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1. INTRODUCTION
1.1 Scope of document

This document presents the results provided by work package WP120 of the spacecraft
charging study made at the Uppsala Division of the Swedish Institute of Space Physics under
contract from ESTEC 1996-1998. The central part of thiswork package is the comparison of
five Frga charging events, dl included in the WP130 database and presented in WP110, to
charging simulations using the POLAR code [c.f. Hilgers, 1994]. This document was
written with the following purposes:

* Give abrief introduction to spacecraft charging models

» Giveamateriaslist of the Freja spacecraft

* Present Frejamodels for POLAR simulations

* Present environment models for POLAR simulations

* Present results of direct POLAR simulations using the above

* List input filesfor POLAR simulations

* Discuss the simulation results

* Suggest further investigations

* Suggest code devel opment
The presented input files for POLAR simulations are extensively commented in order to
facilitate their future use. These files have aso been delivered to ESTEC in digital format.

1.2 Disposition

As explained in WP110 and WP130, the Frga instrumentation makes it possible to
experimentally study the charging of the whole spacecraft, and this is what is modelled here.
Differentia charging as such is not a chief consideration in this work as no observationa
Frejainput exists, but some effects of local el ectrostatic perturbations are investigated.

From the detailed data analysis of WP110 and the statistical survey of WP130 it is clear that
spacecraft potentia levels below the expected floating potential, as based on the thermal
plasma characterigtics, often are observed on Freja passes through the auroral zone. It was
also shown in these work packages that the spacecraft potential in these cases is closely
correlated to electron precipitation above some keV. In WP120, which is presented in the
present section, we attempt to model these results using the numerical codes SUCHGR and
POLAR, presented in Section 2 together with a brief introduction to some of the basic
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physics of spacecraft charging. NASCAP was used in some preliminary work on this study
[Svensson, 1996]. Our approach in simulation and modelling is that of an "unprejudiced
best-effort”: wefirst describe and model the spacecraft and its surface materials (Section 3),
then model its environment (Section 4) as accurately as possible, and finally use this as input
to POLAR, the code developed to deal with auroral charging phenomena in low-Earth orbit.
We also present results from simulations using variations of the environmental and materia
parameters used in the modelling. For the simulations (Section 5), we use POLAR version
1.3.7. Wefind that POLAR used by usin thisway does not reproduce the observed charging
levels, athough variation of material or simulation parameters sometimes get us close to
observed voltages. Possible reasons for the discrepancies are discussed. We conclude this
study with a summary and recommendations for further investigations and software
development in Section 6.

1.3 Related documents

Work package WP100 (Analysis of Frga charging events) is presented in 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.
WP100 is also presented in Chapter 4 of the SPEE final report, which in addition contains
information on the other work packagesin the SPEE contract.
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2. MODELLING SPACECRAFT CHARGING

There exist a huge literature on the subject of spacecraft-plasma interaction, and we do not
intend to review it here. For good introductions to the subject in general, see the recent
textbooks by Tribble [1995] or, more detailed, Hastings and Garrett [1996]. Hastings [1995]
gives a review of the processes particularly important a low Earth orbit. The published
literature also includes several numerical studies of spacecraft charging using NASCAP [e.g.
Frezet et al., 1989] or POLAR [e.g. Katz et al., 1989]. Here we intend just to point a some
fundamentals important for the understanding of the Frgja charging events, particularly how
they are modelled by the POLAR charging code.

2.1 Spacecraft Charging Codes

Severa software tools for modelling spacecraft surface charging exist. Most well known and
commercialy availableis the NASA Charging and Anaysis Program, NASCAP, developed
inthe USA in 1980s. The original version of NASCAP, aso known as NASCAP-GEO, was
intended for simulation of geostationary orbit conditions, but a version NASCAP-LEO for
low Earth orbits has also been developed. For the study of charging effects on satellites in
polar orbits, the code POLAR was developed from NASCAP in the late eighties. POLAR has
additional capabilitiesto model auroral electron precipitation, which is the essential source of
spacecraft charging on polar orbits. In Russia, the ECO-M and COULOMB codes have been
constructed and used [e.g. Danilov et al., 1998; Krupnikov et al., 1992]. These codes,
which are not considered in the present work, are reported to be similar to NASCAP in scope
but with extended capabilities for modelling of radiation induced discharges for the 12 hour
Molniya orbits [Hastings and Garrett, 1996]. Common to these and most other spacecraft
charging codes isthat they use quasi-analytical models for some parts of the calculations, for
example for the wake structure, rather than doing a complete particle-in-cell simulation or
numerical solution of the Vlasov-Poisson equations for the spacecraft-plasma system. There
exist 2D particle-in-cell codes for charging studies[e.g. Usui et a., 1993], and 3D codes are
under development, but at present only the semi-phenomenological codes mentioned above
are widely available and applicable to practical situations.

POLAR has previously been applied to among others the SPEAR-1 rocket [Katz et al.,
1989], the CHARGE-2 rocket payload [Manddll et al., 1989] and to the DMSP satellites
[Cooke et al., 1989]. For modelling of Frgja charging events, typicaly at around 1500 km
altitude in the auroral zone, POLAR was chosen as the most appropriate tool presently
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available, although NASCAP was used as well in some preliminary work [Svensson, 1997].
We have adso used the progran SUCHGR that is distributed with the POLAR code.
SUCHGR is a smplified code modelling the spacecraft as a homogeneous sphere, while
POLAR allows detailed modelling of the spacecraft. POLAR and SUCHGR are described in
detail inthe POLAR User's Manual [Lilley et al., 1989, hereafter referred to as PUM]. In the
context of the present study it is necessary to have some knowledge of what POLAR can do
and what it cannot, asthis clearly isimportant for understanding the results of the simulations
of the Frgja charging events. This discussion is given in the following section, where
spacecraft charging physicsis discussed with particular reference to POLAR.

For the simulations, we have run the POLAR software on Sun workstations (Sparc-5, Sparc-
20 and UltraSparc) running Solaris 2.5 and 2.6. For presentation of results, the TRMTLK,
SHONTL and PSTPLT packagesin POLAR has been used as well as some Matlab routines.

2.2 Current Balance

An object placed in aplasmawill aways collect some of the plasma particles due to their bulk
and thermal motion with respect to the object. A spacecraft in the ionosphere, magnetosphere
or solar wind is no exception. In a plasmain thermal equilibrium, the electrons have higher
speed than the ions due to their lower mass but equa energy. This causes the flux of
electrons to a spacecraft a plasma potential to be greater than the ion flux, causing the
spacecraft to charge negatively, unless other effects appear to change this situation. Examples
of other effects could be emission of photoel ectrons or emission of secondary electrons when
the plasma particles hit the spacecraft surface. The presence of non-conductive materials,
which may give loca charging to parts of the spacecraft, or biased parts like some scientific
instruments for particle collection, may also perturb the electrostatic field around the
spacecraft in such a way that collection of one particle species is enhanced or decreased.
Whatever the situation, at equilibrium the potentials v, on the surfaces k congtituting the
gpacecraft boundary to space will be such that the total current | to the spacecraft is zero:

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

This may be regarded as the fundamenta equation of spacecraft charging. It may be noted
that the actual charge distribution, in units of coulombs, on the spacecraft need not be
modelled: the surface potentials are completely governed by the current balance equation (1).
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One may also note that in general, the current to any surface element will depend on the
potentials of al surface elements, as the total set of such potentials determines the potential
distribution in space outside the spacecraft, and hence particle trgjectories, aswell as the flow
of currents between surface elements. From now one, we will regard V and | as vectors of n
components. The question now isto find the functional form and parameters of the function
(V). From a physics point of view, it is natura to divide the total current 1(V) into the
contributions from several different processes. For our purposes, it is reasonable to analyse
the totdl current as

I =li-le+ lph+ le+ g+ Ic+ g ()

where |; and | are the currents due to collection of plasmaions and electrons, respectively,
Iph is the current due to photoelectron emission, lse and |5 are the currents carried by
secondary electrons emitted due to impacts of electrons and ions, respectively, I¢ is the
current flowing by conduction to adjacent surface elements and to spacecraft bulk, and I4 is
the displacement current, which may be important in time-dependent situations. One may also
include aterm describing the backscatter of impinging particles, but thisisamost trivial since
it may be described by (energy dependent) coefficients in front of the collected plasma
currents. Solving (1) with some appropriate models for (2) may not ook like a daunting task,
butinfactitis. Tofind l; and e we need to know the trgectories of particles in the plasma,
and thus either calculate the potential field around the spacecraft and track particles through it,
or have some other model.

The physics of spacecraft charging will now be discussed by discussing each of these terms
in sections 2.3 — 2.6. Particular emphasis will be put on how POLAR treats the problems, as
this code has been used for smulation of the Frgja charging events. Other terms sometimes
included are the ion emission by particle or photon impact, which amost aways is
negligible, and the backscatter of primary electrons and ions, which aways is smal
compared to the incoming fluxes and also can be modelled by adjusting the incoming fluxes.
Artificial beams should need to be included for modelling of Frgja charging events where the
F6 electron gun [Haerendel et a, 1994] is operational, but no such events has been included
in this study.



2.3 Analytical and numerical models

For simple models like a homogeneously conductive spherical spacecraft of uniform surface
it may a least sometimes be possible to write down closed-form expressions for 1(V),
although the presence of shielding and particularly wake effects make even this problem hard
to solve [see Al'pert, 1983]. If the plasma is sufficiently tenuous, the eectric fields
encountered by the particles can be determined from the boundary conditions without
reference to other particlesin the plasma. In this limit where the Debye length is much larger
than the spacecraft size, fields will also decay with distance so slowly that the current is
independent of the detailed structure of thefield. Thisis known as the orbital motion limit or
OML, for which useful analytical results exist [Mott-Smith and Langmuir, 1926; Medicus,
1962]. Consider a spherical spacecraft (probe) of radius a and homogeneous surface
properties immersed in an isotropic plasma. We assume the decay of the potential with
distancer from the centre of the sphereis such that the electrostatic field can be neglected for
all r outside some value s, which we define as the edge of the sheath around the spacecraft. If
the plasmaistenuous, s may go to infinity. For a particle species with a charge such that the
particles are attracted to the spacecraft at potential V, the current carried to the spacecraft will
be [Mott-Smith and Langmuir, 1926]

fr(il\g)ﬁf (v) dv, qQv <0 (3

| = 47Tq52£v3f (v) dv + 4m1q @’ }(1—

where

2
f:_zszziaz%’ @
g is the particle charge, m particle mass, v particle speed and f(v) the distribution function.
We see that if the plasmais tenuous so that s is infinite, which is known as the thick sheath
orbital mation limit (OML), we get alinear |-V relation, whatever the exact form of f(v) may
be. If s is finite, which case is known as the sheath limited case, an extra relation for
determining s must be supplied, like the Child-Langmuir length law or a numerical solution.
For apractica situation in afinite sheath situation, such as a spacecraft charging application,
there may appear trapped orbits within the sheath and other complicating factors, and
simulation and tracking of particle orbits or numerica solution of the Vlasov-Poisson
equations in the sheath is needed.
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The code SUCHGR uses the simple model of a spherical spacecraft with no wake effects.
For a uniformly conductive spacecraft, results based on such simplifications may often be
very good, particularly if the Debye length is large compared to spacecraft dimensions. In
other cases, where a spacecraft with many different surfaces and a complicated geometry is to
be considered or wake effects are important, more elaborate calculations are needed. Codes
like NASCAP and POLAR divide the satellite into a set of n surfaces, following the approach
of equation (1). To model how the current to any surface depends not only on its own
potential but also on the potentials of the adjacent surfaces and the spacecraft bulk, surface
resistivities as well as capacitive couplings between surface elements can be model led.

For modelling a spacecraft-plasma interaction problem with negative charging, POLAR
typicaly starts from user-supplied input on the spacecraft geometry and materials, the plasma
parameters and initial potential of the spacecraft. An initia wake structure is determined using
geometric shadowing of the spacecraft or a neutral flow approximation. An initid sheath
edge is fixed, and using these boundary conditions Poisson's equation for the potentia is
solved. The motions of test ions are then tracked through the field, and the currents they
carry to the spacecraft surfaces are calculated. The currents and densities due to the repelled
electrons are calculated using a Boltzmann relation. The response of the spacecraft surfaces to
the incoming particle flux is caculated, resulting in a new potential distribution on the
gpacecraft. Thisis then used as a new boundary condition for Poisson's equation, which is
solved with the ion density found from the tracking process and Boltzmann distributed
thermal electrons providing the charge density. Contributions to the charge density from
high-energy electrons, secondary electrons, photoel ectrons and backscattered particles are not
modelled.

Evidently, the space charge limited case is more complicated to handle than OML. However,
one may note that outside the sheath edge, OML conditions aways apply. If detailed tracking
of particle orbits is needed, this has to be done only inside the sheath. This is utilised in
POLAR, which switches from OML relations to detailed particle tracking at a presumed well-
defined sheath edge, defined by default as |®/= 0.47 KT,/ e. POLAR aso has the option of
using OML theory only and skip detailed particle tracking. Finally thereis ahybrid of the two
built into POLAR, where the OML calculation is done for finding the distribution of currents
on different parts of the spacecraft, whereafter the total current carried by the attracted species
to the spacecraft is normalised to the current through the sheath boundary. This approach
promises to significantly reduce the amount of caculations as compared to the detailed
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particle tracking in the sheath, but its usage is not well tested or documented [David Cooke,
private communication].

In a magnetised plasma, calculating the current-voltage relation for even a smple sphere is
very complicated, and few really useful closed-form results exist. POLAR can modd the
trgjectories of the attracted ions taking magnetisation into account. The effects seen when
including non-zero magnetic field in the Frgga smulations are found to be small, as could be
expected as the gyroradii of the attracted ions are greater than the typical spacecraft dimension
(about 1 m).

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

| =4mqa’ J’ (1—%)v3f(v) dv, qQv>0 (5)

J2qvim

irrespective of sheath thickness. Note that (3) and (5) are continuous at VV=0. For the repelled
electrons, thisanalytical result is valid even in a magnetised plasma, and magnetisation can
therefore generally be neglected for the repelled species. An exception would be the case
where amagnetic field lineis cut at two points by spacecraft structures, with plasma open to
gpace in between. However, as discussed below in Section 6, magnetisation may have an
impact on the emission of photoelectrons and secondary electrons in conditions of low
charging level.

2.4 Photoelectrons

Photoel ectron emission from surfaces exposed to sunlight provides an important current in
the charging balance for a spacecraft in geostationary orbit or elsewhere in the tenuous
magnetospheric plasma. At Frgja altitudes, the photocurrent is not asimportant asin the GEO
environment, although it certainly acts to stabilise the spacecraft potentia in sunlit conditions.
The photocurrent from a surface is fairly smple to model, a least as long as magnetisation
effects are neglected. For negative potentials, the photocurrent is essentially independent of
the potential: al electrons escape from the surface. This may be changed by the presence of a
magnetic field, which may turn some photoelectrons back to the spacecraft even if they are
energetically allowed to escape. Laframboise [1988] found that for an infinite planar surface
with an angle 6 between the surface normal and the magnetic field, the current carried by
emitted el ectrons decreases by afactor cosf if thereisno normal eectric field a the surface.

10
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If such an electric field is present, the quenching effect becomes less important, and for high
voltage charging, here defined as a high value of the ratio of the E/B drift speed to the particle
speed at emission, the effect is negligible. Also, convex surfaces will be less sensitive than
an infinite plane, but localy concave surfaces will on the other hand be more sensitive. The
effect may possibly be important for low-level charging events, where the normal eectric
field is week. POLAR presently does not include this effect, as is further discussed in
Section 6.

Another effect suppressing the photocurrent is the formation of electrostatic barriers due to
different voltages on different surfaces on the spacecraft, as illustrated in Figure 1. Loca
potentiadl minima may form in space outside a surface, turning back photoelectrons to the
surface. POLAR 1.3.7 includes asimple model of this phenomenon (see Section 6), known
to be important in charging in geostationary orbit conditions [Purvis, 1983], where the
plasmadensity islow.

The dectrostatic field may aso return emitted particles to other points on the spacecraft than
they were emitted from. These photoelectrons should be accounted for in the current balance
also for the surface where they end up. This phenomenon is incompletely modelled in
POLAR 1.3.7 (see section 6).

11
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Figure 1. A numerical solution of the two-dimensional Laplace equation above a surface a
20 V with two small segments at 30 V. Equipotentia lines with 2 V separation are shown.
The potentia is put to zero at the upper boundary, and the horizontal electric field is zero on
the right and left boundaries. The formation of aloca potential maximum of afew volts in
space between and above the two small platesat 30 V is evident. Such a potential can form a
barrier for particles expelled from the surface between the two small plates with energy below
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 be emitted from the
material, usualy at fairly low energy (afew €V). The number of electrons emitted for each
incoming particle is known as the yield Y. For incoming electrons, Y strongly depends on
their energy E. The yield curve Y(E) is obvioudy zero for zero energy and also zero for
infinite energy (as very high energies give very limited possibility of interaction), so there
must be at least one maximum in between. Experimentally, most materials are found to have
one maximum in the yield curve, a a few hundred eV (compare Figure 7). The maximum
value of Y may well exceed one: for aluminium, the peak yield is 0.97, while it is around 3
for Teflon. Thus secondary electron emission may be very important to the current balance
for a spacecraft. A corollary isthat simulations and calculations of spacecraft potentia will be
sengitive to errors in the model used for describing the secondary emission [Katz et al.,
1986].

The fact that the secondary yield curve is peaked opens up for the possibility of bifurcated
equilibriain spacecraft charging physics. Consider the simple case of a conductive spacecraft
in a plasma only consisting of monoenergetic isotropic electrons at some energy E. In the
case of orbit limited current collection, the current of electrons hitting the spacecraft will be a
linear function of the spacecraft potential V [Medicus, 1961], like the solid line in Figure 2.
In this simplified case, the hot eectron current must be balanced by the secondary current,
which dependson E + eV, which is the energy of the electrons when hitting the spacecraft.
The secondary current thus is a peaked function ofV, like the dashed line in Figure 2. The
simple sketch in Figure 2 shows the possibility of two points where the currents balance each
other, and thus of two equilibrium potentials in this case. In addition, any potential below -
E/eisan equilibriumin this oversimplified case: inamoreredistic situation [e.g. Lai, 1991],
this continuum of roots would collapse to a single root. In such a case, which equilibrium
actudly is attained will depend on the history of the spacecraft-plasma interaction and not
only on the instantaneous and local parameters.

13
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Figure 2. Schematic of a situation with only hot monoenergetic electrons at energy E (solid)

and secondary emission (dashed). There are three possible equilibria: a any potential V < -
E/e and at the two intersection points.

POLAR includes the NASCAP algorithms for caculation of secondary currents. The inputs
needed are properties of surface materials and spectra of incoming primary particles. All
materials known to NASCAP are included in POLAR, and for this study a number of other
materia specifications provided by ESTEC have also been used. As is the case with
photoelectrons, POLAR looks at the secondary electrons only as a term in the current
baance: they are not tracked out in space and do not contribute to the calculated charge
density in the plasma. The treatment of current suppression due to potentia barriers is smilar
that applied to photoel ectrons (Section 2.4).

2.6 Charging dynamics

Dynamic effects may enter the spacecraft-plasma interaction on two levels. The first and
simplest level iswhen the boundary conditions in the plasma or for the spacecraft change so
dowly that the sheath appears constant to the particle on atime scale it traverses the sheath.
Dynamic effects on this time scale can be treated by introducing a displacement current in
equation (2), thus requiring knowledge of the relevant capacitances. This can be a
complicated task, as unless al parts on the spacecraft are conductors in contact with each
other, there will be interna capacitances within the spacecraft. The spacecraft-plasma
interaction may in this situation be modelled as a sequence of quasi-steady states, which is
the approach taken by NASCAP and POLAR. The user must explicitly provide the internd
capacitances between various parts of the spacecraft, while externa capacitances to the
plasma are modelled by the code.

14
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The second and more advanced level for treating dynamical situations would be to consider
not only quasi-steady states but also the real dynamics of the plasma itself, down to Debye
length and plasma oscillation scales in space and time. This would alow the modelling of
wave generation and other time-dependent plasma phenomena, but would require a full
plasma smulation of the interaction, which would be very costly in terms of computer
power.

Correct treatment of charging dynamicsincluding internal capacitances may be very important
when studying the formation of differentia charging on a spacecraft, which eventually may
lead to an arcing discharge. Our chief interest is the final equilibrium state of the overal
satellite potential configuration, and we therefore do not attempt to model the charging
dynamics. In particular, no estimate of internal capacitances is included in the calculations.
For numerical reasons, a short timestep has to be used in the smulations, but we do not
attempt to interpret the timescale we use as necessarily corresponding to the rea charging
timescale. One may note, however, that the charging timescale for Freja is observed to be
short (on the order of afew milliseconds; c.f. WP110).

15
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3. THE FREJA SPACECRAFT

This section covers the aspects of Frejarelevant for this spacecraft charging simulation study,
and presents a modelling of Freja for POLAR. For a more detailed description of Freja and
the instruments carried on it we refer to André [1993] and Lundin and Haerendel [1994]. We
first review the genera design in Section 3.1. The materials used on Freja are then listed in
Section 3.2. The Frejamodels for use with POLAR are described in Section 3.3.

3.1 General Freja design

Freja (Figures 3 — 6) is a sun-pointing spacecraft with solar panels placed on aflat circular
surface. The overall diameter is2.2 m. The solar panel platform constitutes the "upper” deck
or platform. The "lower" deck is connected to the upper via a centra auminium tube.
Radially from this tube four support webs are mounted between the decks. The lower deck is
1.2 min diameter. The distance between the two decksis 0.44 m.

In the central tube two solid powered motors are mounted, one facing "upwards’, one facing
"downwards", which were used to lift the spacecraft into its fina orbit. Each motor has a
nozzle made of composite material. The conductive properties of these nozzles, which are
dielectrics on ground, are not well known, but a carbonization effect during their use is
assumed to make a least their inner surface conductive. We have in this study represented
them by the conductive material CFRP (see then next section) and a variation of this materia
with very low conductivity. The space between the decks is partitioned by the support webs
into four distinct compartments known as instrument bays, where the different booms,
scientific instruments and other system units are mounted.

An important design goal was to have as much as possible of the outer surface eectricaly
conductive in order to cancel eectrica charges induced by the plasma environment and
prohibit differential charging. It is not possible to achieve a 100% coverage of the surface
with conductive materid, as insulating materia must be used for certain purposes, such as
insulating an electrostatic probe from the satellite. The total area of exposed insulators on
Frgiais about 0.38 m2 (including engine nozzles) which may be compared to the thermal
blanket exposed area of about 5.5 m2.

The basic structure of the spacecraft is made of honeycomb aluminium. Structure elements

16
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extending outside blankets are painted with white paint of type PCB-Z, assumed to be
conductive in space.

The eight identical solar panels are each covered by solar cells of 0.19 m2 area, giving a total
solar cell area of 1.52 m2. A transparent conductive coating of indium tin oxide (ITO) is
applied to the solar panelsin order to ensure conductivity.

To keep the temperature within desirable limits, and to provide a conductive outer coating, a
large part of the spacecraft including most of the instrument bays are covered by Sheldahl
thermal blankets of aluminised Kapton with ITO coating.

Figure 3. The Frga mockup at the entrance hal of the Swedish Space Corporation in
Solna, showing the essentia features of Freja. In flight configuration, therma blankets
covered the instrument bays.

17
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Figure 4. Some instruments and equipment on Freja. From André et al [1993].
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Figure 5. Frgja structural concept. From André et al [1993].
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Figure 6. Primary structure and spacecraft coordinate system (not identica to mode
coordinate system in the smulations). Dimensions are in mm. From André et al [1993].
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3.2. Fregja surface materials

In order to accurately modd the spacecraft, we must know the properties of its exposed
surfaces. A detailed investigation of the Freja satellite has been performed, and a materials list
(Appendix A) has been compiled. A summary of the mgjor surface materias is found in
Table 1. Names of model materials for the POLAR simulations are also given in the table.
These model materials are further discussed below. For purposes of spacecraft charging, the
exposed insulators are of particular interest. These arelisted in Table 2.

Part Material Model ATEa comment
material [[m2]

nSrument bays rhermal blanket | BLAN 238 Thermal biankes coverlng ]
scientific Instrument el ectronic
units and system units. Some
exposed detectors.

T'op.and bottom rherma blanket | BLAN Z.7

platforms

Solar pane's ITO coaling TOC 1.65

(,en;dral tubeinner | Therma blankel | BCLAN T.T

mantle

SUppOrt webs Panied PCBZ IX0.7 Only exposed outer parts are

(four) aluminium painted and included in the area
estimate.

nterface ring Al ALCUM 05 Approximaied as 2D Ting,
r=71100 mm, dr = 37 m

Manengine Ttanium ALCUM 0.4 Considered as manile of cylinder

STAR 13A body r =154 mm, h =396 mm.

Solar call support | Panied PCBZ < 1.65 SOmE area covered ta/ SUPPOTT

aduminium webs and bay blankets.

Sun Sensors ITO coaing TOC ZX 0.05 [ One ontop, one gn bottom
platform. Approximate
dimensions 0.1 x 0.1 x 0.1 m.

TV antennas Carbon fibre CARB ZX 0.05 [ Oneeach on top and on botom
PI atform. Considered as cylinder

=50 mm, h = 340 mm.

Assumed insulator in this study.

Van engine Carbontibre CARB 0.3 Considered as cylinder of radius

nozzle 150 mm, h = 240 mm. Assumed
insulator in this stuay.

Bofiom engine Aluminium ALCUM 0.02

STAR 6B

Table 1. Materids of major exposed surfaces on Fregja. The "model materia” refers to the
basdlineinput for POLAR simulations (models Ar and Cr below); variations have also been
used.
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[tem 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 exposed insulators on Fregja. The list aso includes the engine nozzles, 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) Sm

4 Z Atomic number 1

5 Maximum secondary electron yield for eectron| 1
impact

6 Primary electron energy that produces maximum | keV
secondary yield

7 P7 Penetration depth parameters: R=P; EP8+Pg E P10 | A

8 Ps [PUM page 4.5-6] 1

9 Pg A

10 P10 1

11 Secondary electron yield 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 sunlight | A/m2

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

15 Maximum potential attainable before a discharge |V
must occur

16 Maximum potentia difference between surface and | V

underlying conductor before a discharge must occur

Table 3: List of material propertiesto specify for POLAR simulations. See PUM page 6.1-

41. Actually used values of these parameters are listed in Appendix B.

For correctly calculating the charging and discharging of dielectrics and the photocurrents and
secondary currents, POLAR needs a specification of the materid of each surface in the
gpacecraft modd it uses. The principal properties we need to know for each materid are
specified in Table 3, listed in the order they appear in the materia specificationsfor NASCAP
and POLAR [PUM p. 6.1-42]. Laboratory values of these parameters for some materials are
available directly in the NASCAP and POLAR codes. Other material parameters have been

supplied by ESTEC based on measurements at DERTS.
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For the POLAR simulations of Frgja charging events, the following materials have been used
to model the satdllite:

ITOC

BLAN

ALUM

PCBZ

CPAI

CFRP

CARB

CONT

Indium tin oxide (ITO) coating. The secondary electron yield for materials with this
coating has in laboratory tests been found to be rather independent of the underlying
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 spacecraft structure parts, particularly interface ring. The
valueswe use are for pure aluminium surfaces. In reality, oxidisation will increase
the secondary electron yield.

Source: NASCAP.

White paint assumed conductive in space, applied to most aluminium areas which
otherwise would have been directly exposed.

Source: ESTEC

NASCAP conductive paint specification. Used as replacement for PCBZ in some
simulationsin order to see effects of material parameter variation.

Conductive carbon fibre material, used to modd the engine nozzles and some
details.

Source: ESTEC

This materid has been constructed for simulating the behaviour of non-conductive
carbon fibre. We use the parameters for CFRP above, with bulk conductivity and
surface resistivity replaced by CONT values.

A generic for dielectric materials having been exposed to the space environment. In
laboratory tests, the secondary yield properties were found to be rather independent
of which didectric it was, so we use this for modelling of al dielectrics except
carbon fibre parts.

Source: ESTEC

Complete listings of the material parameters of these model materias are given in Appendix
B. The most important feature of the materials for this study is their secondary electron
emission. Plots of the secondary yields are shown in Figure 7, which also shows the yield
curvesfor Teflon (source: ESTEC).
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Energy [keV] Energy [keV]
4 4
3 3
TEFL
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0 1 2 3 4 5 0 1 2 3 4 5
Energy [keV] Energy [keV]

Figure 7. Secondary yield curves for materials used in the Freja model.
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3.3 Frgga models for POLAR simulations

In POLAR, a spacecraft is modelled in a fixed grid of cubica elements. Except for the
additiona ability of NASCAP to model one-dimensiona structures (i.e., booms) as well as
the two-dimensional (rectangular plates and danted triangular surfaces) and three-
dimensiona (cuboids, octagons, wedges €etc) objects possible to modd in POLAR, the two
programs are smilar in terms of spacecraft definition. For a detailed description of how to
model a spacecraft in POLAR, see PUM sections 6.10-6.14.

In order to test the effects of geometric details in the smulation software, spacecraft models
on three levels of sophistication have been used. The basic versions of these three geometric
models, known as A, B and C in order of increasing geometric complexity, are outlined
below. In the actuad smulation runs, the models have been varied in terms of material
definitions and dight geometrical changes in order to estimate the effects of such changes.
The geometries of the models are seen in Figures 8 — 11, which are made by the POLAR
gpacecraft definition module, VEHICL. The input files (called fort.20 in the POLAR file
structure, see PUM Section 5.30) defining the models are reproduced in Appendices C, D
and E. Thesefiles also includes extensive comments providing additional information on the
definition of the Frggamodels for this study.

For each of the geometricd models, we may vary the choice of material and materia
properties for the surfaces of the satellite in order to check the influence of surface materia
parameters. This leads to several sub-models, caled Am, Cn, Cp etc. The relation between
these modelsis explained in Table 4. The baseline models are Ar and Cr, which incorporates
the best knowledge of the spacecraft we have. Model Am isasimple effort to model a worst-
case sSituation of magnetic field inhibition of secondary electrons, by simply reducing the
secondary and photoelectron yield for al materialsto 2/3 of their nominal values. Models Aq
and Cn replace PCBZ by CPAI. As can be seen in Figure 7, this significantly decreases the
secondary yield, and should thus make the spacecraft more prone to charging. There is no
deep thought behind this model, just a check of the impact of changing material parameters.
Model Cpissimilar, except that there are no non-conducting areas on nozzles.
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Basdine materid choice. Uses CARB to
models non-conductive parts of nozzles, and
CONT to modd other insulators.
Conductive paint is PCBZ.

Ar, Cr

All secondary yield values reduced to 2/3 of
table values to model worst-case effect of
magnetic suppression of secondaries. No
insulators included.

Am

PCBZ replaced by 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 asmple definition of the spacecraft as a rectangular object of 2x1x2 grid units
(Figure 8). Thisvery smple model isused (a) for testing the plasma environment models on
asimple object requiring comparatively little computational effort, and (b) for comparison to
the results from Model C in order to test the effects of geometrical details, smulation grid
size and small surfaces of non-conducting materials.

T
T

Figure 8. Geometry of Frejamodel 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 17 x 33 cells, which was the limitation
of previous versions of POLAR. Thisleadsto a grid unit length of approximately 16 cm for
Freja. A version of this model was first used in preliminary runs in May 1997 [Svensson,
1997], and later for comparisons to Models A and C for some events. The modd
incorporates the main features of Freja (Figure 9) with possibility to model some detalils. It is
listed in Appendix D and was constructed from the following geometrical elements:

1. Solar panels: Modelled as an octagon of height 1, width 14 and side 6 in grid units,
axisalong y axisfrom y=0 to y=1.

2. Top platform and central tube: Octagon of height 5, width 10 and sides 4, with axis
along y axis from y=0 to y=5. This overlaps with the solar panels, thereby defining the
top platform. This makes it possible to have different materials for solar panels and top
platform.

3. Support webs: Each modelled as a rectangle plus a wedge. Total height 4 units,
extension in x or z directions 3 units, thickness in the remaining direction 1 unit.

4. Bottom platform: Octagon with axisalong y axis from y=5 to y=6, width and sides
asfor top platform.

5. Top nozzle: Rectangular, of size 2 inthe x and z directions and 3 in the direction, on
top of the top platform (-3<y<0).

6. Bottom nozzle: Rectangular, of size 1 in the x and z directions and 2 in the
direction, under the bottom platform (6<y<8).

Model C isthe most detailed, with a grid size of 10 cm, alowing additional detail (Figures
10 and 11). The difference to model B (15.7 cm grid spacing) may seem small, but is
sufficient to allow modelling of gaps in the satellite geometry, e.g. the space between the
rocket engine and the central tube and the space between the solar panels and the interface
ring. One should also note that the improvement of linear geometric resolution by a factor of
15.7/10 = 1.57 from model B to model C implies an arearesolution improvement of 1.572 =
2.5, offering extended possibilities for the study of effects small patches of 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
spacecraft. However, a maximum number of 1250 simple surfaces can be handled, which
means that for any reasonably spherical or disc-like spacecraft, the full number of grid points
can never be used. For Freja, with a diameter of 2.2 meter, geometrical restrictions aone
would alow a resolution of less than 5 cm in grid size, but due to the need to keep the
number of surface elements low, the grid resolution of 10 cm used in Model C is the smallest
that can be used in practice.

Modd C is congtructed from the geometrica elements described in the list below. The
complete model definition is found in the object definition file frggaC.obj for POLAR
(Appendix E).

1. Centra tube. This is described as a rectangular funnel structure extending over -
4<y<0, with outer dimensions 6x6 grid unitsin the x and z directions and of thickness
1. Smoothing wedges are applied in the inner corners.

2. Lower platform. An octagonal platform in the xz plane, -5<y<-4, with a square hole
for the central tube.

3. Upper platform. Similar to the lower platform.

4. Support webs: Each modelled as a rectangle plus a wedge. Tota height 4 units,
extension in x or zdirections 5 units, thickness in the remaining direction 1 unit.

5. Solar panels. Defined by two concentric octagons, the inner one being the upper
platform and the outer lying 3 grid units further out, in the same plane as the upper
platform.

6. Engines. These are modelled by arectangular structure of width 2x2 in the xz plane,
extending for -7<y<3. Lowest part is 1x1 wide to simulate lower engine small nozzle.

7. Therma blankets in instrument bays. Blankets cover most of the payload and
gpacecraft system located between the platforms. These are modelled as one 2x2 and
one 3x1 unit cuboid in each quadrant, extending dl the way between the platforms -
4<y<0.
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8. Spacecraft system units. TX antennas and sun sensors added to top and bottom
platforms. Modelled as 1x3x1 and 1x1x1 cuboids, respectively.

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

9. Upper platform insulators. These add up to some 8 dm? in total area, not counting
the rocket nozzle.

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

11. Other insulating materia (mainly due to harness) adds up to about 7 dm2, which
may be modelled by distributing 2 dm2 of CONT on each of the therma blankets
between decks.

Figures 12 — 19 show how the materials described in Section 3.2 have been distributed on
gpacecraft models A and C. For model C, care has been taken to get the tota area of the
insulators closely approximating the values in Tables 1 and 2. For the crude model A, the
dielectric surfaces are exaggerated in size. The complete definition of the models, including
additional comments on how the materials have been distributed, are contained in Appendices
C,DandE.
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Figure 12. Digribution of materias on moded Ar as viewed from the positive y direction
(upper platform and solar panels).
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Figure 13. Digribution of materias on mode Ar as viewed from the negative y direction
(lower platform).
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Figure 14. Distribution of materials on the +x side of model Cr.
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Figure 15. Distribution of materials on the -x side in model Cr.

36



WP120 TN 2.0

15,1

11. 1

SURFACECELLMATERIML GO PLISTEIN A5 WIEWED FRUM THE POISTIVE Y DIRECTEIN

FaRY v LUES EETWEEN 1 aND22

25, &r.

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-plasmainteraction depends on the actual plasma parameters. The cold plasma
density and temperature define the fundamental shielding properties of the plasma and the
plasma currents to the spacecraft. We aso need to know the ion composition, as the currents
depend on particle dynamics. In auroral conditions, precipitating electrons are the important
agents for charging, so we must also characterise the energetic eectron environment.
Additiona information on sunlight/eclipse conditions and magnetic fields is aso sometimes
required, asisthe orbital speed of the spacecraft.

For the simulations presented here we have, unless otherwise stated, assumed that the only
ion species present is oxygen, and that ion and electron temperatures are equal. Including a
component of hydrogen, which is likely to be present in readlity, has the effect of decreasing
the observed charging level asthe lighter hydrogen is easier for the spacecraft to collect. The
spacecraft speed is always put to 7 km/s, and the magnetic field is specified at 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 precipitating auroral electrons are in POLAR modelled as a sum of a power law, a hot
Maxwellian and a Gaussian population. If energy E and thermd energy KT are given in
joules, the particle flux spectrum (unit: m2 eV-1 sr-1s1) can then be written as

E (E-E, )2

ek +BEe * (6)

n E

®(E)=AE"" +
( ) \/zme (nKT2)3/2

[PUM section 3.41] where A, a, n,, T, B, Eg and & are free parameters that may be fitted to
a measured distribution. The form of (6) is inspired by a statistical study of auroral zone
electron spectra by Fontheim et al. [1982]. Although not perfectly flexible, we will see below
that it actually can be used to get good fits to the electron spectra encountered by Frejain the
eventsto be studied here (e.g. Figure 19). The distribution is mapped to a surface element on
the gpacecraft by use of energy conservation and Liouville's theorem, and the resulting
current contribution is calculated by integration over energy. The Maxwelian and Gaussian
components have analytic expressions for the integration over al energies, but for the power
law component finite integration limits must be supplied since the integra diverges a zero
energy.

41



WP120 TN 2.0

One should note that in order to find the parametersin (6), we cannot directly compare to the
electron spectra observed in the charging events. These refer to electron energy as measured
at the spacecraft, which in charging events clearly will not be the same as the electron energy
in the unperturbed plasma. We have therefore corrected for the observed charging level by
mapping the POLAR flux expressions from the outside plasma in to the spacecraft by use of
Liouville's theorem. This is done in the Matlab routines used for fitting of POLAR spectra
parameters to observed spectra (Appendix K).

Expression (6) includes no reference to angular distribution, and POLAR assumes the
distribution to be isotropic. In some situations the anisotropy of eectron spectra may be an
important factor for spacecraft charging processes, but this will mostly apply to spacecraft
with large non-conductive parts. For Freja, the problem is expected to be small, because in
the inverted-V electron events where charging is observed, the eectron distributions are
almogt isotropic outside the loss cone. This is due to the isotropising effect of the magnetic
mirror effect on particles travelling through increasing magnetic field magnitude when
precipitating from the magnetosphere aong the geomagnetic field lines down to the
ionosphere.

Typica plasma conditions for the Fregja charging events were discussed in WPs 110 and 130
[WP110, WP130]. For the smulations here we have also used additiona detailed data. For
determining the parameters describing the energetic electrons, we have visualy fitted
expressions of type (6) to electron spectra derived from observations by the TESP [Boehm et
a., 1994] and/or MATE [Eliasson et al., 1994] electron detectors on Freja. For this study,
the data was mainly available as hardcopies of plots, which were digitised using a dide ruler.
The digitised data was plotted together with model spectra, as given by (6) but transformed to
the energy levels and fluxes on the charged spacecraft as discussed above, in log-log-plots,
and parameters were varied until reasonable fits were achieved. Plots of data and fits for each
event are presented in Section 5.2. We do not put any strict definition of what is a
"reasonable fit" here, but note that at the data points, the average discrepancy between data
and models is below 15 per cent. Considering the uncertainties due to loss cones, materia
parameters and spacecraft models, this is not a critica problem, as is verified by the small
variations of the fina charging levels achieved for small variations of input environmental
parameters (Section 5.2.7).
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Plasmadensity isinferred from the identification of plasmaoscillations and Langmuir waves,
in wave datafrom the F4 instrument [Holback et al., 1994]. Observationa Freja input on the
electron and ion temperatures is weak, athough T, sometimes can be estimated from
Langmuir probe sweeps of the F4 instrument if any reasonably interpretable sample is
available close to acharging event. When no input is available, we assume 0.2 or 0.3 eV for
ionsand 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-second periods (a
full spin revolution) were selected for detailed simulation of the spacecraft charging process
using SUCHGR and POLAR. Table 5 summarises the basdine environmental parameters,
discussed in Section 4 above, used in the ssimulations.

Each event in Table 5 is studied during afull spin period, which is6 seconds. In order to get
reliable data from a presumably stable charging situation, not depending on for example the
spin phase of the spacecraft or fast variations in the electron flux, we have chosen the six-
second intervals to be modelled by looking for situations where the charging level, as given
by the ion spectra [c.f. WP110], and electron spectra are as stable as possible over the six
seconds. Thisimplies that we do not necessarily model the highest charging levels found for
each event in WP110. Initial studies of the spectra showed that the other aternative, namely
picking the highest observed charging levelsirrespective of stability of this level, would give
very high uncertainties in environmental parameters and in the possible importance of
dynamic effects on the charging. To test the predictive power of the charging codes, it is
necessary to have as well-defined and stationary a situation as possible, while of course till
have a significant charging level to model.

The plasma density on line 5 in Table 5 is therefore based on a plasma oscillation observed
within these six seconds [c.f. WP110]. Electron and ion temperatures in lines 6 and 7 are
assumptions, based on models [IRI-95] and Freja observations typical for this atitude range.
Line 8 isthe electron Debye length, line 9 the oxygen-based Mach number of the plasma flow
seen in the spacecraft frame of reference, and line 10 is the assumed fraction of ions that are
oxygen. Theion composition in the plasmais not well known, athough 10 - 20 % protons
and the remaining part O+ can be expected at this atitude. We have used 100 % oxygen in
the smulations reported here as being a worst-case assumption, causing maximal charging
levels (due to the higher inertid of heavier ions making them harder to atract to the
gpacecraft). We have to some extent tested the effect of varying the plasma parameters
without finding any important differences, as discussed in Section 5.2.7.

Lines 11 to 19 in Table 5 are parameters defined by equation (6), based on visua fits of
observed electron spectra (pecutl and pcuth are the integration cutoffs), as described in Section
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4 above. Such fits are shown for each event below: for an example, see Figure 20. Lines 20
and 21 show magnitude and direction, in the spacecraft frame of reference, of the magnetic
field as observed by the Frgja F2 instrument [Freja magnetic field experiment team, 1994].
As the satdllite is spinning around the y axis in our models and we consider spin averaged
guantities, the direction of B in the x-z-plane is undefined. However, the angular relation
between the directions of magnetic field, direction to sun (line 23) and plasma flow direction
(line 24) are fixed, and we have arbitrarily chosen a spin phase angle such that the plasma
flow isin the y-z-plane in al our simulations. Line 23 is the solar intensity, defined as 0 in
darkness and 1 in full sunlight. An observed vaue of the spacecraft potentia in 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 [yynmd] 921205 930209 930209 930218 | 921201
4| UT [ hhnmss] 023828 091715 091800 093148 | 003508
5| ne [cm3] 120 50 30 60 125
6| Te [eV] 0.3 0.2 0.3 0.3 2
7| Ti [eV] 0.3 0.2 0.3 0.3 0.5
g|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| nz [m3] 1.5e3 2.2e5 6. 2e5 5. 2e4 1. 3e5
12({ T2 [eV] 5e3 7e2 8e3 2. 9e3 4e2
13[A[m2 sr-1 s-1 eV-1] 3. 2e12 1.9el11l 7.6el4 3el2 3.1lell
14| a 1.9 1.3 2.0 1.6 1.3
15[ pcut!l [eV] 0.5 0.5 0.5 0.5 0.5
16| pcuth [eV] 6. 5e4 led 2e4 2e4 6e4
17[D [m2 sr-1 s-1 eVv-1] 1. 2e5 3e4 1. 3e4 1. 5e3 6e4
18[ Eo [eV] 1.5e3 2e3 1. 1e4 1. 3e4 1.8e3
19|16 [eV] 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
(X,Y,2) -0.62 -0.83 -0.83 -0.63 -0.69
(nodel B) -0.78 -0.02 -0.02 -0.19 -0.14
22] Solar intensity 0 0 0 1 0
23| Sun direction 0.12
(X,y,2) -0.88
(nodel B) -0. 46
24| Fl ow direction 0 0 0 0 0
(X,Y,2) -0.70 0.26 0. 26 -0.21 -0. 06
(nodel B) 0.72 0.97 0.97 0.98 1. 00
25| bserved potential [ VR5 -40 - 1000 - 160 -40

Table 5. Frga charging event parameters for 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 modelledtime | -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 -5.4 -11 [-4..1] -105
POLAR (model C) -7.5 -4.1 [-40..0] |[-0.2..0.9]

Table 6. Results of SUCHGR and POLAR simulations for the nomina environments
defined in Table 5 above. Model A has 1 m grid size, model C grid size 10 cm. Table entries
are potentials in volts. The bracket notation denotes that oscillations between the limits
existed at the time of discontinuation of the simulation, but that it was clear that charging to
observed level was not going to be reproduced even if the oscillations damped out.

5.2 Event simulations

After having defined the spacecraft model (Section 3) and the plasma model (Table 5), we
have awell defined problem for the SUCHGR and POLAR codes. Simulations were run on
three Sun workstations (Sparc-5, Sparc-20 and UltraSparc) running Solaris 2.5 and 2.6. In
order to facilitate the reproduction of our results and the modification of inputs, we have
included printouts of selected POLAR input files in Appendices B — G. Detailed instructions
on how to run the POLAR software may be found in PUM. The files we reproduce here are
fort. 20 filesfor the VEHICL modafePOLAR, defining the spacecraft model (Appendices
C, D and E), and sample input files for the main module NTERAK (Appendices F and G).
These files include the specification of the charging environment, as specified in Table 5, and
computational settings for POLAR. To ssimplify for subsequent users of POLAR in generd
and thesefilesin particular, the files are extensively commented, with references to gpplicable
pages of PUM.

We have used the algorithms for space charge limited as well as and orbit limited current

collection in these simulations. In a dense plasma, where the Debye length and sheath size are
much smaller than the spacecraft dimensions, the space charge limited gpproximation will be
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accurate, while the orbit limited approximation will fail because of too steep potentia profile.
In atenuous plasma, where the Debye length is much larger than the spacecraft size, the orbit
limited approximation applies, while the space charge limited assumption fails because there
isno well defined sheath. POLAR is best suited to handle the space charge limited situation,
asthis can give asmall sheath even in acharged situation. Thiswill per definition not be true
when we have charging in a situation where orbit limitation applies, as orbit limitation
assumes slowly decaying electric field. POLAR uses a simulation grid of uniform grid size,
making the smulation of a Situation with an extended sheath practically incompatible with
any detailed modelling of the spacecraft. When the code starts producing spacecraft charging
to alevel well below the thermal, the orbit limited assumption will be incompatible with the
practical limitations of grid size. We therefore use the space charge limit as our nominal
choice.

Table 6 summarises the results we get when using this direct approach on the problems. A
detail of the charging sequence for one of the simulations (Event 6b, model A) is shown in
Appendix J. Some of the table entries are based on orbit limited and some on space charge
limited calculations, depending on the nature of the problem: for a detailed description of each
simulation, please see Sections 5.2.1 — 5.2.5 below. The first line in Table 6 gives the
maximum observed charging level for the event at hand. As noted in Section 5.1 above, this
is not necessarily the voltage at the time we actually model, which is given in the second line
in the table. It is evident from Table 6 that our straightforward modelling using available
measurements and knowledge of the satellite in no case reproduces the observed charging
levels. Possible reasons for this behaviour are discussed in Sections 5.2.7 and 5.3.

The actual running of the POLAR codein these smulations is discussed briefly in Appendix
J. Two input filesfor the NTERAK module of POLAR, which is the routine actualy doing
the calculations, are listed in Appendices F (for event 3 using model C) and G (for event 6a
using model A). All smulations are completely documented, with al input and output files
used in the smulations, on the simulation file tree that has been delivered to ESTEC on CD-
ROM (see aso Appendix H).

5.2.1 Event 3, 921205 02:38, charging at sunset during auroral substorm.
Parameters for this event are summarised in Table 5. Figure 20 shows the electron spectrum

as obtained by the TESP and MATE detectors, which both were operational in this event.
The parameter fit in Figure 20 is made to the data with no correction for the spacecraft
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charging level changing the zero reference of the energy scale. Such a correction,
implemented as described in Section 5.1 above, leads to the fit in Figure 21. Note that the
data are the same in both cases, but when doing the fit in Figure 21, the flux expression (6)
assumed by POLAR is mapped to detector energy levels using Liouville's theorem. We
simulate using both sets of parameters, to show the effect of the energy correction in this
low-level charging event.

In WP110, it was shown that the maximum charging level during this event reaches levels up
to amost -65 V. The six-second interval we have chosen for detailed study here shows
charging to -25 V. As discussed in Section 5.1, the reason for choosing this particular
interval rather than the time of highest charging leve is that we want the charging level be
stable for the six seconds required to get a full pitch angle coverage, so that the use of spin-
averaged electron datais justified. Such a stable situation was found between UT 023825 and
023831.

To modé this charging event, we have run nine POLAR simulations, the results of which are
shown in Table 7. The best-effort direct smulations using models Ar and Cr yields -6.9 V
and -7.5 V, respectively. The equipotential contours in the x-y-plane around the spacecraft
for these ssimulations are shown in Figures 22 and 23.

All event 3 simulations converge to final resulting spacecraft potentials. In this case, the fina
result seems independent of the initia voltage. That thisis no genera truth is discussed in
Section 5.2.7. It is hard to say something conclusive on the difference between models with
different material properties: 3:3 and 3:4 give rather similar results, while 3:7 and 3:8 differ
by a factor of two. However, the importance of correcting the electron spectra for the
potential difference between the spacecraft-mounted detector and free space is wel
demonstrated, as the runs with corrected spectra show significantly more charging than the
others.

Figure 22 shows that the quality of the simulation 3:5 is good in the sense that the sheath
edge stays well away from the simulation box edge, at the same time as the sheath size is
severa grid units in width. Should any of these conditions be violated, the rdiability of the
result will decrease. If the sheath reaches close to the edge, the boundary condition on
potential used by POLAR (zero potentia a one grid unit outside the simulation box) will
affect the value of the calculated potential. On the other hand, if the sheath comes closer to the
spacecraft than a grid unit, the fields in the sheath can obviously not be accurately modelled.
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Simulation | Collection | S/IC modd | Initid V Spectra Comments | Result
#

31 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
3.5 * 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 simulations performed on Frgja charging event 3. Column descriptions:
Smulation #. Stars * indicate nominal best-effort simulations. Collection. Orbit or space
charge (sheath) limited approximations. SC model. See Table 4 for explanation. Initial V.
Initid potentia in volts, "float" means that the POLAR default floating potentia is used.
Sectra. Tellswhether or not correction for observed charging has been made. Result. Final
resulting bulk potential of the spacecraft, in volts.

50



WP120 TN 2.0

Freja charging event 3: data and parametric fit

Phi [(m2 s sr eV)-1]

AN
10* :-/ dens 1.2e+08, temp 3.0e-01, den2 1.5e+03, temp2 5.0e+03 \ \\\X N E
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 | \\ N
103 = l‘ \ .
E L . . | . . M | . . P N I
10° 10° 10" 10°

E [eV]
Figure 20. TESP (0) and MATE (x) electron data for event 3, together with a fit to
expression (6) with parameters as printed. The fitted curve does not take the observed
charging level into account. Dashed lines show the contribution from the individual electron
popul ations 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 L | T T T T T T

Phi [(m2 s sr eV)-1]
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Figure 21. TESP (0) and MATE (x) electron data for event 3, together with a fit to
expression (6) with parameters as printed. The fitted curve is corrected for the observed
chargingto-25V.
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Figure 22. Equipotentia contours in the x-y-plane for the nomina mode Ar simulation.
The solid contour is the sheath limit, as defined in Section 2.3 (i.e., by |®/= 0.47 KT,/ e).

The contour marked by 'T' denotes ® = -K T. Other contours are separated by 2 V. It can be

seen that the sheath stays well away from the boundaries, while still being severa grid units
thick.
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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 environment is shown in Figure 24, simulation results in Table 8 and
equipotential contours for the nominal smulations in Figures 25 and 26. It can be seen that
while the nominal smulations does not reproduce the observed charging level, changing the
initial condition gives avalue very close to the observed (simulation 6a:1). Figure 25 shows
that the boundary condition at the s mulation box edge may play arole, so the -38 V result of
6a1 may partly be a coincidence. However, more interesting than the exact level of charging
reproduced in the smulation is perhaps the fact that some charging &t al is predicted. This
cannot be due to the boundary condition. Instead, it shows us the importance of the history
of the charging process, asis further discussed in Section 5.2.7.

Other simulations (6a:3, 6a:4) also predict significant charging, but as they are based on
uncorrected data, their prediction does not mean anything. However, we may note that the
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orbit limited calculations (6a:3, 6a:6) predicts more charging than does corresponding space
charge limited simulations (6a:4, 6a:7).

The problem with finite smulation box is more pronounced for model C than for model A.
Figure 26 shows that the sheath reaches the smulation box boundary aready at the modest
charging level of -4.1V calculated in this case.

Simulation | Collection | S/IC modd | Initid V Spectra Comments | Result
#

6al spclim Ar -40 corr -38
6a:2 * spclim Ar float corr -5.4
6a3 orblim Am -40 raw -55
6a4 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 simulations performed on Frgja charging event 6a. For explanations, see
Table 7. Parameters for raw spectra: den2 = 2e5, temp2 = 6e2, powco = 6e10, palpha= 1.3,
pcutl = 0.5, pcuth = 1e4, gauco = 3e4, enaut = 2€3, 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]

/
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powco 1. 9e+1fl palpha 1.3e+00, pcutl 5.0e-01, pCL}th 1 Oe+04
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Figure 24. TESP dectron data for event 6a, together with a fit to expression (6) with
parameters as printed. Thefitted curveis corrected for the observed chargingto-40 V.
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Figure 25. Equipotential contours for simulation 6a:1. For explanations, see Figure 22.
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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.

Thisisthe most pronounced charging event in this study, reaching down to -1000 V. Close
to the six-second interval chosen for the simulations, still lower potentias (-2000 V) are
observed [WP 110]. Electron data and (corrected) fit are showed in Figure 27. Comparing to
Figure 24, which shows data taken 45 seconds earlier, the pronounced peak around 1 keV
(detector energy level) is obvious. Simulation results are displayed in Table 9. In this case,
we did not do as in events 3 and 6a, where we were using uncorrected spectra to find the
effect of parameter variation. The charging potential is here so high that uncorrected spectra
will be very different. Instead, we use a variation of the uncorrected spectra from event 6a,
with a much increased temperature of the hot Maxwellian and high peak energy for the
Gaussian. This defines a"var" environment, whose parameters are given in the caption to
Table9.
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Table 9 shows that the nominal simulations do not reproduce the observed charging levels.
One of them (6b:4) did not converge to a final result before the smulation was stopped, but
before starting to oscillate it raised monotonically from -800 V to -40 V, so it is clear that no
charging to observed levels would ever have appeared in this run. Figure 29 shows that the
sheath reaches the simulation box edge only in the wake. For model A, Figure 28 tells us that
there was little problem with the finite smulation box in this case, and the -11 V result should
thus be agood value in this respect.

Charging is actualy predicted in severa of the smulations running the modified "var"
environment. Simulations 6b:2, 6b:7, 6b:8 and 6b:9 al showed steadily decreasing
potentials, showing no signs of reaching afinal value when the runs were discontinued. It is
to be noted that for these simulations, the boundary condition on potential at the smulation
box edge will have an enormousimpact. In redlity, the sheath edge, as defined by default in
POLAR (see Section 2.3) may expand to hundreds and even thousands of spacecraft radii if
charging to alevel of 10,000 times KT/e occurs in a tenuous plasma, as is the case here.
Therefore, we do not expect correct reproduction of observed values in this case, except if a
sheath fitting into the simulation box had been found, which is not the case. However, we
have an indication of strong charging, even if we cannot trust the quantitative results. Thus,
strong charging actually can be qualitatively predicted by POLAR, but of course the spectrum
"var" we used hereisnot correct ("corr"). Comparing 6b:2 and 6b:3, we see that the choice
of model here plays an important role. If OML theory is used, charging is attained, while the
sheath limit gives no charging.
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Simulation# | Collection | S/IC modd | Initid 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 performed on Freja charging event 6b. For explanations, see
Table 7 and text. Parameters for var spectra: den2 = 2.6e5, temp2 = 4.3e3, powco = 6e10,
papha = 1.3, pcutl = 0.5, pcuth = 1e4, gauco = 2.5e4, enaut = 1.1e4, delta= 3.4€3.
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Freja charging event 6b: data and parametric fit
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Figure 27. TESP dectron data for event 6b, together with a fit to expression (6) with
parameters as printed. Thefitted curveis corrected for the observed charging to -1000 V.
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Equipotential contours for simulation 6b:1. For explanations, see Figure 22.
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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 data for this event are shown in Figure 30, and simulation results in Table 10. No
simulation presents any result remotely like the observed charging level, irrespective of
materia properties, charging environment used or initia conditions. The best is 7:2, which
uses modd Am, in which al secondary and photoelectron yields have been arbitrarily
decreased to two thirds of their nominal values, but even this is not sufficient to bring about
the observed charging.

Simulation | Collection | SCmode | InitidV | Spectra | Comments | Result
#
7.1 % spclim Ar -50 corr Steady -4 — 1)
rise to -5
V, then
0ScC.
7.2 spclim Am -50 corr -5.7
7.3 orblim Am -50 raw -2.6
7:4 spclim Am -50 raw -1.6
7.5 * 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 Cn float raw Still rising >0

Table 10. POLAR simulations performed on Freja charging event 7. For explanations, see
Table 7. Parameters for raw spectra: den2 = 4.7e4, temp2 = 2e3, powco = 3.4e10, palpha =
1.05, peutl = 0.5, pcuth = 2e4, gauco = 1.7€e3, enaut = 8.2€3, delta = 1.3e4.
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Freja charging event 7: data and parametric fit
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Figure 30. TESP dectron data for event 7, together with 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.

Daa and fit for this event can be seen in Figure 31. Table 11 summarises the results, and
equipotentials for the nominal ssmulation 9:1 are shown in Figure 32.

In this case, the nominal smulation actualy predicts even stronger charging than observed.
Figure 32 shows that the smulation result is not strongly affected by boundary conditions.
The importance of correcting the eectron flux expression for the observed charging is
obviousin this case as well, as the other smulations do not show much charging irrespective
of detailled material parameters. The fact that the charging that is predicted is too strong is not
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so bad, considering the very low spatia resolution of the Fregja model A used here, with
correspondingly poor accuracy in the surface areas of different materials.

Simulation# | Collection | S/IC modd | Initid 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 on Freja charging event 9. For explanations, see
Table 7. Parameters for raw spectra: den2 = 1.3e4, temp2 = 8.5e3, powco = 4.3e9, palpha =
0.5, pcutl = 0.5, pcuth = 1e4, gauco = 3.5e4, enaut = 4€3, delta = 5€3.

Freja charging event 9: data and parametric fit
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Figure 31. TESP dectron data for event 9, together with a fit to expression (6) with

parameters as printed. The fitted curveis corrected for the observed chargingto -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-DM SP charging

To compare this Frgja charging study to other work using the POLAR code, it is instructive
to see how our Frga model behaves in a charging environment studied for the DMSP
satellite. The POLAR 1.3.7 code distribution includes amodel of DMSP as well as a plasma
environment in the directory pol1.3.7/run/dmspwe, which when run yields a charging of -
195 V. We have run Frgga model Ar using the same input to NTERAK, which resulted in
charging to alevel of -40 V (Table X). This lower level of charging is consistent with the
genera observation of WP110 and WP130: due to its smaller areas of non-conducting
material, Frgjais more resistant to charging than is DM SP.
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Simulation | Collection | S/IC modd | Initid V Spectra Comments | Result
#

D:1 spclim Ar float -40

D:2 spclim DMSP float -195

Table 12. POLAR simulations performed on Freja and DMSP for the DM SP environment
specified in the POLAR 1.3.7 distribution. For explanations, see Table 7.

5.2.7 Variations of environment parameters

Most of the Frgja charging events are strongly associated with high-energy electrons during
aurord inverted-V events, as shown in WP 130. Therefore these hot plasma parameters are
quite crucial, and were therefore investigated to show how variations of these affect the
simulation results. Small variations of the other environment parameters did not give any
significant changesin the results. These were therefore held constant during the smulations
varying the hot electron temperature and the hot electron density. To smulate combined
variations of al the environment parameters cannot be within the scope of this study as the
number of combinations is enormous.

Valuesfrom event 6b were used because of the great charging level observed. We used not
the nominal environment as given in Table 5, as this did not cause any significant charging
levels. Instead we used the "var" environment specified in the caption to Table 9, and varied
its parameters. It was found that a change of den2 from 2.6e5 m*to 2.0e5 m* decreases the
voltage from -8.1 V to -26.6 V, and that we get -82.1 V for a den2 value of 1.5e5 m3. A
change of temp2 from 0.43e4 eV to 1.0e4 eV lowersthe voltage from -8.1 V to -151 V. The
two parameters were varied over awide range to see if and what values could give 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 electron temperature. The rest
of the environment parameters are from the "var" environment in Table 9. Model Ap isused.

Increasing the temperature can give the level of charging observed by Freja but these values
are far out of range from the measured values and making fits with these values does not
correspond well. To get a charging of -1000 V, a hot Maxwellian temperature (temp2) of
about 1e5 eV is needed.
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Figure 34. Results from POLAR simulations varying the hot eectron density. The rest of
the environment parameters are from the "var" environment in Table 9. Model Ap isused.

69



WP120 TN 2.0

Decreasing the hot plasma density (den2) just a little bit lowers the voltage significantly but
does never come close to the observed level of -2000 V. A lower level than -213 V is not
reached bringing the density down to zero.

It is thus possible to get reasonably good fits with the electron spectra using quite extreme
values of the hot electron temperature. As a worst-case value, we have used 10 keV. The
lowest voltage as function of hot electron density seems to be reached setting the density
equa to zero. This would mean that there would be no hot electrons a all, making the
influence of hot electron temperature zero as well. Instead we use a density of 1.5e5 as a
worst-case value.

The worst-case parameters give a ssimulation result of a charging level of -177 V, quite
different from the best-fit value of -8.1 but it is important to remember that these parameter
values are highly improbable in accordance with the observed data. Even with these extreme
values, the smulated -177 V is till far from close to the observed -2000 V implying that
uncertaintiesin these parameters only can account for asmall part of the discrepancy between
the code simulations and the observations.

It is possible to find multiple solutions to the simulations by starting at different initia
voltages of the spacecraft, as discussed in Section 2.5 and seen above in Section 5.2.2. The
simulations we have done have used instantaneous values of the plasma parameters, and
most often we assume the floating potential as initial condition. A realistic smulation may
need to proceed in steps tracking the history of the plasma and the charging.

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

Float -8.1

-80 -78.1

-400 -398

-900 -897

Table 13. POLAR simulation results varying the initial voltage on modd A, event 6b,

environment "var".
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5.3 Discussion of the simulation results

Section 5.2 reveded that we very rarely achieved the observed levels of charging in the
simulations. If sticking to the observed parameters for energetic eectrons and starting the
caculation from floating potential, in fact only one smulation (9:1) gave a result close to
observations. There are severa possible sources for the observed discrepancy between the
observed charging voltages and the POLAR predictions. They may be grouped into (@) errors
in the spacecraft definition, (b) errors in the plasma environment definition, (c) errors in the
application of the code and (d) limitations of models used in the code. A fifth possibility,
namely pure software bugs, is considered less likely as POLAR has been extensively tested
for other situations and showed to work there [Katz et al., 1989b]. We discuss each of these
possibilities below.

(8) Spacecraft definition. For dl the mgjor materials on Freja, we have used parameters
established in the laboratory. The exception are the relatively small areas of the nozzles and
TM antennas, for which we have assumed material parameters as for CFRP but with very
low conductivity, and the also small auminium parts, for which we have used unoxidized
aluminium as model. However, defining the carbon fibre areas as CONT or CFRP has been
found to make no big effect to the smulations, and the use of pure auminium parameters
should exaggerate rather than diminish the predicted charging level as the secondary electron
yield increases in the oxidisation process. If something should be wrong in the materia
description it must be for some of the more dominating Freja surface materials. One may note
that Freja charging events are seen from the very beginning of the mission, so material ageing
isalesslikely cause of the discrepancy. It is outside the scope of this study to experimentally
investigate the properties of the materials used. As an example one may note that if the
assumed high conductivity of the PCB-Z paint should be significantly lower than thought,
this would bring a mgor change to the spacecraft model, making a mgor pat of the
spacecraft an effective dielectric. Another such possibility isthat the ITO cover on the thermal
blankets may crack and decrease in conductivity. Such effects could cause the build-up of
large differential charging levels, which by influencing the potential distribution in the plasma
and hence the particle orbits may cause an overall charging of the spacecraft.

Spacecraft model problems could also be in the geometry of the spacecraft. An even more
detailed moddl of the spacecraft may possibly give better results. We think this is less likely,
asit al major parts are quite accurately modelled by model C above (Section 3.3). Although
we do not think it likely, it is in principle possible that some of the larger linear elements on
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Freja, like the magnetometer booms, could influence the potentia distribution and thereby
change the charging level. One further study could thus be to construct a Fregja model for
NASCAP, which can handle booms. Although NASCAP cannot accurately model the auroral
spectra seen by Freja, a comparison between NASCAP and POLAR results for a charging
environment they both can handle could be of interest.

(b) Plasma environment. Several of the plasma parameter values we have used are rather
uncertain. For the cold plasma, the temperatures we have used are assumed values.
However, varying these within reasonable limits does not very much change the voltage
predicted by POLAR. Taking event 3 as an example, runs on model C with temperature 0.1
eV and 1 eV yidds spacecraft potentials of -1.3 V and -3.8 V, respectively, which is not
dramatically different from the-1.2 V observed for the nominal parameters. We do not think
the cold plasma density could be a mgor source of error. First, the density values in these
charging events are already very low for this dtitude range. Second, our identification of the
narrowband HF emissions on which we base our density estimates as plasma oscillations and
Langmuir waves [WP110] has been verified by comparison of these emissions with the
Langmuir probe current in non-charging events. Third, the ion spectra in the charging events
show an uplift in energy of the ram flow, not a magjor decrease of the ram flow intensity,
which should be the case if the density dropped drastically.

The high-energy electrons are well measured by the TESP and MATE detectors, who have
proved their values in numerous studies [e.g., Boehm et al., 1994; Eliasson et a., 1994]. In
the region of overlapping energy, the two detectors give very similar shapes of spectra, and
spectrawell within afactor of two from each other. However, we should note a few possibly
important uncertainties. First, in the events studied, no truly field-aligned electron spectra
have been obtained. The pitch-angle coverage of the detectors depended on the spacecraft
attitude. The perpendicular direction is always covered, but pitch angles below 20° was not
covered in any of our cases. Table 14 summarises the pitch angles of the spectra used, and
the observed anisotropies. In some cases, there is no sign of anisotropy in the pitch angle
range covered (events 7 and 9), while others may show such anisotropies, in particular for
the energy range around 1 keV, which has important impact on the secondary electron
production. For the modelling, the 90° spectra have been given more attention, as in an
averaging process to find the omnidirectional flux, the directional fluxes will be weighted by
the sine of the pitch angle. However, we should note that there in principle might be energetic
electrons at near-paralel or near-antiparale pitch angles, which we do not measure. As we
do not know anything about such electrons, and POLAR includes no mechanism to model
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them even if we had knowledge of them, their hypothetical impact is impossible to assess.
An extended study could search for Frgja charging events with better pitch angle coverage, or
use another data set with more complete pitch angle coverage most of the time. Even so, the
only way to include them in aPOLAR 1.3.7 simulation would be to use pitch-angle averaged
spectra.

Event | Available P/A | Anisotropy Used P/A
[°] [°]
3 68, 69, 84, 100 | Pesk vaue (3 keV) factor 2 higher a| 68
680 than at 90°.

6a 33, 34, 90, 103 | Peak vaue dightly higher a 90°. Flux| 90
a 1 keV factor 4 higher a 90° and
1030 than at 33° and 34°.

6b 32, 33, 90, 104 | Peak isotropic. Factor 2 higher flux & | Average
1 keV at 90° and 104° than at 32° and
330,

7 22, 23, 90, 103 | Isotropic -

44, 46, 88, 93 I sotropic -

Table 14. Observed anisotropies in the spectra used for the specification of the nominal
electron environments for the modelled charging events. All energies are as observed at the
detector, which in charging events will be different from the particle energy in the
unperturbed plasma.

(c) Application of POLAR. The POLAR code is a complex numerical package with severd
options on the use of physical and numerical models and of numerical parameters. A
straightforward application of the default settings of the code for severa of these variables
could lead to unphysical results. A good example is the choice of grid size. For the Frga
applications to plasmas of quite low density, the real sheath size may easily extend outside
the chosen ssimulation box edge. In that case, the sheath predicted by the code would be too
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small, the ion currents underestimated and the magnitude of the charging level be
overestimated. While this is easily detected, a more subtle effect is that even though the
sheath boundary iswell inside the simulation box, the boundary condition that the potentia is
zero one grid unit outside the smulation box could cause errors in the potentia
determination, and thereby in other parameters like the sheath location and in the prediction of
barrier potentials.

While care has been taken to find and minimise such sources of error, using hints in the
documentation and some highly appreciated input from other POLAR users including its
creator/maintainer David Cooke, investigating all aspects of the POLAR code is a formidable
task beyond the scope of this study. However, the results presented here are the results of
quite extensive trial-and-error investigations and studies of parts of the code. In order for
future tracing or ruling out of such errors, the smulation input files used in this study have
been made available to the contractor.

We have seen that for at |east one charging simulation (6a:1) the initiad condition on potential
was very important for the final outcome. This raises the question of the need to model the
time history of spacecraft charging. Such amodel could in principle be done with the existing
POLAR 1.3.7 code, but would require a tremendous effort in practice: run a ssmulation, get
potentials as initial conditions for next smulation, change parameters dightly (the driver of
the process), run the ssmulation again and so on.

(d) Code limitations. POLAR has previously been used to smulate DMSP charging events,
where higher plasma density was reported. The low plasma density in the Freja events makes
sheath sizes large, which is a practica problem in a code using the fixed-grid-resolution
strategy of POLAR, leading to unreasonable smulation times. The simulations reported in
this study required ssimulation run times on the order of an hour (model A) to a few days
(some modd C runs), which may be considered a practica upper limit for many users.
Nevertheless, ssimulations performed using NASCAP as wedl as POLAR for a -80 V
charging event [Svensson, 1997] indicated that the sheath size limitation of POLAR cannot
explain the between simulation and observations, as NASCAP was no more successful in the
case studied.

In addition, three of the five events studied here, and most of al observed Frga charging

events, consider spacecraft potentials no lower than -50 V, while the driver for the
development of POLAR and other charging codes is the study of higher levels of charging,
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where potentially harmful effectsintermsof arcing and discharging may set in if differentia
voltages appear. However, the biggest discrepancy between ssimulation and observations was
seen to be in the highest charging level event. In the following section, we discuss some
physical phenomena that possibly may need refined treatment in the code in order to model
the Frgja 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 of the Freja
charging events did not reproduce the observed charging levels. Possible causes for this
discrepancy related to spacecraft and plasma modelling and code handling was discussed
above. Assuming no such errors exist, what physica effects could cause the observed
discrepancy?

The main problem for getting the observed charging level in a POLAR simulation is that the
secondary currents, and for the sunlit event 7 the photocurrent, must be suppressed. From
studies of spacecraft in geostationary orbit, it iswell known that one way of efficiently doing
so isthe build-up of barrier potentials related to differential charging [e.g. Purvis, 1983]. On
Freja, such a scheme has its problems as the area of insulators is fairly small. On the other
hand, the secondary yield of the carbon fibre elements (nozzle, TM antenna domes) are so
low (compare Figure 7) that they possibly may charge differentialy to very high voltages,
and the Freja simulations indeed show some development of differential charging, as can be
seen in Figure 21. It is therefore of interest to accuratedly model the suppression of
secondaries and photoel ectrons by barrier potentials.

The POLAR 1.3.7 dgorithm for modelling this is rather simplistic. If the secondary current
or photocurrent emitted by a surface is I and the norma eectric field E, on the surface is

such that the emitted eectrons are attracted back to the surface, POLAR assumes that the
actually escaping current is

|
| =—©°
e~ 1—d/ U, 0
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where @ = 2E, D |, Disthegrid cdl sze and Ug = 1 V. Figure 35 shows a comparison
between this model and the suppression resulting if assuming Boltzmann distributed
electrons emitted along the surface norma into a purely normal electric field with potentia
barrier height equal to F. Temperatures 1.5 €V and 3 eV are used, approximately describing
photoelectrons and secondary electrons, respectively. It is seen that for smal barrier
potentials, up to some 3 V, the current suppression of photoelectrons is more pronounced by
POLAR than by the Boltzmann model. For secondaries, the corresponding limit 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. Comparison between the POLAR algorithm for suppression of photoelectrons
and secondary electrons (solid curve) to a Boltzmann (dashed 3 eV, dotted 1.5 eV) with
normal emission direction.

Neither the POLAR nor the Boltzmann algorithm takes higher-dimensiona effects into
account. For an infinite surface with a potential above it only depending of the coordinate
aong the surface normal, current limitation will be much severer than modelled above if
electrons are emitted at all anglesto the surface. On the other hand, the appearance of eectric
fields with a component perpendicular to the surface normal above the surface on a
geometrically complex spacecraft will allow some particles escape above other surfaces than
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those they were emitted from. Some particles will aso hit the spacecraft a other surface
elements that they were emitted from, a phenomenon caled hopping. POLAR has a hopping
model, unfortunately not supported in POLAR 1.3.7. This effect is therefore not included in
the Frggasimulations.

One may notethat hopping and barrier formation are most effective in low density plasmas.
In the charging situations previously studied with POLAR, densities have been higher and
these effects therefore less unimportant [David Cooke, private communication]. It may
therefore be fair to say that the POLAR agorithms are not operationaly vaidated for the
Freja environment. In order to treat hopping secondaries and barrier suppression correctly on
a geometrically complex spacecraft, numerical integration of test particle orbits in the self-
consistently determined potential distribution around the spacecraft would be desirable.

Another means of achieving suppression of emitted electrons from a spacecraft surface may
be by the ambient magnetic field turning them back to the spacecraft. Laframboise [1988] has
studied this effect for infinite planes and for various strengths of the normal eectric field a&
the surface. To estimate the maximum importance of this effect, we have integrated
Laframboise's fitted expression for the current suppression as a function of angle between
surface normal and magnetic field over a sphere. The result should give some average vaue
roughly applicable to a spherica spacecraft as long as its radius is much larger than the
gyroradius (the infinite plane assumption). The lower norma €eectric field, the more
pronounced the effect will be. As an upper limit of the importance of the effect, we assumed
Freja to be a sphere of radius 0.7 m with a vacuum (Coulomb) dectric field around it. The
results are tabulated in Table 15, showing that the effect possibly may be of some importance
for the low-level charging events but presumably not for the charging to hundreds of volts,
particularly as the red dectric fiedd will be stronger than the vacuum field, thereby
diminishing the importance of this effect. However, for low-charging or floating potentia
calculationsits impact on the photoelectrons may be of interest.
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Event lesc/I0

3 0.85

6a 0.90

6b 1.00
0.98
0.90

Table 15. Lower bound on ratio of escaping to emitted secondary current (or photocurrent
in the case of event 7) calculated by averaging the 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 Section 2.5, we discussed the possibility of bifurcated equilibria and the time history of
the charging process. We have seen that for at least one charging simulation (6a:1) the initial
condition on potential was very important for the fina outcome, and that such effects was
found important also when running a variant of event 6b (Section 5.2.7). This raises the
guestion of the need to model the time history of spacecraft charging. Such a model could in
principle be done with the existing POLAR 1.3.7 code, but would require a tremendous
effort in practice: run a simulation, get potentias as initial conditions for next simulation,
change parameters dlightly (the driver of the process), run the simulation again and so on.
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6. CONCLUSION
6.1 Summary

A ligt of materids for the Freja satellite has been compiled. Materia properties for these
materials are known from laboratory experiments, except for some details like engine nozzles
and TM antenna domes whose properties are not well known. Models of Frega at different
resolution have been prepared, and five Frga events were studied in detaill to provide
information on the plasma environment in the charging events. The models of spacecraft and
plasma were used as inputs to simulations using the POLAR code. It was found vita to
compensate for the impact of the charging level of the spacecraft on the eectron detectors
when modelling the charging events for POLAR. The observed levels of charging were
usually not reproduced by the code, although there were a few exceptions. For some events,
the discrepancy is very large. Variations in hot and cold plasma density and temperature
within reasonable limits cannot explain the discrepancy. It is possible that high energy
electrons at pitch angles not covered by the detectors could be responsible: however, the
inverted-V precipitation spectrathat accompany the charging events are usually quite isotropic
except for the loss cone. The Frgga model is quite detailed and should not be a cause of the
discrepancy, athough erroneous material parameters for some of the applied surface materia
would be a problem if present. The numerica parameters for the code has been varied in
numerous runs, and we do not believe unsuitable instructions to the code is a mgor error
source, although thisis hard to rule out using the POLAR documentation. Some physical
processes not or insufficiently treated by POLAR may be the suppression of photocurrent
and secondary eectron current by potential barriers, hopping to other surfaces and, but
presumably only for the lowest charging voltages, the magnetic field, and effects of the
charging history of the spacecraft.

6.2 Suggestions for further studies

Some suggestions for further studies of the Freja events modelled here has been suggested in
the sections above. As one of the possible error sources is the incomplete pitch-angle
coverage of the electron detectors, some Freja events where this is more complete could be
added. Another possibility is to use data from some other spacecraft, for which complete
pitch angle coverage is always available.
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A comparative study using NASCAP as well as POLAR should be useful. NASCAP was
used initidly in this work, and it was found that in order to reproduce observed charging
levelsin atest case, the density and temperature of the energetic electrons had to be increased
by factorsof 10 and 3, respectively, from the best-fit values [Svensson, 1996]. Later work
was concentrated on POLAR as being the code developed for low-altitude auroral charging
situations. However, it is possible that with the experiences gained during this work, as
reproduced in this report, particularly the importance of correcting observed spectra for the
spacecraft charging level, and with improved versions of NASCAP where more advanced
particle spectra than superposed Maxwellians can be modelled, a renewed NASCAP effort
could befruitful. In particular, it could be interesting to run NASCAP and POLAR for cases
where they both should be applicable. A NASCAP model of Fregjacould aso include booms,
to see the effect of adding and removing these.

6.3 Recommendations for code development

When POLAR arrived in the late eighties, it represented amajor breakthrough in the study of
charging effectsin low Earth orbit in the auroral zone, by its ability to self-consistently model
a spacecraft sheath, include wake effects and magnetisation, and its facilities for modelling
auroral eectron spectra. Applications of POLAR has mainly concerned objects large
compared to the spacecraft size, which has shown that POLAR works well in this domain.
The Frgla situation, with the density so low that the Debye length is on the order of the
gpacecraft dimension, is something of a new application. If it is desirable to model this
situation, we recommend that the Freja charging events are studied further as an input to code
development. The Freja spacecraft and environment models used in this study are available
for that purpose. In particular it should be useful to compare NASCAP and POLAR results
for parameter domains where they both should provide useful values. These domains may
not necessarily be exactly those observed.

For the low-density plasmas studied here, the size of the sheath and the boundary condition
that the potential should be zero at the simulation box edges sometimes are problems, as they
necessitate very large grids and thereby causes the calculation time to grow unpracticaly
large. The possibility of employing some adaptive-grid algorithm at least outside the sheath
should be considered, reducing the necessary grid resolution in this area and thus saving
computational time without jeopardising the physical accuracy.
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The POLAR tools for keeping track of electrostatic barrier formation and currents hopping
between surface elements may be insufficient for the Freja case, where these features are of
higher importance than in the denser plasmas studied in previous POLAR applications. This
should be tested by comparison to NASCAP results and numerical studies of test particle
motion in potential distributions around geometrically complicated objects before the
importance of algorithm changes can be assessed.

For low-level charging events and floating-potential calculations, the inclusion of a magnetic
limitation algorithm for the secondary current and photoelectron current could be of some
importance. Such an algorithm should be fairly straightforward to implement, using the
interpolation formula of Laframboise [1988]. This may possibly bring significant
improvement for low level charging events (i.e., a few tenths of volts) and non-convex
spacecraft geometries.

POLAR was developed in the eighties, as is clearly witnessed by the user interface. A
modern graphical user interface would be amajor improvement to the usability of the code.
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