving down the possibilities.

Output Constraints

Justassolarwind monitorsprovide input constraintson the stochasticacceleratqrso also
measurementsf the electrongesultingfrom this acceleratoalsoput stringentconstraintonit. Note
thatthe spectraindex dependrucially onthetrappingtime, 7. Thusfor timesshorterthanthis, ¢ < ,
we expecta power law, but for timeslonger ¢ > 7, we expectno enegy changeatall. This “break” in
the power law towardsa morenegative index (softerspectrumyhenspecifieghe trappingtime of the
acceleratorThusthe high spectralresolutionPOLAR/HISTinstruments crucialtoward ascertaining

thetrappingtime andenegy diffusionrateof theacceleratiomegion.

In Situ Constraints

We wantto emphasizehat the abore modelcanbe developedquite completelywithout ever
observingthetrappingregion. Suchmodelshave beendevelopedfor Jupiter for example. Clearly
however, direct obserationsof the trappingregion will advancethe modelmore rapidly than
incrementalterative fits. For example,if thetrappingtime is time variable asgrosscomparisonsf the
spectralindicesof ORBE enhancementsuggestwe mustapply additionalconstraintgo the model
beyond whatwe canlearnfrom simplespectra.Fortunately POLAR is in a high latitude orbit that
precessearoundthe magnetospherg 6 monthsandthereforemadea completesampling(at high
latitude)the 3<L < oo region. Thediscovery of trapped.enepetic electronsat L~12 on the dayside
wasserendipitousproviding simultaneousha trappedpopulationof electronsanda measuremeruaf
theenegy drivers.

Thuswe areconfidentthatthein situ constraintscombinedwith the new high-resolutiordatasets
aresuficientto constructanempiricalmodelof «, the enegy diffusionrate,and, thetrappingtime,
soasto modelatime-dependeracceleratofor the sourceboundaryof ORBE.Sincetheseobserations
have only recentlybeenpublished[Chenetal.(1997) Chenetal.(1998) Sheldoretal.(1998) ], we

review thembriefly.
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Observations of the Trap

We have obsenred enepetic electrong30<E<2000keV) trappedin the outercusp,Figure3, a

region which canbe unambiguouslydentifiedby thewell-instrumented®OLAR spacecratt.

The Outer Cusp

POLARIisin a2 x 9 Reorbit thaton Octoberl4, 1996,passedhroughthe nominaloutercusp
beforetraversingthe radiationbelts. The outercuspis definedto be a region insideandadjacento
the magnetopausé€/—10Re), with noticeablyreducedmagneticfield strengthshaving broadband
electromagnetigvave power, andgenerallywithin someradial distance(2—-3 Re) of the topological
minimum B point. We do not definethe outercuspwith respecto a particlepopulationfor the same
reasorthatthe plasmasphereadiationbelts,andring currentdefineoverlappingregionsin the dipole
magnetospheréiVe obsenre a trappedelectronpopulationin the outercuspon this orbit, andmore
generallyduringthe two seasonperyearwhenthe POLAR orbit precessethroughthis region (with
over 90% probability of obseration whenorbits arefavorable). Datafrom TIMAS andHYDRA on
this day shawv thatthe magnetopauseasfirst crossedat 0100,at which time EFI shaved anabrupt
increasdan broadbandhoise. HYDRA shaved brief burstsof sheathelectronshetween0100-0230
thatappearedo be anti-correlatedvith IES andHIST trappedelectrons.Theseshortmagnetopause

crossingceasedy 0230alongwith mostof the EFI wave power.

PhaseSpaceDensities

In Figure 3 we plot time/enegy/roll-angke spectrogram®f phasespacedensityfrom the
CEPRAD/HIST and CEPRAD/IES electroninstrumentBlake etal.(1995) Conto1997) ] onthe
POLAR spacecraftThe vertical stripesin the upperpanelsareaninstrumentartifact causedy mode
switchingof the HIST telescope Successie panelsarelogarithmicallyspacedn enegy whereeach
paneldisplaystheroll modulation(pitch angle)of the particles. The insetplotsthe averagecountrate
from 0-20cts/sin 16 pitchanglesectorssummedietweer0100and0330UT shawing thatthe fluxes
areclearly pealed around90°. The color scaledisplaysthe logarithmof f (s*/km®) from 0.00001
(purple)to 100 (red). Theleft half of the plot shavs 30-1000keV electronswith trappedpitch angle

distributionslocatedin the outercuspat L >10. Theright half of the plot is an outerradiationbelt
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traversal.Comparingheradiationbeltandcusplossconeswe seethatthe cuspsis muchwider, which
is characteristiof a“leaky magneticbottle”. It alsoappearshatthewide lossconeof the cuspis filled
atavery low, isotropiclevel. Comparingthe phasespacedensitiesat equalmagneticnoment(black
dotsat 7.4 keV/nT), revealsthatthe outercusphasequalor higherdensitieshanthe outerradiation
belts,allowing the possibility of inward diffusionat constanfirst invariant. Note thatthe radiationbelt
passis at high latitudesothatthe electronflux would mapinto the wide lossconesof the outercusp,
suggestinghatthe secondnvariantis notconseredif the cuspis the sourceof theseelectrons.These

obsenrationsarevery suggestie, andled usto simulatetheseparticlesto understandhesesignatures.

Locally Trapped

Now this trappedcusppopulationis highly unusuabecauseglassicallyspeakingthe cuspcannot
trap particlesat all [Roedeer(1970) ], it is not an “excludedregion” in the Strmertheoryof an
idealizeddipole [SBrme(1911) RossiandOlberi(1970) ]. However, the interactionof a magnetic
dipole with the solarwind modifiesthe topologyin a fundamentaivay thathasnot beenadequately
consideredn thetheoryof trappedparticles;ratherthana dipole,the cuspappeargo be quadrupolar
We demonstratéhe existenceof this particletrap usingthe somevhatextremegeomagneticonditions
of a nearlyminimum latitudecuspanda high speedsolarwind, producinga nominalstandof distance
of ~11Re.

Whenwe traceparticlesthroughthis region we find trappingto occurwhenthe electronamirror
aroundthelocal minimumof thefield line foundat the centerof thecusp.The orbitstake the shapeof a
lily, with alocally outward magnetiogradientinsteadof thetypical inward gradientsothatthe particles
drift 360" aroundthe cuspin anoppositesenseo thetrappedradiationbelt particles.Our resultsshav
that5-5000keV electronscanbetrappedin the cuspof a T96 magnetospherfor + > 300seconds,
thoughadmittedlywithout anelectricfield (seeFigure4). Examinationof particletrajectoriedn this
region shaws thatalthoughthey lack a dipolar secondandthird invariant,sincethey never crossthe
dipole magneticequatorwe canfind ananalogousecondandthird “cusp” invariantsof the motionif
we definethe “cusp equator’to be the surfaceof minimum |B| alongafield line thatapproachethe
cusp. Thuswe canuniquelyidentify theseinvariantsin analogyto B-L spaceby their pitch angleand

|B| atthe crossingof the cuspequator In Figure4 onecanseethreenested‘cusp-shells”analogougo
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L-shellsof thedipole. Thelimiting 2ndinvariantof thesetrappedorbits occurswhenthe mirror point
| Br,| approacheshe daysideequatoriaffield strength,at which point the electrongoin the dipolar
pseudo-trappedopulationandV B drift away from the cusp. Fromthe pitch angledistribution, this
valueappeargo be oy ~ 60°. Thelimiting 3rd invariantis the maximumvalueof |B| for which the

“cuspequator’is still definedover aclosed,360° loop.

Locally Accelerated

Are thesetrappedparticlesacceleratedn situ? Becausehe phasespacedensityis higherin
thetrapthaneitherin the solarwind (shocled magnetosheathyr in the neighboringdipoletrap, the
conclusiorthataccelerations local appearsnescapableln fact,the | B| minimaseeratthe cuspareso
low, a 90® particleatthis locationcannotleave the trap without destrging its 2ndinvariant. Now the
faintbackgroundevel insidethewide cusplossconescould be understoodsdipole-trappedgarticles
that have drifted into the bifurcateddaysideminimain their drift orbit aroundthe earth,but the peak
at90° canonly belocally trapped cuspparticles.Onemight invoke multistepprocessethatviolate
entropy, but simplephysicsdictatesthatthe higherphasespacedensitiesobsered in this traparethe

resultof alocal acceleratiorprocess.

Cusp Acceleration

How would this cusptrap accelerateelectrons?First we might askhow acceleratioroccurs
in the dipoletrap. Generallyspeakingthe dipole trap accelerateparticleswhenone or more of
the adiabaticinvariantsof the motion areviolatedby disturbanceshat have shortertimescaleghan
the associategberiod of the motion. For example,randommagnetosphereompressionsrom the
solarwind with atypical 8-minuteperiodhave no effect on the first or secondadiabaticinvariants,
but the violate the third invariant, causingradial diffusion andthe enegization of the ring current

[SheldorandHamilton(1993) ].

Energy Diffusion Rate, «

Thecusp,however, hasanimportantadwantageover thedipoletrap, in thatthethreeperiodsof the

motionlie muchcloserto eachother For example,whenthe magneticfield becomesery weak,the
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gyrationbecomewery long (andLarmorradiusvery large) sothatinhomogeneities thefield violate
thefirst invariantandleadto enegy diffusion. As [Delcourtetal.(1992) | hasshavn, the magnetic
momentof thesetrappedelectronsneednot be consered asthey passnearthe minimum B-field point.
In moremathematicaterms,one saysthatdisturbanceshatresonatewith the frequeng of oneof the
periodsof the motion violate thatinvariantmostefficiently, leadingto a diffusion of thatinvariant
[StulzandLanzeotti(1974) ]. The particularinvariantinvoked is not crucial in principle, because
therearemechanisms$o produceenegy diffusionfrom theviolation of each.

In addition,if two resonanceeverlap,thenthephasespacedensitychangegvenmorechaotically
suchthatstochasti@ccelerations mosteffective whenthefrequenciesassociatedvith eachadiabatic
invariantare nearlycommensurateThatis, nearthe minimum field point, the time scalesof the
adiabaticinvariantscorverge, (seeFig. 4) meaningthatthe level of turbulence,AB/B neededo
initiate chaotictrajectoriesn phasespace(producingan“Arnol’d web” andrapid chaoticacceleration
[Arnol'd(1964) ] is muchlower. Hencethe cuspis inherentlymoreenegy diffusive thanthe dipole
trap.

Yetathird factormakesthe cuspa moreeffective acceleratothanthe dipole: the obsenration of
cuspdiamagneticavities [Chenetal.(1997) ]. In hindsight,the weakfield region of the centralcusp
adjacento the high plasmadensitiesof the sheatimight have led theoristso predictsuchcavities. The
importantpointin this discussionijs thatsuchcavities have large magneticfluctuations the largestin
the magnetospherajmultaneousvith low magneticfield strengths. Theseconditionsareoptimalfor
couplingenegy from the fluctuationsinto a chaoticallybroadenedesonancef thetrappedelectrons,

therebyincreasingoy anorderof magnitudethefluctuationpower available.

Trapping time, 7

Despitethe evidenceof sufficient power to drive a stochastiacceleratiorprocessyve mustalso
askwhetherthereis sufiicient trappingtime to produceMeV electrondrom a KeV sourcepopulation.
Ideally we would tag somecuspelectronsand obsenre their trappingtimes, but sinceall electrons
appearidentical,we turn to solarwind ions asa “tracer” of particletrapping. On May 29, 1996,
the POLAR/CAMMICE instrumentobsered solarwind O%t ions deepin the cusp,nearly2 hours

aftera brief interludeof B, southvardin the midst of a strongly Bz northward solarwind stream



17

[Grandeetal.(1997) ]. We thenadjustthetimescaledfrom a500keV oxygenion to a5 keV electron
andconcludethatelectronsaretrappedin the cuspfor atleast10 minutes.Usingthe Bohmdiffusion
rate purely asan upperlimit on stochastiacceleratior(sincethe gyroperiodis the shortestbof the
resonanperiodswe mightimagineusing),we calculatethatthis sameb keV electronwill reachl MeV
enegiesin thepresencef aresonantlO mV/m cuspelectricfield (atypical cuspAC field asobsered
by POLAR/EFI)in about8 secondsScalingthe periodto a bounceor a drift resonancaearthe center
of the cuspgivesus 80 or 800 secondspoth nearthe 10 minute estimatedrappingtime. Thuswe

appeato have enoughtime for stochasti@cceleratiorio operateon this trappedpopulation.

SeedPopulation, Ty

Stochastiaccelerations dependenupona minimumenegy “seedpopulation”that candiffuse
in enegy space.Sincein theseprocesseghe enegy gainis often proportionalto theinitial enegy, a
seedpopulationwith lower enegy will take considerabljjongerto accelerateperhapdongerthanthe
trappingtime. Sincethetrappingtime canbea strongfunctionof enegy aswell, this producesa sharp
cutoff in thelowestenegy thatcanbe acceleratethy the mechanism.

This minimumenegy seedpopulationmay not alwaysbe availablein the shocled magnetosheath
plasma.Thatis, whenelectricfields aresuperposedn the cusptrap thereexists a minimumenegy
electronabore which V B drifts dominateover ExB and permittrapping,in completeanalogyto
the dipolar plasmapauseThusslight variationsin the temperatureof the seedpopulation,or in
the DC electricfield of cuspcouldresultin large variationsin the densityof the “seedpopulation”
andthereforein acceleratoefficiengy. Both of theseprocessesre controlledby reconnectior(
[Fuselieretal.(1999)]),makingIMF Bz animportantcontrollingfactor Finally, the nightsidetrapped
populationalsooverlapsthe cuspasit bifurcatesonits drift from the nightside( [Shabansk1971)])
makingsubstorminjectionsalsoimportantasa seedpopulation. All theseputative sourcesnustbe
pitchanglescatteredo becometrappedin the cusp(with its very small | B|), sothatthe presence
or absencef wavesresonanwith the gyrofrequeng canstrongly affect the seedpopulationand
acceleratoefficiengy.

The fluctuationpower driving the acceleratiormechanisnmay alsobe highly time-variable

dependingon reconnectiomatesor variationsin the solarwind pressureFor example,the well-known
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27-dayrecurrenceof MeV electronenhancementsasbeentied to high speedsolarwind streams,
which areknown to have higherfluctuationpower aswell. The only solarwind parametebetter
correlatedo ORBEthanV,w, is AV;w with a R=75linear correlationfactor (privatecommunication,
M. Temerin,1997). Sortingout theimportanceof all theseeffectswill requirea betterunderstanding

of thecuspdynamics.

Conclusions

We have attemptedo shav how the ORBE sourceis consistentwvith a stochastiacceleration
processccurringin the cusp,andis the only hypothesighatmeetsall seven obsenrationalconstraints.
However, we recognizethatthe strongnon-linearitiesof the cuspprocessprecludea linear predictive
model,until the physicsof cusptrapping,cuspdiamagneticavities, andcouplingto the solarwind are

describedn betterdetail. Thatis thetaskof the secondpaper

Acknowledgements

We gratefullyacknavlege the supportof the CAMMICE team,andNASA grantNAG-5?? which

supportedhis work.



19

References

Allen, J.A. Van,C. E. Mcllwain, andG. H. Ludwig. Radiationobserationswith satellite195&. J.
GeophysRes, 64, 271-286,1959.

Arnol'd, V. |. Dokl. Akad.Nauk.SSR 156, 9, 1964.

Baker, D. N., X. Li, N. Turner J.H. Allen, L. F. Bargatze,J. B. Blake, R. B. SheldonH. E. Spence,
R. D. Belian, G. D. Reeves, S. G. Kanekal,B. Klecker, R. P. Lepping, K. Olgivie, R. A.
Mewaldt, T. OnsagerH. J. Singer and G. Rostoler. Recurrentgeomagnetistormsand
relativistic electronenhancementis the outermagnetospherdstp coordinatedneasurements.

J. GeophysRes, 102 14,141-14,1481997.

Blake, J.B. etal. CEPRAD: Comprehense enegetic particleandpitch angledistribution experiment
onPOLAR. In C. T. Russell,editor The Global Geospacévission pages531-562 Kluwer
AcademicPublishers1995.

Blake, J.B., D. N. Baker, N. Turner K. W. Olgivie, andR. P. Lepping. Correlationof changesn

the outerzonerelatvistic-electronpopulationwith upstreansolarwind andmagneticfield

measurementsseophysRes.Lett, 24, 927-9291997.

Chen,J.,T. A. Fritz, R. B. SheldonH. E. SpenceW. N. Spjeldvik,J. F. Fennell,andS. Livi. A nen
temporarilyconfinedpopulationin the polarcap. GeophysRes.Lett, 24, 1447-14501997.

Chen,J.,T. A. Fritz, R. B. SheldonH. E. SpenceW. N. Spjeldvik,J.F. Fennell,S. Livi, C. Russell,
andD. Gurnett. Cuspenegetic particleevents: Implicationsfor a majoracceleratiomegion of

themagnetospherel. GeophysRes, 103 69-78,1998.

ContosA. R. Completedescriptiorandcharacterizationf the high sensitvity telescopéhist) onboard

the polarsatellite. Masters thesis,BostonUniversity Boston,MA, 1997.

Delcourt,D. C., T. E. Moore,J. A. Savaud,andC. R. Chappell. Nonadiabatidransportfeaturesn the
outercuspregion. J. GeophysRes, 97, 16,833-16,8421992.

ehtinenN. G.,U. S.Inan,andT. F. Bell. Trappedenegeticelectroncurtainsproducedy thunderstorm

drivenrelatiistic runavay electrons.GeophysRes Lett.,, 27, 1095-10982000.



20

Elkington,S.R., M. K. Hudson.andA. A. Chan.Acceleratiorof relatiistic electronsvia drift-resonant

interactionwith toroidal-modepc-5ulf oscillations.GeophysRes.Lett., 26, 3273-32761999.
Fermi,E. Phys.Rev, 75, 1169,1949.

Fung,S.F andL.C. Tan. Time correlationof low-altituderelatvistic trappedelectronfluxeswith solar

wind speedsGeophysResLett, 25, 2361-23641998.

Fuselier S.A., M. Lockwood, T. G. OnsagerandW. K. Peterson.The sourcepopulationfor the cusp
andcleft/libl for southvardimf. GeophysResLett, 26, 1665-16681999.

GrandeM., C. H. Perry A. Hall, J. Fennell,andB. Wilken. Surey of ring currentcompositionduring
magneticstorms.Adv SpaceRes, 20, 321-326,1997.

IngrahamJ.C., T. E. Cayton,R. D. Belian,R. A. Christensenk. Guyker, M. M. Meyer, G. D. Reeses,
D. H. Brautigam M. S. Gussenheen,andR. M Robinson.Multi-satellite characterizatiomf
thelarge enegeticelectronflux increaseat|=4-7 in thefive-dayperiodfollowing the march24,
1991,solarenegetic particleevent. In G. D. Reeves,editor, Workshopon the Earth’s Trapped
Particle Ervironmentpagesl03—-108 AIP PressWoodhury, NY, 1996.

Ingraham,J.C.,R. D. Belian, T. E. Cayton,M. M. Meier, andG. D. Reeves. March 24, 1991,
geomagnetistorm: Could substormse contrituting to relatvistic electronflux buildup at

geosychronoualtitude? EosSupplemeni80, S294,1999.

Kim, H.-J.,A. A. Chan,R. A. Wolf, andJ. Birn. Cansubstormeroducerelatvistic outerbeltelectrons?

J. GeophysRes, 105 7721,2000.

Koons,H. C. andD. J. Gorng.. A neuralnetwork model of the relatiistic electronflux at

geosynchronousrbit. J. GeophysRes, 96, 5549-55561991.

Li, X., I. Roth,M. Temerin,J. R. Wygant,M. K. Hudson,andJ. B. Blake. Simulationof the prompt
enegizationandtransporwof radiationbelt particlesduringthe March24,1991SSC. Geophys.
ReslLett, 20, 2423-24271993.

Li, Xinlin, D. N. Baker, M. Temerin,D. Larson,R. P. Lin, G. D. Reeres,M. Looper S. G. Kanekal,and
R. A. Mewaldt. Are enegeticelectronsn the solarwind the sourceof the outerradiationbelt?

GeophysRes Lett, 24, 923-926,1997.



21

Mcllwain, C. E. Processeactinguponouterzoneelectrons.In J. F. Lemaireet. al, editor, Radiation

BeltsModelsand Standads WashingtorDC, 1996.AGU.

Nishida,A. Outwarddiffusion of enegetic particlesfrom the Jovian radiationbelt. J. GeophysRes,

81,1171,1976.

Paulikas,G. A. andJ. B. Blake. Effectsof the solarwind on magnetospheridynamics:Enegetic
electronsat geosynchronousrbit. In W. P. Olson, editor, QuantitativeModelling of
MagnetospheridrocessesGGeophysMonayr. Ser, volume21, pagel80, WashingtonD.C.,
1979.AGU.

Reeares,G. D. Relatvistic electronsand magneticstorms: 1992-1995. GeophysRes.Lett, 25,
1817-18201998.

Roedererd. G. Dynamicsof Geomanetically TrappedRadiation Springer New York, 1970.
Rossi,B. andS. Olbert. Introductionto the Physicsof Space McGraw-Hill Book Co.,New York, 1970.

Schulz,M. andL. J.Lanzerotti. Particle Diffusionin the RadiationBelts SpringefVerlag,New York,
1974.

Schulz,M., D. ChenetteE. Gaines,J. Hawley, R. Goldbeg, andW. Pesnell.Post-stornevolution of
relatvistic electronpitch-angledistributions. EOSTrans.Suppl, 80(17), S306,1999.

SelesnickR. S. andJ. B. Blake. Dynamicsof the outerradiationbelt. GeophysRes.Lett, 24,
1347-13501997.

Shabansk V. P. Someprocesse the magnetospherespaceSci.Rev, 12, 299-4181971.

SheldonR. B. andD. C. Hamilton. lon transportandlossin the earths quietring currentl. dataand

standardnodel. J. GeophysRes, 98, 13,491-13,5081993.

SheldonR.B., H. E. Spence,). D. Sullivan,T. A. Fritz, andJiasheng_hen. Thediscovery of trapped
enegeticelectrongn theoutercusp.GeophysRes Lett, 25, 1825-18281998.

SheldonR. B. Thebimodalmagnetospherandradiationbelt, ring currentandtail transducersAdv

SpaceRes, 25, 2347-23562000.

Stormer C. Surlestrajectoriegdescorpuscule®lectriseslansl’espacesousl’actionsdesmagnetisme



22

terrestreavecapplicationauxauaroredoréales secondenemoire.Arch. Sci.Phys.Nat. Ser 4,

32,117-1231911.

PhysicsDept.,UAH, Huntsville AL, 35899

Receved




23

April 1996 Jan 1947

‘I{"EIIIIIIIIIIIIIIIIIIIIIIIIIIIIII;;IIIIIIIIIIIIIIIIIIIIIIIIIIIIII;
s s ..'. : A1 ' -
el i : : o3
[ o I i
Z Tl ] | '
. {5 0
B iy . =
R RS DT
[ % e T
| l;- T
. Fa!

=

100

G E

1E:|_1IIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIII.-IIIEIEIIIIIIIIIIIIIIIIIIIl

o 5 10 15 20 25 NIV o 10 15 20 25 avl
Do af Month Daw of Manth

Figure 1. MeV electronenhancementaheresolid line is [Koonsand Gorng/(1991) ]; dashedine is

GOESE>3MeV; symbolsareLANL 1.1-1.5MeV electronsall in arbitraryunits.
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Figure 2. Scatterploof solarwind IMP-8 V,, 1996hourly average<orrelatedvith GOES7E1enepetic
electronsUpperleft paneloccursat 0 time lag, lower left at 12 hourlag, upperright at 24 hourlag, and
lower right at48 hourlag. CorrelationcoeficientsR areprintedin eachrow for subset®f V,, sortedby
southvard, northward, both, andrectifiedsignsof B,. Thefirst columnis the slopeof thefit, second
columnis thefit to thefastestl/3 V,, third columnis the middle 1/3, andfourth columnis the slovest

1/3V.
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Figure 4. Trajectoriesf trappedl MeV electronsn thethe Earth’s outercusp,projectednto the GSM
X-Z andY-Z planes.Dashedinesarefield linesfrom the T96 magneticfield model(Dipole: June21,
1996,1300UT, SolarWind: +10nTBz, 1/cn?, and1000km/sV sy). Black linesarecontoursof | B| in

nT. Greenplueandredtrajectoriescorrespondo the 1,3,4entriesof tableatright.



