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SolarEUV radiationcausesphotoemissionfrom conductorsin space.We comparemeasurements
of photoelectronemissionfrom theEFW instrumentson theClustersatellitesto solarEUV datafrom
TIMED/SEEfor theyears2003-2006.Comparingthevariations(solarrotation,annual,solarcycle)of
thetwo quantities,we canstudythephotoelectronyield functionthatshouldrelatethem.We �nd that
noyield functioncangiveperfectagreementbetweenthedatasets,but thatreasonablecorrespondence
is achieved by the photoelectronyield of pure Al. We also show that taking solar EUV variations
into accountwhencalibratingspacecraftpotentialdatafor useasa densitymeasurementsigni�cantly
increasestheaccuracy.

1. INTR ODUCTION

In tenuousplasmas,emissionof electronsfrom a spacecraftexposedto ultraviolet (UV) radiationby the
photoelectriceffect is a major featureof the spacecraft-plasmainteraction. In suf�ciently tenuousplasmas,
the spacecraftbecomespositively chargedin orderto maintaincurrentcontinuity. In thesetenuousplasmas,
ion currentsaresmall,andtheonly othersourceof currentis theplasmaelectrons.Thefewer suchelectrons
thereareavailable, the higherpotentialmust the spacecraftattain in order to dragbacka suf�cient part of
its emittedphotoelectrons[1, 2]. This is becausethe photoelectronswill have a distribution decreasingwith
increasingenergy, oftenassumedto beBoltzmannian.

The spacecraftpotentialcan be estimatedfrom Langmuir probebias voltagesweeps[3, e.g.] or from the
voltage of probesfed with bias current [4, e.g.]. The latter caseis often the more convenient, as this
providesacontinuousmeasurementandis anaturalby-productof electric�eld measurementsby double-probe
instruments[5]. The quantitydirectly measuredis the probe-to-spacecraft potentialVps, which hasusually
assumedto differ from � VS only by the small voltagedrop over theprobesheath.While recentsimulations
by Cully et al. [6] shows that this is normally not truebecausethe electrostaticpotentialfrom the spacecraft
hasusuallynot decayedfully at the locationof theprobe,therelationbetweenVS andVps will still be linear
to goodapproximation.We canthereforeuseVS andVps interchangeably. Themethodto useVps asa density
proxy thereforeworkswell in practice,whereoneusuallycalibratesthen(Vps) relationusingobservationsin a
region wheren canbedeterminedby othermeans[4, 7, 8, 9].

As thebasisfor thismethodis thebalancingof theelectronscarriedto andfrom thespacecraftby photoemission
and plasmaelectroncollection, respectively, it is clear that the conversionof Vps measurementsto density
estimatesmustdependon thesolarUV �ux. To investigatethis relationis theprimary taskof this study. In
Section2, weexpandthequalitative argumentsabove to show how theUV �ux entersthedensity-Vps relation.
To experimentallystudytheUV in�uence on spacecraftphotoemission,we combinephotoemissionsaturation
currentdeterminationsfrom theEFW instrumentson theClustersatelliteswith UV spectrafrom TIMED/SEE
in Section3. We go on to seethe effect of compensatingfor UV �ux variationsin Section4, and �nally
summarizeour resultsin Section5.



2. GENERAL CONSIDERATIONS

The electrostaticpotentialof a spacecraftwith respectto the surroundingplasma,VS, is determinedby the
requirementthatall currentsto thespacecraftmustaddup to zero. In many cases,it is suf�cient to consider
threecurrentsources:thecurrentsdueto captureof plasmaelectronsandions,denotedI e andI i , respectively,
andthe currentdueto emissionof photoelectrons,I f . It is conventionalto de�ne currentsaspositive when
�o wing from thespacecraftto theplasma,soI e is positive while I i andI f arenegative. Theexactexpressions
for how thesecurrentsdependon VS will vary with spacecraftgeometryandplasmaregime (dense/tenuous,
magnetized/unmagnetized, subsonic/supersonic �o w, etc), but it is alwayspossibleto de�ne a characteristic
magnitudefor eachof these.For I e, thecharacteristicmagnitudeis normallythethermal(or random)electron
current[10],

I e0 = Aene

r
K Te

2� me
(1)

whereAe is theeffective electroncollectionareaof thespacecraft,n is theelectronnumberdensity, e is the
electroncharge,K Te thecharacteristicelectronenergy in theplasmaandme is theelectronmass.A similar
expressionoftenappliesto the ions,with obvioussubstitutionsof parametersrelevant for the ions, thoughin
thecommoncaseof supersonicion �o w with respectto thespacecraft,the relevant characteristicion current
obviously is

I i0 = A ineu; (2)

whereAe is theeffective ion collectionareaof thespacecraft(basicallythecrosssectionin the�o w direction)
andu is theplasma�o w speedin thespacecraftframeof reference.The morecomplicatedcaseof ion �o w
speedof sameorderas the ion thermalspeed,treatedby e.g.Medicus[11, 12] andHoegy andBrace[13],
is still possibleto formulatein termsof thesecharacteristiccurrents.Finally, thephotoelectroncurrenthasa
characteristicmagnitude

I f0 = A f

Z
Y(� ) F (� ) d� (3)

dependingon theultraviolet (UV) �ux F at eachwavelength� aswell ason thephotoelectronyield function
Y(� ) of thespacecraftsurfacematerial[14]. Theeffective photoemissionareaA f is theareaof thespacecraft
projectedto theUV source,usuallythesun.

Fromtheviewpoint of spacecraft-plasmainteractions,onemayreasonablyde�ne a plasmaasdensewhenI f0

is smallcomparedto thetwo othercurrents,which in practicewill meanthatit is smallcomparedto I i0, which
alwaysis muchsmallerthanI e0. If I i0 � I f0 but I e0 & I f0 we maysimilarly classifytheplasmadensityas
intermediate, while theplasmais tenuousif I e0 < I f0. In thelastcase,thespacecraftpotentialwill bepositive.
At Earthorbit, supersonicion �o w is common(typical for any spacecraftin the ionosphereor solarwind, for
example,andactuallyalsoin themagnetotaillobes[15, 16]), andtypicalvaluesof u andI f0=A f area few km/s
anda few tensof � A/m2, respectively [17, 14, 4]. Usingequation(2), we thus�nd thatterrestrialplasmasare
densein this sensewhenthe plasmadensityis some104 cm� 3 or higher. The limit for wherethe plasmais
tenuousin thissensewill varywith theelectronenergy, but maytypically bearound100cm� 3. In thetenuous
andintermediatecases,theequilibriumspacecraftpotentialwill begivenby therelation

I e(VS) + I f (VS) � 0: (4)

As I e(VS) dependson n, we seethat for stationaryUV emission,it is possibleto derive the plasmadensity
from a measurementof VS. As thedensityof a tenuousplasmais dif�cult to determineby othermeansbut is
fundamentalto know for understandingspaceplasmas,thisobservationhasformedthebasisof theveryuseful
densitymeasurementmethoddiscussedin Section1.

Different functional forms for I e;i;f (VS) may apply in different circumstances.However, two generaland
reasonablephysicalrequirementsarethatthecurrentswill all begrowing functionsof VS, i.e.

dI e;f ;i

dVS
� 0; (5)
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andthat they all go to zeroin onelimit: I e asVS ! �1 , I i andI f asVS ! + 1 . Theseassumptionsalone
leadto positive (negative)spacecraftpotentialsin suf�ciently tenuous(dense)plasmas.If wewrite theelectron
currentas

I e = I e0 g(VS) = n h(VS); (6)

andthephotoemissioncurrentas
I f = � I f0 f (VS); (7)

thedensityis foundfrom observedVS by useof (4) as

n =
I e(VS)
h(VS)

= �
I f (VS)
h(VS)

= I f0
f (VS)
h(VS)

: (8)

Why this exercise?Theimportantpoint is thatEquation(8) shows thatany error in our knowledgeof I f0 will
propagateto anequalerrorin thedensityestimaten. But asI f0 dependslinearyon theUV �ux (Equation(3)),
it is clearthatany conversionof spacecraftpotentialto plasmadensityaimingto beaccurateovera timeperiod
so long that the UV �ux can changeappreciablymust include somemeasureof the UV �ux. In the next
Section,we investigatethe variationsof I f0 andUV �ux, andreturnto the in�ucence of the UV �ux on the
n(VS) relation,or equivalentlythen(Vps) relationwhich is whatis actuallyestablishedfrom measurements,in
Section4.

3. PHOTOEMISSION DATA ANALYSIS

3.1 Photoemissionmeasurements

To determinethe photoemissionsaturationcurrentI f0, we usethe probebiasvoltagesweepsregularly per-
formedby theElectricFieldsandWaves(EFW) instruments[18] oneachof ESA's four Clustersatellites[19].

Fig. 1. A probebiasvoltagesweepfrom Probe2 of theEFW instrumentonClusterspacecraft3, acquiredonFebruary2, 2003,at 01:23:22UT.



TheEFW probesarealuminiumspheresof radius40 mm,coveredby a conductive Aquadagcoatingintended
to provideuniformphotoemissionproperties.They aremountedonthetipsof four wire boomsextending44m
from thespacecraftspinaxis,formingasymmetriccrossin thespinplane.Thespinrateis closeto 15rpm. An
exampleprobevoltagebiassweepis shown in Figure1. Suchsweepsareobtainedon averageonceevery four
hoursfor all operationalEFW probes.Eachsweeptakeslessthana secondandis really a doublesweep:the
biaspotentialis �rst variedfrom maxnegative to maxpositive valueandthenbackagain.Thereddatapoints
in Figure1 show the datapointsusedfor determiningthe photoelectronsaturationcurrentI f0, which areall
from the later (downsweeping)partof thesweep.Theapparentdifferencein photoemissionfor theupsweep
andthedownsweepis dueto differentspinphase:while theprobeassuchis symmetric,it is connectedto a
thin (diameter0.5mm) wire connectingit to thethicker wire boom1.5m away. Thismakesthephotoemitting
surfaceof theprobevary by almost10%during thespin,but aseachsweepis startedat thesamespinphase
anglewith respectto thesunby useof thesunpulsefrom theonboardsolarsensor, this will not bea problem
for our statisticsas long aswe stick to using the samepart of the sweepall the time. We have chosenthe
downsweeppart.

Thegreenline showsaleastsquares�t to theredpoints,almost�at asexpectedfor aprobeatnegativepotential
with respectto thesurroundingplasmaandall photoelectronsaredrivenaway. For automaticextractionof I f0

from the sweeps,we usedan algorithm[20] basedon �nding the ”knee” of the sweep,i.e. the biasvoltage
below which thecurrentis �at andrepresentingI f0, by useof thecontinuousVps valuesobtainedaroundthe
sweep. Additional criteria on stability, outliers, small risk of ion currentcontaminationetc. were applied,
andwe restrictedourselvesto theperiod2003-2006,whencomparisonUV datafrom TIMED wereavailable
(Section3.2)andCluster/EFWsweepswereobtainedregularly. As thetotal databaseis large(around100,000
sweepsavailablefor theyears2003– 2006)wecouldapplyratherstrictcriteriaonthedataandstill getauseful
statisticalsample:some10,000sweepsremainedto give photoemissionestimates.The resultingtime series,
smoothedwith a 3-daymoving average�lter , for EFW probe2 on Cluster3 is shown asthebluepointsin the
upperpanelof Figure2. Wewill returnto thefurtherdetailsof this �gure lateron.

3.2 Solar UV measurements

Sinceits launchin December2001,theSEEinstrumenton NASA's TIMED satellite(sun-synchronousorbit,
625km altitude)is thebestavailablecontinuousproviderof solarUV data[21]. Wehaveusedthestandarddata
product(availableat CDAWweb),which givesoneUV wavelengthspectrum,obtainedduringa few minutes
time onceeachTIMED orbit, in 1 nm bins from 1 nm to 194 nm. As thereis no synchronizationbetween
Cluster/EFWsweepsandTIMED/SEEspectralmeasurements,we have interpolatedandmade3-dayrunning
averages.Datacanthereforebepresentedonacommontimeline, but to actuallycomparethetwo datasets,we
needameansto relatethem.This is providedby theyield functionintroducedin Equation(3). Yield functions
for thematerialsof interestfor theEFWprobes,aluminiumandAquadag,havebeenpublishedby Samsonand
Cairns[22] andFeuerbacherandFitton [17]. Thesefunctionsareshown in thelowerplot of Figure2.

Whentheseyield functionsareconvolved with the TIMED/SEE UV spectraaccordingto Equation(3), we
get thered(aluminium)andgreen(DAG-213)curvesin theupperpanelof Figure2. Theyield measuredfor
aluminiumhasbeenincreasedby around10%to better�t theactuallymeasuredprobecurrent(bluedatapoints
in upperpanel). This increasecanbe motivatedby the actualincreaseof the photoemittingareaelectrically
connectedto the probedueto the thin wire (Section3.1). With this increase,we canseethat the measured
photosaturationcurrentsandthe valueswe calculatefrom TIMED andthe aluminiumyield function match
ratherwell. Onecanclearly seein the datathesamevariations,on a shortperiodcorrespondingto thesolar
rotation,onanannualscaledueto thevariationof distanceto thesun,andthedecliningtrendof thesolarcycle.
Higher valuesaroundthe ”Halloweenstorms”of October-November2003arealsoclearly detectablein both
datasets.However, therearealsofeaturesthatdonot �t betweenthedatasets.In general,thereis atendency in
thedataderivedfrom theUV datato show ahigheramplitudeof theshort-term(solarrotation)�uctuationsthan
do theactuallymeasureddata.In addition,theUV-deriveddatagive lower valuesthantheEFW photocurrent
measurementsfor early 2003,while the oppositeis true for mid-2006. Thesedifferencesaresystematicand
similar betweenall 14 operationalEFW probes,but their causesyet remainto beexplained.
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Fig. 2. Upperpanel: Thephotoemissionsaturationcurrentasmeasuredby Cluster/EFWprobenumber2 onClusterspacecraft3 (blue)andcalculated
from TIMED/SEE UV datausinga yield function for aluminium(red) andDAG-213(green). Lower panel: The yield functionsused. The yield
functionfor DAG-213hasbeenlinearly extrapolatedby usbelow 80nm.

It is of interestto notethat theUV-deriveddatafor Aquadaghasnowwhereasgoodanagreementwith probe
photosaturationcurrentmeasurementsasdo thedatabasedon thealuminiumyield pro�le. Increasingalsothis
yield functionby 10%would helpsomewhatbut not solve theproblem.This might betakento imply thatthe
Aquadagcoatingis not very stablein spaceandcouldwearoff on a timescaleof a year, or that theAquadag
layer is so thin that it haslittle impacton thephotoemission.However, morework remainsto do beforeany
�nal conclusioncanbedrawn. It is notclearthatthetestedmaterialsarefully equalto theClustersamples,and
oneshouldalsonotethattheAquadagmeasurementsaresigni�cantly olderthanthealuminiumdataandends
arti�cially at80 nm,below whichwe have extrapolatedthem.Nevertheless,thematterdeservesinvestigation.

3.3 Deriving yield from satellitedata

Is thereawayto determinetheactualyield functionfrom theprobecurrentandsolarUV data?If so,thiswould
have thepossibility to determinethis propertyof theprobesurfacematerialwhich might helpfor studyingits
evolution. It wouldalsohave thepotentialto �nd ayield functionwithout theproblemsof reproducingthedata
in smallestdetailthatwe discussedabove. Canwe �nd sucha function?

Formally, the answeris yes. Approximatethe integral in Equation(3) by a sum. Given a large setof probe
currentsandsolarUV spectra,we have a linearsystemof equations.Thesystemis probablyoverdetermined,
but we cansolve it in a leastsquaressense.However, theyield functionmustberestrictedto positive values,
a restrictionnot likely to resultfrom anordinaryleastsquaresmethod.We thereforeusedtheLSQNONNEG
algorithm,which restrictssolutionsto positive values[23]. However, the attemptwasnot very succesful,as
canbe seenin Figure3. While the calculatedphotoemissionin theupperpanel(red) reasonablyfollows the
measuredvalues(blue) in someaveragesense,the agreementis hardly any betterthan in Figure2. Some
aspectsareworse,i.e. the exaggerationof solarrotationperiodsignals. But moreimportantis that the yield
function,shown in thelowerpanel,is physicallyunrealistic:all emissionis concentratedinto a few peaks.

To derive the yield function in Figure3, we usedall datafrom all probeson all spacecraft,2003–2006.If



Fig. 3. Upperpanel: Thephotoemissionsaturationcurrentasmeasuredby Cluster/EFWprobenumber2 onClusterspacecraft3 (blue)andcalculated
from TIMED/SEEUV datausingayield functiondeterminedfrom all probesonall Clustersatellites,shown in thelower plot.

restrictingto somesubsetof thedata,thenon-negative leastsquares�t still picksout only a few wavelengths
asnon-zero,but thewavelengthsit pickswill be differentfor eachsubset.This is a naturalbehaviour of the
algorithmon noisy data,further illustrating the unphysicalnatureof the result. The attemptto optimizethe
yield functionin thisway thusfailed.

4. COMPENSATING Vps DENSITY ESTMATES FOR VARYING UV

4.1 Relation of density to Vps in the solar wind

To empirically study the in�uence of varying UV �ux on the n(Vps) relationwe have comparedthe Clus-
ter/EFW Vps data to density data obtainedby the ClusterIonSpectrometer(CIS) instrument[24, 25] in
the solar wind. We restrictedthe study to Cluster 3 and data for February-Marchfor the years2003-
2006. In this period, we identi�ed solar wind intervals manuallyusing the CSDSweb plots, available at
http://www.clust er .r l. ac. uk / . We only usedintervals whereCIS ran the HIA sensorin a mode
optimizedfor solarwind measurements.For Vps aswell asCISdensity, weusedthespinresolutiondataavail-
ablein the ClusterScienceDataSystem(CSDS)[26]. This resultedin some1.1 million datapoints(spins),
plottedasa two-dimensionalhistogramin the left panelof Figure4. Thepointsclearly linesup very well in
this log-log-diagram,showing aquitewell de�ned n(Vps) relation,whichwewill now seekto furtherimprove.

4.2 Compensatingfor UV variations

The datapresentedin Section3.2 clearly showed the covariationof the photosaturationcurrentI f0 with the
solarUV emissions.Accordingto Equation8, therelationn(Vps) mustthenalsodependon theUV �ux, and
weshouldtry to compensatefor this.

What is thebestmeasureof solarUV for this purpose?Themostobviouscandidatemustbeour measurment
of I f0 itself (Section3.1), as I f0 is the quantityactually turning up in Equation(8). We could also think of
usingthephotoemissioncurrentasderived from theTIMED/SEEUV spectraandan assumedphotoelectron
yield function,asin Section3.2, thoughthatwould restricttheuseof our resultsto theperiodsinceTIMED
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Fig.4. Two-dimensionalhistogramsof solarwind plasmadensityfrom Cluster/CISandprobe-to-plasmapotentialfrom Cluster/EFW, all from Cluster3
for themonthsFebruary-Marchin theyears2003-2006.In the right panel,thedensitydatahave beencompensatedfor the varyingphotoemission
current.Thecolourcodingis numberof pointsperbin: thetotalnumberof datapointsis around1.1million.

becameoperational.Anotherideais to useasolarUV proxy, in orderto extendthepossibleuseof themethod
to periodsbeforethelaunchof TIMED. A simpleandoftenusedsolarUV proxy is theintensityof the10.7cm
solarradioemissionline. This quantity, known asF10:7 or F10.7,hasbeenmeasureddaily since1948andis
easilyavailable. More re�ned UV proxiescanbeconstructedfrom F10.7and/orotherdata,for instancefrom
UARS[27]. An exampleis theE10.7index [28], but for its simplicity andwideavailability, wehereuseF10.7,
whichhasareasonablecorrelationwith theintegratedTIMED/SEEUV �ux on longtimescalesascanbeseen
in Figure5.

We thusconstructedtwo compensateddensitymeasures,

nI (t) =
< I f0 >
I f0(t)

n(t) (9)

and

nF(t) =
< F10:7 >
F10:7(t)

n(t) (10)

wherethebracketsdenotetimeaveraging.Fromthepointof view of usingVps asadensityproxy, it mayseem
backward to normalizethedensityin this way, but the ideahereis only to seethe in�uence on thespreadof
datapointsof sucha normalization.The ideais that we would �rst establisha relationof the form n I (Vps),
apply this to Vps data,and�nally geta goodestimateof therealdensityasa functionof time by inversionof
(9).

The �rst of thesecompensateddensities,n I , is plottedversusVps in the right panelin Figure4. Comparing
to the raw datain the left plot, it seemsclearthat thepointsnow align better, with lessspreadperpendicular
to theapproximateline on which they almostline up. To quantify this impression,we calculatedlinear least-
squares�ts for eachof theplots,andlooked at the root meansquaredeviation of thepointsfrom this line in
thevertical (log density)direction.Theresultis 0.99for theraw datan, 0.87for F10.7-compensateddatan F

(not plotted),and0.81for current-compensateddatan I . Theimpressionthatthespreadis reducedin theright
panelof Figure4 is thusquantitatively veri�ed. Interestingly, evenF10.7,which is a ratherinexactUV proxy,
sign�cantly reducesspread,thoughit is likely to introducesevereerrorsfor someindividual datapoints(note
theoutliersin thelowerpanelof Figure5).

5. CONCLUSIONS

In thisstudy, wehave undertakentwo relatedinvestigations:to studythecovariationof thephotoemissiondata
from Cluster/EFWwith theUV spectrafrom TIMED/SEE,andto investigatea methodfor improving theuse



Fig. 5. Timeseriesof theintegratedTIMED/SEEUV �ux (upperpanel)andtheF10.7index (centrepanel),anda scatterplot of thetwo quantities.

of Vps dataasadenityproxyby compensatingfor UV �ux variations.Comparingphotoemissioncurrentsfrom
Langmuirprobesto EUV measurementsis notnew: agoodexampleis thePioneerVenusOrbiterinvestigations
by Braceet al. [29], which have beenusedasa measureof the integratedsolarUV �ux [30]. However, the
availability of daily UV spectraaswell asLangmuirprobedata,bothobtainedaroundthesameplanet,makes
thedatasetwehave usedunique.

1) The photoemissioncurrent determinedfrom Cluster/EFWprobe bias sweepscorrelatewell but not
perfectlywith UV �ux measurementsfrom TIMED/SEE.

2) The photoelectroncurrent calculatedfrom TIMED/SEE data and laboratoryphotoelectronyield for
aluminiumreproducestheobservedcurrentwell.

3) Laboratoryphotoelectronyield for theoriginal probecoating(Aquadag)only givesaround60%of the
observedphotoemission.Thereasonfor this reaminsto investigate.

4) Theuseof spacecraftpotentialasaproxy for plasmadensitycanbeimprovedby correctingfor UV �ux
variations.Evena roughUV proxy like F10.7signi�cantly reducesthedataspread.
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