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Abstract

Accordingto drift dominatedmodulationmodelsgalacticcosmicrayprotonsandelectronsresponddifferently
to the latitudinal extensionof the heliosphericcurrentsheet. In an A � 0 solarmagneticcycle intensitiesof
positively chargedparticlesshouldvary only weaklywith thelatitudinalextension,whereaselectronsshould
show a muchstrongerresponse.In this paperwe investigatethe charge sign dependentmodulationin the
1990susingmeasurementsof 2.5GV protonsandelectronsof theCosmicandSolarParticleInvestigationKiel
ElectronTelescope(COSPIN/KET)on boardUlyssesfrom thebeginning of 1992to theendof 1998. Only
closeto solarminimum, whenthe maximumlatitudinal extend is below � 30� , differencesin the temporal
variationof electronsandprotonsareobserved.

1 Intr oduction
GalacticCosmicRays(GCRs)entertheheliospherewherethey arescatteredby irregularitiesin thehelio-

sphericmagneticfield andundergo convectionandadiabaticdecelerationin theexpandingsolarwind. The
large-scaleheliosphericmagneticfield (Parker, 1965)leadsto gradientandcurvaturedrift (Jokipiietal., 1977).
Whentheheliosphericmagneticfield is directedoutwardfrom theSunin thenorthpolarregion (denotedby
A � 0, e.g. thepresentcycle), modelspredictthatpositively chargedparticlesdrift in over thesolarpolesand
outwardsalong the heliosphericcurrentsheet(HCS). In contrast,electronsdrift into the inner heliosphere
alongtheHCSandoutwardthroughpolarregions. Whenthemagneticfield polarity is reversed(denotedby
A � 0) thebehaviour of electronsandprotonsis alsoreversed.Jokipii andThomas(1981),KotaandJokipii
(1983),andPotgieterandMoraal (1985)developedsteady-statemodulationmodelsandLe Roux andPot-
gieter (1990)a time dependentmodulationmodel taking into accountthe ”tilt angle” 	 of the HCS. They
predictedthatdueto drift effectstheproton(electron)time profile shouldbedependinglesson 	 in anA � 0
(A � 0) magneticcycle thanin anA � 0 (A � 0) cycle (seealsoBurger& Potgieter, SH 3.1.04;Ferreiraet al.,
SH3.1.14).Suchachargesigndependentbehaviour wasobservedduringsolarminimumin thepreviousA � 0
magneticcycle (Evenson,1998)andin thepresentA � 0 magneticcycle (Heberetal., 1999).

In this paperwe extent theanalysisof the2.5 GV protonandelectrontime profilesat solarminimum,as
describedin Heberetal. (1999),to thetimeperiodfrom mid 1992to theendof 1998.For thevaluesof 	 we
usethemaximumlatitudinalextentof theHCS(Hoeksema,http://quake.stanford.edu/ � wso/Tilts.html). Note,
that 	 is not only directly connectedto themagneticconfigurationof theheliosphere,it is alsocorrelatedto
solaractivity (e.g.Haasbroeket al., 1995).

2 Instrumentation and Observations
The GCR intensitymeasuredalongthe Ulyssesorbit resultsfrom a combinationof temporalandspatial

variations.Theobservationsweremadewith theKiel ElectronTelescope(KET) aboardUlysses,whichmea-
suresprotonsandhelium nuclei in the energy rangefrom 6 MeV/n to above 2 GeV/n andelectronsin the
energy rangefrom 3 MeV to a few GeV (Simpsonet al., 1992).Thetime profilesof 2.5GV electrons(filled
symbols)andprotons(solidline) from 1991to end1998aredisplayedin Fig.1 (left). Channelsarenormalised
in March1995,whenUlyssescrossedtheheliographicequatorat � 1.3AU. Radialdistancesandlatitudesare
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Figure1: Daily averagedcountratesof 2.5 GV pro-
tonsand26 dayaveragedcountratesof 2.5 GV elec-
tronsfrom 1991to mid 1998. Thedashedline shows
thevariationof themaximumlatitudinalextentof the
heliosphericcurrentsheet� asexplainedin the text.
MM markstheminimummodulationtimeperiod.
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Figure 2: Daily averagedcount rates of 2.5 GV
protonsand 26 day averagedcount ratesof 2.5 GV
electronscorrectedfor the latitudinal variationof the
spacecraft.The lower line shows the daily averaged
countrateof * 100MeV protonsmeasuredat Earth.

indicatedat thetop of Fig. 1. ShadedareasindicatetheJovian encounter(JE),thetimeperiodswhenUlysses
wasbelow 70� S andabove 70� N, andwhenUlyssescrossedtheheliosphericequatorin 1995andin 1998.
¿From1991to September1997theGCRprotonandelectronintensitiesincreasedwith decreasingsolarac-
tivity, but in March/April 1998the GCR intensityhasstartedto decreaseagain. Changingsolaractivity is
reflectedin theevolutionof 	 , asindicatedby thedashedline in Fig. 1 (seealsoHoeksema,1995).Duringthe
rapidpole-to-polepassagein 1994/1995,the2.5GV protoncountrateshows adefinitevariationwith Ulysses
heliographiclatitude(Heberet al., 1996),whereasno significantlatitudinalvariationwasfoundfor electrons
duringthisperiod(Ferrandoet al., 1996andHeberetal., 1999).

3 Data Analysis and Discussion
Determinationof chargesigndependenttemporalmodulationby usingUlyssesdatarequiresacorrectionof

theobservationsfor thespatialmovementof thespacecraft.Weassumethatin theperiodof ouranalysis(mid
1992to end1998)thevariationof thecosmicray intensityis separablein time andspace,with a latitudinal
andaradialdependence.Weshowedin previousstudies(Heberetal., 1996,1998)thatwecandetermineboth
the latitudinal andradial gradientsof protonsby combinationwith Earthorbiting experiments.Heberet al.
(1999)approximatedthespatialparametersfor electronsasfollows: (1) Therapidpole-to-polepassagewas
usedin their analysisto determinethe latitudinal gradient,which wasfound to be consistentwith zero. (2)
Theradialgradientsof electronsandprotonswereassumedto be identical,becausethevariationof Ulysses
in distanceduringthetimeperiodof interestwassmall.

After applyingthecorrections,asdiscussedin detail in Heberet al. (1999),we derive the ”heliographic
equatorequivalent” proton(uppersolid line) andelectron(symbols)intensitiesasdisplayedin Fig. 2. Note,
that we don’t correctthe datafor Ulysses’radial variation,becauseprevious investigationsshowed that the
radial gradientof � 100 MeV protonsis not a constantover the whole time periodanalysed(Heberet al.,
1998). In additionthecountratesof � 100MeV protonsmeasuredby theUniversityof ChicagoInstrument
on boardtheIMP spacecraftareshown. Comparingthetime profilesof bothprotonchannels,we find a good
agreementbetweentheKET ”heliographicequatorequivalent” time historyandthe IMP data. Note, that in
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Figure3: ”Heliographicequatorequivalent”electron
to protoncountrateratioasfunctionof radialdistance.
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Figure4: ”Heliographicequatorequivalent”electron
to protoncountrateratioasfunctionof latitude.

contrastto Fig. 1 a logarithmicscalewaschosento emphasisethe similaritiesbetween1 AU andUlysses
observations.The”heliographicequatorequivalent”protonchanneltracksthecorrespondingelectronchannel
for mosttimesduring this period. We will show next that the influenceof possibledifferencesbetweenthe
radialgradientsof electronsandprotonsandof apossiblesmall latitudinalgradientof theelectronsis small.
Radial gradient differencesfor electronsand protons: Fuji andMcDonald(1997)investigatedtheradial

gradientsof protonsin two successive solarcyclesand found larger radial gradientsin an A � 0 than in an
A � 0 magneticcycle. Suchdifferencesmight alsobeexpectedfor differentchargesignsat thesameposition
in spaceandtime. However, aspointedout by Potgieter(1997)differencesin theradialgradientfor different
charge sign shouldbe muchsmallerin the inner thanin the outerheliosphere.Fig. 3 displaysthe 2.5 GV
electronto proton ratio as a function of Ulyssesradial distancefor the time period in Fig. 2. As we can
seethereis no systematicvariationin this ratio asa function of distanceaswould be expectedif the radial
gradientsof thetwo particletypesweremarkedlydifferent.Thestraightlinesuperimposedindicatesaconstant
ratio of unity. Using all datawe can estimatea radial gradientdifferencebetweenelectronsand protons243658793;:5=< 3?> 5 �A@CBEDGFH@CBJI %/AU, consistentwith no differencebetweenthetwo radialgradients.

Whengoingbackto Fig. 2 we seethatthetwo countingratesdeviatefrom eachotherat certaintime peri-
ods.Oneof theseperiodsoccursfrom early1991to early1992,
i.e. at the time of theHMF polarity reversal,seethediscussion
anda possibleinterpretationin Heberet al. (1998a).Whenwe
restrict the discussionto the periodfrom 1993onwardswe see
that thetwo particlechannelstrackeachotherexceedinglywell
apartfrom conditionsnearsolarminimumwhichwewill discuss
later. Note that electronsandprotonsalsorespondin the same
way to thesmalldepressionin early1994.
Non zero latitudinal gradient for electrons: Fig. 4 displays
the 2.5 GV electronto proton ratio as function of Ulysseshe-
liographic latitude. The openandfilled symbolsindicatetime
periodswhen Ulysseswas in the southernand northernhemi-
sphere,respectively. Thisshouldnotbetakenasanindicationfor
aNorth/South-asymmetry, but it representsdataobtainedduring
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Figure 5: ”Heliographic equatorequivalent” elec-
tron to protoncountrateratio asfunctionof OQP .

different time periods,asindicatedin the figure. The straightline againindicatesa constantratio of 1. As
for theradialvariationthedatasetsallow to estimateanelectronlatitudinalgradientof -0.03 FG@CBR@SI %/degree,
which is consistentwith zero.
Variation with tilt angle: In Heberet al. (1999)we concludethat charge sign dependentmodulationand



thereforedrift effectsareimportantonly if themaximumlatitudinalextentof theheliosphericcurrentsheetis
below � 25-30� . Fig. 1 alsodisplaystheevolutionof 	 asindicatedby thedashedline. Cosmicraysatagiven
positionin theheliosphere,for exampleat Earth,do not respondimmediatelyto changesin 	 nearthesun,
but with acertaindelay

2UT
. Near1 AU thebestanti-correlationbetween	 andrelativistic cosmicrayprotons

is foundfor
2UTWV

2–3solarrotations(e.g.,Caneet al., 1999).We founda goodanti-correlationfor
2UT

= 3-5
solarrotations.

Fig. 3 displaysthe countrateratio of ”heliographicequatorequivalent” electronsandprotonsasa func-
tion of 	YX 7 	8Z T < 2UT\[ . In comparisonto Heberet al. (1999)we useda valueof

2UT]7_^
solarrotation,

to take into accountthe larger meandistanceof Ulyssesfrom the sun. Taking into accountthe uncertain-
ties of our measurementsit is obvious from this figure that the ratio is increasingwith decreasing	 X for
	 X` �a�bIc@S� . For larger 	 X this ratio canbeapproximatedby a constant.We candetermine	 X` , whenfitting a
lineardecreasefor 	 X �d	 X` anda constantfor 	 X �b	 X` . We obtain 	 X` 7 Ic@GFdef� , anda rateof increaseof< @CBR@g@Sh ^ FH@CBR@g@g@Sh /degree.

4 Conclusionand Summary
We presentin this paperthe e/p-ratioalongthe Ulyssestrajectoryasan importanttool for the studyof

modulationeffects.Thefirst stepwastheseparationof temporalandspatialvariationsalongtheUlyssesorbit.
We have shown that to first order the latitudinal gradientof electronsis consistentwith zero,whereasthe
protoncountratescanbecorrectedfor latitudinaleffectsusingtheobservedprotonvariationduringtherapid
pole-to-polepassage.In agreementwith modulationmodelswe found that the radialgradientsfor electrons
andprotonsin the inner heliosphereandin an A � 0-solarcycle areapproximatelythe same.The resulting
“heliographicequatorequivalent” countratesof electronsandprotonsaredominatedby thevariationof 	YX ,
in goodagreementwith our previous resultin Heberet al. (1999),wherewe analysedtime periodscloseto
solarminimumonly. We find thatthee/p-ratiois increasingfor decreasing	 X only for time periodswhen 	 X
is below 30� . Weconcludethereforethatdrift effectsareanimportantfactorin controllinggalacticcosmicray
transportonly when 	 X �iIc@S� . This is consistentwith themodellingresultof Le RouxandPotgieter(1990).
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