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Abstract. Outerradiationbelt electrons(ORBE) at 0.1 - 10 MeV area major hazardfor

geosynchronousandhigh altitudeEarthorbiting spacecraftaswell ashumanspaceflight.Yet despite

40 yearsof study, theinherentvariability of theseelectronsmake their predictionsodifficult thatspace

assetsareprotectedby in situ monitorsfollowedin realtime suchasthoseat NOAA’sSEC.Although

electronsareubiquitousin neutralplasmas,electronsof this energy anddensityarefoundneitherin

theEarth’s ionospherenor in theSolarWind, suggestingthattheseelectronsgaintheir energy locally.

Compoundingtheproblem,is thepoorcorrelationof solarwind energy with measuredfluxesof these

electrons.The fundamentalproblemappearsto be identifying the local sourceof theserelativistic

electrons.We arguefor a highly non-linear, rapidstochasticaccelerationprocessoccurringin the

Earth’s cusps.Only a cuspsourcesatisfiesall theobservationalconstraints.This paperconcernsitself

with theevidencethatORBEareacceleratedin thecusp,in a secondpaper, we presentthephysicsof

thequadrupolarcusptrapitself.
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Intr oduction

Theorigin of theMeV electronsin theEarth’s “outer radiationbelt” (ORBE)hasbeenmysterious

sincetheir discovery 40 yearsagoby Van Allen ( [Allen et al.(1959);McIlwain(1996); Baker

et al.(1997)]).Despitetheir understandablydeletriouseffectson spaceelectronics,neithermilitary nor

civilian spacecraftoperatorsareableto predicttheir suddenenhancements,andmustrely on passive

shieldingand in situ monitorsof thesehazardousparticles.Statisticalmodelsarevaluablefor post

mortems, but aretoo imprecisefor real-timeprevention. Thereis still debateon whetherreal-time

preventionis cost-effective, but thedebateis cloudedby thepoorsuccessrateof presentpredictors.By

analogyto theweatherbureau,preventive measureshave becomemuchmorecommonaspredictions

improved. That is, we have a 40-yeardatabaseon theclimateof space,but have very little ability to

predicttheweather.

Predictors

Weakstatisticallinks or neuralnet “black boxes” aretheonly predictorswe have found in the� 40 yearssincetheORBEdiscovery by VanAllen [Allen etal.(1959), ], for if anything betterwere

found,it would beusedat NOAA’sSEC.TheonepredictorthattheSECuses,theneuralnetpredictor

of [KoonsandGorney(1991), ] wasbasedon thedaily sumof theprevious10 daysof Kp, wherethe

1-dayresolutionwasdictatedby thequality of thedata.Althoughthis predictorcanaccountfor 70%

of thegeometricvariation(variancesin thelogarithm)in thedaily averaged,E � 3 MeV integral energy

electronchannelfrom GOESgeosynchronoussatellites,thepredictionswork bestat low activity level

andfail ratherdramaticallyin predictingtheonsetof high electronfluences(seeFig. 1). Yet thisweak

correlationwasbetterthanDst or AE, which producedevensmallercorrelations.Theoneexceptionis

thesolarwind velocitycorrelation,����� , [Blake et al.(1997), ], whichhasremainedunexplained.Nor is

thereany explanationwhy Kp shouldwork at all. Whathasbeenlackingarephysicalmodelsthatcan

direct thestatisticalinvestigationinto fruitful correlationsthatmight createbetterpredictorsof MeV

electronenhancements.
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Sources

Wherearetheseelectronsandwhy is their origin a mystery?TheseMeV electronsaretrappedin

theEarth’s dipolefield, at radialdistancesfrom � 3–7Reat theequator, forming theouterradiation

belt [Allen etal.(1959), ]. Thefluxesshow extremevariability, includingrapid,adiabaticeffectsand

non-adiabaticinjectionson thescaleof hoursor days,followed by a decayon a timescaleof days

to weeks[McIlwain(1996), ]. A typical MeV enhancementoccurs� 24 hoursafter thebeginningof

a “stormy” period,andtakes0.5–2daysto reachits maximumwhich almostalwaysoccursat 6.6

Rebefore4.0 Re(personalcommunication,G. Ginet,1997). As theEarth’s dipolefield weakensat

largerdistances,thefluctuationsof thefield causedby solarwind disturbancesbecomeincreasingly

important,so that the radial transportrateis fasterthanoneRe per day at distancesbeyond 6 Re

[SchulzandLanzerotti(1974), ]. Thereis evensomeevidencefrom electricfield measurementsthat

during disturbedtimes, this diffusive transporttime canbe asshortasan Re per hour (personal

communication,J.Wygant,1997).And beyond8 Re,thedipolefield is sodistortedthat it cannottrap

theelectronsat all, that is, they do notpossessall threeadiabaticinvariantsof themotionandtherefore

areatbest“pseudo-trapped”[Roederer(1970), ].

Generallyit is the third invariantthat is violatedmosteasily, meaningthat theelectronscannot

drift 360� aroundtheEarthwithoutencounteringthemagnetopauseandbecominglost. Thusthesource

of these� 1 dayrising enhancementof MeV electronsmight bearguedto be in the trappingregion

itself, for otherwiseit would appearto bea transientin theouterregions,having a lifetime of several

tensof minutes,thetime it takesfor electronsto drift aroundtheEarth.Yetup until POLAR,extensive

searchesin thetrappingregion have shown no accelerationregion or population(observableby a peak

in phasespacedensity)thatcanbethesourceof theouterzoneelectrons(e.g.,a “Nishidarecirculation”

typemechanism[Nishida(1976), PaulikasandBlake(1979), Ingrahametal.(1996), ]).

Recentwork using the high spectralresolutionMeV electronspectrometeron POLAR,

CEPPAD/HIST, have confirmedwhat otherdatasetshave beentelling us, thatduring quiet times,

thephasespacedensityat constantmagneticmomentuniformly risestowardhigherL-shells,away

from theEarth[Selesnick andBlake(1997), ]. (This is alwaystruefor quietperiods,but strictly true

only for E � 1MeV electronsduringstormyperiods.Selesnickin his mostrecentwork with improved
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instrumentcalibrationfunctions,[privatecommunication,1999]statesthatthedataaremostconsistent

with anexternalsource.Sincetheexistenceof externalsourceis undisputed,we refer to this source

alone.)Furthermore,sincethediffusive radial transportratefor theseelectronsduringstormsis quite

rapid,this suggeststhat thesourceis externalto thetrappingregion, but populatestheORBErapidly

duringa storm.However, thesolarwind (at infinite L-shell) hasa lower phasespacedensitythanthe

magnetospherewhetherwe compareat constantenergy or constantmagneticmoment[Li et al.(1997),

] andcannotbetheputative source.Thusuntil recentlywecouldonly saythatthemysterioussourceof

theseelectronsliesat 7 � L �
	 .

Accelerators

This is troubling, becausethesehigh L-shellshold pseudo-trappedpopulationsandshould

have lower, not higher, phasespacedensitiesthanthe trappedpopulation.Onesolutionmight be

to put a sourcewithin the pseudo-trappingregion, which would neccessitatea rapid acceleration

mechanismthatcouldacceleratein lessthana drift period(e.g.,the1991“shockacceleration”event

[Li etal.(1993), ]), yet remainfor many hourswhile filling theradiationbelts.Thatis, canwe replace

themysterioussourcewith a possiblylessmysteriousin situ acceleratorthathasthecharacteristics

observedin ORBEenhancements?Thishasbeenanareaof activework, with suggestionsthatresonant

wave acceleration( [Elkingtonet al.(1999)]),lightning discharges [ehtinenet al.(2000)]),or substorm

inductive acceleration( [Kim et al.(2000); Ingrahamet al.(1999)]) might be suchan accelerator

mechanism.However, no internalmechanismhasyet beenfound that satisfiesthe observational

constraintsoutlinedbelow.

The Puzzle

Thuswe find thatORBEenhancementsremaina puzzle,with weakcorrelationsto Kp, stronger

correlationswith � ��� , yet without an identifiablesourceor accelerationmechanism.However, the

wiseinvestmentin GGSgivenustwo new observationsthathave providedtwo importantclues:high

spectralandspatialresolutionof ORBEenhancements,andcontinuous,high time resolution����� . With

POLARwecanproduceaccurateradialprofilesandspectralresolutionto “fingerprint” theacceleration

mechanism,whereasWIND (andnow ACE) candeliver thehigh time-resolution,continuoussolar
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wind neededto catchORBEenhancements“in theact”.

Observational Constraints

Thereareseveralbasicobservationalconstraintsthatany predictivemodelof ORBEenhancements

mustaddress:


 1) theradialgradientrising outwardduringquietperiodsandflatteningduringstorms;


 2) thepitch-anglegradientflatteningduringquiettimesandpeakingat90� duringstorms;


 3) the0.5-2daytimedelayin therisetimeof ORBEwhencomparedto Dst or Kp risetimes;


 4) theconstantspectralincreaseof MeV electronsbelow somethresholdenergy;


 5) thebettercorrelationwith Kp thanwith Dst or AE;


 6) thefastestcorrelationwith noonlocal time;and,


 7) the(sometimes)excellentcorrelationwith ����� or ������� , (andnotwith ��� , ��� , ��� , or ���������� ).
Transport

Thefirst observation,which couldnot bearguedconvincingly until POLAR, thoughhintswere

availablefrom low altitudesatellitessuchasSAMPEX, arguesthat transportis occurringfrom the

outsidein. Weincludethepitch-anglegradient,becauseit is consistentwith radialdiffusion,peakingat

90� dueto thebetatronaccelerationof radialtransport[SchulzandLanzerotti(1974), ]. Whentransport

is slow (quietperiods)thepitch-anglegradientis erasedby scatteringprocesses.This is supportedby

UARS measurementsof MeV electroninjectionsat low altitude,correspondingto smallpitchangles,

which show a time delaywith respectto theequatorthat is well modelledby pitchanglediffusion

[Schulzetal.(1999), ]. This impliesthat the injectioncannotbeisotropicin pitchangle,or otherwise

thelow altitudeobservationswouldbesimultaneous.Thuswehave two choices,eithertheacceleration

is primarily at90� , or theaccelerationoccursat largeradialdistancesandis transportedradially. When

combinedwith theradialgradient,thesecondoptionappearsmostlikely.
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Thetheoryof radial transportwaswell developedfrom the1960’s, wheremagneticandelectric

impulseswereshown to accountfor theradialdiffusionandtransportof radiationbelt particles.This

is consistentwith smallerradial gradientsduring timesof enhanceddiffusive transport,andgive

transportrateswell in excessof 1 Re/day. Thusonecanshow thatfield fluctuationsmeasuredduringa

magneticstormgive transporttimesfor ORBEis on thetime scaleof hours(J.Wygant,1997,private

communication).

Time Delay

Thusthetypical 48 houror atypical12 hourrise time for ORBE,cannotbeattributedto purely

transportdelaysfrom someexternalsource,sincetransporttimesduringstormscanbeassmallas

anhour, ratheronemustassumethat thesourceitself hasa similar built-in time delay. Onecould

imaginethata solarprotoneventor interplanetaryconditionsmight leadto a slow increasein ORBE,

but no suchextraterrestrialsourcehasbeenlinkedto ORBEenhancements.Similar objectionscanbe

raisedfor in situ accelerators,for if thesourcewerea nearlyinstantaneousinjectionsuchasoccurred

duringthe1991storm,it would not have therequisite2-daytime delay. This couldbesaidfor most

1storder, or single-stepaccelerationmechanismssuchshockacceleration,reconnectionelectricfield

acceleration,inductive betatronacceleration,Fermiaccelerationandsoforth, they all acceleratetoo

quickly.

This leadsusto thepossibilitythatanelectroncouldperhapstake many smallstepsthatprolong

theaccelerationprocessandincrementallyprovide theenergy, say, from a seriesof several intense

substorms(e.g, [Ingrahamet al.(1999);Kim et al.(2000)]). Thentime betweentheseacceleration

eventswould allow transportanddiffusion,sothatsomeparticleswould getacceleratedmany times,

othersonly once.Thusthis randomaccelerationwould appearto usto bea diffusionin energy space,

or a 2ndorder, stochasticacceleration.Thetwo basicrequirementson any stochasticaccelerationare

a sufficiently energized“seed”populationto starttheprocess,anda sufficiently “trapped”population

thatwill undergo multiple accelerationstepswith someprobability.
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Spectral fingerprints

If the time delayis dueto a slow, stochasticaccelerationprocess,we shouldseethe tell-tale

characteristicspectralsignaturesof themechanism.Sincea diffusion in energy spaceapproximates

this randomenergization,thehigherenergiesshouldappearlaterthanthelower energies.Furthermore,

the“energy slope”,or spectralindex (if it canbeapproximatedby a power law), movestowardhigher

energy just asa temperaturegradientin a copperbarmovesastheheatdiffusesoutward. Note that

undertheassumptionof a constantinitial spectralindex, a power law slope,theoutcomeof stochastic

accelerationdoesnot changetheindex, it remainsa power law but now at higheramplitude.Contrast

thiswith singlestepprocesses,(e.g.,aDC electricfield accelerationwouldhardenthespectrumup to a

fixedenergy) whichall imposeadifferentcharacteristicsignatureon theenergy spectrum.Whatdo the

datashow?

Whenwe examinetheLANL geosynchronoussatellites,we find thatspectrataken beforeand

afteranORBEenhancementoftenhave identicalspectralindiceswith merelyenhancedfluxes,exactly

aspredictedby a stochasticprocess(privatecommunication,J. Freeman98).However, we mustbe

clearthattheamplitudechangecannotextrapolateto infinite energy, sincethehighestenergiestake the

longesttime to accelerate,longer, perhaps,thanthetemporalextentof thestorm. Thusif stochastic

processesindeedenergizethespectra,theremustexist somethresholdenergy, above which thespectra

remainunchanged.Closerexaminationof thehigherspectralresolutionPOLAR/HISTdatashow

exactly this characteristic,a sharpbendin thespectralindex at thehigherenergies, � ��� MeV. This

breakis consistentwith thestochasticaccelerationtimebecominglongerthanthedurationof theevent.

Furthermore,duringthefastestORBEenhancementof thelast3 years,January10,1997,thespectral

index displayeda lower thanusualbreakin thespectralindex, at E � 2 MeV.

Kp/AE/Dst

If theaccelerationmechanismis stochastic,thenthis probablyindicateswhy Dst is not a good

predictorof theORBEincreases:Dst is primarily a single-stepprocess,a rapidchangefollowedby

a gradualreturn. ( [Reeves(1998)] shows a surpisingjoint occurrenceprobabilitybetweenDst and

ORBE,which [Sheldon(2000)] arguesis not causal.)Thereforetheabsolutelevel of Dst (otherthan
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the initial adiabaticdecreaseof theORBEoccurringduringmainphase)givesno indicationof the

multi-stepstrengthof theORBEenhancement.Soit is not surprisingthatKp is a betterindicatorthan

Dst. More significantlywe find thatKp is betterthanAE, thatdisturbancesat midlatitudearea better

indicatorof ORBEincreasesthandisturbancesat high latitudewhich mapto thetail. This bringsinto

questionany accelerationmechanismthat involvestail disturbances,which would presumeablyhave

bettercorrelationwith AE thanKp.

LT

Work with AZORA dataat low altitudeshow thatfluctuationsin MeV electronsarebestcorrelated

in thenoonquadrant[FungandTan(1998), ] especiallyat very shorttime scales.If theacceleration

mechanismproducedanysmallpitchangleparticles,onewould expecta sharpspike at low altitude

during the injection followed by a gradualrise aspitch anglediffusion flattenedthe bulk of the

distribution. ThusFung’s analysisis consistentwith a daysideinjection, andinconsistentwith a

substormor tail source.A carefulanalysisof theJanuary11,1997eventshowedthatthenoonquadrant

alsoshowedthefirst arrival of the1000-foldincreaseof ORBEelectrons(privatecommunication,G.

Reeves1997).

�����
Thebestclue is thehigh correlation(R=70!) of solarwind speedwith ORBEenhancements.

Converting ����� to ����� �����"!#� ruins thecorrelation,asdoestheconversionto $%�&�����'���� . That

is, whenwe convert the solarwind velocity to eithermechanicalor electricalenergy, we find the

correlationis worse.Yethow elsearewe to coupletheenergy of thesolarwind to theORBE?

Themessagein this datais that theORBEis not directly driven,or elsethereshouldbea better

correlationwith thedriving energy. Or mathematically, we might saythat theresponseis non-linear.

Usingour discussionof stochasticaccelerationasa guide,we might arguethat,say, reconnection� �
is theenergy driver, but thermalized� ��� is theseed-populationenergy. Thushighervelocity may

leadto botha higherenergy driver anda highertemperatureseedpopulationin a way thatgivesmore

correlationwith velocity thanwith energy alone.
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Solar Wind Statistics

We have correlatedtheGOESE1 channel(electronswith E � 2MeV) with solarwind conditions

asmonitoredby IMP-8. SinceIMP-8 Omni datais availableat 1 hour resolution,we have rebinned

our GOESdatainto 1 hourbinsaswell. As observed by PaulilakisandBlake, themostsignificant

correlationis with ����� andfor southward ��� . Thedataalsoshow thehighestcorrelationsbetween

24-48hourtime lags,aspreviously noted.

Whatis perhapsnotexpectedis thesometimesbettercorrelationof MeV ionswith �(� northward.

This suggeststhat thereis a non-electricalaspectto thestochasticaccelerationprocess,which is in

somesense,independentof ��� . In addition,thesubsetof the fastest1/3 �*) possessnearlyall the

positive correlations,with theslowest1/3 showing anegative correlation.Clearlyanon-lineareffect is

couplingsolarwind velocity into ORBE.

Model Constraints

With theabove discussion,we have motivateda stochasticaccelerationmechanismfor ORBE

enhancementsoccurringsomewhereat large distances,L � 7 Refrom theEarththoughprobablynot

down tail. This mechanismmusttake bothmechanicalandelectricalenergy from thesolarwind in

a non-linearfashion.Theaccelerationtimesmustbeon theorderof hoursto days.Basedon these

well-acceptedobservationalconstraints,we outlineamodelthathas3 parts:

+-,/.�021(3547698
:<; � ���5=2>�? +-,A@CBADFE/GIHC@KJLDM1(DMDONQPRNMSTGU@CBIS =V>�? +-.W3�XZY = (1)

wherethe box marked “ORBE” would follow the leadof Temerin(M. Temerin,GGSworkshop,

1997)andSelesnick(R. Selesnick,privatecommunication,1998)usinga time-dependentradial

diffusionmodelto bring theORBEin from a time-variableboundaryconditionaroundL=7 Re.These

modelshave alreadybeenshown to qualitatively describetheshapeandtemporalevolution of ORBE

enhancements,if they aregivenanappropriateenhancedboundarycondition.Thusthekey to achieving

asuccessfulmodelpredictionlies in themiddlebox,thetimevariationof theouterboundarycondition.



11

Input Constraints

The input constraintsareprovidedby thestatisticaldatawe discussedabove. Theaccelerator

mustbecorrelatedwith � ��� , with Kp, andwith theancillaryfindingsof � � northward,aswell ashigh[ �����]\ [_^ . As we pursuethesestatisticscarefully, we alsoexpectto find a SM dipoletilt dependence,

anda time lag asdescribedby [FungandTan(1998), ] who analyzedlow altitudeEXOS-Belectron

data.

Ratherthanpiping all theseconstraintsinto a multi-layerneuralnetandhopingfor thebest,we

learnfrom Chen’s work on neuralnetpredictorsof magneticstorms( [Chenet al.(1997)]),thatneural

netswork bestwhenconstrainedby physicallaws. Thuswe attemptto write a differentialequation

expressingthedependenceof theaccelerationregion to eachof theseeffects,weightingeachinputwith

a couplingconstantthatwill bedeterminedfrom fitting to thedata.For example,if ����� is the“seed”

populationfor astochasticacceleration,thentherapidity with whichelectronsreachacertainenergy is

givenby theFermimechanismequation[Fermi(1949), ]:

` � `baMcedUf (2)

where
`ba �&gihkjml#� ���� is the initial “seed”energy, n is the(energy dependent)energy diffusionrate,

and
^

is thetime.

Likewise, if we saythat the time rateof changeof ORBE in someenergy boundedsubsetis

proportionalto theirdensity, � , dividedby somecharacteristiclosstime, o ,
[ �p\ [q^ �r� a \mo >�? �ts � ^Cu �r� aQcUv/fxwzy (3)

Whichwhencombinedwith equation2, givesusthefamiliar power law tail,

�ts � � u �r� aW{ `|a`"}�~ w9dUy (4)

This theorypredictsthattheproductionof MeV electronsis exponentiallyrelatedto theenergy of

theseedpopulationthatbeginstheprocess.This is animportantconstraintthatgoesinto thecoupled

differentialequationsdescribingthe“efficiency” of thestochasticaccelerationbox. Similarly thereare

argumentsfor thetrappingtime o thatdependon IMF ��� , dipoletilt, andsolarwind pressure,among

others.However, theremaybemorethanonephysicalmodelfor how thetrappingtime dependson,



12

say, solarwind pressure.As we discusslater, directobservationsby POLAR of thetrappingregion will

becrucialin narrowing down thepossibilities.

Output Constraints

Justassolarwind monitorsprovide input constraintson the stochasticaccelerator, so also

measurementsof theelectronsresultingfrom this acceleratoralsoput stringentconstraintson it. Note

thatthespectralindex dependscruciallyon thetrappingtime, o . Thusfor timesshorterthanthis,
^ ��o ,

we expectapower law, but for timeslonger,
^ � o , we expectno energy changeat all. This “break” in

thepower law towardsa morenegative index (softerspectrum)thenspecifiesthetrappingtime of the

accelerator. Thusthehigh spectralresolutionPOLAR/HISTinstrumentis crucialtowardascertaining

thetrappingtimeandenergy diffusionrateof theaccelerationregion.

In Situ Constraints

We want to emphasizethat theabove modelcanbedevelopedquitecompletelywithout ever

observingthetrappingregion. Suchmodelshave beendevelopedfor Jupiter, for example.Clearly,

however, direct observationsof the trappingregion will advancethe modelmore rapidly than

incrementaliterative fits. For example,if thetrappingtime is timevariable,asgrosscomparisonsof the

spectralindicesof ORBEenhancementssuggest,we mustapplyadditionalconstraintsto themodel

beyondwhatwe canlearnfrom simplespectra.Fortunately, POLAR is in a high latitudeorbit that

precessesaroundthemagnetospherein 6 monthsandthereforemadea completesampling(at high

latitude)the3 � L ��	 region. Thediscovery of trapped,energeticelectronsat L � 12 on thedayside

wasserendipitous,providing simultaneouslya trappedpopulationof electronsanda measurementof

theenergy drivers.

Thuswe areconfidentthatthe in situconstraints,combinedwith thenew high-resolutiondatasets

aresufficient to constructanempiricalmodelof n , theenergy diffusionrate,and o , thetrappingtime,

soasto modela time-dependentacceleratorfor thesourceboundaryof ORBE.Sincetheseobservations

have only recentlybeenpublished[Chenetal.(1997), Chenet al.(1998), Sheldonetal.(1998), ], we

review thembriefly.
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Observationsof the Trap

We have observed energeticelectrons(30� E � 2000keV) trappedin theoutercusp,Figure3, a

region whichcanbeunambiguouslyidentifiedby thewell-instrumentedPOLAR spacecraft.

The Outer Cusp

POLAR is in a 2 ! 9 Reorbit thaton October14, 1996,passedthroughthenominaloutercusp

beforetraversingthe radiationbelts. Theoutercuspis definedto bea region insideandadjacentto

themagnetopause(7–10Re),with noticeablyreducedmagneticfield strengths,having broadband

electromagneticwave power, andgenerallywithin someradialdistance(2–3Re)of the topological

minimumB point. We do not definetheoutercuspwith respectto a particlepopulationfor thesame

reasonthattheplasmasphere,radiationbelts,andring currentdefineoverlappingregionsin thedipole

magnetosphere.We observe a trappedelectronpopulationin theoutercuspon this orbit, andmore

generallyduringthetwo seasonsperyearwhenthePOLAR orbit precessesthroughthis region (with

over 90%probabilityof observation whenorbitsarefavorable).Datafrom TIMAS andHYDRA on

this dayshow that themagnetopausewasfirst crossedat 0100,at which time EFI showedanabrupt

increasein broadbandnoise. HYDRA showedbrief burstsof sheathelectronsbetween0100–0230

thatappearedto beanti-correlatedwith IES andHIST trappedelectrons.Theseshortmagnetopause

crossingsceasedby 0230alongwith mostof theEFI wave power.

PhaseSpaceDensities

In Figure3 we plot time/energy/roll-angle spectrogramsof phasespacedensityfrom the

CEPPAD/HIST andCEPPAD/IES electroninstrument[Blake etal.(1995), Contos(1997), ] on the

POLAR spacecraft.Theverticalstripesin theupperpanelsareaninstrumentartifactcausedby mode

switchingof theHIST telescope.Successive panelsarelogarithmicallyspacedin energy whereeach

paneldisplaystheroll modulation(pitch angle)of theparticles.Theinsetplotstheaveragecountrate

from 0-20cts/sin 16 pitchanglesectors,summedbetween0100and0330UT showing thatthefluxes

areclearlypeaked around90� . Thecolor scaledisplaysthe logarithmof f (s� /km� ) from 0.00001

(purple)to 100(red). Theleft half of theplot shows 30–1000keV electronswith trappedpitch angle

distributionslocatedin theoutercuspat L � 10. The right half of theplot is anouterradiationbelt
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traversal.Comparingtheradiationbeltandcusplosscones,weseethatthecusp’s is muchwider, which

is characteristicof a “leaky magneticbottle”. It alsoappearsthatthewide lossconeof thecuspis filled

at a very low, isotropiclevel. Comparingthephasespacedensitiesat equalmagneticmoment(black

dotsat 7.4 keV/nT), revealsthat theoutercusphasequalor higherdensitiesthantheouterradiation

belts,allowing thepossibilityof inwarddiffusionat constantfirst invariant.Notethattheradiationbelt

passis at high latitudesothat theelectronflux would mapinto thewide lossconesof theoutercusp,

suggestingthatthesecondinvariantis not conserved if thecuspis thesourceof theseelectrons.These

observationsarevery suggestive,andled usto simulatetheseparticlesto understandthesesignatures.

Locally Trapped

Now this trappedcusppopulationis highly unusualbecause,classicallyspeaking,thecuspcannot

trap particlesat all [Roederer(1970), ], it is not an “excludedregion” in theStörmertheoryof an

idealizeddipole [Sẗormer(1911), RossiandOlbert(1970), ]. However, the interactionof a magnetic

dipolewith thesolarwind modifiesthetopologyin a fundamentalway thathasnot beenadequately

consideredin thetheoryof trappedparticles;ratherthana dipole,thecuspappearsto bequadrupolar.

Wedemonstratetheexistenceof this particletrapusingthesomewhatextremegeomagneticconditions

of a nearlyminimumlatitudecuspanda high speedsolarwind, producinganominalstandoff distance

of � 11 Re.

Whenwe traceparticlesthroughthis region we find trappingto occurwhentheelectronsmirror

aroundthelocalminimumof thefield line foundat thecenterof thecusp.Theorbitstake theshapeof a

lily, with a locally outwardmagneticgradientinsteadof thetypical inwardgradientsothattheparticles

drift 360� aroundthecuspin anoppositesenseto thetrappedradiationbelt particles.Our resultsshow

that5–5000keV electronscanbetrappedin thecuspof a T96 magnetospherefor o � 300seconds,

thoughadmittedlywithout anelectricfield (seeFigure4). Examinationof particletrajectoriesin this

region shows thatalthoughthey lack a dipolarsecondandthird invariant,sincethey never crossthe

dipolemagneticequator, we canfind ananalogoussecondandthird “cusp” invariantsof themotionif

we definethe“cuspequator”to bethesurfaceof minimum �B � alonga field line thatapproachesthe

cusp.Thuswe canuniquelyidentify theseinvariantsin analogyto B-L spaceby their pitch angleand�B � at thecrossingof thecuspequator. In Figure4 onecanseethreenested“cusp-shells”analogousto
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L-shellsof thedipole. Thelimiting 2ndinvariantof thesetrappedorbitsoccurswhenthemirror point� �(��� approachesthedaysideequatorialfield strength,at which point theelectronsjoin thedipolar

pseudo-trappedpopulationand ��� drift away from thecusp.Fromthepitch angledistribution, this

valueappearsto be n a ��� g � . Thelimiting 3rd invariantis themaximumvalueof � ��� for which the

“cuspequator”is still definedover aclosed,360� loop.

Locally Accelerated

Are thesetrappedparticlesacceleratedin situ? Becausethe phasespacedensityis higherin

thetrapthaneitherin thesolarwind (shocked magnetosheath)or in theneighboringdipole trap,the

conclusionthataccelerationis localappearsinescapable.In fact,the � ��� minimaseenat thecuspareso

low, a 90� particleat this locationcannotleave thetrapwithout destroying its 2ndinvariant.Now the

faint backgroundlevel insidethewide cusplossconescouldbeunderstoodasdipole-trappedparticles

thathave drifted into thebifurcateddaysideminimain their drift orbit aroundtheearth,but thepeak

at 90� canonly be locally trapped,cuspparticles.Onemight invoke multistepprocessesthatviolate

entropy, but simplephysicsdictatesthat thehigherphasespacedensitiesobserved in this traparethe

resultof a local accelerationprocess.

CuspAcceleration

How would this cusptrap accelerateelectrons?First we might askhow accelerationoccurs

in the dipole trap. Generallyspeaking,the dipole trap acceleratesparticleswhenoneor moreof

theadiabaticinvariantsof themotionareviolatedby disturbancesthathave shortertimescalesthan

theassociatedperiodof the motion. For example,randommagnetospherecompressionsfrom the

solarwind with a typical 8-minuteperiodhave no effect on thefirst or secondadiabaticinvariants,

but theviolate the third invariant,causingradial diffusion andtheenergizationof the ring current

[SheldonandHamilton(1993), ].

Energy Diffusion Rate, n
Thecusp,however, hasanimportantadvantageover thedipoletrap,in thatthethreeperiodsof the

motion lie muchcloserto eachother. For example,whenthemagneticfield becomesvery weak,the
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gyrationbecomesvery long (andLarmorradiusvery large)sothatinhomogeneitiesin thefield violate

thefirst invariantandleadto energy diffusion. As [Delcourtetal.(1992), ] hasshown, themagnetic

momentof thesetrappedelectronsneednotbeconservedasthey passneartheminimumB-field point.

In moremathematicalterms,onesaysthatdisturbancesthatresonatewith thefrequency of oneof the

periodsof themotionviolate that invariantmostefficiently, leadingto a diffusionof that invariant

[SchulzandLanzerotti(1974), ]. Theparticularinvariantinvoked is not crucial in principle,because

therearemechanismsto produceenergy diffusionfrom theviolationof each.

In addition,if two resonancesoverlap,thenthephasespacedensitychangesevenmorechaotically,

suchthatstochasticaccelerationis mosteffective whenthefrequenciesassociatedwith eachadiabatic

invariantarenearlycommensurate.That is, nearthe minimum field point, the time scalesof the

adiabaticinvariantsconverge, (seeFig. 4) meaningthat the level of turbulence, ����\m� neededto

initiate chaotictrajectoriesin phasespace(producingan“Arnol’d web” andrapidchaoticacceleration

[Arnol’d(1964), ] is muchlower. Hencethecuspis inherentlymoreenergy diffusive thanthedipole

trap.

Yet a third factormakesthecuspa moreeffective acceleratorthanthedipole: theobservationof

cuspdiamagneticcavities [Chenet al.(1997), ]. In hindsight,theweakfield region of thecentralcusp

adjacentto thehighplasmadensitiesof thesheathmighthave led theoriststo predictsuchcavities. The

importantpoint in this discussion,is thatsuchcavities have largemagneticfluctuations,thelargestin

themagnetosphere,simultaneouswith low magneticfield strengths.Theseconditionsareoptimal for

couplingenergy from thefluctuationsinto a chaoticallybroadenedresonanceof thetrappedelectrons,

therebyincreasingby anorderof magnitude,thefluctuationpoweravailable.

Trapping time, o
Despitetheevidenceof sufficient power to drive a stochasticaccelerationprocess,we mustalso

askwhetherthereis sufficient trappingtime to produceMeV electronsfrom a KeV sourcepopulation.

Ideally we would tagsomecuspelectronsandobserve their trappingtimes,but sinceall electrons

appearidentical,we turn to solarwind ions asa “tracer” of particletrapping. On May 29, 1996,

thePOLAR/CAMMICE instrumentobserved solarwind O�K� ionsdeepin thecusp,nearly2 hours

aftera brief interludeof ��� southward in themidst of a stronglyBz northward solarwind stream
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[Grandeet al.(1997), ]. We thenadjustthetimescalefrom a 500keV oxygenion to a 5 keV electron

andconcludethatelectronsaretrappedin thecuspfor at least10 minutes.UsingtheBohmdiffusion

ratepurelyasan upperlimit on stochasticacceleration(sincethegyroperiodis theshortestof the

resonantperiodswemight imagineusing),wecalculatethatthissame5 keV electronwill reach1 MeV

energiesin thepresenceof a resonant10 mV/m cuspelectricfield (a typical cuspAC field asobserved

by POLAR/EFI)in about8 seconds.Scalingtheperiodto abounceor a drift resonancenearthecenter

of thecuspgivesus80 or 800seconds,bothnearthe10 minuteestimatedtrappingtime. Thuswe

appearto have enoughtime for stochasticaccelerationto operateon this trappedpopulation.

SeedPopulation,
`ba

Stochasticaccelerationis dependentupona minimumenergy “seedpopulation”thatcandiffuse

in energy space.Sincein theseprocesses,theenergy gainis oftenproportionalto theinitial energy, a

seedpopulationwith lower energy will take considerablylongerto accelerate,perhapslongerthanthe

trappingtime. Sincethetrappingtimecanbea strongfunctionof energy aswell, thisproducesa sharp

cutoff in thelowestenergy thatcanbeacceleratedby themechanism.

Thisminimumenergy seedpopulationmaynotalwaysbeavailablein theshockedmagnetosheath

plasma.That is, whenelectricfieldsaresuperposedon thecusptrapthereexistsa minimumenergy

electronabove which ��� drifts dominateover E ! B andpermit trapping,in completeanalogyto

the dipolar plasmapause.Thusslight variationsin the temperatureof the seedpopulation,or in

theDC electricfield of cuspcould resultin largevariationsin thedensityof the “seedpopulation”

andthereforein acceleratorefficiency. Both of theseprocessesarecontrolledby reconnection(

[Fuselieret al.(1999)]),makingIMF ��� animportantcontrollingfactor. Finally, thenightsidetrapped

populationalsooverlapsthecuspasit bifurcateson its drift from thenightside( [Shabansky(1971)]),

makingsubstorminjectionsalsoimportantasa seedpopulation.All theseputative sourcesmustbe

pitchanglescatteredto becometrappedin the cusp(with its very small � ��� ), so that the presence

or absenceof wavesresonantwith the gyrofrequency canstronglyaffect the seedpopulationand

acceleratorefficiency.

The fluctuationpower driving the accelerationmechanismmay alsobe highly time-variable

dependingon reconnectionratesor variationsin thesolarwind pressure.For example,thewell-known



18

27-dayrecurrenceof MeV electronenhancementshasbeentied to high speedsolarwind streams,

which areknown to have higherfluctuationpower aswell. The only solarwind parameterbetter

correlatedto ORBEthan ���K� , is �����9� with a R=75linearcorrelationfactor(privatecommunication,

M. Temerin,1997).Sortingout theimportanceof all theseeffectswill requirea betterunderstanding

of thecuspdynamics.

Conclusions

We have attemptedto show how theORBEsourceis consistentwith a stochasticacceleration

processoccurringin thecusp,andis theonly hypothesisthatmeetsall sevenobservationalconstraints.

However, we recognizethat thestrongnon-linearitiesof thecuspprocess,precludea linearpredictive

model,until thephysicsof cusptrapping,cuspdiamagneticcavities,andcouplingto thesolarwind are

describedin betterdetail.Thatis thetaskof thesecondpaper.
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Figure 1. MeV electronenhancementswheresolid line is [KoonsandGorney(1991), ]; dashedline is

GOESE � 3MeV; symbolsareLANL 1.1-1.5MeV electrons;all in arbitraryunits.
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Figure2. Scatterplotof solarwind IMP-8 � ) 1996hourlyaveragescorrelatedwith GOES7E1energetic

electrons.Upperleft paneloccursat0 time lag,lower left at12hourlag,upperright at24hourlag,and

lower right at48hourlag. CorrelationcoefficientsR areprintedin eachrow for subsetsof �*) sortedby

southward,northward,both,andrectifiedsignsof ��� . Thefirst columnis theslopeof thefit, second

columnis thefit to thefastest1/3 �*) , third columnis themiddle1/3, andfourth columnis theslowest

1/3 �/) .
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Figure 3. Left panelsshow POLAR overview of 14-Oct-96.Right panelzoomsin on electronsfrom

0000-0530UT. Seetext for details.



26

E � � a n a o a o ~ o �
keV nT � ms s s

1000 32.2 26.4 41 4 1.0 77

1000 30.7 21.2 35 6 1.1 67

1000 43.4 12.8 32 9 0.6 28

1000 295 6.7 88 16 0.1 1.3

95 5.4 4.8 30 7 0.2 10

5 4.5 1.1 85 40 0.4 14
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Figure4. Trajectoriesof trapped1 MeV electronsin thetheEarth’soutercusp,projectedinto theGSM

X-Z andY-Z planes.Dashedlinesarefield linesfrom theT96 magneticfield model(Dipole: June21,

1996,1300UT; SolarWind: +10nTBz, 1/cm� , and1000km/sV ��� ). Black linesarecontoursof � ��� in
nT. Green,blueandredtrajectoriescorrespondto the1,3,4entriesof tableat right.


