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Abstract

The effectof magnetidfield fluctuationson chargedparticle propagatioris investigatedQuasi-lineartheory
is used to deduce the diffusion coefficient of energetic particles from mafigletitatameasuredby Ulysses
at high heliographicatitude. The Aq.r scatteringmeanfree pathof 1 MeV protonsis determinecdalongone
completeoff-ecliptic orbit of Ulysseslt is shownthatthe differencebetweerthe fluctuationsin the high and
in the low speed solar wind results smalgrr in the polar regions than near #diptic. The meanfree path
increasedy the R radial distancefrom the Sun, which can be approximatedoy the power function Ag .t U
R1.3_

1 Introduction:

The propagatiorof the energeticchargedparticlesthroughthe solarsystemis affectedby the heliospheric
magneticfield. The problem is obviously three dimensionalin nature, however only recently, Ulysses
spacecraftmadethe deepoff-ecliptic regionsavailablefor in situ studies.On large scale,the magneticfield
lines well follow the theoreticalParkerspiral at high latitude, although, somedeviationsin the azimuth
direction were established (Forsyth et al., 1996). It was also considered that the nfiagghlixties may bend
towardthe ecliptic plane(Fisk, 1996),this questionhoweveris still debatedOn small scale the fluctuations
of the field is responsibl€for the diffusion of particles.Ulysseshasmeasuredarge amplitudewavesin the
polar regions(Smith et al., 1995), which was predictedby theoreticalconsiderationgJokipii and Kota,
1989. The scattering of particles by these waves are likely to explain that Ulysses has nuamsidedably
smaller particle flux at high latitude than expected (McKibben et al., 1996).

The derivation of diffusion coefficient from magneticfield fluctuationsis still an open question.The
problemis that the interactionbetweenparticlesand waveswhich scatterthemis highly nonlinear,making
difficult bothto calculatethe processandto identify andto characterizehe fluctuation modesrelevantfor
scattering.This latter problemis mainly relatedto the inadequateknowledgeof the magneticfield from a
single spacecrafobservationUp to now the quasi-lineartheory (QLT) is the most widely usedmodel to
calculatethe diffusion coefficient. That theory, however, has difficulties to give quantitativeanswers,in
particularthe scatteringmeanfree path of particlescalculatedfrom quasi-lineartheoryis aboutan order of
magnitude smaller than that determined from particle flux observations (Palmer, 1982).

RecentlyUlysseshascompletedthe first off-ecliptic orbit aroundthe Sun,which enablesus to studythe
three dimensionalstructure of Heliosphere.lt was shown that two types of solar wind exists in the
HeliosphergGoldsteinet al., 1996).The velocity of the solarwind, originatingfrom the coronalhole at high
latitudeis abouttwice aslargeasthe velocity of slow wind originating closerto the equatorof the Sun.The
characteristic®f the high speedandthe slow speedsolarwind plasmaare remarkablydifferent, which also
includes the fluctuations of the magnetic field (Holbury et al., 1996).

The purposeof this paperis the quantitativeinvestigationhow the fluctuationsof the magneticfield are
related to particle scattering/e useQLT approximatiorto determinghe parallelmeantreepath(Aq.7) of 1
MeV protonsfrom the magneticfield dataobservedoy Ulyssesduring the first off-ecliptic orbit. Due to the



limitations of QLT abovethe valuesof Aq r areprobablyunderestimatedis was experienceckarlierby in-
ecliptic studies.However,the meanfree path showscharacteristiovariationsalong the orbit of Ulysses,in
particular,the dependencef Aq.r on heliographiclatitude and on distancefrom the Sunis establishedThe
implications for the modulation of cosmic rays are discussed.

2 Method:
According to the quasi -linear thed@okipii, 1966) the scattering mean free path is
u(l H )
=301 1
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where g is the giroradius of particlep,is the cosineof pitch angle.The denominatois the relative powerof
magneticfield fluctuationsat resonantvave numberk = /v in the planeperpendiculato the meanfield
direction:
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Substituting (3) into (2) and (1), we arrive at
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wheretheintegralis trivial andconvergentjf the spectralexponenty < 2. Figure1 showstypical spectrum
(measurean 1st of January 1994),togetherwith the resultof powerlow fit accordingto (3). The vertical
lines mark the wave number range which is resonant with 1 MeV protons having pitch cosipe<011 All
throughthe paper,we havecalculatedthe Aq .+ meanfree pathfor 1 MeV protons;that energywas selected
becausehe resonanivave numberrangeof 1 MeV protonsis reasonablywell insidethe determinedspectra
for the whole orbit of Ulysses.

3 Observations:

We have calculatedthe scatteringmeanfree path of 1 MeV protonsfrom magneticfield fluctuation
spectraof about16 hourstime intervals,measuredby Ulyssesduringthefirst off-ecliptic orbit, i.e., from the
Jupiter encounter at February, 1992 to the aphelion at early 1998. Figure 2 shows the rpedm\igee as
determined on thbasisof equation(4) (secondine from the top) andthe spectralexponenq (third line).The
top and bottom lines show the magneticfield magnitudeand the velocity of the solarwind (measurecby

SWOOPSnstrumentcourtesyof McComas) respectivelyThetop horizontalscaledisplaysthe orbital data
of Ulysses.
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Figure 2 Magneticfield (B), scatteringmeanfree path (Aq.7), spectralindex (q), and
velocity of solar wind (%), measured by ULYSSES during the first off-ecliptic orbit.

The velocity of the solawind clearly showsthe corotatinginteractionregions(CIR), observedy Ulysses
for abouta yearlong time intervalin 1992-93(at heliographidatitude 10°-40° south)andfor a shortertime
in 1996-97(3010° north). The CIRs also affect the spectralindex g and the meanfree path Ag.t, Which
valuesare highly variable during thoseintervals. The variations are consistentwith 26 day periodicity,
however thigquestiorwill beinvestigatedn detailin a future paperonly. In the slow solarwind (first half of
1992; equatorialcrossingin 1995; and secondhalf of 1997) the valuesof meanfree path andthe spectral
index also scatter, explainable with transient events (shocks, CMES) occurring frequentstriectime belt.
As a contrast,in the high speedsolar wind Aq.r and q are relatively quiet, with long time scaletrends,
apparentlyassociateavith orbital characteristicef Ulysses A remarkablgeatureof Figure?2 is thatall the
lines are close to symmetric with respect to the perihelion passage at early 1995.

We have investigated the symmetry furtheiphptting the Aq.+ scatteringmeanfree path,asa function of
the R radial distanceof Ulyssesfrom the Sun.In Figure 3 datafrom the southerrhemispherg1992-95)are
superimposen the dataof the northernhemispherd1995-98);the two lines matcheachotherreasonably
well, in spite of the fact that Ulysses has sampled the two hemisgteiffisrent phaseof the solarsunspot
cycle. This suggestghat no significant time variationsoccurredin the meanfree path of 1 MeV protons
duringthetime interval covered.n the high speedsolarwind we may approximatethe radial dependencef
the mean free path by a power lawr ~ R,

We havenormalizedthe meanfree pathto R = 1 AU by the powerlaw aboveandplottedin Figure4 asa
functionof the heliographidatitude. Thetick line from left to right showsthe resultsof the fastlatitudescan
sectionof the orbit from the southernpolar passto the northernone. Thereis no considerablesariation by
latitude beyondthe streamerbelt, i.e., outsidethe rangeof +30° latitude. In the streamerbelt (slow solar
wind), thevalueof Aq 7 is about2-3 timeslargerthanin the polarregions(fastsolarwind). This tendencyis



also presentin the “slow latitude scan” (from Jupiterencounteito southernpolar pass,and from northern
polar pass to aphelion), although the scatter of data points are much larger (thin line in Figure 4).
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4 Discussion:

Thelimitation of the quasi-lineattheorymakesthe absolutevalue of the meanfree path questionabldout,
theradial, latitudinal andtime (solarcycle) dependencef Aq .t may give someconstraintson the modelsof
cosmicray modulation.The increaseof Aq.r by radial distancelooks as a giroradiuseffect. However,the
QLT meanfree pathis practicallyindependentf rg (seeequatiord), a morelikely interpretationis that due
to turbulence in the solar wind, the fluctuations decay as the plasma travels to larger dirstaisogay, we
may alsoexplainthe smallermeanfree path observedn the polar regions,sincefor a givenradial distance,
the travel time of fast solar wind plasma is much smaller (by a factor of about 2) than that of the slow wind.

TheAq.r did not showa directdependencen the phaseof solarcycle. However,the latitudinal extentof
the fast solar wind, wherea smallermeanfree pathis likely to exist, changeswith the cycle which may
contributeto the 11 year modulationof chargedparticles.Note, that this would also imply a difference
betweerevenandoddcycles(22 yearmodulation),since thoseparticlesenteringthe inner Heliospherefrom
the poles in one cycle should be more sensitive to the latitudinal extent of the polar coronal holes.
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