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Vehicle Charging Observed in SEPAC Spacelab-1 Experiment

Susumu Sasaki,* Nobuki Kawashima,{ Kyoichi Kuriki,} Masahisa Yanagisawa,§ and Tatsuzo Obayashi{
The Insitute of Space and Astronautical Science, Tokyo, Japan

Electrostatic charging of the orbiter has been studied by the Space Shuttle/Spacelab-1 using the Space Ex-
periments with Particle Accelerators (SEPAC). Charging of the orbiter due to electron beam emission has been
analyzed using data from a Langmuir probe, floating probes, an electron energy analyzer and a low-light-level
TV camera. Charging of the orbiter is found to be strongly dependent upon the attitude of the orbiter with
respect to the velocity vector. The orbiter potential has reached the beam acceleration voltage well beyond one
kilovolt, which is much higher than that previously observed in electron beam experiments on sounding rockets

in the lower ionosphere.

Introduction

INCE Hess’s first experiment in 1969, high power elec-

ron beam experiments in space have been performed ex-
tensively for studying beam-plasma and beam-atmosphere
interactions®” and also for remote-sensing of electric and
magnetic fields in space.?® One of the important problems in
electron beam experiments in space is spacecraft charging
because the potential of the spacecraft determines the final
beam energy and effective beam power ejected into space.
Charging of the spacecraft with weak electron beam emission
and without electron beam emission has been studied by
satellites.'®!! However, for high power electron beam ejec-
tion, the information on charging has been very meager in the
past experiments.

Theoretical studies of spacecraft charging due to beam ejec-
tion have been presented by Beard and Johnson,'? Parker and
Murphy!? and Linson.!* Beard and Johnson have proposed a
charging model based on space-charge-limited current where
the magnetic field can be neglected. Parker and Murphy’s
model is an orbital theory for electrons in the magnetic field
around the charged body. Linson has suggested a turbulent
region surrounding the charged body where the electrons dif-
fuse inward and radially across the magnetic field lines.
However, the results of the past rocket experiments with a
high power electron beam have entirely disagreed with these
models. It has been presume that charging in the rocket ex-
periments has been much less than predicted by the models. !
The results of the rocket experiments have been primarily ob-
tained in the lower ionosphere below 200 km. It is of interest
to know whether the disagreement between the theoretical
models and experiments is also true in the higher ionosphere.

Space Experiments with Particle Accelerators (SEPAC) was
carried out by the Spacelab-1 STS-9 mission in 1983.16
SEPAC was intended to perform an active experiment in space
by ejecting a high power electron beam and a high density
plasma plume in the ionosphere at an attitude of 250 km. The
study of orbiter charging during the beam emission was one of
the major objectives of the experiment. Charging of the or-
biter while emitting an electron beam of up to 5 kV, 300 mA
was observed by onboard diagnostic instruments. This paper
presents the results of the analysis of the charging of the or-
biter using data from the Langmuir probe, electron energy
analyzer, floating probes and low-light-level TV camera.
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SEPAC Experiment

The SEPAC onboard instruments were an electron beam ac-
celerator (EBA), magneto-plasma-dynamic arcjet (MPD-AJ),
neutral gas plume injector (NGP), TV camera (MTV) and a
diagnostic package (DGP). They were configured on the
Spacelab pallet as shown in Fig. 1. The shaded instruments
belong to SEPAC in the figure. The diagonostic package con-
sists of a Langmuir probe, floating probes, electron energy
analyzer, photometer, vacuum gage and VLF (1-10 kHz)/HF
(100 kHz + 10 MHz) wave receivers.

During the Spacelab-1 mission, an electron beam up to 5
kV, 300 mA (1.5 kW) was emitted from the orbiter. The dura-
tion of the beam emission was either 5 or 1 s. Four experiment
sequences (functional objectives: FO-2, -5, -7-1 and -7-2) were
performed during night time in different flight configurations.
The time chart of the beam firings is shown in Fig. 2 for each
FO. In FO-7-1 and 7-2, the plasma plume was also ejected dur-
ing 1 ms at 0.5 s after the start of the beam emission to study
the effect of charge neutralization by the plasma plume.

Results of Analysis
Langmuir Probe Data

A cylindrical probe with an electrode surface of 25 cm? was
used as a Langmuir probe, biased from -9 to 9V swept in 84
ms. The change of the probe signal when the beam power is
gradually increased is shown for FO-2 in Fig. 3. The current
signal modulated by the probe voltage disappears beyond a
beam current of 100 mA. There are three types of Langmuir
current signal:

Type 1) Electron current rises from zero at a certain bias

voltage.

Type 2) Electron current modulated by the beam voltage is

always positive.

Type 3) Electron current is always positive and strongly

fluctuating (no voltage modulation).

For type 1, the orbiter potential is considered to be less than
9 V and an accurate potential can be calculated from the cur-
rent onset value. For type 2, the precise potential cannot be
calculated, but it must be above 9 V, while not being much
higher than the bias voltage. For type 3, the orbiter potential
must be well beyond the bias voltage. Type 3 appeared only in
FO-2, and Type 1 did not appear in FO-7-2. Type 2 appeared
in all FOs. The orbiter potential calculated from the shift of
the onset point of the electron current is plotted against the
beam current in Fig. 4. The ambiguity of the voltage at-
tributed to the limited resolution of the digitization in the cur-
rent measurement is 1.6 V at most. Charging is the highest for
FO-2 and the lowest for FO-7-1.

The orbiter was charged to a few volts by the lowest beam
current of 168 mA in FO-2. (The limits are due to the
limited resolution in the digitization.) This means that the con-
ductive surface area of the orbiter was effectively less than 30
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Fig. 1 Conflguratlon of the Spacecelab-1 pallet instruments.
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Fig. 2 Sequence chart of electron beam firings.

m? in the configuration of FO-2, assuming that the density
and temperature of the surrounding plasma were 10°/cc and
1000 K, respectively.

Floating Probe Data

Three cylindrical probes 25 ¢m apart from each other were
mounted on a pole over the deck of the diagonostic package.
The surface area of the electrode and the impendance to
ground are 50.3 cm? and 10 MQ, respectively. The output
voltage of the probe does not always correspond directly to the
orbiter potential. Only qualitative information on charging
can be inferred. The typical signal from the floating probe is
shown in Fig. 5. As in the case of the Langmuir probe
measurement in FO-2, the output voltage increases with the
beam current in the low beam current region, and when the
beam current exceeds 100 mA, the output voltage starts to
fluctuate wildly. The variation of the measurements indicates
strong fluctuations in the return current, which is consistent
with the Langmuir probe measurement described above.
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Fig. 3 Langmuir current characteristics when the bias voltage is
changed.
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Fig. 4 Potential of the orbiter calculated from the shift of the type 1
Langmuir characteristics.

Electron Energy Analyzer Data

A hemispherical analyzer was used to analyze the incident
electron energy from 100 €V to 15 keV. Two types of detec-
tors, the channeltron and the Faraday cup current collector,
were employed. The data from the electron energy analyzer is
expected to indicate the orbiter potential directly as long as it
exceeds 100 V because the peak of the energy spectrum is con-
sidered to correspond accurately to the potential of the orbiter
which is charged by the electron beam emission.
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Fig. 5 Change of floating probe signal when the beam current is in-
creased in FO-2.
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Fig. 6 Examples of electron energy spectra obtained by the Faraday
cup detector: a) flight data, b) ground data.

Typical examples of the energy spectrum in FO-2 are shown
in Fig. 6a. The peak-structure was detected only when the
beam current exceeded 100 mA in FO-2 and the peak of the
spectrum corresponded approximately to the beam energy.
This means that the orbiter potential reached the beam energy
for these cases. Before SEPAC flight hardware was integrated
in the Spacelab-1, we had performed a large scale laboratory
test using the flight hardware on a simulated pallet in a 8-m
diameter space chamber. The simulated pallet together with all
control instruments outside the chamber was floating with
respect to the chamber wall. A measurement of the charging
of the pallet due to the SEPAC electron beam emission was
performed. In that experiment, it was possible to measure the
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pallet potential with respect to the chamber wall directly and
the measured pallet potential could be compared with signals
from SEPAC diagnostic instruments. The conclusion was that
the energy analyzer with a Faraday cup type current collector
can provide correct information on the pallet potential. The
same kind of spectrum as in Fig. 6a was obtained in the
ground laboratory experiment as shown in Fig. 6b when the
simulated pallet was completely charged up to the voltage cor-
responding to the beam energy.

No single-peak structure in the electron energy spectrum
was obtained by the channeltron type detector. The count
number seems to be strongly influenced by instrumental ef-
fects which must have been caused by the charging of the in-
strument itself,

TV Camera Data

The low light level TV camera was mounted on a two-axis
movable gimbal to follow the beam trajectory. The field of
view was 28.7 deg x 21.7 deg with a fixed focus at 13 m. The
sensitivity limit is 103 lux.

Video data are available only for FO-2 and -5. It is observed
that the surface of the instrument was strongly illuminated
during beam emissions beyond 100 mA in FO-2 (Fig. 7). On
the other hand, no such illumination was detected in FO-5,
even when the beam current exceeded 100 mA.

The same illumination of the instruments on the simulated
pallet had been observed in the same laboratory experiment in
a large space chamber as described in the previous section. In
that ground laboratory test, illumination of the instruments
was observed when the potential of the simulated pallet with
respect to the chamber wall exceeded 1 kV. The light intensity
increased with the beam current as well as with the beam
voltage. Typical examples obtained during the laboratory ex-
periment, with almost the same beam parameters as those in
the SL-1 experiment, are shown in Fig. 8. The high energy
electrons, accelerated by the static potential of the charged
surfaces, impinge upon the conductive parts over the in-
struments, exciting the molecules there. The excited light emis-
sion irradiates the surroundings. Since the sensitivity of the
TV camera was almost the same for both the ground test and
flight operation, the orbiter was assumed to be charged above
1 kV when the illumination of the instruments was observed
by the TV camera. The beam parameters, when the illumina-
tion of the instruments was observed, together with other
diagnostic data are shown in Fig. 9 for FO-2. The illumination
occurred in coincidence with the appearance of the violent
fluctuation in the signals of the Langmuir and floating probes
and a sharp peak at the beam energy in the energy analyzer
signal.

Discussion

Based on the data from the Langmuir probe, floating
probes, electron energy analyzer and the TV camera, the
following points about the charging phenomena are con-
cluded.

1) FO-2: Charging was the highest. The orbiter potential
exceeded 9 V at 24 mA and reached the beam voltage beyond
100 mA.

2) FO-5: The orbiter potential exceeded 9 V at 88 mA, but
didn’t reach the beam voltage even at the maximum current of
280 mA (5 kV).

3) FO-7-1: Charging was the lowest. The orbiter potential
exceeded 9 V at 280 mA.

4) FO-7-2: The orbiter potential exceeded 9 V at the
minimum current of 72 mA.

These results are summarized in Fig. 10.

The difference in the charging for each FO can be explained
by the difference in the flight configuration of the orbiter. The
background plasma density measured by the Langmuir probe
was 4x103/cc or less for these FOs. Since the probe was
located near the bottom of the pallet, the measurements must
have been lower than the true background plasma density. The
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Fig. 7 THumination of the pallet instruments during the beam
emission.

ion density is assumed to be almost constant at approximately
1x 10%/cc because all these FOs were performed during the
night.

The conductive surface of the Space Shuttle orbiter is com-
posed of the main engine housing and a lot of small conduc-
tive segments distributed over the upper haif of the orbiter.
The lower portion of the orbiter is completely covered with
insulator.

The flight configuration with respect to the velocity vector
and geometric field is shown in Fig. 11 for each FO. In the
figure, the electron beam was injected approximately along
the -z direction. The configuration was almost the same for
FO-5 and FO-7-1, in which the potential rise of the orbiter due
to the beam emission was comparatively low. In FO-7-1, the
potential of the orbiter was less than 9 V even when a beam
current of 200 mA was emitted. Since the conductive surface
of the main engine housing is less than 30 m?, the conductive
segments distributed over the orbiter must have played a ma-
jor role in the current collection. In the FO-2 configuration,
the velocity vector of the orbiter was directed downwards to
the right wing, while it was directed straight backwards in the
other FOs. In the FO-2 configuration, the upper half of the or-
biter where the conductive segments are distributed is inside a
thick wake, and only the surface of the main engine housing is
exposed to the ionospheric plasma. For the other FOs, when
the conductive segments are inside a thin wake, the effect of
the wake disappears when the orbiter is charged slightly. The
electron current from the ionosphere must have hardly been
collected by the conductive segments inside the thick wake in
the FO-2 configuration. This is the reason why charging was
the highest in FO-2. The attitude of the orbiter with respect to
the magnetic field also affected the charging of the orbiter.
The cross sectional area of the conductive segments on the or-
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Fig. 8 Nlumination of the simulated pallet in a large space chamber.

biter perpendicular to the magnetic field is larger in FO-5 and
FO-7-1 than in FO-7-2. Corresponding to this, charging is
higher in FO-7-2 than in FO-5 and FO-7-1.

In the past electron beam experiments by sounding rockets
in the lower ionosphere, it was generally believed that the
spacecraft potential was much smaller than the beam accelera-
tion voltage.!® The results of the present electron beam experi-
ment show that the potential of the spacecraft reached the
beam acceleration voltage when the conductive segments of
the orbiter were inside the thick wake. The reasons for the dif-
ference between the past rocket experiments and SEPAC ex-
periment are considered to be:

1) Rocket experiments have been performed mostly below
the height of 200 km, while the SEPAC experiment was car-
ried out at the altitude of 250 km. The plasma production rate
surrounding the spacecraft by the beam emission (ionization
by primary beam, returning electrons and beam plasma in-
teraction) in the SEPAC experiment must have been relatively
smaller because the background gas density is smaller at the
orbital height.

2) Orbital velocity (7.5 km/s) is much larger than the rocket
velocity (~2 km/s at most). The conductive surface of the
Space Shuttle Orbiter is localized at the upper portion of the
orbiter and at the main engine housing, while the surface of
the rocket is usually made of conductor. Accordingly, charg-
ing depends strongly on the flight configuration with respect
to the velocity vector in the case of the Space Shuttle experi-
ment. When the conductive segments get inside the thick
wake, charging up to the beam energy begins due to the reduc-
tion of the neutralizing plasma effect.

3) The rocket is expected to be surrounded by a cloud of
outgassed material because the experiment is done only a few
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minutes after the surface is exposed to vacuum. The presence
of the neutral gas around the rocket is considered to be one of
the causes of the creation of the plasma halo around the
rocket, which suppresses spacecraft charging.
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Fig. 11 Flight configuration of the orbiter with respect to the veloc-
ity vector (V) and magnetic field (B).

Conclusion

Charging due to electron beam emission in the
SEPAC/Spacelab-1 experiment was analyzed. The potential
of the orbiter at values less than 9 V was determined using data
from the Langmuir probe, and at values beyond 1000 V, the
potential was determined using the energy spectrum obtained
by the electron energy analyzer. It has been found that the or-
biter potential reached the beam voltage beyond one kilovolt
when the conductive segments of the orbiter were inside the
thick wake, whereas it was much less than one kilovolt when
they were located inside the thin wake. These results are
qualitatively consistent with the data from the floating probes
and TV camera. It can be concluded that charging has been
strongly dependent on the flight configuration with respect to
the velocity vector in the Spacelab-1 experiment. This was
caused by the large Mach number of the orbital speed and the
small and localized configuration of the surface of the conduc-
tor of the Space Shuttle Orbiter.
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