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Abstract.
We find thatthemeanfreepathlengthis higherby a factor

of 10 or moreat solarminimum thanat the last solarmax-
imum in 1900-1991,consistentwith previous findings. In
2000-2001,the meanfreepathlengthhasdeclinedby a fac-
tor of � 10,but is still largerby afactorof � 3.6thanits value
of � 0.15AU in 1990-1991.As solarmaximumconditions
becomedurablyestablishedin theouterheliosphereover the
next few months,it maybepossibleto deducetheradialde-
pendenceof themeanfreepathlength.

1 Introduction

Anomalouscosmicrays observed at Voyager1 and 2 (V1
andV2) arepickupionsthathavebeenacceleratedat theso-
lar wind terminationshock(Fisk et al., 1974;Pesseset al.,
1981) andpropagatedinward in the expandingsolarwind.
The propagationprocessesof convectionandadiabaticde-
celerationarewell determinedbecausethesolarwind speed
hasnow beenmeasuredat essentiallyall heliolatitudesand
at radial distancesup to 60 AU at both solarmaximumand
solarminimum. However, the relative contribution of drifts
anddiffusiondependsonthemagnitudeof theinterplanetary
meanfreepath,which hasbeenmoredifficult to quantifyas
a function of particlerigidity andspatialposition. At solar
maximum,drift effectsarelikely suppressedandStoneand
Cummings(1999)useda1-dimensionalsphericallysymmet-
ric modelof modulationto fit the V1, V2, andPioneer10
(P10)ACR O spectraduring1990/105-313to find themean
free path, � , in the rigidity rangefrom � 1.4-4 GV. At 40
AU and1.5 GV, they found that ��� 0.15AU. This valueis
in goodagreementwith two theoreticalmodels(Bieberand
Matthaeus,1997;Zank et al., 1998) for low latitudes. The
modelsaredistinguishedby theirdifferingradialandrigidity
dependences.TheZanket al. (1998)fully-driventurbulence
model(“NP1”) hasa rigidity dependence���	� andis inde-
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pendentof radius,whereastheBieberandMatthaeus(1997)
modelis proportionalto radiusandthe rigidity dependence
transitionsfrom � � atlow rigiditiesto ��
 athigherrigidities.
Both providedgoodfits to theVoyagerandPioneerACR O
energy spectrain 1990.

Since1990to thepresenttime, theconditionsin theouter
heliospherehave transitionedfrom solarmaximumto solar
minimum andbackto solarmaximum. The midpoint loca-
tion of the two Voyagerspacecrafthasincreasedfrom � 40
AU to 72 AU (2001/78). In a previous study (Cummings
andStone,1999)we found that � increasedby a factorof
10 or morefrom solarmaximumto solarminimum. In that
studywe usedonly 4 periodsat solarminimum up through
the end of 1998. In this study we estimate� for 12 solar
minimumperiods,providingcompletecoveragefrom thelast
solarmaximumin 1990-1991to mid-2000andthe onsetof
significantsolarmodulationin theouterheliosphere.

2 Observations and Analysis

Threetechniquesfor inferring the meanfree pathlengthare
employed: 1) a fit to ACR O spectraobtainedfor quiet
daysin 1991usinga spherically-symmetricmodelof mod-
ulation (PotgieterandMoraal,1988;StoneandCummings,
1999),appropriatefor solarmaximumconditions;2) acalcu-
lationof ACRenergy spectraof severalACRelementsusing
a two-dimensional,full-drift model for the period 1998/1-
1999/182;and 3) the force-field solar modulationsolution
(GleesonandAxford, 1968)for theothertimeperiods,which
is oneof the techniqueswe have usedin pastanalysesof a
similarkind (CummingsandStone,1997,1999).Weusethe
force-fieldsolution for the period1998/1-1999/182aswell
to comparewith thefull-drift model.

2.0.1 Spherically-symmetricfit to 1991spectra

For 1991,we find that the energy spectraof ACR O at V1
andV2 arevery similar to thoseobservedin 1990/105-313,
whichweresubjectsof apreviousstudyof heliosphericchar-
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Fig. 1. a)Modelfit to V2 (opencircles)andV1 (opensquares)ACR
O energy spectrafor 1991for ashocklocationof 80AU. The ��
 of
thefit is 15.3.b) Sameasa) exceptfor a shocklocationof 120AU.
The � 
 is 13.7.

acterisitcsat solarmaximum(StoneandCummings,1999).
Wethuscarriedoutafitting procedureverysimilarto theone
usedin thatstudy. Theenergy spectraof ACR O andfits are
shown in Figure1. Thereweresomenon-quietdaysin 1991
which wereexcluded.Theperiodsof analysisweredays1-
211and311-365for V1 anddays1-147and294-365for V2.
Theaveragelocationswere45.1AU and31.5� N for V1 and
34.7AU and3.2� S for V2. We fixed theshocklocationsat
80 AU and120AU for thefits shown in Figure1aandb, re-
spectively, to get a rangeof possiblemeanfreepaths,since
thefit wasnotsensitive to theshocklocation.We usedadif-
fusioncoefficientspecifiedin Bieberetal. (1995)andBieber
andMatthaeus(1997),transformedfor ourpurposesin Stone
andCummings(1999)(andlabeled“KAP1” therein).It has
theform:

��� � 

��� ��� � ������ � � ��� � �"! �$#"%'&

�)(+*,�.-0/ � (1)

where � 
 �
�213�54768�59 �:& , � � is a scalingfactor,

�
is particle

speedin units of ; , and � is rigidity in GV. It hasonefree
parameter, � � . Theotherfreeparametersin thefit werethe
shockstrengthandtheparticleintensityscalingfactor.

The resultingrigidity dependencesof the meanfree path
for the two fits are shown as the dotted lines in Figure 2.
Thesearealmostidenticalto thedependencesfoundfor the
period1990/105-313andshown in Figure2a of Stoneand
Cummings(1999).

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

For the period 1998/1-1999/182,a period of quiescentso-
lar minimumconditionsin the outerheliosphere,we have a
studyof ACR compositionin preparation(Cummingset al.,
2001) which usesenergy spectraof 11 ACR elementsand
a sophisticatedmodelof solarmodulation(Steenberg, 2000)
which addstheprocessof curvatureandgradientdrift in the
large scaleinterplanetarymagneticfield to the usual pro-
cessesof diffusion, convection,andadiabaticdeceleration.
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Fig. 2. Estimateof the meanfree path in the outer heliosphere
during the solar minimum period 1998/1-1999/182and for a so-
lar maximumperiodin 1991.Thesymbolsarefrom theforce-field
techniquebasedon thegradientof ACRsbetweenV1 andV2 using
differentelements:H (solid circles),He (opensquares),N (solid
triangles),O (openinvertedtriangles),andNe (solid squares).The
dashedline is afit to thepointsdescribedin thetext. Thesolid lines
arefrom a two dimensional,full drift modelfit (Cummingset al.,
2001)to theV1 andV2 energy spectra.Theuppersolid line is <>=?=
at thepoleandthe lower solid line is < =?= at thehelioequator. The
dottedcurves representthe allowable rangefrom fits to the ACR
O energy spectrain the outerheliospherein 1991,assuming< is
proportionalto heliocentricradius.

Themodelalsoaccountsfor charge-strippingduringtheac-
celerationprocess,which is importantat totalenergiesabove
� 350MeV. In thismodeltherearetwo meanfreepaths,�A@B@ ,
theradialmeanfreepath,anda smaller �AC'C , themeanfree
path in the polar direction. In addition,eachis allowed to
varywith polarangle.Therigidity dependenceof �A@D@ which
providedareasonableapproximationof theenergy spectrais
shown in Figure2.

2.0.3 Force-fieldsolution

Following the methoddescribedin Cummingsand Stone
(1997)andCummingsandStone(1999),we usethefollow-
ing equationto estimatetheinterplanetarymeanfreepath:

� � 4FE �FG EIH GKJ�L � ; ��M � (2)
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where
E �NG

is the averageradial positionof V1 andV2
and
EOH G

is the averageCompton-Gettingfactor for V1
andV2 energy spectra.

H
dependson thepower-law index,P , of theenergy spectumandis givenby

H � �RQTSUQ P � L 4 .M �NV3W �YX &
L X
� �
L VYW � � &

LZ�
� � , which is determinedfrom theV1

andV2 ACRenergy spectra.
We appliedthis equationto energy spectraof 5 ACR el-

ementsacquiredwith the VoyagerCosmicRay experiment
on V1 andV2 for theperiod1998/1-1999/182.We alsoap-
plied it to yearlyaveragedACRHe andO energy spectrafor
the years1992through1999andfor 52-dayaveragedACR
He andO energy spectrafor 7 periodsin 2000andthe first
two 52-dayperiodsin 2001. In eachcasewe added5% sys-
tematicuncertaintiesto thestatisticaluncertaintiesontheV1
andV2 intensityvaluesandassumed5%uncertaintiesin the
valueof C. Sincewe have concludedearlierthatduring the
A
G

0 solarminimum the gradientsarelikely determinedby
conditionsathighlatitudes(CummingsandStone,1999),we
used750 [ 75 km s%\& for theseperiods(opentrianglesand
opencircle in Figure4). For theotherperiods,we used400
[ 40 km s%\& (solidcirclesin 2000-2001in Figure4).

During solarminimumsomeof the intensitygradientbe-
tweenV1 andV2 is dueto a latitudinalgradient.From1992
throughmid-1996,we usedV1, V2, andPioneer10 datato
estimatethe latitudinal gradientfor ACR He and O in the
� 0.4-2GV rigidity range. The averagelatitudinal gradient
was1.1%/deg. Theeffect of this correctionto � for thepe-
riod, 1998/1-1999/182,is � 40%, as shown in Figure 4 at
62-66AU.

Theresultsfor 1998/1-1999/182areshown asthesymbols
in Figure2. The pointsappearto line up well with the po-
lar valueof � @D@ usedby Cummingset al. (2001),consistent
with thesuggestionthatthelargemeanfreepathsexpectedat
high latitudes(Zanket al., 1998)duringsolarminimumare
imprintedvia particledrift processesontothelower latitudes
wheretheVoyagerspacecraftarelocated.

Theresultsfor theother17periodsareshown in Figure3.
The suddenchangein characterin period 2000.52.3(third
52-dayperiod of 2000) marksa transientincreasein ACR
He observedmostly at V2. By the next 52-dayperiod,sig-
nificantsolarmodulationeffectshavesetin atbothspacecraft
(CummingsandStone,2001),andthemeanfreepathsarere-
ducedthereafter. Thedataindicatethattypically � increases
rapidly from � 0.4to � 1 GV but levelsoff above1 GV.

3 Results

Thedashedlinesin Figure2 andFigure3 representfits to the
functionalform:

� � 4 � L � � ;5� � � 

� � L ��]:� ��?����� � L ��]D� � (3)

where ��^ is a roll-over rigidity. This form is like theKAP1
form of thediffusioncoefficient (Equation1) andis alsothe
form we usedsucessfullyto fit V1 andV2 energy spectrain
a spherically-symmetricmodelof modulation(Stoneet al.,
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Fig. 3. Meanfreepathinferredin 17 time periodsusingtheforce-
field techniquedescribedin thetext. Theopensquaresarefor ACR
He andtheopencirclesarefor ACR O. Theactualmeanfreepaths
for 1992 through2000 day 156 (2000.52.3)are likely somewhat
larger than shown herebecausea correctionfor a small positive
latitudinal gradientexpectedduring solar minimum hasnot been
made.Thedashedlinesarea fit to thedataasdescribedin thetext.
Pointswith uncertainties_ 50% of the value wereexcludedfrom
thefits andarenotshown.

1996;CummingsandStone,1996).In Figure4 weshow the
valueof � at 1.5 GV from thefits, aswell asthevaluesfor
the 1990-1991solarmaximumperiods,asa functionof the
V1-V2 midpoint location. Exceptfor the 1998/1-1999/182
period(62-66AU) nolatitudinalgradientcorrectionhasbeen
applied.As aresult,themeanfreepathsinferredduringsolar
minimumareunderestimated.

The bottompanelof Figure4 shows the tilt of the helio-
sphericcurrentsheetandservesasa referencefor thephase
of thesolarcycle. Largetilt valuesindicatesolarmaximum
or near-solarmaximumconditionsandlow valuesimply so-
lar minimum conditions. � appearsto have a strongsolar
cycle dependence,beinglarger thanat solarmaximumby a
factorof 10 or more. We attribute this to conditionsat high
latitudebeing imprinted to low latitudesvia particledrifts.
As solarmodulationeffectsbecomesignificantat the Voy-
agerspacecraftin 2000, � beginsto dropto lowervalues.For
thelastperiodin thestudy, 2001/53-104,� � 0.54AU at 1.5
GV and72AU, a factorof � 3.6abovethevalueinferredfor
1990-1991at 40 AU. This is larger thanexpectedfor either
radial dependencesof the theoreticaldiffusion coefficients
which fit the1990-1991datasowell, asshown in Figure4.
On the otherhand,the points in 2000-2001in Figure4 ap-
pearto still be in transitionand they may decreasefurther
in thenext few months.Oncesolarmaximumis durablyes-
tablishedin the outerheliosphere,it appearsthat it may be
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Fig. 4. a) Meanfreepathvs. V1-V2 midpoint locationat 1.5 GV
from the fits to the datashown in Figure 2 and Figure 3 (1992
and later). The value for 1991 is from the spherically-symmetric
fit to V1 andV2 ACR O. The dottedanddashedlines refer to ra-
dial dependencesof < from BieberandMatthaeus(1997)and(Zank
etal.,1998),respectively. For theopensymbols,asolarwind speed
of 750 km s̀Aa was usedand for the solid circles in 2000-2001,
we used400 km s̀�a . The opentrianglesaresomewhat underes-
timatedsinceno correctionfor a positive latitudinal gradientwas
made.Sucha correctionwasmadefor the1998/1-1999/182point
(opensquare)whichis b 40%above theuncorrected1998and1999
points.b) Tilt of theheliosphericcurrentsheet(classic,line-of-sight
method)from the Wilcox SolarObservatory shiftedto the V1-V2
midpointlocationusingsolarwind speedsfrom IMP-8 andACE.

possibleto determinetheradialdependenceof themeanfree
path.
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