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This research presents a new mathematical model characterizing the negative potential electrical charging
behaviorof large spacecraft in low Earth orbit that are actively collecting charge, such as part of an electrodynamic
tether system. The analysis was carried out to identify signi� cant plasma current sources affecting steady-state
spacecraft charging using data from the tethered satellite system missions. During both tethered satellite missions
(Aug. 1992 and Feb. 1996), Space Shuttle Orbiter charging was lower than expected. The current collected by
the Orbiter greatly exceeded premission predictions based on thin sheath, ram-dominated current collection. Our
investigation revealed that the tethered satellite deployer boom was conducting and was grounded to the Orbiter
providing a signi� cant current path from the plasma. Modeling results suggest that the plasma sheath signi� cantly
augmented the ram current collected by the main engine nozzles and the satellite deployer boom by expanding the
effective current collecting area.

Nomenclature
Ay = area associated with surface y, m2

itether = tether current, A
jB = Bohm-corrected � ux across the sheath edge, A m ¡ 2

jram,i = ram ion current � ux, A m ¡ 2

jtherm, y = thermal current � ux for species y, A m ¡ 2

m i = ion mass (O+ ), 2.678 £ 10 ¡ 26 , kg
n y = particle density of species y, m ¡ 3

q = electron charge, 1.602 £ 10 ¡ 19, C
RT = total resistance of the tether Rtether and loads Rload in

the circuit, X
ry = radius of object y, m
tsh = sheath thickness,m
v y = thermal velocity of species y, m s ¡ 1

VTVMDC = measured tether voltage, V
vorb = relative velocity between the Orbiter and ambient

plasma, » 7300, m s ¡ 1

C sh = thermal current � ux jtherm at the sheath edge
(i.e., where ni =ni, sheath), A m ¡ 2

²0 = permittivity of free space, 8.854 £ 10 ¡ 12 , F m ¡ 1

u EMF = plasma potential difference between tether
endpoints, V
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u orb = orbiter potential with respect to local plasma, V
u sat = satellite potential with respect to local plasma, V

Subscripts

i , e = O + ions and electrons

Introduction

N ASA’S proposal to use large low-Earth-orbit(LEO) spacecraft
as scienceand engineeringexperimentplatformsmotivatedthe

need to understandand characterizethe electrical charging and cur-
rent collection of the Space Shuttle Orbiter and the International
Space Station. This study evaluated the negative potential electrical
chargingresponseof the Orbiter and the resultingcurrentcollection.
The approachwas empiricalin naturebecauseof “the lack of reliable
quantitative predictions prior to the TSS-1 mission.”1 We present a
new model for current collection by the Space Shuttle Orbiter de-
rived from an analysis of tether voltage and current measurements
made during the tethered satellite system (TSS) missions. Discrep-
ancies between these measurements and the charging induced po-
tentialspredictedprior to � ight were used to developthe new current
collection model that closely matched the mission results.

Although the study of spacecraft charging to date has resulted
in well-de� ned criteria for engineering design and has aided scien-
ti� c data interpretation, there remains signi� cant unpredictability
in spacecraft electrical response when the knowledge is applied to
speci� c spacecraft.2 ¡ 5 Furthermore, the electric potential of large
spacecraft such as the Orbiter and the proposedspace station can be
affected by complicated external and internal phenomena. Ambient
plasma � ow disturbancesas well as spacecraftsurface materialsand
geometriespresent signi� cant challengesin predictingthe electrical
responseof large spacecraft.5,6 Even the measurementof spacecraft
potential remains inherently dif� cult and requires careful attention
to 1) the references with respect to which potential is measured, 2)
the effects of the spacecraft attitude and probes on measurements,
and 3) the presence of speci� c materials and differential charging.
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Consequently,spacecraftcharginganalysis techniqueshave evolved
incrementally with careful iterations between theory, simulations,
and experiments.

The TSS missions provided perfect opportunities to address
steady-statechargingof the Orbiterusingactivecollectionof plasma
current and a tethered satellite as a remote plasma potential refer-
ence. Previous studies of spacecraft charging lacked such an undis-
turbed or reliable plasma potential reference.TSS precursor � ights
had investigated system issues, instrumentation, and the physics
of tether-plasma interactions.7 The TSS missions were reviewed
pre� ight,8 and the instrumentation and scienti� c goals have been
described comprehensively.8 ¡ 10

This paper presents the results of this study and extends disserta-
tion researchpursuedby one of the authorsduring the TSS project.11

The experiment and methodologyused to analyze Orbiter charging
are described,and comparisonsbetween measured data, premission
models, and a new postmission current collection model are pre-
sented. The analysis used in developing the new Orbiter current
collection model is discussed.

Experiment Description and Measurements
The TSS missions were launched on 31 July 1992 (TSS-1) and

22 February 1996 (TSS-1R) and � ew in 300-km circular orbits at a
28.5-deg inclination. During TSS-1 (TSS-1R), an electrically con-
ductive, 1.6-m diam satellite was deployed to a distance of 268 m
(19.7 km) above the payload bay of the Space Shuttle Orbiter
Atlantis (Columbia). The satellite was connected to the Orbiter via
an electricallyconductinginsulatedtether.The eastwardorbitalmo-
tion of this system through the geomagnetic � eld induced an emf
that could drive current along the tether and that resulted in currents
up to » 30 mA during TSS-1 and 1.1 A during TSS-1R. The Orbiter
charged negatively to potentialswith respect to the ambient plasma
of up to » ¡ 60 V and ¡ 600 V, respectively.12,13

Tether current and potential differences between the tether and
Orbiter were recorded by the shuttle electrodynamic tether system
(SETS) with the tether currentand voltagemonitor (TCVM) located
in the payload bay of the Orbiter. The TCVM made highly accurate
measurementsof the inducedpotentialusing the tethervoltagemon-
itor (TVMDC), a high-impedance, low-pass � ltered (128 Hz) volt-
meter. During TSS-1, TVMDC was sampled with 16-bit resolution
at 360 Hz and averagedto 24 Hz. On TSS-1R, the sampling rate was
reduced to 192 Hz but otherwise remained the same. Tether current
couldbemodi� edby switchingvariousresistiveloadsinto thecircuit
and was measuredusing the TCVM’s tethercurrentmonitor(TCM),
a Hall effect current sensor, sampled with 16-bit resolutionat 24 Hz,
and through which the tether itself was routed. A full descriptionof
the SETS experiment and operations is given by Aguero et al.14

For the analysisof TSS-1R data, potentialsmeasuredby the Shut-
tle Potential and Return Experiment (SPREE) were also used to ver-
ify predicted Orbiter potentials. The core elements of SPREE are
two nested, triquadraspherical electrostatic analyzers (ESAs) that
simultaneously recorded � uxes of electrons and ions with energies
between 10 eV and 10 keV over a 100 £ 8.5 deg angular fan.15

Spectra were taken at a rate of 8 s ¡ 1 in 32 channels logarithmically
spaced in energy. The 100-degdimension of the angular fan was di-
vided into 10 zones of 10 deg width, designated0 through9. Ion and
electron spectra were measured independentlyin each zone. Zone 0
had its lower edge 5 deg below parallel to the base of the ESA units,
while zone 9 looked 5 deg beyond orbiter zenith. The ESAs, desig-
nated A and B, were mounted on rotary tables that turned 6 deg s ¡ 1

and were synchronized so that both ion and electron spectra were
sampled over a solid angle of 2 p sr every 30 s. To ensure unsatu-
rated measurementsduringelectronbeam operations,the geometric
factorof ESA B was set » 100 times smaller than that of ESA A. Be-
cause the data in this study do not involve electronbeam operations,
we use only data from ESA A. The aperture planes of both sensors
were groundedto the orbiter frame. The orbiter’s potential u orb, with
respect to the local plasma, was determined from spectral peaks in
ion � uxes measured by SPREE.12 When the satellite potential u sat,
with respect to the local plasma was measured, the orbiter potential
inferred from Ohm’s law agrees with SPREE determined values to
within measurement uncertainties.13,16

a) b)

Fig. 1 Schematic representation of a) TSS low-impedance mode of
operation and b) TSS high-impedance mode of operation.

Orbiter charging could be studied in either a low- or a high-
impedance mode. In the low-impedancemode electrical contact be-
tween the tetherand theendbodiesallowedtheavailableemf to drive
a current in the tether and between the plasma and end bodies. In
this mode, depicted in Fig. 1a, the satellite collected electrons from
the ionosphere, which were driven down the tether and balanced
by current collection at the Orbiter. Current � owed through a load
resistor within the TCVM to the Orbiter frame. In high-impedance
mode the tether remained electrically isolated by a high-impedance
load placed between the tether and the Orbiter. The satellite served
as a reference potential from which the induced tether voltage was
measured using the TVMDC circuit as a high-impedancevoltmeter
as depicted in Fig. 1b. The system then allowed negligible tether
current � ow, and each of the spacecraftwas approximatelyat its lo-
cal plasma potential.17,18 The resulting voltmeter output was a sum
of the potential induced by the motional emf, any offsets caused by
charging, and any superimposed ionosphericelectric � elds.11,18 ¡ 21

Data acquired during the low-impedance operating mode were
selected for this study because of the high potentials that resulted
from the � ow of tether current. At the Orbiter tether current was
balanced either by the collection of positive ions from the iono-
sphere (predominantly O + ions), the emission of electron beams
from electron guns on the Orbiter, or secondary electron emission
caused by ion impingementon Orbiter conductingsurfaces. During
most of the deployed phase of both TSS missions, the Orbiter was
oriented with its largest conducting surfaces, the main engine noz-
zles, facing the ram direction. When electron guns were not � ring,
Orbiter charging occurred when the ram ion � ux was smaller than
the tether current.

Orbiter electrical potential was computed from the tether cur-
rent and voltagemeasurements.Accurate knowledgeof the induced
emf, the tether potential drop, satellite potential, and other voltage-
inducing effects makes it possible to compute the Orbiter potential
by solving for the TSS circuit potential distribution. In the dc mode
of operation, the TSS circuit can be reduced to a relatively sim-
ple equivalent circuit that replaces the complexity of the electrical
responseat each endpointof the system by a voltage-controlledcur-
rent source (cf. Fig. 1). Potential distribution in the system while
operating in this mode and assuming ion current collection by the
main engine bells was addressed.17 The ionospheric impedance as-
sociated with the plasma contact at each end body had previously
been considered and was found to be negligible.22,23

Treating the complex endpoint plasma contacts as nonlinear cur-
rent sources, it is possible to write a simple circuit equation for the
system. The result is described by Ohm’s law involving the sum
of the voltages around a closed circuit. Assuming negligible iono-
spheric impedance and negligible ambient electric � elds (typically
smaller than 5 mV/ m),21 the equation is

¡ u orb ¡ u EMF + itether RT + u sat =0 (1)

where RT = Rtether + Rload representsthe total resistanceof the tether
and loads in the circuit. The polarity of the current sourceshas been
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chosen such that, when their voltages are positive, electrons are
attracted from the plasma (or ions move to the plasma).

The Orbiter negativepotentialcan bequanti� ed by using the mea-
sured tether current itether and voltage VTVMDC. With the substitution
VTVMDC = ¡ u EMF, Eq. (1) can be rearranged to give the equation

u orb =VTVMDC + itether RT + u sat (2)

The motionally induced emf was determined by a linear interpo-
lation across data from high-impedanceperiods (negligible current
� ow) surrounding intervals of tether current � ow. This approach
leads to small errors as a result of the slowly varying nature of
the motionally induced emf and the low level of other volt-
age noise sources such as naturally occurring ionospheric electric
� elds.11,14,19 ¡ 21

The value for RT used for TSS-1 was 2.0 kX and for TSS-1R
estimatedat 1.8 k X (Refs. 16 and 24). The greatestcauseof variation
in the tether resistance between TSS-1 and TSS-1R resulted from
the variationwith temperatureof 8 X /±C. The 2.0 k X value used for
TSS-1 data analysis is within 3% of the maximum and minimum
expected because the TSS-1 tether remained mostly on the tether
reel and in a well-controlled temperature range within the Orbiter
payload bay.25 The value of 1.8 kX used for TSS-1R is an average
of the value encountered with short deployments and the smallest
TSS-1R value resulting from cold operations at full deployment.
For any given TSS-1R charging event, the resistance variation was
mostly driven by temperature differences between day and night
periods, and the 1.8 kX value lies within 10–13% of the extremes
determined from measurements of tether current and voltage.26

For the TSS-1 deployment of 268 m, the tether current rarely
became large compared to the satellite thermal current, and thus
u sat ¼ 0 (Refs. 14 and 27). Consequently,the satellite generallycol-
lected whatever current could be balanced at the Orbiter end of
the system. For the TSS-1R data used in this study, satellite po-
tential was measured with a satellite-based Langmuir probe,28 and
SPREE measurements of Orbiter potentials were compared with
Orbiter potentials computed from tether measurements.13,16 Data
were also selected for events with 1) no active electron gun opera-
tions, 2) no thruster � rings or signi� cant perturbationsfrom Orbiter
activity such as water dumps, and 3) available plasma density mea-
surements. Satisfying these criteria eliminated more than half of
the TSS-1 negative charging events. The greatest limitation was the
intermittent measurements of plasma density, which in many cases
left undetermined a primary independent variable affecting Orbiter
charging. Events involving electron gun and thruster � rings were
not considered because of the ambiguity in specifying how these
activities affected current collection.29

Before attemptingto understandcurrentcollectionby the Orbiter,
it is useful to establish that the charging data are consistent with
Ohm’s law. Figure 2 shows a plot of the inferred Orbiter potential
vs density for the TSS-1 data used initially to derive the model
described in this paper. The charging induced Orbiter potential has
greater magnitude at lower density, as expected, because at lower
densities greater electrical potential is needed to collect the ions
balancing the tether current arrivingat the Orbiter. At high densities
the potentialremains low becausethe ram ion � ux equalsor exceeds

Fig. 2 Inferred Orbiter potential vs the plasma density during TSS-1.

the tether current. In addition, the potential for each point plotted
in Fig. 2 has a smaller magnitude than the emf across the system.11

The Orbiter potential being less than the emf available is consistent
with the fact that the emf is distributed across the tether and sheath
drops and represents an upper bound on possible charging induced
potential when no electron guns were � ring.

Analysis and Results
Prior to the TSS missions, it was believed the tether current in

the simple operating modes and over the range of orbiter potentials
discussed here would be approximately equal to the Orbiter’s ram
current collection.17 Because of the Orbiter’s limited ability to col-
lect ion current,itether wouldbe small and most of u EMF would appear
as high values of u orb. Data from TSS-1 disproved this conjecture
and motivated this new study of current collection at the Orbiter
to determine how the measured tether current was balanced. This
analysis was carried out in three steps: 1) TSS-1 measured currents
were compared against predictions from the premission models, 2)
a new numericalmodel for Orbiter currentcollectionwas developed
to resolve discrepanciesbetween measured and modeled tether cur-
rents, and 3) new model predictions were compared with TSS-1R
measurements.

Pre-TSS Models
Although speci� c examples of negative Orbiter charging have

been documented,14,19,20 an attempt to characterize Orbiter charg-
ing using TSS-1 data was only recently presented.11 Because of
the mesosonic nature of the Orbiter’s motion with respect to the
plasma, the ram ion current was identi� ed as the primary source
balancing the tether current17 and was collectedby an effectivearea
of » 25 m2 (Refs. 19 and 30). Consequently,pre-TSS-1 modelswere
based on the assumption that ion collection at the Orbiter was dom-
inated by the ram ion contribution.19,30 Prior missions dealt primar-
ily with electron collection.Effective collecting areas derived from
those results did not apply to ion collectionunder negativecharging
conditions.31

This effective collection-areamodel assumed that ion collection
would not be enhanced signi� cantly by the low magnitude poten-
tials encounteredduringTSS-1. Hence, thecollectingarea remained
� xed over the entire range of potentialsused in this study. This area
was, in fact, larger than the ram projected area of the Orbiter’s
main engine nozzles, which is 15.3 m2 (Ref. 11). As a result, this
approach underpredicts current collection at higher potentials and
overpredicts at lower potentials. The assumption of negligible cur-
rent collection increase with increased electricalpotential is not ac-
curate even at the level of tens of volts encountered during TSS-1.
A model was needed that re� ected the observed current collection
increase with increasing charging induced potentials.

A-96 Model Development
Increased current collection with increasing potential showed a

trend similar to that expected for a growing sheath. Thus a new
model must allow for a plasma sheath that increased the effective
collecting area.1 Figure 3 shows a schematic representation of the
sheath structure around an Orbiter engine nozzle. Ram ions enter-
ing the sheath are collected as a result of their trajectories being
de� ected by the sheath attractive potential. A consideration of the
sheath thickness at higher spacecraft potential and the separation
between main engine nozzles of ( » 0.2 m) suggested that a simple
computation would overpredict the collecting area as a result of

Fig. 3 Schematic representation of the sheath structure around an
Orbiter engine nozzle.
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sheath overlaps. In fact, not accounting for the overlap results in an
effective current collecting area that increases at a rate even faster
than that observed in the TSS-1 data. Successful modeling thus re-
quired an accurate area calculation avoiding the multiple counting
of overlapping sheath regions around the engine nozzles.

Although the trend shown by the sheath-augmented model was
closer to the measurements than � xed area models, the predicted
currents still did not grow at observed rates. This exercise demon-
strated, � rst, that at potentials less than » ¡ 5 V, the collecting area
was » 15.3 m2. At low Orbiter potentialssheath thickness remained
small compared to the size of the main engine nozzles and con-
tributed little added current collection.Second, the sheath thickness
grew as the Orbiter potential rose to increase current collection.
However, accounting for engine nozzle sheaths alone did not in-
crease current collection at a rate comparable to that shown in the
data. The model must account for additional current collection but
not contradict the low-potential ram collecting area of the engine
nozzles, » 15.3 m2.

Thesediscrepanciesled to a reevaluationof theassumptionsabout
Orbitercurrentcollectingareas and sheathgrowth.Mechanismsthat
increase ion current collection but do not add additional ram pro-
jected area include thermal collection to other conducting surfaces
on the Orbiter, photoemission, and impact ionization. Of these, all
but thermal collection were ruled out because of the low yields at
TSS-1 velocities and charging levels.3 Two possible thermal col-
lection issues were considered: 1) the magnitude of the thermal
collection contribution to the engine nozzles and 2) the possible
existence of additional current collecting areas.

The ion thermal current contributionremains quite small because
the thermal � ux is only about 4% of the ram � ux to a given surface
area, that is, jtherm,i = 1

4
ni j vi j q is only 4% of jram,i =n i vorbq , or

jtherm, i / jram,i ¼ 0.04. As a result, even though the nozzle exterior
surface area of » 54.5 m2 is larger than the ram projected nozzle
area of » 15.3 m2, the area ratio Atherm / Aram ¼ 3.56 results in the
thermal � ux contributing less than 15% of the total current col-
lected. Careful study of the Orbiter revealed only a few square me-
ters of conducting surface (payload bay vent grills, small thruster
nozzles, and conducting payload blankets) that were not included
in the premission models.11 Hence, the thermal contribution to the
current balance could never be comparable to the ram contribution
nor account for the large increase in collection area shown by the
TSS-1 data at the higher Orbiter potentials.

This remaining discrepancy between the modeled and observed
current collection led to the discovery that the satellite deployer
boom had a numberof exposedconductingsurfaces.Figure 4 shows
the deployerboomduringtesting.During themissions,this structure
protruded radially outward from the shuttle payload bay approxi-
mately 12 m. The width of the boom lattice is » 0.45 m, whereas
the longerons themselves are » 1 cm thick. The vertical longerons
of » 11.5 m length are aluminum with a conducting irridite surface.

Fig. 4 Satellite deployer boom assembly during a ground test. The
boom is a space lattice structure consisting of vertical aluminum
longerons and various battens interconnecting the longerons for sup-
port and was mounted on the pallet installed in the Orbiter payload
bay. (Courtesy of AEC Able Engineering.)

The diagonal elements in the lattice are conducting steel tension
wires. The horizontal battens that divide the boom into bays alter-
nate between conducting aluminum and nonconducting � berglass.
These battens are attached to the longerons with aluminum � ttings
at slip joints using steel pins. Discussion in 1995 and 1996 with
the contractor responsible for the deployment subsystem suggested
that a conducting path existed along the full length of the boom to
Orbiter ground. This had been overlooked in conducting material
assessments because the boom contained a signi� cant number of
nonconducting elements and a grounding strap that ran down the
inside of the boom between the top end (known as the Tip Can)
and the lower deployer mechanism. The ground strap was there to
meet ground-path electrical speci� cation requirements, not to en-
sure a conducting path. Tests performed after the TSS-1R mission
provided a deployer boom tip can to Orbiter resistance of » 33 X .

This discovery suggested that the deployer boom provided the
missing current collecting surface with characteristics consistent
with the conclusion that the main engine nozzles dominated col-
lection by ram-facing conducting area. The boom structure added
negligible ram collecting area at very low potential, yet provided a
large surface along which a sheathcouldaugmentcurrentcollection
as the charging induced potential increased in magnitude. Because
of its lattice structure, the boom contribution to the ram-projected
conductingarea was a mere » 0.2 m2. However, as the sheath thick-
ness increased, the effective current collecting area of the boom
would have increased rapidly because of the long conducting sur-
faces along which the sheath could develop.

Approximately9 m of the 12-mboomlengthwere exposedto ram
plasma � ow, providing a conducting frame with an edge of » 18 m
along which a sheath could develop. The boom edge represented
a conducting surface even longer than the combined nozzle end
circumferencesof themain engines,which totaled » 15 m. This does
not include theboominterior,which at lowchargingmagnitudes� lls
as the sheath grows and adds an additional,but smaller contribution
to the effective collecting area. Hence, while adding negligible ram
collecting area, the sheath-augmented collecting area represented
by the boom longerons was » 1.2 times that represented by the
main engine bells, and over the range of TSS-1 charging levels was
a faster growing contribution to the collecting area than the main
engine nozzle sheaths.

An improvedcollectionmodel incorporatingthesemeasurements
was developed (referred to as A-96) that showed marked improve-
ment in matching the TSS-1 tether currents.11 The A-96 current
collection model accounts for ram, sheath, and thermal currents to
conductors and avoids multiple counting in the overlapping sheath
regions between boom lattice members and between the Orbiter’s
main enginenozzles.The boomsheathcollectionmore than doubled
the effective current collection area for the higher TSS-1 Orbiter
potentials. Furthermore, the total thermal current contribution in-
cluded in A-96 added another 15%. The resulting conclusion was
that a sheathdependenceinvolvingcontributionsfrom the boomand
nozzles (i.e., Aboom,sh and Anozzles ) accounted for the majority of the
ion current collection.

The main contributions to the ram-projected current collecting
area in A-96 are de� ned by the equation

Aram = Anozzles + Aboom, ram + Aboom,sh (3)

where Aboom, ram =0.2 m2, Aboom,sh =18tsh, and Anozzles is givenbyan
expressionfor the nozzlesheatharea that doesnot countoverlapping
sheath regions. The expression for the ram projected nozzle area is

Anozzles =3 £ p (rm + tsh)2 + 2 £ p (ro + tsh)2 ¡ Aoverlap (4)

where rm and ro are the three space shuttle main engine (SSME) and
two orbital maneuvering system (OMS) engine nozzle radii and tsh

is the sheath thickness. Details of this overlap area computation
are provided in Aguero (whereas simple geometry, the accurate
calculation, requires multiple pages to describe).11

The equation de� ning the sheath thickness tsh is

tsh = 2
3

q
(2/qm i )

1
2

¡
²0V

3
2 / jB

¢
(5)
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Fig. 5 Ratios of TSS-1 tether current normalized by A-96 predic-
tions ( ) and Orbiter ram current ( ). Measurement uncertainty is
bounded by the dashed line.

where V = j u orb j and jB =1.53C sh is the Bohm-corrected thermal
� ux across the sheath edge (Ref. 11, Appendix A). The conducting
surfaces included in A-96 are the Orbiter engine nozzles, payload
bay vent-grills, payload bay conductingblankets, and payload con-
ducting surfaces. In the TSS-1 Orbiter attitude these yield » 16 m2

of the conducting surface exposed to the ram currents and » 62 m2

of the conducting surfaces exposed to thermal currents. The basic
model assumptions are that 1) all ram ions entering sheaths are
collected, 2) at low-charging magnitudes secondary emissions are
not signi� cant, and 3) photoemission current density » 10 ¡ 5 A/m2

contributes negligibly to the daytime current balance compared to
measured tether currents.11,12

Figure 5 shows two representations of tether currents measured
during TSS-1 plotted as a function of u orb. The upper set of points,
representedby opencircles,shows measured tethercurrentsnormal-
izedby ram currentsto the Orbiter11 usingthe15.3 m2 ram-projected
nozzle area. These points show that current collection at higher po-
tential magnitudes was up to 3.5 times larger than the simply com-
putedram currentlevels.The lower set of points shows themeasured
tether currents normalized by the A-96 predictions for currents to
the Orbiter.Whereasdeviationsfroma ratio of 1 remain between the
A-96 predictionsand the measured tether currents, thesewere found
to be uncorrelated with other variables or mission operations. The
dashed lines in Fig. 5 representthe maximum range that results from
an estimated §20% uncertainty in measured plasma densities.32

A-96 Model Comparisons to TSS-1R Data
To compare TSS-1R data with A-96 predictions, a simple cosine

projectionof theconductingarea to the ram directionwas adoptedto
compensatefor Orbiter pitchvariationsof up to 40 deg that occurred
during TSS-1R. The Orbiter pitch-induced shadowing of payload-
bay conductors from the ram plasma � ow was also accounted for
by a cosine projection into the payload bay of the aft payload bay
bulkhead. This adjustment proved necessary because the Orbiter
pitch could reduce the projected sheaths and conductingareas by as
much as 20%.

To extrapolate to higher charging induced potentials than
achievedduringTSS-1, theequationprovidedbyParker’s analytic� t
to the Bohm-corrected Child–Langmuir sheath thickness is used.33

{Parker’s result is an analytic � t between the Child–Langmuir � at
plate and spherical sheath results allowing extrapolation to sheath
thickness values greater than would be justi� ed with only the � at-
plate result. Parker’s analytic � t is given by the equation

tsh =r0

h
1
2

+
p

1
4

+ t0 / r0 + 0.052(t0 / r0)H (t0 / r0 ¡ 0.2)
i

(6)

where r0 is the radius of the object, t0 is the sheath thickness as
computed using the thermal � ux at the sheath edge (C sh), and H (x)
is the unit step functionwith H =0 if x < 0 and H =1 if x > 0. This
expressionis valid to sheaththicknessessuch that t0 ·19r0 (Ref.33).
In the case of the main engine nozzles, using a radius of r0 =1.2 m,
this expression is valid for sheaths less than 22.8 m in thickness.}

Figure 6 shows tether currents measured during TSS-1R plotted
as a function of u orb. The data are normalized by the A-96 pre-
dictions for currents to the Orbiter using the numerically computed

Fig. 6 Ratios of TSS-1R tether current normalized by A-96 predic-
tions.

sheathand conductingsurfaceareas alreadydescribed.At the higher
TSS-1R charging levels, the sheath for both nozzles and deployer
boomfullyencompasseseachstructure;hence,theboomsheathcon-
tributes to sheath area growth at a rate similar to the nozzle sheath.
Again, the dominant uncertainty derives from errors in measured
plasma densities, as indicated by the dashed lines. A good match
is obtained between the model and data at low Orbiter potentials
and even with one data point at ¡ 600 V. However, the discrepancy
between the data and model increasesslightlywith increasing j u orb j .
The second data point at ¡ 600 V, labeled Break, was taken in the
9 s prior to the tether break when the itether approached 1 A and
u orb ¼ ¡ 600 V (Refs. 13 and 34). At the time of the break, the Or-
biter was able to collect >9 times more current than predicted by
A-96. This event was unique in TSS operations and involves dif-
ferent current generation physics.35 The agreement shown in Fig. 6
for the Orbiter current collection extends over a surprisingly large
range even though the Orbiter potentialsare three to six times those
of TSS-1 for which the A-96 model was derived and suggests that
space charge limited current collection remains dominant for these
charging events.

Conclusions
Our investigation of the Orbiter’s ability to collect ion current

from the ionosphere validated that tether current and voltage mea-
surements could be used to study spacecraft charging. Data from
TSS–1 were foundto be adequatefordiscriminatingbetweenplasma
current contributions, which explained the lower than expected
spacecraft potentials in both TSS missions. This investigation and
data analysis lead to the development of an Orbiter ion collection
model based on TSS-1 charging data, which improved our ability
to predict spacecraft potentials and current collection. The model
later demonstratedgood agreementwith measurements in the much
higher magnitude potential regime of TSS-1R.

A review of current collecting surfaces and mechanisms at the
Orbiter under conditionsof steady-statechargingshowed that many
small conductingsurfaces contributednegligibly to the current bal-
ance. However, the contributionof even thin sheaths over large sur-
faces readily enhanced current collection above that by the ram-
projected area of the Orbiter’s main engine nozzles. The deployer
boom was found to be conductingand grounded to the Orbiter. The
thin frame of the deployer developed a large area sheath, which
even at low TSS-1 charging levels could collect space charge lim-
ited currents comparable to those intercepted by the Orbiter main
engine nozzles. The combination of current collection from engine
nozzle surfaces, the deployer boom lattice, and thin sheaths associ-
ated with these surfaces accounted for TSS-1 and TSS-1R observed
steady-state tether currents to within the accuracy of the available
measurements.

In summary, for large LEO spacecraft having grounded thin-
frame lattice structures,ion collectionis easier than simple structure
models would suggest even at low negative spacecraft potentials.
Thin sheathsadd signi� cant collectingareaswhen they developper-
pendicular to the ram plasma � ow. Thus sheath-augmentedion col-
lection to both large conductors and thin-frame conductors cannot
be ignored even for low-charging induced potentials. In particular,
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this current collecting ability of thin structures needs to be consid-
ered carefully because such structures are expected to form major
components of future space stations. Spacecraft potentials depend
strongly on geometry and orientation with respect to ram plasma
� ow. Hence even minor geometry and attitude changes may cause
signi� cant changes in charging response.
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