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SUMMARY

Over the past several years numerous experimernts have been conducted on the
ATS-5 and ATS-6 which have demonstrated the feasibility of modifying or clamping the
environmentally induced potential of these spacecraft. This has been accomplished
utilizing the ion engine cxperiments and monitoring their effects with the University of
California, San Diego, Auroral Particles instruments on each spacecraft.

The results of these experimernts have shown that a thermionic electron source
is capable of replacing photo-emitted electrons during eclipse. However, the utility of
this type of device is limited if its emission is suppressed by local electric fields. On
the other hand, it has been shown that a plasma source will not only serve as a substitute
for photo-emitted electrons but will also suppress differentfal charging of isolated ele-
ments of the spacecraft which would tend to suppress electron emission. This later
device is therefore capable of clamping the potential of a spacecraft without special con-
sideration of its coupling to the ambient plasma.

An overview of the experiments and a summary of their results are presented
in this paper. Therefore, this paper serves as a '"road map" to the spacecraft charging
experiments conducted on ATS-5 ahd ATS-6.

INTRODUCTION

In May of 1976, the National Aeronautics and Space Administration (NASA) awarded
a contraot to the University of California, San Diego (UCSD) with the objective of studying
active control of environmental charging on the Applications Technology Satellites (ATS)
5 and 6. This study was an element in the joint NASA/Alr Force investigation of geosyn-
chre jous satellite charging (Lovell et al,, 1976). The in-orbit experimental phase of
this study has now been conchided. The contract report of the first year's activities 1s




now available, and the fifial report will be available in the near future. Initlal results

of this effort will be summarized here; however, further analysis ts warranted, and it
is tho hope of the authors that this paper will provide sufficiont stimulus to encourage

additional investigation of these data,

The results of these experimeiits have provided 215 data sets from ATS-5 and 36
data sets from ATS-6. Seveéral df these experimerits were conducted simultarieously on
the two satellites. During the course of these measurements, 111 instances of environ-
mental charging to potentials in excess of 1000 volts have been observed. No anomalous
effect has been assoclated with a- ~ of these charging events on either satellite,

The ATS-5 and the ATS-~6 satellités each carried an Auroral Particles Experiment
and a Cesium Ion Engine Experiment. These instrumerts were jointly utilized to conduct
this investigation of actively controlling satellite charging. While neither instrument
was developed with this application as an objective, the experimental results demon-
strated the achlevement of altered or clamped satellite poteatial. There are features
of these experiments which ralse questions which have not been conclusively answered.
Instruments specifically designed to study active control of satellite charging will clearls
yield more definitive results. However, it is felt that the experiments described here
have added to the understanding of the environmental charging phenomenon and should
complement the results of future experiments such as the USAF Space Test Program,
P78-2 (Durrett et al., 1978).

DESCRIPTION OF ATS-5 AND ATS-6 INSTRUMENTATION

The details of the ATS-5 and ATS-6 spacecraft and their respective instruments
have been previously presented (Bartlett et al., 1975; Purvis et al., 1976), In summary,
Figures 1 and 2 depict thie key features of each of these satellites includirg the relative
locations of the Auroral Particles Experiment and the Cesium Ion Engine Experiment.
The Auroral Particles Experiment on ATS-5 provided measurement of fon and electron
flux in the 50 eV to 60 keV energy range at fixed Instrument apertures, The ATS-6
Auroral Particles Experiment extended this range from 0.1 eV to 80 keV and iricorpora-
ted a scanning aperture to provide angular resolution. The ATS-5 16n engines are of the
contact fonization type utilizing a thermionic electron source (neutralizer). Alternately
the ATS-6 fon engines are of the bombardment type utilizing a low energy ceslum plasma
as its neutralizer. When the cesfum fon source 18 operated, the neutralizer serves as a
roady source of electrons to maintain a net charge neutrality. The neutralizer can also
be operated without the ion source, The lon sources and the neutralizers were utilized
to alter the current balance of each spacecraft and thus actively control the spacecraft's
potential, The Auroral Particles Experiments were utilized to measure this effect,
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TEST CONDITIONS

Sinde geogynchronous spacecraft charging was first measured (DeForest, 1972),
it was clesr that the spacecraft normally dominates ambleut plasma perturbation with a
ready source of photo-emitted electrons, The obvious excepiion 6ccurs during the ver-
nal and autumnal eclipse of the Sun. The most recent study of ATS-6 and ATS-6 poten-
tials during eclipse is reported by Rubin et al,, 1978,

Neither ATS ion engine was desigied to provide a bias of the neutralizer or {on
source relative to spacecraft ground. Therefore, most of the potential control experi-
ments have been conducted during eclipsé whén natural spacecraft charging events were
likely. All of these eclipse tests have utllized only the neutralizers on the spacecraft.
A few operations of the ATS-6 and ATS-6 lon sources liave occurred during full Sun
periods of the orbit. The design of each ion engine required that the neutralizer be
operated when the lon source was operatéd, ! This restriction has been eliminated and
other features, such as biasing, have been iricorporited lnto thé ion/electron source to
be flown on USAF Space Test Program mission P78-2 (Colien et al., 1978},

A simmary of the measurements relatiny to active contiol of the ATS-5 and ATS-6
potential is shown in Table 1. Various restrictions and problems precluded all comi-
binations of instruments and test conditions. It is felt that the results of these measure-
ments provide a basis for predioting the behdvior of electron dnd ion sources as
spacecraft potential control devices. The missing data sets therefore represent de-
sirable but not essential experiments relative to the ATS-5 and ATS-6 spacecraft

charging study.

ATS-5 EXPERIMENTAL RESULTS

While the ATS-5 1on engine was operated briefly as & thruster (DeForest et al.,
1973), the far more interesting results were obtairied from the operation of its therm-
lonic neutrallzer during eclipse. This 1s primarily due to the large spacecraft poteri-
tlals éncountered during éciipse which well exceeded the 50-eV minlmum energy
resolution of the UCSD Auroral Particles Experiment. Recent spectrogram data from
day 87 of 1978 are presented in Figure 8 as typloal of a spacecrafi charging event which
is modified by the operation of the thermfonic neutralizer, The spectrogram s a ime
plot showing energy of arriving electron dnd lon fluxes. The density of the particle flux

15 speclal operation of tlie ATS-5 1on engine was conducted in 1973 commanding
ic off in an abnorinal manner. This briefly produced an lon beam while tiie neutralizer
was off. Limited data indicate that the spacecraft charged to a potential of about
-3000 V (DeForest et al., 1973).
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1s indicated by the gray sc¢ale moving from dark (minimum) to light (maximum), At the
onset of eclipse, denoted on Figure 3, the spicecrdft charged to a potential of about
-2000 volts. This can be seen in Figure 3 as the dense (light) band of fons ristng in
energy. As the spacecraft potential goes negative, low energy ions from the ambient
are attracted to the spacecraft and their energy upen arrival would be that of the space-
craft's potential. It follows that no ions can have energy less than the spacecraft's
potential. The apparent lon flux at energies less than the spicecraft potettial is there-
fore Instrument noise. Considering the nearly 9 years of orbital operation, this fnstru-
ment remains remarkably sénsitive.

The spectrogram primarily finds its utility in qualitative examinations of environ-
mental flix features. By extracting the spacecraft's potential firom the environmental
data, the effect of the operation of the ion engine's thermionic neutralizer during day 87,
1978, eclipse is shown agqin in Figure 4, This linear plot more guantitatively demon-
strates the effect of the neutralizer's operation. When the hot filament is firs: turned
on, the spacecraft initially discharges to a potential below -130 volts. The time between
the energy scans showing the spacecraft at -1500 volts and -139 volts is about 14 seconds.
Subsequently, the spacecraft is charged to a potentizl of about 1000 volts. Following
the turn-off of the neutralizer, the spacecraft charged to about -2500 volts,

The slow charging of the spacecraft while the neutralizer is on is believed to have
resulted from the suppression of electron emission by differential charging between the
spacecraft structure at neutralizer potential and the insulated thermal cover arcund the
neutrdalizer. The hot neutrdlizer filament is mounted dpproximately 3 cm inboard of the
spacecraft skin. The suppression of electron emission from the ion englne neutralizer
in this geometry has been measiired in the laboratory (Goldstein, 1976). Additionally,
laboratory measurement of differential charging between conductive and nonconductive
materials immersed in a high energy electron beam has been performed by 2urvis (1978)
which simulated the emission of electrons from the conductive element of the spacecraft,
A charging of the insulated materials with a siniflar time constant to that measured in
orbit was observed. The potential overshoot observed at the turn-off of the neutralizer
(Figure 4) Is also typical of humerous active charge control experiments. This phe-
nomenon can also be explained as an effect of differential charging of the insulated
spacecraft surfaces associated with the operation of the neutralizer., The artificfally
higher negdtive potential on these surfaces at neutralizer turn-off would alter the natiral
current balance with the amblefice until all surfaces reached their equilibrium potentials.

An additional series of orbital tests was structured to further examine the effect
of the neutralizer's operation on sacecraft potential. Simultaneous operation of both
the fon engine neutralizers on ATS-6 was performed. Typical results of these experi-
ments are presented in Figure 5, Three such data sets were obtainied. The turn-on of
the second neut.allzer did not have a marked effect. However, when the first rieutializer
was turned off, a slight denrease In the spacecraft potential was observed during all
three tests. This phenomenon is nct understood. When the second reutralizer was
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turned off, the spacecraft potential rose in a fashion typical of single neutralizer opera-
tions,

In summary, the hot filamént neutralizer has been shown to have a significant
effect on the potential of ATS-5 during & spacecraft charging event., However, due to
suppression of electron emission, the spacecraft was not clamped at plasma potential,
Laboratory data support the likelihood that differential charging of insulated spacecraft
surfaces is suppressing electron emission. This hypothesis 1s consistent with the
transient behavior observed at the turn-on and turn-off of the neutralizer in orbit. Al-
ternately, the suppression of eléctron emission by a plasma sheath around the space-
craft can not be ruled out, Measuremerits suggesting the presence of such a barrier

arounid ATS-6 have béen presented (Whipple, 1975). Additional consideration of these
data seems well justified.

ATS-6 EXPERIMENT RESULTS

The results of the ATS-6 experiments complement those of ATS-5. Since the
ATS-6 ion engine neutralizer utilized a low energy plasma as an electron source, the
effects of a second-type neutralizer could be measured. Additionally, the ATS-6
Auroral Particles Experiment provided significantly enhanced energy reésclution.

The effect of the opération of the ATS-6 ion engine as a thruster has been stidied
by Geldstein et al., (1976) and more recéntly by Olsen (1978). In this corfiguration
the ion source and neitralizer are simultaneously opérated. To summarize these tests,
Figure 6 is presented. The data demonstrate that the potential of ATS-6 was clamped
at about -4 volts throughout the 4-day operation of the Ion Engine Experiment.

The cesium vapor flow to the plasma neutralizer is regulated to control the poten-
tial of an anode probe in its discharge. The potential of the probe during the four-day
operation of the ion engine was about +4.5 V relative to spacecraft ground as measured
by telemetry. Since the neutralizer cathode potential is that of spacecraft ground, the
potential of the anode probe is at or very near the potential of the amblent plasma. If
the probe were operated at spacecraft potential and the cathode of the plasma neutralizer
were operated with a negitive blas, the spacecraft might well have been held at plasma
potential. The ATS-6 Ion Englne Experiment had no such bias capabilitr. It remains
for this concept to be demonstrated.

Several othier interesting féatures of the UCSD data were observed while the ion
thruster and neutralizer were joliitly operated. There are {ndications that differential
charging on ATS-6 was suppressed during this operation and that the imeasurement of
environmental data was enhanced by a constant spacecraft potential (Olsen, 1978).
Although the UCSD particle detectors cannot distinguish between protons and other ions,
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further analysis of the dita may yleld additional insight into the nature of particle flux
to tiie ATS-6 while the Ion Engine Experiment was operating. Present indications dare
that variation ih low energy ion flux appeéirs to more nearly follow iatural variations of
the plasma rather than an ion flux originating from the lon engine itself (Olsen, 1978).

Of equal interest were the ATS-6 lon engine neutralizer tests that were conducted
during eclipse. A spectrogram of such a test on day 97, 1977, is presented in Figure 7.
The spacecraft potential from the same data {e linearly plotted In Figure 8. These data
demonstrate that the low energy plasma neutralizer is sufficient to discharge the space-
craft. Due to the absence of natural low energy ions during this test, the exact potential
to which the spacecraft was claniped can not be measured with precision. Otheér experi-
ments of this type have shown that the spacecraft potential is clamped to approximately
-5 V by the neutralizetr's operation. The operation of the plasma neutralizer has also
been shown to reduce differential charging of the spacecraft, but not to the same extent
as the operation of the ion thruster. This i{s most likely due to the larger density of
free low energy ions assoclated with the ion thruster's operation,

Closer examination of the data presented in Figures 7 and 8 provides several in-
terésting observations. The operation of the plasma neutralizer differs significantly
from that of the thermionic neutralizer. To operate the thermionic neutralizer on
ATS-5, power is simply applied to a tantalum filament by command, and the filament
reaches its operating temperature in a fraction of a second. When the plasma neutralizer
is commanded on, power is applied to a heater which warms a supply of cesium in order
to deliver cesium vapor to the plasma neutralizer. When the density of the cesium
vapor and the cesium surface coverage of the neutralizer cathode are sufficient, a
plasma discharge strikes. Initially, this discharge operates from a relatively low
ceslum vapor flow rate and is refefred to as the plume mode of operation becausé of
its physical appearance. As the cesium supply continues to heat, the cesium vapor
flow rate increases and the plasma transitions to a point discharge described as the
spot mode of operation. As seen in Figure 8, the occurrence of neutralizer spot mode
operatiofi, which is telemetered, had no measurable efféct on the spacecraft's potential,
The occurrence of plume mode, which is not telemetered, seems to have provided an
ample source of electrons to discharge the spacecraft with a time constant too short
to be measured with the 16-second energy range scan of the UCSD instrument. As shown
in Figures 7 and 8, the discharge of the spacecraft occurred toward the end of the pre-
dicted time when the neutralizer would strike based on ground test data. Due to a mal-
function of the fon engine, the neutralizer vaporizer heatér was operating at a slightly
reduced power, so a longer start-up time for the neutralizer would be expected. To
turn off the neutralizer, all power was removed from the experiment. This effectively.
meant that the rieutralizer would instantaneously cease providing electrons and lons.
Figures 7 and 8 indicate that the time constant assoclated with the spacecraft naturally
recharging was significantly longer than that required to discharge the spacecraft with
the neutralizer. Also note that natural charging and discharging t!me constants as-
soclated with the onset and exit from eclipse are similar to that assocfated with the
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recharging of the sprcecraft following the neutralirer operation, The conclusion
drawn from these fucts is that the ambiért plasma curretits on this day were over-
wheliningly dominated by the opération of the neutralizer. This same coriclusion
was supportéed by all other ATS-6 active charge control experiments,

CONCLUSION

The generalized conclusions presented here are based on the results of all active
spacecraft charge cofitrol experiments conducted on ATS-6 arid ATS~-6 rather than the
limited data presented in this paper. In sumimary, these experiments have provided
the first known measurements of the interaction of the natural plasma and an artificlally
produced plasma at geosynchronous altitude., The effects of these experiments on the
potentials of ATS-5 and ATS-6 have been examined with the following observations:

e The thermionic electron source on ATS-5 provided electrons to replace photo-
emitted electrons in eclipse; however, charging of the insulated surface
around this emitter suppressed electron curretit and prevented the spacecraft
from being driven to plasma potential for all plasma conditions.

e The neutralizer plasma source on ATS-6 maintained the spacecraft potential
within a few volts of the ambient potential for both positive and negative
charging events for all observed plisma conditions.

¢ Based on these measurements, it seems likely that a spacecraft could be
clamped at plasma potential by a low-energy plasma discharge which could
be blased to compensate for the coupling to the ambient. This has not been
demonstrated however.

® Operation of the lon engine on ATS-6 was shown to suppress differential
charging and clamp the spacecraft potential at a fixed voltage relative to the
ambiernt plasmic.,

e Active spacecraft potential control has not hindered, but has enhanced the
ability to make environmertal measurements at energies less than a few volts,

1t has previously been showti that the environmental charging of ATS-6 and ATS-6
has produced nearly identical potentials when the two satellitss were at similar longli-

tudes (Purvis, 1976). This seems quite astonishing considering the marked difference
betweer the two satellites as summarized in Table 2.

Based on this observation, it follows that the dominant factor controlling the
equilibrium potential of a satellite is not the satellites' characteristics but the constit-

uchey of the ambient Tlasma. It is therefore felt that the above observations are gener-
ally valid and do not apply solely to the satellites upon which the measurements were made.
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Lastly, the time constants associated with all observed natural charging and dis-
charging events well exceeded the time constant associated with the discharging of the
satellite by elther of the two active control devices. It is therefore clear that these active
dontrol devices conipletely dominate all natural current sources during these experiments,
Since no spacecraft ahomaly on ATS-5 or ATS-6 has been associated with a natural charg-
ing event or an active control experimerit, it follows that the task of insuring that a satellite
is not sensitive to the electromagnetic interference (EMI) potentially associated with en-
vironmental charging is feasfble, There is no question, however, that unique satellite
design constraints may make the task of EMI sensitivity quite severe.
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Table 1. - Summary of Test Conditions

Configuration Satellite
ATS-5 ATS-6
Sunlite - 2 Sunlite - 2
Ion Source
w/Neutralizer Eclipse - None Eclipse - None
Neutralizer Sunlite - 24 Sunlite - 22
Only* Eclipse - 217 Eclipse - 14

*The ATS-5 neutralizer prodices electrons only while the ATS-6
neutralizer produces both electrons and ions.

Table 2. - Spacecraft Characteristics Summary

Launch (technology)

ATS-5
1969

ATS-6
1974

Attitude control

Exterior surface

Characteristic dimension

Spin stabilized

Quartz, paint

2m

8 axis stabilized
Kapton, aluminum,
quartz, silicon,
paint

10m
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