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1. INTRODUCTION
1.1 Scope of document

This documentpresentshe resultsprovided by work packageWP120 of the spacecraft
charging study made at the Uppsala Division of the Swedish Institute of Bpgsesunder
contract from ESTEC 1996-1998. The central part of this work padékalje comparisorof
five Frejachargingevents,all includedin the WP130databasend presentedn WP110,t0
charging simulations using the POLAR code [c.f. Hilgers, 1994]. This documentwas
written with the following purposes:

 Give a brief introduction to spacecraft charging models

* Give a materials list of the Freja spacecratt

* Present Freja models for POLAR simulations

* Present environment models for POLAR simulations

* Present results of direct POLAR simulations using the above

* List input files for POLAR simulations

* Discuss the simulation results

» Suggest further investigations

* Suggest code development
The presentednput files for POLAR simulationsare extensivelycommentedin order to
facilitate their future use. These files have also been delivered to ESTEC in digital format.

1.2 Disposition

As explainedin WP110 and WP130, the Freja instrumentationmakes it possible to

experimentally study the charging of the whole spacecraftthans whatis modelledhere.
Differential chargingas suchis not a chief considerationin this work as no observational
Freja input exists, but some effects of local electrostatic perturbations are investigated.

From the detailed data analysis of WP HHdl the statisticalsurveyof WP130it is clearthat
spacecrafipotential levels below the expectedfloating potential, as basedon the thermal
plasmacharacteristicspften are observedon Frejapasseshroughthe auroral zone. It was
also shownin thesework packageghat the spacecraffpotentialin these casesis closely
correlatedto electronprecipitationabovesomekeV. In WP120, which is presentedn the
present section, wattemptto modeltheseresultsusing the numericalcodesSUCHGR and
POLAR, presentedn Section2 togetherwith a brief introductionto some of the basic
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physics of spacecraft charging. NASCMRSs usedin somepreliminarywork on this study
[Svensson,1996]. Our approachin simulationand modelling is that of an "unprejudiced
best-effort": we first describeand modelthe spacecrafandits surfacematerials(Section3),

then model its environment (Section 4) as accurately as possiblinatydusethis asinput
to POLAR, the code developéd dealwith auroralchargingphenomenan low-Earth orbit.

We also presentresultsfrom simulationsusing variationsof the environmentabnd material
parametersisedin the modelling. For the simulations(Section5), we use POLAR version
1.3.7. We find that POLAR used by us in this way does not reproduce the obseavgidg
levels, althoughvariation of materialor simulation parametersometimesget us close to

observedvoltages.Possiblereasondor the discrepanciesre discussed We concludethis

study with a summary and recommendationgor further investigationsand software
development in Section 6.

1.3 Related documents

Work packageWP100 (Analysis of Freja chargingevents)is presentedin the following
documents:
* SPEE-WP110-TN: Charging events identification and case study of a subset
of them. Referred to as WP110.
» SPEE-WP120-TN: Modelling of Freja observations by spacecraft charging
codes (this document).
* SPEE-WP130-TN: Statistical occurrence of charging events. Referred to as
WP130.
WP100is alsopresentedn Chapter4 of the SPEEfinal report, which in addition contains
information on the other work packages in the SPEE contract.
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2. MODELLING SPACECRAFT CHARGING

Thereexist a hugeliteratureon the subjectof spacecraft-plasmiateraction,and we do not
intend to review it here. For good introductionsto the subjectin general, see the recent
textbooks by Tribble [1995] or, more detailed, Hastings and Garrett [19861ings[1995]
gives a review of the processegarticularly important at low Earth orbit. The published
literature also includes several numerical studies of spacebeafjingusing NASCAP [e.g.
Frezet et al., 1989] or POLAR [e.g. Katz et 4B89]. Here we intendjust to point at some
fundamentals important fahe understandingf the Frejachargingevents,particularly how
they are modelled by the POLAR charging code.

2.1 Spacecraft Charging Codes

Several software tools for modelling spacecraft surface chargingMxeistwell known and
commercially available ithe NASA Chargingand Analysis Program,NASCAP, developed
in the USA in 1980s. The original version of NASCAP, also known as NASCAP-G&e,
intendedfor simulationof geostationanprbit conditions, but a version NASCAP-LEO for
low Earthorbits hasalso beendevelopedFor the study of chargingeffectson satellitesin
polar orbits, the code POLAR was developed from NASCAP in the late eighties. PRASAR
additional capabilities to model auroral electron precipitatidnich is the essentiasourceof
spacecraft charging on polar orbits. In Russia, the ECaRrtMCOULOMB codeshavebeen
constructedand used[e.g. Danilov et al., 1998; Krupnikov et al., 1992]. Thesecodes,
which are not considered in the present work, are reported to be similar to NABGédpe
but with extendedcapabilitiesfor modelling of radiationinduceddischargegor the 12 hour
Molniya orbits [Hastingsand Garrett, 1996]. Commonto theseand most other spacecraft
charging codes is that they use quasi-analytical models for gartsof the calculationsfor
examplefor the wake structure,ratherthan doing a completeparticle-in-cell simulation or
numerical solution othe Vlasov-Poissorequationdor the spacecraft-plasmsystem.There
exist 2D patrticle-in-cell codes for charging studies [e.g. Usui €1283], and 3D codesare
underdevelopmentput at presentonly the semi-phenomenologicalodesmentionedabove
are widely available and applicable to practical situations.

POLAR has previously beenappliedto among othersthe SPEAR-1 rocket [Katz et al.,
1989], the CHARGE-2 rocket payload[Mandell et al., 1989] and to the DMSP satellites
[Cookeetal., 1989]. For modelling of Frejachargingevents,typically at around 1500 km
altitude in the auroral zone, POLAR was chosenas the most appropriatetool presently
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available, although NASCAP was used as well in some prelimimarl [Svensson,1997].
We have also used the program SUCHGR that is distributed with the POLAR code.
SUCHGR is a simplified code modelling the spacecrafias a homogeneousphere,while

POLAR allows detailed modelling of the spacecrBf2LAR and SUCHGR are describedn

detail in the POLAR User's Manual [Lilley et al., 1989, hereafter referredRUSY. In the
context of the present study it is necesdaryavesomeknowledgeof what POLAR cando

and what it cannot, as this clearly is important for understanding the resultsohthations
of the Freja charging events. This discussionis given in the following section, where
spacecraft charging physics is discussed with particular reference to POLAR.

For the simulations, we have run the POLAR software on Sun workstations (Sgar,
20 and UltraSparaunning Solaris2.5 and 2.6. For presentatiorof results,the TRMTLK,
SHONTL and PSTPLT packages in POLAR has been used as well as some Matlab routines.

2.2 Current Balance

An object placed in a plasma will always collect some of the plasma particlesttiae bulk
and thermal motion with respect to the object. A spaceordfie ionospheremagnetosphere
or solar windis no exception.In a plasmain thermalequilibrium, the electronshavehigher
speedthan the ions due to their lower massbut equal energy. This causesthe flux of
electronsto a spacecraftat plasmapotential to be greaterthan the ion flux, causingthe
spacecraft to charge negatively, unless other effects appear to chasgedhisn. Examples
of other effects could be emission of photoelectrons or emission of secetetdrgnswhen
the plasmaparticleshit the spacecraftsurface.The presenceof non-conductivematerials,
which may give local charging partsof the spacecraftpr biasedpartslike somescientific
instrumentsfor particle collection, may also perturb the electrostaticfield around the
spacecrafin sucha way that collection of one particle speciesis enhancedr decreased.
Whateverthe situation, at equilibrium the potentialsv, on the surfacesk constituting the
spacecraft boundary to space will be such that the total cutcetite spacecratft is zero:

n
2 1V Vy, .., V) = 0 (1)
k=1

This may be regardedas the fundamentakequationof spacecraficharging.It may be noted
that the actual chargedistribution, in units of coulombs,on the spacecraftneed not be
modelled: the surface potentials are completely govdogetie currentbalanceequation(1).
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Onemay also note that in general,the currentto any surfaceelementwill dependon the
potentialsof all surfaceelementsasthe total setof suchpotentialsdetermineshe potential
distribution in space outside the spacecraft, and hence patrticle trajectories,astedlow

of currents between surface elements. From now one, we will régard| asvectorsof n

components. The question now isfited the functionalform and parameter®f the function

(V). From a physicspoint of view, it is naturalto divide the total currentl(V) into the
contributions from severalifferent processeskor our purposesit is reasonablé¢o analyse
the total current as

I=li-le+Iph+lsetlsitIct+ g (2)

wherel; andle are thecurrentsdueto collectionof plasmaions and electrons, respectively,
Ipn is the current due to photoelectronemission, Ise and Is; are the currentscarried by
secondaryelectronsemitted due to impacts of electronsand ions, respectively,l. is the
current flowingby conductionto adjacentsurfaceelementsandto spacecrafbulk, andlq is
the displacement current, which may be important in time-dependent situations. Oalganay
include a term describing the backscatter of impinging particles, but this is &liviaksince
it may be describedby (energy dependent)coefficientsin front of the collected plasma
currents. Solving (1) with some appropriate models for (2) may not look like a datagk)g
but in fact it is. To find; andl we needto know the trajectoriesof particlesin the plasma,
and thus either calculate the potential field around the spacecraft and track pghrtcighit,
or have some other model.

The physics of spacecraft charging wiw be discussedy discussingeachof theseterms
in sections 2.3 — 2.6. Particular emphasis will be put on how PQtgesthe problems,as

this codehasbeenusedfor simulationof the Frejachargingevents.Othertermssometimes
included are the ion emission by particle or photon impact, which almost always is

negligible, and the backscatterof primary electronsand ions, which always is small

compared to the incoming fluxes and also cambdelledby adjustingthe incoming fluxes.

Artificial beams should need to be included for modeltifid-reja chargingeventswherethe

F6 electron gun [Haerendel et al, 1994perational put no sucheventshasbeenincluded
in this study.



2.3 Analytical and numerical models

For simple models likea homogeneouslgonductivesphericalspacecrafof uniform surface
it may at least sometimesbe possibleto write down closed-formexpressiongor 1(V),

although the presence of shielding and particularly wake effects enakehis problemhard
to solve [see Al'pert, 1983]. If the plasmais sufficiently tenuous,the electric fields
encounteredby the particles can be determinedfrom the boundary conditions without
reference to other particles in the plasma. Inltimg wherethe Debyelengthis muchlarger
than the spacecrafisize, fields will also decaywith distanceso slowly that the currentis
independent of the detailed structure of the field. Thisi@wvn asthe orbital motion limit or
OML, for which usefulanalyticalresultsexist [Mott-Smith and Langmuir, 1926; Medicus,
1962]. Consider a spherical spacecraft(probe) of radius a and homogeneoussurface
propertiesimmersedin an isotropic plasma.We assumethe decay of the potential with

distance from the centre of the sphere is such thatelectrostatidield canbe neglectedor

all r outside some valug which we define as the edge of the sheath arounspiheecraftlf

the plasma is tenuousmay go to infinity. For garticle specieswith a chargesuchthatthe
particles are attracted to the spacecraft at potantitiie currentcarriedto the spacecraftvill

be [Mott-Smith and Langmuir, 1926]

2qV

| = 47mqs® [V (v) dv + 4mmqa? [(1- VIV dv, qQV <0 3)
0 vy
where
2 _ a qv
vi=-2 —_— 4)

g-aZm’

g is the particlecharge,m particle mass,v patrticle speedandf(v) the distribution function.
We see that if the plasmatsnuousso that s is infinite, which is known asthe thick sheath
orbital motion limit (OML), we get a linea#V relation,whateverthe exactform of f(v) may
be. If s is finite, which caseis known as the sheathlimited case,an extra relation for
determinings must be supplied, likéhe Child-Langmuirlengthlaw or a numericalsolution.
For a practical situation in a finite sheaituation,suchas a spacecrafthargingapplication,
there may appeartrapped orbits within the sheathand other complicating factors, and
simulation and tracking of particle orbits or numerical solution of the Vlasov-Poisson
eqguations in the sheath is needed.
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The code SUCHGR usesthe simple model of a sphericalspacecraftvith no wake effects.

For a uniformly conductivespacecraftresultsbasedon such simplifications may often be

very good, particularlyif the Debyelength is large comparedto spacecrafdimensions.In

other cases, where a spacecraft with many different surfaces and a complicated getmetry is
be consideredr wake effectsareimportant,more elaboratecalculationsare needed.Codes

like NASCAP and POLAR divide the satellite into a seh sfirfaces, followinghe approach

of equation(1). To model how the currentto any surfacedependsnot only on its own
potentialbut also on the potentialsof the adjacentsurfacesandthe spacecraftulk, surface
resistivities as well as capacitive couplings between surface elements can be modelled.

For modelling a spacecraft-plasmateraction problem with negative charging, POLAR
typically starts from user-supplied input on the spacecraft geometmyatadials the plasma
parameters and initial potential of the spacecraft. An initial wake structegeisninedusing
geometricshadowingof the spacecrafior a neutralflow approximation. An initial sheath
edgeis fixed, andusing theseboundaryconditions Poisson'sequationfor the potentialis
solved. The motionsof testions are then trackedthroughthe field, and the currentsthey

carry to thespacecrafsurfacesare calculated.The currentsand densitiesdue to the repelled
electrons are calculated using a Boltzmann relation. The response of the spacecraftgurfaces
the incoming particle flux is calculated,resulting in a new potential distribution on the
spacecraft. This ithenusedasa new boundaryconditionfor Poisson'sequationwhich is
solved with the ion density found from the tracking processand Boltzmann distributed
thermal electronsproviding the chargedensity. Contributionsto the charge density from
high-energy electrons, secondary electrons, photoelectrons and backscattered panmictes are
modelled.

Evidently, the space charge limited case is ncoraplicatecto handlethanOML. However,
one may note that outside the sheath edge, OML conditions always lam@tailedtracking
of particle orbitsis needed this hasto be done only inside the sheath.This is utilised in
POLAR, which switches from OML relations to detailed particle trackirymesumedvell-
defined sheath edge, defined disfaultas |®/= 047 KT,/ e. POLAR also hasthe option of
using OML theory only and skip detailed particle tracking. Finally there is a hybrid tfithe
built into POLAR, where the OML calculation is dofog finding the distribution of currents
on different parts of the spacecraft, whereafter the total current carried &tyrdotedspecies
to the spacecrafts normalisedto the currentthroughthe sheathboundary.This approach
promisesto significantly reducethe amountof calculationsas comparedto the detailed
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particle tracking in the sheathut its usageis not well testedor documentedDavid Cooke,
private communication].

In a magnetiseglasma,calculatingthe current-voltageelationfor evena simple sphereis
very complicated,and few really useful closed-formresultsexist. POLAR can model the
trajectoriesof the attractedions taking magnetisatiorinto account.The effects seenwhen
including non-zero magnetic field in the Frejamulationsarefound to be small, as could be
expected as the gyroradii of the attracted ions are greater than thegppioatraftlimension
(about 1 m).

Equation (3) considered the attracted particle species. For a repelling potential, we instead get

| =4mqa’ J’ (1—%)v3f(v)dv, qv >0 (5)

J2qvim

irrespective of sheath thickness. Note that (3) and (5) are continuéeB. &tor the repelled
electrons, this analyticatesultis valid evenin a magnetiseglasma,and magnetisatiorcan
thereforegenerallybe neglectedfor the repelledspecies.An exceptionwould be the case
where a magnetic field line is cut at tywoints by spacecrafstructureswith plasmaopento
spacein betweenHowever,asdiscussedelow in Section6, magnetisatiormay have an
impact on the emissionof photoelectronsand secondaryelectronsin conditions of low
charging level.

2.4 Photoelectrons

Photoelectroremissionfrom surfacesexposedo sunlightprovidesan importantcurrentin
the chargingbalancefor a spacecraftin geostationaryorbit or elsewherein the tenuous
magnetospheric plasma. At Freja altitudes, the photocurrent is not as importathieaSEO
environment, although it certainly acts to stabilise the spacecraft poterstigdlinconditions.
The photocurrenfrom a surfaceis fairly simpleto model, at leastaslong as magnetisation
effectsare neglected For negativepotentialsthe photocurrenis essentiallyindependenof
the potential: all electrons escape from the surface. This may be clpntipedpresencef a
magneticfield, which may turn somephotoelectrondackto the spacecrafevenif they are
energetically allowed to escapgeaframboise[1988] found that for aninfinite planarsurface
with anangle@ betweenthe surfacenormalandthe magneticfield, the currentcarried by
emitted electrons decreases by a factofdbghere is nonormalelectricfield at the surface.

10
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If such an electric field is present, the quencheffgct becomedessimportant,andfor high
voltage charging, here defined as a high value of the ratio &/Bwrift speed tahe particle
speedat emission,the effectis negligible. Also, convexsurfaceswill be lesssensitivethan
an infinite plane, bukbbcally concavesurfaceswill on the otherhandbe more sensitive.The
effect may possibly be importantfor low-level chargingevents,where the normal electric
field is week. POLAR presentlydoes not include this effect, as is further discussedin
Section 6.

Another effect suppressinghe photocurrenis the formation of electrostaticharriersdue to
different voltageson different surfaceson the spacecraftas illustratedin Figure 1. Local
potentialminima may form in spaceoutsidea surface,turning back photoelectrongo the
surface. POLAR 1.3.7 includes a simpt@del of this phenomenorfseeSection6), known
to be importantin chargingin geostationaryorbit conditions [Purvis, 1983], where the
plasma density is low.

The electrostatic field maglso returnemittedparticlesto other points on the spacecrafthan
they were emitted from. These photoelectrons shbelaccountedor in the currentbalance
also for the surfacewhere they end up. This phenomenons incompletely modelledin

POLAR 1.3.7 (see section 6).

11
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Figure 1. A numerical solution of théwo-dimensionalaplaceequationabovea surfaceat
20 V with two small segmentsat 30 V. Equipotentiallines with 2 VV separatiorare shown.
The potential is put to zero tite upperboundary,andthe horizontalelectricfield is zeroon
the right andleft boundariesThe formation of a local potentialmaximumof a few volts in
space between and above the two small plates at 3@wdsnt. Sucha potentialcanform a
barrier for particles expelled from the surface between the two small plates with belengy
the magnitude of the potential barrier.

12
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2.5 Secondary electron emission

When an electron or ion hits a surface, one or several other electrons may befeomittbd
material,usually at fairly low energy(a few eV). The numberof electronsemittedfor each
incoming particleis known astheyield Y. For incomingelectrons,Y strongly dependson

their energyE. The yield curve Y(E) is obviously zero for zero energyand also zero for

infinite energy(asvery high energieggive very limited possibility of interaction),so there
must be at least one maximumbatween Experimentally most materialsare found to have
one maximumin theyield curve, at a few hundredeV (compareFigure 7). The maximum
value ofY may well exceeane:for aluminium,the peakyield is 0.97, while it is around3

for Teflon. Thus secondarelectronemissionmay be very importantto the current balance
for a spacecraft. A corollary is that simulations and calculations of spaqemteitialwill be

sensitiveto errorsin the model usedfor describingthe secondaryemission[Katz et al.,

1986].

The fact that the secondaryyield curveis peakedopensup for the possibility of bifurcated
equilibria in spacecraft charging physics. Consider the simpleofaseonductivespacecraft
in a plasmaonly consistingof monoenergeti¢sotropic electronsat someenergyE. In the
case of orbit limited current collection, the currenelactronshitting the spacecrafwill be a
linear function of thespacecrafpotentialV [Medicus, 1961], like the solid line in Figure 2.
In this simplified case,the hot electroncurrentmustbe balancedoy the secondarycurrent,
which depends ok + eV, which is the energyof the electronswhen hitting the spacecratft.
The secondarycurrentthusis a peakedfunction ofV, like the dashedine in Figure 2. The
simple sketch in Figure 2 shows the possibility of two points where the cupasatEeeach
other, and thusf two equilibrium potentialsin this case.In addition,any potentialbelow -
E/eis an equilibrium in this oversimplified case: in a more realgti@tion[e.qg. Lai, 1991],
this continuumof rootswould collapseto a singleroot. In sucha case,which equilibrium
actuallyis attainedwill dependon the history of the spacecraft-plasmanteractionand not
only on the instantaneous and local parameters.

13
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-Ele
Figure 2. Schematic of situationwith only hot monoenergetielectronsat energyE (solid)

andsecondaryemission(dashed).Thereare threepossibleequilibria: at any potentialV < -
E/e and at the two intersection points.

POLAR includeghe NASCAP algorithmsfor calculationof secondarycurrents.The inputs
neededare propertiesof surfacematerialsand spectraof incoming primary particles. All

materials known to NASCARreincludedin POLAR, andfor this study a numberof other
material specificationsprovided by ESTEC have also been used. As is the case with

photoelectronsPOLAR looks at the secondaryelectronsonly as a term in the current
balance:they are not trackedout in spaceand do not contributeto the calculatedcharge
density in the plasma. The treatment of current suppression due to pdtanteisis similar
that applied to photoelectrons (Section 2.4).

2.6 Charging dynamics

Dynamic effects may enterthe spacecraft-plasmanteractionon two levels. The first and
simplest level is when the boundary conditiam$he plasmaor for the spacecrafthangeso
slowly that the sheathppearsonstantto the particle on a time scaleit traverseshe sheath.
Dynamiceffectson this time scalecan be treatedby introducing a displacementurrentin
equation (2), thus requiring knowledge of the relevant capacitances.This can be a
complicatedtask, asunlessall partson the spacecraftare conductorsin contactwith each
other, there will be internal capacitanceswithin the spacecraft. The spacecraft-plasma
interactionmay in this situationbe modelledas a sequencef quasi-steadystates,which is
the approachtakenby NASCAP and POLAR. The usermustexplicitly providethe internal
capacitancedetweenvarious parts of the spacecraftwhile external capacitancedo the
plasma are modelled by the code.

14
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The secondand more advancedevel for treatingdynamicalsituationswould be to consider
not only quasi-steadytatesbut alsothe real dynamicsof the plasmaitself, down to Debye
lengthand plasmaoscillationscalesin spaceand time. This would allow the modelling of
wave generationand other time-dependenplasmaphenomenalput would require a full
plasmasimulation of the interaction, which would be very costly in terms of computer
power.

Correct treatment of charging dynamics including internal capacitances may lraperant
when studyingthe formation of differential chargingon a spacecraftyhich eventuallymay
lead to an arcing discharge.Our chief interestis the final equilibrium stateof the overall
satellite potential configuration, and we thereforedo not attemptto model the charging
dynamics.In particular,no estimateof internal capacitancess includedin the calculations.
For numericalreasonsa short timestephasto be usedin the simulations,but we do not
attemptto interpretthe timescalewe use as necessarilycorrespondingo the real charging
timescale One may note, however,that the chargingtimescalefor Frejais observedto be
short (on the order of a few milliseconds; c.f. WP110).

15
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3. THE FREJA SPACECRAFT

This section covers the aspects of Freja relevant for this spacecraft charging sirstuatyon
and presenta modelling of Frejafor POLAR. For a more detaileddescriptionof Frejaand
the instruments carried on it we refer to André [1993] and LuaddHaerende[1994]. We
first review thegeneraldesignin Section3.1. The materialsusedon Frejaarethenlistedin
Section 3.2. The Freja models for use with POLAR are described in Section 3.3.

3.1 General Freja design

Freja (Figures3 — 6) is a sun-pointingspacecraftvith solarpanelsplacedon aflat circular
surface. The overall diameter is 2.2 m. The spéarelplatform constituteshe "upper” deck
or platform. The "lower" deck is connectedto the uppervia a central aluminium tube.
Radially from this tube four support webs are mounted between the deckewEneleckis
1.2 m in diameter. The distance between the two decks is 0.44 m.

In the central tube two solid powered motors are mountedfacivgy "upwards", one facing
"downwards",which were usedto lift the spacecrafinto its final orbit. Each motor hasa
nozzlemadeof compositematerial. The conductivepropertiesof thesenozzles,which are
dielectricson ground, are not well known, but a carbonizationeffect during their use is
assumedo makeat leasttheir inner surfaceconductive. We havein this study represented
them by the conductive material CFRP (see then seotion)and a variation of this material
with very low conductivity. The spadeetweerthe decksis partitionedby the supportwebs
into four distinct compartmentsknown as instrumentbays, where the different booms,
scientific instruments and other system units are mounted.

An importantdesigngoal was to haveas muchas possibleof the outer surfaceelectrically
conductivein order to cancel electrical chargesinduced by the plasmaenvironmentand
prohibit differential charging.It is not possibleto achievea 100% coverageof the surface
with conductivematerial,as insulatingmaterialmustbe usedfor certainpurposes,suchas
insulatingan electrostaticprobe from the satellite. The total areaof exposedinsulatorson
Frejais about0.38 m2 (including enginenozzles)which may be comparedto the thermal
blanket exposed area of about 55 m

The basicstructureof the spacecrafts madeof honeycombaluminium. Structureelements

16
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extendingoutside blanketsare painted with white paint of type PCB-Z, assumedto be
conductive in space.

The eight identical solar panels are each covered by solar cells of ®.a@agiving a total
solarcell areaof 1.52 m2. A transparentonductivecoatingof indium tin oxide (ITO) is
applied to the solar panels in order to ensure conductivity.

To keep the temperature within desiraloteits, andto provide a conductiveouter coating,a
large part of the spacecrafincluding mostof the instrumentbays are coveredby Sheldahl
thermal blankets of aluminised Kapton with ITO coating.

Figure 3. The Freja mockup at the entrancehall of the Swedish SpaceCorporationin
Solna, showing the essentialfeaturesof Freja. In flight configuration, thermal blankets
covered the instrument bays.

17



WP120 TN 2.0

— STAR 134 rocket motor

Cylnger prabe / — Command reception antenna

/ /— S0 SeMaors
"/ / _~—Salar panels

E\F —Interfacering
;/_ with CZ-2C

Spin-up rocket

Spin-down rocket

B {-.' el MHF-WDUE‘S
X o .'I’
Wire boom —- i
assembly L
Thres axis
wave magne tometer
Auraral L &-banrd transmit shtenna
imaqer

STAR £B rocket mator

Figure 4. Some instruments and equipment on Freja. From André et al [1993].
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Figure 5. Freja structural concept. From André et al [1993].
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Figure 6. Primary structureand spacecraftcoordinate system (not identical to model
coordinate system in the simulations). Dimensions are in mm. From André et al [1993].
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3.2. Freja surface materials
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In order to accuratelymodel the spacecraftwe must know the propertiesof its exposed

surfaces. A detailed investigation of the Freja satellite has been performed, and a rigiterials

(Appendix A) hasbeencompiled. A summaryof the major surfacematerialsis found in

Table 1. Namesof modelmaterialsfor the POLAR simulationsarealso given in the table.

These model materials are further discussed bdtowpurposesf spacecraftharging,the

exposed insulators are of particular interest. These are listed in Table 2.

=)

hnd

54

Part Material Model Area Comment
material | [m?2]

Instrument bays Thermal blanket BLAN 2.8 Thermal blankets covering scientific
instrument electronic units and syster
units. Some exposed detectors.

Top and bottom Thermal blanket BLAN 2.7

platforms

Solar panels ITO coating ITOC 1.65

Central tube inner | Thermal blanket BLAN 1.1

mantle

Support webs (four) | Painted aluminium | PCBZ 4x0.7 Only exposed outer parts are painted
included in the area estimate.

Interface ring Al ALUM 0.5 Approximated as 2D ring,
r=1100 mm, dr = 37 mm

Main engine STAR | Titanium ALUM 0.4 Considered as mantle of cylinder r = 1

13A body mm, h = 396 mm.

Solar cell support Painted aluminium | PCBZ < 1.65 Some area covered by support webs and
bay blankets.

Sun sensors ITO coating ITOC 2 x 0.05 One on top, one on bottom platform.
Approximate dimensions 0.1 x 0.1 x
0.1 m.

TM antennas Carbon fibre CARB 2 x 0.05 One each on top and on bottom
platform. Considered as cylinderr =5
mm, h = 340 mm. Assumed insulato
in this study.

Main engine nozzle | Carbon fibre CARB 0.3 Considered as cylinder of radius 150
mm, h = 240 mm. Assumed insulato
in this study.

Bottom engine Aluminium ALUM 0.02

STAR 6B

Table 1. Materialsof major exposedsurfaceson Freja. The "model material”refersto the
baseline input foPOLAR simulations(modelsAr and Cr below); variationshavealsobeen

used.



WP120 TN 2.0

Item Surface area
[m?]
External parts of equipment bay:
LSL Coax 0.0001
Separation switch harness 0.0300
Coax switches 0.0036
Power splitter 0.0009
Coaxes 0.0144
TICS cable 0.0020
Arming plugs 0.0020
DC-magnetometer boom:
DC probe harness 0.0023
Cable loops 0.0075
CYLP pyro 0.0018
Search Coil Magnetometer boom:
HF pyro 0.0018
Bottom platform:
Lower TM antenna cover 0.05
S-band antenna coax 0.0050
Kevlar retention string 0.0004
TESP cradle rubber 0.0006
TESP rubber support 0.0010
TESP cables 0.0050
TESP backshell 0.0020
TESP pyro 0.0015
TESP kevlar string 0.0004
LSL antenna base 0.0015
MATE cable 0.0045
MATE cradle support 0.0004
STAR 6B nozzle 0.0100
Top platform:
Upper TM antenna cover 0.05
S-band antenna coax 0.0050
Kevlar retention string 0.0004
STAR 13A nozzle 0.1200
STAR 13A harness 0.0150
Solar panels:
Brackets 0.0058
Rear side cabling 0.0110
Top side TCC 0.0180
Edge TCC 0.0285
Total area including nozzles: 0.38
Total area excluding nozzles: 0.24

Table 2. List of exposednsulatorson Freja. The list alsoincludesthe enginenozzles,as
the impact of a possible non-conducting surface on these is assessed in the study.
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Number | Symbol | Description Unit
1 € Relative dielectric constant 1
2 C Thickness of dielectric material m
3 S Bulk conductivity (-1 for metallic conductor) S/m
4 Z Atomic number 1
5 Maximum secondaryelectron yield for electron| 1
impact
6 Primary electron energy that produces maximum| keV

secondary yield

7 P7 Penetration depth parametd®s:P; EP8+Pg E P10 [ A

8 Ps [PUM page 4.5-6] 1

9 Pg A

10 P1o 1

11 Secondaryelectronyield due to impact of 1 keV |1
protons

12 Incident proton energy that produces maximum| keV
secondary electron yield

13 Jpho Photoelectron yield for normally incident sunlightf A/m?

14 S Surface resistivity (-1 for perfect insulator) W/square

15 Maximum potential attainable before a dischargq V
must occur

16 Maximum potentialdifferencebetweensurfaceand| V

underlying conductor before a discharge must o

Table 3: List of material properties to specifgr POLAR simulations.SeePUM page6.1-
41. Actually used values of these parameters are listed in Appendix B.

For correctly calculating the charging and discharging of dielectrics and the photocamdnts
secondarycurrents,POLAR needsa specificationof the material of each surfacein the
spacecrafimodel it uses. The principal propertieswe needto know for eachmaterial are
specified in Table 3, listed in the order they appear in the material specificatinN&SQGAP
and POLAR [PUM p. 6.1-42]. Laboratory valuestioéseparametergor somematerialsare
availabledirectly in the NASCAP and POLAR codes.Other material parametersave been
supplied by ESTEC based on measurements at DERTS.
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For the POLAR simulations of Freja charging events, the following matbastsbeenused
to model the satellite:

ITOC

BLAN

ALUM

PCBZ

CPAI

CFRP

CARB

CONT

Indium tin oxide (ITO) coating. The secondafgctronyield for materialswith this
coating has in laboratory tests been found to be rather indeperidkeatunderlying
bulk material. In our case, the ITOC is applied on the solar panels.

Source: ESTEC

Thermal blankets of Sheldahl fabrication. Aluminised Kapton with ITO coating.
Source: ESTEC

Aluminium for some spacecraftstructure parts, particularly interface ring. The
values we usarefor purealuminiumsurfacesln reality, oxidisationwill increase
the secondary electron yield.

Source: NASCAP.

White paintassumedtonductivein space appliedto most aluminium areaswhich
otherwise would have been directly exposed.

Source: ESTEC

NASCAP conductivepaint specification.Used as replacemenfor PCBZ in some
simulations in order to see effects of material parameter variation.

Conductive carbon fibre material, usedto model the engine nozzles and some
details.

Source: ESTEC

This materialhasbeenconstructedor simulatingthe behaviourof non-conductive
carbonfibre. We usethe parametergor CFRP above,with bulk conductivity and
surface resistivity replaced by CONT values.

A generic for dielectric materialsaving beenexposedo the spaceenvironmentlin
laboratory tests, the secondary yield propestrese found to be ratherindependent
of which dielectricit was, so we usethis for modelling of all dielectrics except
carbon fibre parts.

Source: ESTEC

Complete listingf the materialparameter®f thesemodel materialsare given in Appendix
B. The mostimportantfeatureof the materialsfor this study is their secondaryelectron
emission.Plots of the secondaryyields are shownin Figure 7, which alsoshowsthe yield
curves for Teflon (source: ESTEC).
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Figure 7 Secondary yield curves for materials used in the Freja model
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3.3 Freja models for POLAR simulations

In POLAR, a spacecrafis modelledin a fixed grid of cubical elements.Except for the
additionalability of NASCAP to model one-dimensionastructuresi.e., booms)aswell as
the two-dimensional (rectangular plates and slanted triangular surfaces) and three-
dimensionalcuboids,octagonswedgesetc) objectspossibleto modelin POLAR, the two
programsare similar in termsof spacecraftefinition. For a detaileddescriptionof how to
model a spacecraft in POLAR, see PUM sections 6.10-6.14.

In order to testhe effectsof geometricdetailsin the simulationsoftware,spacecraftnodels
on three levels of sophistication have besed.The basicversionsof thesethreegeometric
models,known as A, B and C in order of increasinggeometriccomplexity, are outlined
below. In the actual simulationruns, the modelshave beenvaried in terms of material
definitions and slight geometricakchangesn orderto estimatethe effects of such changes.
The geometrief the modelsare seenin Figures8 — 11, which are madeby the POLAR
spacecrafdefinition module, VEHICL. The input files (called fort.20 in the POLAR file
structure,seePUM Section5.30) defining the modelsare reproducedn AppendicesC, D
and E. These files also includestensivecommentsproviding additionalinformationon the
definition of the Freja models for this study.

For eachof the geometricalmodels, we may vary the choice of material and material
propertiesfor the surfacesof the satellitein orderto checkthe influenceof surfacematerial
parametersThis leadsto severalsub-modelscalled Am, Cn, Cp etc. The relation between
these models is explained in Table 4. The baseline modefs amed Cr, which incorporates
the best knowledge of the spacecraft we have. Model Am is a simpleteffoodel a worst-
casesituation of magneticfield inhibition of secondaryelectrons,by simply reducing the
secondary and photoelectron yield for all materials to 2tBeaf nominalvalues.Models Aq
and Cn replace PCBZ B§PAI. As canbe seenin Figure7, this significantly decreasethe
secondaryield, andshouldthus makethe spacecraftnore proneto charging.Thereis no
deep thought behind thimodel, just a checkof the impactof changingmaterialparameters.
Model Cp is similar, except that there are no non-conducting areas on nozzles.
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Baseline material choice. Uses CARB to
models non-conductive parts nbzzles,and
CONT to model other insulators
Conductive paint is PCBZ.

Ar, Cr

All secondaryyield valuesreducedto 2/3 of
table valuesto model worst-caseeffect of
magnetic suppressionof secondaries.No
insulators included.

PCBZ replacedby CPAI to study effects of

Ag, Cn variations of material parameters.

Cp As Cn but nozzles conductive.

Table 4. Differences between different Freja models.

Model A is a simple definition of the spacecrafas a rectangulamobjectof 2x1x2 grid units
(Figure 8). This very simple model is used (a)testingthe plasmaenvironmentmodelson
a simple object requiring comparativdilfle computationakffort, and (b) for comparisorto
the resultsfrom Model C in orderto testthe effectsof geometricaldetails, simulation grid
size and small surfaces of non-conducting materials.

T
T

Figure 8 Geometry of Freja model A.
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Figure 9. Geometry of Freja model B.
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Model B uses a spacecraft definition grid size of 17 x B3 kells, which was the limitation

of previous versions of POLAR. This leadsatgrid unit length of approximatelyl6 cm for

Freja. A versionof this modelwasfirst usedin preliminaryrunsin May 1997 [Svensson,
1997], and later for comparisonsto Models A and C for some events. The model

incorporates the main features of Freja (Figure 9) with possibility to nsodetdetails.|t is

listed in Appendix D and was constructed from the following geometrical elements:

1. Solar panels: Modelled as an octagon of heighidth 14 andside6 in grid units,
axis along y axis frong=0 toy=1.

2. Top platform and central tube: Octagon of hetghwidth 10 andsides4, with axis
along y axis frony=0 toy=>5. This overlaps with the solar pandlsrebydefining the
top platform. This makes it possible to have different matefioalsolar panelsandtop
platform.

3. Supportwebs: Each modelledas a rectangleplus a wedge. Total height 4 units,
extension irx or z directions 3 units, thickness in the remaining direction 1 unit.

4. Bottom platform: Octagon with axis aloggaxis from y=5 to y=6, width andsides
as for top platform.

5. Top nozzle: Rectangular, of size 2 in xrendz directions and 3 in the directioon
top of the top platform (-3r0).

6. Bottom nozzle: Rectangularof size1 in thex and z directionsand 2 in the
direction, under the bottom platform (6<y<8).

Model C is themostdetailed,with a grid sizeof 10 cm, allowing additionaldetail (Figures
10 and 11). The differenceto model B (15.7 cm grid spacing)may seemsmall, but is
sufficientto allow modellingof gapsin the satellite geometry,e.g. the spacebetweenthe
rocketengineandthe centraltube and the spacebetweenthe solar panelsand the interface
ring. One should also note that the improven@riinear geometricresolutionby a factor of
15.7/10 = 1.57 from model B to model C implies an area resolutiprovementof 1.572=
2.5, offering extendedpossibilities for the study of effects small patchesof insulating
material.
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Figure 11. Geometry of Freja model C (bottom view).
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POLAR 1.3.7 allows a grid size of up to 50 x 50 x 100 points for the definition of the
spacecraftHowever,a maximumnumberof 1250 simple surfacescan be handled,which
means that for any reasonably spherical or disc-like spacecraft, tharfutlerof grid points
canneverbe used.For Freja, with a diameterof 2.2 meter, geometricalrestrictionsalone
would allow a resolutionof lessthan5 cm in grid size, but due to the needto keepthe
number of surface elements low, the grid resolution of 10 cm used in Masl¢h€smallest
that can be used in practice.

Model C is constructedfrom the geometricalelementsdescribedin the list below. The
complete model definition is found in the object definition file frejaC.obj for POLAR
(Appendix E).

1. Centraltube. This is describedas a rectangularfunnel structureextendingover -
4<y<0, with outer dimensions 6x6 grid units in thand z directionsand of thickness
1. Smoothing wedges are applied in the inner corners.

2. Lower platform. An octagonal platform in tkeplane, -5y<-4, with a squarehole
for the central tube.

3. Upper platform. Similar to the lower platform.

4. Supportwebs: Each modelledas a rectangleplus a wedge. Total height 4 units,
extension irx or z directions 5 units, thickness in the remaining direction 1 unit.

5. Solarpanels.Defined by two concentricoctagons,the inner one being the upper
platform andthe outerlying 3 grid units further out, in the sameplane as the upper
platform.

6. Engines. These are modelled by a rectangular structure of width thexz plane,
extending for -7§<3. Lowest part is 1x1 wide to simulate lower engine small nozzle.

7. Thermal blanketsin instrumentbays. Blankets cover most of the payload and
spacecrafsystemlocatedbetweenthe platforms. Theseare modelledas one 2x2 and
one 3x1 unit cuboidin eachquadrantextendingall the way betweenthe platforms -
4<y<0.
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8. Spacecrafisystemunits: TX antennasand sun sensorsaddedto top and bottom
platforms. Modelled as 1x3x1 and 1x1x1 cuboids, respectively.

Onto this basic spacecrafisystem,one can add cuboids representingother details in the
payload or satellite system units. It is particularly interesting to consider the efiestiiting
materials, which may be modelled as follows (compare Table 2):

9. Upperplatforminsulators.Theseadd up to some8 dm? in total area,not counting
the rocket nozzle.

10. Bottom platform insulators. Add up to about 2dm

11. Otherinsulatingmaterial(mainly dueto harnesshddsup to about7 dm?, which

may be modelledby distributing2 dm?2 of CONT on eachof the thermal blankets
between decks.

Figures 12 -19 show how the materialsdescribedn Section3.2 havebeendistributedon
spacecraftmodelsA andC. For model C, care hasbeentakento get the total areaof the
insulatorsclosely approximatingthe valuesin Tablesl and2. For the crude model A, the
dielectricsurfacesare exaggeratedh size. The completedefinition of the models, including
additional comments on how the materials have been distributed, are comalpgebndices
C,DandE.
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Figure 12. Distribution of materialson model Ar asviewedfrom the positive y direction
(upper platform and solar panels).
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Figure 13. Distribution of materialson model Ar asviewedfrom the negativey direction
(lower platform).
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Figure 14. Distribution of materials on thexside of model Cr.
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Figure 15. Distribution of materials on the -x side in model Cr.
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Figure 16. Distribution of materials on the +y side in model Cr.
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Figure 17.Distribution of materials on the -y side in model Cr.
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Figure 18. Distribution of materials on the +z side in model Cr.
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Figure 19. Distribution of materials on the -z side in model Cr.
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4. MODELLING THE CHARGING ENVIRONMENT

The spacecraft-plasma interaction dependthemactualplasmaparametersThe cold plasma
densityandtemperaturalefine the fundamentalshielding propertiesof the plasmaand the

plasma currents to the spacecraft. We also need to #reoan composition,asthe currents
dependon particledynamics.In auroralconditions,precipitatingelectronsare the important
agentsfor charging, so we must also characterisethe energetic electron environment.
Additional information on sunlight/eclipseconditionsand magneticfields is also sometimes
required, as is the orbital speed of the spacecraft.

For the simulationspresentecerewe have,unlessotherwisestated,assumedhat the only

ion speciegpresentis oxygen,andthation andelectrontemperaturesre equal.Including a

component of hydrogen, whichligely to be presentin reality, hasthe effect of decreasing
the observed charging level as the lighter hydrogeasserfor the spacecrafto collect. The

spacecrafspeeds alwaysput to 7 km/s, andthe magneticfield is specifiedat its observed
value and direction. However, the effect of satellite spinning is not included, so one

particular spin phase value is picked at random (see also Section 5.1).

The precipitatingauroralelectronsarein POLAR modelledasa sumof a powerlaw, a hot
Maxwellian and a Gaussianpopulation.If energyE and thermalenergyKT are given in
joules, the particle flux spectrum (unit:%eV-1 srisl) can then be written as

E (E_Eo )2

2

e ¥ +BEe ° (6)

n E

O(E)=AE™ +
(E) Jom, (KT

[PUM section 3.41] wheré, a, n, T, B, B andd are free parameters that miagfitted to

a measuredlistribution. The form of (6) is inspired by a statisticalstudy of auroralzone
electron spectra by Fontheim et al. [1982]. Although not perfectly flexible, weeebelow

that it actually can be used to get goodtfit$he electronspectraencounteredby Frejain the

events to be studied here (e.g. Figure 19). The distribution is mappedrfa@eelementon

the spacecraftoy use of energy conservationand Liouville's theorem,and the resulting
currentcontributionis calculatedby integrationover energy.The Maxwellian and Gaussian
components have analytic expressions for the integratiorathemergiesput for the power
law componenfinite integrationlimits mustbe suppliedsince the integral divergesat zero

energy.
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One should note that in order to find the parameters in@gannotdirectly compareto the
electron spectra observed in tteargingevents.Theserefer to electronenergyas measured
at the spacecraft, which in charging events clearly will ndhbsameas the electronenergy
in the unperturbedlasma.We havethereforecorrectedfor the observedcharginglevel by
mapping the POLAR flux expressions from the outgidsmain to the spacecrafby useof
Liouville's theorem.This is donein the Matlab routinesusedfor fitting of POLAR spectral
parameters to observed spectra (Appendix K).

Expression(6) includesno referenceto angular distribution, and POLAR assumesthe
distributionto be isotropic.In somesituationsthe anisotropyof electronspectramay be an
importantfactor for spacecrafthargingprocesseshut this will mostly apply to spacecraft
with large non-conductiveparts. For Freja, the problemis expectedo be small, becausen
the inverted-V electroneventswhere chargingis observed,the electron distributions are
almostisotropic outsidethe loss cone. This is dueto the isotropisingeffect of the magnetic
mirror effect on particles travelling through increasing magnetic field magnitude when
precipitating from the magnetospheralong the geomagneticfield lines down to the
ionosphere.

Typical plasma conditions for the Freja charging events dis@issedn WPs 110 and 130
[WP110, WP130]. Fothe simulationsherewe havealso usedadditionaldetaileddata.For
determining the parametersdescribing the energeticelectrons,we have visually fitted
expressions of type (6) to electron spectra derived from observations Dy $ffBoehm et
al., 1994] and/orMATE [Eliassonet al., 1994] electrondetectorson Freja. For this study,
the data was mainly available as hardcopies of plots, which were digitisecastichgruler.
The digitised data was plotted together with model spectra, as given by (6) but transormed
the energyevelsandfluxes on the chargedspacecrafas discussedbove,in log-log-plots,
and parameters were varied until reasonable fits were achieved. Plots of détafaneéach
event are presentedn Section5.2. We do not put any strict definition of what is a
"reasonabldit” here,but notethat at the datapoints, the averagediscrepancybetweendata
and modelsis below 15 per cent. Consideringthe uncertaintiesdue to loss cones, material
parametersnd spacecraftnodels,this is not a critical problem,as is verified by the small
variationsof the final charginglevels achievedfor small variationsof input environmental
parameters (Section 5.2.7).
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Plasma density is inferred from the identification of plasma oscillationk@amgimuirwaves,

in wave data from the F4 instrument [Holback et al., 199%kervationaFrejainput on the
electronand ion temperaturess weak, although T, sometimescan be estimatedfrom

Langmuir probe sweepsof the F4 instrumentif any reasonablyinterpretablesample is
available close to a charging event. When no input is availablassume).2 or 0.3 eV for
ions and electrons alike.
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5. SIMULATIONS OF CHARGING EVENTS
5.1 Event selection and characteristics

Out of the ten events studied in detail in this project [c.f. WP 110], five six-s@eoitdis(a
full spin revolution) were selectedor detailedsimulationof the spacecrafthargingprocess
using SUCHGR and POLAR. Table5 summariseghe baselineenvironmentalparameters,
discussed in Section 4 above, used in the simulations.

Each event in Table 5 is studied during a full spin period, whictsex6ndsin orderto get
reliable datdrom a presumablystablechargingsituation,not dependingon for examplethe
spin phaseof the spacecrafor fast variationsin the electronflux, we have chosenthe six-

second intervals to baodelledby looking for situationswherethe charginglevel, asgiven
by theion spectrac.f. WP110], and electronspectraare as stableas possibleover the six
seconds. This implies that we do not necessarily mbedlighestcharginglevelsfound for

each event in WP110. Initistudiesof the spectrashowedthat the other alternative namely
picking the highest observed charging levels irrespective of stadilityis level, would give
very high uncertaintiesin environmentalparametersand in the possible importance of

dynamiceffectson the charging.To test the predictive power of the chargingcodes,it is
necessary to have as well-defined atationarya situationas possible,while of coursestill

have a significant charging level to model.

The plasmalensityon line 5 in Table5 is thereforebasedon a plasmaoscillation observed
within thesesix seconddc.f. WP110]. Electronandion temperaturesn lines 6 and 7 are
assumptions, based on models [IRI-95] and Freja observations typitaikfaltitude range.
Line 8 is the electron Debye length, line 9 the oxygen-based Mach number of theffdasma
seen in the spacecraft frame of reference liaedLO is the assumedraction of ions that are
oxygen. The ion composition the plasmais not well known, although10 - 20 % protons
andthe remainingpart O+ canbe expectedat this altitude. We haveused100 % oxygenin
the simulationsreportedhereas being a worst-caseassumption causingmaximal charging
levels (due to the higher inertial of heavierions making them harder to attract to the
spacecraft)We have to some extent testedthe effect of varying the plasmaparameters
without finding any important differences, as discussed in Section 5.2.7.

Lines11to 19in Table 5 are parametersiefined by equation(6), basedon visual fits of
observed electron spectra (pcutl and pcuth are the integration cutoffs), as desceibetibn
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4 above. Such fits are shown for each event belloman example,seeFigure 20. Lines 20
and 21 show magnitudeanddirection,in the spacecrafframe of referencepf the magnetic
field asobservedoy the FrejaF2 instrument/Freja magneticfield experimentteam, 1994].
As the satelliteis spinningaroundthe y axisin our modelsandwe considerspin averaged
guantities the directionof B in the x-z-planeis undefined.However, the angularrelation
between the directions of magnetic field, directiosua (line 23) and plasmaflow direction
(line 24) arefixed, andwe havearbitrarily chosena spin phaseangle such that the plasma
flow is in they-z-planein all our simulations.Line 23 is the solarintensity, definedasO in
darknessand1 in full sunlight. An observedvalue of the spacecraffpotentialin this six-
second interval, as based on ion data [WP110, WP130], is found on line 25.
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1| Event # 3 6a 6b 7 9
2| Orbit 790 1666 1666 1785 736
3| Date [yymmdd] 921205 930209 930209 930218 921201
4| UT [hhmmss] 023828 091715 091800 093148 003508
5| Ne [cm3] 120 50 30 60 125
6| TeleV] 0.3 0.2 0.3 0.3 2
7| TileV] 0.3 0.2 0.3 0.3 0.5
8| Ap [m] 0.4 0.5 0.7 0.5 0.9
9| Mo+ 5.2 6.4 5.2 5.2 4.0
10 [ no+/ne 1 1 1 1 1
11| np [m-3] 1.5e3 2.265 6.2e5 5.2e4 1.365
12| T2 [eV] 5e3 7e2 8e3 2.9e3 4e2
13| A[m2srlslev-] 3.2e12 1.9e11 7.6e14 3el2 3.1ell
14| a 1.9 1.3 2.0 1.6 1.3
15| peutl [eV] 0.5 0.5 0.5 0.5 0.5
16 | pcuth [eV] 6.5e4 1e4 2e4 2e4 6e4
17| D [m2gs-1sleV-1] 1.2e5 3e4 1.3e4 1.5e3 6e4
18| Eo[eV] 1.5e3 2e3 1.1e4 1.3e4 1.8e3
19( dJev] 3e3 6e3 1.5e3 8.1e3 6.5e3
20| B[uT] 26 28 28 28 27
21| B direction 0.1 0.55 0.55 0.76 0.71

(XY,2) -0.62 -0.83 -0.83 -0.63 -0.69

(model B) -0.78 -0.02 -0.02 -0.19 -0.14
22| Solar intensity 0 0 0 1 0
23] Sun direction 0.12

(xy,2) -0.88

(model B) -0.46
24| Flow direction 0 0 0 0 0

(XY,2) -0.70 0.26 0.26 -0.21 -0.06

(model B) 0.72 0.97 0.97 0.98 1.00
25 | Observed potential [V] -25 -40 -1000 -160 -40

Table 5. Frejachargingeventparametergor modelling by SUCHGR and POLAR. The
table entries are described and discussed in the text in Section 5.1.
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Event 3 6a 6b 7 9
Highest observed voltage (WP110) -65 -1800 | -1800 -500 -70
Observed voltage at modelled time] -25 -40 -1000 -160 -40
SUCHGR (ITOC) -0.8 [-0.1 |[-0.3 2.6 -0.6
SUCHGR (ALUM) -7.2 |-12 -72 2.9 -12
POLAR (model A) -6.9 |-54 |-11 [-4..7] -105
POLAR (model C) -7.5 |-4.1 |[-40..0 |[-0.2..0.9

Table 6. Resultsof SUCHGR and POLAR simulationsfor the nominal environments
defined in Table 5 above. Model A has 1 m grid size, modgisize 10 cm. Tableentries
are potentialsin volts. The bracket notation denotesthat oscillations betweenthe limits
existed at theéime of discontinuatiorof the simulation,but thatit was clearthat chargingto
observed level was not going to be reproduced even if the oscillations damped out.

5.2 Event simulations

After havingdefinedthe spacecrafimodel (Section3) andthe plasmamodel (Table 5), we

have a well defined problem for tiE#®JCHGR and POLAR codes.Simulationswere run on

three Sun workstationSparc-5,Sparc-20and UltraSparc)running Solaris2.5 and2.6. In

orderto facilitate the reproductionof our resultsand the modification of inputs, we have
included printouts of selected POLAR ingilés in AppendicesB — G. Detailedinstructions
on how to run the POLAR software may foeind in PUM. The files we reproducehereare
fort.20 files for the VEHICL moduleof POLAR, defining the spacecraftnodel (Appendices
C, D andE), and sampleinput files for the main moduleNTERAK (Appendices andG).

These files include the specification of the charging environment, as specifiedl@b, and
computationabkettingsfor POLAR. To simplify for subsequentisersof POLAR in general
and these files in particular, the files are extensively commented, with refereapgtidable
pages of PUM.

We haveusedthe algorithmsfor spacechargelimited as well as and orbit limited current

collection in these simulations. In a dense plasma, where the Debye length and shageth size

much smaller than the spacecraft dimensitimesspacechargelimited approximationwill be
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accurate, while the orbit limited approximation will fail becaokéoo steeppotentialprofile.
In a tenuous plasma, where the Debye length is much larger than the spataxthi orbit
limited approximation appliesyhile the spacechargelimited assumptiorfails becausdhere
is no well defined sheath. POLAR is bssitedto handlethe spacechargelimited situation,
as this can give a small sheath even in a charged situation. Thiemdifinition not be true
whenwe have chargingin a situation where orbit limitation applies, as orbit limitation
assumes slowly decaying electfield. POLAR usesa simulationgrid of uniform grid size,
making the simulationof a situationwith an extendedsheathpractically incompatiblewith
any detailed modelling of the spacecraft. Wkiesncodestartsproducingspacecraftharging
to a levelwell below the thermal,the orbit limited assumptiorwill be incompatiblewith the
practical limitations of grid size. We thereforeuse the spacechargelimit as our nominal
choice.

Table6 summariseshe resultswe getwhenusingthis direct approachon the problems.A
detail ofthe chargingsequencdor one of the simulations(Event6b, modelA) is shownin
AppendixJ. Someof the table entriesare basedon orbit limited and someon spacecharge
limited calculations, depending on the nature of the problem: for a detailed descrigamh of
simulation, pleasesee Sections5.2.1 — 5.2.5 below. The first line in Table 6 gives the
maximum observed charging level for the everitaatd. As notedin Section5.1 above,this

is not necessarily the voltage at the time we actually madheth is givenin the secondine

in the table. It is evidentfrom Table 6 that our straightforwardmodelling using available
measurementand knowledgeof the satellitein no casereproduceghe observedcharging
levels. Possible reasons for this behaviour are discussed in Sections 5.2.7 and 5.3.

The actual running of the POLAR codetiresesimulationsis discussedriefly in Appendix
J. Two input files for the NTERAKnoduleof POLAR, which is the routine actually doing
the calculations, are listed in Appendidegfor event3 usingmodelC) andG (for event6a
usingmodelA). All simulationsare completelydocumentedwith all input and output files
used in the simulations, on the simulation fike that hasbeendeliveredto ESTECon CD-
ROM (see also Appendix H).

5.2.1 Event 3, 921205 02:38, charging at sunset during auroral substorm.
Parameters for this event are summarisefainle 5. Figure 20 showsthe electronspectrum

asobtainedby the TESPand MATE detectorswhich both were operationalin this event.
The parameteffit in Figure 20 is madeto the data with no correctionfor the spacecraft
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charging level changing the zero reference of the energy scale. Such a correction,
implementedas describedn Section5.1 above,leadsto thefit in Figure21. Note thatthe
data are the same in both casmg,whendoingthefit in Figure21, the flux expression6)
assumedoy POLAR is mappedto detectorenergy levels using Liouville's theorem.We
simulateusing both setsof parametersto show the effect of the energycorrectionin this
low-level charging event.

In WP110, it was shown that the maximum charging level during this event réeaklesip

to almost-65 V. The six-secondinterval we have chosenfor detailed study here shows
chargingto -25 V. As discussedn Section5.1, the reasonfor choosingthis particular
interval ratherthanthe time of highestcharginglevel is thatwe want the charginglevel be
stable for the six seconds requiredyti a full pitch anglecoverageso thatthe useof spin-
averaged electron data is justified. Such a stable situation was found between UT&#B825
023831.

To model this charging event, we have run nine POLAR simulations, the resulgbfare
shownin Table7. The best-effortdirect simulationsusing modelsAr and Cr yields-6.9 V

and-7.5 V, respectively.The equipotentialcontoursin the x-y-plane aroundthe spacecraft
for these simulations are shown in Figures 22 and 23.

All event 3 simulations converge to final resulting spacecraft potentials. In thighefeal
resultseemsndependentf the initial voltage.Thatthis is no generaltruth is discussedn
Section 5.2.7. It is hard to s@pmethingconclusiveon the differencebetweenmodelswith
different materiaproperties:3:3 and 3:4 give rathersimilar results,while 3:7 and 3:8 differ
by a factor of two. However, the importanceof correctingthe electron spectrafor the
potential difference between the spacecraft-mountedletector and free space is well
demonstratedasthe runswith correctedspectrashow significantly more chargingthan the
others.

Figure 22 showsthat the quality of the simulation3:5is good in the sensethat the sheath
edgestayswell awayfrom the simulationbox edge,at the sametime as the sheathsize is
several gridunits in width. Shouldany of theseconditionsbe violated, the reliability of the

result will decreaself the sheathreachesclose to the edge, the boundary condition on
potentialusedby POLAR (zero potential at one grid unit outsidethe simulation box) will

affect the value of the calculated potential. On the other hand, if the sheath comes theser to
spacecraft than a grid unit, the fields in the sheath can obviously not be accurately modelled.
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Simulation | Collection | S/C model ]| Initial V Spectra Comments| Result
#

3:1 orblim Am -25 raw -2.4
3:2 orblim Am -25 corr -6.6
3:3 spclim Am -25 raw -2.9
34 spclim Ar float raw -3.4
35 * spclim Ar float corr -6.9
3:6 orblim Cn float raw -1.2
3.7 spclim Cn float raw -3.4
3:8 spclim Cp float raw -1.6
3:9 * spclim Cr float corr -7.5

Table 7. POLAR simulationsperformedon Frejachargingevent3. Column descriptions:
Simulation#. Stars* indicate nominal best-effortsimulations.Collection. Orbit or space
charge(sheath)imited approximationsS/C model.SeeTable 4 for explanation.Initial V.
Initial potentialin volts, "float" meansthat the POLAR default floating potential is used.
Spectra Tells whether or not correctidor observedcharginghasbeenmade.Result Final

resulting bulk potential of the spacecraft, in volts.
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Freja charging event 3: data and parametric fit

T T T LA B T LA B S |

Phi [(m2 s sr eV)-1]

10* :-/ dens 1.2e+08, temp 3.0e-01, den2 1.5e+03, temp2 5.0e+03 \
i powco 2.7e+11, palpha 1.6e+00, pcutl 5.0e-01, pcuth 6.5e+04 ‘
gauco 1.2e+05, enaut 1.5e+03, delta 3.0e+03

| . . P S SR | . . S S|

10° 10° 10"

E [eV]

Figure 20. TESP (o) and MATE (x) electrondatafor event 3, togetherwith a fit to
expression(6) with parametersas printed. The fitted curve does not take the observed
charging level intaaccount.Dashedines show the contributionfrom the individual electron
populations recognised by POLAR: hot Maxwellian, power law, Gaussian.
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Freja charging event 3: data and parametric fit
T T T L | T T T T T T T T T

Phi [(m2 s sr eV)-1]

10* :-/ dens 1.2e+08, temp 3.0e-01, den2 1.5e+03, temp2 5.0e+03 | \\\ E
i powco 3.2e+12, palpha 1.9e+00, pcutl 5.0e-01, pcuth 6.5e+04 ! \
|
gauco 1.2e+05, enaut 1.5e+03, delta 3.0e+03 | N
103 = ! -
E. L . . M | . . “wa‘ . . P N I
10° 10° 10" 10°
E [eV]

Figure 21. TESP (o) and MATE (x) electrondata for event 3, togetherwith a fit to
expression(6) with parametersas printed. The fitted curve is correctedfor the observed
charging to -25 V.
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THEY = 2 POTEMTIAL SLIZE FROM CYCLE & OF MNTERAR 25 OF POISSON
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Figure 22. Equipotentialcontoursin the x-y-plane for the nominal model Ar simulation.
The solid contouris the sheathlimit, asdefinedin Section2.3 (i.e., by |® = 047 KT,/ e).

The contour marked by 'T' denot®s= K T. Other contours are separated by.2t canbe

seen that the sheath stays well adirayn the boundarieswhile still being severalgrid units
thick.
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THEY =14 POTENTIALSLICE FROM COYCLE 416 OF NTERAK 80 OF POISSOMN
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Figure 23. Equipotential contours for simulation 3:9. For explanations, see Figure 22.

5.2.2 Event 6a, 930209 09:17, beginning of an intense auroral inverted-V
event

The charging environmentis shown in Figure 24, simulation results in Table 8 and
equipotential contourfor the nominalsimulationsin Figures25 and26. It canbe seenthat
while the nominal simulationdoesnot reproducethe observedcharginglevel, changingthe
initial condition gives a value vemgloseto the observedsimulation6a:1). Figure 25 shows
that the boundary condition at the simulation box edge may play a rdke 88 V resultof
6a:1 may partly be a coincidence. However, more interetitangthe exactlevel of charging
reproducedn the simulationis perhapshe fact that somechargingat all is predicted.This
cannot be duéo the boundarycondition. Instead,it showsus the importanceof the history
of the charging process, as is further discussed in Section 5.2.7.

Other simulations(6a:3, 6a:4) also predict significant charging,but as they are basedon
uncorrecteddata,their predictiondoesnot meananything.However,we may note that the
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orbit limited calculations(6a:3, 6a:6) predictsmore chargingthan doescorrespondingpace
charge limited simulations (6a:4, 6a:7).

The problemwith finite simulationbox is more pronouncedor model C thanfor model A.
Figure 26 showsthat the sheathreachedhe simulationbox boundaryalreadyat the modest
charging level of -4.1 V calculated in this case.

Simulation | Collection | S/C model| Initial V Spectra Comments| Result
#

6a:l spclim Ar -40 corr -38
6a:2 * spclim Ar float corr -5.4
6a:3 orblim Am -40 raw -55
6a:4 spclim Am -40 raw -29
6a:5 * spclim Cr float corr -4.1
6a:6 orblim Cn float raw -18
6a.7 spclim Cn float raw -15

Table 8. POLAR simulationgperformedon Frejachargingevent6a. For explanationssee
Table 7. Parameters for raw spectra: den2 = 2e5, temp2 = 6e2, powco pdipias 1.3,

pcutl = 0.5, pcuth = 1e4, gauco = 3e4, enaut = 2e3, delta = 6e3.
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Freja charging event 6a: data and parametric fit
T T T T T T T L L |

Phi [(m2 s sr eV)-1]

7/
dens 5.0e+07, temp 2.0e-01, den2 2.2e+05, terﬁpZ 7.0é+02
powco 1. 9e+1fl palpha 1.3e+00, pcutl 5.0e-01, pCL}th 1 Oe+04

gauco 3 Oe+04 enaut 2.0e+03, delta 6.0e+03 \ \\
\
/ [\
../I . . Co . . R T
10° 10° 10*
E [eV]

Figure 24. TESP electrondatafor event6a, togetherwith a fit to expression(6) with
parameters as printed. The fitted curve is corrected for the observed charging to -40 V.
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Figure 25. Equipotential contours for simulation 6a:1. For explanations, see Figure 22.
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THEY =11 POTEMTIAL SLICGE FROM CYCLE 24 OF MTERAKASE OF POISSOM
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Figure 26. Equipotential contours for simulation 6a:5. For explanations, see Figure 22.

5.2.3 Event 6b, 930209 09:18, peak of an intense auroral inverted-V event.

This is the most pronounced chargiexentin this study, reachingdown to -1000V. Close
to the six-secondinterval chosenfor the simulations,still lower potentials(-2000 V) are
observed [WP 110]. Electron data and (corrected) fit are showddune 27. Comparingto

Figure 24, which showsdatataken45 second<arlier,the pronouncedeakaroundl1 keV

(detectorenergylevel) is obvious. Simulationresultsare displayedin Table9. In this case,
we did not do asin events3 and 6a, wherewe were using uncorrectedspectrato find the

effect of parametewariation. The chargingpotentialis hereso high that uncorrectedspectra
will be very different. Instead, weasea variationof the uncorrectedspectrafrom event6a,

with a much increasedemperatureof the hot Maxwellian and high peak energy for the

Gaussian:This definesa "var" environmentwhoseparametersare given in the captionto

Table 9.
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Table9 showsthat the nominal simulationsdo not reproducethe observedcharginglevels.

One of them (6b:4) did naonvergeto a final resultbeforethe simulationwas stopped but

before starting to oscillate it raised monotonically from -800 V40 V, soit is clearthatno

charging to observed levelgould everhaveappearedn this run. Figure 29 showsthat the

sheath reaches the simulation box edge only in the wake. For model A, Figure @Sttells
there was little problem with the finite simulation box in this case, and the -11 Vsbkeultd

thus be a good value in this respect.

Chargingis actually predictedin severalof the simulationsrunning the modified "var"
environment. Simulations 6b:2, 6b:7, 6b:8 and 6b:9 all showed steadily decreasing
potentials, showing no signs of reaching a final value vihenuns were discontinuedlt is
to be notedthat for thesesimulations,the boundaryconditionon potentialat the simulation
box edge will have an enormous impdatreality, the sheathedge,as definedby defaultin
POLAR (see Section 2.3) may expancundredsand eventhousandof spacecraftadii if
chargingto a level of 10,000timesKT/e occursin atenuousplasma,as is the casehere.
Therefore, we do not expect correct reproductibobservedvaluesin this case,exceptif a
sheatHfitting into the simulationbox had beenfound, which is not the case.However, we
have an indication of strontharging,evenif we cannottrust the quantitativeresults.Thus,
strong charging actually can be qualitatively predicted by POLAR, but of ctiharspectrum
"var" we used here is nabrrect("corr"). Comparingéb:2 and6b:3, we seethat the choice
of model here plays an important role. If OML theorysed,chargingis attained,while the
sheath limit gives no charging.
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Simulation # | Collection | S/C model| Initial V Spectra | Comments Result

6b:1 * spclim Ar float corr -11

6b:2 orblim Ar float var Sheath (< -3180)
expansion

6b:3 spclim Ar float var -8.1

6b:4 * spclim Cr -800 corr Rising (-40 — 0)
steadily to -
40 V, then
oscillating

6b:5 orblim Cr float corr Oscillating (-60 — 0)

6b:6 orblim Cr float var -27

6b:7 spclim Cn float var Sheath (< -2120)
expansion

6b:8 spclim Cp float var Sheath (< -2800)
expansion

6b:9 spclim Cp float var Sheath (< -6290)
expansion,
sthpot set

Table 9. POLAR simulations performedn Frejachargingevent6b. For explanationssee
Table 7 and textParameter$or var spectraden2= 2.6e5,temp2= 4.3e3,powco= 6e10,
palpha = 1.3, pcutl = 0.5, pcuth = 1e4, gauco = 2.5e4, enaut = 1.1e4, delta = 3.4e3.
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Freja charging event 6b: data and parametric fit

Phi [(m2 s sr eV)-1]

7
_ “dens 3.0e+07, temp 3.0e-01, den2 @&e+05, temp2 8.0e+03 /
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Figure 27. TESP electrondatafor event6b, togetherwith a fit to expression(6) with
parameters as printed. The fitted curve is corrected for the observed charging to -1000 V.
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Figure 28. Equipotential contours for simulation 6b:1. For explanations, see Figure 22.
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THEY =14 POTEMTIAL SLICE FROM CYCLE 26 OF MTERAKAZ2 OF POISSOM
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Figure 29. Equipotential contours for simulation 6b:4. For explanations, see Figure 22.
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5.2.4 Event 7, 930218 09:32, sunlight conditions during auroral inverted-V
event.

Electron datdor this eventare shownin Figure 30, and simulationresultsin Table 10. No
simulation presentsany result remotely like the observedcharging level, irrespectiveof
materialproperties chargingenvironmentusedor initial conditions.The bestis 7:2, which
usesmodel Am, in which all secondaryand photoelectronyields have been arbitrarily
decreased to two thirds of their nominalues,but eventhis is not sufficientto bring about
the observed charging.

Simulation | Collection | S/C model| Initial V | Spectra | Comments | Result
#
71 % spclim Ar -50 corr Steady (-4 — 1)
rise to -5
V, then
0SC.
7.2 spclim Am -50 corr -5.7
7.3 orblim Am -50 raw -2.6
74 spclim Am -50 raw -1.6
75 * spclim Cr -50 corr Steady (-0.2 < V <
rise to -1(0.9)
V, then
0ScC.
7:6 orblim Cn float corr Oscillating | (-1 <V < 2)
7.7 orblim Cn float raw +1.0
7:8 spclim Cnh float raw Still rising >0

Table 10.POLAR simulations performed dfrejachargingevent7. For explanationssee
Table 7. Parameters for raw spectra: den2 = 4.7e4, ter@p3,powco = 3.4e10,palpha=
1.05, pcutl = 0.5, pcuth = 2e4, gauco = 1.7e3, enaut = 8.2e3, delta = 1.3e4.
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Freja charging event 7: data and parametric fit
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Figure 30. TESP electrondatafor event7, togetherwith a fit to expression(6) with
parameters as printed. The fitted curve is corrected for the observed charging to -160 V.

5.2.5 Event 9, 921201 00:35, charging during variation of plasma density.

Dataandfit for this eventcanbe seenin Figure31. Table 11 summariseghe results,and
equipotentials for the nominal simulation 9:1 are shown in Figure 32.

In this case,the nominal simulationactually predictsevenstrongerchargingthan observed.
Figure 32 showsthat the simulationresultis not strongly affectedby boundaryconditions.
The importanceof correctingthe electronflux expressionfor the observedcharging is
obvious in this case as well, as the other simulations do notsligvchargingirrespective
of detailed material parameters. The fact that the charging that is preditdedtrongis not
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so bad, consideringthe very low spatial resolutionof the Freja model A usedhere, with
correspondingly poor accuracy in the surface areas of different materials.

Simulation # | Collection | S/C model| Initial V Spectra Comments| Result
9:1 * spclim Ar -40 corr -105
9:2 orblim Am -40 raw -4.2
9:3 spclim Am -40 raw -4.4
9:4 orblim Cn float raw -0.9
9:5 spclim Cn float raw -1.0

Table 11.POLAR simulations performed dfrejachargingevent9. For explanationssee
Table 7. Parameters for raw spectra: den2 = 1.3e4, temp2 = 8.5e3, powco paBes;
0.5, pcutl = 0.5, pcuth = 1e4, gauco = 3.5e4, enaut = 4e3, delta = 5e3.

Freja charging event 9: data and parametric fit
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Figure 31. TESP electrondatafor event9, togetherwith a fit to expression(6) with

parameters as printed. The fitted curve is corrected for the observed charging to -40 V.
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Figure 32 Equipotential contours for simulation 9:1. For explanations, see Figure 22.

5.2.6 "Event D": Comparison Freja-DMSP charging

To compare this Freja chargistudy to otherwork usingthe POLAR code, it is instructive
to seehow our Freja model behavesin a charging environmentstudied for the DMSP

satellite. The POLAR 1.3.7 code distribution includes a model of DMSRkhsis a plasma
environmentn the directory poll1.3.7/run/dmspwewhich whenrun yields a chargingof -

195V. We haverun Frejamodel Ar usingthe sameinput to NTERAK, which resultedin

chargingto a level of -40 V (Table X). This lower level of chargingis consistentwith the
generalobservationof WP110and WP130: due to its smaller areasof non-conducting
material, Freja is more resistant to charging than is DMSP.
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Simulation | Collection | S/C model ]| Initial V Spectra Comments| Result
#

D:1 spclim Ar float -40

D:2 spclim DMSP float -195

Table 12. POLAR simulationsperformedon Frejaand DMSP for the DMSP environment
specified in the POLAR 1.3.7 distribution. For explanations, see Table 7.

5.2.7 Variations of environment parameters

Most of the Frejachargingeventsare strongly associatedvith high-energyelectronsduring
auroral inverted-\events,asshownin WP 130. Thereforethesehot plasmaparametersre
quite crucial, and were thereforeinvestigatedto show how variations of these affect the
simulation results. Small variationsof the other environmentparameterglid not give any
significant changes ithe results. Thesewere thereforeheld constantduring the simulations
varying the hot electrontemperatureand the hot electron density. To simulate combined
variationsof all the environmentparametergannotbe within the scopeof this study as the
number of combinations is enormous.

Values from evenbb were usedbecausef the greatcharginglevel observed We usednot
the nominalenvironmentasgivenin Table5, asthis did not causeany significantcharging
levels. Instead we used the "var" environment spedifi¢te captionto Table9, andvaried
its parameters. It was found thethangeof den2from 2.6e5m=to 2.0e5m* decreasethe
voltagefrom -8.1 V to -26.6 V, andthatwe get-82.1V for a den2value of 1.5e5m?3. A
change of temp2 from 0.43e4 eV to 1.0e4 eV lowers the voltage-8dnY to -151V. The
two parameters were varied over a wide range to see if and what callegive rise to the
observed voltage of -1000 V in event 6b. The results are presented in Figure 33.
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Figure 33.Results from POLAR simulations varying the hot electemperatureThe rest
of the environment parameters are from the "var" environment in Table 9. Model Ap is used.

Increasing the temperature ogine the level of chargingobservedoy Frejabut thesevalues
arefar out of rangefrom the measuredvaluesand making fits with thesevaluesdoesnot
correspondvell. To geta chargingof -1000V, a hot Maxwellian temperaturgtemp2) of
about 1e5 eV is needed.
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Figure 34. Resultsfrom POLAR simulationsvarying the hot electrondensity. The rest of
the environment parameters are from the "var" environment in Table 9. Model Ap is used.
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Decreasinghe hot plasmadensity (den2)just a little bit lowersthe voltagesignificantly but
doesnevercomecloseto the observedevel of -2000V. A lower level than-213 V is not
reached bringing the density down to zero.

It is thus possibleto getreasonablygoodfits with the electronspectrausing quite extreme
valuesof the hot electrontemperatureAs a worst-casevalue, we have used 10 keV. The
lowestvoltageas function of hot electrondensity seemsto be reachedsetting the density
equalto zero. This would meanthat there would be no hot electronsat all, making the
influenceof hot electrontemperatureeroaswell. Insteadwe use a densityof 1.5e5as a
worst-case value.

The worst-caseparametergyive a simulationresult of a charginglevel of -177 V, quite

different from the best-fit value of -8.1 but it is importantto remembethat theseparameter
values are highly improbable in accordamdth the observeddata.Evenwith theseextreme
values,the simulated-177V is still far from closeto the observed-2000 V implying that

uncertainties in these parameters only can account for a small gadigcrepancybetween
the code simulations and the observations.

It is possibleto find multiple solutionsto the simulationsby starting at different initial
voltages of the spacecraft, as discussesction2.5 andseenabovein Section5.2.2. The
simulationswe have done have usedinstantaneousaluesof the plasmaparametersand
mostoften we assumethe floating potential as initial condition. A realistic simulation may
need to proceed in steps tracking the history of the plasma and the charging.

Initial voltage (V) Final simulated voltage (V
0 -4.2

Float -8.1

-80 -78.1

-400 -398

-900 -897

Table 13. POLAR simulationresultsvarying the initial voltageon model A, event6b,
environment "var".
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5.3 Discussion of the simulation results

Section5.2 revealedthat we very rarely achievedthe observedevels of chargingin the
simulations.If sticking to the observedparametergor energeticelectronsand starting the
calculationfrom floating potential,in fact only one simulation (9:1) gave a result close to
observationsThereare severalpossiblesourcedor the observeddiscrepancybetweenthe
observed charging voltages and the POLAR predictions. They may be group@] ertors
in the spacecraft definitiorib) errorsin the plasmaenvironmentdefinition, (c) errorsin the
applicationof the codeand (d) limitations of modelsusedin the code. A fifth possibility,
namely pure softwarbugs, is consideredesslikely as POLAR hasbeenextensivelytested
for other situations and showed to work there [Katz etl@B9b]. We discusseachof these
possibilities below.

(a) Spacecraftdefinition. For all the major materialson Freja, we have used parameters
establishedn the laboratory.The exceptionare the relatively small areasof the nozzlesand
TM antennasfor which we haveassumednaterialparameterss for CFRP but with very
low conductivity,andthe also small aluminium parts, for which we have usedunoxidized
aluminium as model. However, defining the carlfibre areasas CONT or CFRP hasbeen
found to makeno big effectto the simulations,and the use of pure aluminium parameters
should exaggerate rather than diminishphedictedcharginglevel asthe secondaryelectron
yield increasesn the oxidisation process.If somethingshould be wrong in the material
description it must be for some of the more dominating Freja surface materialna@nete
that Freja charging events are seen from the very beginning of the mission, so agderal
is a less likely cause of the discrepancy. It is outside the scope sfutljdo experimentally
investigatethe propertiesof the materialsused. As an exampleone may note that if the
assumedigh conductivity of the PCB-Z paint should be significantly lower than thought,
this would bring a major changeto the spacecraftmodel, making a major part of the
spacecraft an effective dielectric. Another such possibility is that the ITO cotee thermal
blanketsmay crackand decreasén conductivity. Such effects could causethe build-up of
large differential charging levels, which by influencing the potential distributitimeiplasma
and hence the particle orbits may cause an overall charging of the spacecratft.

Spacecraftnodel problemscould also be in the geometryof the spacecraftAn evenmore
detailed model of the spacecraft may possibly give begtarits.We think this is lesslikely,
as it all major parts are quitecuratelymodelledby model C above(Section3.3). Although
we do not think it likely, itis in principle possiblethat someof the largerlinear elementson
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Freja, like the magnetometebooms, could influence the potential distribution and thereby
changethe charginglevel. Onefurther study could thus be to constructa Freja model for

NASCAP, which can handle booms. Although NASCAP cannot accurately modeirtbral
spectraseenby Freja,a comparisorbetweenNASCAP and POLAR resultsfor a charging
environment they both can handle could be of interest.

(b) Plasmaenvironment Severalof the plasmaparametervalueswe have usedare rather
uncertain. For the cold plasma, the temperaturesve have used are assumedvalues.
However, varying thesewithin reasonabldimits doesnot very much changethe voltage
predicted by POLAR. Taking eventa® an example,runs on model C with temperatureé.1
eV and1l eV yields spacecrafpotentialsof -1.3 V and-3.8 V, respectively,which is not
dramatically different from the -1.2 V observed fbe nominal parametersWe do not think
the cold plasmadensitycould be a major sourceof error. First, the density valuesin these
charging events are already very low for thlt#ude range.Second,our identification of the
narrowband HF emissions on which we base our density estimates as plasma osaifidtions
Langmuir waves[WP110] has beenverified by comparisonof theseemissionswith the
Langmuir probe current in non-charging events. Third, thespmttrain the chargingevents
show an uplift in energyof the ramflow, not a major decreaseof the ram flow intensity,
which should be the case if the density dropped drastically.

The high-energyelectronsare well measuredy the TESPand MATE detectorswho have
proved their values in numerous studies [e.g., Boehm di984; Eliassonet al., 1994]. In
the region of overlappingnergy,the two detectorggive very similar shapesf spectraand
spectra well within a factor of two from each other. However, we should riete possibly
importantuncertaintiesFirst, in the eventsstudied, no truly field-aligned electronspectra
havebeenobtained.The pitch-anglecoverageof the detectorsdependedn the spacecraft
attitude. Theperpendiculadirectionis alwayscovered,but pitch anglesbelow 20° was not
covered inany of our cases.Table 14 summariseshe pitch anglesof the spectraused,and
the observedanisotropiesin somecasesthereis no sign of anisotropyin the pitch angle
rangecovered(events7 and9), while othersmay show suchanisotropiesin particular for
the energyrange around 1 keV, which has important impact on the secondaryelectron
production.For the modelling, the 90° spectrahave beengiven more attention, as in an
averaging process to find the omnidirectional flilne directionalfluxes will be weightedby
the sine of the pitch angle. However, we should note that there in principle migiergetic
electronsat near-parallebr near-antiparallepitch angles,which we do not measureAs we
do not know anythingaboutsuchelectronsand POLAR includesno mechanismo model
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themevenif we hadknowledgeof them,their hypotheticalimpactis impossibleto assess.
An extended study could search for Freja charging events with better pitcltangtage or
use another data set with more compjeteh anglecoveragemostof thetime. Evenso, the
only way to include them in a POLAR 1.3.7 simulation would besepitch-angleaveraged
spectra.

Event | Available P/A [ Anisotropy Used P/A
[9] [9]

3 68, 69, 84, 100 | Peakvalue (3 keV) factor 2 higher at| 68
68° than at 90

6a 33, 34, 90, 103 | Peakvalueslightly higherat 90°. Flux| 90
at 1 keV factor 4 higher at 90° and
10 than at 38and 34.

6b 32, 33, 90, 104 | Peakisotropic.Factor2 higher flux at| Average
1 keV at 90° and 104° thanat 32° and
330,

7 22, 23, 90, 103] Isotropic -

44, 46, 88, 93 | Isotropic -

Table 14. Observedanisotropiesn the spectrausedfor the specificationof the nominal
electronenvironmentdor the modelledchargingevents.All energiesare asobservedat the
detector, which in charging eventswill be different from the particle energy in the
unperturbed plasma.

(c) Applicationof POLAR The POLAR codeis a complexnumericalpackagewith several
options on the use of physical and numerical models and of numerical parameters.A
straightforwardapplicationof the default settingsof the code for severalof thesevariables
could leadto unphysicalresults.A goodexampleis the choice of grid size. For the Freja
applicationsto plasmasof quite low density,the real sheathsize may easily extendoutside
the chosen simulation box edde.that case the sheathpredictedby the codewould be too
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small, the ion currents underestimatedand the magnitude of the charging level be
overestimatedWhile this is easily detected,a more subtle effect is that even though the
sheath boundary is well inside the simulation box, the boundary condition tipatéméalis

zero one grid unit outside the simulation box could cause errors in the potential
determination, and thereby in other parameters like the sheath location and in the pr&diction
barrier potentials.

While carehasbeentakento find and minimise such sourcesof error, using hints in the
documentatiorand some highly appreciatednput from other POLAR usersincluding its
creator/maintainer David Cooke, investigating all aspectisedOLAR codeis a formidable
task beyondthe scopeof this study. However, the resultspresentedereare the resultsof
quite extensivetrial-and-errorinvestigationsand studiesof partsof the code.In order for
future tracing oruling out of sucherrors,the simulationinput files usedin this study have
been made available to the contractor.

We have seen that for at least one charginilation(6a:1)the initial conditionon potential
was very importantfor the final outcome.This raisesthe questionof the needto modelthe
time history of spacecraft charging. Such a model could in principle be donthewkisting
POLAR 1.3.7 code, but woulaquirea tremendousffort in practice:run a simulation,get
potentialsasinitial conditionsfor next simulation,changeparameterslightly (the driver of
the process), run the simulation again and so on.

(d) Codelimitations POLAR haspreviouslybeenusedto simulateDMSP chargingevents,
where higher plasma density was reported. The low plasma density in thevemrgjsmakes
sheathsizeslarge, which is a practical problemin a code using the fixed-grid-resolution
strategyof POLAR, leadingto unreasonablsimulationtimes. The simulationsreportedin

this study requiredsimulationrun timeson the order of an hour (model A) to a few days
(somemodel C runs), which may be considereda practical upper limit for many users.
Neverthelesssimulations performedusing NASCAP as well as POLAR for a -80 V

chargingevent[Svensson,1997] indicatedthat the sheathsize limitation of POLAR cannot
explain the discrepancybetweensimulation and observationsas NASCAP was no more
successful in the case studied.

In addition, threeof the five eventsstudiedhere, and most of all observedFreja charging

events, consider spacecraftpotentials no lower than -50 V, while the driver for the
development oPOLAR and otherchargingcodesis the study of higherlevelsof charging,
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where potentially harmful effects in termsastinganddischargingmay setin if differential
voltages appear. However, the biggest discrepancy between simulatiobsandationsvas
seento be in the highestcharginglevel event.In the following section,we discusssome
physicalphenomendhat possiblymay needrefinedtreatmenitn the codein orderto model
the Freja charging.

5.4 Suppression of secondary current and
photoelectron current

In Section 5.2, it was seen that a direct best-effort approach to POLAR modelling-oéjtne
chargingeventsdid not reproducethe observedcharginglevels. Possiblecausesfor this
discrepancyrelatedto spacecrafand plasmamodelling and code handling was discussed
above. Assuming no such errors exist, what physical effects could causethe observed
discrepancy?

The main problem for gettintipe observedcharginglevel in a POLAR simulationis that the
secondarycurrents,andfor the sunlit event7 the photocurrentmust be suppressediFrom
studies of spacecraft in geostationary orbit, it is well known thatayeof efficiently doing
so is the build-up of barrier potentials related to differesti@rging[e.g. Purvis, 1983]. On
Freja, sucha schemehasits problemsasthe areaof insulatorsis fairly small. On the other
hand, the secondaryyield of the carbonfibre elementgnozzle,TM antennadomes)are so
low (compareFigure 7) thatthey possiblymay chargedifferentially to very high voltages,
and the Freja simulations indeed show some developmediiffefential charging,as canbe
seenin Figure 21. It is therefore of interestto accuratelymodel the suppressionof
secondaries and photoelectrons by barrier potentials.

The POLAR 1.3.7algorithmfor modellingthis is rathersimplistic. If the secondarycurrent
or photocurrenemittedby a surfaceis |y andthe normalelectricfield E, on the surfaceis

suchthat the emitted electronsare attractedback to the surface,POLAR assumeghat the
actually escaping current is
¢ 1-d/ U,
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where® = 2E D , Dis thegrid cell sizeandUg = 1 V. Figure 35 showsa comparison
betweenthis model and the suppressionresulting if assuming Boltzmann distributed
electronsemittedalongthe surfacenormalinto a purely normal electric field with potential
barrier height equal to H.emperatured.5 eV and 3 eV are used,approximatelydescribing
photoelectronsand secondaryelectrons, respectively.It is seenthat for small barrier
potentials, up to some 3V, the current suppression of photoelegnmse pronouncedy

POLAR than by the Boltzmannmodel. For secondariesthe correspondindimit value is

about 9 V.

Pdarizdid) and exponential modd atd. Sl (doted), 2 & (dashed)
1 T T T T T T T T T

ERrher poental [v]

Figure 35. Comparisorbetweenthe POLAR algorithmfor suppressiorof photoelectrons
and secondaryelectrons(solid curve) to a Boltzmann(dashed3 eV, dotted 1.5 eV) with
normal emission direction.

Neither the POLAR nor the Boltzmann algorithm takes higher-dimensionaleffects into
account.For aninfinite surfacewith a potentialaboveit only dependingof the coordinate
along the surfacenormal, currentlimitation will be much severerthan modelled above if
electrons are emitted at all angles to the surface. Quotlleehand, the appearancef electric
fields with a componentperpendicularto the surface normal above the surface on a
geometrically complex spacecrattll allow someparticlesescapeaboveothersurfaceghan
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thosethey were emitted from. Some particleswill also hit the spacecraftat other surface
elements that they were emitted fronpreenomenorcalled hopping. POLAR hasa hopping
model, unfortunately not supported in POLAR 1.3.7. This effetttegeforenot includedin
the Freja simulations.

One may note thdtoppingand barrierformation are mosteffectivein low densityplasmas.
In the chargingsituationspreviouslystudiedwith POLAR, densitieshave beenhigher and
these effects therefore less unimportant[David Cooke, private communication].It may
thereforebe fair to say that the POLAR algorithmsare not operationallyvalidatedfor the
Freja environment. In order to treat hopping secondaries and lsapieressiorcorrectly on
a geometricallycomplexspacecraftnumericalintegrationof test particle orbits in the self-
consistently determined potential distribution around the spacecraft would be desirable.

Another mean®f achievingsuppressiorof emittedelectronsfrom a spacecrafsurfacemay

be by the ambient magnetic field turning them back to the spaceatéimboise[1988] has

studiedthis effect for infinite planesandfor variousstrengthsof the normal electricfield at

the surface. To estimatethe maximum importance of this effect, we have integrated
Laframboise'ditted expressiorfor the currentsuppressioras a function of angle between
surface normal and magnetic fiedder a sphere.The resultshouldgive someaveragevalue

roughly applicableto a sphericalspacecraftas long as its radiusis much larger than the

gyroradius (the infinite plane assumption).The lower normal electric field, the more

pronounced the effect will be. As an upper liwifitthe importanceof the effect, we assumed
Frejato be a sphereof radius0.7 m with a vacuum(Coulomb)electricfield aroundit. The

results are tabulated in Table 15, showing that the effect possibly nedysbmeimportance
for the low-level chargingeventsbut presumablynot for the chargingto hundredsof volts,

particularly as the real electric field will be strongerthan the vacuum field, thereby
diminishingthe importanceof this effect. However, for low-chargingor floating potential

calculations its impact on the photoelectrons may be of interest.
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Event lesc/10
3 0.85
6a 0.90
6b 1.00
0.98
0.90

Table 15.Lower bound orratio of escapingo emittedsecondarycurrent(or photocurrent
in the caseof event7) calculatedby averagingthe result of Laframboise[1988] over the
surface of a sphere of radius 0.7 m assuming Coulomb electric field at the surface.

5.5 Dynamic effects

In Section2.5, we discussedhe possibility of bifurcatedequilibria andthe time history of

the charging process. We have seen thaatftrastone chargingsimulation(6a:1) the initial
conditionon potentialwas very importantfor the final outcome,and that such effectswas
found importantalso when running a variant of event6b (Section5.2.7). This raisesthe
guestion of the need to model the time histirgpacecraftharging.Sucha modelcould in
principle be donewith the existing POLAR 1.3.7 code, but would require a tremendous
effort in practice:run a simulation, get potentialsas initial conditionsfor next simulation,
change parameters slightly (the driver of the process), run the simulation again and so on.
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6. CONCLUSION
6.1 Summary

A list of materialsfor the Freja satellite has beencompiled. Material propertiesfor these
materials are known from laboratory experiments, except for some dikaesginenozzles
and TM antennadomeswhosepropertiesare not well known. Models of Freja at different
resolution have been prepared,and five Freja eventswere studiedin detail to provide
information on the plasma environment in the chargwents.The modelsof spacecrafand
plasmawere usedas inputs to simulationsusing the POLAR code. It was found vital to
compensatéor the impactof the charginglevel of the spacecrafion the electrondetectors
when modelling the chargingeventsfor POLAR. The observedlevels of charging were
usually not reproduced by the code, although there aéee exceptionsFor someevents,
the discrepancyis very large. Variationsin hot and cold plasmadensity and temperature
within reasonabldimits cannotexplain the discrepancy.lt is possiblethat high energy
electronsat pitch anglesnot coveredby the detectorscould be responsiblehowever, the
inverted-V precipitation spectra that accompany the charging events are usualisoiafsc
except forthe loss cone. The Frejamodelis quite detailedand shouldnot be a causeof the
discrepancy, although erroneous material parameters for @iotine appliedsurfacematerial
would be a problemif present.The numericalparameterdor the code has beenvaried in
numerousuns, andwe do not believeunsuitableinstructionsto the codeis a major error
source,althoughthis is hard to rule out using the POLAR documentationSome physical
processesot or insufficiently treatedby POLAR may be the suppressiorof photocurrent
and secondaryelectroncurrentby potential barriers, hopping to other surfacesand, but
presumablyonly for the lowest chargingvoltages,the magneticfield, and effects of the
charging history of the spacecratft.

6.2 Suggestions for further studies

Some suggestions for further studies of the Freja events modelled hbeehagggestedn

the sectionsabove. As one of the possibleerror sourcesis the incomplete pitch-angle
coverageof the electrondetectorssomeFrejaeventswherethis is more completecould be
added.Anotherpossibility is to use datafrom some other spacecraftfor which complete
pitch angle coverage is always available.
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A comparativestudy using NASCAP aswell as POLAR should be useful. NASCAP was

usedinitially in this work, andit was found that in order to reproduceobservedcharging
levels in a test case, the density and temperature of the energetic eleatttmbe increased
by factors of10 and 3, respectivelyfrom the best-fit values[Svensson,1996]. Later work

was concentrateabn POLAR as beingthe codedevelopedor low-altitude auroral charging
situations.However, it is possiblethat with the experiencegjainedduring this work, as

reproducedn this report, particularly the importanceof correctingobservedspectrafor the

spacecraftharginglevel, andwith improved versionsof NASCAP where more advanced
particle spectrathan superposed/laxwellianscanbe modelled,a renewedNASCAP effort

could be fruitful. In particular, it could be interestittgrun NASCAP and POLAR for cases
where they both should be applicable. A NASCAP model of Freja edstdncludebooms,
to see the effect of adding and removing these.

6.3 Recommendations for code development

When POLAR arrived in the late eighties, it represented a rhegakthroughn the study of
charging effects in low Earth orbit in the auroral zone, by its abiligetbconsistentlynodel
a spacecrafsheath include wake effectsand magnetisationand its facilities for modelling
auroral electron spectra. Applications of POLAR has mainly concernedobjects large
comparedo the spacecraftize, which hasshownthat POLAR works well in this domain.
The Freja situation, with the density so low that the Debye length is on the order of the
spacecrafdimension,is somethingof a new application.If it is desirableto model this
situation, we recommend that the Freja charging events are studied further as emdoget
developmentThe Frejaspacecrafand environmentmodelsusedin this study are available
for thatpurpose.In particularit shouldbe usefulto compareNASCAP and POLAR results
for parametedomainswherethey both shouldprovide useful values. Thesedomainsmay
not necessarily be exactly those observed.

For the low-density plasmasudiedhere,the size of the sheathandthe boundarycondition
that the potential should be zero at the simulation box estiyastimesare problems,asthey
necessitatevery large grids and therebycauseshe calculationtime to grow unpractically
large. The possibility of employingsomeadaptive-gridalgorithmat leastoutsidethe sheath
shouldbe consideredyeducingthe necessangrid resolutionin this areaand thus saving
computational time without jeopardising the physical accuracy.
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The POLAR tools for keepingtrack of electrostaticbarrier formation and currentshopping
between surface elememtwy be insufficient for the Frejacase,wherethesefeaturesare of
higher importance than ithe denserplasmasstudiedin previousPOLAR applications.This
shouldbe testedby comparisonto NASCAP resultsand numericalstudiesof test particle
motion in potential distributions around geometrically complicated objects before the
importance of algorithm changes can be assessed.

For low-level charging events affidating-potentialcalculationsthe inclusion of a magnetic
limitation algorithmfor the secondarycurrentand photoelectroncurrent could be of some
importance.Such an algorithm should be fairly straightforwardto implement, using the
interpolation formula of Laframboise [1988]. This may possibly bring significant
improvementfor low level chargingevents(i.e., a few tenths of volts) and non-convex
spacecraft geometries.

POLAR was developedin the eighties, as is clearly withessedby the user interface. A
modern graphical user interface would be a major improvement to the usability of the code.
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