JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 35, No. 6, November-December 1998

Engineering Notes

ENGINEERING NOTES are short manuscripts describing new developments or important results of a preliminary nature. These Notes cannot exceed 6
manuscript pages and 3 figures; a page of text may be substituted for a figure and vice versa. After informal review by the editors, they may be published within
a few months of the date of receipt. Style requirements are the same as for regular contributions (see inside back cover).

Spacecraft Potential Control
by the Plasma Source
Instrument on the
POLAR Satellite

R. H. Comfort*
University of Alabama in Huntsville,
Huntsville, Alabama 35899
T. E. Moore'

NASA Goddard Space Flight Center,
Greenbelt, Maryland 20771
P. D. Craven?

NASA Marshall Space Flight Center,
Huntsville, Alabama 35812
C.J. Pollock®
Southwest Research Institute, San Antonio, Texas 78284
F. S. Mozer!

University of California, Berkeley,
Berkeley, California 94720
and
W. S. Williamson™*

Hughes Research Laboratories, Inc.,
Malibu, California 90265

Introduction

T is increasingly recognized that the low-energy core plasma is

a critically important part of magnetospheric plasma transport,
yet this plasma cannot be accurately measured from spacecraft at
potentials much different from that of the ambient plasma. In low-
density regions such as the polar cap and lobes, spacecraft charge
positively, excluding core ions from the spacecraft and accelerat-
ing core electrons so much that their velocities cannot be measured
with any accuracy. In regions of high electron pressure and tem-
perature, spacecraft charge negatively, excluding the ambient core
electrons and accelerating the core ions so much that their veloc-
ity cannot be accurately measured. Plasma contactors have been
used on a number of spacecraft operating in low-plasma-density
regions to prevent charging of spacecraftto high potentials, partic-
ularly when exposed to high fluxes of energetic particles. This con-
cern has prompted extensive studies by NASA! for use of plasma
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contactorson the internationalspace station, where solar arrays may
significantly affect the spacecraftpotential>~* The Japanese/NASA
Geotail spacecraft has also successfully employed active potential
control to enable the observation of low-energy-plasma particles.’
The Plasma Source Instrument (PSI), a vitally important part of the
Thermal Ton Dynamics Experiment (TIDE), corrects both positive
and negative charging problems through the emission of electrons
and xenonions as needed to regulate the potential to near that of the
ambient plasma.

This Note has three purposes. The first is to demonstrate that PSI
is effectivein controllingthe spacecraftpotentialto low positive val-
ues, thereby permitting observations of low-energy plasma, which
would otherwise be unobservable. The secondis to demonstrate the
effects of PSI operation on TIDE observations and those made by
other instruments on the POLAR satellite. The final objectiveis to
present a possible physical explanation for the distortion of some
particle observations during PSI operations and thereby to provide
a basis for developing a quantitative model to compensate for these
effects.

Operational Characteristics

The TIDE-PSI complement is on board the POLAR satellite,
which is part of the U.S. International Solar-Terrestrial Physics
(ISTP) group of spacecraft making observations in the vicinity of
the Earth.%7 POLAR was launched in February 1996 into an el-
liptical polar orbit, with apogee near 9Ry and perigee near 2Rg
geocentric. Before the activation of most of the POLAR instru-
ments, PSI underwent an activation period during which operating
procedures were refined and improved. Since then, PSI has been
operated a number of times, simultaneously with TIDE, in a mode
that effectively regulates the POLAR floating potential.

The PSI is made up of ahollow cathode,anode, keeperelectrodes,
groundedshields,and a magnetic structuredesigned to enhanceion-
ization and to minimize the gas flow required. The instrument is
described in detail in Ref. 7; its function is to ionize the gas flow,
providing a medium-density plasma that will provide an electrically
conducting bridge between the ambient plasma and the satellite
and prevent differential charging between surfaces on the satellite.
Xenon is used to provide an inert-gas plasma. A saturation ion cur-
rent of 1.0 mA is obtained with a gas flow of 0.5 std cm® min~!
(0.37 pmole/s). The anode voltage can be varied through a bias
power supply. With this power supply, the cathode and keeper can
be biased relative to the spacecraft, permitting vernier control of the
spacecraft potential.

Duringone of the periodsof activationand in conjunctionwith the
Electric Field Instrument® (EFI) team, the bias voltage of the anode
was steppedfromOto —10 V andbackto 0 V and then fromOto +6 V
and back to 0 V. A second sweep to —10 V was performed to check
the repeatability of the results. The effect of these voltage ramps on
the potential between the spacecraftand the EFI booms is shown in
Fig. 1. Note that while PSI is operating at a fixed bias of —4 V, the
spacecraftpotential is quite steady at near +1.8 V, except when the
bias is being ramped to other voltages. When PSI is turned off (after
1320), the spacecraftpotentialreturnsto about+-22 V. The capability
to exert fine control over the POLAR floating potentialusing the bias
supply integral to PSI is shown in Fig. 2, which is drawn from the
data taken during the voltage ramps noted in Fig. 1. The positive
range was limited to +6 V because determination of the spacecraft
potential by EFI becomes questionable when the magnitude of this
potentialis below about 0.5 V. It is imperative to maintain a slightly
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positivepotentialto keep xenonions from returning to the spacecraft
and possibly contaminating instrument surfaces.

The PSI routine operating point has been chosen to minimize its
emission of white noise, which raises the plasma wave background
of the Plasma Wave Instrument® (PW1). This is a particular problem
in the 1-10-kHz range, as illustrated in Fig. 3, which shows data
taken during the same period as Fig. 1. At this time it is not certain
whether PSI actually emits white noise or alters the coupling of
the probes to the spacecraft and other electronic systems or some
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Fig. 1 Effect of the PSI on the POLAR spacecraft potential near
apogee. The vertical scale is the negative of the spacecraft potential.
Biases refer to changes in the bias voltage applied to PSI circuitry (see
Fig. 2). Measurements were made by the EFI on POLAR on April 15,
1996.
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Fig. 2 Effect of the PSI bias voltage on the POLAR spacecraft poten-
tial. These are the combined data from the different steps of the bias
voltage indicated in Fig. 1.
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combination of the two. Without this noise constraint, the potential
could be maintained at a lower magnitude, as long as it remained
demonstrably positive (see preceding discussion).

The PSI also affects the EFI probe measurements of low-
frequencyelectricfields. In particular, the spin-plane components of
the electric field are altered by spurious potentials of approximately
500 mV over the 100-m tip-to-tip separation, as shown in Fig. 4.
Though somewhat contrary to the expectation of a reduced sheath
thickness with PSI operating, the existence of residual electric fields
of small amplitude is a natural consequenceof localized charge sep-
aration in the plasma plume near the spacecraft, as discussed later.

Science Results to Date

The POLAR spacecraft can float as much as 40-50 V positive
during passes over the polar cap, as shown in Fig. 5. PSI opera-
tions drastically change this situation, stabilizing the potential at
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Fig. 4 Electric field measurements from the EFI on April 18, 1996. A
small change in the electric field is clearly evident when the PSI turns
on at 2134.
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Fig. 3 PWI frequency spectrogram for the same time period as Fig. 1. The PSI is on from about 1147 to 1324. Effects of the PSI are seen especially

in the middle-frequency range of 1-10 kHz.
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Fig. 5 Spacecraft potential for a 24-h period on April 9, 1996, with-
out the PSI operating, as measured by the EFI. The negative of the
spacecraft potential is plotted. The spacecraft potential is at a mini-
mum (<1 V) near perigee (where ambient current densities are highest)
and at a maximum (>35 V) near apogee (where ambient current densi-
ties are lowest). Both apogee and perigee are over the polar caps, where
ambient plasma densities are generally low.
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Fig. 6 Spacecraft potential for a 24-h period on May 20,1998, with the
PSI operating, as measured by the EFI. This figure may be compared
with Fig. 5, which displays the same potential range. In this pass, perigee
occurs just before 1200, where ambient current densities are seen to
overcome the effects of the PSI. Small positive spikes appear to occur
where variable populations of energetic particles are encountered.

+2.4£0.13 V. Figure 6 demonstrates how well PSI clamps the
spacecraft potential over the course of a complete day (more than
a complete orbit). Typically, the potential is clamped quite closely
around apogee, where densities are very low and there is little vari-
ability. The only place where the spacecraftpotentialbecomescloser
to zero is near perigee, where ambient plasma current densities are
higher. The most pronounced deviations (in the positive direction,
typically remainingless than 5 V) occur with encountersof energetic
particle populationsin auroral regions; these are brief excursionsto

which the PSI adjusts once conditionsbecome steady. The £0.13-V
uncertainty noted earlier is the standard deviation of the variability
of the spacecraftpotentialin Fig. 6 over the period displayed.

With the PSI running, the TIDE is able to observe high-Mach-
number, field-aligned flows that extend throughout the polar cap, as
shown in Fig. 7. It turns out that these flows have energies in the
range of tens of electron volts in the case of H+, somewhat higher
for heavier species, and with a downward trend from dayside to
nightside.'” In this example, substantial fluxes of field-aligned H+
with energiesbelow 10 eV are evident; without the PSI, these would
be unobservable, as is generally the case over the polar cap when
the PSI is not operating. This is evident when the PSI is turned off
just after 2300; the particle population below 40 eV is no longer
visible.

The disturbance of the electric field sensed by the EFI indicates
that operation of the plasma source disturbs the sheath electric field
around the spacecraft, introducing a field that will deflect low-
energy particles to some degree as they approachit. The preceding
plasma flow observations indicate a high-Mach-number, magnetic-
field-aligned flow that bears little evidence of any strong deflections
by the disturbed spacecraft sheath and is loosely consistent with a
purely radial sheath field. Nevertheless, we know from the EFI mea-
surements that the electric field around the spacecraft is disturbed
by PSI plasma emission, and it is essential to assess the magnitude
of this effect on the particles being observed.

Sheath Model

The TIDE-PSI team is in the process of developing a quantita-
tive model of the PSI sheath that will provide the three-dimensional
potential associated with the PSI plasma plume.!'! In the absence of
quantitativeresults, it is useful to consider the characteristicsof the
model, using the EFI measurements to provide a quantitative nor-
malization sufficient to assess the magnitude of particle deflections.
The physical model described next is intended to aid understand-
ing of the anisotropy detected in the potential structure around the
spacecraft and to provide an independent, qualitative check on the
detailed numerical model thatis under development.It will also help
guide the scale requirements for how large the model space must be
to include all of the significant physical processes.

The basic physical model of the disturbed sheath is illustrated in
Fig. 8, which shows two schematic views of the POLAR spacecraft
at different scales. The left-hand panel is a view along the local
magnetic field with the spin axis directed toward the left, whereas
the right-hand panel is a somewhat zoomed-out side view of the
spacecraft with the local magnetic field oriented from left to right.
The essentialfeaturesof the potentialdistributionnear the spacecraft
can be understood as a cleavage of the electrons from the ions of
the PSI plasma emission. The source electrons have gyroradii with a
distributionthat peaksin the vicinity of 30 m, whereas the xenonions
have a distribution that peaks around 20 km. Thus, in the vicinity
of the spacecraft, there is a region of positive space charge that is
spread very broadly above the plasma emission direction in this
view, whereas there is a region of negative space charge that is
centered below the plasma emission direction and in the vicinity of
the EFI probe that is most nearly perpendicularto the local magnetic
field at any given time.

After separating, the PSI-emitted electrons and ions depart from
the spacecraft vicinity along the magnetic field, merging back to-
gethersoas toformanearly neutralizedcolumnovera distance scale
that is unknown, then conforming to whatever plasma flow and drift
are presentin the flux tube. This is illustrated in the right-hand panel
of Fig. 8. Clearly, a region exists in which ions are deflected in the
sense illustrated.

Based on the EFI electric field observations, we can estimate
the magnitude of the potentials near the spacecraft. Because the
EFI booms are roughly an electron gyrodiameter away from the
spacecraft, the probe on the electron side of the spacecraftis bathed
in the largest space charge concentration anywhere in the disturbed
sheath. Because the xenon gyroradiusis so much larger, the positive
space charge is relatively diffuse, and there is little space charge in
the vicinity of the probe on the ion side of the spacecraft. Thus the
500 mV from tip to tip is largely concentrated on the electron side
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Fig. 7 TIDE spectrogram for the apogee portion of the pass on April 19, 1996. During the pass, the PSI is turned off at 2303, after which ions with
energies below 40 eV are no longer seen. (Between 2102 and 2104 the TIDE is in a calibration mode.)
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of the spacecraft, and we can infer that the negative space charge
concentrationon that side of the spacecraftleads to a local potential
on the order of 500 mV relative to the spacecraft.

This being the case, a criterion for vanishing deflection of the
particles is that they have energies of greater than about 10 times
the value of 500 meV. Thus, 5-eV and higher-energy particles are
relatively unaffected by the disturbed sheath, except that they do,
of course, lose (or gain) about 2 eV of energy upon approach to the
spacecraftin the case of the ions (or the electrons). Clearly, we have
no reason to expect that the high-Mach-numberion flows observed
by the TIDE should be significantly deflected by the PSI sheath dis-
turbance. On the other hand, the ambient electrons accompanying
these ion flows have much smaller flow energy, larger thermal ve-
locity, and lower Mach number. Clearly, the core electrons below
5 eV (~7-eV measured energy) should exhibit detectable effects of
deflection in these disturbed sheath fields. Subtle departures from
electron gyrotropy may be observed at somewhat higher energies
as well. These values can be used to interpret the observations from
the TIDE as well as otherinstruments and to guide numerical model
development to gain a quantitative understanding of the details of
the potential structure. This model can in turn be used to develop
empirical expressions to compensate for the effects of the PSI on
observations of the natural environment.

Conclusions

Observationsclearly demonstrate that the PSI has had the desired
effect on the TIDE measurements: Low-energy ions that would oth-
erwise be unobservableare seen. Equally clear is that the PSI mod-
ifies the sheath structure around the POLAR spacecraft in ways
that also affect measurements made by other instruments, such as
the PWI and the EFI. This implies thatit will also have quantitative
consequencesfor the TIDE observations.The EFI observationssug-
gest that the TIDE core ion measurements will not be significantly
affected unlession energies are much less than 5 eV. Core electrons
are more affected by the PSI sheath, and at lower outflow speeds
the ions will also be influenced, requiring a better understanding
of the sheath. A physical model has been presented that explains
qualitatively the origin of the anisotropy found in observations with
the PSI operating. This model can be used to guide the develop-
ment of a detailed and accurate numerical model, which in turn can
be used to develop modifications to the analysis to compensate for
the PSI effects. The best understandingof the PSI sheath will come
from synoptic operations of the PSI and dedicated analysis of the
complete POLAR plasma data set.
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Computational Prediction
of Pitch Damping
for Supersonic Blunt Cones
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Nomenclature

pitching and side moment coefficients,
respectively, (moment)/ én pV2D?
C, = individual pitch damping coefficients: the rate of
change of C,, with ¢ and «, respectively
C,,, = pitch damping coefficient sum
= pressure coefficient, (pressure)/%p V2— 2/(y M?)
= projectile diameter, m
freestream Mach number
= spin rate of body nondimensionalizedby 2V /D
= transverse angular velocity of body
nondimensionalizedby 2V /D
= Reynolds number based on D
freestream temperature, K
= freestream velocity, m/s
= coordinate distance from (blunt) nose tip along
body’s longitudinal axis in D
axial location of center of gravity of body from
(blunt) nose tip in D
= angle of attack, deg
= rate of change of o with respect to time
nondimensionalizedby 2V /D
= side slip angle, deg
= gas constant for air (1.4)
= freestream density, kg/m?
= angular rate of noninertial coordinate frame about
inertial frame, nondimensionalizedby 2V /D
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