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ABSTRACT

The oscillation of differential fluxes of energeticions modulatedby a ULF waveoften showsa phaseshift
betweenmeasurementsin back-to-backdetectorswith look directionsperpendicularto theambientmagnetic
field. In a plasmaof a singleion species,thephasedifferenceis causedby displacementof the effective
measurementpositionsby oneiongyroradiusto eachsideof thedetector.As thewavephaseis periodic,the
observedphaseshift can correspondto afamily of possiblewavelengths.Simultaneousmeasurementsof the
flux modulationsin different energy channels,which areequivalentto measurementsof thewavephaseat
different positions,may allow oneto single out aunique wavelengthconsistentwith all themeasurements.
Using theMEPE (Medium EnergyParticleExperiment)instrumentsof ISEE-1and2, eachof which may
serveas aback-to-backdetector,we haveappliedtheabovemethodto a compressionalPc 5 waveobserved
neartheequatorialplanebetweenL -.~7 and11, anddeterminedunambiguouslythetransversepropagation
propertiesof thewave.

INTRODUCTION

The propagationcharacteristicsof a ULF wavein theplasmarestframediffer for different typesof theo-
retically predictedwaves.To determinewhichwavegenerationmechanismsaresignificantin themagneto-
sphere,onemust characterizethewavepropertiesfully andcomparethemeasurementswith thetheoretical
predictions.However,wavelengthsandphasevelocity in theplasmarestframearehardto determineunam-
biguously.Forexample,simultaneousmeasurementsfrom threespacecraftnoncolinearin aplaneobliqueto
themagneticfield vector areneededto determinethedirectionof wavepropagationfrom thephasedelays
in magneticperturbations,andsuchsimultaneousmeasurementsarerarelyavailable.Even multipoint mea-
surementsremainambiguousbecausephasesareuncertainby integral multiples of 2sr. Hugheset al. /1/,
measuringphasedifferencesamongmagneticsignalsrecordedby threegeostationarysatellites,were able
to determinethepropagationdirectionandestimatetheazimuthalwavenumber,but no information on
radialpropagationcould beobtainedfrom thesemeasurements.Su et al. /2/ attemptedto determineboth
theazimuthal andradial componentsof thepropagationvector for a compressionalwave at synchronous
orbit, making useof finite Larmor radiuseffectsof energeticparticles,but they did not considerthe2mir
ambiguityin evaluatingthephasevelocity. In this report,we determinetheperpendicularphasevelocityof
acompressionalwaveby usingthe finite Larmorradiuseffectsin thesignatureof amultichannelenergetic
ion detectoron asingle spacecraft.The methodis closelyrelatedto that usedby Su et al. /2/. It wasalso
discussedby Kivelson andSouthwood/3/. We haveusedthemediumenergyparticledetectorson board
theISEE-1 and2 /4/ whosespin axeswere approximatelyparallel to theambientmagneticfield during
theevent.

ISEE-1 OBSERVATIONS

The compressionalwavereportedherewasobservedbetween2145 UT, August 21, 1978, and0100 UT of
thenext day. The ISEE-1 magnetometerrecordfor theeventis shownin Figure 1. The spacecraftwas
travelinginboundat 1700 local timefrom L —~11 to 7 neartheequatorialplane.During thefirst 2-hour
interval, thepulsationwasirregular, containingwaveperiodsof 250s, 165 s and100 s. Startingat 0100
UT, aquasi-sinusoidalwavewith a periodof 165 s developedandreachedamaximumamplitudein B~at

0030 UT. Figure 2 showstheproton intensity measuredin energychannels3 to 6 of thedetector.Data
for the two lowest energychannelswere not usablebecauseof interferencefrom anotherexperiment.The
smoothedparticle flux datashowvery similar variationsto thoseof magneticdatacontainingwaveswith
majorperiodsof 250 s for thefirst twohour interval and165 s for thequasi-sinusoidalwaveafter0000UT.
This suggeststhat thedominantfluctuationsof theparticlefluxes were producedby thePc 5 waves.The
magneticfield oscillatedout of phasewith thevariationof theion intensity (not shown).

DETERMINATION OF THE WAVE PROPAGATION

During the event,the ISEE-1 MEPE instrument wasin the low bit rate modetaking samplesin eight

azimuthalsectorseachspin (onesampleper sector).Figure3a showsthecount ratevariationof protonsin
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Fig. 1. Themagneticfield in GSE coordinatesBT Fig. 2. Spinaverageof 90°±10°pitch angleproton
is thetotal magneticfield, fluxes (scatterplots) overplottedby 80-s running

averagecurves (solid lines). Flux burstsstarting
near 0040 UT representinterferencefrom another
experiment.
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Fig. 3. (a) The variationof counts/sectorof 90°±10°pitch angleprotons(65.3 to 95.5 keV) with gyro-
centersat theeastside (dashedline) andthe west side (solid line) of thesatellite. Irregularfluctuations
after 0040 UT result from interferencewith anotherexperiment.(b) Sameas3a but for outsidewave
andinside wave.

TABLE 1 PossibleWavelengthsof Azimuthal Propagationof the 165 s Waveas
DeterminedFrom Proton Fluxes for theInterval0020 to 0040 UT (ISEE~1)*

Channel ~R, Correlation Lag(r), ~ km ~2, km n
Pair km Coefficient s (n = 0)

6w—6e 3011 0.78 84 5915 —402 —8
5w—3e 2032 0.85 66 5079 —442 —5
5w—4e 2208 0.82 66 5520 —394 —6
5w—5e 2424 0.68 66 6061 —432 —6
5w—~6e 2718 0.73 87 5155 —420 —7
4~.~3e 1815 0.87 63 4754 —393 —5
4w—4e 1992 0.81 63 5216 —431 —5
4w—Se 2208 0.77 63 5783 —393 —6
4w—6e 2501 0.76 84 4913 —456 —6
3w—3e 1638 0.91 51 5302 —444 —4
3w—4e 1815 0.86 54 5546 —388 —5
3w—5e 2032 0.73 54 6208 —435 —5
3w—6e 2325 0.76 78 4918 —421 —6
average 5413 419

~Negativevaluesof.\ andn representeastwardpropagationof thewave.

In thecalculationswe haveusedB = 50 nT, waveperiodT = 165 s, andL = 8.
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channel3, for the interval0000 to 0100 UT, 22 August 1978,when thedetectorwaslooking radially earth-
ward(solid curverepresentingtheflux variationof protonswith gyrocentersto thewest of thespacecraft,or
the“westsidewave”), andoutward(dashedcurve,the “eastsidewave”). Thetime shift r betweenthetwo
wavesindicatesthat thewavepropagatedazimuthally. Thephasevelocityof thewaveis Vp = /~R/(nT+r)
andthewavelengthis A = Vp~T, whereT is thewaveperiod. Theintegern canbegreaterthanor equalto
zero (implying westwardpropagation),or less than zero(implying eastwardpropagation).It corresponds
to thenumberof wavelengthscontainedbetweenthetwo gyrocenters.L~Ris thedistancebetweenthetwo
gyrocenters.r can be obtainedfrom cross-correlationanalysisof thetwo waveformsunderinvestigation.

An apparenttime shift r may correspondto afamily of possiblephasevelocitiesandthus wavelengths.To
removetheuncertaintywe usedthe datain channels3 to 6 to find a uniquewavelengthconsistentwith
all measurements(datafor channels7 and8 were not usableowing to very low countrates). Sinceeach
channelprovidesmeasurementsof wavephasesat thegyrocentersof ions at thetwo sidesof thespacecraft,
4 energychannelscanprovideinformationaboutwavephasesat eight effective measurementpoints aligned
azimuthallywhen thedetectorlooks in the radialdirection. We haveappliedcross-correlationanalysesto
all pairs of protonflux wavesmeasuredat two effectivemeasurementpoints locatedat differentsidesof the
spacecraft.From solutionsthus obtainedwe selecttheonesthat appearconsistentwith oneanother.The
resultsareshownin Table 1. Theeffective measurementpoint of eachflux oscillation in Table1 is denoted
by thechannelnumber followed by w (the flux of protons whosegyrocentersarewest of thespacecraft)
or by e (eastof thespacecraft).There aretwo groups of possiblewavelengthswhich areconsistentwith
all pairs of measurements:A = 5413 km, for n = 0 implying westwardpropagation,andA = 419 km with
negativeit, implying eastwardpropagation.Othersolutionscorrespondingto evensmallerwavelengthsthat
may fit all theobservationsare discardedas they aretoo small comparedto theproton gyroradiifor the
protonflux to bemodulatedby thewavefield. Usingtheabovetwo possiblewavelengths,we simulatedthe
time variationof fluxesat the 8 effective measurementpoints x1 as j~(x1,I) = aj cos2ir(x1/A ±i/T) where
theamplitudea1 is takenasunity, andthewaveperiodT = 165s. The model waveforms arecomparedto
thereal flux data. Figure4a showsthat the wavemodelswith A = 5413 km agreewell with theprincipal
featuresof theactualdataat all effective measurementpoints, but themodel with A = 419km (Figure4b)
is not consistentwith all observations;thereareobviousphasediscrepanciesbetweenthemodelsandthe
dataat somemeasurementpoints. The abovestudiesshowthat the wavewaspropagatingwestwardwith
a wavelengthof about5400 km andaphasevelocityof ‘—‘33 km/s, which givesan azimuthalwavenumber
m 60 at 8 Re from theearth. Figure 3b displaysthecountrate variationsof protonsin channe3 when
thedetectorwaslooking eastward(measuringflux variationsfor gyrocentersat positionsradially earthward
of thespacecraft,or the “inside wave”) andlooking westward(the “outsidewave”). The two waveforms
arehighly correlatedandshowno time delay. Other channelsgavesimilar results. This impliesthat the
quasi-sinusoidalwave doesnot propagateradially.

Similar crosscorelationcalculationsfor the 250 s wavein the interval 2200 to 2400 UT, (not shown),also
indicatewestwardpropagationof thewavewith m numbersrangingfrom 20 to 44 for differentchannels.The
correlationsbetweentwo waveformsseparatedradially werepoorin all channels.However,theflux variation
during thefirst interval (2155to 2230 UT) may havearadially earthwardcomponentof propagation(the
“outside ~ leadthe“inside waves” in all channels).
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Fig. 4. Comparisonof normalizedobservedproton flux oscillations (dashedlines) at 8 effective mea-
surementpoints with modeledflux waves(solid lines): (a) for model waveswith 5413-kmwavelength
propagatingwestward,and (b) for model waves with 419-kmwavelengthpropagatingeastward. The
model curvesarenormalizedto thedataof channel3w.
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ISEE-2 OBSERVATIONS

Wehavealsoappliedtheabovetechniqueto protondatafrom theISEE-2MEPE WAPS for the165-swave.
TheWAPS detectortook samplesin four azimuthalsectorseachspin. During this eventtwo of thesectors
were approximatelyradially oriented while theother two were azimuthallyoriented. Figure5 showsas an
exampleproton flux variationsobservedby the detectorlooking nearly radially outward. The similarity
to ISEE-1 observationsis obvious. The phasedifferencesbetween“westsidewaves” and“eastsidewaves”
indicatingweswardpropagationareclear in all channels.This is shownin Figure 6awhich displaysthe
dataof channel5 as anexample.In theradial direction, therewasno time delay between“outsidewaves”
and“inside waves” (Figure 6b). The resultsfrom 11 energychannelsof WAPS protondataarelisted in
Table 2. Datain 9 out of 12 WAPS energychannelsgive consistentresultswith calculatedm valueranges
from 50 to 60, with an average57 which is in a good agreementwith theISEE-1 result.

SUMMARY

We havedemonstrateda techniquewhich determinesunambiguouslythepropagationcharacteristicsof a
wavein two orthogonaldirectionsin theplaneperpendicularto thebackgroundmagneticfield. Our results
confirm thoseobtainedby Greenstadtci al/S/in earlierstudyof thesameeventbasedon the ISEE-1and
2 magneticfield data. Greenstadtci al merelyassumeda purely azimuthalpropagationbut, with proton
data,we areableto distinguish thewavepropagationin theazimuthalandthe radial directions. In our
calculationwe haveassumedthat themeasuredions areprotons. It hasbeenshown(/6/) that theeffect of
heavyions on resultsin theMEPE measurementsis unimportantevenasignificant fractionof theions are
heavyions. Possiblegenerationmechanismsof thecompressionalwavesarediscussedin paper/6/ where
the drift mirror instability andresonanceof thewave with particlesare suggestedas candidates.

TABLE 2 Wavelengthsof AzimuthalPropagationof the 165 s Waveas
DeterminedFrom Proton Fluxes for the Interval 0020 to 0040 UT (ISEE-2)

Channel a~R, Correlation Lag (r), A, km m number
Pair km Coefficient s (it = 0)

lw—le 948 0.93 15 9145 35
2w—2e 1092 0.91 30 5269 61
3w—3e 1220 0.94 33 5349 60
4w—4e 1362 0.96 33 5974 54
5w—Se 1522 0.97 42 5240 61
6w—6e 1704 0.98 45 5478 59
7w—7e 1924 0.98 48 5797 55
8w—8e 2175 0.93 48 6556 49
9w—9e 2464 0.84 60 5942 54

lOw—lOe 2800 0.89 78 5194 62
11w—lie 3400 0.95 63 7811 41

ISEE2 21—22 Aug 78 PROTON FLUX 5000 ISEE—2 WAPS (70—87 keV) 8/22/78
I I

I-

> 25—36 k.V 4000 (a)

3000
4 4000 (b)

0) .

o .,. z
~ 1 II II ~ ~E _________

LI 1635 1640 1646 1653 1701 1712 1726 UT 0020 0030 0040 0050

Fig. 5. Flux variationsof 900 pitchangleprotons Fig. 6. (a) Comparisonbetweenthecountrate of
(scatterplots) observedby ISEE-2, overplottedby protons with gyrocentersat thewestside(dashed
80-s runningaveragecurves(solid lines), line) andthe eastside(solid line) of ISEE-2. (b)

Sameas 6a but for inside wave(dashedline) and
outsidewave(solid line).
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