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HOLLOW-CATHODE PLASMA CONTACTING INSIGHTS
GAINED FROM THE ELCTRODYNAMIC TETHER MISSION

P.J. Wilbur" and D. Burtner
Colorado State University
Fort Collins, Colorado 80523

ABSTRACT

Hollow-cathode-like electron emission and
collection events that occurred during the TSS-1R
mission are evaluated. Electron collection with a low
voltage drop is related to hollow cathode operation in
the ignited mode. Electron emission from the tether
end that occurred after it broke is associated with two
essential ingredients for emission from a hollow
cathode (a gas source and an emission mechanism).
Hollow cathode operation on vaporized polymeric
materials is demonstrated and discussed.

INTRODUCTION

The Tethered Satellite System (TSS)
mission designated TSS-1R' involved deployment of
a 1.6-m-diam. satellite via an electrically conducting
tether that connected it to the space shuttle. After the
STS-75 launch of this system, which occurred on
February 22, 1996, the shuttle was in a 300-km,
circular orbit at 28.5° inclination and the satellite and
tether were stowed within it. Satellite and tether
upward deployment began at a Mission Elapsed Time
(MET) of 3/00:27 (d/hh:mm) along a gravity-
gradient-stabilized path. As deployment proceeded,
the voltage induced in the tether by its orbital motion
across geomagnetic field lines reached a level
sufficient to enable the conduct of experiments in
which ambient electrons were collected on the
satellite and energetic electrons were ejected from the
orbiter via electron guns.

At MET 3/05:11 with 19.7 km of tether
deployed and a generated electromotive force (EMF)
of 3.5 kV, the tether broke at a point near the orbiter
and terminated the planned experiments. In spite of
this unexpected failure, two events occurred during
the period of tether deployment that add to our
understanding of plasma contacting phenomena.
Both occurred when the satellite was almost fully
deployed from the Space Shuttle. The first occurred
at the satellite where electrons were being collected
and the second occurred at the end of the tether after
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it had broken but continued to emit electrons for
about one minute. Instrumentation’ provided on the
satellite and orbiter for this mission were used to
measure 1) the tether currents at the satellite and
orbiter, 2) the potentials of the satellite and orbiter
relative to local space plasma potentials, and 3) the
tether tension.

ELECTRON COLLECTION EVENT

At MET 3/04:35 with about 16 km of tether
deployed and a generated EMF of 3.55 kV, an
experiment was being conducted in which an electron
current was being collected at the satellite and
injected back into the space plasma by the electron
guns on the orbiter. While this was occurring, cold
nitrogen gas thrusters were activated to control the
satellite spin rate. The effect of this ~2 sec long gas
discharge on the current flow into the tether and the
voltage difference between the satellite and the
ambient plasma is shown in Fig. 1°. These data show
that prior to and after the gas discharge an electron
current near 450 mA was being collected at a satellite
potential of 900V. When the gas discharge started,
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Fig. 1 Effect of Gas Release on Satellite Electron
Collection
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the current jumped to 590 mA before the electron gun
controller could respond and limit the current to

~500 mA. Throughout the gas emission event, the
figure shows the satellite potential was reduced
dramatically to ~50 V. This low voltage difference
observed between the ambient plasma and the
satellite is similar to the voltage difference between
an ambient plasma and a hollow-cathode plasma
contactor emitting currents of this magnitude in the
ignited mode*.

It is argued that the voltages required to
effect electron collection by the satellite are reduced
dramatically when gas is supplied because ions which
neutralize the space charge are produced. The details
of the mechanism of space charge neutralization,
which are also observed with the ignited hollow-
cathode plasma contactor, can be understood by
considering the process suggested in Fig. 2. This
figure shows an electron current J. being collected
from an ambient plasma at a uniform current density
over a collection surface that is assumed here to be
spherical. These electrons are accelerated through a
double layer across which essentially all of the
voltage difference between the satellite and the
ambient plasma develops. They then pass through a
region where the neutral gas density is sufficiently
high so a significant fraction of the incoming
energetic electrons will ionize some of the gas
molecules. The remainder will go directly to and be
collected on the satellite along with a small current of
secondary electrons created via the ionization
reactions. The ions created migrate to the inner
boundary of the double layer and are accelerated
through it at the current level J, and in the direction
opposite to and thereby mitigating the space charge
associated with the electron current.
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Fig. 2 Electron Collection Model
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Before and after the gas release negligible
ionization and hence negligible ion current are
expected. Hence the full voltage drop should develop
between the outer sheath boundary at r, and the
satellite surface as an electron current density equal
to the ambient plasma thermal current density flows
across this boundary. Models that describe the
voltage drop required to induce electron current
collection under such conditions are the subject of
continuing research. The TSS-1R results suggest, for
example, that the effects of magnetic field, satellite
motion, ambient plasma ions and wave effects need
to be considered in such models . For this paper,
however, where the effect of the gas release will be
analyzed using a model that doesn’t reflect these
effects, it is appropriate to apply a correspondingly
simple model of electron collection without gas
release namely, the Langmuir-Blodgett model°.

The ambient electron current collected by
the sphere in this simple case is given by

2 |8eT,

J, =nn,er; ?n—i"— )

where e is the electron charge and m, is the electron
mass. The ambient electron density (n,,) and
temperature (T.,) were measured under daylight
conditions near the time associated with Fig. 1 and
found to be 8x10" m™ and 0.12 eV, respectively’.
Using these values in Eq. 1 and applying Langmuir-
Blodgett, for this case where the satellite radius is
0.8 m and the collection current is 460 mA (from
Fig. 1) one obtains an outer radius (r,) of 2.2 mand a
satellite voltage of ~1000 V. It is noteworthy that .
this Langmiur-Blodgett value is much closer is much
closer to the measured value (~900 V) than the one
given by the more widely accepted Parker-Murphy
model’.

For the case with the gas release the
collected current is 510 mA, the outer radius (r,)
required to collect it is 2.9 m, and the double-layer
inner radius (r;) required to sustain this current with a
50 V double-layer voltage drop is predicted by the
model of Ref. 7 to be 1.9 m. This model also
indicates that a nitrogen ion current (assumed to be
N,") of 2.6 mA would be required to assure
maximum electron current flow at the space charge
limit. Using an ionization cross section® of
1.9x10™'¢ cm? for molecular nitrogen bombarded by
incoming, 50 eV electrons one finds that a neutral
nitrogen density that varies from about 6x10"! cm™ at
the satellite to a value near 1x10"! cm™ at r; would be
required to produce ions at the rate required to sustain
this current. This density variation is consistent with
the rate of nitrogen release be the yaw thrusters on
the satellite.
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Assuming ions approach the inner surface of
the double layer at the Bohm velocity’ and a
nitrogen-electron momentum transfer cross section'®
of 10" cm?, a plasma density near 10> cm™ and an
ion-production-region scalar conductivity of 0.025
(Qm)™! are found. This conductivity yields an ion-
production-region resistance near 2 Q and this in turn
assures a low voltage drop across this region and is,
therefore, consistent with the model suggested by
Fig. 2.

ELECTRON EMISSION EVENT

Less than an hour after the event described
in the preceding section occurred with the tether
deployed 19.7 km of the intended total, 20.7-km
deployment, the tether parted under the plasma
contacting conditions shown in Fig. 3''. Up to the
time ~9 sec before the tether failed structurally, the
satellite and shuttle were both at the same potentials
as the local plasmas surrounding them because no
current was flowing either from the satellite to the
tether or from the tether to the electron gun and then
into space at the shuttle. This condition existed even
though the generated voltage on the tether was
3500V because a switch between the shuttle end of
the tether and the electron gun was intentionally
open. This switch remained open while the
conditions varied as shown on Fig. 3. The TSS-1R
Mission Failure Investigation Board'' concluded a
flaw in the tether insulation that developed about
9 sec. before the break, enabled intermittent current
flow from the tether wire exposed at the flaw to the
shuttle structure. When this occurred, the data of
Fig. 3 show that the satellite and shuttle potentials
went positive to enable electron collection and
negative to enable electron emission, respectively.
The associated current flow through the flaw heated
the Kapton fibers that serve to carry the tether tension
until they failed at time zero.

A particularly striking feature of the data in
Fig. 3 is that current continued to be collected at the
satellite which remained at a potential sufficiently
positive to collect that current for a substantial length
of time after the tether failed. In fact, Fig. 4, which
extends the temporal history of the tether current
sensed at the satellite, indicates thata 1.1 A current
continued to flow for over a minute after the failure
occurred. Further, analysis of the mission data by
Gilchrist, et.al."? shows that the voltage difference
between what is believed to have been a very small
area of exposed copper wire and the local space
plasma was only about 100 V. The emission of an
ampere-level electron current through a 100-V
potential drop from what must have been a very small
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Fig. 4 Electron Emission History after Tether Break

copper surface is a very unexpected result. The high
current densities that must have existed at the wire
surface and the low voltage drop are similar to
current densities and voltage drops observed in
hollow cathode discharges'. This, in turn, suggests
that the basic processes associated with electron
emission from the tether might be similar to those
associated with a hollow cathode. The elements
essential to hollow cathode operation are 1) a gas that
can be ionized readily and 2) an efficient mechanism
of electron production. For conventional hollow
cathodes, the gas is supplied under controlled
conditions through the cathode tube and most of the
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electrons are emitted via a field-enhanced thermoinic
process from a low-work-function surface and the
remainder are produced via ionization adjacent to the
emitting surface',

Establishing correspondence to the essential
elements of hollow-cathode-like operation for the
tether emission is not straightforward for two
reasons. First, gas is not supplied directly to the
tether discharge and second the melting temperature
of the copper wires (~1360 K) is much less than the
temperature required to induce the required emission
current density at the high work function associated
with copper (~4.5 eV). It is necessary, therefore, to
consider other sources of gas and means of electron
emission.

It has been suggested that the required gas
flow could come from air trapped in the tether during
fabrication". There are ten regions in which the
trapping is proposed and they are shown in cross
section in Fig. 5. The tether cross section is small
and if it is assumed that neither the Nomex core nor
the fluorinated ethylene propylene (FEP) Teflon
intrude into the storage regions, analysis shows the
combined cross-sectional area through which gas
would flow through the ten channels would be
0.135 mm®. Assuming the air pressure did not decay
from atmospheric pressure between launch and the
time the tether failure occurred, a flow rate can be
computed. At a typical minimum hollow cathode
flow rate (1 standard cubic centimeter/min) one finds
that about ten meters of tether would have to be
evacuated to supply the air necessary to sustain the
discharge for the length of operation indicated in
Fig. 4.

Nomex core
(0.51 mm dia)

Copper wires
(AWG 34 - 0.23 mm dia)

FEP (0.3 mm thick]
- Postulated air pocket

—— Keviar
Nomex jacket

2.4 mm od
Fig. 5 Cross Section of Tether

In order to determine the temporal variation
of flow rate with time it would be necessary to solve
the unsteady flow problem in which a rarefaction
wave propagates upstream through a very high aspect
ratio duct with large frictional losses. The strength of
the rarefaction would be expected to diminish as it
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propagated upstream and the frictional pressure drop
associated with the column of flowing gas increased.
The magnitude of this pressure drop can be estimated
by noting that the gas velocity required to sustain

1 sccm in a duct 0.135 mm? in cross-sectional area is
about 0.1 m/s and the hydraulic diameter of the Fig.-5
duct is ~0.06 mm. Using these numbers and the
kinematic viscosity of air (1.5x10° m%s) one obtains
a Reynolds number of ~0.5. At this Reynolds
number laminar flow prevails and the associated
friction coefficient calculated using the expression
for incompressible viscous flow"’ is ~128. This
yields a frictional pressure drop much greater than
one atmosphere. This suggests that the pressure drop
needed to sustain the rarefaction will be insufficient
and the flow will fall below the minimum value
required to sustain a discharge. The values used in
this analysis are considered to yield conservatively
low values of pressure drop. Any reduction in the
cross sectional area due to intrusion of the Nomex or
Teflon or any increase in the required flow rate cause
the frictional pressure drop to become even greater.

GLASS
/ BELL JAR

TETHER \

Fig. 6 Schematic of Laboratory Apparatus used to
Test Tether



In order to address the question of gas
supply experimentally, a piece of tether produced for
the TSS-1R mission was placed in the apparatus
shown in Fig. 6. As the figure suggests, the ends of
the copper wires were exposed to the chamber
environment at one end and attached to a support that
could be biased at the other. In order to conduct
experiments, a dilute ambient plasma was produced
using the source'® '’ shown in the figure. A dc power
supply was connected between the tether and the
ambient-plasma-source anode, which was also
connected to the metal (grounded) structure of the
bell jar. When the plasma source was off, or
operating at low power, and the end of the tether was
biased a few thousand volts negative of the anode and
bell jar structure, a discharge could be initiated at the
exposed end of the tether. If the plasma source
power was increased it produced plasma densities
and electron temperatures near 10° cm™ and a few
eV, respectively. In this case the ambient plasma
would be at a potential near that of the anode and
structure and an applied voltage difference developed
between the end of the tether and the plasma. This
enabled ignition of what appeared to be an identical
discharge when the tether was only ~100 V negative
of these surfaces.

Data showing the variation in operating
conditions observed in typical tests are given in
Fig. 7. They show the electron emission current rises
to and remains at the current-limited set point
(1.25 A) as the coupling voltage is raised to a little
under 100 V and a discharge is established. The
discharge, which had the visible appearance shown in
Fig. 8, exhibited conditions that are consistent with
results obtained in the space test (Fig. 4). Figure 7
also shows that the onset of the discharge results in
an order of magnitude increase in the vacuum
chamber pressure. This increase, coupled with the
fact that the short section of tether was exposed to
vacuum for several hours before the tests, suggests
that at least part of the tether decomposed during a
test. Visual observation of the discharge during tests
showed that the luminous discharge ball that can be
seen in Fig. 8 moved along the tether at a speed of
several millimeters per minute and that the discharge
ball was frequently obscured from direct view by the
Kevlar and Nomex outer elements of the tether.
Motion of the discharge ball appeared somewhat
irregular, apparently because of the interference of
the Kevlar and Nomex fibers that enclosed the
discharge. It also appeared that the irregular motion
was related to fluctuations observed in the chamber
pressure and coupling voltage. Although there were
times when the discharge would go out and restart,
there were other times when the discharge would
travel the full length of tether that had been installed
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for testing. Examination of the tether after a test
showed the Kevlar and Nomex were charred, and
remained largely intact but the FEP Teflon

was gone throughout the charred region where the
discharge had passed. Additional tests showed that
operation was essentially the same if the Kevlar and
Nomex outer weaves were stripped away.

On the basis of the preceding observations
and the other tests conducted with various layers of
the tether removed', it appeared that FEP Teflon was
the dominant source of gas required to effect
operation in a hollow-cathode-like manner. The
literature'®'*?® indicates that this material begins to
decompose at 425 °C and decomposes completely to
the gaseous product CF, at 800 °C. These radical
fragments then recombine in the gas phase to form
the gas tetrafluoroethylene (C,F,). It is argued that
these two gas molecules are the ones that sustain the
discharge.

The mechanism of electron emission was
addressed through experiment and analysis. The
laboratory tests showed that the copper wires did not
melt and that the work function of the copper was
indeed about 4.5 eV'®". Additional tests showed
that a thin black film that was left on the copper wires
after the discharge had passed over a surface did not
change this work function significantly. The results
of these tests demonstrated, therefore, that thermionic
emission is not the mechanism by which electrons are
supplied to the ambient plasma from the wires.

A high electric field can either enhance
thermionic emission or induce all of the emission
from a surface. The low voltage differences and
small surface area associated with the present case,
however, necessitate very small Debye lengths that,
in turn, imply very high plasma densities. Analysis
suggests the required densities are unrealistically
hi gh.m‘”

One electron-emission mechanism that has
been postulated to be applicable in the present case
involves charge transport primarily by ions through
the region immediately adjacent to the cathode
wires'®!”. A model of this process was developed by
Beilis*' to describe the supply of electrons from a
pool of mercury. A premise of the model for the
tether is that the plasma adjacent to wires consists of
two distinct regions of plasma at different potentials
that are separated by a double layer through which
ions and electrons counter stream. The outer region
(designated the near-cathode plasma) is in good
communication with the ambient plasma. From this
region, electrons are emitted outward into the
ambient plasma and ions are collected inward from it.
Hence, it serves as the effective source of electron
emission. The current associated with the electron
emission is supplied to the tether wires from the inner
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region (designated the plasma cathode) almost
entirely as an ion current. The power that sustains
the high rate of ionization required in the plasma
cathode comes from some secondary electrons
emitted at the wires and from ions flowing from the
near-cathode plasma. Ionization in the near-cathode
plasma region is sustained by electrons flowing
through the double layer from the plasma cathode. It
is assumed that the densities and thicknesses
associated with both regions are sufficient to assure
equilibration of the ion and electron temperatures.
Analysis of the tether emission considering gas
supplied in the form of vaporized Teflon suggests
that production via the Beilis model is consistent with
voltage and current conditions measured in the
laboratory and in space.'®"

HOLLOW CATHODE DESIGN IMPLICATIONS

As an extension of laboratory experiments
carried out on the tether, a hollow cathode was
operated on vaporized Teflon. The initial test
configuration shown in Fig. 9 included of a hollow
cathode that had a tungsten orifice plate welded to a
3.2 mm diam. tantalum tube that was, in turn,
attached to a chamber that contained a variant form
of Teflon (polytetrafluoroethylene or PTFE). This
cathode, which contained neither the tip heater nor
low-work-function insert typical of conventional
hollow cathodes, was put into the vacuum bell jar
shown in Fig. 6 in place of the tether and biased
negative relative to the ambient plasma. Cathode
operation was initiated by heating the chamber that
contained the Teflon to a temperature where PTFE
vaporization was sufficient to enable a discharge.
Discharges were typically sustained for a minute or
so until the fraction of a gram of PTFE that had been
put in the chamber was gone. It appeared that the
PTFE vaporized completely and then 1) flowed
through the orifice without leaving carbon
contamination and 2) caused erosion of the tungsten
orifice plate. It is postulated that the erosion was
caused by fluorine from the decomposed
tetrafluoroethylene (C,F,), which comes from the
vaporization. Typically cathodes were operated at an
electron emission current in the 0.6 to 1.25 A range
with coupling voltages near 75 V. They could also
be operated on hydrocarbons such as Kevlar and
Nomex at similar voltage and current conditions. In
these cases, however, substantial carbon residue was
left both in the vaporization chamber and on the tube
and orifice plate.

If a copper orifice plate was used,
performance was similar but orifice erosion was
reduced substantially apparently because the copper
fluoride produced is not volatile at typical operating
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temperatures. This orifice plate, which was water
cooled, could be operated at room temperature under
penalty of modest increases in coupling voltage. This
result is considered to provide additional strong
evidence that electron emission is not thermionic in
applications like this that involve a solid expellant.
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CONCLUSIONS

A hollow-cathode-like electron collection
event occurred during the TSS-1R mission when
nitrogen propellant was released. The low voltage
drop observed between the satellite and the ambient
plasma during this event is consistent with the
development of an ionization region close to the
satellite and a double layer that couples this region to
the ambient plasma. Electron emission, which
occurred from the end of the tether after it broke, also
exhibited hollow-cathode-like behavior. It is argued
that the source of gas associated with this behavior
was decomposed Teflon (probably
tetrafluoroethylene - C,F;). The mechanism of
electron emission appears to involve ion and electron
production in a region near the cathode. Electrons
and ions flow in opposite directions from this region
to effect electron emission and current continuity to
the cathode surface, respectively.

A hollow cathode can be made to operate on
vaporized hydrocarbon and fluorocarbon materials.
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Because these materials can be solids, complications
of gas handling and storage systems associated with
plasma contacting applications can be eliminated.
For existing systems where gas handling and storage
have masses that are substantial fractions of the mass
of the gas, the mass savings associated with using a
solid expellant can be expected to be correspondingly
great.
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