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PHOTOEMISSION CURRENT AND SOLAR EUV RADIATION:
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SolarEUV radiationcausegphotoemissiorfrom conductorsn space.We comparemeasurements
of photoelectroremissionfrom the EFW instrumentson the Clustersatellitesto solarEUV datafrom
TIMED/SEE for the years2003-2006 Comparingthe variations(solarrotation,annual solarcycle) of
thetwo quantitieswe canstudythe photoelectroryield functionthatshouldrelatethem. We nd that
noyield functioncangive perfectagreemenbetweerthe datasets but thatreasonableorrespondence
is achieved by the photoelectroryield of pure Al. We also shav that taking solar EUV variations
into accountwhencalibratingspacecrafpotentialdatafor useasa densitymeasuremergigni cantly
increasesheaccuray.

1. INTRODUCTION

In tenuousplasmas,emissionof electronsfrom a spacecrafexposedto ultraviolet (UV) radiation by the
photoelectriceffect is a major featureof the spacecraft-plasmiateraction. In sufciently tenuousplasmas,
the spacecrafbecomegositively chagedin orderto maintaincurrentcontinuity In thesetenuousplasmas,
ion currentsaresmall, andthe only othersourceof currentis the plasmaelectrons.The fewer suchelectrons
thereare available, the higher potentialmust the spacecrafattainin orderto dragbacka sufcient part of
its emittedphotoelectron$l, 2]. This is becausahe photoelectronsvill have a distribution decreasingvith
increasingenepy, oftenassumedo be Boltzmannian.

The spacecrafpotentialcan be estimatedfrom Langmuir probe bias voltage sweepd3, e.g.] or from the
voltage of probesfed with bias current[4, e.g.]. The latter caseis often the more convenient, as this
providesa continuousneasuremergndis a naturalby-productof electric eld measurementsy double-probe
instrumentg5]. The quantity directly measureds the probe-to-spacectiapotential Vs, which hasusually
assumedo differ from Vs only by the small voltagedrop over the probesheath.While recentsimulations
by Cully et al. [6] shaws thatthis is normally not true becausehe electrostatiqotentialfrom the spacecraft
hasusuallynot decayedully atthe locationof the probe,therelationbetweerVs andVps will still be linear
to goodapproximation We canthereforeuseVs andV,s interchangeablyThe methodto useV,s asa density
proxy thereforeworkswell in practice whereoneusuallycalibrateghen(Vys) relationusingobserationsin a
regionwheren canbe determinedy othermeand4, 7, 8, 9].

As thebasisfor thismethods thebalancingof theelectronscarriedto andfrom thespacecrafby photoemission
and plasmaelectroncollection, respectiely, it is clearthat the corversionof Vps measurementt density
estimatesnustdependon the solarUV ux. To investigatethis relationis the primary taskof this study In
Section2, we expandthe qualitatve argumentsabove to shav how theUV ux entersthe densityVs relation.
To experimentallystudythe UV in uence on spacecrafphotoemissionywe combinephotoemissiosaturation
currentdeterminationgrom the EFW instrumenton the Clustersatelliteswith UV spectradrom TIMED/SEE
in Section3. We go on to seethe effect of compensatindor UV ux variationsin Section4, and nally
summarizeour resultsin Section5.



2. GENERAL CONSIDERATIONS

The electrostatigpotentialof a spacecraftith respectto the surroundingplasma,Vs, is determinedby the
requirementhatall currentsto the spacecrafmustaddup to zero. In mary casesit is sufcient to consider
threecurrentsourcesthe currentsdueto captureof plasmaelectronsandions,denoted ¢ andl, respectiely,
andthe currentdueto emissionof photoelectronsl¢. It is corventionalto de ne currentsas positve when
o wing from the spacecrafto the plasmasol ¢ is positve while |; andl ¢ arenegative. The exactexpressions
for how thesecurrentsdependon Vs will vary with spacecrafgeometryand plasmaregime (dense/tenuous,
magnetized/unmagnetid subsonic/supersanio w, etc), but it is always possibleto de ne a characteristic
magnitudefor eachof these.For | ¢, the characteristienagnitudds normally the thermal(or random)electron
current[10], r

KTe

2 me 1)
whereA. is the effective electroncollectionareaof the spacecraftn is the electronnumberdensity e is the
electronchage, K Te the characteristi@lectronenegy in the plasmaandmg is the electronmass.A similar
expressionoften appliesto the ions, with olbvious substitutionsof parameterselevant for theions, thoughin
the commoncaseof supersonigon o w with respecto the spacecraftthe relevant characteristigon current
ohviouslyis

I e0 = Aene

lio = Aineu; 2)

whereA. is the effective ion collectionareaof the spacecraftbasicallythe crosssectionin the o w direction)
andu is the plasma o w speedn the spacecrafframe of reference.The more complicatedcaseof ion ow
speedof sameorderasthe ion thermalspeed treatedby e.g. Medicus[11, 12] andHoegy andBrace[13],
is still possibleto formulatein termsof thesecharacteristicurrents.Finally, the photoelectrorcurrenthasa
characteristienagnitude 7

lo=Ar Y()F()d 3

dependingon theultraviolet (UV) ux F ateachwavelength aswell ason the photoelectroryield function
Y ( ) of thespacecrafsurfacematerial[14]. The effective photoemissiorareaA; is the areaof the spacecraft
projectedo the UV sourceusuallythesun.

Fromthe viewpoint of spacecraft-plasmiateractionspnemayreasonablhyde ne a plasmaasdensewhenl g

is smallcomparedo thetwo othercurrentswhichin practicewill meanthatit is smallcomparedo | ip, which

alwaysis muchsmallerthanl ¢q. If lip I but lep & 1o we may similarly classifythe plasmadensityas
intermediatewhile the plasmais tenuousf | ¢g < Ig. In thelastcasethe spacecrafpotentialwill be positive.

At Earthorbit, supersonidon o w is common(typical for ary spacecrafin theionospherer solarwind, for

example, andactuallyalsoin the magnetotailobes[15, 16]), andtypical valuesof u andl x=As areafew km/s
andafew tensof A/m?, respecirely [17, 14, 4]. Usingequation(2), we thus nd thatterrestrialplasmasare
densein this sensewhenthe plasmadensityis some10* cm 2 or higher Thelimit for wherethe plasmais

tenuousn this sensewill vary with the electronenegy, but maytypically bearound100cm 3. In thetenuous
andintermediatecasesthe equilibriumspacecrafpotentialwill begivenby therelation

le(Vs) + 11(Vs) O (4)

As | ¢(Vs) dependon n, we seethat for stationaryUV emission,it is possibleto derive the plasmadensity
from a measuremertf Vs. As thedensityof atenuousplasmais dif cult to determineby othermeansbut is
fundamentato know for understandingpaceplasmasthis obseration hasformedthe basisof the very useful
densitymeasuremennethoddiscussedn Sectionl.

Different functional forms for 1¢-t(Vs) may apply in different circumstances.However, two generaland
reasonabl@hysicalrequirementsrethatthe currentswill all begrowing functionsof Vg, i.e.

dIe;f;i

Vs 0; 5)



Proceeding®f the 10th Spacecaft Chamging Tedhnolagy Confeence, Junel8-21,2007

andthatthey all goto zeroin onelimit: 1casVs! 1 ,ljandl;asVs! +1 . Theseassumptionglone
leadto positive (negative) spacecrafpotentialsn sufciently tenuougdenseplasmaslf we write theelectron
currentas

le = leo9(Vs) = nh(Vs); (6)
andthe photoemissiorturrentas
= lof(Vs); (7)
the densityis foundfrom obsered Vs by useof (4) as
= lelVs) - 1i(Vs) _ | T (V).

h(Ve) ~ h(Vs) 'h(Ve) ©
Why this exercise?Theimportantpointis that Equation(8) shawvs thatary errorin our knowledgeof | o will
propagateo anequalerrorin thedensityestimaten. But asl 1o dependdinearyontheUV ux (Equation(3)),
it is clearthatary corversionof spacecrafpotentialto plasmadensityaimingto beaccuratever atime period
so long thatthe UV ux canchangeappreciablymustinclude somemeasureof the UV ux. In the next
Section,we investigatethe variationsof 1 andUV ux, andreturnto thein ucence of the UV ux onthe
n(Vs) relation,or equivalentlythen(V,s) relationwhichis whatis actuallyestablishedrom measurements
Section4.

3. PHOTOEMISSION DATA ANALYSIS
3.1 Photoemissionrmeasuements

To determinethe photoemissiorsaturationcurrentl g, we usethe probebias voltage sweepsegularly per
formedby the ElectricFieldsandWaves(EFW) instrumentg18] on eachof ESAsfour Clustersatelliteg19].
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Fig. 1. A probebiasvoltagesweepfrom Probe2 of the EFW instrumentbon Clusterspacecraf8, acquiredon February2, 2003,at01:23:22UT.



The EFW probesarealuminiumsphereof radius40 mm, coveredby a conductve Aquadagcoatingintended
to provide uniform photoemissiomroperties.They aremountedon thetips of four wire boomsextending44 m
from the spacecrafspinaxis,forming a symmetriccrossin thespinplane.Thespinrateis closeto 15rpm. An
exampleprobevoltagebiassweepis shavn in Figurel. Suchsweepsareobtainedon averageonceevery four
hoursfor all operationaEFW probes.Eachsweeptakeslessthana secondandis really a doublesweep:the
biaspotentialis rst variedfrom maxnegative to max positive valueandthenbackagain. Thereddatapoints
in Figure 1 shav the datapointsusedfor determiningthe photoelectrorsaturationcurrentl s, which areall
from thelater (downsweepingpart of the sweep. The apparentifferencein photoemissiorfor the upsweep
andthe downsweeps dueto differentspin phase:while the probeassuchis symmetric,it is connectedo a
thin (diameter0.5mm) wire connectingt to thethicker wire boom1.5m away. This makesthe photoemitting
surfaceof the probevary by almost10% duringthe spin, but aseachsweepis startedat the samespin phase
anglewith respecto the sunby useof the sunpulsefrom the onboardsolarsensarthis will notbea problem
for our statisticsaslong aswe stick to usingthe samepart of the sweepall the time. We have chosenthe
downsweeppart.

Thegreenline shavsaleastsquarest to theredpoints,almost at asexpectedor aprobeat negative potential
with respecto the surroundingplasmaandall photoelectronaredrivenaway. For automaticextractionof | 5o
from the sweepswe usedan algorithm[20] basedon nding the "knee” of the sweep,i.e. the biasvoltage
belonv whichthe currentis at andrepresentind 1o, by useof the continuousV,s valuesobtainedaroundthe
sweep. Additional criteria on stability, outliers, small risk of ion currentcontaminatioretc. were applied,
andwe restrictedoursehesto the period2003-2006 whencomparisorlJV datafrom TIMED wereavailable
(Section3.2) andCluster/EFWsweepsvereobtainedregularly. As thetotal databasés large (around100,000
sweepsvailablefor theyears2003—2006)we couldapplyratherstrict criteriaon thedataandstill getauseful
statisticalsample:somel0,000sweepsemainedo give photoemissiorestimates.The resultingtime series,
smoothedvith a 3-daymoving average lter, for EFW probe2 on Cluster3 is shawvn asthe blue pointsin the
upperpanelof Figure2. We will returnto the furtherdetailsof this gure lateron.

3.2 Solar UV measuements

Sinceits launchin Decembe001,the SEEinstrumenton NASA's TIMED satellite(sun-synchronousrbit,

625km altitude)is thebestavailablecontinuougprovider of solarUV data[21]. We have usedthestandardlata
product(available at CDAWweb), which givesone UV wavelengthspectrum obtainedduring a few minutes
time onceeachTIMED orbit, in 1 nm binsfrom 1 nm to 194 nm. As thereis no synchronizatiorbetween
Cluster/EFWsweepsand TIMED/SEE spectraimeasurementsye have interpolatedandmade3-dayrunning
averagesDatacanthereforebe presentedn acommontime line, but to actuallycomparehetwo datasets we

needa meando relatethem. Thisis providedby theyield functionintroducedn Equation(3). Yield functions
for thematerialsof interestfor the EFW probesaluminiumandAqguadag have beenpublishedoy Samsorand

Cairns[22] andFeuerbacheandFitton[17]. Thesefunctionsareshavn in thelower plot of Figure?2.

Whentheseyield functionsare convolved with the TIMED/SEE UV spectraaccordingto Equation(3), we
getthered (aluminium)andgreen(DAG-213)curesin the upperpanelof Figure2. Theyield measuredor
aluminiumhasbeenincreasedby around10%to bettert theactuallymeasuregrobecurrent(bluedatapoints
in upperpanel). This increasecan be motivatedby the actualincreaseof the photoemittingareaelectrically
connectedo the probedueto the thin wire (Section3.1). With this increase we canseethatthe measured
photosaturatiorturrentsand the valueswe calculatefrom TIMED andthe aluminiumyield function match
ratherwell. Onecanclearly seein the datathe samevariations,on a shortperiod correspondingo the solar
rotation,onanannualscaledueto thevariationof distancdo the sun,andthedecliningtrendof thesolarcycle.
Higher valuesaroundthe "Halloweenstorms”of OctoberNovember2003arealsoclearly detectablen both
datasets.However, therearealsofeatureghatdonot t betweerthedatasets.In generalthereis atendenyg in
thedataderivedfrom theUV datato shav ahigheramplitudeof theshort-term(solarrotation) uctuationsthan
do the actuallymeasurediata. In addition,the UV-derived datagive lower valuesthanthe EFW photocurrent
measurementor early 2003, while the oppositeis true for mid-2006. Thesedifferencesare systematicand
similar betweenrall 14 operationaEFW probesput their causesyetremainto be explained.
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Fig. 2. Upperpanel: Thephotoemissiorsaturatiorcurrentasmeasuredby Cluster/EFWprobenumber2 on Clusterspacecraf8 (blue)andcalculated
from TIMED/SEE UV datausinga yield function for aluminium(red) and DAG-213(green). Lower panel: Theyield functionsused. Theyield
functionfor DAG-213hasbeenlinearly extrapolatedby usbelov 80 nm.

It is of interestto notethatthe UV-derived datafor Aquadaghasnowvwhereasgoodan agreementvith probe
photosaturatiogurrentmeasuremensdo the databasedn thealuminiumyield pro le. Increasingalsothis
yield function by 10% would help somevhatbut not solve the problem. This might be takento imply thatthe
Aquadagcoatingis not very stablein spaceandcouldwearoff on atimescaleof ayear or thatthe Aquadag
layeris sothin thatit haslittle impacton the photoemissionHowever, morework remainsto do beforeary

nal conclusioncanbedrawn. It is notclearthatthetestedmaterialsarefully equalto the Clustersamplesand
oneshouldalsonotethatthe Aquadagmeasurementaresigni cantly olderthanthe aluminiumdataandends
arti cially at80nm, belov whichwe have extrapolatedhem.Neverthelessthe matterdeseresinvestigation.

3.3 Deriving yield from satellite data

Is thereawayto determingheactualyield functionfrom the probecurrentandsolarUV data?If so,thiswould
have the possibility to determinethis propertyof the probesurfacematerialwhich might help for studyingits
evolution. It would alsohave the potentialto nd ayield functionwithoutthe problemsof reproducinghedata
in smallestdetailthatwe discusse@bove. Canwe nd suchafunction?

Formally, the answeris yes. Approximatethe integral in Equation(3) by a sum. Given a large setof probe
currentsandsolarUV spectrawe have alinear systemof equations.The systemis probablyoverdetermined,
but we cansolwe it in aleastsquaresense However, theyield function mustbe restrictedto positive values,
arestrictionnot likely to resultfrom anordinaryleastsquaresnethod. We thereforeusedthe LSQNONNEG
algorithm,which restrictssolutionsto positive values[23]. However, the attemptwasnot very succesfulas
canbe seenin Figure3. While the calculatedohotoemissiorin the upperpanel(red) reasonablyfollows the
measuredialues(blue) in someaveragesense the agreements hardly ary betterthanin Figure2. Some
aspectareworse,i.e. the exaggeratiorof solarrotationperiodsignals. But moreimportantis that the yield
function,shavn in thelower panel,is physicallyunrealistic:all emissionis concentrateéhto afew peaks.

To derive the yield function in Figure 3, we usedall datafrom all probeson all spacecraft2003—-2006. If
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Fig. 3. Upperpanel: Thephotoemissiorsaturatiorcurrentasmeasuredby Cluster/EFWprobenumber2 on Clusterspacecraf8 (blue)andcalculated
from TIMED/SEEUV datausingayield functiondeterminedrom all probeson all Clustersatellites shavn in the lower plot.

restrictingto somesubsebf the data,the non-ngative leastsquarest still picks out only a few wavelengths
asnon-zero,but the wavelengthsit pickswill be differentfor eachsubset.This is a naturalbehaiour of the
algorithmon noisy data, further illustrating the unphysicalnatureof the result. The attemptto optimizethe
yield functionin thisway thusfailed.

4. COMPENSATING V,s DENSITY ESTMATES FOR VARYING UV
4.1 Relation of densityto Vps in the solar wind

To empirically study the in uence of varying UV ux on the n(Vps) relationwe have comparedhe Clus-
ter/EFW Vs datato density data obtainedby the Clusterlon Spectromete(CIS) instrument[24, 25] in
the solar wind. We restrictedthe study to Cluster 3 and datafor February-Marchfor the years 2003-
2006. In this period, we identi ed solarwind intenals manually using the CSDSweb plots, available at
http://www.clust er.r I. ac. uk/. We only usedintenals whereCIS ranthe HIA sensorin a mode
optimizedfor solarwind measurementsor V,s aswell asCIS density we usedthe spinresolutiondataavail-
ablein the ClusterScienceData System(CSDS)[26]. This resultedin somel.1 million datapoints(spins),
plottedasa two-dimensionahistogramin the left panelof Figure4. The pointsclearly linesup very well in
thislog-log-diagramshawing a quitewell de ned n(Vys) relation,whichwewill now seekto furtherimprove.

4.2 Compensatingfor UV variations

The datapresentedn Section3.2 clearly shaved the covariation of the photosaturatiorcurrentl s with the
solarUV emissions Accordingto Equation8, therelationn(V,s) mustthenalsodependontheUV ux, and
we shouldtry to compensatéor this.

Whatis the bestmeasuref solarUV for this purpose?The mostobvious candidatenustbe our measurment
of I itself (Section3.1), asl ¢ is the quantity actuallyturning up in Equation(8). We could alsothink of
usingthe photoemissiorcurrentasderived from the TIMED/SEE UV spectraandan assumeghotoelectron
yield function,asin Section3.2, thoughthatwould restrictthe useof our resultsto the periodsince TIMED
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Fig. 4. Two-dimensionahistogram®f solarwind plasmadensityfrom Cluster/ClSandprobe-to-plasmaotentialfrom Cluster/EFWall from Cluster3
for the monthsFebruary-Marchn the years2003-2006.In the right panel,the densitydatahave beencompensateébr the varying photoemission
current.Thecolourcodingis numberof pointsperbin: thetotal numberof datapointsis aroundl.1 million.

becameoperational Anotherideais to usea solarUV proxy, in orderto extendthe possibleuseof themethod
to periodsbeforethelaunchof TIMED. A simpleandoftenusedsolarUV proxyis theintensityof the10.7cm
solarradio emissionline. This quantity known asF .7 or F10.7,hasbeenmeasurediaily sincel948andis
easilyavailable. More re ned UV proxiescanbe constructedrom F10.7and/orotherdata,for instancefrom
UARS[27]. An exampleis theE10.7index [28], but for its simplicity andwide availability, we hereuseF10.7,
which hasareasonableorrelationwith theintegratedTIMED/SEEUV ux onlongtime scalesascanbeseen
in Figureb.

We thusconstructedwo compensatedensitymeasures,

< |f0>

() = 0 ©
e )= SF1e7> 10
ne(t) = mn( ) (10)

wherethe bracletsdenotetime averaging.Fromthe pointof view of usingV,s asadensityproxy, it mayseem
backward to normalizethe densityin this way, but theideahereis only to seethein uence on the spreadof
datapointsof sucha normalization. The ideais thatwe would rst establisha relationof the form n; (Vps),
applythisto V,s data,and nally getagoodestimateof the real densityasa functionof time by inversionof
(9).

The rst of thesecompensatedensitiesn, is plottedversusVys in theright panelin Figure4. Comparing
to theraw datain theleft plot, it seemsclearthatthe pointsnow align better with lessspreadperpendicular
to the approximatdine on which they almostline up. To quantify this impressionwe calculatedinear least-
squarests for eachof the plots, andlooked at the root meansquaredeviation of the pointsfrom this line in
the vertical (log density)direction. The resultis 0.99for theraw datan, 0.87for F10.7-compensatethtan ¢
(not plotted),and0.81for current-compensatathtan,;. Theimpressiorthatthe spreads reducedn theright
panelof Figure4 is thusquantitatvely veri ed. Interestingly evenF10.7,whichis aratherinexactUV proxy;
sign cantly reducesspreadthoughit is likely to introducesevereerrorsfor someindividual datapoints(note
theoutliersin thelower panelof Figureb).

5. CONCLUSIONS

In this study we have undertakntwo relatedinvestigationsto studythe covariationof the photoemissiomata
from Cluster/EFWwith the UV spectrarom TIMED/SEE, andto investigatea methodfor improving the use



Fig.5. Time seriesof theintegratedTIMED/SEEUV ux (upperpanel)andthe F10.7index (centrepanel),anda scatterplot of thetwo quantities.

of Vps dataasadenity proxy by compensatinfor UV ux variations.Comparingohotoemissiorurrentsrom
Langmuirprobego EUV measuremenis notnew: agoodexampleis the PioneelenusOrbiterinvestigations
by Braceet al. [29], which have beenusedasa measureof the integratedsolarUV ux [30]. However, the

availability of daily UV spectraaswell asLangmuirprobedata,both obtainedaroundthe sameplanet,makes
thedatasetve have usedunique.

1) The photoemissiorcurrentdeterminedfrom Cluster/EFWprobe bias sweepscorrelatewell but not
perfectlywith UV ux measurementfsom TIMED/SEE.

2) The photoelectroncurrent calculatedfrom TIMED/SEE dataand laboratoryphotoelectronyield for
aluminiumreproduceshe obsered currentwell.

3) Laboratoryphotoelectroryield for the original probecoating(Aquadag)only givesaround60% of the
obseredphotoemissionThereasorfor this reamingo investigate.

4) Theuseof spacecrafpotentialasa proxy for plasmadensitycanbeimprovedby correctingfor UV ux
variations.EvenaroughUV proxy like F10.7signi cantly reduceghe dataspread.
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