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SUMMARY

The charging response to measured plasma environments 1is
simulated for solar cell cover slides using the Material
Charging Program (MATCHG), assocliated with the NASA Charging
Analyzer Program (NASCAP). The ambient plasma descriptions were
obtained trom particle detector experiments on the SCATHA
vehicle.

The sensitivity of the charging response to the
representation of the measured environments, and material
properties is aiscussed. Single and double Maxwellian repre-
sentations are compared with direct numerical integration of the
observed spectra. The effect of anisotropic incident flux
distribution is modeled. In addition, the effect of the high
energy radiation upon bulk conductivity and hence differential
charging 1is examined and found to be significant in many cases.

INTRODUCTION

The NASA Charging Analyzer Program (NASCAP) is a
sophisticated three-dimensional computer code designed to
predict the charging response of a complex satellite exposed to
space environment (ref. 1l). Associated with NASCAP is a simpler
code called the Material Charging Program (MATCHG) which cal-
culates the potential of a conducting sphere, covered with a
material of interest, exposed to an isotropic plasma. A con-
stant equilibrium potential 1is reached when the net current
flowing to the sphere is zero. The calculation of the net cur-
rent is made by including contributions from incident electron
and ion currents, secondary emission, backscatter, and bulk
conductivity. Unlike NASCAP, MATCHG takes no account of surface
conductivity of geometrical and rield-limiting effects.

* 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.
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To better understand the plasma environments encountered
in Geosynchronous Earth Orbit (GEQO), measurements of the
spectral composition of the incident energy flux have been made
for both ions and electrons, by detectors on board the SCATHA
satellite (refs. 2, 3). From these observations, tabulations of
the electron and 1ion distribution functions have been made in
the energy range 102 - 105 ev. MATCHG is capable of
calculating currents by directly integrating the tabulated
spectra, or by integrating analytic representations, such as
Maxwellian, and double Maxwellian, forms.

In this paper we examine the sensitivity of the MATCHG
predicted equilibrium potential to the way the plasma spectrum
is represented. Three environments, observed by SCATHA detec-
tors while the spacecraft was charging rapidly, are singled out
for study. These spectra are 16 second averages taken at
16.36.53 (59813 seconds), 16.37.53 (59873 seconds), and 16.57.53
(61073 seconas) on Day 87, 1979, of the mission, following an
injection that occurred during eclipse.

FITTING THE DATA

Figure 1 shows plots of the raw distribution function data
derived from energy flux measurements made at the surface and
uncorrectea for spacecraft potential. Since the aistribution
function, £, is related to the total energy flux, <Ef> collected
in a bin of energy, E, as follows

t = <Ef>/E

noise 1n the measured energy flux shows up on the distribution
function plot as a straight diagonal Lline. To correct for
spacecraft potential, and to tfind the distribution function at
intinity, the Coulombic energy of the particles is added to
their energy at the surface. For example, ions arriving at the
surface of a spacecraft charged to -2000 volts must have a
minimum ot 2000 eV in energy. The value of the distribution
function, £, measured for ions with energy equal to 2000 eV at
the surface then corresponas to the value for ions with =zero
energy at infinity.

f,(E=0) = f_(E-q¢)

In a similar way, electrons having the energy of zero at the
surface correspond to electrons having an energy of +2000 eV at
infinity. Since no repelled species having less energy than the
spacecraft potential, ¢, can be observed at the surface, there
is no spectral information measured below ¢. In all three cases
studied here the spacecraft is negatively charged and spectral
information for the electrons is missing for low energies.
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To integrate over the whole distribution at infinity the
missing portion must be inferred from the rest. This is done by
fitting the remaining data to a functional form. For both
species, single and double Maxwellian fits were made to the
tabulated distribution functions. The details of the fitting
procedure are given 1in the Appenaix. The fits are shown 1n
Tables 1 and 2. Comparisons with real aata are shown in Figures
2 and 3. The double Maxwellians are better able to represent
the data over the whole energy range, showing that the observed
distribution functions are significantly non-Maxwellian.
However, the single Maxwellian fits do provide a reasonable
"first cut." This is particularly true for the electrons, which
consistently show a smoother and more nearly Maxwellian form,
than the ions.

CHAKGING RESPONSE

To examine the sensitivity of the charging response to the
metnod of fitting, and compare the fits with directly integratea
tabulated data, MATCHG was used to study just one material. The
material chosen was “SOLAR", the solar cell cover glass that
torms most of the exposea surface area of the SCATHA satellite.
The silica cover ylass 1is coated with a non-retlective MyF)
layer and we assume that is has the same material properties
(e.g., secondary emission yield, etc.) as »pigFj. The MATCHG
preaicted equilibrium potentials for a sphere covered with
"SOLAR" charging under the influence of the three different
repre- sentations or the environment are compared in Table 3.

Agreement between the two fits and the directly integrated
spectra are very good. The direct integration 1is only possible
because a single Maxwellian fit to the known data 1is used to
£ill in the part cut out by the spacecraft potential. Further-
more, a @ucn more stabie result is obtained when in addition the
first 2000 ev of known data for both the ions and electrons is
replacea by the Maxwellian fit. Tne points replaced are highly
non-Maxwellain. This coulia be a real phenomenon or it may be
due to the poor signal/noise ratio inherent 1in measure- ments of
energy flux at low energies. In either case, including it leads
to erratic changes 1n the calculatea net current and prediction
of more than one equilibrium potential. These additional

predicted potentials occur at unphysically low values and are
almost certainly false.

_ Includea in Table 3 are the spacecraft grouna potentials
observed on the SCATHA satellite when the distribution function
aata was being measured. MATCHG predicts considerably more

changing than observed. There are at least three reasons for
this:

1. Tne satellite 1s not a sphere covered in SOLAR.
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2. In space the charging environment is not constant,
particularly at the times when our test spectra where
measured. MATCHG assumes a steady charging
environment.

3. The measured distribution functions are highly non-
neutral (see Tables 1 and 2). this 1is rather
unphysical ana indicates a systematic aeficiency 1in
the measurement in the density of at least one of the
species.

Independent measurements (ref. 3) confirm the ion densities and
so the electron aensities are probably an overestimate. We
attempted to correct for this error by adjusting the electron
density so that the plasma was neutral. For a plasma made up of
only protons and electrons this 1s accomplished by equating the
electron density with the ion density. However, in this case a
complication 1is presented by the observation (ref. 4) that as
much as 80 percent of the ions incident at the surface of the
SCATHA satellite auring the period of interest were O% rather
than HY. The distribution functions for the ions are inrerred
from the energy flux measurements, assuming that all the ions
are protons. This error 1is cancelled out when MATCHG calulates
the net current and does not affect the predicted potentials.
It does, however, affect the densities of the reported ais-
tribution functions in a way described in Reference [5]. Taking
this into account (ref. 5), we obtained the neutral environment
for time 59873, shown in Table 1. JUnly the electron density has
been changyged. The equilibrium potential predictea witn the
neutral environment is much closer to the observed satellite
potential.

THRESHOLD EFFECT

The three environments chosen all charge the SOLAR
material to high potentials 1in all representations. For
environments with only a small tendency to charge the material,
very small changes in the representation of the plasma can lead
to qualitatively very different charging predictions.

Figure 4 shows the effect of wvarying the electron
temperature parameter in the 59873 single Maxwellian repre-
sentation. There 1is a definite threshold for charging that
occurs at T = 6.9 keV. Below this temperature, no charging is
predicted, while only 0.3 keV above it, at T = 7.2 keV, a
potential of 4.3 kev* 1is forecast. such small changes in
temperature are well within experimental error for measurement
ana titting procedures. For "borderline" environments close to

* The particularly high value of 4.3 keV predicted here is due
to the non-neutrality of the plasma.
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the cnarging thresholad quite dirferent predictions are possible
according to the representation employed.

A similar phenomenon 1is presented when we examine the
eifect of changing important material parameters on charging.
Figure 5 shows a tinreshola for charging in the 59873 environment
(as given 1in Table 1), when the maximum secondary electron
yield 8p.x = 3.1. Apbove this value the net current 1is posi-
tive at =zero potential and the spacecraft never negatively
charges, while below 3.1 rapid charging to several keV negative
is predicted. The usual value used by MATCHG of 2.05 1is well
into the stable charging range. However, 1in borderline cases
small changes, errors, 1n material properties can leaa to
significantly different predicted potentials.

Another factor that can affect charging 1is the angular
aistribution of the incident fluxes.

ANISOTROPIC FLUX

The SC5 detector on the "belly band"” of the SCATHA
satellite measures the angular distribution of the energy tlux
of the surrounding plasma in the plane of satellite rotation
(Figure 6a). For an isotropic piasma the flux 1is constant over
a rotation giving a circular radial plot (Figure o6b). For an
anisotropic flux (l1.e., one having particles aligned per-
ferentially in one direction) the measured plot 1is distorteda.
The degree of aistortion increases with the degree of anisotropy.

The most extreme case consists of a narrow beam lying the
tne plane of rotation. As the satellite rotates, the angle of
incidence of the beam, 6y, oscillates between 0 and T7/2. To
lnvestigate the errect of anisotropy on spacecraft charging, we
slwmulatea tnils situation using MATCHG to calculate the potential
of an aluminum plate under tne 1influence of a beam with an
oscillating anyle of incidence 6.

The seconaary emission yields and the backscatter all
increase with increasing angle of incidence, and we expect the
aluminum to be driven more positive at high angles and more
negative at low angles of incidence. Figure 7 shows a plot of
potential against time (angle) confirming our expectations.

When the charging response is fast compared to the period
of the oscillations, we see the potential of the plate oscillate
in time with the angle of incidence of the beam. Tne taster the
charging response (or slower the rotation), the dreater the
amplitude of the oscillations. For a very fast oscillation, the
plate would respond only to an average environment and no
osclillations would be seen. The initial oscillations are
erratic ana more pronounced before settling into a regular
pattern. This behavior reflects the two influences on the net
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current to the plate; potential and 6;, 1Initially, these may
be out of phase leading to transient potentials that are too
high or low.

The mean orf the oscillating potential is not the same as
that for an isotropic plasma of the same density and tempera-
ture. Tnis 1is because of different incident currents arising
out of distributions with the same flux normalization. A
directional beam lying in the rotation plane has but one angle
of incidence, 9,5, so the incident current is proportional to
cos 9. The mean incident current is thus the mean of cos .

/2 /2
Beam: 1j uf cos8 de// ae = =
(o) o

For an isotropic distribution an angle of incidence 6, in the
rotation plane has associated with 1t all other angles of
inciaence due to particles arriving from above and below 1it.
The average of these is sin®. Thus the current from an iso-
tropic aistribution is proportional to cosf and sin6, ana the
mean is the mean of cosfsin®@:

/2 /2
Isotropic: -i'i a f cosf sine de// sin® 46 = !2'-
o o

Thus, the beam current exceeas the isotropic by a factor of
4/‘" -~ 1027-

This 1illustrates some importance points regarding the
measurement of flux aistributions in space:

1. If a detector measures an average flux over a rota-
tion and assumes that it arises from an isotropic
plasma, the actual current will be underestimated by
an amount that will increase with the increasing
directionality of the true angular distribution
(reaching a maximum of 4/7 for a beam).

2. It a detector measures actual average current, then
in the same way flux (density) will be overestimated.

3. If a aetector measures the angular distribution of
the flux, information in both the perpendicular and
parallel adirections must be known, or implied to
infer densities and currents.
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4. For a "loss-cone" (negative alignea component) the
reverse of 1 and 2 apply.

Radiation-Induced Bulk Conductivity

In addition to the electron flux with energy below 100
keV, electrons with energies up to 5000 keV have been observed
by detectors on board SCATHA. This high energy raaiation makes
an insignificant contribution to the total incident electron
current but nevertheless can influence differential charging of
insulators on a spacecraft.

When high energy radiation, such as a 300 keV electron,
passes through an insulator such as Kapton, electrons can be
promoted into the normally empty conduction bands and increase
the bulk conductivity 0. Frederickson (ref. 6) has represented
this by the equation:

o =«xD + o0
o

where D is the radiation dose rate and Kk is the coefficient that
depends wupon the nature of the material. o, 1s the con-
ductivity in the absence of radiation. As the flux and hence
dose rate increases, the radiation-induced conductivity
increases. For a sufficiently high flux this could 1limit the
potential differences that can build up between an insulator ana
the underlying conductor.

To investigate this question we use MATCHG to predict the
potential of 0.005 inches (1.27 x 10°4 m) <thick Kapton,
subject to the single Maxwellian representation of the 59873
environment, with a range of values forthe bulk conductivity.
The results are shown in Table 4. The fluxes corresponding to
each value of 0 can be estimated using an experimental result of
Treadaway et al. (Reference 7). He found that a 0.002 inch
(5.08 x 10°% m) Kapton film subjected to a 0.05 pA cm™2 beam
of 300 keV electrons accompanied by a 0.2 nA cm™ 4 beam of 10
keV electrons charged to -1600 (+300) V. Simulating this
experiment with MATCHG implied a value of 4.67 x 10-14 mhos
m~* for the bulk conductivity o. Assuming that oo is
insignificant we can estimate «.

o = kD
The dose rate D arises from 5 x 1078 A m~2 of 300 keV

electrons, i.e., a flux of 1.67 x 104 electrons cm—2 s-1

sri kev™l. This is equivalent to a dose rate of 1.2 rads
s- .
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14 -1

€ = 4.0 x 1014 mhos m™! rag”t s

This value 1s rather higher than Frederickson's estimate of
10-15 - 10-16 mhos m~l rad-l s (Reference 8).

As we can see from Table 4, as soon as the dose reaches
~102 electrons cm~2 s~1 kev-l there is a significant
drop 1in the potential difference that the Kapton f£film can
support. Since a 0.005 inch layer of Kapton is typical of the
insulating materials found on satellites, this result suggests
that 1in environments with doses higher than 102 electrons
cm”™ s=1  gr-1 keV'l, the radiation induced conductivity
may play a significant role in preventing acute differential
charging and hence discharges.

Figure 8 shows a plot of the data 1in Table 4. The
vertical lines are drawn to represent the typical values for 200
kev flux on days 146, 87 and 114 (Reference 9). Days 146 and
114 are examples of the lowest and highest extremes dowumented
so far. We see that fluxes in the range where radiation induced
conductivity appears to be important are common. It will be
interesting to discover, as more data becomes available, if
there 1is any correlation between the high energy flux and
discharges on board SCATHA.

CONCLUSIONS

For the three day 87 cases studied, both single and double
Maxwellian fits to observed plasma spectra give similar
predictions of equilibrium potential that agree well with the
value obtained by direct integration. We expect that for
environments with a solid tendency to charge or not to charge,
MATCHG and NASCAP predicted potentials will not be overly
sensitive to the nature of the representation. 1In most of such
cases a single Maxwellian fit may be quite adequate to obtain a
semi-guantitative result. However because of the "threshold
effect" described above, charging in "borderline" environments
cannot always be predicted with such confidence.

In addition to the spectral composition of the
environment, the angular distribution also affects the materials
charging. A rotating spacecraft in an anisotripic environment
will experience oscillations in ground potential whose amplitude
increases with the rate that the spacecraft responds to a charg-
ing environment. Implying currents from measured incident
fluxes or vice versa requires full knowledge of the three-
dimensional angular distribution function.

Finally, it appears that account must be taken of the flux
of high energy (~300 keV) electrons, and its effect on the bulk
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conductivity of insulators. For fluxes greater than 102

electrons cm2 g-1 gr-1 kev-l a significant reduction in
differential charging is possible.
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APPENDIX

FITTING THE DATA

a. Single Maxwellian Fits

The data was fit to a form

e-E/T

£(E) = N (%)3/2

The density N is given by the zeroth moment MO

-]

1/2
(3) f gl/2 £(E) aE = N (3.1)

m
0

MO

BI:

Equation (A.l) applies when the spacecraft is not charged.
For a potential of ¢ on the spacecraft the expression is
modified.

.-}

1/2
(%) / El/2 f(E + q¢) d4E
c

MO

3|2

where C is the energy of the lowest energy data points in-
cluded in the fit (i.e., the cutoff) and q is the charge on
the particle at hand.

£(E + qo) = e /T £(g)

1/2 3/2
. _ [4m\/2 . m -q¢/T 1/2 -E/T
. . MO = (x—n_)(ﬁ) N (m) e fE e dE
C

1/2 3/2
MO =(Iﬂnl)(%) N . (5%) e~ /T (372, y)
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It is easy to show that

MO -q¢/T r(3/2, _ _=g¢/T 1/2 2 1/2 -~y
a T = T e - 2R Y]

v

where y = C/T.

1/2 -1
.o N = MO eq¢/T[erfc(yl/2) + 2 (%») e-y] (a.2)

Hence we can estimate the density N by measuring the moment MO:

108
2 gl/2 £(g) AE (A.3)
E=C

The second moment, M2, has the form

SERC]

for an uncharged spacecraft. Introducing a cutoff C and

1/2
) fE3/2f(E) dE = N « T
0

g8

potential ¢ leads to a result similar to that for MO:

1/2
M2 1/2 -y ( )
erfc(y ) + e 2 -
T = MO[ ] A.4)

1/2 3/2
[erfc(yl/z) + e-y( 2( ) % T )]

Equations (A.2) and (A.4) form two nonlinear simultaneous
equations for T and N. Solution by iteration leads to
values for N and T that make up the single Maxwellian fit.

A<
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b. Double Maxwellian Fits

The double Maxwellian fits were made by minimizing the

relative error (least squares). The desired function has
the form:

3/2 =-E/T
2
e + N2 (§$§—) e (A.5)

m )3/2 -E/Tl
2

£E) = Ny (77w

An initial choice of values for 'I‘l and T2 were made. The
fit was made to agree exactly with the measured data at two
points, one from the low and the other from the high energy
regime. This determined the values of N1 and Nz. and had
the effect of weighting the fit around the fixed points and
ensuring a good compromise fit over the whole energy range.
All possible combinations of choices for Tl and Tz, between
realistic limits, were tried and the values that gave the
minimum error were used as the double Maxwellian fit para-

meters.

c. Discussion

In all of the fits a cutoff of 1000 eV was used for
the repelled species (electrons); i.e., only data above
1000 eV was included in the fits. Using data below this value
lead to erratic and often rather unphysical values for the
fitting parameters. For the attracted species (ions) the
cutoff was taken as 1000 eV or the spacecraft potential,
which ever was the greater. In the double Maxwellian fitting
procedure the lower limit for the choice of temperature was
forced to be one-half of the spacecraft potential for the
repelled species. This ensured the absence of low tempera-
ture, high density components which were not observable at the
surface due to the spacecraft potential.
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TABLE 1. SINGLE MAXWELLIAN FITS TO DAY 87 MEASURED DISTRIBUTION

FUNCTIONS.

Time Densit Temperature

(sec) Species (106 m—3) (keV)
59813 Electrons 0.79 8.7
59813 Ions 0.086 12.0
59873 Electrons 0.98 12.0
59873 Ions 0.15 9.9
61073 Electrons 0.95 11.0
61073 Ions 0.20 12.0
59873 neutral Electrons 0.28 12.0
59873 Ions 0.15 9.9

TABLE 2. DOUBLE MAXWELLIAN FITS TO DAY 87 MEASURED DISTRIBUTION

FUNCTIONS.
Time Densitg Temperature Densitg Temperature
(sec) Species (106 m—3) (keV) (106 m-3) (keV)
59813 Electrons 0.29 5.9 0.48 11.0
59813 Ions 0.020 0.70 0.043 27.0
59873 Electrons 0.062 4.7 0.87 12.0
59873 Ions 0.037 1.0 0.096 14.0
61073 Electrons 0.64 5.1 0.45 16.0
61073 Ions 0.084 2.2 0.11 24.0
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TABLE 3.

ENVIRONMENT REPRESENTATION

CHARGING RESPONSE (kV) OF SOLAR AS A FUNCTION OF

Environment 59813 59873 61073 59873
(Neutral)

Single

Maxwellian ~14.5 -22.3 -17.2 -12.1

Double

Maxwellian -17.6 -20.3 -18.9 -

Direct

Integration -16.2 -22.6 -17.9 -

Satellite

Potentijal -1.9 -7.1 -4.8 -7.1
TABLE 4. THE EFFECT OF RADIATION-INDUCED CONDUCTIVITY ON THE

CHARGING OF 0.005 INCH (1.27 x 10-4
PREDICTED BY MATCHG

m) KAPTON FILM AS

300 keV Differential
Incident Flux (F)
Current elfctrfns cT‘z Conductivity Potential*
PA cm—2 s~ +sr-tkev” o Volts
0 0 0 -15500
0.003 1.0 x 10% 2.8 x 10717 -15300
0.03 1.0 x 102 2.8 x 10716 -13700
0.05 1.67 x 10° 4.67 x 10716 -12800
0.5 1.67 x 10° 4.67 x 10713 - 5600
5.0 1.67 x 10? 4.67 x 10714 - 1000
50.0 1.67 x 10° 4.67 x 10713 - 100
500.0 1.67 x 10° 4.67 x 1012 -0
. -
Environment at 59873 Day 87 used.
n, = 0.28 cm~ > Ty = 12 keV
ng = 0.15 cm > T, = 9.9 kev
o = «F
-22 -1
x = 2.8 x 10 mhos m electron s sr keV
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Fiqure 6a. - SC5 measures angular distribution of flux in planeof rotation of SCATHA satellite.

N

Isotropic

Anisotropic

Figure 6b. - Representation of the angular distribution in rotation piane,
where r represents magnitude of flux at angle 6.
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Figure 7. - Plot of aluminum potential as function of time for a beam rotating at 3 deg/sec. lon density = electron density = 2 x 100 m'3; ion tem-

perature = 1 keV; electron temperature = 5 keV,
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