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SUMMARY 

The angular distributions of electrons and ions at times of spacecraft 
charging have been examined for several charging events. Generally it is 
found that electrons measured perpendicular to the earth's magnetic field are 
more intense and more energetic than those measured parallel to the magnetic 
field during charging events. During the substorm charging injection, the 
electron spectra harden at all angles to the magnetic field as the evolution 
of the charging spectra is monitored by the P78-2 satellites. An example of 
the onset of charging and the changes in the electron distributions is exam- 
ined in detail. The evolution of the electrons from a "soft" plasma sheet 
distribution to a "hard" charging distribution is compared with the charging 
of Kapton on the satellite and the spacecraft frame potential. The ions are 
used to determine the spacecraft potential. Evidence of periodic surface 
potential variations related to particle anisotropies are presented and dis- 
cussed. 

INTRODUCTION 

The evolution of the near synchronous particle environment at the onset 
of a substorm or injection has been the subject of much investigation over the 
years. The primary interest has been in trying to understand the physical 
mechanisms by which the plasma is energized and transported to the near syn- 
chronous region. In this report we will not attempt to add to such under- 
standing. Instead, we are going to accept its occurrance as a fact and exam- 
ine how the plasma changes and the effect the changes have on the satellite 
itself. 

Much has been written on the subject of the plasma's interaction with 
satellites in space (see ref. 1). We will be emphasizing the charging of 
spacecraft surfaces and dielectric materials by the energetic plasma that 
envelopes the spacecraft during substorm injections. We will put special 
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emphasis on the anisotropies of the plasma and its reflection in final charg- 
ing of surfaces. 

OBSERVATIONS 

The plasma conditions at P78-2 were very benign prior to the onset of the 
particle injection which caused differential charging of the spacecraft on 
February 12, 1979. These conditions are shown in figure 1 which is a summary 
spectrogram showing the first 12 hours of the day. Note the paucity of elec- 
trons and ions early in the day. The ions have reasonably high fluxes only 
above several keV early in the day. The low energy boundary of the ion fluxes 
is seen to decrease with time indicative of the fact that the satellite is 
approaching the plasma sheet from inside the plasmasphere. Just as the satel- 
lite is crossing into the plasmasheet near 0430-0505 UT a sudden injection of 
hot plasma occurs. A second injection occurs near 0740 UT. 

The first injection is seen in greater detail in figure 2. Figure 2 
shows that prior to the first injection near 0503 UT the satellite is immersed 
in a relatively low energy electron environment (see also figure 3). Prior to 
injection the majority of electrons are confirmed below 1 keV. At the onset 
the average energy rapidly changes and the electron intensity increases. 

These events are shown in minute detail in figures 3 and 4. Figure 3 
shows the electron distribution function (f(v)) in velocity space (center), 
sample spectra (flux vs energy plot, RH panel) and electron angular distribu- 
tions relative to the local magnetic field (LH panel) observed just prior to 
the injection. The electron spectra are steep and some anisotropies are 
present which favor the magnetic field line and the normal to the field line 
directions at high and low energies respectively (see X and dot points in RH 
panel). Figure 4 shows the rapid changes which occur in f (v) and electron 
spectra in the first - 4 minutes of the injection. Each f(v) diagram starts 
on the -V axis and time increases in the counter clockwise sense on these 
plots (re{. fig. 4b). 

The four panels in figure 4 evidence the change from a relatively cold 
i.., monotonically decreasing flux vs. energy and steep f(v) versus v )  
electron distribution to a relatively hot i e  , peaking flux vs. energy 
profile and slower varying f(v) versus v) distribution. For example, in 
figure 4b the low energy electron flux (RH panel) has increased and the high 
energy tail has increased in energy from 2-3 keV at 0502:17 (fig. 4a) to 6-10 
keV at 0503:ll UT. This is exemplified by movement of the isodistribution 
function contours to higher velocities i.., along the VI V a es) drom 

an\ 1 f km- is fig. 4a to fig. 4b. (Note, the position of the f(v) = 10- sec 
marked on each figure and every fourth contour toward v=O represents one order 
of magnitude increase in f(v).) At end of the interval near 0504:05 UT the 
electron spectra have formed peaks near 2 keV and the isodistribution function 
contours are spreading further out in velocity space. By 0504:58 UT the 
electron spectra are peaked with the peak fluxes occurring at - 1 keV for 
electrons nearly parallel to the magnetic field direction and 3.5-4 keV for 



electrons perpendicular to the field. The isodistribution function contours 
are well spread out in velocity space and are elliptical in shape, extending 
to higher velocities along the VI axis than the V,, axis. At this time 
(0504:58 UT) the electron distribution is relatively symmetric in velocity 
space. 

The final distribution (fig. 4d) is obviously much different than the 
pre-injection distribution as detailed above. The resultant high fluxes at 
the higher energies ( > 0.8 keV) is what causes the charging that was observed 
to occur. The electron fluxes observed perpendicular to the magnetic field 
direction, JI, are of higher energy and intensity (especially above 1 keV) 
than are the parallel fluxes, J,,, and should give rise to a charging asym- 
metry. The surfaces exposed to the JI fluxes should be more highly charged 
than those exposed predominantly to the J,, fluxes! 

The spacecraft is spinning with its spin axis nearly perpendicular to the 
magnetic field and perpendicular to the satellite-sun line. The surfaces on 
the cylindrical sides of the spacecraft are thus oriented at different direc- 
tions relative to the magnetic field as the satellites rotates. They are 
roughly perpendicular and parallel (antiparallel) to the magnetic field twice 
in one satellite revolution. The satellite spin period is about 57 sec. If 
the charging time of a surface is short compared to a quarter spin period we 
should see the surface potential fluctuate periodically in phase with the 
satellite rotation. This is discussed in more detail below. 

The spacecraft frame was observed to charge to - -200 volts by 0504 UT in 
response to the injection. The material samples also charged in response to 
the changing plasma parameters. The charging of one Kapton sample is shown in 
figure 5. We also show the variation in the intensity of the - 18 keV elec- 
trons measured by the SC8 experiment on P78-2 (Ref. 2). The field of view of 
the SC8 experiment and the Kapton sample's surface normal have nearly the same 
orientation relative to the magnetic field at the same time. As can be seen 
in figure 5, the peak electron intensity near 90' pitch angle (angle between 
particle velocity vector and magnetic field vector) increased from 18288-18314 
sec UT to 18342-18370 sec UT and then decreased by 18896-18422 sec UT. Simi- 
larly, the maximum surface charging of the Kapton increased from - 125 volts 
at 18287-18303 sec UT to - 400 volts at 18337-18358 sec UT and then decreased 
to - 150 volts at 18373-18410 sec UT. Thus the level of charging tracked the 
energetic electron intensity. 

The Kapton charged only when it was in the satellite shadow. Photo 
emission-discharged the material in sunlight. The correlation is even better 
than stated above. When one considers the way the Kapton charged on a spin by 
spin basis, as shown in figure 5, we see that the Kapton sample charged at a 
different point relative to the start of shadow (- 180' pitch angle) on suc- 
cessive spins. If one examines the changes in electron fluxes to the sample, 
resulting from the electron anisotropy and the satellite rotation, (see fig. 
5) then we see a good correlation between the flux and the onset of charg- 
ing. The more intense electron fluxes caused the material to charge earlier 
relative to the beginning of the shadow. But in these three satellite rota- 
tions we see that the sample did not begin to charge until the surface normal 



approached being perpendicular to the magnetic field (90' pitch angle). The 
sample potential then decreased as the surface normal rotated further so that 
it became more nearly parallel to the magnetic field (0" pitch angle). This 
decrease occurred prior to exit of the sample from the shadow (vertical arrows 
in fig. 5). 

Since the electrons are known to be more energetic and intense perpendic- 
ular to the magnetic field than at other directions (ref. fig. 4 )  we ascribe 
the surface potential variation with pitch angle to the electron angular 
anisotropy. Preliminary calculations of the electron current to the sample as 
a function of the sample orientation relative to the magnetic field (M. S. 
Leung, private communication) are in agreement with the above assertion. The 
current to the sample, which is the charging current, is a maximum when the 
sample is perpendicular to the magnetic field. Since the sample is closely 
coupled to the spacecraft the time constant for charging is relatively long 
and results in a lag between the maximum current and maximum surface poten- 
tial. 

In figure 6 we show another example of the evolution of the electrons 
during another charging injection. The injection occurred on March 28, 1979 
when the satellite was in eclipse. The panels show the changes which occurred 
in the electrons from prior to the event (~ig. 6a) to injection onset (Fig. 
6b), to peak of satellite frame charging (Fig. 6c) to, finally, the late 
charging time with relatively stable charging late in the eclipse. Figure 6a 
shows that the preinjection electron fluxes were relatively low energy with 
the spectral peak near 200 eV. At the onset of the injection the electrons 
show an increase in flux near 10 keV of about an order of magnitude compared 
to the preinjection flux (R. H. Panels of figs. 6a and 6b). The peak of the 
electron fluxes is seen to move to higher energies (- 0.6-1.0 keV) also. 
Figure 6c shows the electron distribution as it begins to stabilize. The peak 
energy is now 1.0-3.0 keV and the 10 keV flux is - 100 times what it was prior 
to the injection. 

Figure 6d shows the electron distribution attained during a period when 
the spacecraft potential was stable for several minutes. The electron peak 
energy settled at 2-3 keV. The stable distribution has a flux asymmetry with 
the electron flux perpendicular to the magnetic field a factor of - 3 greater 
than that parallel or antiparallel to the field. At the higher energies (7-20 
keV) the measured anisotropy still favors the perpendicular fluxes. If one 
examines the > 20 keV electrons one finds the ratio JI/JI ranges from 1.5 to 
2.5 over the energy range 30 keV < E e L  260 keV. Disregarding other aspects, 
one might expect this to lead to-a variation of the potential of a surface 
which is exposed to this flux anisotropy as the satellite rotates. As we will 
see below, other effects may be dominant. 

Figure 7a shows the spacecraft frame potential estimated from the SC2 ion 
measurements at - 14 second intervals. The frame is negative relative to the 
plasma and attracts ions. The frame potential is estimated from the ion 
energy corresponding to the peak in the energy flux spectrum of the acceler- 
ated ions. The frame potential is seen to fluctuate quite rapidly in the 
first few hundred seconds after the injection, which occurred near 59790 sec 



UT. During this period there are also rapid variations in the ion and elec- 
tron fluxes. 

Figure 7b shows the response of a spherical conducting probe isolated 
from the spacecraft frame and mounted on a three meter boom (for details of 
this experiment see ref. 2). The potential between this Aquadag covered 
sphere and the spacecraft frame is measured every second. As can be seen, 
early after the injection onset the probe voltage also changes quite rapid- 
ly. The probe voltage is satura'ted at maximum value near 61150-61490 sec 
UT. This saturation of the probe is instrumental (ref. 2 ) .  Comparison of the 
sphere voltage and frame potential profiles show that they responded in a 
similar manner to the changing plasma environment after - 60050 sec UT. The 
sphere is generally positive relative to the spacecraft frame. This may be a 
result of the electric fields from the charged spacecraft shielding the probe 
from part of the charging spectrum of electrons or the different surface 
material properties of the sphere and the exposed conductive spacecraft struc- 
ture. 

Figure 7 does not show the complete charging period. The enhanced plasma 
conditions lasted well beyond the end of the eclipse period which occurred 
near 62060 sec UT. The spacecraft charge was mostly neutralized by photoemis- 
sion once it excited the eclipse. The sphere continued to charge to relative- 
ly high levels upon entering the spacecraft shadow and discharge in sunlight 
until about 63620 sec UT. 

Just as the spacecraft frame and sphere experienced charging as a result 
of the substonn injection, so did the surface material samples on the satel- 
lite. The samples are mounted over a grounded frame (see refs. 2-4)  and are 
thus tightly capacitively coupled to the satellite. The potential difference 
between the sample and the satellite frame is measured once a second. 

The early charging of the Kapton samples on the satellite is shown in 
figure 8. The differential potential between the samples and the satellite 
frame does not show the rapid changes that the 'frame potential shows. In- 
stead, the sample potentials reflect the increasing potential difference 
between the material surface potential and the underlying ground frame with a 
time constant controlled by the capacitance of the system, conductivity of the 
material, environmental current, secondary emission and backscatter of elec- 
trons and changing electron energies in a manner previously discussed (ref. 
3 ) .  The unusual feature is the lack of charging of the Kapton 83 which is 
mounted on the forward end of the satellite as opposed to the Kapton i l l  and #2 
which are near the center line of the cylindrical sides. This difference in 
response of the same material on the end and sides of the satellite is not 
understood at this time. 

The difference between samples i11 and #3 and sample i12 in figure 8 is one 
of sample area. Sample #2 is approximately five times the area of samples #1 
and 113. As a result, sample %2 collected a larger total current and charged 
more easily than the smaller samples. This is evidenced in figure 8 by the 
fact that sample #2 started charging negatively about 14 sec before sample 
1 By the time sample /I1 had started charging negatively sample 82 had 



charged to - -150 volts. By 60,000 sec UT sample #2 was - -2000 volts and 
sample 81 was -1500 volts. While there are some small fluctuations in the 
Kapton potentials the general trend, from - 59,780 to 60,000 sec UT, is a 
monotonic increase. This is quite different from the trend seen in both the 
satellite frame and the sphere potentials (see fig. 7). 

The small scale fluctuations in the material potential are not easily 
visible on a logarithmic plot. In figure 9 we show a plot of the estimated 
spacecraft frame potential (bottom panel) Kapton il2 potential (center panel) 
and the bulk current through Kapton #2 (top panel) for a limited period during 
the charging event. The main feature we wish to emphasize here is the fluctu- 
ation of the frame and Kapton potentials over a few satellite spins. The 
fluctuations appear to be spin synchronized. We have marked the midpoints of 
the decreasing current slopes with the angle between the Kapton sample normal 
and the direction of the local magnetic field for reference. We have also 
annotated the angle between the ariving ion velocity vectors and the magnetic 
field corresponding to the 'peaks' in the estimated satellite frame potential. 

The midpoint of the decreasing current slopes occur about 21 degrees 
after the peak in the Kapton potential. This gives an average for the peaks 
in the potential of 12"*3O and 164Of4' as the angle between the sample normal 
and the antiparallel and parallel, respectively to the magnetic field direc- 
tion. The 'peaks' in the spacecraft frame potential are seen to be roughly at 
these same angles (16.6"f10° and 158'6") relative to the magnetic field. By 
this we mean the ions measured in the peaks have these angles between their 
velocity vectors and the magnetic field direction. These fluctuations in the 
potentials are nearly field aligned in which case the electron anisotropy most 
likely is not the controlling factor. 

To examine this in more detail we plot in figure 10 some ion count rates 
from three different instruments for a range of energies. The energies 
bracket the spacecraft potential. The three instruments are positioned as 
shown in the insert. Basically all three instruments show the same effect. 
The ions with energies near the spacecraft potential show peaks which are 
biased in one direction relative to the magnetic field in the spin plane of 
the satellite. They are biased such that the ions are arriving not along the 
field line direction but at an angle of lo0-25" relative to the field direc- 
tion. At the higher energies, above the spacecraft potential, the ions arrive 
at the spacecraft nearly along the field direction. 

Such beams of ions are often seen preceeding and during substorm injec- 
tions (~ef. 5). If these beams have peaked energy spectra (as they often do) 
prior to experiencing the potential of the spacecraft then they will arrive at 
the spacecraft with an energy equal to the peak energy of the beam plus the 
spacecraft potential. The low energy ions will have an energy nearly equal to 
the spacecraft potential. The addition of the beams, with their high fluxes, 
can bias the technique used to estimate the satellite potential because it 
assumes that the peak in the observed spectra is a result of low energy ions 
being accelerated to the satellite by the potential. Thus the "peaks" in the 
satellite potential shown in figure 9 are probably artifacts and the true 
potential is probably represented by the smooth lower bound on which the peaks 



are superimposed. This is partially evidenced by the fact that the J fluxes 
from SC5 (see fig. 10) show no fluctuations. 1 

No such single simple explanation exists for the fluctuations in the 
Kapton potential seen in figure 9. The peaks were at the same orientation 
relative to the magnetic field direction as the low energy component of the 
ion beams. Thus it would appear that the sample voltage fluctuations are also 
related to the presence of the beams, but how? As mentioned above, the Kapton 
voltage peaks occur when the magnitude of the bulk current is decreasing. The 
ions would be a positive current to the surface and could decrease the magni- 
tude of the current although it is not clear that enough ion current is pre- 
sent to cause the change observed. The electron flux is also minimized in the 
field line direction (see fig. 6d) and would result in less negative c u r  
rent. The question remains, what causes the potential difference between the 
satellite ground and the Kapton sample to increase in magnitude at these 
times? At this point we do not have a good answer other that it is most 
likely a result of angular asymmetries of the ion and electron fluxes. It 
will probably require analysis with a complex analytical tool such as the 
NASCAP program (ref. 6) to proceed further with this problem. 

We have been able to show that the electron anisotropy with peak intensi- 
ty perpendicular to the magnetic field is the most likely cause of the charg- 
ing of the materials on February 12, 1979. We have also shown the evolution 
of the charging fluxes during the onset of the substorm for both February 12 
and March 28, 1979. In both cases the final state of the charging electron 
environment is one in which the electron fluxes are higher perpendicular to 
the magnetic field and the peak energy is generally higher there also. 

We have shown that a spherical conducting probe and the spacecraft have 
similar charging responses during most of the March 28 event. The material 
samples did not show the rapid potential fluctuations that the probe and 
spacecraft experienced. This was assumed to be a result of the strong capaci- 
tive coupling between the samples and the spacecraft frame ground. 

Finally, we have given evidence that the field aligned ions observed 
during the charging event on March 28 may have some control over the periodic 
variations in the material potentials observed. 
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Figure 2 - Spectrogram similar to figure 1 for 0443 to 0556 UT on February 12, 1979. 
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Figure 3. -Electron distributions for OM1 UT on February 12, 1979. Electron angular distributions relative to the magnetic field direction for several energies 
shown i n  the left panel (a = 0' i s  parallel to the field). lsodidribution function contours i n  velocity space are shownin the centrd diagram (f(v) a JQ. 
Electron spectra (J vs. parallel (dot points) and perpendicular O( points) to the msgnetic field direction are shown i n  the r iqht panel. Data were taken 
p r i w  to substorm injection. 
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Figure 4. - Electron isodistribution function contours and spectra taken at the start la) and during the development b, cl of the injection and 
after stabilizing Id) to the final charging distribution. Data are from four consecutive satellite rotations. 



Fiqure 5. - Anqular distribution of enerqetic electron fluxes (E - 18 keV; 0 points) and Kapton 
voltages (dot points) during the February 12, 1P19, dayliqht c\arqinq event. 





(a) Spacecraft potential: Potential is estimated from ion distribution function plats using SC2-3 
experimental data. 

(b) Potential of isolated conducting sphere (relative to spacecraft ground). 

Figure 7. - March 28, 1979, charging event. 



Figure 8. -Voltage history d three Kapton samples durinq early part of March 28, 1979, charqinq 
event 

Figwe 9. - Kapton current (top panel). Kapton voltage (center panell, and spacecrafl potential (bottom 
panell expanded to show spin-period-related fluctuatlon~ for March 28. 1979, charging went. 
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Figure 10. - Ion intensity as a function of time for several channels for March 28, 1979, 
charqinq event The peaks show spin-period-related ion flux anisotropies. 
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