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ABSTRACT OF DISSERTATION 

PLASMA CONTACTING WITH A SOLID EXPELLANT 

The break of the tether during the second electrodynamic tether mission (TSS-1R) 

was followed by efficient plasma contacting between the broken end of the tether and the 

ambient plasma. Experiments and analysis are described that illustrate the important 

physical processes required for such plasma contacting to occur. It is shown (1) that a 

dense plasma discharge can be sustained by ionization of decomposed tether vapors, and 

(2) that current is transported between the tether and the dense plasma primarily by ions. 

Operation of a hollow-cathode plasma contactor on a vaporized solid expellant is also 

demonstrated. 
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1 Introduction 

An electrodynamic tether is a long, electrically conductive wire that joins two 

orbiting spacecraft. By interacting electrically with a planetary magnetic field, an 

electrodynamic tether can produce electrical power for systems on .the spacecraft that it 

connects, or it can provide a propulsive force without the expenditure of propellant.' 

In February of 1996, NASA launched Space Shuttle Columbia carrying an 

experimental tethered-satellite system (TSS-IR) to demonstrate in space the operation of 

an electrodynamic tether.2 Specific goals of the experiment were to demonstrate tether 

power generation and to explore various aspects of flowing electrical currents through the 

ionospheric plasma. The experiment consisted of a small test satellite that was released 

from the shuttle's cargo bay. On board the test satellite were several instruments used to 

measure local plasma properties. A 20.7 krn conducting tether connected the test satellite 

to the orbiter. 

Unfortunately, during the experiment the tether broke, and the test satellite was 

separated from the orbiter. The findings of the final report by the TSS-1R Mission 

Failure Investigation ~ o a r d ~  were that thz break occurred as the result of an unexpected 

electrical interaction between the tether and the orbiter. A flaw in the insulation allowed 

the conducting wire of the tether, which was at -3500 V with respect to orbiter ground 

potential, to short to the orbiter inside the tether deployment mechanism. Ultimately, the 

short resulted in damage to the tether's mechanical integrity, causing the break.' A 

surprising outcome of the shorting event was that the detached end of the tether continued 

to conduct current directly to the ionosphere after the tether had broken. For more than a 

minute, over 1 A of current was conducted to the ionosphere through a plasma sheath 



potential difference of only about 100 v . ~  It was not expected that such an efficient 

electrical connection could be made between such a small area of exposed conductor and 

the rarefied plasma of the ionosphere without the use of an active device such a hollow- 

cathode plasma contactor. 

The purpose of this work is to ascertain the physical mechanisms that allowed the 

exposed end of the broken tether to form an efficient electrical connection to the ambient 

plasma, thus complementing the report made by the TSS-1R Mission Failure 

Investigation Board. In the following chapter, the properties and operation of 

electrodynamic tethers will be described. In Chapter 3, a summary of the significant 

events at the time of the tether failure as described in Ref 2 will be given. Chapter 4 will 

show that efficient plasma contacting from a simple insulated wire, as was seen during 

the TSS-1R experiment, can take place through the formation of a dense plasma 

discharge at the exposed end of the wire. Experimental results illustrating the important 

physical processes required for such a discharge to occur will be presented, and analysis 

will be used to demonstrate the likely mechanisms involved. It will be shown that (1) the 

plasma discharge forms through the ionization of vapors produced through thermal 

decomposition of the tether itself, and (2) that current is transported at the boundary 

between the tether and the dense plasma primarily through the arrival of ions at the wire 

surface. In Chapter 5, the results of Chapter 4 will be applied to demonstrate operation of 

a new type of plasma contactor that uses a vaporized solid as an expellant. Finally, in 

Chapter 6, the results of the current research will be summarized, and in Chapter 7 

suggestions for future work will be provided. 



2 Overview of electrodynamic tethers in space 

2.1 Tether orientation and stability 

A tether used in space is simply a long, thin, flexible cable that connects two 

orbiting spacecraft. A schematic of a generalized tethered-spacecraft system in orbit 

about the Earth is shown in Fig. 2-1. The two spacecraft masses connected by a tether 

are labeled mu and ml, corresponding to the upper and lower masses, respectively. Note 

that the center of mass of the entire system lies somewhere along the length of the tether 

between the two end masses. The center of mass is in a free orbit about the center of the 

Earth, but the two end masses are not. They are constrained by the tether to orbit at the 

same angular velocity as the center of mass. 

The orbital dynamics of two tethered masses are such that the system is in stable 

equilibrium if one of the two masses is in a higher orbit than the other, as is depicted in 

Fig. 2-1. The stability of this orientation arises because the upper mass experiences a 

reduced gravitational force pulling inward because it is hrther from the center of the 

Earth than the center of mass. At the same time, it experiences a larger centrifbgal force 

pulling outward because it is constrained by the tether to orbit the Earth at the angular 

velocity of the center of mass. The result is a constant net force away from the Earth. 

For the lower mass, the situation is reversed, and it feels a net force towards the Earth. 

For both satellites, stability is maintained by the tension force in the tether. Since the 

stability arises from the different magnitudes of gravitational force acting at the two 

altitudes, the system is described as gravity-gradient ~tabi1ized.l.~ 

A tether that provides a simple mechanical connection such as described above 

can have many usehl applications arising from its ability to transmit forces and 





momentum from one tethered mass to the other.176 However, if the tether contains an 

electrical conductor, other usehl applications are possible that take advantage of the 

interaction of the conductor with the geomagnetic field.',677 This type of tether is referred 

to as an electrodynamic tether. 

2.2 Electrodynamic tethers 

Figure 2-2 shows a conceptual diagram of an electrodynamic tether system in an 

equatorial orbit. In this and subsequent diagrams, the spacecraft at the two ends of the 

tether are depicted as they were during the TSS-1R experiment; the shuttle orbiter 

comprised the lower spacecraft, and the test satellite comprised the upper one. In Fig. 

2-2, the Earth is viewed from the side, and the geomagnetic lines of force can be seen 

emerging from the geographic south pole of the planet (the magnetic north pole) and 

looping through space to the geographic north pole (the magnetic south pole). The tether 

moves with orbital velocity v' , which is into the page on the right side of the diagram and 

out of the page on the left. From the diagram, it can be seen that in an equatorial orbit the 

tether always moves perpendicular to the geomagnetic field lines, due to its gravity- 

gradient-stabilized orientation. 

The interaction of the electrodynamic tether with the Earth's magnetic field will 

be explained with the help of the diagram in Fig. 2-3. This diagram shows a close-up of 

the tether system of Fig. 2-2 as viewed from above. The tether, which is an insulated 

metallic wire of length L, connects the upper and lower satellites. The orbital motion of 

the system is to the left and is labeled with velocity v' . The Earth's magnetic field vector 

( B )  is out the page, and the Earth itself is down. 

As the tether moves through the magnetic field, the free electrons in the conductor 

experience a force equal to q(v' x B) , where q is the electron charge. The charge of the 

electrons is negative, so the direction of this force is toward the lower satellite. As the 

free electrons move downward in response to the force, excess negative and positive 
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charge will accumulate at the lower and upper ends of the tether, respectively. The 

charge buildup creates an electric field ( E )  which exerts an opposing force on the 

electrons whose magnitude is equal to ql?. In an open-circuit condition when the free 

electrons are not accelerating, the two forces exactly balance and can be equated. 

Canceling q, it follows that 

E = i j x B  (2-1) 

at a point on the tether. If the electric field is replaced with the gradient of electric 

potential, Eqn. 2-1 can be integrated along the tether length to obtain the total 

electromotive force, or emf, induced between the two ends of the tether, Knd. This value 

is given by 

V,., =I (?xB) .d i  (2-2) 

where di is a differential element of tether length. If the tether is straight, and the 

magnetic field is constant along its length, then Eqn. 2-2 reduces to 

ynd = ( G x B ) . ~  (2-3) 

Equation 2-3 can be hrther simplified by only considering the mutually perpendicular 

components of the vectors, indicated by the I symbol. 

K n d  = '1 Bl Ll G 4 )  

Typical values for v and B in low-Earth orbit (LEO) are 8 kmls and 3 x lom5 Tesla. 

Therefore, a tether with a reasonable length of 20 km can generate a potential difference 

on the order of 5000 V between its two ends simply due to its orbital motion in the 

geomagnetic field. 

2.3 Plasma contactors 

Obviously, a voltage source of 5000 V could be of great use to an orbiting 

spacecraft. However, usehl power can be extracted from this source only if current can 



flow in the circuit. Therefore, there must be a conductive path between the two ends of 

the tether that is stationary with respect to the geomagnetic field. The conducting plasma 

of the ionosphere can fill this requirement within altitudes on the order of several hundred 

kilometers. The current loop is completed by establishing electrical connections with the 

ionosphere at each end of the tether. Devices that electrically connect a spacecraft to the 

ambient plasma are called plasma contactors. A plasma contactor can be a simple 

passive surface that collects charged particles (ions or electrons) fiom the ionosphere or 

an active device that can emit andlor collect charged particles. 

Once the circuit through the ionosphere has been completed with plasma 

contactors, electrical power can be deposited into a load. However, this power is not 

fiee. It is generated at the expense of the orbital energy of the system. A drag force is 

induced on the tether that lowers the orbit of the system as its kinetic energy is converted 

into electrical energy. Periodic re-boosts of the system's orbit with propellant-consuming 

thrusters are necessary to maintain altitude. However, if the electrical load is replaced by 

a power source (batteries, solar cells, etc.) that drives the current against the induced emf, 

the system will behave in the opposite manner. Electrical energy will be converted into 

spacecraft kinetic energy via a thrusting force induced on the tether. The orbit of the 

system is then raised without expending thruster propellant. This is an attractive option 

for spacecraft in low-Earth-orbit (LEO) where atmospheric drag is significant and 

propellant is not readily available. 

A schematic of the circuit of a power-producing tether is shown in Fig. 2-4. In 

this figure, the orbital motion induces a positive bias on the upper satellite with respect to 

the lower one. Summing the voltage drops in the circuit gives 

Y n d  = It ('bad + Rt ) + Y o n  + Vsh.u + Vsh.1 (2-5) 

where V,,,d is the total emf produced by the tether; It is the current in the tether; R, and 

Rlood are the resistance of the tether and of the load, respectively; V,,, is the voltage drop 
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Fig. 2-4. Circuit diagram of a power-producing tether. 



associated with current flow through the ionosphere; and Vsc, and Vsh,l are the voltage 

drops associated with the sheaths at the plasma contactors on the upper and lower 

satellites. 

To have an electrically efficient system, (It x Rb,d) should be as large as possible, 

i.e. Rt, Ken, Vsh,,, and Vscl, should be as small as possible. The tether resistance will be 

constrained by mechanical and material concerns. One has no control over Ken, but this 

value is believed to be small, probably a few volts for typical tether currents.' The sheath 

voltage drops, Vsh,,, and Vsh,l, depend on the type of plasma contactor used, and their 

values can vary over a wide range. In general, these voltage drops will be large if the 

conducted current density is large compared to the thermal current density of the charge 

carriers in the ambient plasma. This implies that for a given current, the voltage drop 

across the sheath will decrease when the local plasma density increases or when the area 

available for plasma contacting increases. 

The simplest type of plasma contactor is a passive, conducting surface that 

collects charged particles from the ionosphere. However, the rarefied ionospheric plasma 

necessitates a large collection area to gather significant currents. A positively charged 

surface can collect moderate electron currents (- 1 A) with a surface area of several 

square meters. However, the voltage drop across the sheath will be large (on the order of 

several hundred volts). Passive collection of ions from the ambient plasma is much less 

effective. Ions are more massive than the electrons, and consequently, their ambient 

thermal currents are much smaller necessitating large conductive surfaces to collect 

appreciable currents. Plasma contacting at the negatively charged spacecraft can be 

enhanced by using an electron gun to emit negative charge from the spacecraft. An 

electron gun can emit a large electron current compared to the ion current that could be 

collected with reasonably sized spacecraft surfaces. However, a large voltage drop is still 

required to emit the electrons since the ambient plasma density remains low. 



A third strategy for plasma contacting is to use a device such as a hollow cathode 

to produce an expanding cloud of dense plasma near the spacecraft. The plasma cloud is 

highly conductive due to its high electron density, and therefore, large currents can flow 

through a small plasma contacting area with a low voltage drop (a few tens of volts). The 

hollow-cathode plasma contactor can conduct large currents in either direction by 

emitting or collecting electrons. 



3 The TSS-1R experiment and the subsequent tether failure 

3.1 The experiment 

Figure 3-1 shows a schematic of the tethered satellite experiment, TSS-1R The 

experiment consisted of a 20-km tether that was attached to the shuttle orbiter at its lower 

end and to a small test satellite at its upper end. The motion of the tether in the Earth's 

magnetic field produced an emf such that the test satellite was biased positive with 

respect to the lower end of the tether.2 

The test satellite was a metal sphere 1.6 meters in diameter with a mass of 500 kg 

that contained scientific instruments, compressed gas thrusters for attitude control and 

deployment, onboard power, and communications equipment for data transfer to the 

orbiter. The metal outer surface was electrically connected to the tether so that plasma 

contacting could be accomplished by the passive collection of ionospheric electrons. The 

instrumentation consisted of an ammeter to measure the electrical current in the tether 

and a device to measure the potential of the test satellite with respect to the ambient 

plasma, i.e., the voltage drop across the upper   heath.^ 

The tether itself consisted of an insulated copper wire that was engineered to have 

extremely low weight while maintaining high mechanical and electrical breakdown 

strengths. Figure 3-2 shows the tether in cross-section to illustrate the different layers of 

its construction. Details of the various layers are provided in Table 3-1. Strands of 

copper wire were wrapped around a Nomex core and then were encased in fluorinated 

ethylene propylene (FEP, a variant of Teflon) for electrical insulation. A layer of Kevlar 

braid was used for mechanical strength, and an outer jacket of braided Nomex provided 

protection from atomic oxygen8 
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Table 3-1. The TSS-1R tether constr~ction.~ 

Cumulative diameter (mm) Mass per length (kg/km) 

Core 

Conductor 

Electrical insulation 

Strength member Braided Kevlar, break-strength tested to 1.9 1.3 
1780 N 

Protective jacket Braided Nomex 2.4 1.1 

Nomex 

10 strands of #34 AWG copper (#24 
equivalent). Resistance per length is 98 R/km 

FEP, 0.3 mm wall thickness, 10 kV electrical 
breakdown strength 

0.5 

0.9 

1.5 

0.3 

1.8 

2.3 



The test satellite and tether were deployed from the shuttle's cargo bay, where a 

large spool stored the unreleased tether. The three different states of electrical contact 

between the shuttle and the ionosphere that were used were: (1) an open circuit condition, 

in which a switch (shown in Fig. 3-1) was opened in the shuttle so that no current was 

allowed to flow; (2) passive collection of ions on the shuttle's engine bells; (3) emission 

of electrons from an electron gun. In the latter two configurations, the switch was closed, 

and current could be controlled by varying the load resistance shown in series with the 

tether. As Fig. 3-1 suggests, instrumentation on the shuttle consisted of a device to 

measure the tension in the tether @, another ammeter to measure the current in the 

tether @, and a device that measured the potential of the shuttle body with respect to 

plasma potential 

3.2 Events before and after the tether break 

The tether break occurred as the tether was still being deployed. The test satellite 

had reached a distance of 19.7 km from the shuttle, nearly to the final deployment 

distance of 20.7 km. The deployed length of tether and the existing environmental 

conditions produced a potential difference of 3500 V between its two ends. Three 

minutes before the break occurred the system was placed into a passive mode with the 

electron guns off and the circuit open so that no current could flow. No hrther changes 

were ordered to the system until well after the tether broke, implying that the break did 

not occur as a result of the initiation of an experimental procedure.2 

The plots in Fig. 3-3 show data that were acquired from the scientific instruments 

onboard the shuttle and the test satellite by the TSS-1R Science Investigator  earn.^ The 

data are plotted versus time in seconds with the origin of the time axis assigned to the 

moment of the break. The top data trace shows the tether current measured at the test 

satellite and at the shuttle. The middle trace displays the potential of the test satellite and 





of the shuttle both with respect to local plasma potential. Finally, the bottom trace shows 

the tension in the tether as measured by an instrument on the shuttle. 

Before the break, as was mentioned above, the system was in an open-circuit 

condition, and reflecting this, the ammeters on the test satellite and shuttle both registered 

zero current. The shuttle was not a part of the circuit due to the open switch, so it 

passively acquired the same electrical potential as the local ionospheric plasma. The test 

satellite maintained good electrical contact with the ionosphere through its outer surface, 

so it also was at a potential equal to the local plasma potential. The emf generated by the 

tether's motion caused the lower end of the tether conductor to be biased 3500 V below 

the local plasma potential, which was about the same as shuttle body potential.2 

About nine seconds before the break occurred, the tether current and the 

potentials of the two spacecraft began to experience sharp fluctuations. The data of Fig. 

3-3 show that the tether current measured at the test satellite jumped suddenly to 0.97 A 

for about one second before it fell back to zero. One second later the current rose to the 

same level, then quickly dropped back to zero only to rise again to 0.97 A and hold there 

for two seconds before climbing to 1.1 A where it remained. The potential of the test 

satellite went through the same cycles as the current, rising to a large positive value when 

the current rose. This is consistent with a large electron current being drawn to the test 

satellite surface from the ionospheric plasma. The middle panel in Fig. 3-3 shows the 

maximum test satellite sheath voltage to be 500 V, but this is the saturation value of the 

in~trurnent.~ In actuality, the test satellite sheath voltage was much higher, probably 

about 1585 V according to Gilchrist, et a1.' While currents were recorded at the test 

satellite, the ammeter onboard the shuttle did not register a current in the tether at any 

time before or after the tether broke. However, the shuttle body charged 600 V below the 

local plasma potential. The shuttle potential measurement device has a very low 

sampling frequency, but it can be seen in Fig. 3-3 that it went through a cycle similar to 

that of the current measured at the test ~atellite.~ 



Based on the above facts, it was concluded by the TSS-1R Mission Failure 

Investigation ~ o a r d ~  that an electrical short developed between the tether conductor and 

the shuttle ground. A short that occurred to shuttle body would allow the current to 

bypass the shuttle ammeter so that it would read zero current. However, the current 

would pass normally through the test satellite ammeter, so it would register the current. 

Since the shuttle body can only transmit current to the ionosphere through the ineffective 

collection of ambient ions, a short by the tether conductor (3500 V below ambient 

potential) to the shuttle body would cause the observed negative charging of the shuttle 

with respect to the space plasma potential. Further evidence to support the assertion of a 

short to shuttle body is the fact that the timing of the current pulses corresponds to a fixed 

point on the tether passing close to grounded boxes in the tether deployment me~hanism.~ 

The electrical insulation on the tether was rated at 10,000 V, so clearly for a short to have 

occurred there must have been a flaw in the in~ulation.~ 

About three seconds before the break occurred, the shuttle potential returned to 

ambient level, although 1.1 A of current continued to flow in the tether. This implies that 

the shuttle was no longer collecting ions and was, therefore, out of the circuit. At zero 

seconds, the tether broke and was no longer physically connected to the shuttle. Yet, the 

test satellite continued to indicate tether current of 1.1 A and a sheath voltage consistent 

with that level of electron collection. The current continued to flow with only one 

interruption for over one minute after the tether had broken, as shown in Fig. 3-4.2 

3.3 The significance of the events surrounding the break 

A schematic of the tether and the test satellite after separation from the shuttle is 

depicted in Fig 3-5. The tether had been broken at a point very near the shuttle, and the 

19.7 krn of tether attached to the test satellite was still moving through the Earth's 

magnetic field. Therefore, an emf of 3500 V was still being generated between the test 

satellite and the lower end of the tether, which was now simply the severed end of the 





Fig. 3-5. A physical schematic of the tether and the test satellite after separation 
from the shuttle. 



wire. The test satellite ammeter indicated that an electron current of 1.1 A was being 

collected on the test satellite surface. These electrons were forced down through the wire 

by the induced emf. At the bottom end of the tether, an electrical connection was made 

to the ambient plasma through the exposed end of the broken wire. 

An estimate of the sheath voltage between the exposed end of the tether and the 

ambient plasma can be made by examining the sum of the voltage drops in the circuit 

y n d  = It Rt + ' S ~ . I I  + 'sh.1 (3-1) 

In Eqn. 3-1, the voltage drop through the ionosphere (KO,) has been neglected because it 

is be1 ieved to be small .' The induced emf (K,d) was measured by an instrument on the 

shuttle at 3500 V immediately before the break, and the sheath voltage at the test satellite 

has been estimated at 1585 v.' The tether current was measured at 1.1 A, and the 

resistance of the remaining tether was calculated as 1635 Therefore the voltage drop 

between the broken end of the tether and the ambient plasma can be estimated as -100 V. 

This is a very surprising outcome. The broken end of the tether had a very small 

area available with which to make electrical contact to the ambient plasma. The few 

strands of exposed copper may have had a square millimeter of conducting area at most. 

Yet, over 1 A of current flowed through this small region with a voltage drop on the order 

of 100 V, and this is suggestive of very efficient plasma contacting. To understand why 

this result is surprising, consider the severed end of the tether where the plasma 

contacting is taking place, as shown in Figs. 3-6a and 3-6b. There are two ways in which 

electrical contact between a metal surface and an ambient plasma can be made: (1) 

electrons flowing in the tether conductor can be emitted directly to space by an active 

emission mechanism, or (2) the electrons in the tether can be neutralized by ions 

collected passively. 

Consider first the possibility of direct electron emission from the wire (Fig. 3-6a). 

Analysis shows that this event is not likely because: (1) there is no mechanism for 
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Fig. 3-6. Possible mechanisms for electrical contact between the tether conductor and the ionosphere. 



emitting electrons from the copper surface that could operate under the existing 

conditions, and (2) even if electrons were to be emitted directly, theory predicts that a 

voltage drop much larger than 100 V would be needed to achieve the required current 

density due to the low electron density of the ambient plasma. Obtaining high currents at 

low voltage drop via passive ion collection (Fig. 3-6b) is even less likely. Certainly if a 

metal surface is biased negative of an ambient plasma it will collect a current of ions. 

However, ions are very massive compared with electrons, and their thermal current 

density will therefore be even lower than that of the electrons. Therefore, even larger 

sheath voltage drops would be expected. 

3.4 The hollow-cathode plasma contactor as a starting point 

Since direct electron emission and passive ion collection involve much higher 

sheath voltages than those seen during the plasma contacting event on TSS-lR, other 

processes must have been responsible for the observed behavior. The goal of this work is 

to determine the physical mechanisms that allowed the broken end of tether to contact the 

ambient plasma so efficiently. Therefore, a plasma contacting mechanism is sought that 

allows ampere-level currents to flow through a very small conducting area (-1 mm2) with 

a low voltage drop (-100 V). Recall from Section 2.3 that active plasma contactors can 

provide efficient plasma contacting by producing a local cloud of dense plasma. In the 

dense contacting plasma, electron thermal currents are large, and this enables large 

current densities with low voltage drops. The most common variety of these devices is 

the hollow-cathode plasma contactor. A hollow-cathode plasma contactor has a small 

physical size (on the order of several millimeters) and has plasma-contacting 

characteristics similar to those observed during the TSS-1R failure event. For this 

reason, hollow cathode phenomena will be used as a starting point to identify the 

mechanisms at work at the severed end of the tether. 
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A schematic of a hollow-cathode plasma contactor is shown in Fig 3-7a. The 

hollow cathode consists of a refractory metal tube sealed at one end except for a small 

orifice. The cathode is typically 3-6 mm in diameter with a nominal 1-mm diameter 

orifice. Downstream of the cathode is an anode, which is biased positive of the cathode. 

Hollow cathode operation is initiated by injecting an expellant gas (typically xenon or 

argon) through the cathode tube. The cathode is then heated until electrons are emitted 

thermionically from the interior surface. The interior of the tube contains a low-work- 

hnction insert that facilitates the emission process. The electrons emitted from the 

cathode surface are accelerated toward the anode, and they acquire enough energy to 

ionize the expellant gas and form a dense plasma in the interior of the cathode tube. As 

the electrons stream out of the orifice toward the anode, they ionize more neutrals 

creating a relatively dense plasma plume downstream of the cathode. The downstream 

plasma plume is much larger than the cathode itself, and it efficiently emits electrons to 

the ambient plasma as suggested in Fig. 3-7b. 

From the above description, it is clear that the hollow-cathode plasma contactor 

must hlfill two requirements to produce a dense plasma for efficient plasma contacting: 

(1) a source of gas that can be ionized, and (2) a mechanism by which current is 

transferred between the cathode surface and the dense plasma. In the hollow cathode, 

these requirements are hlfilled by the externally supplied inert gas and field-enhanced 

thermionic emission of electrons. In the following chapter, it will be shown how the 

severed end of the tether hlfilled these two requirements. 



4 Analysis of the hollow cathode concept 

In this chapter, the mechanisms that allowed the severed end of the tether to 

conduct over 1 A of current at about 100 V to the ambient plasma during the TSS-1R 

mission will be identified. First, it will be shown through laboratory experiments that the 

tether wire alone is capable of efficient plasma contacting through the formation of a 

dense plasma-the same method employed by a hollow cathode plasma contactor. 

Second, the gas source required for plasma formation will be identified. Third, the likely 

mechanism by which current is transported at the metaVplasma interface will be 

identified. 

4.1 Laboratory replication of the phenomenon 

It has been presumed that the observed electrical characteristics of the plasma- 

contacting event following the tether failure on TSS-1R required the formation of a dense 

plasma. However, since the event was not visually witnessed, it is desirable to reproduce 

the suspected behavior in the laboratory. 

A simple experiment was constructed to see if a piece of tether at high negative 

voltage could make low-impedance contact with an ambient plasma. A schematic 

diagram of this experiment is shown in Fig. 4-1. A sample of the tether produced for the 

TSS-1R experiment was suspended in a bell-jar vacuum chamber from an insulated 

support. The support provided a connection through which the tether conductor could be 

biased using an exterior power supply. Insulation on the support ensured that the only 

high-voltage surface exposed to the ambient plasma was the bare copper wire at the 
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bottom of the tether where it had been cut. A plasma source located near the bottom of 

the chamber created an ambient plasma that simulated the ionosphere. 

The plasma source produced a low temperature, difise plasma by ionizing 

neutral argon gas inside a small discharge chamber. The argon was supplied to the 

interior of the discharge chamber. An applied voltage then drew an electron current fiom 

a hot-filament cathode suspended inside the discharge chamber to the chamber body, 

which serves as the anode. The energetic electrons associated with this electron current 

bombard and ionize the argon atoms in the chamber, thereby producing a plasma. 

Characteristics of the source and measured plasma properties are given in Table 4-1. 

Table 4-1. Plasma source characteristics. 

Ambient neutral dens 

Plasma contacting between the exposed end of the tether and the surrounding 

plasma was initiated by biasing the tether negative of the ambient plasma potential at 

conditions similar to those of the shuttle experiment. A schematic of the electrical circuit 

that was used to accomplish this is shown in Fig. 4-2. The negative terminal of a high- 

voltage, DC power supply was connected to the tether, and the positive terminal was 

connected to the anode of the plasma source, which was also connected to the system 

ground. It was expected that a large voltage would be needed to initiate a discharge, but 
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once it was started, it was expected that the voltage drop between the tether and the 

plasma would be small. Therefore, a large ballast resistance was placed in series to limit 

the current to about 1 A once the discharge was ignited. The discharge current was 

sensed by measuring the voltage across a 1-Cl resistor. The discharge voltage was 

measured with a voltage probe. The discharge current (ID), the discharge voltage (VD), 

and the chamber pressure were recorded during the experiment using two digital 

oscilloscopes. 

When negative voltage was applied to the tether, plasma contacting occurred 

between the tether and the ambient plasma almost immediately. A plasma discharge 

ignited at the bottom end of the tether where the conducting wire was exposed. Figure 

4-3 is a photograph of the tether when a 1.25 A current was flowing between it and the 

ambient plasma. The photograph was taken one or two seconds aRer the ignition of the 

discharge. The luminous region beneath the exposed end of the tether is indicative of a 

dense plasma. It is noted that the plasma glow visible to the naked eye actually occupied 

a much larger volume of space than the photograph suggests. It extended radially several 

inches from the discharge site at the end of the tether. Note the orange glow emanating 

from the body of the tether. This glow is the result of high temperatures inside the layers 

of the tether and is not due to exterior lighting. 

The discharge could be maintained in a steady-state manner for several minutes. 

However, the spot at which the discharge attached to the tether conductor did not remain 

at the bottom of the tether. As the discharge continued, the region of attachment moved 

slowly up the tether at a rate of a several millimeters per minute. Figure 4-4 is a 

photograph taken some time after the photograph of Fig. 4-3. At this time, the discharge 

has traveled several centimeters along the tether and is emerging from the side of the 

wire. In the photograph, the tether below the discharge zone is difficult to visually 

perceive. This is because the heat of the discharge left the region that it had passed 



Fig. 4-3. Photograph of the tether electrically contacting an ambient plasma at a 
current of 1.25 A. 



Fig. 4-4. Photograph of the tether electrically contacting an ambient plasma at 
1.25 A showing the discharge emerging from the side of the tether. 



extremely blackened and charred. The discharge could be sustained until the discharge 

zone had traveled all the way to the end of the available tether. 

Figure 4-5 shows the recorded data from the experiment. In this figure, discharge 

current, discharge voltage, and chamber pressure are plotted against time. The discharge 

current was 1.25 A, confirming that the tether is capable of contacting an ambient plasma 

under the action of an applied potential difference only. During the experiment, the 

discharge voltage ranged between 70 and 130 V with an average of 80 V, which is a 

value very similar to the voltage that was estimated after the tether broke during the 

TSS-1R experiment. This experiment was then repeated at different discharge currents 

ranging from about 0.8 A to 2.0 A. At currents below 0.8 4 the dense plasma at the 

tether surface would extinguish, and plasma contacting could not occur. It seemed that a 

current above this minimum was required to provide enough energy to sustain the 

contacting plasma. No tests were performed at currents above 2.0 A, which was the limit 

of the high-voltage power supply. Figure 4-6 shows the variation of discharge voltage 

with the discharge current. As with the data in Fig. 4-5, the discharge voltage fluctuated 

somewhat during each test. To reflect this, the data in Fig 4-6 are presented with the 

average discharge voltage of the test marked with a circle and the degree of the voltage 

fluctuations indicated by the vertical bars. The limits of the voltage fluctuations are the 

maximum and minimum time averages of each interval of one second in the trace. The 

graph suggests that neither the average discharge voltage nor its fluctuations are strongly 

affected by changes in discharge current. 

Returning to the data of Fig. 4-5, note also that as soon as the discharge ignited, 

the chamber pressure jumped from about 1 x 1 o4 Torr to the range 15-25 x 1 o4 Torr. 

This indicates that a large amount of gas was being released while the discharge was 

active. Recall that neutral gas is one of the two requirements for the formation of a dense 

contacting plasma. In the following section, the source of this gas will be examined. 
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4.2 The discharge gas source 

While the tether discharge was active, a large increase in chamber pressure was 

observed (Fig. 4-9, and this implied that a large release of gas was occurring. Visual 

inspections of the discharge (Figs. 4-3 and 4-4) showed luminosity characteristic of 

optical radiation from an ionized gas (i.e. a plasma). The gas seemed to emanate from 

the discharge site. Since there is nothing else in the test chamber capable of 

spontaneously releasing such a large quantity of gas, the source would seem to be to be 

the tether itself. This assertion seems reasonable when considering the construction of 

the tether. All three of the insulation materials (FEP, Kevlar, and Nomex) are polymers 

that decompose and vaporize when heated to temperatures of only a few hundred degrees 

Celsius. 10,11,12 

When the tether was inspected after extinction of the discharge, the outside 

insulation material had been changed into a charred and blackened carbonaceous material 

that easily disintegrated when handled. Figure 4-7 shows a photograph of the tether after 

it had been subjected to the plasma discharge. This sample of tether had been prepared 

so as to have two sections. The bottom section, where copper strands are visible, had the 

outer layers of Kevlar and Nomex stripped away prior to the experiment, leaving only the 

FEP, the copper strands, and the Nomex core. More will be said of this section later. 

The upper section, where the charred material is present, consisted of the complete tether 

prior to the initiation of the discharge. Note the extreme damage and charring to the 

insulating materials in this section. At the very top of the figure, the white braids of the 

undamaged Nomex protective jacket can be seen for comparison. The end of the charred 

region indicates the hrthest point that the discharge reached before it was extinguished. 

Experiments were performed in which the mass of tether sample was recorded 

before it underwent the plasma discharge. After the burn was complete, the mass of the 

remaining material was measured to determine the amount of material that had been 

vaporized. By dividing by the time that the discharge was active, a mass consumption 



Fig. 4-7. Photograph of a tether sample after it had been subjected to a 1.25 A 
plasma discharge. 



rate was determined. For example, while undergoing a discharge of 1.25 A, a sample of 

tether lost 72.6 mg of mass in 52.3 s. In this time, the discharge attachment point 

traveled about 1.5 cm along the tether. This corresponded to an average mass 

consumption rate of 1.15 mg/s. This is comparable to a typical hollow cathode expellant 

flow rate of 0.36 mg/s (4.0 sccm) of xenon. A plot of mass consumption rate vs. 

discharge current is shown in Fig. 4-8. The mass consumption rate seems to be greater at 

the low and high currents. At high currents, more power is expected to be deposited in 

the discharge since discharge voltage is fairly constant with discharge current (Fig. 4-6). 

One would then expect higher mass consumption rates at higher currents. However, this 

conclusion is not clearly reflected in the data of Fig. 4-8 due to the experimental upper 

limit on current of 2 A. The increase of mass consumption rate at low current is reflected 

in a large increase at about 0.8 A. However, this data point may have a larger error 

associated with it than do the others. At 0.8 A, the discharge was near the lower limit of 

its stable operating range, and it would only remain lit for about10 - 20 seconds before it 

would spontaneously extinguish. It is believed that during the initial startup of the tether 

discharge, the mass consumption rate is higher than it is at later times since at start-up the 

vaporized products may easily escape from the exposed end of the tether, while at later 

times gases are constrained by the charred remains of outer insulation visible in Fig. 4-7. 

Therefore, it is expected that the mass consumption rate at 0.8 A is greater because of the 

larger fraction of time in the start-up period. 

It would now appear that the gas required to produce the tether plasma discharge 

comes fiom vaporized insulation of the tether itself. However, it is of interest to know 

the decomposition gases fiom the various tether materials. At this point, it would be 

usefkl to review the solid-state properties and the thermal decomposition behavior of 

FEP, Kevlar, and Nomex since any of them could be sources of gas. 





FEP (Fluorinated ethylene propylene) 

FEP is a copolymer of tetraflu~roethylene (TFE, chemical formula: C2F4) and 

hexafluoropropylene (WP, chemical formula: CF2CFCF3). The chemical structure of 

FEP is shown in Fig. 4-9a. The polymer is a long chain of randomly repeating chemical 

units of TFE and HFP. The co-monomer ratio, m, is usually between 8.5 and 13.5." 

FEP is a variation on the well-known polymer, polytetrafluoroethylene (F'TFE). 

Both PTFE and FEP are known by the DuPont brand name of Teflon. To avoid 

conhsion, in this work the two substances will be referred to by their chemical 

abbreviations, FEP and PTFE. The chemical structure of PTFE is shown in Fig. 4-9b. 

FEP differs from PTFE only by the addition of the CF3 side group in the 

hexafluoropropylene monomer. The effect of the CF3 side group is to make the polymer 

less crystalline to facilitate processing.13 Otherwise, FEP has very similar solid-state 

properties to PTFE. Property data for FEP are not as extensive as for the well-studied 

PTFE, but due to their similarities, data for PTFE can be applied to FEP." 

The thermal decomposition and release of volatile products, or pyrolysis, of 

polymers is not a surface phenomenon as is the evaporation of pure materials. The 

formation of gaseous molecules occurs throughout the polymer sample, and the 

decomposition rate is described by a chemical rate equation. PTFE and FEP both 

decompose via a first order process in which the time rate of change of the mass (m) of 

the sample is given by 

and the rate constant K is given by 

In Eqn. 4-2, A is the Arrhenius constant, E, is the activation energy of the 

reaction, T is the temperature, and R is the universal gas constant. 
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PTFE is one of the most thermally and chemically stable organic polymers due to 

the high strength of the C-F bonds. l3 The Arrhenius constant and activation energy for 
% 

19 -1 decomposition have been measured at 3x10 s and 347 Wmol, respectively. l4 The 

enthalpy of depolymerization of crystalline PTFE is 172.0 k.T~mol.~~ Measurable thermal 

decomposition of PTFE begins at about 425 "C though the rate is very slow.10 The rate 

of the decomposition increases exponentially, and at temperatures above 800 "C the 

PTFE rapidly undergoes complete dissociation to volatile products.13 The products have 

been seen experimentally to be almost entirely the gaseous monomer ( ~ 2 ~ 4 ) .  l3 However, 

Errede suggests that PTFE comes apart as CF2 radical fragments that later recombine in 

16 the gas phase to C2F4. The thermal decomposition of FEP has been shown to be similar 

to that of PTFE.'~ FEP is only slightly less thermally stable than PTFE,'~ and the 

products of FEP decomposition include both the TFE and HFP monomers. 

Kevlar and Nomex 

Both Kevlar and Nomex belong to the class of polymers known as aromatic 

polyamides, although they are also known as ararnid fibers. Their chemical names are 

poly(p-phenylene terephthalamide) and poly(m-phenylene isophthalamide), respectively. 

Because these names are cumbersome and not even standard in the literature, in this work 

the two polymers will be referred to by their DuPont brand names, Kevlar and Nomex, 

respectively. 

The chemical structures of Kevlar and Nomex are shown in Fig. 4-9c and 4-9d. 

Both materials are comprised of identical fractions of carbon, hydrogen, oxygen, and 

nitrogen. In fact, the two materials are virtually identical chemically with the exception 

of the location of the bonds on the aromatic rings. However, this difference serves to 

give Kevlar higher strength and Nomex better resistance to heat and oxidation.18 

Kevlar and Nomex begin to decompose thermally at relatively high temperatures 

(300 - 500 "C). Both materials, but Kevlar especially, lose all mechanical strength at 

much lower temperatures (200 - 300 "c)." The thermal decomposition chemistry of 



Kevlar and Nomex is much more complicated than that of PTFE and FEP. At high 

temperatures, only about 36-39 % of the material decomposes to volatile products. The 

rest is left as a charred residue12 (which was also seen in the experiment with the tether). 

The volatile products consist of a wide range of chemicals including Hz, CO, CO2, H20, 

HCN, benzene, toluene, and benzonitrile.19 

Returning to the question of the product gases released by the thermal 

decomposition of the tether, experiments were performed in which some of the insulation 

layers were removed from the tether before the discharge was ignited. When all but the 

FEP were removed, it was found to be completely vaporized except for a thin black film 

remaining on the copper strands. However, when Kevlar or Nomex were consumed 

individually, the residue was consistent with published information (i.e. about one-third 

of their mass was vaporized). The different thermal degradation behavior of the tether 

materials can be seen in the photograph of the tether after a plasma discharge in Fig. 4-7. 

The lower section of the tether, where the copper strands can be seen, contained only the 

Nomex core, copper, and FEP before the initiation of the discharge. The FEP has been 

completely vaporized by the heat of the discharge, and the black film can be seen on the 

copper strands. On the upper section, where the all of the tether insulation layers were 

present before the discharge, the charred remains of the Kevlar and Nomex are visible. 

The relative importance of each layer of tether material to the discharge can be 

estimated based on its mass per unit length of tether and the relative mass that was 

vaporized from it. Since the FEP vaporizes completely, its vaporized mass consists of 

100% of 2.30 grams per meter of tether (Table 3-1). However, Kevlar and Nomex 

release only a fraction of their mass as volatile products, with the rest remaining as 

charred residue. Therefore, the maximum vaporized mass provided by the total of Kevlar 

and Nomex in the tether consists of 39% of 2.67 g/m which equals 1.04 g/m. 

The majority of the gaseous products come from vaporized FEP, and the FEP is 

also in direct contact with the copper wire as it vaporizes, while most of the Kevlar and 



Nomex are further removed. This means that the gaseous products of the FEP are 

released at the point where the discharge is anchored to the conducting surface while the 

other gases are not. Therefore, it is concluded that although the Kevlar and Nomex 

contribute some gas to the process, the FEP is the primary source of gas in the tether 

discharge. The fluorocarbon gases from its decomposition will most influence the 

character of the discharge. 

Another possible source of gas in the tether that should be examined is vaporized 

copper from the conducting wires. Copper atoms can be released from the metal surface 

by direct sublimation of the material due to high temperatures, through the sputtering of 

material due to ion bombardment, or by chemical attack from the gases in the discharge. 

A simple experiment was performed in which a layer of FEP was placed on a single 

strand of copper wire. The mass of the copper wire was measured before the application 

of the FEP. The mass per length of the FEP was 1.33 g/m and was, therefore, similar to 

that on the tether (2.30 dm). Only fifty-six percent of this mass was vaporized, but this 

was due to large, intact pieces of insulation that became disengaged from the wire before 

they could be vaporized. The wire diameter of 0.76 mm was close to the diameter of the 

stranded copper bundle of the tether (0.86 mm). The wire was then placed in the bell-jar 

vacuum facility and a discharge of 1.25 A was ignited between the wire and a 

background plasma as in previous experiments with the tether. M e r  the discharge, the 

wire was thoroughly cleaned and its mass was measured again. It was found that 0.025 g 

of copper were lost per meter of wire, which is about 1/30 the mass per length of 

vaporized FEP. Therefore, it is concluded that the copper of the tether wire contributes a 

negligible amount of vapor to the discharge compared to the vaporized FEP. 

One final source of gas from within the tether should be considered. Other 

 author^^.^ have raised the possibility that air trapped in the wire could constitute a 

significant source of gas, possibly enough to sustain the discharge by itself. Their 

argument is that during construction, air at atmospheric pressure may have been trapped 



under the FEP insulation. The air could then flow from a small hole in the FEP as the 

damaged region of tether exited the deployment mechanism. By assuming a pin hole in 

the FEP of area 0.06 mm2, a gas flow of 5 x lo2' molecules is predicted,g which is 

capable of providing enough current carriers for plasma contacting even with low 

ionization. However, this estimate ignores any frictional effects that might occur as gas 

travels along the length of the wire by assuming that the cavity inside the FEP acts like a 

reservoir that can be discharged directly. The gas is actually stored in capillary channels 

that exist between the copper strands along 20 km of tether. The gaps between the wires 

are small enough that for a significant amount of air to exit a hole for a significant period 

of time, the gas would have to come from far inside the tether. Frictional effects would 

seem to dominate this process, quickly choking the flow as gas is forced to travel from an 

increasing distance inside the tether. Experiments in which plasma contacting was 

established between a sample of tether and the ambient plasma (as described previously) 

suggest that trapped air is not important to the contacting process. It is also noted that a 

discharge that was ignited immediately after the vacuum chamber had been evacuated 

showed identical plasma contacting behavior to that of a discharge that was initiated after 

the tether was allowed to outgas for many hours. 

4.3 The mechanism for current continuity at  the wire surface 

In this section, the question of how current is transported between the solid 

surface of the tether conducting wire and the adjacent high-density plasma will be 

addressed. Since the discharge cannot exist without a mechanism for conducting current 

across this interface, the mechanism by which it occurs is vital to the understanding of the 

entire process. 

In the discharge between the tether and an ambient plasma, the tether is the 

negative electrode (the cathode). Positive current moves to the cathode. Therefore a 

mechanism is sought that brings ions from the adjacent dense plasma to the cathode or 



that allows electrons to be emitted to it. The total discharge current was seen to be on the 

order of 1 A. From visual inspection of the discharge during experiments, the size of the 

discharge spot was estimated at about 1 mm2. Therefore, the mechanism for conducting 

current at the surface must account for a current density on the order of lo6 A/m2. The 

possible mechanisms are: (I) thermionic emission of electrons, (2) field emission of 

electrons, (3) secondary emission of electrons due to ion bombardment, or (4) simple ion 

bombardment. Each of these mechanisms will be examined to determine if it is likely to 

play role in the tether discharge. 

4.3.1 Thermionic emission of electrons 

When a metal is heated, some electrons in the conduction band will acquire 

enough thermal energy to escape the potential barrier at the surface. This process is 

called thermionic emission. The current density of the escaping electrons (jrh) is 

described by the Richardson-Dushman equationZ0 

where AR is Richardson's constant (theoretically equal to 1.2 x lo6 A/m2/K2), 4 is the 

work fbnction of the material (given in eV), and To is the temperature of the cathode 

surface. 

The surface of the metal wire in the tether becomes visibly hot when the tether 

discharge is ignited. However, can the wire surface be expected to emit lo6 Nm2 

thermionically? The emission must come from the copper wire of the tether. The work 

function of copper is 4.5 eV. Therefore, to emit at the expected current density, the 

copper surface must come to a temperature of 3200 K. Copper melts at a temperature of 

1357 K, but during experiments significant melting of the wire is not observed, and it is 

therefore argued that thermionic emission is completely unreasonable. 



Recall Fig. 4-7, which is a photograph of the tether after it had undergone a 

plasma discharge. The copper wire surface had been covered with a thin, black film. Is it 

possible that this substance had the effect of lowering the work function of the surface, 

allowing it to emit thermionically below the melting temperature of copper? To get the 

desired level of emission fiom a surface at a temperature of 1357 K, a work function of 

about 1.7 eV is required. This is very low compared to the work fbnctions of most 

metals. However, materials with work functions in this vicinity do exist2', so the 

speculation seems plausible. An experiment was performed to test this hypothesis by 

measuring the work function of the surface of the wire after the FEP insulation had been 

burned away by a plasma discharge. The experiment was carried out in two steps while 

the sample remained under vacuum. In the first step, the insulation was consumed fiom a 

sample of tether with a plasma discharge so that only the copper wire and the black 

coating described above remained. In the second step, the wire was heated to thermionic 

emission temperatures, and the current of emitted electrons was collected and measured. 

A detailed explanation of the experimental apparatus follows. 

As mentioned in Section 4.2, consumption of tether insulation layers by the 

plasma discharge caused complete vaporization of the FEP while the outer layers of 

Kevlar and Nomex left large quantities of charred material behind. The tether sample 

was prepared for the work fbnction experiment by stripping away the outer Kevlar and 

Nomex layers and leaving the FEP insulation, the copper wire and the Nomex core (as 

was done to prepare the bottom portion of the tether sample shown in Fig. 4-7). This was 

done so that after the FEP had been consumed by the discharge, the wire and its black 

coating would be completely exposed, and electrons could be emitted and collected 

freely. 

The prepared tether sample was placed in the bell-jar vacuum facility in the 

experimental apparatus shown in Fig. 4-10. The tether sample was suspended vertically 

and electrical connections were made at both ends. A ceramic tube covered the top 
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Fig. 4-10. Tether work function experiment prior to initiation of the discharge. 



electrical connection and a quartz tube covered the bottom so that only the tether 

sample was exposed to the ambient plasma. Three tantalum tubes were positioned 

concentrically around the quartz tube below the tether. These tubes served as the 

electrodes that would collect the emitted electrons in the second phase of the 

experiment. They were attached to a mechanical feed-through arm so that they 

could be moved vertically from outside of the chamber. This was done so that in 

the first part of the experiment the tubes would not interfere with the plasma 

discharge on the tether wire, but after the discharge was complete they could be 

moved into position around the wire without exposing the insulation-depleted wire 

to air. 

The plasma discharge phase of this experiment was accomplished in much 

the same manner as the tether discharges that were described in Section 4.1. The 

vacuum chamber was filled with an ambient plasma by the plasma source, and the 

tether was biased to a high negative voltage until a discharge was ignited and -1 

A of current flowed between the tether and the ambient plasma. The plasma 

source conditions were the same as those detailed in Table 4-1. The upper end of 

the tether sample was electrically connected to the negative terminal of the high- 

voltage power supply as shown in Fig. 4-2. The lower electrical connection went 

to an open switch. A small portion of FEP was removed from the lower end of the 

tether, near the quartz tube so that the plasma could reach the wire and initiate the 

discharge. The discharge current of 1.15 A and discharge voltage of 118 V were 

very similar to the voltage and current of the discharge on the full tether. This is 

expected since the FEP contributes most of the gas needed to support the 

discharge, and it is argued that the removal of the Kevlar and Nomex should not 

strongly change the electrical properties of the discharge. 
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When the discharge was completed, the electron collection tubes were 

moved into position, and the experiment was as shown in Fig 4-1 1. The collectors 

were 5.4-mm inner-diameter tantalum tubes. The center collector was 8 mm in 

length and the outer ones were 14 ,mm in length. There was 1 mm of gap between 

the center and outer collectors. An optical pyrometer was used to measure the 

temperature of the wire as it was heated. The pyrometer was positioned outside 

the bell jar and was focused on the portion of wire visible through the gap in the 

collectors. The lower connection of the tether and the insulating quartz tube were 

allowed to move vertically so that they could take up slack as the wire underwent 

thermal expansion. A spring mechanism beneath the lower connection reduced 

the tension at large thermal deflections so that the wire would not break as it 

weakened at high temperature. 

A schematic diagram of the electrical circuit used for collecting emitted 

electrons is shown in Fig. 4-12. The wire was heated with by a passing direct 

current (IheOt) through it with the heater power supply. The tubes used to collect 

the emitted electrons were biased positive of the wire using the electron collection 

power supply. The negative terminal was connected to the center of a 2-kR 

resistor connected in parallel with the tether sample. This was done so that the 

collector tubes were biased relative to the center of the tether. Only the current to 

the center collector (Iemit) was measured to reduce temperature gradient effects. A 

programmable combined voltage sourcelammeter (Keithley 617) was used to 

apply the collection voltage (V,,,) to the tubes and measure the collected current 

from the center tube. Collected current was measured as a hnction of collection 

voltage using an ammeter that had a minimum resolution of 10-l6 A, but it was 

limited an effective resolution of 10-l3 - 10-l4 A by electrical interference. 





To calculate the work function of the surface, the measured emission 

current and, the temperature were substituted into Eqn. 4-3. However, since the 

emission current varies strongly with the collection voltage, some theory is 

required to pick the correct value ofIemit. Figure 4-13 shows a theoretical current- 

voltage (Iemit - Val) characteristic of a surface emitting electrons thermionically. 

A collection electrode biased to a vbltage V o l  with respect to the emitting surface 

collects the emitted electrons. As the surface becomes hot enough to emit 

electrons, some will leave with a finite velocity. As a result, some electrons will 

be able to reach the collection electrode even when it is biased negative of the 

wire. This part of the Ie,nit - VCo1 curve is called the retarding-field region. As the 

collection voltage becomes positive, the current reaching the electrode is limited 

by the space charge of the emitted electrons. A region of negative space charge 

forms between the emitting surface and the collection electrode that causes a 

retarding field at the emitting surface. Therefore, only a fraction of the total 

emitted electrons can reach the collection electrode, and the current is limited by 

the collection voltage. In this region the emission current varies as vc;i2 as given 

by ~ a n ~ m u i r . ~ ~  When the collection voltage reaches the value required to draw 

the total thermionic emission current, the measured current is said to be saturated. 

At even higher collection voltages, the collection electrode tries to draw a larger 

current than the emitting surface can supply at that temperature, and an 

accelerating electric field is established at the emitting surface. The accelerating 

field enhances emission by slightly lowering work function at the surface. This is 

known as the Schottky effect. The effective value of the work hnction (4') is 

given by 
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Fig. 4-13. Theoretical current-voltage characteristic of a surface emitting electrons. 



This means that in the Schottky region of the Iem;r - VCol curve the emitted current is 

proportional to exp(v;i2) since the electric field (Ec) is directly proportional to Vcol for 

planer or cylindrical geometry. The current that should be substituted into Eqn. 4-3 to 

determine the work function is the total emitted current when the surface electric field is 

zero. This value can be determined graphically by plotting the natural logarithm of 

emission current against the square root of collection voltage. A theoretical example of 

this process is shown in Fig. 4-14. The Schottky region of the Iem;r - Vcol curve is a 

straight line. The zero-field saturated emission current is determined by extrapolating 

this straight line to zero voltage as shown in the figure.20 To validate the measurement, 

apparatus and data analysis methods, the work functions of copper and tantalum wires 

were measured. These results are presented in Appendix A. 

After the plasma-discharge treating of the tether conductor had been completed, 

the emission-measurement phase of the experiment was begun as quickly as possible so 

as to minimize any changes to the material on the surface of the wire from contamination 

or evaporation. Several Iem;, - Vcol traces were taken after the burn to ascertain if the work 

function did change during the measurement process. Figure 4-15 shows a typical plot of 

the natural logarithm of emitted current against the square root of collection voltage for 

the tether wire aRer the discharge. These data were acquired 13.8 minutes after the 

discharge was complete. The linear extrapolation of the Schottky region indicates a zero- 

field saturated emission current of exp(-27.4) = 1.3 x 10-l2 A. The temperature of the 

wire was 1160 K. The heating current was 17.5 A. The emission area was 2.2 x m2. 

Thus, Eqn. 4-3 indicates a work function of 4.4 eV. Figure 4-16 shows how the 

measured work function varied in the time following the conclusion of the discharge. All 

of the values hover around 4.4 - 4.5 eV and do not seem to be increasing rapidly with 
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Fig. 4-15. A typical plot of natural logarithm of emitted current vs. square root of collector voltage. 





time. These values are very close to the work fbnction of pure copper, which is reported 

as 4.4 21 and 4.65.23 Therefore, it is seen that the black coating that was deposited on the 

tether wire during the plasma discharge did not significantly alter the emission properties 

of the copper wire. It is concluded that thermionic emission could not represent the 

mechanism for current continuity at the plasmalwire interface. 

4.3.2 Field emission of electrons 

Very strong electric fields at a cold metal surface can cause the emission of 

electrons. This mechanism is called field emission and was first developed by Fowler 

and ~ o r d h e i m . ~ ~  This theory, which is quantum mechanical in nature, states that given a 

large enough applied electric field at a metal surface, the surface potential barrier will 

become thin enough that some electrons have a probability of "tunneling" through it. 

The field emission current density (jFE) in A./m2 can be given by2' 

where Ec is given in Vlm and 4 is given in eV. The temperature of the surface is assumed 

to be 0 K. For electric fields in the range 2-5 x lo9 Vlm, the hnctions of t(y) and v(yl, 

can be approximated byZ' 

The logical argument for field emission of electrons at the cathode surface of a 

plasma discharge is that: (1) almost all of the total discharge voltage drop develops 

across the cathode sheath; (2) the sheath distance is on the order of several Debye 



lengths; (3) the Debye length, which is inversely proportional to the square root of 

plasma density, is small because the plasma density is high enough to yield a high electric 

field at the prevailing discharge voltage (-100 V). 

Consider a cathode surface that is emitting a current of electrons through a sheath 

to a plasma as shown in Fig. 4-17. Conversely, ions from the plasma will flow to the 

cathode. The electric field at the cathode surface (Ec) due to the sheath can be calculated 

by integrating Poisson's equation in the sheath region. This was first done by 

~ a c k e o w n , ~ ~  and it resulted in an equation for Ec that depends only on the electron 

current density (j,), the ion current density (ji), the sheath voltage (V,), the mass of the ion 

(mi), and the mass of the electron (me) 

where E, is the permittivity of free space. The assumptions of Mackeown's equation are 

that: (1) the electrons and ions have zero velocity entering the sheath, (2) electrons from 

the plasma that enter the sheath are ignored, and (3) no collisions occur in the sheath. 

The first two assumptions are true if the voltage drop across the sheath is large compared 

to the electron temperature of the plasma (eV >> kTe) which is true for the tether 

discharge. The last assumption is appropriate since the sheath is very thin. These 

assumptions are examined in more detail in Appendix B. 

Note that in Eqn. 4-8 the ion current is multiplied by the square root of the ratio 

m,/me. Since the ion mass is roughly four orders of magnitude greater that the electron 

mass, the first term in the parentheses will dominate the second one, even though the ion 

current itself may be only 5-10% of the electron current. The electron current can then be 

ignored in Eqn. 4-8 with only a small error, leaving 
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Equation 4-9 can be rearranged to give the ion current in terms of the cathode surface 

electric field. 

In order to understand the physics of Eqn. 4-10, recall that (1) a certain electric field at 

the cathode surface (with a given sheath voltage) requires a particular sheath distance; (2) 

this sheath distance requires a certain plasma density, and finally; (3) this plasma density 

will give rise to a certain ion current density back to the cathode. 

Equations 4-5 through 4-7 give the field-emission electron current density from a 

cathode as a function of the surface electric field. Equation 4-10 gives the ion current 

density back to the cathode from the plasma that is required to produce that electric field. 

These two functions have been plotted against field strength in Fig. 4-18 and are labeled 

as "field emission of electrons (0 K)" and "ion current from the plasma," respectively. In 

the calculations, the work function of the surface is assumed to be 4.5 eV, and the sheath 

voltage is assumed to be 100 V. Recall that the current density of the tether discharge is 

expected to be about lo6 A/m2. This level has been indicated with a dotted horizontal 

line in Fig. 4-18. To emit an electron current density of lo6 Nm2, the electric field needs 

to be about 3 x 10' Vlm. However, the ion current density to the cathode corresponding 

to that field strength is about 10' A/m2 In other words, a lo6 Nm2 field-emitted electron 

current density requires an ion current density three orders of magnitude greater to assure 

a suficiently thin sheath, and this current density removes the need for the electron 

current in the first place. 

More complicated theories field emission are available that account for elevated 

surface temperatures.27.28 The results of one such theory2' have been calculated29 for a 

surface work function of 4.5 eV and a temperature of 1300 K (near the melting point of 

copper). This calculation has been included on Fig. 4- 1 8 as the curve marked "field 





emission of electrons- 1300 K." The calculation shows that high-temperature field 

emission raises the electron emission current density significantly above the level 

calculated by Fowler-Nordheim theory, but an ion current orders of magnitude greater 

than the electron current is still required. 

The ion current density can be related to the density of ions (nj) in the plasma 

adjacent to the cathode using the following expression derived from the Bohm criterion 

for a stable sheath3' 

j, = en, 

where Te is the electron temperature in the plasma. Substituting Eqn. 4-1 1 into 4-10, an 

expression relating cathode electric field to ion density is obtained. 

Equation 4-12 has been plotted on Fig 4-1 8 with V, estimated at 100 V and Te estimated 

at 1 eV (1 1600 K). This curve shows that ion densities greater than m'3 are 

necessary to cause electron emission current densities in the range of interest. The 

question then becomes: can these ion densities be supported by the gas from the 

vaporizing tether insulation? The number density of heavy particles in the cathode 

plasma can be estimated from continuity of the vaporized mass using the expression 

where m is the mass consumption rate of wire insulation material, m is the mass of the 

product atoms, A, is the area over which the vaporization takes place, and T is the 

equilibrium flux of heavy particles from the vaporization area. The heavy particle flux is 

given by 



where no is the number density of the volatile products in the vaporization area, and v is 

the random thermal velocity of the panicles, given by 

The vaporization area is assumed the same as the discharge attachment area (1 mm2). 

The particle mass (m) is taken to be a molar average of atomic carbon and fluorine. The 

thermal velocity of the product gases can be estimated by assuming the temperature at 

which the material decomposed. A reasonable value for this temperature is 1000 K, 

giving a thermal velocity of 1120 mls. Experiments indicate values for ri? on the order of 

1 mg/s. Substituting this value into Eqns. 4-13 through 4-15, the heavy particle density in 

the region of the plasma is estimated at m-3. Thus, even with conservative 

estimates of heavy particle densities 8r.d assuming 100% ionization, the calculation of ion 

density falls about two orders of magnitude below that required to sustain field emission 

of electrons at the required current density. 

4.3.3 Secondary emission of electrons due to ion bombardment 

Ions bombarding a metal surface can cause electrons to be ejected from the 

surface. This process is called secondary electron emission due to ion bombardment. 

The secondary electron coefficient (y) is defined as the ratio of electrons ejected from the 

surface per incident ion.20 Ion-induced secondary emission can be divided into two 

distinct processes: kinetic electron (KEE) and potential electron emission (PEE). 

In KEE, the kinetic energy of the incoming ion provides the energy to remove 

electrons from the surface. The emission yield from this process is dependent on ion 

energy and can range from zero to greater than one. A threshold for KEE exists at about 

1000 eV, and below this energy, KEE is not observed. In the case of the tether discharge, 

the discharge voltage drop is about 100V. Therefore, the ions incident on the wire do not 

have enough energy to reach the threshold for KEE.~' 



In PEE, the ionization energy of the incoming ion provides energy required to free 

electrons from the solid. PEE is not dependent on the kinetic energy of the ion and has 

no kinetic energy threshold. In this process, one electron must be removed from the 

surface to neutralize the ion and another electron is then ejected to vacuum. Therefore, 

the ionization energy of the ion must be more than twice the work function of the 

material for the process to occur.31 An empirical yield for PEE based has been given by 

~ a i z e r ~ ~  

y % 0.016(~-24) (4- 16) 

where E is the ionization potential of the incoming ion and 4 is the work function of the 

target material (both measured in eV). As was seen in Section 4-2, the tether discharge is 

primarily a plasma of vaporized FEP. A reasonable assumption, considering the 

temperatures involved in the plasma, is that the products of the vaporized FEP 

decompose totally to atomic carbon and fluorine. The first ionization potentials of carbon 

and fluorine are 11.26 eV and 17.42 eV, respectively. Using a work function of 4.5 eV 

for the copper surface, Eqn. 4-16 indicates that emission yields are 0.036 for carbon and 

0,135 for fluorine. Values of y less than one indicate that ion-induced secondary 

emission cannot be a primary mechanism for current movement at the cathode surface. 

However, it can augment the current due to direct ion bombardment. 

4.3.4 Direct ion bombardment 

Direct-current plasma discharges usually fall into two categories: arc discharges 

and glow discharges. In an arc discharge, electrons are emitted at the cathode via a 

thermionic or electric-field process. In contrast, the current-carrying mechanism at the 

cathode of a glow discharge is primarily ion bombardment supplemented by secondary 

electron emission. The preceding three subsections have shown that the possible 

mechanisms for the direct emission of electrons from the wire surface cannot account for 



the high current density of the tether discharge. Therefore, the possibility that the current 

at the wire surface is carried primarily by ions from the dense, local plasma-similar to 

the mechanism observed at the cathode of a glow discharge--must be considered. 

The cathode voltage drop of an arc discharge is usually on the order of the first 

ionization potential of the working gas, which is in the range of 5-30 v . ~ ~  Glow 

discharges typically have much larger cathode voltage drops of 50-500 v . ~ ~  The tether 

discharge, having a voltage drop of about 100 V, would seem to fit into the latter 

category. However, current densities of glow discharges are usually much less than the 

lo6 A/m2 observed during the tether discharge. If essentially all of the current were to be 

carried by ions rather than electrons, a high ion density would be necessary in the 

adjacent plasma. Assuming an electron temperature of 1 eV, the equation for the Bohm 

current to a cathode surface (Eqn. 4-1 1) indicates that an ion density of 3 x lo2' m" is 

required. This is not as great as that required for field emission (Fig. 4-18), but it is still 

very high. In Section 4.3.2, the number density of heavy particles near the cathode was 

estimated on the order of mm3. Therefore, an ionization fraction of only a few percent 

is required to produce an ion current of lo6 A/m2 to the surface of the wire, and this is 

reasonable. 

However, it still must be shown that ionization rates sufficient to maintain the 

current of ions to the wire can occur in the adjacent plasma without substantial electron 

emission from the wire surface. To accomplish this, a model has been developed. The 

model is used to calculate conditions in the cathode spot region of a plasma discharge 

attached to a point on a wire cathode. The gas supporting the plasma is provided by 

insulation material from the wire that has been vaporized by the heat from the discharge. 

The model assumes that the current at the point of attachment to the wire surface is 

carried primarily by ions. Conditions in the cathode spot region are related to the three 

observable quantities associated with the discharge: namely, discharge current, discharge 

voltage, and insulation mass consumption rate. If, within the framework of the 



assumptions made, the model yields reasonable predictions of the observable quantities, 

it will provide good evidence that the current is carried to the cathode surface by ions. 

The model developed for this problem is based on work with mercury vacuum arc 

discharges by ~ e i l i s . ~ '  A mercury vacuum arc consists of a plasma discharge at a 

mercury cathode. The vapor required to sustain the discharge is supplied by the 

vaporization of the cathode as it is heated by ion bombardment from the adjacent plasma. 

The model for the tether discharge was based on the mercury arc model because 

conceptually the mercury vacuum arc is very similar to the tether discharge. The 

discharge vapor is provided by the evaporation of volatile material at the cathode, and 

electron emission mechanisms from the mercury surface do not appear to be viable.35 

The premise of the model is that the plasma adjacent to the cathode consists of 

two distinct regions at different potentials that are separated by a double layer, through 

which electrons and ions counter-stream. Figure 4-19 illustrates the different regions of 

the cathode plasma that the model examines, the various current densities in the regions, 

and the assumed potential variation. The region in direct contact with the cathode 

(Region A) is called the plasma cathode. In this region, ions and electrons are created by 

electron impact ionization of the vaporized material emanating from the cathode. The 

current at Boundary 1 is carried primarily by ions bombarding the cathode. At Boundary 

2, current is carried by electrons streaming fiom the plasma cathode and by ions arriving 

fiom the near-cathode plasma (Region B). In effect, Boundary 2 serves as a virtual 

cathode for the rest of the discharge. It is, therefore, not necessary for the actual cathode 

surface to emit an electron current equal to the total discharge current, since the electrons 

are created in the plasma adjacent to the cathode in a process similar to that of a glow 

discharge. In between Regions A and B is a collisionless double layer with a relatively 

large potential drop (VSH). The potential drop serves to accelerate the counter-streaming 

electrons and ions so that they will have the required energies and current densities at 

their destination regions. Region B (the near-cathode plasma) extends outward from the 
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Fig. 4-19. Geometry of the cathode plasma model (after ~eilisj'). 



double layer for the distance required for the electron beam streaming from Region A to 

relax. 

The direction of total current density of the discharge 0)  is shown in Fig. 4-19 by 

a solid arrow pointing toward the cathode. Three types of equivalent particle current 

densities are also defined in Fig. 4-19: neutral atom current densities Ci,,), electron 

current densities (j,,), and ion current densities Cii,), where the subscript y represents one 

of the boundaries 1 - 4. The atom current densities are shown with center-line arrows, the 

electron current densities are shown by dashed arrows, and the ion current densities are 

shown with solid arrows. It should be noted that the electron particle current densities 

(center-line arrows) constitute a conventional charge current density in the opposite 

direction of the arrow. 

The basic assumption of the model is that the three potentials in Fig. 4-19 (V,, V2, 

and VsH) adjust so that current continuity and energy conservation are maintained in the 

three plasma regions and on the cathode surface. The model is one-dimensional, and 

properties over the cathode spot are assumed uniform. It is also assumed that the particle 

densities and thickness of Regions A and B are large enough so that all processes in these 

regions are collision dominated. As a result, the ion and electron temperatures are 

assumed equal and uniform within the two regions, and single-temperature, thermal 

equilibrium (Saha equilibrium) is assumed in making ionization calculations. The wire 

insulation material is taken to be PTFE instead of FEP, Kevlar, or Nomex. This 

assumption greatly simplifies the calculations since the decomposition of PTFE is a 

simpler process and is better understood than that of the other materials. To simplify the 

chemistry of the plasma, once the PTFE was vaporized, complete dissociation to atomic 

carbon and fluorine was assumed. This assumption is reasonable because the ionization 

energies of carbon and fluorine are significantly higher than the dissociation energies of 

any of the gaseous products of PTFE decomposition, meaning that under equilibrium 

conditions the dissociation of C2F4, CF2, CF, C2, F2, etc. begins at lower temperatures 



than does the ionization that is necessary to sustain the plasma. Equilibrium calculations 

of species composition under conditions near those predicted by the model indicate that 

complete dissociation occurs before there is any significant ionization. 

System of equations 

The plasma in Region A is at a potential that is positive with respect to the 

cathode, as shown in Fig. 4-19. The sheath separating the physical cathode and the 

plasma cathode has a potential difference Vl and serves two functions. It reduces the 

flow of thermal electrons to the cathode, and it increases the energy delivered to the 

cathode by the ions. The electron particle current density to the cathode (Ll) can be 

described with a thermal electron current multiplied by the barometric exponential 

where n e ~  is the electron density and TA is the temperature in Region A. The ion current 

density to the cathode is described by the Bohm current density expression30 

where the x subscript indicates either a carbon ion density ( n d , ~ )  or fluorine ion density 

(nd ,~)  in Region A, and either a carbon ion current (ii1.c) or fluorine ion current (jil,~) to 

the cathode. The term m, represents the mass of the ion. The total current density (i) at 

the cathode includes the contributions from electrons arriving from the plasma (Ll, which 

provides a negative contribution to total current density), both ion species arriving from 

the plasma oil,c and jil,F), and secondary electrons emitted from the cathode due to ion 

bombardment (yc jil,c and YF. j , l ,~) .  

j = ~ ~ . ~ 6 + ~ ~ ) + j i l . F ( 1 + ~ F ) - j . l  (4- 19) 

Recall that the secondary electron yield associated with ion species x is given by32 

y, = 0.016(~, - 24) (4-21) 



Across Region A, the current-carrying mechanism changes from almost entirely 

ion current at the cathode surface (Boundary I), to a largely electron current at the edge 

of the double layer (Boundary 2). At Boundary 2, the electron thermal current density 

greatly exceeds the total discharge current density. A potential barrier of height V2 

develops and restricts the electron current density at Boundary 2 (j,2) to a value less than 

the total current density. 

The ion current density of species x entering the double layer from Region B is given by 

the Bohm current density expression30 in the same manner as Eqn. 4-18 

where Tg is the temperature in Region B and n , ~ ,  is the ion density of species x in Region 

B. The total current density in the double layer region is the sum of the ion current 

densities from Region B and the electron particle current density fiom Region A. 

j = ji3.c + j i 3 , ~  + j e 2  (4-23) 

Current at Boundary 4 is carried entirely by electrons, so by current continuity 

j = j e 4  (4-24) 

With the assumption of uniformity across the surface of the cathode spot, the total current 

density is related to an associated total current I by multiplying by the cathode spot 

area (A,). 

I = A , j  (4-25) 

The proper coupling between the consumption rate of insulation and plasma 

discharge properties is accounted for in the power balance on the cathode surface. The 

equation of the cathode power balance is shown below with power deposited into the 



discharge zone on the left side of the equation and power lost from the discharge zone on 

the right side. 

The power fluxes of Eqn. 4-26 can be better understood with the help of Fig. 4-20. This 

diagram shows a half section of the copper wire and the PTFE insulation along with the 

important power fluxes when plasma contacting is occurring. The discharge zone is 

shown as a control volume (dotted lines) and has a fixed coordinate system. The PTFE 

and copper move to the left with velocity VD. Discharge zone velocity is related to mass 

consumption rate of PTFE and the mass of PTFE per length of wire (rn;,. ) via 

m = vDrnbTm (4-27) 

Power fluxes in Fig 4-20 are shown with dashed arrows. The ambient temperatures of 

both the PTFE and the copper prior to entering the discharge zone are Tomb. The 

temperatures of the PTFE and the copper in the discharge zone are To,p~rn and To,cu. The 

hatched region indicates the interface between the PTFE and the copper inside the 

discharge zone. 

The terms on the left side of Eqn. 4-26 describe the power flux delivered to the 

copper surface inside the discharge zone from plasma electrons b l ) ,  ions (jilT), and 

secondary electrons (j,,,,. y,). The plasma electrons carry energy in the form of their 

thermal energy (2kTA/e) and a potential energy released at the surface equal to the surface 

work function (4). The ions convect energy to the cathode through their ionization 

energy (E,), kinetic energy gained by passing through the sheath (Vl), thermal energy 

(2kTA/e), and an energy sink accounting for the energy required to remove electrons from 

the surface for ion neutralization and secondary electron emission ( &l+y,) ). 





The term AHPTF~ in Eqn. 4-26 describes the energy required to vaporize the PTFE 

from the wire. This term includes the power required to heat the solid PTFE from Tomb to 

T o , P ~ F ~  (see Ref. 40) as new PTFE arrives in the discharge zone. The term also includes 

the power required to depolymerize and vaporize the PTFE (see Refs. 14 and 41) into 

CF2 radicals as suggested by Errede. l6 It is assumed that the radicals do not decompose 

into atomic species C and F until they enter Region A. Recall that the rate of PTFE 

decomposition follows a first-order rate law, which is time dependent. However, it is 

seen in experiments that the vaporization rate of PTFE during the discharge is a steady- 

state process. The rate of vaporization in the discharge zone is described by the equation 

where m is the mass of solid PTFE in the discharge zone, A is the Arrhenius constant of 

19 1 14 the reaction (3 x10 s' ), and E, is the activation energy (347 kJ/mol).14 As fresh wire 

enters the discharge zone, new PTFE replaces the vaporized PTFE. Therefore, the mass 

in the discharge zone is constant in time, and this leads to a steady mass consumption 

rate, as is seen during experiments. The power required to heat and vaporize the PTFE 

must be transferred from the copper to the PTFE by the thermal conduction of heat across 

the interface shown in Fig. 4-20 (hatched region). It is assumed that some thermal 

contact resistance Rlh occurs at the interface which relates T o . P ~ ~ E  to To,Cu via the equation 

(AH,  = To,cu - TO,,  (4-29) 

The thermal contact resistance Rm was estimated at 2.5 x lo-' (m2.K/W).42 The term 

Q,,d in Eqn. 4-26 describes the heat conducted away from the discharge zone through 

the wire. This term includes the power lost through conduction as well as the power 

required to heat the copper from Tomb to To,Cu as it arrives at the discharge zone. 

The energy balances for the plasma Regions A and B are given in Eqns. 4-30 and 

4-3 1, respectively. Both equations are presented with power loss terms on the left side of 



the equation and power inputs on the right side. They take into account the energy fluxes 

into and out of both regions due to ions, electrons, and neutrals. Ions leaving a region 

carry their ionization energy and thermal energy. Ions arriving at a region bring their 

ionization energy, thermal energy, plus whatever energy they gained by falling through a 

potential. Electrons leaving a region carry thermal energy, but if they escape through a 

potential barrier, they carry an energy equal to the barrier height to reflect that only the 

most energetic electrons escape. Electrons arriving at a region bring thermal energy plus 

energy acquired from a potential difference. Only thermal energy is associated with 

neutral particles. 

The term in Eqn. 4-30 is the heat of dissociation of CF2 into atomic species C 

and F. It accounts for the energy required to completely dissociate the CF2 fragments 

given off by the thermal decomposition of PTFE after they enter Region A. The terms 

jal, j a ,  and j a 4  are equivalent current densities of neutral atoms. They account for the 

thermal energy flux carried by neutrals. The equivalent current density of neutral gas at 

each boundary is related to the mass flux rate through the expression 



where m is the average mass of the neutral species. 

The densities of charged particles in Regions A and B are calculated by applying 

the Saha equation to the mixture of carbon and fluorine gas evaluated at the temperature 

of the region.36 The equilibrium densities of ions, electrons, and neutrals for each species 

in the region are related through the equation 

where h is Planck's constant, m is the mass of an atom of the species, f is the electronic 

partition function, E is the first ionization potential of the species, and T is the 

temperature in. the region (either A or B). The subscripts e, i, and a indicate that a 

quantity refers to electrons, ions, or neutral atoms. The relative level of ionization 

between the two species, which are assumed to be singly ionized, is determined from the 

conservation of charge and atomic nuclei. The total electron density must equal the sum 

of the ion densities for carbon and fluorine, 

n e  = n i , ~  + n i , ~  (4-34) 

and the total number or heavy particles of each species (indicated by the subscript h) 

must equal the sum of the ions and neutrals of that species. 

- 
n h , ~  - n ; . ~  + ' a , ,  (4-3 5) 

n h , ~  = n i , ~  + n a , ~  (4-3 6 )  

The heavy particle densities are determined from atom balances on Regions A and B. 

Implementation of the model and comparison to experiment 

If the proposed model correctly represents the important physical processes of the 

discharge, it should yield the values of one or more of the experimentally observable 

quantities. The quantities that can be observed are discharge current, discharge voltage, 

and the consumption rate of insulation material. There are 33 unknown variables in the 



equation set of the model: A,, I, j, jell  jez, je4, j;l,c, j r l . ~ ,  ji3,c1 J;~,F, mjt  ne~,  4 ion 

densities, 4 atom densities, 4 heavy-particle densities, TA, TB, T,,pym, To,cu, VD, VI, V2, Vsh. 

However, there are only 30 independent equations in the model. Therefore, the problem 

is not closed, and three more relations are needed. Previously, the area of the spot, A,, 

has been visually estimated at about 1 mm2. Parametric sensitivity studies with the 

model have suggested that the values of the observable variables are insensitive to 

changes in A,, so a value of 1 mm2 is considered to be adequate. 

To close the problem, the total current (I) and the mass consumption rate, m , are 

set at experimental values. The remaining dependent variable calculated by the model 

that can be compared to experimental results is the total voltage drop across the cathode 

plasma, V,,,. The total voltage drop is given by (see Fig. 4-19) 

KO! = V + Vsh (4-37) 

Nearly all of the total discharge voltage associated with a direct-current plasma discharge 

develops in the plasma adjacent to the cathode. Therefore, the computed cathode voltage 

drop will be compared to the experimental total discharge voltage to assess the accuracy 

of the model. Solutions were calculated using a commercial equation solver (EES). 

In the experiments used to evaluate the model, a plasma discharge was struck to a 

single strand of copper that was insulated with PTFE only. This simplified construction 

reduced the complexity of the process and thereby reduced the degree of complexity 

necessary in the model. However, the basic characteristics of the tether discharge were 

maintained, namely that of a plasma discharge attached to a wire cathode sustained by the 

gases of vaporized insulation. The single-wire construction instead of a bundle (as in the 

tether) simplified the geometry of the discharge and the heat transfer calculations. The 

use of PTFE insulation instead of the multi-layered construction of the tether greatly 

simplified the chemistry of the process and eliminated the physical effects of charred 

material leR behind by Kevlar and Nomex. However, PTFE has the same elemental 



composition and general vaporization characteristics as FEP. Since FEP is the main 

provider of gas to the tether discharge, a pure PTFE discharge should be qualitatively 

similar to the tether discharge. 

Figure 4-21 shows data from a discharge struck to the PTFE-insulated wire 

described above. The wire was a strand of copper 132 mm in length and 0.6 mm in 

diameter. The mass per length of PTFE was 0.263 glm, and the average mass 

consumption rate of PTFE was 1.39 mgls. The data in Fig. 4-21 are presented in the 

same manner as was the data from the tether discharge (Fig. 4-5). In the three traces, 

discharge current, discharge voltage and chamber pressure are all plotted against time. 

The average current and voltage for the discharge were 1.25 A and 114 V. 

The current and mass consumption data from the experiment were entered into the 

model. While the cathode-drop voltage calculated by the model (53 V) is not necessarily 

close to the total discharge voltage of the experiment (1 14 V), the model did arrive at a 

solution of the same order of magnitude. To provide a fbrther sense of the model, Table 

4-2 shows the values of important intermediate variables. The temperature of the wire 

surface (To) was calculated at 1037 K. This is below the melting point of copper, which 

is encouraging because the wire did not melt during the experiment. Nor are the gas 

temperatures in Regions A and B (TA, TB) unreasonably high. As estimated, the electron 

densities in Regions A and B (neA, n,B) were in the range of 10'' m", and the ionization 

fractions ( a ~  and a ~ )  were a few percent. 

Table 4-2. Parameters calculated by the model with I = 1.25 A, rnfmFE = 0.26 glm. 





To evaluate the model further, the same experiment was performed under 

different conditions. First, the experiment was performed with a PTFE mass-per-length 

of about 0.25 g/m while varying the discharge current. The measured discharge voltages 

and the corresponding calculations by the model have been plotted against discharge 

current in Fig. 4-22. The experimental data are shown as circles with vertical bars. As 

was the case in Fig. 4-6, the bars indicate the limits of the voltage fluctuations. The 

values calculated by the model are represented by crosses. The model under-predicts the 

experimental voltages by about a factor of two. However, at high currents (above 1.5 A), 

the model did not yield a solution. The model consistently failed to converge to a 

solution at high total currents (I) and low values of the PTFE mass-per-length (m;,). 

The failure appeared to occur when there was insufficient PTFE to handle the deposited 

power, i.e. when the ratio I: rnkm was large. 

The experiment was performed several times at a discharge current of 1.25 A, and 

different values of PTFE mass-per-length. The discharge voltages from these 

experiments and the model calculations are shown in Fig. 4-23 in the same format as Fig. 

4-22. The experimental trend is for discharge voltage to increase with m;, . This 

should be expected because the vaporization of more PTFE requires the input of more 

power to the discharge zone. Since current is fixed, voltage must increase. The 

calculations of the model also show an increase in discharge voltage with m;,:, but with 

larger slope than the experimental values. The agreement between model and experiment 

becomes quite good at higher values of m;, . 

The preceding model and experiments suggest a viable mechanism by which 

current could be transported between the wire surface and the dense plasma between a 

tether and a dilute ambient plasma. Initially, it was thought that the mechanism involved 

was thermionic or field emission of electrons since the hollow-cathode plasma contactor 

involves electron emission. However, it was shown that the mechanisms of electron 

emission could not account for the required current density at the conditions observed in 







the tether discharge experiments. The modest agreement between experimental results 

and a model that involves current transport by ions suggests that the ion current at the 

cathode is key. By inputting total current and the consumption rate of insulation, the 

model yields a prediction of the cathode voltage drop to within a factor of two. In 

addition, the model predicts the trend of increasing cathode voltage with increasing wire 

insulation mass-per-length. The qualified success of the model in predicting the 

discharge voltage suggests the basic validity of the ion current transport model. 

The major shortcoming of the model is that its one-dimensional formulation is 

probably a great oversimplification. One inherent assumption in this formulation is that 

all of the vaporized gases travel through the discharge zone plasma. This may not be the 

case and could explain why the slope of the curve in Fig 4-23 is larger than predicted. If 

some of the vaporized gas escaped transport through the idealized Regions A and B as 

assumed by the model, less energy input to those regions would be necessary. This 

would cause VSH to increase at a slower rate with increasing mLm.  The one-dimensional 

formulation also side steps the difficulties in determining the heat transfer to the PTFE. 

The model assumes that heat is transferred to the PTFE from the wire via a crudely 

estimated contact resistance. The contact resistance may be dependent on geometry or 

other parameters. Heat transfer from the plasma to the PTFE (which was ignored in the 

model) may also vary with geometry and plasma parameters. These problems with the 

calculation of heat transfer to the vaporizing PTFE may cause the convergence 

difficulties at high I-to-m6, ratios that were seen in Fig. 4-22. 



5 A hollow-cathode discharge sustained on vaporized PTFE 

It was seen during the TSS-1R event2 and confirmed by experiments in Chapter 4 

that the tether was able to make low-impedance contact with the ionosphere through the 

creation of a dense intermediary plasma. The results from Chapter 4 also suggest that the 

gas supporting the intermediary plasma was provided by the vapors of an ablating solid. 

The question is then raised: can the phenomena that occurred during TSS-1R be used to 

advantage and provide a simple but effective plasma contactor for spacecraft? 

An attempt was made to combine a traditional hollow-cathode plasma contactor 

approach with a gas source of vaporized polymer instead of the usual inert gas. A 

schematic of the device designed to demonstrate this concept is shown in Fig. 5-1. A 

standard hollow cathode was connected to a stainless-steel vaporization chamber via an 

insulating ceramic tube. The hollow cathode consisted of a 3.2-mm tantalum tube with a 

tungsten orifice plate having a 0.6-mm diameter orifice. The interior of the cathode did 

not contain a low work function insert, and the cathode was not externally heated to 

enhance thermionic emission. The plasma contactor utilized an ambient plasma 

generated in the vacuum chamber as the discharge anode rather than a keeper. The 

ambient plasma was kept close to ground potential, and the cathode was biased negative. 

The expellant consisted of a few hundred milligrams of PTFE that was placed in the 

vaporization chamber. 

To initiate the discharge, the temperature of the vaporization chamber was 

increased using an external heater until a pressure rise occurred in the vacuum system. 

High voltage was then applied to the cathode, and a plasma discharge, very similar in 

character to that observed with conve~itional inert-gas hollow cathodes, was produced. 
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Fig. 5-1. Schematic of the solid-expellant hollow cathode. 



Typical operating characteristics of the PTFE hollow cathode are shown in Fig. 5-2 

where discharge current and voltage are plotted against time. The discharge current was 

constrained by a ballast resistance to be less than about 1.25 A. At this current, the 

discharge voltage was about 75 V, and the current could be lowered to about 0.6 A before 

the discharge would extinguish. The discharge voltage did not change substantially with 

changes in current over the 0.6 - 1.25 A range. It is noted for comparison that a typical 

xenon hollow cathode with a heated, low-work-function insert requires about 30 V to 

emit 1 A of electrons." Hence, the PTFE hollow cathode demonstrated good 

performance considering that its cathode was not heated and had no insert. The chamber 

pressure during the experiment varied from 4 x lo4 to 8 x 1 0 ' ~  Torr. For comparison, 

recall the experiment in which a discharge was sustained on a wire wrapped with PTFE 

(data shown in Fig. 4-21). In that experiment, the chamber pressure varied fiom 

14 x 1 o - ~  to 32 x 10" Torr, and the mass consumption rate was 1.39 mg/s. 

However, concerning its suitability as an expellant, PTFE has mixed results. On 

the positive side, PTFE vaporizes readily at high temperatures, and it leaves essentially 

no residue to inhibit the flow of the vaporized products. Unfortunately, the product gases 

themselves pose a serious problem. Fluorine comprises two-thirds of PTFE on an atomic 

basis, and high concentrations of atomic fluorine exist in the dense cathode plasma as a 

result. Fluorine is a very reactive gas, and the traditional materials of hollow cathode 

construction, tungsten and tantalum, are strongly etched by The term 

"etched means that the fluorine combines with the cathode material to form volatile 

products that can readily escape. The problem of cathode etching was noticed after only 

a few experiments. The orifice in the tungsten plate became significantly larger after less 

than one hour of total running time. 

These results suggest that a working hollow cathode could be made to operate on 

a solid expellant. The problem of cathode etching could be mitigated in such cathodes by 

selecting an orifice material that is not etched by fluorine. For example, copper reacts 
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chemically with fluorine, but the products are not volatile at cathode temperatures. A 

copper cathode was constructed and put in place of the tantalumttungsten cathode in Fig. 

5-1. This cathode, which was cooled to prevent melting, performed adequately, and the 

loss of cathode material was considerably reduced. This design may not be practical for 

spacecraft operations, but it illustrates the fact that PTFE may serve as an expellant 

material provided a chemically resistant cathode material is used. The results of a water- 

cooled cathode experiment also yielded interesting data pertaining to the mechanism of 

current continuity at the cathode surface. It was found that the cathode would operate at 

near-ambient temperatures. This resulted in significantly higher discharge voltages, but it 

clearly demonstrated that thermionic emission of electrons was not occumng. 

The problem of chemical attack on the cathode might also be avoided by choosing 

an expellant polymer that does not react with the orifice material. For example, neither 

Kevlar nor Nomex contain fluorine. Both of these materials were tested as hollow 

cathode expellants, and the electrical performance of the cathode was adequate with each. 

This showed that fluorine is not required for operation. However, both materials leave 

significant amounts of charred residue when they decompose. 

Currently, noble-gas hollow cathodes provide the most efficient means of plasma 

contacting available. However, pressurized tanks are required to store the gas, and a 

complicated system of tubes and valves is needed to supply gas to the cathode. A hollow 

cathode that utilized the gases of a vaporized solid would be desirable since it would 

eliminate the mass and complexity of a gaseous expellant feed system. However, for a 

solid-expellant hollow cathode to be practical, the polymer used should volatize 

completely and should not produce gases that react with cathode materials. 



6 Conclusions 

The plasma-contacting event that took place after the tether break on the TSS-1R 

mission was surprising. Initially, it was not expected that a simple insulated wire about 

100 V negative of an ambient plasma could conduct over 1 A of current to it. 

Experiments and theory presented in this work have identified the physical mechanisms 

that allowed the broken end of the tether to do this and therefore, to act as an efficient 

plasma contactor. 

It was shown in laboratory experiments that a section of tether wire could provide 

a low-impedance electrical connection to the ambient plasma through the creation of a 

dense intermediary plasma. The gas required to sustain the plasma was provided by 

tether insulation materials that were vaporized by energy from the plasma discharge. The 

FEP insulation was seen to be the main contributor of gas to the discharge. 

The primary mechanism of current transport between the wire surface and the 

contacting plasma is important to the understanding the contacting process. Several 

mechanisms were considered. It was demonstrated that the thermionic emission of 

electrons can not take place from the copper wire without significant reduction of the 

work function. However, experiments showed that no, significant reduction of the surface 

work function is induced on the wire surface by the plasma discharge. It was 

demonstrated on theoretical grounds that field emission of electrons can not account for 

the current density of the tether discharge. The plasma density near the cathode surface 

required to generate the necessary electric field can not realistically be produced. 

Secondary emission of electrons was also shown to be too low for it to be the primary 

current mechanism. 



With all mechanisms for electron emission shown to be inadequate, it was 

postulated that current is transported at the cathode surface by ions reaching the cathode 

from the plasma. To evaluate this concept, a model of the cathode plasma was 

formulated based on the assumption of an electrical double layer. The double layer 

serves to heat the plasma cathode by accelerating the incoming ions. Electrons are 

created in the plasma cathode by thermal ionization, and direct emission from the cathode 

is not required. Calculations of the voltage drop across the cathode plasma by the model 

showed agreement to experimental discharge voltages, and this suggests that the concept 

of ion current flow to the cathode surface is valid. 

The tether provided an example of a plasma discharge sustained on the gases of a 

vaporized solid. The identification of this concept led to the demonstration of a hollow- 

cathode plasma contactor utilizing a solid expellant. The cathode produced a plasma 

from vaporized PTFE. The performance of the solid expellant plasma contactor was 

comparable to that of traditional xenon hollow cathodes. However, fluorine in the 

product gases caused significant etching of the tantalum and tungsten parts of the 

cathode. 



7 Suggestions for future work 

Several experiments could be done that would help to confirm or deny the 

assumptions of the model of Section 4.3.4. High-speed photographs of the discharge 

might give a better understanding of the size and character of the spot at which the 

plasma attaches to the cathode surface. A spectroscopic analysis of the cathode plasma 

yielding temperature and quantities of chemical species would test the assumptions of 

plasma composition and would verify plasma parameters calculated by the model. 

Significant future work could also be done to improve the physics of the model. In its 

present state, the model only covers the region of the plasma near the cathode. If 

properties of the expanding plasma between the downstream edge of the current model 

and the dilute ambient plasma were calculated by solving the equations of fluid motion, 

more information could be determined analytically, and experimental data such as mass 

consumption rate would not have to be supplied. This might allow a first-principles 

analysis to be performed on wires of more complex construction. The model could then 

be used as a design tool which would allow one to determine in advance the electrical and 

ionospheric conditions that would cause a wire to undergo destructive plasma contacting 

in the manner of the TSS-1R tether. 

A hollow cathode utilizing a solid expellant has the potential to be an effective yet 

simple and low-weight plasma contactor. However, a great deal of work needs to be 

done before the concept can be implemented on spacecraft. To solve the problem of 

cathode etching, either a chemically resistant cathode must be developed, or a chemically 

benign but non-charring expellant must be identified. It would also be preferable for the 

cathode to have a low-work-function insert to reduce the discharge voltage. The 



chemical compatibility between the low-work-function materials and likely expellant 

gases should be explored. 
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Appendix A 

In Section 4.3.1, the work function of the tether's copper conductor was measured 

after the tether had undergone plasma contacting to an ambient plasma. Recall that the 

plasma contacting resulted in the deposition of an unknown black substance on the 

surface of the wire, which was suspected of lowering its work function (4). To assess the 

validity of the experiment, the work functions of known materials were measured with 

the apparatus that is described in Section 4.3.1 and is shown schematically in Figs. 4-1 1 

and 4-12. 

A 0.5 1-mm diameter, bare copper wire of was placed in the apparatus and was 

heated by a current of 13.25 A to a temperature of 1270 K. A wire surface area of 

12 mm2 emitted electrons to the center collection electrode. The electron current (Iemjt) 

was measured as a function of collector voltage (v,,~), and the results are plotted in Fig. 

A-la. As in Section 4.3.1, the zero-field saturated emission current was determined by 

plotting ln(Ie,;,) vs. Vc:2 and extrapolating the linear portion of the curve to the vertical 

axis, as shown in Fig. A-1 b. The zero-field saturated emission current in this case was 

3.2 x 1 0-l2 A, which yields a work function of 4.7 eV. The measurement was repeated 

several times, and the value of 4 did not change more than 0.1 eV. The published work 

function of copper given by Ref 23 is 4.65 eV. 

The work function of a 0.79-mm diameter tantalum wire (emitting area of 
112 19 mm2) was also measured. A graph of In(Iemit) vs. V,, at a wire temperature of 

1260 K is shown in Fig. A-2a. The linear extrapolation of the curve indicates a zero-field 

saturated emission current of 3.2 x 10-l2 A, which corresponds to a work function of 

4.3 eV. The experiment was repeated several times over about 50 minutes, and the 
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(b) Natural logarithm of emitted current vs. square root of collector voltage 

Fig. A-1. Thermionic emission from a copper test wire. 
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(a) Natural logarithm of emitted current vs. square root of collector voltage 
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(b) Measured work function vs. time 

Fig. A-2. Thermionic emission from a tantalum test wire. 



results have been plotted in Fig A-2b as the measured work function vs. the time elapsed 

from the start of wire heating. The measured value of work function did not change 

appreciably over that time span although the wire temperature was varied from 1090 K to 

1260 K. The published work function of tantalum is 4.25 e ~ . ~ ~  

The measured work functions of copper and tantalum both agree with published 

values to within 0.1 eV, and the measurements were performed at similar temperatures to 

those used in the work function measurement with the tether wire. Therefore, the 

accuracy level of the experimental apparatus and analysis procedure is considered 

adequate to validate the conclusions of Section 4.3.1. 



Appendix B 

Recall Mackeown's equation for the electric field at a cathode surface (Ec) 

where V. is the voltage drop across the sheath, ji and mi are the ion mass and current 

density from the plasma, respectively, and me and je are the electron mass and current 

from the cathode, respectively. It is assumed in developing Eqn. B-1 that: (1) electrons 

and ions have zero velocity entering the sheath, (2) electrons from the plasma that enter 

the sheath are ignored, and (3) no collisions occur in the sheath. 

To address the first two assumptions, Mackeown7s equation can be derived in a 

more complete form that includes the effects of the initial ion velocities and plasma 

electrons. The potential distribution in the cathode sheath (~(x))is  described by 

Poisson's equation 

where p is the total charge density, pep is the charge density of electrons that enter the 

sheath from the plasma, and v, and ve are the velocities of the ions and electrons, 

respectively. Potential and distance are both defined to be zero at the cathode surface. 

If the cathode sheath is collisionless, energy and momentum of the ions and 

electrons are conserved. The electrons leave the cathode with no velocity, and their 

velocity in the sheath is given by 



The ions enter the sheath with the Bohm velocity30 (vb) and their velocity in the sheath is 

given by 

with vb defined by 

where Te is the electron temperature in the plasma measured in eV. The density of 

plasma electrons in the sheath is given by the barometric equation. 

where ne is the electron density in the plasma. Equations B-3 through B-6 are substituted 

into Poisson's equation. 

~ = 2 [ ~ , [  5 + 2 (vS - v(~))]-' '~ - je ,/? - eno - e(vs - ~ ( x ) )  1) p-7)  
dX2 E, mi mi 2e V (x) e Te 

By incorporating the boundary conditions of zero electric field at the sheath edge and 

zero voltage at the cathode surface, Eqn. B-7 can be integrated from a point x to the 

sheath edge by multiplying both sides by dvldxyielding 

At the cathode surface, V = 0 and E = Ec, so B-8 reduces to 



When V, >> q, Eqn. B-9 reduces further since 

e -VSP< 0 

and 

It is not obvious that Eqn. B-11 is true, but if Vs is -100 V, as in the tether discharge, then 

there is only a 7 % error if the electron temperature is 1 eV, and only a 14 % error if it is 

5 eV. Equation B-9 then becomes 

which is simply Eqn. B-1 with an extra term to account for the intrusion of plasma 

electrons into the sheath (eneTe). However, for large Vs this term is small compared to 

the ion current term. The ion current density to the cathode can be related to the ion 

density in the plasma through the Bohm current density expression 

ji = en, - ,I'm' 
where n, is the ion density, which is equal to the electron density in the bulk of the 

plasma. The ion current density term in Eqn. B-12 then becomes, 

(B- 14) 

which is much larger than (eneTe) for Vs >> Te, and Eqn. B-12 reduces to Mackeown's 

original equation. 

To address the assumption of no collisions in the sheath, the sheath distance was 

compared to the ion mean free path for scattering. Eqn. B-8 was integrated numerically 

to solve for the potential variation across the sheath. A total current density of lo6 A,/m2 



was used in the calculation with 10 % assumed to be ion current, following Ref. 26. The 

sheath voltage was estimated at 100 V. The numerical integration yielded a sheath 

distance of -10" m. The mean free path for a particle collision (A) is given by 

The ion scattering cross section (o) was estimated to within an order of magnitude from 

data in Ref. 43 at -10 x m2. The neutral particle density in the plasma (no) was 

previously estimated in Section 4.3.2 at m-3. Therefore, the ion mean free path for 

scattering is approximately l u 4  m, which is longer than the calculated sheath distance, 

and the calculations made with Mackeown's equation are consistent with the assumption 

of a collisionless sheath. 


