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High-Level Spacecraft Charging Environments
Near Geosynchronous Orbit

1. INTRODUCTION

This report is a continuation of the work begun by Mullen et all to document a
"worst case'' environment in the near-geosynchronous regime and to define the re-
gion where this environment may be encountered. Results of this study are dis-
cussed in a manner that is consistent with requirements to provide the necessary
revision material for MIL STD 1541,

Much of the methodology, statistical calculations, and so on, discussed in
Mullen et al1 is not repeated here. Only new techniques and results are elaborated
on. The report consists of several sections. The first demonstrates the validity
of using SC10 to measure spacecraft charging in sunlight. Since many people pres-
ently working in the field are somewhat skeptical of the technique, we show that
our data set is valid before proceeding to the analysis. Next we show some of the
charging variations and their associated time intervals as seen on SCATHA. This is
followed by the charging statistics, which show the region of space near geosynchron-
ous altitude where charging is most likely to occur and the approximate frequency of

occurrence. (Results are from a data set that is limited to 1 year.)

(Received for publication 10 February 1982)

1. Mullen, E.G., Gussenhoven, M.S., and Garrett, H. B, (1981) A "Worst Case"
Spacecraft Environment as Observed by SCATHA on 24 April 1979,
AFGL-TR-31-0231, AD A108680,
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The next section begins the "'worst case'' studies. Three days are closely
examined: days 114, 241, and 363 from 1979. 'The magnetospheric conditions,
particle populations, distribution functions, and charging levels are discussed. In
E summary, we discuss the environmental parameters felt to be most critical to

spacecraft charging.

2. MEASUREMENTS OF SPACECRAFT CHARGING

Spacecraft charging in this report refers to plasma-to-vehicle-frame potential
difference (of) unless otherwise specifically stated. Traditionally, spacecraft
charging levels at synchronous orbit have been determined from particle detector
measurements on the satellite (seec Deb‘or‘estz). Spectrograms of the data show
charging peaks in the ions at the vehicle charging potential. A sample spectrogram v
showing sunlight charging between ~1600 UT and 1900 UT on day 241, 1979 is shown ]
in Figure 1. The use of particle detectors to determine vehicle charging has some i
drawbacks. First, particle detectors are not placed on satellites with detection
of vehicle charging as their prime mission. Therefore, their energy channel widths, P
energies and sampling intervals are often not optimal for studying spacecraft charg-
ing, especially lower level sunlight charging. Second, for some low-level charging
events, ionflux returns are preferentially magnetic-field-aligned, and unless the . 8
particle detector samples in the right direction at the right energy a charging peak
will not show in the data,

The SC10 instrument on the SCATHA satellite consists of a 100 m tip-to-tip !
dipole antenna configuration with the inner 30-m sections of the 50-m antennas coated ) ﬁ

with Kapton insulation. (See Stevens and \'ampola3 for further information.) One
of the measurements made by SC10 is a common mode voltage between one of the
50-m antennas and spacecraft ground. This measurement in sunlight is the space-

craft frame potential ¢f and has a time resolution of 2 points per sec, thus providing
an excellent data base for studying charging effects. Figure 2 is a plot of ‘bf as
determined from ion peaks measured by the SC9 particle spectrometer on SCATHA
versus ¢, as measured by SC10. A reference line is drawn at 45° to show where
equality occurs. The data are from the 3 "worst case’’ days used in this study:

2. DeForest, S.E. (1972) Spacecraft charging at synchronous orbit, JGR,
77:651-659
AN

i 3. Stevens, J. R., and Vampola, A.L. (Eds.) (1978) Description of the Space Test

1 Program P78-2 Spacecraft and Payloads, SAMSO-TR-78-24,
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Figure 2. Mass Plot of SC9
Frame Potential ¢5 as Determined
From Ion Peaks Versus SC10
Frame Potential ¢¢ as Measured
by the Common Mode Voltage for
Simultaneous Times on Days 114,
241, and 363, 1979

SC9 FRAME POTENTIAL

0 -~'00-20C-3CC-4C0-5C0-600-700-800
SCIC FRAME FOTENTIAL (VCLTS)

Table 1. SC9 Versus SC10
Charging Comparison Statistics

m

Day n r

114
241
363

Total

Some of the small differences between SC9 and SC10 values are due to the inability
to pick the exact channel of the ion peak (no interpolation was performed). Also,
SC10 measurements above 300 V only have a resolution of 40 V. Extreme care
must be used in identifying the exact time of the charging peak in the particle

detector data since the vehicle potential changes very rapidly with both sun angle
and environment. This is demonstrated in Figure 3 which shows a plot of 1-sec

values of ¢; as measured by SC10 between 1928 UT and 1932 UT on day 363, 1979.
Superimposed on the plot are values of ¢f as determined from the SC9 particle de-
tectors for the same period. Two types of variations can be seen, a spin variation
peaking once per spin (arrows) due to boom cenfigurations and surface materials
facing the sun at any particular time, and changes in levels between and within spins
due to changes in the ambient particle environment. This plot shows that using
particle detector data to determine o for a statistical study could be misleading
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since points from the same 16-sec energy scan interval can give different (but
correct) values of ¢.. Spin-sun angle effects are also shown in Figures 2 and 3 of
Mullen et al. 1 To determine temporal variations in ¢f independent of material
properties, sun angle, and so on, ¢ is represented by its maximum value within a
small At near the same satellite-sun orientation each spin (arrows in Figure 3).
This value is nearly always the maximum value for the spin. The only exceptions
occur when the particle environment is changing extremely fast within a spin period.
The charging statistics which follow use only the spin maximums taken from the
same spin-sun angle each spin period.
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Figure 3. One-second Values of Frame Potential ¢ as
Measured by SC10 (line) Between 1928 UT and 1932tUT
on Day 363, 1979, and as Determined from SC9 Ion
Peaks (o) for the Same Period. Arrows indicate times
of normal spin/sun angle maximums

3. FRAME CHARGING STATISTICS

Sixty-nine days of data between day 81, 1979 and day 46, 1980 are used as the
sample data base. The 69 days are days from the original 75 Atlas days when SC10
data were available. The days used are listed in Table 2. The maximum charging
value for each spin is used, and the data are edited to eliminate beam operations,
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satellite eclipse periods and noise spikes. The final data base consists of 95,918
data points. Their distributions in local time, L-shell, and Kp are given in Tables
3, 4, and 5.

Table 2. Days Included in Charging Statistics Data Base

Year-Day Year-Day Year-Day Year-Day Year-Day
79-81 79-121 79-178 79-272 79-351

-87 -127 -180 -273 -357

-88 -138 -188 -278 -359

-90 -142 -200 =279 -361

-91 -144 -206 -280 -363

-93 - 145 -216 -281 80-4 :

- 04 -146 -225 -282 -18 ;
: -95 -149 -232 -301 =217 Hq
' -103 -156 -241 -311 -28 :
=, -110 -158 -254 -317 -36 ;

-111 -i60 -261 -328 -37 ‘
‘ -114 -164 -262 -329 -42
j -115 ~166 -264 -331 -46
i -120 -172 -271 -341 f

Table 3. SC10 Data Base Versus lL.ocal Time

'; Local Number of Number of Local Number of Number of P
Time Points Days Time Points Days i
0000-0100 3445 64 1200-1300 4015 67 b
0100-0200 4168 66 1300-1400 3939 66 i
0200-0300 4166 67 1400-1500 3908 67 i
0300-0400 4317 68 1500-1600 3830 65 ;
0400-0500 4206 68 1600-1700 3943 66 .
0500-0600 4222 68 1700-1800 4059 68
0600-0700 4183 69 1800-1900 3973 67 b
0700-0800 4092 67 1900-2000 3949 67 v
0800-0900 3983 68 2000-2100 3999 67 i
. 0900-1000 4051 69 2100-2200 4050 68 !
A 1000-1100 4012 69 2200-2300 4054 67 :
‘ 1100-1200 3952 68 2300-2400 3402 65 '
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Table 4. SC10 Data Base Versus L-Shell

Number of Number of
L-Shell Points Days
5.0-5.49 3222 25
5.5-5.99 18765 69
6.0-6.49 12811 69
6.5-6.99 13174 69
7.0-7.49 17000 69
7.5-7.99 15357 63
>8.0 15589 49
Table 5. SC10 Data Base Versus Kp
K Number of Number of
P Points Days
[} 40337 13
1 16186 28
2 16606 42
3 22714 47
4 18315 41
5 10313 29
6 4149 15
7 2820 12
8 788 3

For the charging statistics, three levels of sunlight charging ¢r are used, > 10V,
> 50V, and > 100 V. (Charging is always negative with respect to the plasma.) The
> 10 V level is considered to be a minimum level of charging, the > 50 V level an
intermediate level, and the > 100 V a high level, which might create large enough
differential charging to cause satellite anomalies. Figures 4-8 are mass plots of
¢f versus local time, Kp (times 3), L-shell, magnetic latitude, and RE respectively.
From the plots the following observations can be made: (1) charging is restricted
to the period between 1900 LT and 0900 LT even for the lowest 10 V cases; (2) charging
> 100 V is not seen for K_less than 3-, although a case might be made that under
the right conditions a Kp of 2+ might be associated with > 100 V charging; and (3) no
statistical variations with L -shell, magnetic latitude, or RE exists over the region
sampled by the SCATHA satellite.

The most interesting of the above results, the charging restriction between
1900 and 0900 LT, is more closely examined., Figure 9 is a plot of the percent of
days in the sample where charging is > 10 V, >50 V, and > 100 V, The percentages
are given for each 1-hr local time bin, The figure also shows that on 28 days
(41 percent of the days sampled) SCATHA charged to over 100 V in sunlight.
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Similarly for 38 days (55 percent of the sample days) charging exceeded 50 V and
for 47 days (68 percent of the sample days) charging reached at least 10 V. The
local time dependence is approximately normally distributed around 0200, the center
of the charging interval for all levels. This indicates that the highest probability

of encountering an environment conducive to charging at any level occurs around
0200 LT although high level charging can occur anvtime during the 1900 - 0900 LT
interva.. A survey of the SSPM SCATHA data bv Mizera and Boyd4 shows that the
probability of Kapton charging to more than 500 \' occurs over the same local time
interval. It therefore seems that, over the region of space sampled by the SCATHA
satellite, only the local time interval between 1900 and 0900 is of interest in looking

for a "worst case' charging environment.
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Figure 4. Mass Plot of Frame Poivntial ¢; Versus Local Time for
Periods of 07 > 10 V Negative Over the 69 Dav Data Sample Interval,
Only the maximum values for each spin period wer used

4. Mizera, P. V., and Bovd, G.DM. (1982) A Summary of Spacecraft Charging
Results, ATAA Reprint 82-0286 presented at the ATAA ZUTH Aerospace
Sciénceés Meeting, January 11-14, 1082, Orlando, Florida.
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Figure 9. Histogram of the Percentage of Days
Frame Potential ¢ Reached Values >10 V
Negative, > 50 V Negative, and > 100 V Negative
in 1-hr Local Time Bins. Also, the total
percentage of days ¢l‘ exceeded each level

In Mullen et al1 a high correlation between the 53 keV electron flux and ¢r was
shown to exist for the sunlight charging period on day 114, 1979. A survey of all
the spin-averaged 53 keV electron flux data for the periods when (Df was greater
than 100 V shows that the lowest flux level associated with charging more than
100 V is 6 X 102 elec/cmz-sec-sr-ev. Using this as a lower level, a full year of
SC5 electron data was surveyed (J. Feynman, private cominunication) to determine
when and where the flux level exceeded 6 X 102 elec/cmz-sec-sr-ev. Results of
her study are given in Tables 6 and 7. The number of days SC5 data are available
in a particular local time hour bin per RE bin are given in Table. 26. Table2 7 gives
the percent of days the 53 keV electron flux is greater than 6 X 10° elec/cm” -gsec-sr-eV
in each LT/RE bin,

The results in Table 7 agree remarkably well with the charging results. Except
for two cases between 0900 and 1000 LT, all of the data are between 1900 LT and
0900 LT. Since the low energy plasma environment also controls the charging
level, even though a high 53 keV electron flux exists, high level charging may not
occur, Figure 10 gives evidence of this. Figure 10 is a mass plot of ¢f versus
53 keV electron flux for all the charging values greater than 100 V. It can be seen
that for the same flux level, charging can vary over a large range. This is believed
to be due to the number of low energy ions available to provide charge balance; the
lower the number available, the higher the vehicle charges,
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Times the Spin Maximum Exceeded 100 V Negative Over the 63-Day Sample Set

In summary, in the geosynchronous region between 5.3 and 7.8 RE. high level
spacecraft charging can occur (1) anywhere between 5.3 and 7. 8 RE' (2) at any
magnetic latitude between + 19°, (3) for any L-shell between 5.5 and 8.5, (4) any
time K is 2+ or greater, and (5) for any local time between 1900 and 0900 LT.

How far outside of the sampled region high level charging can occur cannot be deter-
mined since the data are not available, However, anywhere the plasma conditions
we discuss as the "worst case' conditions in the next section exist, spacecraft
charging can be a problem if proper safeguards are not taken in space vehicle
design.

4. HIGH LEVEL CHARGING ENVIRONMENTS

Three periods are chosen for study to determine a ""worst case’ environment
for spacecraft charging. The periods are: (1) 0650-0710 UT on day 114, 1979;
(2) 1600-1930 UT on day 241, 1979; and (3) 1915-2000 UT on day 363, 1979. In the
first period the sunlight charging reached a peak value of -340 V just prior to the
largest eclipse charging during the first year of SCATHA operations. In the second,
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P reached the largest sunlight value measured at the spin peak to date, -740 V at
1921 UT. In the third the maximum value of ¢f measured at the spin peak was
-580 V, but ¢f reached a charging level of -740 V later in the spin (see Figure 3),
These periods were also chosen because the charging occurred at different local
times. Figure 11 shows the SCATHA orbits (dots) for the three days on which are
marked the sunlight charging locations for 05 > 10 V (thin solid lines) and for

¢f > 100 V (thick solid lines). The eclipse period on day 114 is marked by X's.
Table 8 summarizes the orbit parameters.
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Figure 11. SCATHA Satellite Orbits (dots) in Local
Time and L-shell Showing Sunlight Charging Locations
and Times When ¢¢ Exceeded 10 V Negative (thin

solid lines) and Exceeded 100 V Negative (thick solid
lines). The eclipse period on day 114 is shown as x's
and the 0000 UT time for each day is shown as a 0
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Table 8. SCATHA Time and Position for "Worst Case" Charging

Events
Peak
Sunlight
Charging K R
Day (1979) Level LT L-Shell p E MLT
114 =340V 2314 7.1 3+ 6.6 2311
241 -740 V 0428 5.8 7~ 5.7 0435
363 -580 Vv 2243 5.7 5 5.4 2230

Figures 12-14 show @; versus UT for the three days giving peak charging levels
occurring throughout the whole of each day. The scale is linear below 10 V and
logarithmic above 10 V. Figures 15-17 show a blowup of the highest level charging
peaks for days 114, 241, and 363 respectively, together with a plot of Bz as
measured by the SC11 magnetometer on SCATHA over the same period. Super-
imposed on Bz is the Olson-Pfitzer5 Field Model. In all three cases the highest
charging is coincident with a rapid "snapping back' of the field toward a more
dipolar configuration. Ten-minute averages of the particle fluxes (ion and electron)
as measured by SC5 between ~ 300 eV and 400 keV are given in Figures 18-20 for
days 114, 241, and 363 respectively. As can be seen in the plots for days 114 and
363, the electron fluxes above 23. 8 keV are anisotropic at the time of peak charging.
On day 241 the ESA's were off during the peak charging period; however, the
96 keV electron fluxes are nearly isotropic at the charging peak, unlike days 114
and 363. Also on day 241, at approximately 1726 UT, when there was a charging
peak of -580 V (see Figure 13), the electron fluxes were isotropic down to the lowest
energies.

5. CORRELATION ANALYSIS

In the previous section evidence was presented which indicates that high level
charging environments occur during the injection of high energy (> ~ 20 keV) electrons
while the magnetic field is ""snapping back'' toward a more dipolar configuration.

In this section a statistical analysis shows the relationship that exists between O¢
and the electron fluxes.

5. Olson, W.P., and Pfitzer, K.A. (1974) A quantitative model of the magneto-
spheric field, JGR, 3&:3739-3748.
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Figure 14. Frame Potential ¢; Versus UT for Day 363, 1979.
@5 represents the spin maximum and is plotted linearly for
values less than 10 V (negative) and logarithmically for values
greater than 10 V (negative)
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Figure 15, A Time History of
Vehicle Frame Charging Between
0635 and 0710 UT on Day 114, 1979,
Together With the Associated B,
Component of the Magnetic Field.
The top panel shows the B, compo-
nent of the magnetic field in

3olar Magnetic coordinates as
measured by SC11 (solid line) and
the Olson and Pfitzer quiet model
for the same interval (dashed line).
The bottom panel shows ¢y as
measured through the peak charging
SC 10 period
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Figure 16. A Time History of Vehicle Frame
Charging Between 1900 and 1945 UT on Day 241,
1979 Together With the Associated B, Component
of the Magnetic Field. The top panel shows the
B, component of the magnetic field in Solar
Magnetic coordinates as measured by SC11 (solid
line) and the Olson and Pfitzer quiet model for
the same interval (dashed line). The bottom
panel shows frame potential ¢, as measured
through the peak charging period
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Figure 17. A Time History of Vehicle Frame Charging
Between 1915 and 2000 UT on Day 363, 1979 Together
With the Associated B, Component of the Magnetic
Field. The top panel shows the B, component of the
:nagnetic field in Solar Magnetic coordinates as
measured by SC11 (solid line) and the Olson and Pfitzer
quiet model for the same interval (dashed line). The
bottom panel shows frame potential 9 as measured
through the peak charging period

To make a quantitative assessment of the relationship between electron fluxes
and ¢f. linear regressions between the two are performed for each energy channel
from 0.62 keV to 335 keV during sunlight charging periods. On day 114 the re-
gressions are performed for the period 0635-0710 UT, and on day 363 for the period
1922-2000 UT. On day 241, the regressions are performed over two intervals be-
fore and after the maximum charging period, from 1650-1755 UT and from
1954-~2041 UT respectively, since data below 86 keV do not exist for the maximum
charging period. The data are irom periods when the detector was sampling ~90°
to the magnetic field, the direction of maximum flux. The correlation coefficients
(r) are given in Table 9.
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Table 8. Correlation Coefficients of I'rame Potential O¢ Versus
Electron Flux

SC5 Energy Bin Day 114 Day 241 Day 363
(keV) (37 Points) (114 Points) (41 Points)
0.62 -0, 87 -0.10 -0.48
1.57 -0.72 +0, 08 -0.28
4,4 -0.28 +0.25 +0. 21
9.2 -0. 36 +0.50 +0. 58
23.8 +0.42 +0. 83 +0.75
53.8 +0. 94 +0., 87 +0, 87
96 +0. 85 +0, 01 +0.63
218 +0.92 -0.46 +0, 38
335 +0, 92 -0, 28 +0.58

Two things are evident from the table, The first is that the 53. 8 keV electron
flux always has the highest correlation with of. The second is that the total energy
range that correlates with charging can shift depending on the total ambient plasma
environment and its relative distribution of particles. The second point is ciscussed
in more detail later in the report. The reason that the 53, 8 keV electron flux has
the highest correlation with sunlight charging is not clear. It might be due to the
fact that the 53. 8 keV flux best represents the energy distribution range inost
causative to charging, or it might be due to the 53, 8 keV electron flux channel pro-
ducing the :10st net charging current to the satellite after all effects to include
backscattered particles, secondaries, and so on, are considered. Whatever the
reason, the electron energy range most closely correlated with ¢f is the energy
range of the 53. 8 keV electron channel, ~30 keV to ~75 keV. If one desires an
instrument that looks for a ¢f charging environment, a detector measuring electron
flux over this energy range would be ideal, The only parameter then missing to
determine the charging level from the flux would be the low energy plasma environ-
ment which provides the current balance. However, once a certain high level elec-
tron flux environment was encountered a flag could indicate that large charging was
possible. Again, the charging level would depend on satellite design, configuration

and material and the low energy plasma environment.

6. 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 SC5, the first four moments (zero-order through third-order)
are related to number densities and fluxes of a given particle species as follows:
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Number density, n: f fd3v (cm —3) . (1)
3 -2 -1
Number flux, NF: ) lv| fad’v (em™®-s™h, (2)
. 2 3 -3
Energy density, €: 1/2m [ vofd'v(eV-cm ), (3)
Energy flux, EF: 1/2m lval fd3v (eV -Cm~2-s—l) . (4)

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 velocity, The
fluxes (number and energy) in Eqs. (2) and (4) are the total fluxes that would be
intercepted by an infinitesimally small, omni-directional receiving device. In
practice directional fluxes (cm 2-s 1-sr™1) are often used (no integration in angular
space). In order to incorporate pitch angle information, average directional fluxes
can be calculated from Egs. (2) and (4) by dividing by 47.

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

(5)

(1) TAVG =

Wi N
.
alm

and

(6)

2w
iy

1
@) Tpgms = 3

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

3/2 2
flv) = n(?"ﬁnﬂ“) e MV /2kT . -

the two temperatures are equal; that is,
=T . (8)

16 erg/°K.] In general, how -

(In Eq. (7), k is the Boltzmann constant = 1,38 X 10~
ever, distribution functions are not Maxwellian over the entire energy range and
the concept of temperature is an ambiguous one,

Table 10 gives the first four moments of the ior and electron distribution func-

tions, together with TAVE and TRMS for times near the peak charging level on
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each day. The SC5 measurements over the energy range 100 eV - 400 keV are used

to construct the distribution functions (the total distribution for the SC5 instrument).
Integrations over pi‘ch angle are used for all moments. The moments for ions are
calculated assuming hydrogen as the onlv species. The moments are calculat d

for day 114 at 0651 UT at « 0y of =340 \; for day 241 at 1726 UT at a o of <580 V;
and for day 363 at 1929 UT at a o, of ~580 V. Care must be taken in interpreting
the moment results since the cold popilation is missing and the low energy end of

the spectrum is influenced by Of.

Tabl=2 10, Moments and Temperatures Integrated Over Pitch Angle
(100 eV -400 keV)

%
Electrons Ions

Day | 114 241 363 114 241 363 Units
n 0.74 2.6 2.0 2.3 4.0 2.2 em™3

NE |4.3x10° 1.av10'® 1 ox10!0 | 1.8x10®  4.0x10%  2.4x108 | cm 2-s7!
ED  |o.2x10%  2.ax10t 2 ox10? | nsx1o* s.oxiot 2.8x10f | eveem™d
EF  |8.4x10"% 1.ox10® 1.8x10'* | 4.0x10'% 9.4x10'? 1. 1x103 | ev-em™2es
Tyypg |84 6.2 6.8 4.3 6. 1 8.8 KkeV

Trus |9+ 8 7.6 8.7 11,1 11.7 22, 6 keV

Table 11 gives the moments and temperatures over the energy range 20 ~ 400 keV
(called the high energy moments) for the same time periods. Tables 10 and 11
together show very little difference between day 241 and day 363 electron moments.,
Day 114, however, gives lower values for all the moments. Recall that the charging
on day 114 was significantly lower than the other two days. If on day 241 the electron
density (20 - 400 keV) is extrapolated to the appropriate values for ¢f = -740 V using
a linear regression analysis with a correlation coefficient of 0. 94, the density is
0. 64 electrons/cms. This is approximately 25 percent higher than the value
measured at -580 V and given in Table 11.

How well the electron moments correlate with ¢r > 10 V is shown in Table 12,
The high energy moments significantly correlate with 'Df with nearly the same r's.
This is because the temperature remains nearly constant over the time interval of
charging. Also the highest total moment, EF(T), correlates at nearly the same
level as the kigh moments. This is because higher moments are weighted toward
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higher energies (Eqs. 1-4). The differences in the absolute value of r among the
three days may result from variations in the low energy plasma environment over
the sample period; the greater the variation in the low energy plasma, the lower
the expected r.

Table 11, Moments and Temperatures Integrated Over Pitch Angle
(20 - 400 keV)

Electrons lons
Day | 114 241 363 114 241 363 Units v ]
n 0.24 0.51 0.48 0.26 0.79 0.48 cm ™3 ¥
NF  [2.4x10° 4.9x10° 4.7x10° | 7.2¢10" 2.0x10®8  1.ax108 | em2-s7!
ED |6.7x10® 1ax10® 1.ax10? | 1.1x10* 2.8x10* 2.4x10f | ev-cm3 {

r
EF |7.1x10'% 1.5x10' 1.5x10'%| 3.6x10"% 8.3x10'% 1.0x10'3 | ev-em 2-s7] B
|
TAVE 18. 6 18. 4 18.6 27.1 23.4 33.6 keV 4
TRMS 15.2 15. 1 15.3 24.9 20,6 36.0Q keV . B
Table 12. Correlation Coefficients of Frame Potential ¢f Versus
Electron Moments
Day 114 Day 241 Day 363 |
(Number of (Number of (Number of :
Moment Points) r Points) r Points) r o
b
{
n  (H) 58 0.85 159 0.94 321 0. 69 ?
NF (H) 58 0. 87 159 0.94 321 0.70 ;
ED (H) 58 0.90 159 0.94 321 0.71 i
EF (H) 58 0.91 159 0,94 321 0.71 !
n (T) 58 0. 17 159 0. 47 321 0.21 |
NF (T) 58 0. 64 159 0.78 321 0. 52 3
ED (T) 58 0.78 159 0. 90 321 0. 64 ;1
EF (T) 58 0. 86 159 0.94 321 0. 69 '1

*H = high = 20 keV - 400 keV; T = total = 100 eV - 400 keV




Given the high correlation of the electron moments with Op we feel that these
are the best parameters to use to specify the high level charging environment.
However, we are also aware of the desires of certain modelers and designers in
the engineering community to have distribution functions and simplified representa-
tions of these distribution functions. The next section will address this area.

7. DISTRIBUTION FUNCTIONS

We have found that at times of substantial sunlight charging (> 100 V) the
SCATHA satellite encounters high fluxes of electrons with energies greater than
20 keV, in the absence of a cold ion population. Although good measurements of the ‘
high energy plasma characteristics are cbtained on SCATHA, a detailed understand- 'j “
ing of how current balance is achieved is hampered by lack of: (1) measurement of
the cold plasma population, (2) high resolution measurements ot particles along the
magnetic field, (3) an understanding of the extent to which the cold population is
trapped in the vicinity of the satellite and possibly reflected back to the satellite, f
and (4) the dependence of backscattered and secondary electrons on the primary
spectrum.

Thus, it is insufficient to specify only the moments of the measured high energy '
particle distributions, even though they directly relate to the currents that drive
the satellite potential. The contribution that can be made from the particle measure-
ments on SCATHA is the specification of the distribution of the high energy popula-
tion during charging. In this section the actual distribution functions for peak levels
of charging on days 114, 241, and 363 are presented. The problems that arise in
fitting these distributions by a double Maxwellian are discussed. A method of fitting :
the distributions is determined which best maintains the essential characteristics of i '
the high energy plasma during charging.

Figures 21a, 21b, and 21c show electron distributions from days 114, 241, and 1
363, respectively. The distribution functions are for measurements perpendicular
to the magnetic field. We use these distribution functions with the assumption of
isotropy to represent the plasma. A measure of the anisotropy of the plasma can
be taken from Figures 18-20. Using the perpendicular distribution function with the
assumption of isotropy will lead to an overestimation of plasma parameters, such
as the moments, for charging periods. Recall that the assumption of isotropy is a
particularly good one for day 241. In l"igure 21 the distributions shown by dashed
lines are from the nearest pre-charging period available. The solid lines show the
distributions for the peak charging periods. The following observations can be made
concerning the distributions: (1) The three sets of distribution functions are re-
markably similar. The pre-charging distributions for both ions and electrons have
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a distinct "'knee'" at ~10 keV for electrons and ~ 100 keV for ions. On either side

of the knee the variation of the distribution with energy behaves as a power law
(linear on a log-~log plot). (2) The peak charging distributions vary from the pre-
charging distributions in the same way on all three days, with an increase on the
high side of the knee and a depletion on the low side. The high energy electrons
appear to be somewhat heated in the process. (This does not contradict the asser-~
tion that during charging the temperature variations are of secondary importance
to the density variations.) (3) The lowest energy channels (less than the satellite
potential) do not show consistent variations. On day 114 the ion fluxes less than
1 keV were below detectability pre-charging, and showed no enhancement during
charging. On day 363 the same pre-charging ion flux levels fell below detectability
during charging. On day 241 the satellite potential apparently enhances the low
energy ion flux to the vehicle. The lowest energy electron fluxes are depressed on
two of the days during charging, 241 and 363, and unaffected on the third, 114.
These different low energy particle behaviors indicate either variations in the low
energy ambient plasma, or various forms of low energy access to the satellite
perpendicular to the magnetic field, or a combination of the two.

Greater spectral detail of the electron distributions in the energy range
4-400 keV is given in Figure 22. Here the peak charging distributions for the three
days are plotted one on top of the other, on a log-linear scale., Again, the similarity
of the high energy environments for all three days is remarkable. In addition, it is
quite clear that the distributions are not Maxwellian throughout the entire energy
range. A Maxwellian distribution on a log-linear scale is a straight line. Instead,
the slopes of these three distributions continuously decrease with increasing energy.
We have agreed, for analytic simplicity, to represent the charging environment by
at most four parameters, n, n,, TI' '1‘2. which can be used to construct a two-
Maxwellian distribution (refer to Mullen et all). It is clear from Figure 22 that this
is not a particularly good representation for the high energy range. Figure 21 indi-
cates that the choice of a Maxwellian distribution will probably also be poor for low
energies. Nevertheless, we can make use of a certain amount of latitude in choosing
the portion of the high energy distribution we fit to the Maxwellian in order to insure
that the major features of the charging environment are well-represented, or are
at least over—rather than underestimated. RBriefly these include: (1) emphasis on
changes in fluxes between 20 keV and 100 keV'; (2) high correlation of charging with
the number density, number flux, and energy flux calculated over this energy range;
and (3) low correlation with "temperature’ changes (temperature over the high
energy range is defined as being proportional to the ratio of the energy flux to the

number flux over the energy range considered).
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Figure 21a. Distribution Functions of Figure 21b. Distribution Functions of |3
Ions and Electrons Measured Perpen- lons and Electrons Measured Perpen- ‘
dicular to the Magnetic Field Prior to dicular to the Magnetic Field Prior to '
Charging (dashed line) and During the Charging (dashed line) and During the
Peak Charging Levels (solid lines) on Peak Charging Levels (solid lines) on
Day 114, 1979 Day 241, 1979
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DISTRBUTION FUNCTION:29 DECEMBER 1979 (363)
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The measured values of the electron distribution function for day 241 at the peak
level of charging are again shown in Figure 23 {(triangles). In addition, the results
of linear regressions performed for various energy ranges are shown with their
resulting Maxwellian temperatures and densities.

Two obvious choices for the low energ: cut-off are 4 keV, where the knee in
the distribution occurs (see Figure 21b); and 20 keV, which is the lowest energy
channel that correlates highly with satellite frame potential. The high energy cut-
offs are taken as either 400 keV, the full range; or 100 keV, the highest energy that
v makes a significant contribution to the number flux in all three cases discussed.
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Figure 22, Electron Distribution
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The densities and temperatures resulting from the four linear regressions are given
in Table 13. Depending on energy range the temperature can vary by a factor of 3
and the density by a factor of 6.

The choice of the range from 20-100 keV uses only three points to calculate the
straight line fit. The parameters that result (14 keV, 1.6 cm-3), including the
number and energy fluxes (not given), are in good agreement with the high energy
moments discussed in previous sections. Expanding this range to include the highest
energies (20-400 keV) radically shifts the temperature and the density in opposite
directions (32 keV, 0.5 cm-a) to accommodate the high energy tail, and thus, this
Maxwellian is a very poor fit in the energy range of importance to charging.

Using the energy range weighted to the lower end, from 4 to 100 keV gives a
temperature and density of 12 keV and 3.1 cm-s, respectively. Here the number
density is excessive, much of it resulting from the 4-10 keV range which is
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Figure 23. Linear Fits to
the Peai Charging Electron
Distribution Function on
Day 241 Using Various
Energy Rang' s
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unrelated, for the most part, to charging levels. Therefore, variation in this range
can greatly affect variations in n, without relating to charging. Finall‘):.3 the full
range 4-400 keV gives a temperature and density of 26 keV and 1.9 cm *, respective-
ly. Here the density is approximately that found from the high energy moments,

but the temperature is overestimated by a factor of 2, leading to overestimates of

the number and energy fluxes. This linear fit gives good agreement in the range of
20 keV and in the range of 200 keV. It overestimates contributions from the 53 and
96 keV channels, and underestimates the contribution from the 335 keV channel.
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Table 13. Linear Regression Densities
and Temperatures Versus Energy

— =
Energy Range n_3) T
(keV) (cm (keV)
4-100 3.1 12
4-400 1.9 26
20-100 1.6 14
20-400 0.5 32

While the first range discussed (20-100 keV) gives the closest approximation
to the high energy moments for this case, there may be events for which the fluxes
greater than 100 keV are significant (see, for example, correlations on day 114).
Thus, as a general method for determining the worst case environment Maxwellian
representation, we use instead, the entire high energy range from 4-400 keV as the
next best, but safer choice. This range was used to calculate the high energy
Maxwellian in Mullen et all and was found to represent well those variations which
best correlated with the satellite frame potential,

8. TWO-MAXWELLIAN DESCRIPTION OF THE ENVIRONMENT

As is shown above, a two-Maxwellian does not fit the environment during high
level charging periods and the method used to fit the data will determine the absolute
values of the densities and temperatures. However, relative behavior of the den-
sities and temperatures can be seen in the two-Maxwellian parameters if a consis-
tent method is used. The method used below is the same least-squares fit method
as used by Mullen et alll over the energy range 4-400 keV for the high component.
This method was chosen for reasons discussed there and above: namely they under-
estimate the lower energy spectrum (below 10 keV) and they overestimate the
spectrum in the energy range 20-200 keV shown to be most directly causative of
charging. This ensures some safety margin in defining a "worst case''.

Figures 24-26 show the two-Maxwellian electron parameters n;, Ny, Tl’ and
T2 for the high level charging periods on days 114, 241, and 363 respectively. On
all three days the high Maxwellian temperature T2 is seen to be nearly constant
through the charging peak while the high electron density n, peaks at the charging
peak in all cases, The low energy temperatures T1 and densities n,
ably, but in all cases, n, is less than n, at the charging peak. (Caution is advised
in using the low energy values.) Table 14 gives the "worst case'' least-squares

vary consider-
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particle environment fits for the charging peaks on days 114, 241, and 363. The
highest electron n,'s are on day 241, and therefore, 241, since it did also have the

highest sunlight charging peak, will be used as the "worst case."

ELECTRONS

TEMPERATURE (eV)

DENSITY {em™3)

Figure 24. Two-Maxwellian Electron
Temperatures T and Ty and Densities

ny and ny, Calculated by Least-Squares
Fitting the Distribution Functions Perpen-
dicular to the Magnetic Field Between

4 and 400 keV, Plotted Versus UT for the
Time Period From 0530 to 0730 UT on !
Day 114, 1979 ‘

DAY 241 1979
ELECTRONS
10°
1, "
T e e d - Figure 25, Two-Maxwellian Electron
2 o Temperatures T, and T, and Densities :
w oo nj and ny, Calculated by Least-Squares ’
E Fitting the Distribution Functions i
Perpendicular to the Magnetic Field }
it Between 4 and 400 keV, Plotted Versus
ol UT for the Time Period From 1650 to
—~—~—_—~—————~—~_] 1755 UT on Day 241, 1979
|
]

2 n N — L
w20 1700 MO 1720 T 1730 1740 1780
v
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03¢ ‘ ny and ny, Culcukated by Least-Squares
i, j Fitting the Distribution Functions
3x102. . Perpendicular to the Magnetic Field
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Table 14. Least-Squares Fits of the Particle Environments at the Charging Peaks
lons Electrons
Mag Fieta | "1, %2 Ty Ty |om a, Ty b
Day UT Orientation| (cm™>) (cm™3) (keV) (keV)|(em™3) (ecm=3) (keV) (ke\)
114 ~0651 L 0.6 1,2 0.2 28.0 0.2 1.2 0.4 27.5
1 1.5 0.6 0.5 24,7 0.1 0.3 0.5 25.8
241 ~1726 i 0.9 1.6 0.3 25.6 0.8 1.9 0.6 26.1
it 1.1 1.7 0.4 24,7 1.0 1.5 0.6 25.1
363 ~1929 L 1,7 1.2 0.2 41,7 0.6 1.8 0.6 29.3
n 1.4 1.3 0.4 34,2 1.2 0.8 0.5 24.8
9. CONCLUSIONS

To determine a ""worst case' environment and the region of applicability, many

of the problems associated with such a study have been discussed. Since the data

sets are limited and the particle distributions are not well represented by two-

Maxwellians but need to be represented by some limited set of parameters; the

following information is provided for use by the engineering community:

——




(1) In the near-geosynchronous region of space, significant levels of space-

craft charging can occur:

(a) between 1900 and 0900 Local Time,
E= 5.3 and 7.8,

(c) at any magnetic latitude between x 19°,

(b) at any distance between R

(d) at any L-shell value between 5.5 and 8.6, and
(e) for any period the magnetic activity index Kp is 2+ or greater.

Charging can extend outside this region anywhere electron fluxes at energies
between ~3Q keV and 70 keV exceed 6 X 102 elec/cmz-sec-sr-ev in a plasma-
sheet-type low energy particle environment. (That region of space can not now be
totally identified with existing data but may extend in to approximately 2.5 to 3 RE
and out beyond lunar altitudes in the magnetospheric tail under certain magnetic
substorm conditions. )

(2) A "worst case' environment can best be described by the first four
moments of the distribution function both over the total population from 0 to 400 keV
and over the range from 20 keV to 400 keV where charge level is determined. The

set of "'worst case'' moments integrated over pitch angle are:

(a) total number density: lons 3.0, Electrons 3.0 cm-3.

(b) high number density: lons 0, 8, Electrons 0.6 cm™>,

(c) total number flux: Ions 4 X 108, Electrons 1.3 X 1010 cm-z-s-l,
(d) high number flux: lons 2 x 10%,  Electrons 4.9 X 10° em™2-571,
(e) total energy density: Ions 3.7 X 104, Electrons 2.4 X 104 eV-cm-B.

(f) high energy density: Ions 2,8 X 104. Electrons 1.4 X 104 eV-cm-a.

(g) total energy flux: Ions 9.4 X 1012,E1ectrons 1.9 X 1014
(h) high energy flux: Ions 8.3 X 1012.E1ectrons 1.5 X 10

eV-cm-z-s-l.

ev-em™2.s71,
The total densities for ions and electrons are balanced in a way to maximize
charging. High refers to the 20-400 keV range.
(3) If two-Maxwellian fit parameters are required, the following fits will give
a maximum realistic charging spectrum parallel and perpendicular to the magnetic

field:

(@ n; g : lons 1.1 Electrons 1.0 cm :2.
(b) n, {] Ions 1.7 Electrons 1.5 cm °,
(c) Tl n Ions 0.4 Electrons 0.6 keV,
(@ T, 0 lons 24,7 Electrons 25.1 keV,
(e) n, 1 Ions 0.9 Electrons 0.8 cm-s.
) n, L : Ions 1.8 Electrons 1.9 cm_s,
(g) Tl i lons 0.3 Electrons 0.6 keV,
(h) T, & Tons 25.8 Electrons 26.1 keV.
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The above spectra are quite isotropic although times of large anisotropies were
seen during charging. The degree of anisotropy could affect certain vehicle designs;
therefore, if desired, more anisotropy can be simulated by decreasing the parallel
component.

Again it should be stressed that the data contain no super substorms. Also,
the high energy electron fluxes seen on days 241 and 363 were at lower RE’s and
L-shells where the plasma density was quite high. Whether such large fluxes could
be produced in a less dense plasma at further RE's and greater L-shells is not
known, and until the dynamics are understood, will not be determinable. However,
if high energy electron fluxes as seen on day 241 were present in a less dense
plasma environment, P would be higher and the probability of adverse effects on
a spacecraft increased. Likewise, spacecraft charging increases greatly in satellite
eclipse when the photoelectrons are cut off. As was shown in Mullen et all, if the

higher charging environments which have occurred in sunlight occurred in eclipse,
9, would have reached levels in excess of -15 kV. This level is greater than any
charging seen to date on SCATHA.

..
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