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Abstract.

We find thatthe meanfree pathlengthis higherby afactor
of 10 or moreat solarminimum than at the last solarmax-
imum in 1900-1991 consistentwith previous findings. In
2000-2001 the meanfree pathlengthhasdeclinedby a fac-
tor of ~10, butis still largerby afactorof ~3.6thanits value
of ~0.15AU in 1990-1991.As solarmaximumconditions
becomedurablyestablishedh the outerheliosphereverthe
next few months,it maybe possibleto deduceheradial de-
pendencef the meanfree pathlength.

1 Introduction

Anomalouscosmicrays obsened at Voyagerl and 2 (V1
andV2) arepickupionsthathave beenacceleratedtthe so-
lar wind terminationshock(Fisk et al., 1974; Pesse®t al.,
1981) and propagatednward in the expandingsolarwind.
The propagationprocesse®f corvectionand adiabaticde-
celerationarewell determinedecause¢he solarwind speed
hasnow beenmeasuredit essentiallyall heliolatitudesand
atradial distancesup to 60 AU at both solarmaximumand
solarminimum. However, the relative contribution of drifts
anddiffusiondepend®nthe magnitudeof theinterplanetary
meanfree path,which hasbeenmoredifficult to quantify as
a function of particlerigidity and spatialposition. At solar
maximum,drift effectsarelikely suppressednd Stoneand
Cummingq1999)useda 1-dimensionasphericallysymmet-
ric model of modulationto fit the V1, V2, and Pioneerl0
(P10)ACR O spectraduring 1990/105-313o0 find the mean
free path, A, in therigidity rangefrom ~1.4-4 GV. At 40
AU and1.5 GV, they foundthat A ~0.15AU. This valueis
in goodagreementith two theoreticalmodels(Bieberand
Matthaeus,1997; Zank et al., 1998) for low latitudes. The
modelsaredistinguishedy their differing radialandrigidity
dependences he Zanketal. (1998)fully-driventurbulence
model(“NP1") hasarigidity dependencec R? andis inde-
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pendenbf radius,whereaghe BieberandMatthaeug1997)
modelis proportionalto radiusandthe rigidity dependenc
transitionsfrom R? atlow rigiditiesto R° athigherrigidities.
Both provided goodfits to the Voyagerand PioneerACR O
enegy spectran 1990.

Sincel1990to the presentime, the conditionsin the outer
heliospherehave transitionedfrom solarmaximumto solar
minimum andbackto solarmaximum. The midpointloca-
tion of the two Voyagerspacecrafhasincreasedrom ~40
AU to 72 AU (2001/78). In a previous study (Cummings
and Stone,1999) we found that A increasedby a factor of
10 or morefrom solarmaximumto solarminimum. In that
studywe usedonly 4 periodsat solarminimum up through
the end of 1998. In this study we estimateX for 12 solar
minimumperiods providing completecoveragdrom thelast
solarmaximumin 1990-1991to mid-2000andthe onsetof
significantsolarmodulationin the outerheliosphere.

2 Observationsand Analysis

Threetechniquedor inferring the meanfree pathlengthare
employed: 1) a fit to ACR O spectraobtainedfor quiet
daysin 1991 usinga spherically-symmetrienodel of mod-
ulation (Potgieterand Moraal, 1988; Stoneand Cummings,
1999),appropriatdor solarmaximumconditions;2) acalcu-
lation of ACR enepy spectreof several ACR elementsising
a two-dimensional full-drift modelfor the period 1998/1-
1999/182;and 3) the force-field solar modulationsolution
(GleesorandAxford, 1968)for theothertime periodswhich
is oneof the techniquesve have usedin pastanalysesf a
similarkind (CummingsandStone,1997,1999). We usethe
force-field solutionfor the period 1998/1-1999/182as well

to comparewith thefull-drift model.

2.0.1 Spherically-symmetrifit to 1991spectra

For 1991, we find that the enegy spectraof ACR O at V1
andV2 arevery similar to thoseobsenedin 1990/105-313
whichweresubjectof a previousstudyof heliospherichar
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Fig. 1. a)Modelfit to V2 (opencircles)andV1 (opensquarespCR
O enepy spectrafor 1991for ashocklocationof 80 AU. Thex? of
thefit is 15.3.b) Sameasa) exceptfor ashocklocationof 120AU.
Thex? is 13.7.

acterisitcsat solar maximum(Stoneand Cummings,1999).
Wethuscarriedoutafitting procedurevery similarto theone
usedin thatstudy Theenegy spectraof ACR O andfits are
shavn in Figurel. Thereweresomenon-quietdaysin 1991
which wereexcluded. The periodsof analysisweredays1-

211and311-365for V1 anddaysl-147and294-365for V2.

The averagelocationswere45.1AU and31.5°N for V1 and
34.7AU and3.2°S for V2. We fixed the shocklocationsat
80 AU and120AU for thefits shavn in Figurelaandb, re-
spectvely, to getarangeof possiblemeanfree paths,since
thefit wasnot sensitve to the shocklocation. We useda dif-

fusioncoeficientspecifiedn Bieberetal. (1995)andBieber
andMatthaeug1997),transformedor our purposesn Stone
andCummings(1999)(andlabeled‘KAP1” therein).It has
theform:

_ KoPresR® 9 _1
"T 14 (ksr? °
wherexy = 1.13 x 102!, k5 is ascalingfactor, 3 is particle
speedin unitsof ¢, and R is rigidity in GV. It hasonefree
parameterxs. Theotherfree parameterén the fit werethe
shockstrengthandthe particleintensityscalingfactor

The resultingrigidity dependencesf the meanfree path
for the two fits are shavn asthe dottedlines in Figure 2.
Thesearealmostidenticalto the dependencefund for the
period 1990/105-313and showvn in Figure 2a of Stoneand
Cummings(1999).

(r > 1AU) 1)

2.0.2 2D, full-drift calculationfor 1998/1-1999/182

For the period 1998/1-1999/182a period of quiescentso-
lar minimum conditionsin the outerheliosphereywe have a
studyof ACR compositionin preparation(Cummingsetal.,
2001) which usesenepy spectraof 11 ACR elementsand
a sophisticateanodelof solarmodulation(Steenbey, 2000)
which addsthe procesf curvatureandgradientdrift in the
large scaleinterplanetarymagneticfield to the usual pro-

cesse®f diffusion, corvection, and adiabaticdeceleration.
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Fig. 2. Estimateof the meanfree pathin the outer heliosphere
during the solar minimum period 1998/1-1999/182nd for a so-
lar maximumperiodin 1991. The symbolsarefrom the force-field
techniquebasedn thegradientof ACRsbetweerV1 andV2 using
differentelements:H (solid circles), He (opensquares)N (solid
triangles),O (openinvertedtriangles),andNe (solid squares)The
dashedine is afit to the pointsdescribedn thetext. Thesolidlines
arefrom atwo dimensionalfull drift modelfit (Cummingsetal.,
2001)to theV1 andV2 enegy spectra.Theuppersolidline is A,
atthe pole andthe lower solid line is A,, atthe helioequatar The
dotted curves representhe allowable rangefrom fits to the ACR
O enegy spectrain the outer heliospheran 1991, assumingh is
proportionalto heliocentricradius.

The modelalsoaccountdor chage-strippingduringthe ac-
celeratiorprocessyhichis importantattotal enegiesabove
~350MeV. In this modeltherearetwo meanfree paths \..,
theradial meanfree path,anda smaller\ge, the meanfree
pathin the polar direction. In addition, eachis allowed to
varywith polarangle.Therigidity dependencef A, which
providedareasonablapproximatiorof theenegy spectras
shavn in Figure2.

2.0.3 Force-fieldsolution
Following the method describedin Cummingsand Stone
(1997)andCummingsand Stone(1999),we usethefollow-

ing equationto estimatetheinterplanetaryneanfree path:

A=3<r><C>V/(cBA) 2



where< r > is the averageradial positionof V1 and V2
and< C > is the averageCompton-Gettingactorfor V1
andV2 enegy spectra.C' dependn the power-law index,
~, of the enegy spectumandis givenby C = (2 — 2v)/3.
A =1In(j1/j2)/ In(r1 /r2), whichis determinedrom the V1
andV2 ACR enegy spectra.

We appliedthis equationto enegy spectraof 5 ACR el-
ementsacquiredwith the VoyagerCosmicRay experiment
on V1 andV2 for the period1998/1-1999/182\We alsoap-
pliedit to yearlyaveragedACR He andO enegy spectraor
theyears1992through1999andfor 52-dayaveragedACR
He andO enepy spectrafor 7 periodsin 2000andthe first
two 52-dayperiodsin 2001.In eachcasewe added5% sys-
tematicuncertaintieso thestatisticaluncertaintieontheV1
andV?2 intensityvaluesandassumed% uncertaintiesn the
value of C. Sincewe have concludedearlierthatduring the
A>0 solarminimumthe gradientsarelik ely determinedby
conditionsathigh latitudes(CummingsandStone 1999),we
used750+ 75km s~! for theseperiods(opentrianglesand
opencircle in Figure4). For the otherperiods,we used400
+ 40km s~ (solid circlesin 2000-2001in Figure4).

During solarminimum someof the intensity gradientbe-
tweenV1 andV2 is dueto alatitudinalgradient.From 1992
throughmid-1996,we usedV1, V2, andPioneerl0 datato
estimatethe latitudinal gradientfor ACR He and O in the
~0.4-2 GV rigidity range. The averagelatitudinal gradient
was1.1%/dey. The effect of this correctionto X for the pe-
riod, 1998/1-1999/182is ~40%, as showvn in Figure 4 at
62-66AU.

Theresultsfor 1998/1-1999/182reshonvn asthesymbols
in Figure2. The pointsappearto line up well with the po-
lar valueof ). usedby Cummingsetal. (2001),consistent
with thesuggestionthatthelargemeanfreepathsexpectedat
high latitudes(Zanket al., 1998)during solarminimum are
imprintedvia particledrift processesntothelower latitudes
wherethe Voyagerspacecrafarelocated.

Theresultsfor theotherl7 periodsareshawn in Figure3.
The suddenchangein characterin period 2000.52.3(third
52-dayperiod of 2000) marksa transientincreasein ACR
He obsened mostly at V2. By the next 52-dayperiod, sig-
nificantsolarmodulationeffectshave setin atbothspacecraft
(CummingsandStone 2001),andthe meanfreepathsarere-
ducedthereafter Thedataindicatethattypically A increases
rapidly from ~0.4to ~1 GV but levelsoff abore 1 GV.

3 Results

Thedashedinesin Figure2 andFigure3 represenfits to the
functionalform:

Xo(R/R.)?
(1+(R/R.)?

whereR is aroll-overrigidity. Thisform s like the KAP1
form of thediffusion coeficient (Equationl) andis alsothe
form we usedsucessfullyto fit V1 andV2 enegy spectran
a spherically-symmetrienodel of modulation(Stoneet al.,

A =3k/(Bc) = ®)
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Fig. 3. Meanfree pathinferredin 17 time periodsusingthe force-
field techniquedescribedn thetext. Theopensquaresrefor ACR

He andthe opencirclesarefor ACR O. Theactualmeanfree paths
for 1992 through 2000 day 156 (2000.52.3)are likely someavhat
larger than shavn here becausea correctionfor a small positive

latitudinal gradientexpectedduring solar minimum hasnot been
made.Thedashedinesarealfit to thedataasdescribedn thetext.

Pointswith uncertainties>50% of the value were excludedfrom

thefits andarenot shawvn.

1996;CummingsandStone,1996).In Figure4 we shaw the
valueof )\ at1.5 GV from thefits, aswell asthe valuesfor
the 1990-1991solarmaximumperiods,asa function of the
V1-V2 midpointlocation. Exceptfor the 1998/1-1999/182
period(62-66AU) nolatitudinalgradientcorrectionhasbeen
applied.As aresult,themeanfreepathsinferredduringsolar
minimumareunderestimated.

The bottom panelof Figure4 shaws thetilt of the helio-
sphericcurrentsheetandsenesasareferencdor thephase
of the solarcycle. Largetilt valuesindicatesolarmaximum
or nearsolarmaximumconditionsandlow valuesimply so-
lar minimum conditions. A appeargo have a strongsolar
cycle dependencdyeinglargerthanat solarmaximumby a
factorof 10 or more. We attribute this to conditionsat high
latitude being imprinted to low latitudesvia particle drifts.
As solar modulationeffects becomesignificantat the Voy-
agerspacecrafin 2000,)\ beginsto dropto lowervalues.For
thelastperiodin thestudy 2001/53-104A =0.54AU at1.5
GV and72 AU, afactorof ~3.6abovethevalueinferredfor
1990-1991at 40 AU. This is largerthanexpectedfor either
radial dependencesf the theoreticaldiffusion coeficients
which fit the 1990-1991datasowell, asshavn in Figure4.
On the otherhand,the pointsin 2000-2001in Figure4 ap-
pearto still bein transitionand they may decreasdurther
in the next few months.Oncesolarmaximumis durablyes-
tablishedin the outerheliospherejt appearghatit may be



4246

10 T T T T T T T T

a)

t
t

A (AU) at 1.5 GV
[

01 v by b b b b a by s Lo b L a

80

60

40 [ T tn .
o . ’ T, St [ 3

20 F b) ey . [T

T
o e e,
L P e,
L . i,

~

Tilt (LOS)

0 R PR B SRR T I DU DTS DU B
30 35 40 45 50 55 60 65 70 75 80
V1-V2 Midpoint Location (AU)

Fig. 4. a) Meanfree pathvs. V1-V2 midpointlocationat 1.5 GV
from the fits to the datashawvn in Figure 2 and Figure 3 (1992
andlater). The valuefor 1991is from the spherically-symmetric
fit to V1 andVV2 ACR O. The dottedand dashedines referto ra-
dial dependencesf A from BieberandMatthaeug1997)and(Zank
etal., 1998),respectrely. Fortheopensymbols.asolarwind speed
of 750 km s™! was usedandfor the solid circlesin 2000-2001,
we used400 km s 1. The opentrianglesare somevhat underes-
timatedsinceno correctionfor a positive latitudinal gradientwas
made. Sucha correctionwas madefor the 1998/1-1999/18point
(opensquarewhichis ~40%above theuncorrected 998and1999
points.b) Tilt of theheliosphericurrentshee(classicine-of-sight
method)from the Wilcox SolarObsenatory shiftedto the V1-V2
midpointlocationusingsolarwind speed$rom IMP-8 andACE.

possibleto determingheradialdependencef the meanfree
path.
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