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ABSTRACT

Thispapercomparescalculatedandmeasuredenergyspectraof implantedH~and0+ ions on the assumptionthat the
pick-upgeometryis quasi-parallelandabout1%of thewavesgeneratedby thecometarypickupprocesspropagates
backward(towardsthe comet).The model providesa good descriptionof the implanted o~’andH4 energy
distributionnearthe pickupenergies. Thethicknessof the implantedion velocitydistribution shellswasnearly
constantbetween2.50x1(~6km and1 .20x106 km (just outsidethe shock)alongtheinboundGiotto trajectory.The
explanationis that thevelocitydiffusion coefficientandcharacteristicdiffusiontimevaryapproximatelyashr andr,
respectively,thereforetheirproduct(whichdeterminesthevelocityshell thickness)remainsnearlyconstant.

INTRODUCTION

Instrumentsat cometsGiacobini-ZinnerandHalley /12,13,15,16/detectedlargefluxesof energeticparticles. A
significantpartof theobservedenergeticion populationwasobservedat energiesconsiderablylargerthanthepickup
energyindicatingthepresenceof somekind of accelerationprocessactingon implanted ions. Velocity diffusion of
lower energyimplantedions (nearthepickupenergy)hasalsobeenobservedby theseveralinstrumentsupstreamof
thecometHalleybow shock/3,21/.

This papercomparesobservedimplantedproton and oxygen distribution functions to the predictionsof the
generalizedtransportmodel/9/. Thestudy is basedon proton datafrom theHERS sensorof the Giotto Ion Mass
Spectrometer(IMS) andon oxygendataobtainedby the uS sensorof the JPA instrument.Thedatacoverthe low
energysuperthermalparticlepopulationnearthe implantedion peak(EH+<4keV andE

0+’zlOOkeV) anddo not
extendtoenergiesattainedby significantly acceleratedcometaryions.

OBSERVATIONS

Thepickupprotondatausedin this studywereobtainedby thehigh-energy-rangespectrometer(HERS)of theGiotto
ion massspectrometer(IMS). TheIMS hasbeendescribedby Balsigeret al. /1/. HERS wasa magneticmass
spectrometerof ratherunusualdesignwhich was capableof mapping3-dimensionalvelocity distributionsas a
functionof ion mass/chargefor ions with energy/chargebelow—4 kV. Thusprotondistributionscouldbe studied
withoutcontaminationor confusionby otherion species;whenthe spacecraftwasupstreamof theHalleybow shock,
picked-upcometaryprotonscould bedistinguishedfromsolarwind protonsby theirdifferent locationsin velocity
space(i.e., by their verydifferentvelocitydistributions). Themethodusedto analyzethedatareportedherewas
similar to thatdescribedin 120/.

For thewatergroupions,weusedatain theenergy/chargerange2.5 to 55 kV fromtheimplantedion sensor(IIS) of
the Johnstoneplasmaanalyzer(JPA) /14,23/. This instrumentwasa time-of-flight massspectrometerwhich
measuredtheenergy/chargeandthevelocityof individual ions. By measuringtheoutputof five separatesensorsasa
functionof thespacecraftspin phase,3-dimensionalobservationsof theion distributionfunctionwere obtained.The
“watergroup”datausedin the presentanalysiscorrespondto ions with mass/chargein the range6.5 to 20 amu/q;
upstreamof thecometarybow shockthegreatmajority of theseions werepresumablyO~ions. Themethodofdata
analysisis similar to thatdescribedby Coateset al. /3/,taking into accountthecorrectionfactorsdescribedby Coates
etal./2/.

MODEL

Energeticparticlesin the cometaryenvironmentaremostlikely 0~ions of cometaryorigin (cf. /17/). Beforebeing
ionized(by photoionizationorchargeexchange)theseparticleswereescapingthecometwith velocitiessignificantly
smallerthanthe solar wind speed.Thefreshly ionizedcometaryparticles form a pickupring distribution in the
magnetizedsolar wind plasmawithin a fractionof agyroperiod/6/. This rapid ring formation is followedby
somewhatslowerpitch-anglediffusion andmuch slowerenergydiffusion processes/6,22,24/. Only nearthe
cometarybow shockdoesthepitch-anglediffusion dueto pickupgeneratedMHD turbulencebecomestrongenough
to resultin nearlyisotropic shell distributions(in theplasmaframe)/3,21/: further upstream,the implantedion
distributionfunctionsarenon-uniformly-filledandslightly broadenedshellsin velocityspace.
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Thepresenttransportmodelis basedon aseriesof recentpapersdiscussingimplantedion accelerationprocessesin
the upstreamcometaryregion/8,9/. The spatialandvelocity diffusion coefficientswere obtainedby using the
quasilinearapproximationandwerediscussedin datailin e~lierpapers/9,10/. In thepresentcalculationEquation(1)
wassolvedfor implan~dcometaryH~andO~ions. The u andB vectorswere assumedto beknownfunctionsof
thespatialcoordinate,r. Thesefunctionsweretakenfrom a3D cometaryMIlD model/5/. In ourparticularcasethe
upstreamflow velocity wasu=300km/s, andtheparticledensitywasnsw=6cm3. Equation(2) wasnumerically
solvedusingan alternatingdirectionfully implicit numericalschemewith secondorderaccuracy.Thesamenumerical
techniquewasappliedin anearlierpaper/9/andsomeimportantdetailsarediscussedthere.

RESULTSAND DISCUSSION

Implantediondistributionswerecalculatedusingthemodeldescribedin theprevioussection.Themodelsolvedthe
transportequationalongflow lines (which in this particularmodelareidenticalto magneticfield lines). Foreachflow
line thecalculationstartedat2.SxlO6ki~upstreamfrom thepointwheretheflow line intersectedjheGiotto trajectory,
andit extendedto adistanceof 1.5xlO kmdownstreamfrom theintersectionpoint. The4x10 km distance(along
thecurvedflow line) wasdivided into 200spatialgrid pointsresultingin a2x104km spatialstepsize. Thevelocity
interval extendedfrom 0 to 3500 km/s(in the plasmaframe)with a 25 km/sstepsize. Therewere free escape
boundariesatboth endsof theflow line, andtherewasno flux throughv=0 andv=3500km/s(this velocitywashigh
enoughso thatonly an insignificantnumberofparticleswasacceleratedto this value).

Themodelpredictionswerecomparedto observationsmadeby the IMS HERS andJPA uS instruments.Fig. 1
showsacomparisonof themeasuredandcalculatedvelocityspaceshell thicknessesalongthe inboundportion of the
Giotto trajectory.In Fig. 1, solid anddottedlinesrepresentthecalculatedvelocityshell thicknessof implantedO~and
H’ ions, respectively.Filled circlescorrespondto measuredH~velocityshell thicknesses,while trianglesrepresent
observedshell thicknessesof implantedO~spectra.
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Fig. 1. Comparisonofcalculatedandobservedshell thicknessesof implantedions. MeasuredvaluesofH~and0~
arerepresentedby filled circlesandtriangles,respectively.Thecalculatedcurvesarerepresentedby dotted(H~)and
solid lines (01). Distanceis measuredin unitsof 106 km,whilethenumberdensityvaluesaregivenin cm-3.

InspectionofFig. 1 revealsthatbetweenabout2.5x106 km and1.2x106 km theshell thicknessesof both watergroup
ions andimplantedprotonsarein reasonablygoodagreementwith themodelpredictions.Justoutside theshock(at a
cometocentricdistanceof about1.2xl06km) both velocityshell thicknessessuddenlyincrease.This increasemight
beanindicationthat themodellosesvalidity neartheshock,wheremicrophysicalprocessesmightresultin particle
accelerationmechanismsnotaccountedfor in thepresentmodel. While it wouldbedangerousto basefarreaching
conclusionson onedatapoint, it is significantthat theincreaseat thispointis partof theoverallriseassociatedwith
thebow shock/4/. Fig. 1 also showsthat overthe wholeregionexamined!the calculatedhydrogenvelocityshell
thicknessis quite closeto theobservedvalues,eventhough the dataexhibit asomewhatsteeperincreasethan the
modelprediction.

In spite of the goodagreementbetweenmodel predictionandobservationsthis resulthasto beviewedwith some
scepticism.First of all, in this regionwatergroupions pitch-anglescattermore thanthe protons(becausethereis
muchmorewavepowernearthe heavyion cyclotronfrequency)/18/. Thewatergroupions form a moreor less
isotropicshell distributionin this region/3,4/,while theimplantedprotondistributionremainsquite anisotropicalmost
up to theshockcrossing/19/). Even thoughthepresentmodeldoesnot assumea perfectlyisotropic velocityspace
shell distribution,it doesnot allow for anisotropieswhicharelargecomparedto theisotropicterm. Themodelalso
assumesthat themagneticfield vectoris parallelto theflow velocity: thiscondition wasnot satisfiedall thetime
duringthepartof theGiotto trajectoryshownin Fig. 1. Finally, it shouldbenotedthatthemeasuredvelocity widths
shownin Fig. 1 areupperlimits to broadeningdueto wave-particleinteraction,becausetheobservationaldatainclude
instrumentalbroadening(whichmightbedifferentfor protonsandwatergroupions), aswell as theeffectsof solar
wind andmagneticfield variations.
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An interestingfeatureofthecalculatedvelocityshell thicknessesis their verysmallvariationbetweenabout2.5 and
1.2million kmcometocentricdistancesalongtheGiotto trajectory. Ascan beseenin Fig. 1 <i~v>0.variesonly about
10% overthis range,while <~V>H+ increasesslowly until right beforethe shock. Thenearconstancyof <Av> is
especiallyinteresting,becausethevelocitydiffusion coefficient increasesaboutafactorof 10overthis interval.

Thevariation(or lackof variation)of implantedprotonandwatergroupvelocityshell thicknesseswith cometocentric
distanceis closelyrelatedto thevariationof ion productionratesalongindividual plasmaflow lines. Upstreamof the
cometterminatorplanelocalproductiondominates,whichmeansthatdueto therapidgrowthof localproductionrate
thebulk of theimplantedparticlepopulationwasproducedveryrecently,within approximately‘r=u/L, whereL is the
characteristiclengthscaleof ion implantationalo~theflow line. This meansthatthefreshlyimplantedion velocity
distributionspreadsapproximately<Av> (Dt)

1’ beforebeingovertakenby theincreasingnumberof continuously
producedparticles.As theplasmavolumeelementis transporteddownstreamof thecometterminatorplanethelocal
productionratedecreasesandthetimeavailablefor velocitydiffusion becomest=u11x-x~I,wherex~is thelocationof
thecometarynucleus. Along theGiotto trajectorythis meansthat‘c,o2.9u/r,wherer is thecometocentricdistance(the
factorof 2.9 is l/cos70°).Nearthepickupvelocity (v”300 kim’s) theimplantedprotondiffusion coefficientincreases
nearlylinearlyasoneapproachesthecomet. Thewatergroupion diffusioncoefficientis alsomoreor lesslinear,but
it changesslopeat aroundl.8xl06 km. This meansthat the velocity spreadis more or lessconstantalongthe
incomingGiotto trajectorybetween2.5x106km andl.2x106km, because<t~v> (Dt)~”constant.

Theagreementbetweenthemodel andobservationsis quite remarkableconsideringthe simplifying assumptions
(parallelu(r) andB(r) vectors,quasilineardiffusion coefficients,etc.)andexperimentaluncertainties.It shouldalso
beemphasizedthatasinglesetof physicalparameterswereusedto describealargenumberof implantedion spectra.
Theadoptedsolarwind parameterswerequite closeto the observedvalu~s(althoughu

5 =300km/s is probablyon
thelow side),andthe gasproductionratewasobservedto beQ~=6.9x10

2s~’duringthe~iotto encounter(however,
theappropriatevalueofQ~maybesomewhathigher, becausetheneutralparticlefluxesat millionsof kilometerswere
emittedafewdaysearlier,whenthecometwasmoreactive/11/). The adoptedionizationscalelengthvaluesarevery
closeto the onesestimatedby theGiotto IMS andJPA teams/20,4/ andthe observedspectralindexof pickup
generatedmagneticfield fluctuations17/is alsoconsistentwith ourvalueof 2. Thechoiceof cXCOm=O.Ol seemsto be
arbitrary, butis supportedby recentplasmakineticsimulations/18/.

SUMMARY

Theresultsof modelcalculationsdescribingtransportandenergizationof cometarypickupions werecomparedto
observationsmadeby theGiotto spacecraft.Themodeltakesinto accountadiabaticcompression,energydiffusion,
field alignedspatialdiffusion andmassaddition alongflow lines of deceleratingplasmaflow lines. Thespatial
distributionsof plasmabulk velocityandthemagneticfield weretakenfrom a3-dimensionalMHD calculation,andit
wasassumedthattheplasmaflow velocity andmagneticfield wereparallelatall spatiallocations.Themodelusedthe
quasilinearapproximationof thevelocityandspatialdiffusion coefficients.Thegeneralizedtransportequationfor the
velocity-spacesolid-angle-averageddistributionfunctionwassolvedfor individualMHD flow lines. Theimplanted
ion spectraat theintersectionpointsof theflow linewith Giotto’s trajectorywerecomparedwith spectraobservedat
that particularspatiallocation. Themain conclusionsof this comparisonare:

1. Assumingthat about1%of thewavesgeneratedby thecometarypickupprocesspropagatesbackward(towards
thecomet)thetheoreticalmodelprovidesagooddescriptionof theimplanted0~energydistributionnearthepickup
energy. Forimplantedprotonsthereis somedisagreementbetweenobservationsandmodelpredictionoutsideof
about1.4x10 kmdueto acombinationofeffectsincluding anisotropicvelocityspaceshell filling.

2. Thecalculatedthickne~sof theimplantedion velocitydistribution shellswasonly slowly increasingbetween
2~50x106km and1.20x10 km (just outsidetheshock)alongtheinboundGiotto trajectory,whichimplies that the
velocitydiffusion coefficient wasnearly constantin an extendedregionoutsidethe cometarybow shock. The
explanationis thatthevelocitydiffusioncoefficientandcharacteristicdiffusion timevaryapproximatelyashrandr,
respectively,thereforetheirproduct(whichdeterminesthevelocityshell thickness)remainsnearlyconstant.
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