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Abstract

Accordingto drift dominatednodulationmodelsgalacticcosmicray protonsandelectrongespondiifferently
to the latitudinal extensionof the heliosphericcurrentsheet. In an A>0 solar magneticcycle intensitiesof
positively chagedparticlesshouldvary only weakly with the latitudinal extension whereaslectronsshould
shav a much strongerresponse.In this paperwe investigatethe chage sign dependenmodulationin the
1990susingmeasurementsf 2.5GV protonsandelectronsof the CosmicandSolarParticleInvestigatiorKiel

ElectronTelescopd COSPIN/KET)on boardUlyssesfrom the beginning of 1992to the endof 1998. Only
closeto solarminimum, whenthe maximumlatitudinal extendis belov ~30°, differencesn the temporal
variationof electronsandprotonsareobsenred.

1 Intr oduction

GalacticCosmicRays(GCRs)enterthe heliospheravherethey arescatteredy irregularitiesin the helio-
sphericmagneticfield andundego corvectionandadiabaticdeceleratiorin the expandingsolarwind. The
large-scaldneliospherianagnetidield (Parker, 1965)leadsto gradientandcurvaturedrift (Jokipiietal., 1977).
Whenthe heliospherianagneticfield is directedoutward from the Sunin the north polar region (denotedoy
A>0, e.g.the presentycle), modelspredictthat positively chagedparticlesdrift in over the solarpolesand
outwardsalongthe heliosphericcurrentsheet(HCS). In contrast,electronsdrift into the inner heliosphere
alongthe HCS andoutward throughpolarregions. Whenthe magnetidfield polarity is reversed(denotecby
A<0) the behaiour of electronsandprotonsis alsoreversed. Jokipii and Thomas(1981), Kota and Jokipii
(1983),and Potgieterand Moraal (1985) developedsteady-statenodulationmodelsand Le Roux and Pot-
gieter (1990) a time dependentodulationmodeltaking into accountthe "tilt angle” o of the HCS. They
predictedthatdueto drift effectsthe proton(electron)time profile shouldbe dependindesson« in anA>0
(A<0) magneticcycle thanin an A<0 (A>0) cycle (seealsoBurger & Potgieter SH 3.1.04;Ferreiraet al.,
SH3.1.14).Suchachagesigndependenbehaiour wasobseredduringsolarminimumin thepreviousA<0
magneticcycle (Evenson,1998)andin the presentA >0 magneticcycle (Heberetal., 1999).

In this paperwe extentthe analysisof the 2.5 GV protonandelectrontime profilesat solarminimum, as
describedn Heberetal. (1999),to thetime periodfrom mid 1992to theendof 1998. For the valuesof o we
usethemaximumlatitudinalextentof the HCS (Hoeksemahttp://quale.stanforcedu~wso/Tilt s.html) Note,
that« is not only directly connectedo the magneticconfigurationof the heliosphereit is alsocorrelatecto
solaractvity (e.g.Haasbroeletal., 1995).

2 Instrumentation and Observations

The GCR intensitymeasuredilongthe Ulyssesorbit resultsfrom a combinationof temporaland spatial
variations.The obsenationsweremadewith the Kiel ElectronTelescop€KET) aboardUlysseswhich mea-
suresprotonsand helium nuclei in the enegy rangefrom 6 MeV/n to abave 2 GeV/n andelectronsin the
enegy rangefrom 3 MeV to afew GeV (Simpsonetal., 1992). Thetime profilesof 2.5 GV electrondfilled
symbols)andprotons(solidline) from 1991to end1998aredisplayedn Fig. 1 (left). Channelsrenormalised
in March1995,whenUlyssescrossedhe heliographicequatorat ~1.3 AU. Radialdistancesndlatitudesare
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Figurel: Daily averagedcountratesof 2.5 GV pro- Figure 2: Daily averagedcount ratesof 2.5 GV
tonsand 26 day averagedcountratesof 2.5GV elec- protonsand 26 day averagedcountratesof 2.5 GV
tronsfrom 1991to mid 1998. The dashedine showvs electronscorrectedfor the latitudinal variation of the
thevariationof the maximumlatitudinal extentof the spacecraft.The lower line shavs the daily averaged
heliosphericcurrentsheeta, asexplainedin the text. countrateof >100MeV protonsmeasuredt Earth.

MM marksthe minimummodulationtime period.

indicatedat thetop of Fig. 1. Shadedareadndicatethe Jovian encounte(JE), thetime periodswhenUlysses
wasbelonv 70° Sandabove 70° N, andwhenUlyssescrossedhe heliosphericequatorin 1995andin 1998.
¢From1991to Septembed 997the GCR protonandelectronintensitiesincreasedvith decreasingolarac-

tivity, but in March/April 1998the GCR intensity hasstartedto decreasagain. Changingsolaractvity is

reflectedn theevolution of «, asindicatedby thedashedine in Fig. 1 (seealsoHoeksemal995). During the

rapidpole-to-polepassagén 1994/1995the 2.5 GV protoncountrateshavs a definitevariationwith Ulysses
heliographidatitude (Heberetal., 1996),whereaso significantlatitudinal variationwasfoundfor electrons
duringthis period(Ferrandcetal., 1996andHeberetal., 1999).

3 Data Analysisand Discussion

Determinatiorof chage signdependentemporaimodulationby usingUlysseglatarequiresacorrectionof
the obsenrationsfor the spatialmovementof the spacecraftWe assumehatin the periodof our analysigmid
1992to end 1998)the variationof the cosmicray intensityis separablén time andspacewith a latitudinal
andaradialdependencélNe shavedin previousstudiegdHeberetal., 1996,1998)thatwe candetermineboth
the latitudinal and radial gradientsof protonsby combinationwith Earthorbiting experiments.Heberet al.
(1999)approximatedhe spatialparametergor electronsasfollows: (1) Therapid pole-to-polepassagevas
usedin their analysisto determinethe latitudinal gradient,which wasfound to be consistenwith zero. (2)
The radial gradientsof electronsand protonswere assumedo be identical, becauséhe variationof Ulysses
in distanceduringthetime periodof interestwassmall.

After applyingthe correctionsasdiscussedn detailin Heberetal. (1999),we derie the "heliographic
equatorequialent” proton(uppersolid line) andelectron(symbols)intensitiesasdisplayedin Fig. 2. Note,
thatwe don't correctthe datafor Ulysses’radial variation, becauseprevious investigationsshaved that the
radial gradientof >100 MeV protonsis not a constantover the whole time period analysedHeberet al.,
1998). In additionthe countratesof >100MeV protonsmeasuredy the University of Chicagolnstrument
onboardthe IMP spacecrafareshavn. Comparingthetime profilesof both protonchannelsyve find a good
agreemenbetweerthe KET "heliographicequatorequivalent” time history andthe IMP data. Note, thatin
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Figure3: "Heliographicequatorequivalent” electron Figure4: "Heliographicequatorequivalent” electron
to protoncountrateratioasfunctionof radialdistance. to protoncountrateratio asfunctionof latitude.

contrastto Fig. 1 a logarithmic scalewas chosento emphasiséehe similarities betweenl AU and Ulysses
obsenations.The"heliographicequatorquivalent” protonchannetracksthe correspondinglectronchannel
for mosttimesduring this period. We will shav next thatthe influenceof possibledifferenceshetweenthe
radialgradientsof electronsandprotonsandof a possiblesmalllatitudinalgradientof the electronds small.
Radial gradient differencesfor electrons and protons: Fuji andMcDonald(1997)investigatedhe radial
gradientsof protonsin two successie solarcyclesandfound larger radial gradientsin an A<0 thanin an
A>0 magneticcycle. Suchdifferencesnight alsobe expectedfor differentchage signsat the sameposition
in spaceandtime. However, aspointedout by Potgieter(1997)differencesn theradialgradientfor different
chage sign shouldbe much smallerin the inner thanin the outer heliosphere.Fig. 3 displaysthe 2.5 GV
electronto protonratio as a function of Ulyssesradial distancefor the time periodin Fig. 2. As we can
seethereis no systematiovariationin this ratio asa function of distanceaswould be expectedif the radial
gradientof thetwo particletypesweremarkedly different. Thestraightline superimposeahdicatesaconstant
ratio of unity. Using all datawe can estimatea radial gradientdifferencebetweenelectronsand protons
AG, = Gt — GP ~ 0.4 £+ 0.3%/AU, consistentvith no differencebetweerthetwo radialgradients.
Whengoingbackto Fig. 2 we seethatthe two countingratesdeviate from eachotherat certaintime peri-
ods. Oneof theseperiodsoccursfrom early 1991to early 1992, 13 L . KET e|e‘ctr0ns/‘proton‘s R
i.e. atthetime of the HMF polarity reversal,seethe discussion 12 .
anda possibleinterpretationin Heberetal. (1998a). Whenwe . ]
restrictthe discussiorto the periodfrom 1993 onwardswe see t 3 #
thatthe two particlechanneldrack eachotherexceedinglywell 1F
apartfrom conditionsnearsolarminimumwhichwe will discuss 5
later Note that electronsand protonsalsorespondn the same 3
way to the smalldepressiorn early1994. ® 08 F
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the 2.5 GV electronto protonratio as function of Ulysseshe- i 1
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sphererespectiely. Thisshouldnotbetakenasanindicationfor Figure 5: "Heliographic equatorequivalent” elec-
aNorth/South-asymmetrybut it representslataobtainedduring tronto protoncountrateratio asfunctionof o*.
differenttime periods,asindicatedin the figure. The straightline againindicatesa constantratio of 1. As
for theradialvariationthe datasetsallow to estimateanelectronlatitudinalgradientof -0.03+0.03%/degree,
whichis consistentvith zero.

Variation with tilt angle: In Heberetal. (1999)we concludethat chage sign dependenmodulationand



thereforedrift effectsareimportantonly if the maximumlatitudinal extentof the heliosphericcurrentsheets
below ~25-30. Fig. 1 alsodisplaystheevolution of « asindicatedby thedashedine. Cosmicraysatagiven
positionin the heliospherefor exampleat Earth,do not respondmmediatelyto changesn « nearthe sun,
but with acertaindelayA¢. Nearl AU the bestanti-correlatiorbetweeny andrelatvistic cosmicray protons
is foundfor At ~ 2—3solarrotations(e.g.,Caneetal., 1999). We founda goodanti-correlatiorfor At = 3-5
solarrotations.

Fig. 3 displaysthe countrateratio of "heliographicequatorequialent” electronsand protonsasa func-
tion of o* = a(t — At). In comparisorto Heberet al. (1999)we useda value of At = 5 solarrotation,
to take into accountthe larger meandistanceof Ulyssesfrom the sun. Taking into accountthe uncertain-
ties of our measurement# is obvious from this figure that the ratio is increasingwith decreasingx* for
af <~ 30°. For largera* this ratio canbe approximatedy a constantWe candeterminenj, whenfitting a
lineardecreasdor o < o andaconstanfor o* > of. We obtainag = 30 & 1°, andarateof increaseof
—0.0065 + 0.0006/degree.

4 Conclusionand Summary

We presentin this paperthe e/p-ratioalongthe Ulyssestrajectoryasan importanttool for the study of
modulationeffects. Thefirst stepwasthe separatiorf temporalandspatialvariationsalongthe Ulyssesorbit.
We have shawvn that to first orderthe latitudinal gradientof electronsis consistentwith zero, whereasthe
protoncountratescanbe correctedor latitudinal effectsusingthe obsered protonvariationduring the rapid
pole-to-polepassageln agreementvith modulationmodelswe found thatthe radial gradientsfor electrons
andprotonsin the inner heliosphereandin an A>0-solarcycle are approximatelythe same. The resulting
“heliographicequatorequivalent” countratesof electronsandprotonsare dominatedby the variationof o*,
in goodagreementvith our previous resultin Heberetal. (1999),wherewe analysedime periodscloseto
solarminimumonly. We find thatthe e/p-ratiois increasingor decreasingy* only for time periodswhena*
is belav 30°. We concludehereforethatdrift effectsareanimportantfactorin controllinggalacticcosmicray
transporonly whena* < 30°. Thisis consistentith the modellingresultof Le RouxandPotgieter(1990).
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