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ABSTRAC1~

During the Spacelab-2flight of July. 1985.electronbeams(1 keY. 100 mA) square.wavemodulatedat ELF andVLF wereemitted
from thespaceshuttle.Thewavefields generatedby thebeamweremonitoredby a free-flyingsub-satelliteatdistancesup to 300 m
perpendicularto thebeam.The amplitude of the magneticand electric fields were modulatedby the spin of thesatellite.This
modulationallowsthestudyof thewavepolarization.Resultsfor a 7 mm durationbeam sequencein which thebeamwaspulsedat
1.22kHz arepresentedandcomparedwith recentpredictionsfor wave-fieldsstimulatedby ideal helicalelectronbeamspropagatingin a
magnetizedplasma.It is foundthat thepredictedmagneticfield amplitudeof thefirst harmonicof thebeampulsingfrequency(below
the lower hybrid frequency)is in agreementwith observations,however,thepredictedand the observedpolarizationsareentirely
different.For the higherharmoniccomponents(abovethe lowerhybrid frequency),theorypredictsorderof magnitudelargermagnetic
field amplitudesthanobserved.It is concludedthatthetheorydoesnot adequatelymodel thefull distributionofthe radiatingcurrent.

INTRODUCTION

TheSpacelab-2missionofthespaceshuttlecarriedtheFastPulseElectronGenerator(FPEG)which wascapableof emittingelectron
beamswith the energyof 1 keV andcurrentsat 50, 100 or 150 mA. Thebeamcouldbepulsedat frequenciesfrom DC up to several
hundredkllz with arise timeof the orderof l0~sec.therebyemittinganalmostperfectsquare-wavemodulatedbeam.

Theelectromagneticfields generatedby thebeamwereobservedby a PlasmaDiagnosticsPackage(PDP), which carriedanarrayof
plasmadiagnosticsinstrumentsincludinga wide-bandVLF wavereceiver.Thereceiverwasconnectedto eitheranelectricdipoleor to a
magneticloop antenna,thetwo antennasalternatingevery51.2 sec.Every fourth magneticantennaperiodwas substitutedwith a
connectionto a Langmuirprobe.Thereceiverwascontrolledby anAutomaticGain Control (AGC), which assureda roughlyconstant
outputsignal levelanda dynamicrangeof 100 dB. Thereceiverscanneda 30 kI-{z frequencyrangeby selectingbandsin the foilowing
order: 0-10 kHz (25.6see),20-10 kHz (12.8 see)and20-30kHz (12.8 sec).Theoutputwas telemeteredin analog form and later
digitizedat25 kHz. A moredetaileddescriptionof the FPEGandthePDPis found in /1,21.

OBSERVATIONS

WaveSpectra

For four orbitalperiodsthe PDPwasreleasedasa free-flying sub-satelliteto co-orbit with theshuttleOut to a separationdistanceof
about300 m. Duringoneof themagneticconjunctionsbetweentheshuttleandthePDP,theFPEGemitteda 100 mA beampulsedat
1.22 kHz for a periodof 7 mm. In Figure 1 is shownthe trajectory of thePDPrelativeto theshuttlewith markers for everyone
minute.The verticalaxisis thedistanceto the PDPmeasuredalong theearth’smagneticfield, andthe horizontalaxisthe distance
perpendicularto thefield. Theperiodof thepulsedbeamsequenceandtheantennaswitchingpatternofthe wide-bandVLF wavereceiver
is indicatedby shadedareas.
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Fig. 1. On thetop panel is shown the trajectoryof thePDPrelative to theshuttleduring the pulsedflux-tube
connection.Theperiodofbeamemissionandthewide-bandantennaswitchingpatternareshownby theshadedareas
The bottompanelshowsthebeamangle to theearth’smagneticfield,
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The shuttleattitudewas continually adjustedduringthis beamsequenceso thatthe initial velocityof the beamelectronswasalways
directedtowardsthePDP.The imposedvariationof the beampitch angle.eB, is shownon thebottompanelof Figure 1.

An exampleof theof themagneticwave fields observedin the0-10kHz rangeis shownin Figure2 ata time when the PDPwas
locatedat a distanceof about135 m perpendicularto thebeamand 165 m from theshuttleparallelto thebeam.The relativesignal
intensity(the AGC level is not folded in) is colorcodedshowingthefundamentalofthepulsingfrequencyandits oddharmonicsas
horizontallines,Also seenarethemuchweakerevenharmonicsandbackgroundnoisein the formof whistlers.

The pulsingduty cyclewas50%,which meansthatthebeamon -time equaledthe beamoff-time. The Fouriertransformof a square-
wave-trainwith 50% dutycyclehasfinite amplitudeodd harmonicsandzeroamplitudeevenharmonics.This featureis reflectedin the
observedmagneticsignal,asreportedin /3,4,5/,andarein accordancewith theoreticalpredictionsfor radiationfrom pulsedelectron
beams/6/.

The relativeelectricfield intensityobservedat adistance95 m perpendicularto thebeamand205 m parallelto thebeamis shownin
Figure3. Mostconspicuousis broad-bandednoiseandaseriesof 6 shuttlethrusteremissionsseento drasticallyalterthe spectralshape
of the noise.The thenoiselevel, integratedoverthe10 kHz band,increasesduringthesethrusteremissionsalthoughthe AGC make
them appearweaker.The broad-bandednoise is stimulatedby thepulsedbeamemissionand is about40 dB above the natural
backgroundnoiselevel. Broad-bandednoiseof comparableintensitywasobservedduringaDC sequenceperformedearlierduring the
free-flight/5,7/.

WavePolarization

The narrow-bandemissionsat theharmonicsof the pulsing frequencyaremodulatedin amplitudeduringa spin of the PDP.The

modulationof the magneticsignalis seenin Figure2 asa variationof thecolor intensitywith time.Theelectricandmagneticantennas

Fig. 4. The amplitude of thefirst harmonic magnetic field component(also seenin Figure2) duringhalf a spin
period.Thephaseis shownwith respectto a fixed directionin space,namelytheprojectionof theearth-sunvector
onto thespin plane.

measuredthecomponentof thewavefields in thespinplane.With aspin periodof about13 secthe waveamplitudesweremodulation
with aperiodof 6.5sec.Thespin modulationallowsus, when thesignalis reasonablytime-stationaryduringhalf aspin,to extendthe
one-componentwavefield observationto a two-componentobservation,namelytwo orthogonalcomponentsin the spin plane. With
the completeinformationof theshuttleandPDPattitudes,thefield componentscan be referredto acoordinatesystemfixed in space.
Figure4 showsa polarplot of the amplitudeof thefirst harmonic magneticfield componentalsoseen in Figure2. The radial
coordinateis theamplitudeobservedduringhalf aspin and thephaseis shownwith respectto a directionfixed in space,namelythe
earth-sunvector.

In thefar field region,theplasmadispersionrelationcan be usedto obtain threecomponentsfrom aonecomponentspin modulated
measurement.For example,it is known from the dispersionrelationthat the magneticcomponentof whistlerwavesis circularly
polarized.ThePDPprovides,duringa spin, a measurementoftheelliptlcity of themagneticfield in thespin plane.Thus, in thefar
field regime,four directionsin spaceof thewavenormal,k, can in generalbefound,namelytheonesfor which theassociatedcircular
polarization,whenprojectedonto thespin plane,givestheobservedelliptical polarization.Knowing theorigin of thewavesoften
leavesjust onesolution for k, and 3 magneticcomponentsaretherebydeterminedfrom themeasurementof one spin.modulated
component.However,sincetheVLF waveobservationsduringthepulsedflux-tube connectionweremadein thenearfieldregion, this
avenueof approachis not available.Still, theextrainformationcontainedin thespin-modulationis valuable asshown in the next
section.

COMPARISONWITH THEORETICAL MODELS

The electromagneticcomponentsofthe fieldsgeneratedby a pulsedelectronbeamin amagnetizedplasmais found in 16.8/. The beam
is modeledasaninfinite train ofsquare-wavepulsesandtheradiationis obtainedby addingcoherentlytheradiationfrom eachindividual
electronin the idealizedhelical trajectoryassumedby thebeam.Theexpressionfor thefields are found withouttheusual simplifying
assumptionthat theobservation-pointis in thefar field region.However,theexpressionscontainthe contributionto thefieldsarising
from the wave-particleresonanceconditions,butnot thecontributionfrom the branchcutsin thekj plane.Thesolutionsarethought
to representsurfacewavespropagatingalongthebeamand to representapproximationsto thefields closeto thebeam (within one
perpendicularwavelength).

In thefollowing wecomparethepredictionsof/6/ for thefirst harmonicmagneticcomponentwith theobservations.It is assumedthat
the wavesandthebeamelectronsare in Cherenkovresonance(wave fields generatedthroughcyclotronandanomalouscyclotron
interactionsareevanescentat this frequency,while thewavelenghtfor thehigh harmonicsarecomparableto theDebyelength andare
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Fig. 2. Themagneticfield in thefrequencyrange0-10kllz asfunctionof time. Theperpendiculardistanceto the

beamis 135 m andtheparalleldistanceto theshuttleis 165m.

Fig.3. The electricfield in thefrequencyrange0-10kHz asfunctionof time. Theperpendiculardistanceto thebeam
is 95 m andtheparalleldistanceto theshuttleis 205 m.
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absorbedin theplasma).For theexperimentalconditionsencounteredduringthe pulsedflux-tube connection,the model predictsthe
magneticfield vectorB to be polarizedin aplanewith thenormalof theplanehavingtheangleek= 600 to the earthsmagneticfield
andanazimuthangletrk = -11°(for rtk = 0°thenormal lies in theplanecontainingthebeamandthePDP).

With calibratedwavereceivermeasurements/5/ andwith thecompleteinformationon thePDPandshuttleattitudes,themagneticfield
componentsrequiredfor thefield tobe polarizedin this plane,and to beconsistentwith themeasuredspinmodulationhasbeenfound.
The amplitudeof the threemagneticcomponentsareshown in Figure5 as function of perpendiculardistanceto the beam(white
markers)for thethreemagneticantennaperiods(seeFigure 1).Thecomponentsaregivenin acylindrical coordinatesystemwith the
magneticfield line passingthroughtheFPEGasthecylinderaxis,andp astheradialcomponent.~iastheazimuthalcomponent,andz
asthe axial component.Also shownis theamplitudeof thethreecomponentspredictedby the model (blackmarkers).

The lowerhybrid frequency,~ for the experimentwasabout3 kHz, andthus the fuatharmonicof the 1.22kHz pulsingfrequency
wasbelow fL~zJ~,while thethird andhigherharmonicswereatfrequenciesabovefLjjr~.Below fLJ~,Cherenkovresonancegivesrise
to oneevanescentandonepropagatingwave,correspondingto a root I androot2 respectivelyofthe dispersionrelation.Above ~LHR,
root 1 becomesrealandcorrespondsto resonancewith wavesattheWhistler-moderesonancecone. In general,root 1 givesseveralorder
of magnitudelarger contributionsto the wave-fields than root2. however,below fLHR thefields arestrongly dampedwith radial
distancedueto theirevanescentnature,andbecomesmallerthanthe root 2 fields ata radial distanceof about40 m. At higherharmonic
frequenciesobservationscontinueto comparewell with root2 fields, but areordersof magnitudebelow thefields arising from root I.
Theapparentlack offield conthbutionsgeneratedat theWhistler-moderesonanceconeis at presentnOt understood.
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Fig. 5. Observedandpredictedamplitudesofthe threemagneticfield components.

While observationsandpredictionsof theamplitudeof themagneticcomponentsarein goodagreementfor thefirst harmonic,their
phaserelationshipdoesnotagreeverywell. Theobservedmagneticfieldis largely linearlypolarized,providedit lies in the planegiven
by the model, however,themodel field is mostlycircularlypolarized.To illustrate this discrepancywe showin Figure6 the magnetic
elliptical polarizationin thespin-planeoftheobservedandof thepredictedfield. (Notethat amagneticfield elliptically polarizedin the
spin plane in generalwill give rise to an observedfield of theshapeshown in Figure4. The searchcoil gives a measureof the
maximumamplitudeof thefield projectedOnto theaxisofthe searchcoil.) The model field polarizationdifferssignificantlyfrom the
measuredone.This leadsus to the conclusionthatwhile theamplitudeofthegeneraldisturbancegeneratedat thefundamentalof the
pulsing frequencyis comparableto theonepredictedby /6,8/thecurrentsystemstimulating the field differs significantly to theone
assumedin themodel, namelya helicalcurrentformed by thespiraling motionaroundtheearth’smagneticfield of thebeamelectrons.
We considerat leasttwo othersourcesofradiationasimportantone is thereturncurrentto thespacecraft,andthe otheris theturbulent
wakeformed behindthebeamby themotionof the shuttle(7.8 km/s). While thePDPreachedadistanceperpendicularto thebeamof
165 m duringthepulsedbeamsequence,thePDPwasnevermorethan30 m from thebeamwake.

Fig. 6. Polarizationin the PDP spin.planeof the observedand of the predictedfirst harmonic magneticfield

component.
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