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A survey of data from the first year of the P78-2 (SCATHA) satellite operations showed that severe spacecraft
frame charging (¢,) both in sunlight (- 340 V) and in eclipse (> - 8 kV) occurred on 24 April 1979. Analysis of
the data indicates that if the sunlight charging environment had been present during eclipse, the vehicle would
have charged in excess of —15 kV, which is above any known charging level observed to date for the SCATHA
satellite. Therefore, the environment at the peak of the sunlight charging at ~ 0650 UT 24 April 1979 was chosen
for this ‘‘worst case’’ study. The environment at this time is characterized by an injection of high-energy (30-335
keV) clectron fluxes whose combined current correlates with ¢f with a correlation coefficient of 0.95. The fluxes
were highly anisotropic, maximizing perpendicular to the magnetic field. The low-energy (<4 keV) electron
population had a density <1 em~3 and the low-energy ions were near background. The measured electron
distribution functions, when fitted to double Maxwellians by a least-squares technique, show that throughout
the sunlight charging period the high and low temperatures remained nearly the same, while the density of the
high-energy component followed the charging levels. The injection occurred simultaneously with the rapid
return of the magnetospheric magnetic field to a more dipolelike configuration.

Introduction

ITH the launch of the geosynchronous satellite ATS-5

in 1969, and subsequent analysis of the particle data by
DeForest,! the space physics and engineering communities
have become increasingly concerned with the problem of
spacecraft charging. A recent review of this field has been
compiled by Garrett.? Additional specifics of recent work in
the area can be found in the proceedings of five symposia.3”’
In January 1979, the Spacecraft Charging AT High Altitudes
(SCATHA) satellite P78-2 was launched as a joint USAF/
NASA mission with the most complete instrumentation
complement flown to date for the purpose of studying
spacecraft charging effects at near-geosynchronous altitudes,
and testing techniques for mitigating them.

Because spacecraft at geosynchronous orbit can charge to
levels significant enough to impact and degrade system
performance, there is a need for space vehicle design engineers
to have a ‘‘worst case’’ charging environment. However, a
definition of ‘‘worst case’> has been somewhat elusive.
Proposed definitions include: 1) the measured environment
which produces the largest vehicle frame (ground) to plasma
potential difference (¢ 1); 2) the environment which produces
the largest differential potential between adjacent spacecraft
surface materials; 3) the highest density hot plasma en-
vironment encountered at geosynchronous orbit; and 4) the
environment which causes the greatest number of satellite
anomalies. In this study we discuss an environment that
produced one of the largest satellite frame potentials on the
SCATHA satellite in its first year of operation. The event
occurred on 24 April 1979. The environment presented is also
an extremely severe geosynchronous environment, having an
exceptionally dense plasma population in the high-energy
(>20 keV) range. This can be seen by comparing to statistical
results from the ATS 5 and 6 satellites available in Ref. 8.

We do not specifically address here the question of when
the highest levels of differential charging are found. An entire
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array of sample surfaces was monitored on SCATHA for just
this purpose. Results of the differential charging during the
period we report here may be found in Ref. 9. A statistical
survey of the SCATHA differential charging results by
Mizera and Boyd! indicate that the differential charging
found on 24 April 1979 was in the highest 10% of occurrence.
In addition, the study of differential charging during the
spring of 1981 eclipse season!! gives strong evidence that the
worst differential charging occurs between a frame in sunlight
or penumbral eclipse and shadowed insulators. Differential
charging is greatly reduced when all surfaces are in shadow
(umbral eclipse). These results support our attempt to define a
worst environment for charging in terms of sunlit situations
even though the frame potential (¢,) in eclipse is generally
higher by an order of magnitude.

Deep dielectric charging, which is produced by higher
energy particles (~ >0.5 MeV) and may be the principle cause
of pulse-measured arcing, is probably unrelated to the surface
charging discussed here. However, both types of charging can
produce satellite anomalies. Results from the transient pulse
monitor onboard SCATHA may be found in Ref. 12.

The ‘“‘worst case’’ described here is a sunlight charging
event, although the data extend into satellite eclipse. In
eclipse, the satellite potential in this case, severely affects the
ion and electron spectra inhibiting an accurate measurement
of the ambient particles. In sunlight, the satellite potential is
much smaller since photoelectrons provide a significant
amount of the current balance, and the particle spectra are
affected to a much lesser degree. Estimates of the satellite
potential, had the vehicle been in eclipse when it encountered
this ‘‘worst case’’ environment, exceed measured eclipse
potentials.

Different spacecraft charge to different levels in the same
environment depending on their surface materials, size,
shape, and orientation to the sun. Therefore, absolute
charging levels experienced on a particular satellite cannot be
accurately compared to absolute charging levels on a satellite
of different design. However, if an environment maximizes
the relative charging on a space vehicle, then that environment
may truly be a ‘““worst case’’ environment. Below we present
an example of such a charging environment as encountered by
SCATHA on 24 April 1979. Comments are made on the
environmental conditions and regimes where the highest level
spacecraft charging can be expected.
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Table 1 Experiments on the SCATHA satellite

Experiment Experiment
no. title

SC2 Sheath electric fields
Electrons, ions
S5eV-18 keV

SCs Rapid scan particle detector
Electrons, ions
50eV-1 MeV

SC8 ) Energetic ion composition
. E/q: 100eV-32 keV

SC9 UCSD charged particle experiment
Electrons, ions
LeV-81 keV

SC10 ) Electric field detector

SC11 Magnetic field monitor

To orient those unfamiliar with the SCATHA satellite, we
shall briefly describe the satellite and instrumentation.
Geophysical conditions on the charging day are also
discussed. The satellite plasma environment is described in
terms of. time and pitch angle variations of particle fluxes in
different energy ranges, and in terms of magnetic field
variations. Parameters that are related to satellite charging
are identified and correlated. Finally, the particle mea-
surements are represented in forms more suitable for
modeling spacecraft charging and discussed in terms of their
accuracy in reproducing the ambient plasma features. This
should allow each reader to adapt the results to his particular
needs.

Satellite Description and Instrumentation

The P78-2 (SCATHA) satellite is cylindrical in shape
(~1.75 m in length and diameter) and has seven experimental
booms. The satellite is spin-stabilized at approximately 1 rpm
with the spin axis of the satellite in its orbital plane and
normal to the Earth-sun line. This allows an outward pointing
detector on the cylindrical surface to sample nearly all pitch
angles. The satellite is in a 5.5 x 7.7 Rz (Rg =1 Earth radius),
low inclination (~ 8 deg) orbit and drifts eastward at about 6
deg per day. For a more detailed review of the satellite and its
instrumentation, see Ref. 13.

Of the thirteen separate experimental payloads onboard the
SCATHA satellite, data from six of the payloads are used in
this paper. The six are referred to throughout the paper as
SC2, SC5, SC8, SC9, SC10, and SCI11. For convenient
reference we identify each of the experiments in Table 1 with a
brief summary of the detector capabilities of the particle
experiments. Since the six experiments are well documented
by Stevens and Vampola,'? only a short description of the two
payloads most critical to this study is given here. These ex-
periments are the AFGL rapid scan particle detector (SC5)
and the NASA/Goddard electric field detector (SC10).

The SCS detector is comprised of two sets of spectrometers
which allow a determination of the ion differential flux from

~ 50 eV to several MeV and the electron differential flux from.

~50 eV to 1 MeV. One set of spectrometers is parallel to the
spin axis and measures energetic particles at a nearly constant
pitch angle. The other set of spectrometers is perpendicular to
the spin axis and sweeps through nearly all pitch angles once
per spin. Data for each energy range are obtained once per
second; thus, this instrument provides very fast time
resolution with rather broad energy resolution. Its pitch angle
resolution is excellent for determing directions and ani-
sotropies in particle flows to the satellite. A summary
description and calibration of the instrument are given in
Hanser et al. !

The SC10 detector consists of two 50-m antennas that form
a 100-m dipole. The inner 30 m of each antenna is coated with
Kapton insulation so that the outer 20-m conducting surfaces

" ENVIRONMENT FOR SEVERE SPACECRAFT CHARGING 27

400
-300 — —
200 (— —
0 |
s
> - 4
.
100 vb
sc 10 ;
o i 1 | . |
0635 0645 0655 0705
24 APRIL 1979 uT

Fig. 1 Vehicle frame charging (¢,) measured by SC10 at 0.5 s
resolution for the pre-eclipse period.

of copper beryllium act as a double floating probe ensemble
to measure dc electric fields in the ambient plasma. The in-
strument also measures the voltage difference between one of
the antennas and spacecraft ground. When the conducting tip
floats at plasma potential, this mode of operation provides
high time resolution (twice per second) measurements of ¢,.
The materials and length of the boom should guarantee this to
be the case in sunlight for satellite potentials less than ~1
keV, to within an accuracy of several volts. In addition,
Mullen and Gussenhoven!® have shown that the potentials
measured by SCI0 in sunlight are equivalent to those
determined by the ion charging peaks in the SC9 data for
potentials up to 800 V to within the resolution of SC10 and
the spread in the SC9 measured ion peak. Thus, the SC10 data
are used here primarily as a high time resolution sunlight
vehicle charging monitor.

“Worst Case”’ Spacecraft Charging Level

The ‘“‘worst case’’ spacecraft charging levels occurred on
SCATHA on 24 April 1979 between 0635 and 0730 UT. For
this period the satellite varied in distance from the center of
the Earth between 6.45-6.75 R (passing through geosyn-
chronous orbit), in L-shellf from 7.0-7.3, and in magnetic
latitude from 0.7-1.2°N. At ~0635 UT (~2300 local time),
while still in sunlight, ¢, began to increase. It increased
steadily (in the negative sense) from several volts to several
hundred volts until a maximum sunlight value of —340 V was
reached between 0651 and 0653 UT. Over the next 20-min the
satellite potential had large variations, but remained charged
above the ~ —50 V level until the satellite entered eclipse at
0710 UT. In eclipse, ion peaks in the SC5 and SC9 data show
that the satellite potential reached a maximum value greater
than —8 kV, and remained at potentials greater than — 1 kV
throughout the eclipse period. Upon re-entering sunlight at
0805 UT, ¢ dropped to less than ~ — 50 V and returned to an
uncharged state by 0850 UT.

While the eclipse condition resulted in an increase of the
satellite potential by nearly two orders of magnitude, the
worst environment for spacecraft charging actually occurred
during the period of sunlight charging. Evidence for this is
given below. In fact, the —340 V charging peak represents
one of the highest levels of SCATHA sunlight charging
observed during the first year of operation. The satellite
potential, as measured by SC10, for the sunlight charging
period (0635-0710 UT) is shown in Fig. 1. Here, every point

fL-shells are surfaces generated by rotation of a dipole field about the
magnetic axis. They are labeled by the distance in Earth radii that the field lines
cross the magnetic equator.
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{one per 0.5 s) is plotted, except for those times when the SC10
boom was pointing nearly directly at the sun, or was in the
vehicle shadow. At these times, boom charging effects
contaminate the data. The high time resolution of the SC10
measurement clearly shows a spin-cycle variation in the
satellite potential superimposed on a more slowly varying
response to environmental changes. Figure 2 is an expansion
of the potential plot for three spin cycles, from 0655 to 0658
UT. The spin-cycle variation is nearly 80 V and is extremely
regular. It is due to rotation of various satellite surface
materials with different photoelectron emissivity properties
and/or booms in and out of sunlight. SC10 charging events
have been examined for 75 days under differing degrees of
particle anisotropy, and the maximum and minimum spin-
cycle charging levels are always at the same sun angle
orientation independent of particle pitch angle, thus ruling
out particle pitch angle as the causative factor for the spin-
cycle variation. To determine temporal variations in ¢, in-
dependent of material properties, sun angle, and so on, we
represent ¢, by its maximum value for each spin.

Magnetospheric Conditions for ‘“Worst Case’’ Event

The specific changes in the magnetic field and particle
populations that produced the charging situation on 24 April
1979 are presented. First, however, it should be noted that the
magnetic activity on 24 April, as measured at the Earth’s
surface, was significantly less than that of the previous three
days. Following a gradual but sustained increase in activity on
21 April, the occurrence of multiple substorms was measured
at high-latitude magnetometer stations through 23 April.
Further, when the SCATHA satellite entered the plasma sheet
in the midnight sector on 22 and 23 April, multiple dynamic
injections were encountered. The magnetic field also showed
large-scale variations from the model field and on 22 April
was quite turbulent in nature. The substorm activity on 24
April was greatly reduced prior to 0600 UT. Although 22
April was the most active day, satellite charging in sunlight
did not exceed —40 V, and in eclipse, ~400 V. On 23 April
sunlight charging was as high as —150 V, and ~1.2 kV in
eclipse.

Magnetospheric Magnetic Field

Onboard SCATHA the magnetic field, as measured by the
SC11 NASA/Goddard magnetometer'® has the following
variations in solar magnetic coordinates§ (designated B, B
B.) when compared to the quiet magnetic field model of
Olson and Pfitzer.!” For ~24 h prior to 0600 UT on 21 April,
the measured and model ficlds were nearly identical. At
~ 0600 UT (2100 MLT) on 21 April, a gradual decrease in B,
of ~30 nT took place over 1 h. The B, and B, components
varied only slightly during this time. This type of variation
from the model, dipolelike field indicates a more taillike
configuration. The field remained moderately disturbed and
taillike through 1200 UT on 22 April, when it returned to the
model field. A smaller, taillike excursion from the model field
occurred at ~1600 UT on 22 April and persisted with
variations to 0645 UT on 24 April. At this time, approximate
values for the measured (model) field components were :

B,=17(5) nT; B,= —12(~3) nT; B,=70(50) nT. By 0655 UT
on 24 April, the magnetic field had dynamically returned to a
near-model field configuration. The variations in B, from
0635-0710 UT on 24 April are shown in detail in a later sec-
tion.

Particle Populations

~0330 UT (~ 1900 MLT) the SCATHA satellite entered
the plasma sheet. At this time the vehicle saw a sharp increase

§1In solar magnetic coordinates the z axis is parallel to the north magnetic
pole, the y axis is perpendicular to the Earth-sun line, and the x axis completes
the Cartesian coordinate system and is positive in the sunward direction.
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Fig. 2 Vehicle frame charging (¢,) measured by SC10 at 0.5 s
resolutlon in an expanded time scale showmg spin/sun angle effects.

.in low-energy (<1 keV) electrons.'® As the satellite moved to

higher altitudes it crossed more energetic Alfven layers
(energy-dependent boundaries between the plasma sheet
particles and zones of forbidden access which are dominated
by the co-rotation electric field). This dispersion in electron
fluxes, which is characteristic of a quiet plasma sheet
crossing,!® continued for several hours. At ~0630 UT, the
satellite was well within the plasma sheet, having crossed the
20 keV Alfven layer. A major change occurred in the electron
spectrum at ~0615 UT with sharp decreases in electron fluxes
for energies less than 1 keV.

The particle fluxes, as measured by SC5, are shown in
detail in Fig. 3. The left-hand side of Fig. 3 gives the electron
fluxes for energies from 620 eV to 335 keV; the right-hand
side gives ion fluxes for energies from 4 keV to 388 keV. The
fluxes are plotted in linear scales. The solid lines represent
measurements made perpendicular to the magnetic field. The
dotted lines are for measurements made at pitch angles
nearest to 180 deg (antiparallel to the magnetic field). For the
period of interest, the closest approach to the field was ~15
deg. The crossings of Alfven layers for the 9 and 23 keV
energy channels were at 0605 and 0635 UT, respectively.
Lower-energy crossings occurred prior to 0530 UT. The fluxes
are preferentially aligned perpendicular to the magnetic field
indicating well-developed loss cones, a characteristic of the
quiet plasma sheet.

After 0600 UT, perpendicular electrons with energies less
than 5 keV began to decrease, approaching the flux levels of
the parallel electrons. By 0635 UT the lower-energy particle
population was nearly isotropic and remained this way
through to 0900 UT.

At ~0645 UT the perpendicular electron fluxes in all the
high-energy channels, down to and including the 23 keV
channel, increased sharply. This was followed by a second,
larger increase that peaked near 0651 UT. The increases
occurred only in the perpendicular electrons resulting in a
more anisotropic hot component in the plasma. This dynamic
injection in the highest-energy channels is associated with the
SCATHA ‘“‘worst case’’ charging event and an isolated
substorm seen in ground magnetic variations. After the in-
jection peak, the electron fluxes and average energy decreased
(with fluctuations) until 0900 UT, at which time the total
electron environment was nearly isotropic. The ions over the
energy range from ~4 keV to 388 keV are shown in the right-
hand side of Fig. 3. This figure shows that 1) the >100 keV
perpendicular ion fluxes had the same large-scale increase
near 0650 UT that the electrons had; 2) the 23.1 keV per-
pendicular ions decreased markedly during the peak of the
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Fig. 3 SC5 electron (left) and ion
(right) fluxes as measured per-
pendicular (solid line) and at ~ 165
deg (dashed line) to the magnetic field
over the energy range 0.6-335 keV for
electrons and 4-388 keV for ions
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the vehicle during high-level charging in eclipse (0710-0800 — CHARGING:~0850 UT

UT), were preferentially field aligned; and 4) although the
lower-energy ions were more isotropic over the entire period
than their electron counterparts, the > 100 keV ions behaved
in the same way as the high-energy electrons.- A 20 min
average density ratio n(0*)/n(H*) over the energy range
measured (0.2-32.0 keV) was 0.41+0.10 for the sunlight
charging period.?® Although ion mass data provided from the
SC8 Lockheed ion mass spectrometer gave evidence for field-
aligned streaming of 0+ during high-level charging periods,
no pitch angle information was available for this time period.
SC5 measurements of ion fluxes for the energy range 50 eV-2
keV (not shown in Fig. 3), reach values above background
only sporadically, last only 1-3 s, and fluctuate greatly. No
significant changes in these fluxes are discernible from the
precharging through the sunlight charging period. Ion counts
in the SC2 detectors for the energy range 74-360 eV are low
prior to sunlight charging and show weak field alignment.
During sunlight charging low-intensity, field-aligned charging
peaks can frequently, but not always, be identified. We
concluded from these measurements that the low-energy (<1
keV) ion population was very small during the charging event.
On 24 April, GEOS 2, in synchronous orbit and with the
capability of measuring the cold ion population, lagged
SCATHA by ~12 h in local time. No significant cold ion
population (<1 cm ~3) was measured on either 23 or 24 April,

DISTRIBUTION FUNCTION: 24 APRIL 1979

6 sec)

LOG DISTRIBUTION FUNCTION (km

. . . 3 a 6
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The characteristics of the magnetospheric plasma for the . ENERGY IN EV
“‘worst case” charging on SCATHA are summarized by the Fig. 4 lon and electron distribution functions for precharging en-

spectra in Fig. 4. The ion and electron distribution functions vironment at ~0630 and a charging environment at ~0650 UT
(density in six-dimensional phase space, measured in plotted vs particie energy on 24 April 1979.
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km ~%s3), for measurements made perpendicular to the
magnetic field, are shown for the highest sunlight charging
level at ~0650 UT (solid line); and for reference, for the
precharging time, 0630 UT (dashed line).

The ion and electron spectra both deviate from the
precharging spectra in the same manner; a decrease in phase
space density for lower energies and an increase for higher
energies. The energy at which no change occurs is 10 keV for
electrons and 30 keV for ions. The electron distribution
function variations are greater than those for ions. We note
here that although the precharging spectra are used for
reference, they themselves are considerably harder than those
frequently found in the plasma sheet.

Data Analysis

In the previous section, evidence was presented which
indicates that the ‘“‘worst case’” environment occurred during
the injection of high-energy (> ~30 keV) electrons per-
pendicular to the magnetic field. An accompanying decrease
in electrons with energies near 1 keV also occurred. In ad-
dition, the environment was characterized by the absence of a
significant (< 1 cm~3) cold to low-energy ion population. In
this section, a statistical analysis of the data shows that strong
interrelationships exist among b, high-energy electron fluxes,
and magnetic field behavior. The moments of the particle
distribution functions during charging are calculated and the
distribution functions fit to double Maxwellians to give
characteristic densities and temperatures for populations less
than and greater than 4 keV. Together these studies present a
picture of the high-level charging environment.

Correlation Analysis

Figure 5 shows in detail geophysical parameters whose
variations are similar to the variations in ¢, for sunlight
conditions. Similar agreements were also found for eclipse
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Fig. 5 A time history of vehicle frame charging in sunlight together
with associated geophysical parameters between 0635 and 0730 UT on
24 April 1979. The top two panels show SC5 electron fluxes measured
at 96 and 53.9 keV, respectively. The third panel shows the B,
component of the magnetic field in SM coordinates as measured by
SC11 (solid line) and the Olson and Pfitzer quiet model for same
interval (dashed line). The bottom panel shows d>f as measured by
SC10.
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conditions. The bottom panel gives ¢,. The values of ¢ ' are
obtained from SC10, taking the maximum value per spin. The
second panel is the z component of the magnetospheric
magnetic field in solar magnetic coordinates as measured by
SC11. Also shown (dashed line) is the z component of the
model magnetospheric field of Olson and Pfitzer.!” The top
two panels are electron fluxes for two energy ranges measured
by SC5 and plotted once per spin when the detector was
perpendicular to the magnetic field. The average energies for
the two ranges are 53.8 and 96.0 keV. All variables are plotted
linearly.

To make a quantitative assessment of the relationship
between electron fluxes and ¢, linear regressions between the
two were performed for each energy channel above the
charging peak. In sunlight, the regressions were performed
for the period 0635-0710 UT. For each energy channel 37
pairs of points were used, one pair per spin. The resulting
correlation coefficients, (#’s) are given in Table 2. A Student’s
t test of the significance level of the coefficients shows that
they are highly significant (exceed the 0.1% level) for all
channels including and above the 53.8 keV channel. The
correlation coefficient drops sharply from 0.94 to 0.42 be-
tween the 53.8 keV channel and the 23.8 keV channel. It
reverses sign and remains low for the 9.2 and 4.4 keV
channels. For the two lowest channels, 1.57 and 0.62 keV,
there is a high anticorrelation between the fluxes and b
Similar correlations of ¢, as measured by SC9, and electron
flux in eclipse showed the same trend, although the coef-
ficients themselves were not quite as high.

Because of the high correlation between charging and high-
energy fluxes, we conclude that it is the high-energy tail of the
electron spectrum that is primarily responsible for high-level
satellite charging. The high correlation coefficients also
permit extrapolation of the fluxes in sunlight on 24 April 1979
to give eclipse values for ¢,. To do this, the assumption must
be made that the low-energy component (electron and ion) of
the plasma remained approximately constant from 0635 to
0730 UT. The assumption is reasonable since the satellite
remained in the plasma sheet for the entire period, and there
was no significant cold ion population (see previous section).
Extrapolating ¢, to eclipse conditions using linear regression
equations calculated during eclipse for both the 96 keV and
the 53.8 keV electron fluxes gives values of 18 and 15 kV,
respectively, at 0651 UT. Both values are higher than any
known charging level seen to date on the SCATHA satellite.

The lower-energy fluxes also contribute to the charging
level, although it is in an anticorrelative way as can be seen in
Table 2. Surfaces with high secondary and backscatter
coefficients (> ~1.5) over the low-energy portion of the
spectrum (~100 eV to 2 keV) return more electrons to the
ambient than are incident from the ambient in this energy
range. Thus the net current in this range is a discharging
current, as opposed to the charging current of the higher-
energy electrons. Reducing the discharging current by
reducing the incident electron current < 4 keV, thus, con-
tributes to the satellite charging.

Table2 Correlation coefficients
of q&f vs electron flux in sunlight

SC5 energy bin

(keV) r
0.62 -0.87
1.57 -0.72
4.4 ~0.28
9.2 -0.36

23.8 0.42
53.8 0.94
96 0.85
218 0.92
335 0.92
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The B, component of the magnetic field is also seen to vary

considerably over the period 0630-0730 UT. The largest
variations were between 0648 and 0653, simultaneous with the
injection events (Fig. 5). B, was found to correlate highly with
both the SC10 charging levels prior to eclipse (r=0.93) and
the 53.8 keV electron fluxes (r=0.90) through the entire
period. This interrelationship among B_, ¢/, and high-energy
electron flux provides insight into physical mechanisms that
occur in the plasma sheet during high-level charging events.
Sufficient SCATHA data have been examined to indicate that
the return of the B_ to a more dipolar configuration is directly
related to the high-energy particle injection process near
geosynchronous orbit. A complete description of the
mechanisms of injection events remains one of the out-
standing problems of space physics and is certainly beyond
the scope of this paper.

Moments of the Distribution Function

Certain properties of the plasma can be calculated by taking
various velocity moments of the ion and electron distribution
functions constructed from particle measurements. For SC3,
tae first four moments (zero- through third-order) are related
to number densities and fluxes of a given particle species as
follows:

Number density (cm ~3), n:

fdv ; )
Number flux (cm ~2s~!), NF:
jlvlfdie ; )

Energy density (eV-cm ~3), e
172mfv? fd3v; (3)
Energy flux (¢V-cm ~2s 1), EF:

172 m§ 13\ fd3v @

In these equations, f and m are the distribution function and
mass for a given particle species, and the integration is taken
over the entire velocity space. For the SC5 measurements,
symmetry is assumed in the plasma perpendicular to the
magnetic field and integrations are performed over pitch
angle and v. The fluxes (number and energy) in Egs. (2) and
(4) are the total fluxes that would be intercepted by an in-
finitesimally small, omnidirectional receiving device. Average
directional fluxes can be calculated from Egs. (2) and (4) by
multiplying by 1/4=x. In practice, directional fluxes (no in-
tegration in angular space) are often used to obtain pitch
angle information.

From the first four moments there are two ways of defining
temperature:

2 €
Tavg:E';’ (5)
and
1 EF ]
rms_2 NF ()

For a distribution function that is well fit by the Maxwell-
Boltzmann function:

m
2nkT

f(v) =n< )me-"w2 /2kT %)
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the two temperatures are equal; that is,
I= T;ms = Tavg (8)

(In Eq. (7), kis the Boltzmann constant =1.38 X 10 % erg/K.)
In general, however, distribution functions are not Max-
wellian over the entire energy range and the concept of
temperature is an ambiguous one.

Table 3 gives the first four moments of the ion and electron
distribution functions, together with T, and 7, during the
‘“‘worst case’’ charging at ~0650 UT on 24 April. We average
the values obtained over the four spins of peak charging (6:50-
6:53 UT) to reduce effects of scatter. The SC5 measurements
over the energy range 100 ¢V-400 keV were used to construct
the distribution functions. Integrations over pitch angle were
used for all moments; therefore, the number and energy flux
are average directional quantities. The moments for ions were
calculated assuming hydrogen as the only species. R.G.
Johnson? has provided composition data in the 0.2 to 32 keV
energy range that show that the average density ratio
n(0*)/n(H*) is between ~0.3 and 0.5 over the daylight
charging period. This would have the effect of raising the ion
number density and energy density roughly by a factor of 2.
The temperatures and fluxes would remain the same. Care
must be taken in interpreting the moment results since the cold
population was missing and the low-energy end of the
spectrum was influenced by ¢ .

The same moments assuming isotropic particle
distributions and using particles fluxes at a 90 deg pitch angle
are given in Table 4. The difference between the cor-
responding quantities in Tables 3 and 4 gives a measure of the
anisotropy of the plasma.

A Two-Maxwellian Description of the ‘“Worst Case’’ Environment

The technique of using a double Maxwellian to fit the
actual distribution function does not necessarily guarantee the
best mathematical fit; however, the double Maxwellian is easy
to use (only four numbers are required to define a distribution
function) and is conceptually and computationally un-
derstood by the engineering community. The one requirement
that must be imposed on any representation chosen for the
actual distribution function is that it not obscure the physical
process it models.

A method of determining double Maxwellian densities and
temperatures for a distribution function is least-squares
fitting the logarithm of the distribution function to energy
over specific energy ranges. Visual inspection of individual
distributions for SC5 data was used to determine an ap-

Table3 Moments and temperatures integrated over pitch angle

Electrons Tons
n, cm ™3 0.9 2.3
NF, em~2—s! 4.7x10° 2.0x108
6 eV—cm3 9.6 x 103 1.7x 104
EF, eV-cm~! ~g-! 8.4x 1013 4.9% 1012
Tyves keV 7.7 5.5
keV 9.0 13

rms?*

Table4 Moments and temperatures using L particles only

Electrons Ions
n, cm 3 1.1 2.3
NF, em™2 —s~! 7.8%10° 2.1x108
€ eV—cm 3 1.8x 104 2.4x10%
EF, eV—cm~!—s! 1.7 x 1014 6.8 1012
Tove» keV 9.6 8.1
keV 10.6 15.0

Tms?
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propriate energy range for calculating the high-energy
Maxwellian characterized by #, and 7,. The energy range
selected for both ions and electrons was 4-400 keV. The low-
energy parameters 7, and T, were calculated by fitting to all
the residual data below 4 keV after subtracting extrapolated
values from the high-energy fit. Figure 6 shows values of the
distribution functions for ions and electrons measured by SC5
at ~0650 UT on 24 April. Measurements made both per-
pendicular and near-parallel to the magnetic field are given.
Also shown is the two-Maxwellian representation of each
distribution. Solid (dashed) lines represent distributions
perpendicular (parallel) to the magnetic field. The low-energy
Maxwellians (to ~4 keV) must be regarded with caution for
the following reasons: 1) the low-energy measurements did
not extend below 100 eV; 2) the low-energy particles were
affected by the satellite potential and corrections to the
distribution function have not been made for this effect; and
3) the low-energy ions were near background and varied
sporadically. To create a time-varying, two-Maxwellian
description of the charging period, a method of extrapolating
through noisy data was developed which resulted in placing
too much weight on values just above background. This is
evident in Fig. 6 where a low-energy Maxwellian has been
included although there is only one good lower-energy ion
data point at this time. )

The high-energy Maxwellians for both ions and electrons,
and for both parallel and perpendicular directions to the
magnetic field, deviate from the actual distribution functions
in two ways, neither of which prevents them from ap-
propriately representing the charging process: first, they
underestimate the lower-energy spectrum (from ~2-10 keV),
which has been shown to anticorrelate with satellite charging
at the lower end; and second, they overestimate the values in
the energy range (20-200 keV) where direct correlation with
charging was found. Thus, in each case the discrepancies
between the Maxwellian fit and the actual spectrum. place
additional emphasis on the particle population that drives
satellite charging. The electron and ion densities and tem-
peratures that characterize the double Maxwellians in Fig. 6
are listed in Table 5. These represent distribution functions at

DISTRIBUTION FUNCTIONS:~€:50 UT 24 APRIL 79

IONS x 90°
= »~ 80°
ELECTRONS + 90°
A~180°
~90° }TWO MAXWELLIAN
---~180°7 LEAST SQUARE FIT

LLOG DISTRIBUTION FUNCTION (km™© sec?)

'
L L ! J

IR I o 10 10°
ENERGY INEV

Fig. 6 lon and electron distribution functions perpendicular and
approximately antiparallel to the magnetic field together with their
two Maxwellian least-square fits for the ‘‘worst case” charging en-
vironment on 24 April 1979, The distribution functions are plotted vs
energy from 100 eV to 400 keV.

J. SPACECRAFT AND ROCKETS

the time of the sunlight charging peak. While Table 5 provides
two sets of double Maxwellians—one set perpendicular and
one set parallel to the local magnetic field—it is clear that
using the perpendicular values for the electrons maximizes the
high-energy component and minimizes the low-energy
component which have been found to correlate and an-
ticorrelate with the charging level, respectively. Thus, using
perpendicular electron values only gives an even more extreme
charging environment than the actual one. On the other hand,
for ions reduction of the low-energy ion population worsens
the charging situation, and consequently use of the paraliel
Maxwellians provides the extreme ion description. These
considerations may be useful in attempts to reproduce a
‘“‘worst case’’ charging environment in the laboratory.

The variations in the four components (n,, n,, T,, and 7T)
for electrons with pitch angles ~75 deg are shown in Fig. 7
for the period from 0530 UT to 0730 UT. T,, although
relatively high, varies only slightly over the entire period; T,
varies considerably. The high-energy electron density, n,,
rises steadily over the interval from 0530 UT to ~0651 UT
when it peaks. On the other hand, n;, maximizes near 0614
UT, at which time it begins a gradual but variable decline
until about 0714 UT. The total electron density (n, plus n,)
varies between approximately 1 and 2 particles/cm? over the
entire period, with n, noticeably suppressed due to the high
negative vehicle potential after eclipse entry at 0710 UT. (No
attempt was made to correct the spectra for charging effects.)

Figure 7 graphically portrays the results of the earlier
statistical studies; that is, that the high-energy electron current
or density is the driver in charging spacecraft to high levels.
The decrease (anticorrelation) of n, near 0651 UT and the n,
increase suggest that the low-energy particles are being ac-
celerated to higher energies during injection events, and that
the introduction of a new higher-energy population is not
necessarily required. The high- and low-energy ion densities
remain nearly constant, each between 1 and 2 particles/cm?3
during the entire period. The high-energy ion temperature
stays near 28 keV, and the low-energy temperature near 300
eV. (Again, caution is advised in using the low-energy values.)

Discussion
Spacecraft charging results from conservation of current to
and from a space vehicle. The satellite potential (¢,) varies
until current balance is attained. For a satellite in the mag-
netospheric environment, this relationship may be written:

Jg(d’f) - [Jl(¢f) +JSE(¢f) +JSI(¢f) +JBSE(¢f) +

JpH(¢f)]=0; 9
where:

Je =ambient electron current at the spacecraft surface

J, =ambient ion current at the spacecraft surface

Jgg  =secondary emitted electron current due to ambient
electrons

Jg;  =secondary emitted electron current due to ambient
ions

TableS Worst case least-squares particle environment fit
(~0650 UT 24 April 79)

ny, n,, T, 7,,
cm 3 cm 3 keV keV
Ions

4 0.6 1.3 0.2 28.0
il 1.6 0.6 0.5 29.5

Electrons
1 0.2 1.2 0.4 27.5
i 0.1 0.8 0.5 27.8
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Fig. 7 Two Maxwellian electron temperatures 7, and 7, and
densities 7, and n,, calculated by least-squares fitting the distribution
functions, plotted vs UT for the period from 0530 to 0730 UT 24 April
1979.

Jpse  =Dbackscattered emitted electron current due to
ambient electrons :
Jpy  =photoelectron current

Here we use the convention that electron currents to the
satellite are positive.

At geosynchronous (or near-geosynchronous) orbit, a
satellite is usually in one of two very different plasma regimes;
the plasmasphere or the plasma sheet. The plasmasphere has
as its source the ionosphere and is a cold (several e¢V), dense
(~10-100 ¢cm—3) plasma that corotates with the Earth and
extends out from the ionosphere. The outer boundary of the
plasmasphere varies greatly with magnetic activity and local
time. In quiet periods it can extend beyond geosynchronous
orbit, particularly in the dusk and premidnight sectors. The
outer boundary of the plasmasphere is not always well
defined, and clouds or bursts of cold plasma can extend
outward into the neighboring region of the plasma sheet.

The plasma sheet begins where corotation effects are
dominated by the cross-tail magnetospheric electric field. In
some local time sectors the outer boundary of the
plasmasphere and the inner boundary of the plasma sheet are
identical. In others they are separated by a region referred to
as the trough. The source of the plasma sheet is unclear,
although there is evidence that both solar wind and
ionospheric particles are variably involved. Acceleration
mechanisms are required to transform both populations into
the hot plasmas observed in the plasma sheet. Densities in the
plasma sheet are typically of order I cm ~? and temperatures
of the high-energy component typically exceed 10 keV, for
both ions and electrons. Thus, although the density in the
plasma sheet is low, the ambient currents are not. High-level
space vehicle charging is limited to periods when the vehicle is
in the plasma sheet.

The plasma sheet expands and contracts with solar and
magnetic activity. It can reach inward to less than 5.5 R
during high activity periods. After several magnetically quiet
days (days of low K ), the inner edge of the plasma sheet can
be out beyond geosynchronous orbit, in which case no
significant spacecraft charging effects would be observed. The
boundary of the plasma sheet in local time at geosynchronous
orbit can range from ~ 12 h around local midnight to none at
all. Within the plasma sheet, there exist periods when rapid
Earthward movements or energetic particles are observed.
These particle injections appear in the midnight sector in
conjunction with geomagnetic substorms and high latitude
auroral activity, and depending on their energy and density
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can create satellite charging. The cold (<1 to 100 eV) particle
density in this region is typically low and often less than 1
cm ~3. It is this combination of intense high-energy electron
fluxes in the near absence of a cold ion population that is
responsible for high-level spacecraft charging.

Numerous papers have been written that try to explain the
mechanism for injection events in the plasma sheet. Here we
do not try to develop or justify any model, but try only to give
a cursory explanation of the data in terms of current thinking.
Sauvaud and Winckler?? give a schematic representation of
the geomagnetic fiéld lines during the different phases of a
substorm. A substorm, as described in their paper, consists of
an expansion phase when the magnetic field lines move out
and become more taillike and a collapse phase when the field
lines return to a more dipolar configuration. As can be seen in
Fig. 5, it is during periods when the magnetic field collapses
from a more tailward configuration toward a more dipolar
configuration that electrons are accelerated to and/or injected
at higher energies. These large magnetic field collapses are
associated with substorm onsets which can be seen on the
ground as increases in the auroral electrojet index AE. During
substorm collapse, the high-energy electron densities can be
sufficiently large in certain spatial regimes of the plasma sheet
to cause large current imbalance to satellites in the same
regime. Numerous substorms take place that would severely
charge space vehicles if the spacecraft were 1) in eclipse; 2) in
the plasma sheet with large high-energy (> ~ 30 keV) electron
density; 3) in a plasma sheet with little or no cold plasma
population; and 4) oriented in such a way that large areas
were exposed perpendicular to the magnetic field. Although
the eclipse case is the extreme for frame charging, it is not
necessarily the extreme for differential charging. Luckily,
however, the probability of a satellite being at the right place
at the right time under the right conditions to experience a
““worst case’’ environment is quite small. Also, the exact
position in local time where the injection front first reaches
geosynchronous altitude is not clear. Further statistical
studies of the SCATHA data base should provide insight into
locating this region.

The environment observed at ~ 0650 UT on 24 April 1979,
and called here a ‘“‘worst case’ environment, occurred in an
injection event associated with an isolated substorm observed
in ground magnetograms after a long active period (multiple
substorms). The eclectron fluxes associated with charging as
shown in Fig. 3 were very anisotropic, with the highest fluxes
being perpendicular to the field lines. As was also determined
in Table 2 and shown in Fig. 5, the particles that directly
correlate with ¢, are the particles in the 53.8 keV energy range
and above. Summing the currents in the 53.8 through 335 keV
energy channels and performing a linear regression with ¢,
gives a correlation coefficient of 0.95. This indicates that it is
the total current for energies above ~30 keV (given the AE of
the 53.8 keV channel) that is driving ¢, negative. (See, for
example, Garrett et al.??) The lower energy fluxes (and
currents), although larger, evidently produce enough
backscatter and secondary electrons to balance themselves
minus the photoelectron current. Evidence for high secondary
yields for lower-energy particles was given by Sternglass.>* An
attempt to take advantage of materials with .high secondary
emission coefficients to influence spacecraft design to reduce
charging was proposed by Rubin et al.?*

- Conclusion

The environment observed at ~0650 UT on 24 April 1979
has been shown to be a severe charging environment that
could produce detrimental effects on different space systems.
Spacecraft perform a wide range of functions, and how those
functions can be degraded depends heavily on the energy
range, anisotropy, and composition of the particles to which
they are most susceptible. Here we have examined an en-
vironment which produced one of the highest level sunlight
and eclipse charging (¢,) events obscrved during the first year
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of SCATHA operations. The ¢, in and of itself is not
damaging to space systems, but the differential charging
associated with it can be. Various environmental parameters
have been shown to be highly correlated with ¢ ,. Although the
environment described above will seldom be encounterd over
a vehicle’s lifetime, it is representative of the type of en-
vironment that can seriously degrade system performance at
geosynchronous orbit. It is recognized that SCATHA has yet
to experience a superstorm that might change current thinking
on the limit of plasma sheet particle populations. However,
until such time as that data might become available, 24 April
1979~ 0650 UT is a good example of a ‘“‘worst case’ en-
vironment.
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