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SUMMARY

A detailed model of the SCATHA (P78-2) satellite has been
used with the NASA Charging Analyzer Program (NASCAP) to simulate
the charging response of SCATHA at geosynchronous orbit. The
model includes a detailed description of the geometry, currents
to exposed surface materials, and electrical connections on the
spacecraft. Incident currents are calculated by numerically
integrating actual spectra obtained by particle detectors on the
SCATHA vehicle.

In this study we have compared the charging response of
the vehicle to that predicted by the NASCAP model for the Day 87,
1979 eclipse charging event, in which the spacecraft charged to
several kilovolts negative during a magnetospheric substorm.
Double Maxwellian representations of the plasma environment re-
produce the charging response observed experimentally.

INTRODUCTION

The NASA Charging Analyzer Program (NASCAP) is a three-
dimensional, finite element computer code designed to simulate
the charging of an object in space. The physical model employed
assumes that charge accumulates on a spacecraft due to an imbal-
ance between incoming and outgoing currents to the surface. The
sophisticated treatment takes into account incident electron and
ion fluxes, secondary emission, backscatter, and surface and
bulk conductivities to calculate the net current. NASCAP allows
for a detailed three-dimensional geometrical representation of
the .spacecraft and includes capacitive and direct coupling be-
tween different materials when calculating spacecraft potential.
The plasma environment can be specified in the form of analytic
representations of the particle spectra or directly, as a set of

*

This work supported by the Air Force Geophysics Laboratory,
Hanscom Air Force Base, Lexington, MA 01731, and the National
Aeronautics and Space Administration, Lewis Research Center,
Cleveland, OH 44135 under Contract NAS3-21762.

580



measured data points. A full description of the code and its
capabilities appears in References 1 through 3.

We have used NASCAP to simulate the charging of the SCATHA
(Spacecraft Charging At High Altitude) (P78-2) satellite. The
SCATHA mission was specifically designed to investigate the plasma
environment in Geosynchronous Earth Orbit (GEO), and its effects
on spacecraft charging. The satellite has a number of particle
detectors and emitters attached to the main body, and at the end
of long booms. NASCAP can successfully incorporate all of these
features into a geometrical model.

The detectors on board SCATHA have transmitted a wealth of
information on the plasma environment and corresponding spacecraft
potential. Armed with this information, and an accurate represen-
tation of the spacecraft, we have been able to make the first
direct comparison between the charging behavior predicted by
NASCAP, and that actually observed for a real satellite in space.
We have also been able to show that physical model upon which
NASCAP rests is a sound one.

PLASMA ENVIRONMENTS

Measurements made on board SCATHA have provided information
about the spectrum of the plasma environment in the form of tabula-
tions of the distribution function, for both electrons and ions,

in the energy range 102 to 105 eV. This data is based on observa-

tions of energy flux, made by the SC9 detector, averaged over a
l6-second period, and so has certain associated limitations; i.e.,

a. When the satellite is charged the spacecraft potential
affects the energy of charged particles reaching the surface. For
example if the spacecraft potential is -2000 V, protons are at-
‘tracted to it and their energy is increased by 2000 eV at the sur-
face, compared to infinity. 1In the same way electrons are repel-
led so that their energy is reduced by 2000 eV at the surface, and
those electrons with initially less than 2000 eV of energy do not
reach the surface at all.

This distorts the distribution function observed at the sur-
face. While the shape of the distribution function f(E) is un-
affected by spacecraft potential, the energies associated with each
value are affected. The particle repelled by the potential ¢ has
g * ¢ less energy at the surface than it did at infinity (g is the
charge on the particle). Hence instead of associating the value
of the distribution function f_(E) with energy E, the value is
associated with particles of energy E - g, i.e.,

£,(E) = £_(E - q¢)
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Knowing the spacecraft potential, this shift in energies
is easily corrected for, providing the repelled species can reach
the surface at all, However, those particles with energies at
infinity less than g¢ cannot and so there is no distribution
function information measured at these energies.

The lack of information for the repelled species (almost
always electrons), below the spacecraft potential, represents a
major limitation of the data as measured. This limitation does
not apply to the attracted species (ions) since particles of all
energies reach the spacecraft.

b. The energy flux is weighted by the energy:

[ve)

<Energy Flux> / E2 f(E) dE
0

Measurements at low energies have a lower intensity and
poorer signal to noise ratio. Hence the estimates of distribu-
tion function derived from these measurements are less reliable
at the lowest energies.

The changes in spacecraft potential, following the injec-
tion that occurred at ~16.37 on Day 87 of the mission, have been
singled out for study. Using the tabulations of electron and ion
distribution functions measured at the surface, we have simulated
the observed charging events for this period.

NASCAP requires spectral information in the form of a
distribution function at infinity. This presents no difficulty
for the attracted species but, for reasons discussed above, can
lead to complications for the repelled species.

DIRECT INTEGRATION

In particular, the absence of spectral information con-
cerning the repelled species for energies below the spacecraft
potential has prevented a successful simulation involving direct
integration of the observed data points. In principle, the mis-
sing data could be replaced by an extrapolation of the known
data. This requires some assumption about its functional form
and a fit to this form. Two approaches were tried.

1. The whole of the known data was fit to a Maxwellian
form.

2. The known data of lowest energy was fit to a Maxwellian
form.
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The former approach was unsuccessful because the effective tem-
perature of a Maxwellian fit increases with energy (i.e., the
known data has a high energy non-Maxwellian "tail"). Thus the
fit had a higher temperature than that appropriate for the extra-
polated energy range. Figure 1 shows this as Case "C". The
higher temperature leads to a lower density than would be ex-
pected by smooth extrapolation of the known data (Case "B"), and
hence to anomalously low values for the distribution function in
the extrapolated region. Such a distribution leads to false
multiple equilibrium potentials.

The second approach, fitting only the data at energies
close to the spacecraft potential, can lead to unphysically high
values for the density and hence anomalously high values of the
distribution function in the extrapolated region (Case "A").
This problem arises because the fit is based on an unrepresenta-
tively small sample of points.

Stable predictions were obtained using direct integration
of the data when only the high energy points were used, and all
of the remainder replaced by a fit to these points. Under these
circumstances, it is just as reasonable to replace the whole
spectrum with a suitable analytic representation instead.

FITTING OF THE DATA

Two types of fit to the data were made.
1. Single Maxwellian - fitted by moments (ref. 4).
2. Double Maxwellian - fitted by least squares analysis.

In general, the double Maxwellian fits were better able to repre-
sent the non-Maxwellian character of the data (figures 2 and 3).
Even though the fits were good from 100 eV to 100,000 eV, the low
energy components of the double Maxwellians were often unphysical
with very high densities and low temperatures. This was parti-
cularly true for the electrons in cases where the satellite was
charged to several thousand volts negative. Under these condi-
tions only the very end of a Maxwellian component with a tempera-
ture, say one-tenth the spacecraft potential contributes to the
flux at the surface. Such contributions can only be considered
as noise.

Increasing the "cutoff," below which data points are ig-
nored, to 1000 eV greatly improves the physical picture provided
by the fit. This, coupled with an enforced lowest value of at
least half the spacecraft potential for the temperature, leads to
a series of double Maxwellian fits that were both physical and
accurate in all energy regions (Table 1).
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CHARGE NEUTRALIZATION

While the fits accurately represent both the ion and
electron data points as observed, the electron densities tend to
be as much as a factor of ten higher than the ion densities at
the same time. This implies that the plasma surrounding the
spacecraft is highly non-neutral. This unphysical result may be
due to a systematic error in the measurement of energy flux for
one of the species. Independent measurements indicate that the
ion densities are the best choice for the correct value. To
neutralize the plasma we renormalize the electron densities so
that they are equal to the ion densities. This would be a simple
matter if the ions were all protons (as the conversion to distri-
bution function assumes). However, measurements by Kaye, et al.

(ref. 5) show that O+ is often the dominant species. This does
not affect the fluxes as calculated by NASCAP because the code
also assumes all the ions are protons and so the error is cancel-

led out. However, a factor of (mass)"l/2 is carried over into
the values of the distribution function and hence the estimate

of density N. For a pure O+ environment an electrically neutral

plasma would have N = (16)1/2 N+ as calculated assuming that all
ions were protons; i.e.,
Nt = 0.25 N”

If only a fraction a are oxygen

2
I

[0.250 + (1-a)] N~

2
|

=N /(1 -0.750).

To correct the values of the density for the electrons the values
of Nl and N2 obtained by the fitting procedure were multiplied by

the factor f£f.

+ +
(Nl + Nz)

(NI + N;) (1 - 0.75)

Hence we arrived at the final parameters that were used by NASCAP
to describe the environment in the simulation of the Day 87
eclipse. (Table 1.)
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CHARGING SIMULATION

The representation of the satellite used in the detailed
simulation of the charging response, observed during eclipse be-
tween 16:30 and 17:30 on Day 87, 1979, was the so-called "one-
grid” model. As its name suggests, this model uses only the
innermost NASCAP computational grid. It retains much of the de-
tail included in the so-called "four-grid" model (described ex-
tensively in ref. (6)), but requires considerably less computa-
tion time to achieve the same result. Even though the resolution
is less (zone size is 196 mm versus 115 mm), and the booms are
shorter, preliminary studies indicate that the one~-grid model
gives NASCAP charging predictions similar to those for the four-
grid model.

The potential reached by a spacecraft bathed in a plasma
environment depends on at least three factors.

1. The nature of the environment (temperature and density).

2. The time it has been exposed to the environment.
(Charging or discharging is not instantaneous.)

3. The potential of the spacecraft prior to the intro-
duction of the new environment.

To properly simulate the response of the spacecraft to the charg-
ing environment, NASCAP takes all of these factors into account.
After each cycle, the time elapsed is checked, and the -environ-
ment parameters used updated to the most recent time for which
data was measured. The data points are typically 60 seconds apart.

The results are shown in figure 4. The NASCAP simulation
reproduces the two major jumps in potential, but misses the re-
maining two minor jumps. Quantitative agreement is excellent con-
sidering the sensitivity of the NASCAP predictions to the values
of the material properties used. The NASCAP simulation is slower
to respond to changes in environment than the real satellite, be-
cause the environment changes occur in 60 second steps rather
than the continuous adjustment experienced in space.

In addition, the slow discharge rate predicted, following

the two charging pulses, would have been faster if shorter com-
putational timesteps had been used.
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CONCLUSIONS

The Day 87 simulation is the first real test of both
NASCAP and the physical model on which it is based. The remark-
able agreement between the NASCAP predicted potentials and those
actually observed on a real satellite in an actual space environ-
ment, shown in figure 4, confirms their validity. We can now say
with confidence that the physical processes which control space-
craft charging are understood. The accumulation of charge arises
because of the collection of currents of charged particles, pre-
dominantly with energies below 50 keV, at the spacecraft surface.
With NASCAP's accurate representation of these physical proces-
ses, we are now in a good position to predict and model space-
craft charging response.
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N1

density of first component in m 3.

Tl temperature of first component in eV.

N2 = density of second component in n 3.

T2

temperature of second component in
ev.
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Figure 1. - Extrapolations of measured data beyond the spacecraft

potential for the repelled species.
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