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Relationship Between Electrostatic Discharges on Spacecraft
P78-2 and the Electron Environment

Harry C. Koons* and David J. Gorneyt
The Aerospace Corporation, Los Angeles, California 90009

The relationship between the energetic electron environment and electrostatic discharges on the P78-2
(SCATHA) spacecraft has been examined. Internal discharges occur near perigee, whereas surface discharges
occur uniformly over the radial range covered by SCATHA from 5.5 to 8 Re. Surface discharges peak at local
midnight and decrease toward local morning, whereas the internal discharges have a broad occurrence maximum
centered on local noon. Both types are far more likely to occur when the Earth's magnetic field is disturbed.
Although few surface discharges occur when the planetary magnetic index Kp is <4, a modest number of
internal discharges occur under these quiet to normal conditions. Surface discharges have a strong tendency to
occur when the flux of electrons with energies of tens of keV is high, whereas internal discharges occur when the
flux of electrons with energies of hundreds of keV is high and the flux of tens of keV electrons is low. A
significant correlation has been found between the occurrence of discharges on SCATHA and an estimate of the
energetic electron fluence at geosynchronous orbit obtained from a neural network model of the relativistic
electron flux at geosynchronous orbit. The incidence of internal discharges at predicted daily fluences above 1010

electrons/cm2 is sufficiently high to warrant the use of this predictor to issue warnings for real-time satellite
operations. The statistics of nine years of surface discharges on the SCATHA spacecraft are dominated by the
single charging event on September 22, 1982.

Introduction

E LECTRONS in the space environment charge materials
on the surface and inside a spacecraft. When the resulting

electric field exceeds the breakdown field intensity for the
material, an electrostatic discharge occurs. Electrostatic dis-
charges are believed to have been responsible for a large
number of spacecraft anomalies including command errors,
phantom commands, degraded sensor performance, parts fail-
ure, and even complete loss of mission on a variety of space-
craft.1'3

DeForest4 was the first to observe surface charging on a
geosynchronous satellite. He found that ATS-5 charged to
potentials as high as 10,000 V in eclipse and as high as 200 V
in sunlight. He also noted that insulators near the aperture of
his electron detector could be charged to several hundred volts
without an accompanying change in the overall spacecraft
potential. The first discharges aboard a satellite were reported
by Shaw et al.5 They detected discharges that occurred in the
vicinity of transient sensors. The number of discharges in-
creased during geomagnetically disturbed times and correlated
with the anomalous behavior of subsystems on the spacecraft.
Garrett6 reviewed the theory and measurements of the charg-
ing of spacecraft surfaces.

Vampola7 showed that the occurrence of anomalies on-
board the U.S. Air Force Defense Support Program satellites
coincided with significant increases in the flux of electrons
> 1.2 MeV as measured by the Geostationary Operational
Environment Satellite (GOES) spacecraft and concluded that
the anomalies were caused by thick dielectric charging. Thick
dielectric charging or internal charging as we refer to it in this
paper occurs when energetic electrons embed within dielectrics.
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This can build up electric fields inside a dielectric until its break-
down field intensity is reached.8 Penetrating electrons can also
charge well-insulated floating conductors below the surface of
the vehicle.9 Electromagnetic interference from the resulting
electrostatic discharges is responsible for the anomalies.

In order to improve our understanding of the relationship
between the environment and electrostatic discharges, we have
examined the data from the P78-2 spacecraft charging at high
altitudes (SCATHA) pulse analyzer, satellite surface potential
monitors (SSPMs), energetic ion composition experiment, and
the high energy particle spectrometer for a relationship be-
tween discharges and the electron environment. The SCATHA
satellite was launched on January 30, 1979. The primary ob-
jective of the mission was to obtain environmental and engi-
neering data that could be used for design guidelines and
specifications to ensure that future spacecraft will operate
satisfactorily in the plasma environment at synchronous orbit.
The experiments are described by Stevens and Vampola10 and
Fennell.11

The engineering payloads include a pulse analyzer that mea-
sures the characteristics of electrical pulses in both the fre-
quency and time domains. It measures the number of pulses,
their amplitudes and their shapes with four sensors. It has
been operating continuously since February 1979. Since that
time, data from 1527 days have been analyzed. Pulses have
been detected in response to spacecraft commands, during
electron and ion beam operations, and during periods of natu-
ral surface charging. Previous papers have documented the
occurrence of pulses during the first two years of the operation
of the vehicle, their amplitudes, pulse shapes, and the correla-
tion of these pulses with time periods when the surface sam-
ples on the vehicle are charged.12"14

Table 1 Distribution of pulses detected by the
pulse analyzer in 1527 days of analyzed data

Type Number
Command related
s-tone cessation
Beam experiments
Natural discharges
Total

3158
2550
2365
316
8389
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Fig. 1 Amplitude distribution of pulses due to surface and internal
discharges.

The SSPMs measure the voltage between the surface of
selected materials such as Kapton, Teflon, and quartz fabric
and the ground frame of the spacecraft. The spacecraft con-
tains three SSPMs, two on the cylindrical side of the vehicle
and one on top. Those on the side of the vehicle move into and
out of sunlight as the vehicle rotates at 1 rpm. The one on top
was essentially always shadowed by the vehicle. All three
contain Kapton samples and the one on top also contains a
quartz fabric sample. The Kapton and the quartz fabric sam-
ples are used in the study reported here to determine if the
surface of the vehicle is charged.

The energetic ion composition experiment measures 100-
eV-32-keV ions. The instrument also includes four broadband
electron channels from 0.07 to 24 keV.10'11 The high energy
particle spectrometer has four solid-state detectors to measure
the energetic electron and proton distributions. The various
particles and energy ranges are measured in command-se-
lectable, time- multiplexed modes. The instrument covers elec-
tron energies from 0.05 to 10 MeV and protons from 1 to 200
MeV.10'11

Data
Pulse analyzer data from a total of 1527 days between

February 1979 and March 1988 have been analyzed. Data were
collected continuously for most of that time period. The data
analyzed to date represent about 45% of the available data.
Essentially the entire first year of data has been analyzed.
Following the first year only selected periods have been ana-
lyzed. This selection has included time periods of known
anomalies on other synchronous satellites and time periods
containing geomagnetically disturbed days. This selection pro-
cess may bias the statistics of discharge occurrence presented
in the following.

Table 1 contains a summary of the pulses detected by the
pulse analyzer during those 1527 days. Pulses occurring within
1 s of a spacecraft command are attributed to a vehicle or
payload response to the command and are identified as a
command pulse in Table 1. Pulses have also been detected
shortly after the time that the ground station command trans-
mitter ceased sending special signals, called s-tones, to the
vehicle. These signals enable the space vehicle command re-
ceiver. Those pulses are identified as s-tones in Table 1. The
majority of the remaining pulses listed in Table 1 occurred
during operations of the electron or ion beam experiments.15

Only 316 of the 8389 pulses cannot be associated with normal
vehicle commands or ion and electron beam operations.

Natural Charging
Many of the pulses that cannot be associated with normal

vehicle commands or ion and electron beam operations oc-
curred during periods of natural surface charging, that is,

during periods when large potentials were measured between
surface samples and the vehicle reference frame by the SSPM.
The coincidence of these pulses with time periods when the
samples were differentially charged and the absence of vehicle
commands or mode changes at the time of these pulses has led
us to conclude with high confidence that most of the pulses are
due to electrostatic discharges.12 Similar pulses have also been
detected during electron and ion beam operations when the
surfaces of the samples are artificially charged.13 Data from
the Kapton and the quartz fabric samples on the SSPMs were
used to determine if the surface of the vehicle was charged at
the time each of the natural discharges was detected. If the
potential between any of these four samples and the vehicle
frame exceeded 100 V, we consider the surface to have been
charged. Natural discharges that were detected when the sur-
face was charged are defined to be surface discharges. Dis-
charges that were detected when the surface was not charged
are defined to be internal discharges. Although the 100 V
discrimination level is somewhat arbitrary, the separation into
the two classes is generally unambiguous. For almost all in-
stances when the samples were not charged, the potentials of
these samples were much < 100 V and relatively constant.
When the samples were charged, the potentials were much
> 100 V on at least one of the samples and varying over time
periods on the order of 1 min.

SSPM data were not available for 45 (14%) of the 316
pulses identified as real discharges. Because all of the pulses
that occurred when the vehicle was charged are identified as
surface discharges, the number of surface discharges has pos-
sibly been somewhat overestimated.

The amplitude distribution of the pulses from the natural
discharges is shown in Fig. 1. The voltage plotted along the x
axis is the highest discriminator level exceeded by each pulse.
The discriminator levels are spaced by about a factor of 2 in
voltage. Generally, we find that the amplitudes of the pulses
from the surface discharges are larger than the amplitudes of
those from the internal discharges at the pulse analyzer sen-
sors. The pulses arising from surface discharges were also
significantly larger than pulses detected from normal opera-
tions of the vehicle.

50 r

O

s 30

0 20

b)

E
=3

CD

CO

O

0

*O
L_

Nu
m

be

10

0
50

40

30

20

10

n

-

-

-

-

-

n

Radius, Earth Radii
Fig. 2 Radial distribution: a) surface discharges; b) internal dis-
charges.



NOV.-DEC. 1991 ELECTROSTATIC DISCHARGES AND THE ELECTRON ENVIRONMENT 685

During a 1-h period on September 22, 1982, 28 pulses were
detected while the surface samples on the SSPMs were highly
charged. At that time, the planetary magnetic index Kp was 8,
and the vehicle was located at a radial distance of 5.8 Re
between 0400 and 0500 local time. Because these pulses ser-
iously bias the occurrence statistics, they have been removed
from the data reported in this paper. The pulses and vehicle
anomalies that occurred on SCATHA on September 22, 1982,
have been described by Koons et al.16

The occurrence of discharges as a function of the radial
distance of the spacecraft from the center of the Earth is
shown in Fig. 2. Since the SCATHA satellite has a low inclina-
tion (7.5 deg), the radial distance in Fig. 2 is essentially mea-
sured in the Earth's equatorial plane. For reference, geosyn-
chronous orbit is at a radial distance of 6.6 Re. Surface
discharges are relatively evenly distributed over the region of
space covered by the SCATHA satellite from 5.2 to 7.8 Earth
radii. The number of internal discharges increases dramati-
cally at smaller radial distances, with the largest number oc-
curring near the perigee of the SCATHA satellite. The number
of internal discharges increases rapidly toward lower altitudes
because the maximum intensity of the outer radiation belt is
between L = 4 and 5, i.e., below the perigee of SCATHA.
Thus, the vehicle encounters the more energetic electrons of
the outer radiation belt as it approaches perigee.

The occurrence of discharges as a function of the local time
at the spacecraft is shown in Fig. 3. Surface discharges peak
strongly at midnight and occur in diminishing numbers into
the early morning hours. This happens because the electrons
responsible for surface charging are injected near geosyn-
chronous orbit near local midnight during a magnetospheric
substorm and drift around the morning side of the Earth.
Many of the surface discharges at local midnight occurred
during the spring and the fall when the spacecraft is eclipsed
by the Earth when it is near midnight. Very few surface
discharges occurred on the day side of the Earth.

The internal discharges detected on SCATHA occurred
preferentially on the day side of the Earth. The maximum in
the local-time distribution of internal discharges occurs near
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Fig. 4 Kp distribution: a) surface discharges; b) internal discharges.

noon and thus matches the local-time distribution17 of rela-
tivistic-electron intensities at geosynchronous orbit. At
SCATHA's orbit, this asymmetry in local time arises from
distortions to the Earth's magnetic field caused by currents on
the magnetopause and in the neutral sheet.18 Because equatori-
ally mirroring electrons drift around the Earth on trajectories
of constant B, the day-night asymmetry in the Earth's mag-
netic field leads to a day-night asymmetry in the geocentric
distance to the peak of the outer radiation belt. The peak is at
a larger radial distance on the day side than it is at night. Since
the spacecraft penetrates farther into the outer radiation belt
during the day than it does at night, it experiences higher
fluxes of relativistic electrons by day than by night. The flux
of 0.5-1-MeV electrons varies by about one order of magnitude
from noon to midnight under magnetically quiet conditions.19

Discharges are far more likely to occur when the magneto-
sphere is active, i.e., when the planetary magnetic index Kp is
4 or greater. In Fig. 4, the solid curves show the actual number
of discharges detected in each category. The dashed curves
show the distribution that would have occurred if the dis-
charges were distributed with the same statistical frequency as
Kp. The distribution of Kp for the time period from 1932
through 1986 was used to determine the dashed curves in Fig.
4. A comparison of the histograms shows that both surface
and internal discharges are far more likely to occur when the
magnetosphere is active, i.e., when Kp is >4. Very few sur-
face discharges occur below Kp = 4. Those that do were most
likely caused by electrons injected by small, local substorms
that did not influence the planetary magnetic index Kp.

Electron Data
The high energy particle spectrometer10'11 on SCATHA

measures low energy (LE) electrons from 50 to 100 keV,
medium energy (ME) electrons from 100 keV to 1 MeV, and
high energy (HE) electrons from 1 to 10 MeV. The energetic
ion composition experiment10'11 measures LE electrons from
0.07 to 24 keV. The summary plots of the data from the SSPM
which have been produced over the past decade for the time of
each discharge on the spacecraft contain time-series graphs of
the count rates for electrons from the 0.18, 0.84, 3.9, 18.4, 57,
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140, and 288 keV channels from the energetic ion composition
experiment and the high energy particle spectrometer. The
18.4- and 288-keV channels will be used here to show the
relationship between LE and ME electrons and discharges due
to surface and internal charging.

Figure 5 shows the number of discharges detected as a
function of the count rate of the 18.4-keV electron channel.
The number of surface discharges increases dramatically as
the flux of 18.4-keV electrons increases. Surface discharges
occur above 100 counts/s and dominate the internal dis-
charges for count rates above 1000 counts/s. Bulk discharges
occur at low count rates near the threshold of this channel at
10 counts/s and disappear above a count rate of 1000/s. The
flux of ME and HE electrons decreases during the main phase
of a geomagnetic storm, whereas the flux of LE electrons
increases due to substorm injections of electrons into the inner
plasma sheet.20'21 This is responsible for the decrease in the
number of internal discharges at times when the flux of LE
electrons is high. The flux of HE electrons then increases as
geomagnetic activity returns to quiet levels following the main
phase of a magnetic storm.

Figure 6 shows the number of discharges detected as a
function of the flux of 288-keV electrons. The number of
internal discharges increases dramatically for fluxes above
3600 electrons/(cm2-s-sr-keV), whereas the number of surface
discharges appears for the most part to be unrelated to the flux
of 288-keV electrons. Unfortunately, we do not have data
from these instruments when discharges were not detected,
and so it is not possible to convert the data in Figs. 5 and 6 to
probability distributions.

Figure 7 shows a scatter plot of the discharges with the
count rate for the 288-keV electrons on the ordinate and the
count rate for the 18.4-keV electrons on the abscissa. All of
the surface discharges, identified by squares in Fig. 7, occur
above an 18.4-keV count rate of 100. Once the count rate
exceeds 100, there is little correlation between the count rates
for the two energies when surface discharges occur. Most of
the internal discharges, identified by a solid circle in Fig. 7,
appear in a relatively limited area of the diagram that increases

more slowly in the 288-keV count rate than in the 18.4-keV
count rate.

High Energy Electron Estimator
It would be useful to spacecraft operators to be able to

forecast days on which internal discharges are likely to occur
on spacecraft in synchronous orbit. Internal charging of
dielectrics is caused by the buildup of charge within the mate-
rial. It is related to the fluence of ME and HE electrons over
a period that is comparable to the decay time of the charge in
the dielectric. The decay time depends on the resistivity of the
material. This may be very large for a material such as Teflon.
Thus, internal discharges are expected to be related to the
fluence of ME and HE electrons over a period of hours or
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even days. We have used two techniques, a linear prediction
filter and a neural network model, to estimate the daily flu-
ence of ME and HE electrons on days when SCATHA experi-
enced discharges.

Nagai21 and Baker et al.22 used linear prediction filter analy-
sis to predict the relationship between solar wind and geomag-
netic indices and the flux of relativistic electrons at syn-
chronous orbit. Nagai21 showed that the average flux of
electrons with energies > 2 MeV at synchronous orbit is well
estimated by applying a 20-day linear prediction filter relating
the daily LKp to the electron flux. The following calculation
was used to estimate the daily fluence of electrons with ener-
gies > 300 keV from the flux of electrons with energies > 2
MeV obtained from the direct application of Nagai's filter.
We assume that the electrons have a spectral shape given by23

= e x p ( ( c m V s - s r - k e V )\E0
(1)

with E0 = 600 keV. A typical value for (dJ/dE)0 is 1.3 x 104.
The flux above energy EL is then given by the double integral
over solid angle and energy:

47T f>00 / j A /-K

(di) exp(-^o J£r \a£/0 \£o 69
then,

(3)

To compare the flux above two different energy levels,
and E2, we can take the ratio R = J\/J2t which is given by

R=exp[(E2-El)/E0] (4)

If EI is 2 MeV and EI is 300 keV, then the ratio for E0 = 600
keV is about 17. If the instantaneous integral flux >2 MeV,
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Fig. 8 Occurrence of discharges as a function of the daily fluence of
electrons with energies >300 keV as estimated by a linear prediction
filter model: a) surface discharges; b) internal discharges.
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«A>2Mev), is known, then the average daily fluence >300 keV
is given by

— ̂ (300 keV/2 MeV) 2 MeV) At (5)

where tf (>2 MeV) is the instantaneous integral flux averaged over
a day of electrons with energies >2 MeV. For AQ = 4ir and
At = 86,400 s, F = 1.85 x 107 0(>2 Mev).

This technique was used to estimate the average daily flu-
ence for each day that a discharge occurred on SCATHA.
Figure 8 shows the number of days with discharges as a
function of the average daily fluence of electrons with energies
> 300 keV obtained from the linear prediction filter. The filter
derived by Nagai peaks two days before the day of the esti-
mate and is in fact negative for zero time lag. This agrees with
the temporal behavior of HE electrons at synchronous orbit.24

We have previously developed a neural network to model
the temporal behavior of >3-MeV electrons at geosyn-
chronous orbit based on model inputs consisting of 10 consec-
utive days of the daily sum of the planetary magnetic index
EAT/?.25 The neural network model provides results that are
significantly more accurate than those from linear prediction
filters. In order to compare the results for the neural network
model with those from Nagai's linear prediction filter, we
have scaled the daily fluence obtained from the neural net-
work for 3 MeV to 300 keV. The scaling factor R from Eq. (2)
is 90. Figure 9 shows the number of days with discharges as a
function of the average daily fluence of electrons with energies
>300 keV obtained from the neural network model.

From Figs. 8 and 9, it is apparent that surface discharges are
not well ordered with respect to the daily fluence of ME
(scaled from HE) electrons using either technique. Nor are the
internal discharges ordered by the daily fluence obtained from
the linear prediction filter. However, there is a sharp increase
in the number of days with internal discharges when the neural
network model estimates the daily fluence of 300-keV elec-
trons to be >1010 cm~2 (equivalent to the daily fluence of
3-MeV electrons being > 1.1 x 108 cm"2). Using a forecasting
technique such as that described by Koons and Gorney,25 the
neural network model could be used to forecast days when
internal discharges might occur on synchronous spacecraft.



688 H. C. KOONS AND D. J. GORNEY J. SPACECRAFT

Summary
Pulses detected on SCATHA have been divided into two

groups, those from surface discharges, which occurred when
the Kapton and quartz fabric test samples on the surface of the
vehicle were charged relative to the vehicle frame, and those
from internal discharges, which occurred when the test sam-
ples on the surface were not charged/The amplitudes of the
pulses from the surface discharges tend to be larger than those
from the internal charges.

The occurrence of the two types of pulses from the dis-
charges differs in a number of ways. The internal discharges
occur much more frequently near the perigee of the SCATHA
satellite, whereas the surface discharges occur evenly over the
range of altitudes covered from 5.5 to 8 Re. The surface
discharges have a strong peak in their occurrence at local
midnight decreasing toward local morning, whereas the inter-
nal discharges have a broader maximum centered on the day
side of the Earth. Both types tend to occur while the Earth's
magnetic field is disturbed. Although few surface discharges
occur when Kp is < 4, a modest number of internal discharges
occur under quiet to normal conditions. Surface discharges
have a strong tendency to occur when the flux of tens of keV
electrons is high, whereas internal discharges occur when the
flux of hundreds of keV electrons is high and the flux of tens
of keV electrons is low.

The statistics of surface discharges on the SCATHA space-
craft are dominated by the single charging event on September
22, 1982. The largest amplitude discharges and the most seri-
ous satellite anomalies occurred during this event while the
spacecraft was in sunlight near perigee at 0430 local time.

The data from the SCATHA spacecraft have confirmed all
aspects of the spacecraft charging hypotheses first postulated
as a cause of satellite anomalies in the mid-1970s, A direct
connection has now been verified between the energetic elec-
tron environment, the surface and internal charging of the
materials on the vehicle, electrostatic discharges, and space-
craft anomalies.
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