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Cathode erosion continues to be one of the predominant 

technology concerns for high power arcjets. This study will 

show that cathode erosion in these devices is significantly 

affected by several mitigatmg factors, including propellant 

composition, propellant flowrate, current level, cathode 

material, and power supply current ripple. In a series of 

50-hour and 100-hour long duration experiments, using a 

water-cooled 30-kilowatt laboratory arcjet, variations in the 

steady-state cathode erosion rate were characterized for each 

of these factors using nitrogen propellant at a fixed arc 

current of 250 Amperes. A complementary series of measurements 

was made using hydrogen propellant at an arc current of 

100 Amperes. The cold cathode erosion rate was also 

differentiated from the steady-state cathode erosion rate in a 

series of multi-start cathode erosion experiments. Results of 

these measurements are presented, along with an analysis of 

the siqnificant effects of current ripple on arc^et cathode 

erosion. 

As part of this study, over a dozen refractory cathode 

materials were evaluated to measure their resistance to arcjet 

cathode erosion. Among the materials tested were W-ThO^d^, 

2%, 4%1 , poly and mono-crystalline vJ, W-LaBe , W-La^O^ , W-

Ba02, W-BaCaAl204 , W-Y2O3 , and ZrB^. Based on these 

measurements, several critical material properties were 

identified, such work function, density, porosity, melting 

point, and evaporation rate. While the majority of the 

materials failed to outperform traditional W-ThO^, these 

experimental results are used to develop a parametric model of 



the arcjet cathode physics. The results of this model, and 

the results of a finite-element thermal analysis of the arcjet 

cathode, are presented to better explain the relative 

performance of the materials tested. 
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CHAPTER I 

INTRODUCTION 

Since the late-1950s, considerable progress has been made 

towards the development of arcjet engines for electric 

spacecraft propulsion. Unlike conventional rocket engines 

that produce thrust by means of complex chemical reactions, 

arc^ets use a strong electric arc to directly heat and 

accelerate an inert propellant gas. This method offers a 

number of drstinct advantages that include: high exhaust 

velocities, efficient propellant utilization, reduced 

mechanical complexity, the use of existmg electrical power 

sources, and more flexible engine performance. 

In conventional rocket engines thrust, T, is produced by 

expelling gas particles at a high velocity, such that 

T = mu^, (1.1) 

where m is the rate of change of propellant mass, and Ue is 

the exhaust velocity[l]. The energy required to accelerate 

the gas particles can come from chemical, electrical, or 

nuclear sources. High exhaust velocity is obtained in one of 

two ways: either by adiabatic expansion of the high 

temperature gas through a supersonic nozzle, or by the passage 

of ionized gas particles through an accelerating electric or 

magnetic field. Electric propulsion devices use either 

approach, while chemical engines use only adiabatic expansion 

throuqh a supersonic nozzle. 

At the present time, there exists a wide spectrum of 

electric space propulsion technoloqies, mcluding arcjets. 



Instead of using complex chemical reactions, arcjets use 

electrical energy to heat the propellant gas upstream of the 

expansion nozzle. By allowing this high temperature gas to 

pass through a supersonic nozzle, the arcjet converts 

electrothermal energy into directed kinetic energy. Thus, m 

arcjets the propellant gas does not have to be the by-product 

of ^ combustion process, and m fact can be any gas, including 

inert or noble gases. 

Looking at the exhaust velocity in Eguation 1.1, for 

simple one-dimensional isentropic (i.e., adiabatic and 

frrctionless) flow through a nozzle the energy balance is 

given by 

where Cp is the constant-pressure specific heat per unit mass, 

Tc is the chamber stagnation temperature, and T^ is the 

exhaust gas temperature [2] . Assuming that T^ < % and 

íj-j -C u^, Equation i.2 reduces to 

27fi T. (,_3) 

1 M,^ 

where R is the universal gas constant, 7 is the specific heat 

ratio, and Mw is the molecular weight of the propellant. Since 

the leadmg term in Equation 1.3 is a constant we see that 



The dependence of the exhaust velocity on To and M^ m 

Equation 1.4 shows the advantage of arcjets over conventional 

engines. The electric arc can qenerate gas temperatures on 

the order of 30,000 K in the nozzle throat versus 3000-4000 K 

in a chemical engme. In addition a much lower molecular 

weight propellant gas can be used in arcjets, since no 

combustion process is required that involves combmations of 

C, 0, N, and H. 

For comparison, typical exhaust velocities for chemical 

engmes range from 1,500-5,000 m/sec. In arcjet engines this 

number increases to 10,000-20,000 ra/sec[3]. The practical 

lower limit on molecular weight is 1 AiíU with atomic hydrogen. 

This is the reason that hydrogen seems to be the most 

attractive arcjet propellant. Hydrogen also has a very high 

specific heat and thermal conductivity. Unfortunately, its 

molecular recombination rate is slow and it suffers from 

nearly total frozen flow losses for the desired range of 

operation. 

The total initial weight of the rocket system consists of 

the payload, the propulsion system, and the propellant. A 

measure of the effectiveness of the propulsion system is the 

thrust produced for a given rate of propellant consuraption. 

This measure is the specific impulse, Is^, defmed by 

T u 
J„ - - ^ , [sec] (1.5) 

mg g 

where g is the sea-level gravitational acceleration. 

The best chemical rockets, running hydrogen and oxygen or 

fluorme propellants, produce an I^p of 400 seconds, while the 

arcjet can produce an Isp of up to 2000 seconds. Thus, the 



primary attraction of arcjet propulsion lies mainly in high 

impulse space missions that include long-range missions, such 

as interplanetary flights, or long-term missions, such as 

satellite station keeping and orbital maneuvering. These 

types of missions, due to their longevity, must clearly 

minimize the propellant consumption rate for the thrust 

generated. 

The downside of electric propulsion systems is that the 

high exhaust velocities produced are developed by propulsion 

systems that cannot support large rates of propellant 

consumption. This means that while Ug maybe very high m is 

very low, and as a result the thrust is lower than that of 

chemical engines. With low thrust the time of travel is 

increased and the propulsion system must operate longer. lon 

propulsion systems, for example, can produce an Isp of over 

100,000 seconds, yet m is very low and the thrust is much 

lower than that of an arcjet. Thus for a given payload mass 

the time of travel for ion propulsion systems is much greater 

than that of an arc^et. 

For each stage in a space mission a tradeoff must be made 

as to the optimum propulsion system to use. The arcjet has its 

place - acceptable thrust for a reasonable duration of flight. 

This is best achieved by using high temperatures and low 

molecular weight propellants with moderately low consumption 

rates. This comes with technical problems for the propulsion 

system associated with very high operating temperatures for 

durations of several hundred to a few thousand hours. As a 

consequence arcjet engines routinely operate under unusually 

high electrical and thermal stresses. This in tarn leads to 

significant problems with engine deterioration over time due 



to the fundamental limitations of refractory materials used in 

its construction. For arcjets, degradation corrmonly occurs on 

the electrodes, insulators, and sealed joints. Erosion of the 

electrodes is currently the most severe limitation of arcjet 

engine performance [4 ] . 

Arcjet cathode erosion in particular has been the subject 

of considerable mterest over the past three decades as 

efforts to improve the performance and lifetime of high-power 

arcjets continue. Much of the research up to this point has 

been devoted to quantifymg the numerous interdependent 

factors that are known to influence arcjet cathode physics, 

such as cathode material properties, arc discharge parameters, 

and propellant/plasma flow dynamics. Because these factors 

are so complex, it contmues to be difficult to predict or 

control cathode erosion over the full range of arĉ iet 

operating conditions. This complexity is worsened by evidence 

suggestinq that external factors, such as power supply 

conditioninq and propellant swirl, have a significant impact 

on cathode physics, and thereby cathode erosion. Much of the 

research leadmq to the development of this dissertation is 

devoted to quantifying several of these factors[5-7]. 

Systematic testing of new erosion and stress resistant 

cathode material is an mteqral part of this research, since 

the identification of new materials is fundamental to 

increasing the performance and lifetime of high-power arcjet 

enqines[8]. Direct comparison of cathode materials also 

provides new insight into the electromechanical properties 

that are critical to long-term electrode operation. 



Motivation and Backqround 

The development of electrothermal arcjet engines, and 

other hiqh-power electric space propulsion devices, is 

historically linked to advances in modern space-based nuclear, 

solar, and chemical power systems. The first extensive 

efforts to develop high-power (30-200 kW) electrothermal 

arc^ets, as an alternative to chemical propulsion, began m 

the late 195 's. This research stemmed from the evolution of 

integrated 50-1000 kW space-qualifled nuclear reactors under 

NASA's early Space Reactor Power System (SRPS) program, and 

from fundamental difficulties in operating existing resistojet 

electric thrusters at power levels above 10 kW[9]. Prior to 

this period, qualitatiVe study on the feasibility of high-

power electric space propulsion by E. Stuhlinger and 

A. Giannini in the mid-1950s constituted the basis of modern 

arc^et theory[10]. 

Full-scale laboratory development of arcjets began 

shortly after 1960 in a NASA sponsored research program at 

AVCO Corporation in Wilmington, Massachusetts (a leading 

resistojet manufacturer)[11]. The qoal of this three-year 

research program was to develop a reliable high-power arcjet 

technology capable of accommodating a wide-variety of space 

missions, space power system capacities, and arcjet operating 

configurations, while maintaining device lifetimes of several 

thousand hours[12]. Over the course of this program AVCO laid 

much of the groundwork on arcjet design, construction, and 

operation. 

AVCO's mitial success spawned interest in arcjet 

development after the late-1950s that came to include research 

laboratories at Giannini Scientific Corporation[13], 



Plasmadyne [14] , and General Electric Company [15] . These 

competinq arcDet development proqrams souqht to extend AVCO's 

basic radiation-cooled arcjet desiqn, shown in Figure 1.1(a), 

by incorporating regenerative-coolmg techniques, reentrant 

propellant flow, and advanced nozzle designs. 

In 1985 NASA and the U.S. Air Force initiated a high-

power arĉ iet test program in a ]OÍnt project at the Jet 

Propulsion Laboratory (JPL), Pasadena, California[16] . The 

objective of this effort was to re-evaluate the lifetime and 

performance of 30-kWe ammonia-fueled arcjets based on AVCO's 

original 1963 design. The culmination of this program was a 

573-hour continuous-duration test on a conventional 30kWe 

radiation-cooled ammonia arcjet shown in Figure l.l(b). Prior 

to this test, which had a pro^ected goal of 1500 hours, the 

longest continuous-duration tests had been conducted by AVCO 

in the mid-1960s and were limited to 50 hours duration on 

ammonia propellant and 723 hours duration on hydrogen 

propellant[17]. 

Results from the 573 hour long-duration JPL test, which 

failed prematurely due to an electrical short between the 

cathode and anode, uncovered numerous problems related to 

arcjet electrode and insulator erosion, cathode filament 

growth, and arc^et ignition reliability[18]. Major 

inconsistencies in comparison to AVCO's 1963 performance 

results also cast doubt on the accuracy of these earlier 

measurements. This prompted a more detailed series of 

measurements at JPL by Deinmger and Pivirotto [ 19] usmg an 

improved radiation-cooled ammonia arcjet design. 



2% THOR lATED TUNGSTEN 
^PURE GRAPHITE GASKETS PLENUM CHAMBER, CONSTRICTOR 

HIGH PURITY BORON NITRIDE AND EXPANSION N02ZLE 
. PROPELUNT INJECTOR-, (ANODE)-

Figure 1.1. Conventional radiation-cooled arcjet engines. 
(a) AVCO 30 kW R3 engine (1962) [13] . (b) JPL 
30 kW baselme engine (1985) [16] . 



In this series of experiments, arcjet electrical 

characteristics, performance, and electrode erosion rates were 

measured for a number of different cathode qeometries, 

injector-insulator configurations, and nozzle geometries. 

Power-supply ripple and propellant flow rate were also varied 

over a range of values from 0.2 to 3.0% and 0.17 5 to 

0.35 g/sec, respectively. Operational results showed that 

arcjet thrust performance was essentially independent of 

cathode geometry and electrode spacinq. The cathode erosion 

rate only varied sliqhtly with cathode qeometry and power-

supply ripple, but increased siqnificantly with time. Based 

on these and earlier conclusions, JPL cited four pressing 

problems with existinq radiation-cooled arcjet desiqns: 

1. Lower than expected thruster performance, primarily 

in terms of specific impulse and overall efficiency. 

2. Limited thruster lifetime due to cathode and 

insulator erosion. 

3. Unreliable startup and operation due to long-term 

electrode wear, cathode filament growth, and 

electrode surface contamination. 

4. Mechanical unreliability related to loosening and 

leakage around high-temperature joints, seals, and 

couplings. 

In light of these findings, new arcjet designs began to 

mcorporate sophisticated coolinq and sealing techniques (some 

originally developed in the 1960s) to solve the mechanical, 

performance, and anode erosion problems listed above. These 

techniques included reqenerative-coolmg of high-temperature 

:iomts and the arcjet nozzle, emissive coatings on the anode 

exterior, and advanced constrictor-nozzle geometries to 



improve enerqy transfer to the propellant gas and mcrease 

arcjet performance and efficiency. 

Arcjet cathode erosion, as indicated in items 2 and 3 

above, continued to be the most critical failure mechanism m 

high-power arcjets. This was despite considerable research in 

previous years devoted to reducing cathode erosion in low-

current arcjet and maqnetoplasmadynamic (MPD) thrusters[20]. 

Limited efforts to scale existing low-current cathode erosion 

rates to higher arc currents also proved unreliable. These 

situations lead to the sponsorship of this and other arcjet 

research at Texas Tech University, based on earlier research 

at the Texas Tech Pulsed Power Laboratory on high-energy 

pulsed electrode erosion. 

Figure l.l{b) clearly shows that the location of the 

arcjet cathode prohibits direct measurement of cathode 

operating environment and cathode-arc interactions. The 

mechanical complexity of high-temperature seals and ^oints in 

radiation-cooled arcjets are generally unsuitable for 

extensive cathode materials testing and basic cathode 

research. The experimental framework used in this 

dissertation, and described m detail m Chapter III, is based 

on a water-cooled arcjet design that allows easier replacement 

and better access to the cathode. Careful desiqn of this 

arcjet duplicated the same internal dimensions as are found m 

the standard JPL radiation-cooled arcjets, thus preserving the 

near-cathode thermal and gas flow properties. This 

experimental arrangement increased the number and variety of 

cathode experiments that could be performed without being 

affected by arcjet performance considerations. 



Arc^et Engines 

The simplest of all electrothermal space propulsion 

devices is the resistojet, wherem an inert propellant gas is 

directly heated by convection from an electrically heated 

surface. The basic challenge in the development of 

resistojets focuses on maximizing the convective heat transfer 

from the heated internal elements to the propellant gas 

stream. Early resistojet engines were constructed in many 

confiqurations: beds of tungsten spheres placed m the 

propellant flow and heated by passing current through their 

contact resistance, and by simple resistive heating of the 

plenum chamber walls. More practical resistojets rely on 

advanced designs using reentrant propellant passages around 

thermally insulated heatmg elements for increased performance 

and efficiency. 

Despite the use of reentrant propellant flow and active 

water-cooling in modern resistojets, over-heating and 

deqradation of the heater elements is common at high power 

levels (> 10 kW). This situation reflects the basic thermal 

limitations of common refractory materials used for conductors 

and insulators in the resistojet (i.t̂ ., Tungsten, Molybdenum, 

Boron Nitride, Aluminum Oxide) , and the difficulty in 

efficiently transferring thermal energy from these elements by 

convection to the propellant gas stream. 

The maximum mternal operating teraperature of resistojets 

is thus limited to the melting point of available refractory 

materials, qenerally in the range 1500 to 3000 K. This 

limitation combmed with other inefficiencies restricts the 

maximum propellant exhaust velocity in resistojets to well 

below lO^ m/sec, corresponding to a specific impulse of less 



than 1000 seconds. This suggests that without siqnificant 

improvements in the maxiraum operating temperature of the 

resistojet's mechanical heating elements, refractory raaterial 

limitations make resistojets strictly low-power devices. 

Arcjet Operation 

High-power arcjets overcome many of the limitations of 

resistojet engines by replacing mechanical heating elements 

with a hiqh-current electric arc similar to those found in 

arc-powered gas heaters, plasma spray guns, and plasma arc 

welders. Figure 1.2 shows a schematic of a high-power, 

radiation-cooled arcjet enqine and demonstrates how the 

electric arc and propellants flow is confined within the 

thruster. As indicated in Figure 1.2, a high-current arc is 

used to directly heat an inert propellant gas, typically 

hydrogen, nitrogen, argon, or ammonia. The arc is generated 

between two concentric tungsten electrodes — the outer of 

which forms the anode and the arc^et nozzle. The inner 

electrode, or cathode, is a cylindrical tungsten rod 0.5-

1.0 cm m diameter aligned along the nozzle's symmetry axis. 

A conical tip is machined on the cathode rod to intensify the 

electric field at the surface and to provide a localized hot 

spot for enhanced thermionic electron emission. 
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Figure 1.2. General schematic of arcjet operation. 



The external diameter of the arcjet thruster with its 

cyiindrical tunqsten anode ranqes from 2-4 cm with an exterior 

length of approximately 6-10 cm. The anode's interior surface 

is machined with a conical or bell-shaped nozzle and a small 

constrictor orifice. The cylmdrical constrictor has a 

nominal diameter of 0.5-1.0 cm, depending upon the type of 

propeiiant being used and the anticipated operating current of 

the thruster. 

The arc, after passing through the constrictor orifice 

from the cathode tip, terminates in a less destructive diffuse 

attachment on the mside surface of the anode expansion 

nozzle. Thermal energy from the arc is transferred primarily 

to the propellant gas within the constrictor with smaller 

fractions gomg to the anode interior surface and the cathode 

tip. In 30 kW class arcjets the heat load at the anode 

surface exceeds that of the cathode tip, ranging from i-j 

kilowatts at the anode and 0.2-0.5 kilowatts at the cathode. 

The internal surface temperature of the anode averages 2500-

3000 K. Insulators are used to support and separate the 

electrodes and are constructed of high-temperature, heat-

resistant materials, commonly hiqh-purity boron nitride. 

Propellant gas is injected into the arcjet with a large 

tanqential coraponent at the rear of the plenum chamber (see 

Fiqure 1.2). This adds a hiqh degree of vorticity to the 

in^ected gas flow that aids arc stability and improves energy 

transfer to the flow stream from the arc column. n 

regeneratively-cooled arcjets the gas is injected into the 

plenura after passmg through a series of reentrant cooling 

passages machmed mto the anode body. The injected gas is 

heated to its maximum temperature by forcing it through and 



around the arc core within the arcjet constrictor. In this 

fashion a high current arc-plasma capable of centerline ion 

temperatures exceeding 25,000 K replaces the resisto^et's 

mechanical heating elements. From Equations 1.3 and 1.4 it 

can be seen that theoretical propellant exhaust velocities in 

excess of 10 m/sec are therefore possible based on numerical 

estimates for arcjets running hydrogen propellant. In 

practice poor mfiltration of the propellant gas into the arc 

core and high frozen flow losses (i-c., energy losses to 

internal electronic, vibrational, and rotational modes of the 

propellant constituents) lirait the actual exhaust velocity to 

lO^-lO^ m/sec. 

Table 1.1 suramarizes the electrical and performance 

characteristics of several high-power arc^et engines f rom 

previous research programs since 1962. The average thrust of 

30kW-class arcjets varies from 1.5 to 3.5 Newtons and is 

highest for regeneratively cooled engines. Lower molecular-

weight propellants also produce higher specific impulse due to 

their raass difference. The specific impulse, as defined by 

Equation (1.5), is in the range of 950 to 1520 seconds. This 

value is somewhat lower than the theoretical maximum value of 

2000 seconds for hydrogen propellant based on numerical 

calculations [21] . Lower internal surface temperatures in 

regeneratively-cooled arcjets typically give a lower specific 

impulse as compared to hotter, radiation-cooled engines. 



Table i. 1. Performance and electrical characteristics of 
30 kWe class ammonia and hydrogen arc^ets since 
1962(16] . 

Laboratory 

Input Power, kW 

Propellant 

Flovirate, gm/sec 

Thrust, Newtons 

Impulse, sec 

Efficiency 

Arc Voltage, V 

Arc Current, A 

Date 

AVCO 

30 

H; 

0.12 

1.77 

i,52 

44% 

170 

177 

1962 

Giannini 

30 

H-j 

3.35 

1,010 

54% 

1964 

flVCO 

30 

NHj 

0.25 

2.50 

978 

38% 

132 

120 

1964 

JPL 

27 

NHj 

0.33 

2.42 

754 

29% 

117 

250 

1989 

RRC 

29. 9 

NHj 

0.25 

2.0 

850 

28% 

1989 



El^ectrical Characteristics 

The arcjet's electrical characteristics tend to vary 

considerably with propellant type and mass flowrate. This 

variation reflects differences in the gas discharge cheraistry 

and nozzle flow georaetries. The arc voltage ranqes from 100-

150 Vdc for aramonia propellant and frora 12 0-200 Vdc for 

hydrogen propellant. 

Arc current, which is a critical parameter in determininq 

the cathode erosion rate, varies frora 200-250 Adc with ammonia 

and 150-200 Adc with hydroqen. For pure nitrogen, the arc 

voltage is a rauch lower 60-75 Vdc. Under normal operatmg 

conditions the arcjet's V-I characteristics show a slight 

negative impedance, where the arc voltage decreases with 

increasinq current. 

The arc voltage is also proportional to the propellant 

flowrate at a fixed operating current. This variation is 

generally small, on the order of 10-20 Vdc for a wide range of 

flowrates. The permissible range of flowrates is deterrained 

primarily by arc stability. At low flowrates there is 

insufficient aerodynamic pressure on the arc column to force 

it through the constrictor. This leads to improper arc 

attachment on the upstream side of the constrictor channel and 

a very low arc voltage, as shown by the shorted arc in 

Figure 1.2. At very high flowrates the arc enters an 

oscillating re-strike mode, where the anode attachment point 

is blown too far downstream and is raomentarily extinguished. 

The arc then re-iqnites at some pomt upstream and the cycle 

repeats. This operatinq mode is characterized by an unsteady 

saw-tooth voltage waveform. 



Flow Dynamics and Arc Attachraent 

The presence of a partially ionized, non-equilibrium 

plasma in the arcjet constrictor raakes conventional gas-

dynamic analysis of the arcjet very difficult. The arc]et flow 

stream is therefore typically divided m t o three distinct 

regions for easier analysis as shown in Figure 1.3. The 

upstream most region, termed the "near-cathode region", lies 

withm a short distance of the cathode surface. 

This region encompasses all of the critical plasma 

eraission, ionization, and energy transfer interactions 

occurring at or near the cathode surface. Immediately 

downstream of the near-cathode region is the so called "core-

flow region," which extends over the full length of the arcjet 

constrictor and the expansion nozzle. This is a region of 

highly accelerated flow interacting with a well-defined arc 

column fixed at the center of the constrictor channel. The 

channel wall is buffered from the intensely hot arc plasma by 

a thick boundary layer of relatively cold propellant gas 

surroundmg and mixing with the arc column. 

Low-Reynolds number (Rg < 1) flow within the core-flow 

reqion creates an expanding surface boundary layer that forms 

at the constrictor entrance and increases in thickness movmg 

towards the nozzle exit plane. Alonq the centerline of the 

nozzle the flow velocity is largely supersonic due to the 

presence of the high-temperature arc plasma. The cooler 

boundary layer also separates the mtensely hot arc core frora 

the constrictor wall and thus protects it from melting. 
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Figure 1.3. Scheraatic of arcjet characteristic regions. 



Upon expansion within the nozzle the supersonic flow 

experiences a series of shocks (i.c, discontinuities in the 

expansion flow properties). In addition to these shocks, 

energy transfer within the core-flow region is characterized 

by highly complex chemical dissociation and recombination 

raechanisms, conduction and convection losses to the anode, and 

various non-equilibrium frozen flow losses. 

Investigators using a number of magnetohydrodynamdc (MHD) 

models have extensively studied the arcjet core-flow region. 

Among the earliest is the one-dimensional single-fluid Core 

Flow (CF) Model developed by John, Bennett, and Connors(1963) 

at AVCO Corporation[22]. John et al. based their CF raodel on 

earlier work by Stine and Watson (1962) for wall-stabilized DC 

arcs [23] . The CF model assuraes that the arc discharge is 

symmetrically uniform and fills only ^ small fraction of the 

constrictor cross-section. A distinct flow separation is also 

assumed to exist between the arc column and the surrounding 

laminar propellant flow. Energy transfer to the propellant is 

then calculated to occur via conduction and convection from 

the arc column and the constrictor walls. 

More recent numerical and experimental work on two-fluid 

(lon and electron) CF models by Butler and King improve on 

earlier semi-analytical raodels by John that assurae simple 

local thermodynamic equilibrium (LTE) exists between lons and 

electrons in the arc core[24]. Research by Rhodes and Keefer 

detail similar CF models for hydrogen arC3ets[25, 26]. Rosa, 

Farrar, and Trudnowski (1987)[27] and Yamada, Toki, and Kuriki 

(1993) [28] have also done early work on more sophisticated 

Cross Flow Arc (CFA) Models which seek to better address the 



boundary-layer dynamics of aerodynaraic drag on the arc coluran 

perpendicular to the fiow stream. 

The third flow region of interest begins near the nozzle 

exit plane and encompasses the downstream exhaust plume. 

Since this is the only region that extends outside the arcjet 

engine, a large volume of experimental data exists on the 

plasma and gas flow properties in this reqion. A 

comprehensive review paper of plume experimental data is found 

in Scott[29]. Most of the experimental data on arcjet plume 

properties to date focuses on measurmg and predicting 

thruster performance and upstream flow properties. Knowledge 

of the exhaust plume properties is directly applicable to the 

evaluation of arcjet frozen flow loss mechanisms and their 

origin. Comparisons of mass flux and kinetic energy profiles 

at the exit plane with total thermal and radiation power 

raeasurements used by Deininger et al. provide good estimates 

of total non-equilibrium frozen flow losses[30]. Mass flux 

and pressure profile measurements are useful in understanding 

flow phenomena m the arc^et constrictor. Most other arcjet 

plume diagnostics work is tied to spacecraft compatibility 

issues, such as plume electroraagnetic radiation, plume 

recirculation, and spacecraft contamination. 

Under certain flow conditions, a second "low-voltage" 

failure mode exists in most arcjets, shown previously in 

Figure 1.2. In this mode, the arc attachment point moves from 

the downstream expansion nozzle to the upstream corner of the 

constrictor inlet. This displacement produces a very intense 

shorted arc between the cathode tip and the upstreara 

constrictor wall. Since the electrical resistivity per unit 

length of the arc is relatively constant, the reduction in arc 



length causes a sudden decrease in the voltage drop - often by 

more than 50%. At the anode the arc attachment also changes 

from d diffuse area to a single, intensely heated spot. Very 

rapid melting at the anode surface leads to anode surface 

damage and deforraation. If allowed to persist the anode may 

be permanently destroyed or sufficiently damaged to cause re-

ignition problems. Yamada et al. (1993) also attempted to 

predict the onset of this failure mode in their CFA model of 

medium-power arc^jets. Their experimental work looks raainly at 

mode transitions related to variations in plenum pressure and 

mass flow rate as compared to CFA raodels. 

Arcjet Performance and Lifetime Issues 

The highest operating temperatures reached in an arcjet 

are in the arc core, at the cathode spot on the cathode tip, 

and at the anode attachment points. On surfaces near these 

points components undergo erosion due to melting and 

evaporation of the constituent material. As the input power 

increases these erosion mechanisms grow in magnitude to 

include ablation, sputtermg, and liquid droplet removal. 

Arcjet performance and lifetime are therefore closely linked 

to the raaterials used m their construction. 

On used electrodes the erosion rate, or mass loss per 

unit time, is typically highest at the cathode tip where the 

arc is concentrated into a single spot. Anode erosion rates 

are considerably less by • factor of 10 or more even though 

siqnificantly more enerqy is dissipated through the anode than 

through the cathode. The chief reason for this difference 

lies m the diffuse nature of the arc attachment to the anode. 

The anode attachment point tends to be diffuse or divided into 
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multiple arc filaments that move rapidly over a large anode 

surface area. The main cause for this is the large tangential 

velocity component of the propellant gas when injected into 

the plenura chamber. Insulators located near the arc or close 

to hotter electrode surfaces also degrade rapidly with time. 

The material used most often for arcjet electrodes, 2% 

thoriated tungsten, is among the best refractory thermionic 

electrode materials. Thoriated tungsten is commonly used in 

industrial arc discharge devices, arc plasma torches, arc 

lamps, and other steady state or pulsed power applications. 

Averaqe cathode erosion rates for thoriated tunqsten range 

frora 3.q mg/hour m 30 kWe ammonia arcjets (Deinmqer, Chopra, 

and Goodfellow[31]) to 1.0-2.4 mg/hour in hydrogen arcjets 

(John, Bennet, and Conner[32]). Anode erosion rates are on 

the order of 0.1 mg/hour. Given such high erosion rates at 

the cathode, the typical lifetime of an arcjet cathode 

operating at a nominal current of 200-250 A is below 800 hours 

far less than the projected 1500+ hours needed for typical 

high impulse space missions. 

Unfortunately, the cathode erosion rate of thoriated 

tungsten tends to increase with time as the low work-function 

additive phase (i.c, thoriura oxide) is depleted from the 

tungsten base. From a performance standpoint, this leads to a 

gradual increase in the cathode work function over time, 

thereby increasing the cathode heat load. As more thermal 

energy is lost to the cathode and anode, the thrust efficiency 

and specific impulse decline. The engine arc voltage is also 

observed to increase m a linear fashion as the cathode work 

function and arc length increase due to erosion. This 

negatively irapacts electrical power conditioning and design by 



significantly changmg the engine's ignition and operatmg 

characteristics over time. Because of these and other issues, 

the viability of arcjets as a qualified space propulsion 

technoloqy is being challenged. 

Goals and Objectives 

Given the state of arcjet technoloqy and research, the 

qoal of this work on arcjet cathode erosion was to develop a 

systeraatic fraraework for testinq and evaluating cathode 

erosion in high-power arcjets. It was desired to specifically 

utilize this fraraework to: 

1. Develop a set of consistent criteria for selecting, 

testing, and evaluating cathode materials with 

improved erosion resistance and durability. 

2. Determme the role of various variables of interest 

on arcjet cathode erosion, includmg propellant 

composition, flowrate, power supply ripple, and 

arcjet ignition. 

3. Design and test new state-of-the-art arcjet cathode 

raaterials. 

4. Determine the various arcjet cathode operating 

regimes wherein cathode erosion is most severe. 

5. Make a quantitative assessment of existmg semi-

empirical models of arcjet cathode operation. 

6. Identify areas for further research and improvement. 

In order to achieve these goals a detailed review of 

previous arc^et cathode erosion research was performed to 

identify the factors and parameters associated with arcjet 

cathode erosion. Based on these factors an experimental 

architecture was developed to standardize cathode erosion 



measurements for a wide range of parameters. Technical 

challenges also existed given the long durations required for 

accurate cathode erosion rate measurements, unusual power 

supply requirements, hiqh-capacity vacuum facilities, and 

personnel safety concerns. 

Given the aforementioned technical requirements, the 

first phase ob^iective of this study began with a cursory 

examination of high-power arcjet cathode erosion based on an 

experimental 15-25 kW nitrogen arc^et. Simple copper-tungsten 

(Elkonite) electrodes, which have comparatively high erosion 

rate, were used to eliminate the need for extreraely long 

duration tests. This approach permitted greater flexibility 

in both the number and diversity of experiraents. Design and 

development of vacuum facilities, power supplies, and 

propellant handling systems also evolved during this phase. 

The second phase ob^jective was to run full-scale cathode 

erosion studies on traditional and experimental arcjet cathode 

materials. This required long test durations of 50 and 100 

hours, using nitrogen and hydrogen propellants. Due to the 

flammability concerns and high flow rates of hydrogen a second 

test-facility was constructed to handle and exhaust hydrogen 

gas safely in the laboratory. Automated control and safety 

system were also implemented to raanage both facilities. 

This research was sponsored by NASA Stennis(Lewis) 

Research Center under contract from the Strategic Defense 

Initiative Organization(SDIO/IST). NASA's greater objective 

in sponsoring this research was to develop the best electric 

propulsion systems for specific space propulsion applications. 

This research was performed to improve the competitiveness of 

arcjets against other electric propulsion devices. In order 



for the arcjet to prevail, it must demonstrate its capability 

for longer operating time, and it must be able to operate in a 

rapid start-stop-start mode at peak power with minimura erosion 

and propellant consumption. 

Summary and Layout 

In this dissertation, the background theory of arcjet 

cathode operation and erosion are presented in the second 

chapter. This is followed, in Chapter III, by a description 

of the experimental fraraework used in this research. 

Chapter IV contains experimental results of pararaetric cathode 

erosion rate measurements illustrating the role of power 

supply ripple and flowrate on the cathode erosion rate. 

Chapter V contams the experimental results of the cathode 

materials measurements, which were done to design and test new 

and existing state-of-the-art arcjet cathode materials under 

steady state and multi-start conditions. A summary discussion 

is given in Chapter VI explaining the experimental results 

identified in this research. The conclusion of the work and a 

list of suggestions for further work are presented in 

Chapter VII. 

Several appendices are provided to support the chapter 

discussions. Appendix A is a tabulation of cathode material 

thermophysical properties. Appendix B presents results of 

x-ray SEM analysis of a used arcjet cathode. Appendix C 

contams program listings for the one-dimensional cathode 

plasma sheath model described in Chapter VII. Appendix D 

suraraarizes experimental results on raeasurements of the effects 

of power supply ripple and run duration on the arcjet cathode 

erosion rate of copper-tungsten cathodes. 
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CHAPTER II 

ARCJET CATHODE EROSION 

Conteraporary arcjet research contmues to be focused on 

two raajor problem areas: lifetirae, and perforraance. Prior 

research by a long list of investigators shows that the arcjet 

cathode is the principal lifetime limitmg element of arcjet 

engines. Electrode thermal losses, overheating, frozen flow 

losses, and electrode wear are likewise known to be major 

obstacles to increasing arcjet performance[1,2]. The subject 

matter of this chapter focuses solely on the cathode erosion 

problem. 

The factors that most affect arcjet cathode lifetime 

include cathode electron emission properties, arc discharge 

modes, cathode thermo-mechanical properties, and cathode 

erosion mechanisms. Together these factors introduce several 

well-documented modes of arcjet cathode operation, each 

distmguished by qualitatively different erosion mechanisms. 

Tunqsten and other refractory metals operate as cathodes with 

very high surface temperatures, and produce high current 

densities predommately by means of thermionic emission. 

However, other dispenser type cathode materials, such as 

thoriated tungsten (W-ThO^), which contam electropositive 

metals, can produce the same current density while operating 

with significantly lower surface temperatures, higher 

thermionlc emission current, and significantly less erosion. 

Therefore, understanding the complex physics of these varied 

interactions is paramount to solving the arcjet cathode 

lifetime problem. 



The framework of this thesis is primarily experimental m 

nature, and is directed towards clarifying the aforementioned 

factors that affect cathode erosion. This particular problem 

area was aided by the availability of extensive cathode 

erosion research conducted at Texas Tech University (TTU) by 

Donaldson[3] for transient arcs. The followmg three sections 

provide an overview of arcjet cathode erosion as it pertains 

to this investigation. 

Cathode Erosion Mechanisms 

Cathode erosion in arcjets occurs when cathode material 

is permanently reraoved from the cathode surface due to current 

contraction at the cathode surface and the consequential high 

power density. Other cathode failure events, such as melting, 

metal displacement, or catastrophic changes in cathode 

geometry, are also prevalent in hiqh-power arcjet enqmes. 

Many possible erosion mechanisms for both arcjet cathodes and 

anodes are known to exist. These mechanisms include[4]: 

1. Macro particle (droplet) e^ection and massive 

vaporization (boiling) from molten pools under 

cathode (anode) spots, 

2. Localized vaporization (boiling) at micro-spots 

(ablation), 

3. Vaporization from larger molten surface areas 

(without boilmg or spots, i.c, diffuse 

attachment), 

4. Sputtering due to ion impact, 

5. Continuous surface vapor loss due to excessive 

surface teraperature. 



6. And convective losses of neutral and lonized 

cathode vapor (i.c, material blown away by 

circulating qases). 

One or more of these mechanisms contributes to a combmed 

loss of cathode volurae, v^, which can be written as 

^e = ^pVp + k^v^ + k^v^ + k^v^, (2.1) 

where Vp is the plasma volurae, vj is the liquid volume, v^ is 

the neutral vapor volume, and v̂  is the solid volume[5]. The 

k's in Equation 2.1 represent simple volume ratios, or 

coefficients of removal, for each material phase. Each ratio 

in turn ranges from zero to one. As cathode material is 

removed both during arcjet ignition and durinq steady-state 

operation, some accountinq must be made for losses at each 

stage. Thus, the cathode erosion process in arcjets is 

rationally divided into two regimes: each with u different set 

of erosion mechanisms and volumetric ratios. 

Erosion processes that occur at each stage of cathode 

operation are normally thought of as being determined by both 

thermal and material reraoval mechanisras. A number of thermal 

raechanisms are active near the cathode surface, including 

conduction, ccnvection, radiative-cooling, heating due to ion 

bombardment, and Joule heating. Toqether, these and other 

thermal mechanisms provide an mstantaneous local heat flux to 

the cathode surface that invokes one or more phase changes to 

occur m the cathode material. The associated removal 

mechanisras that prevail during each phase change must then be 

considered. The purpose of the next two sections is to 



describe these reraoval mechanisras for both quasi-steady and 

steady-state arcjet cathode erosion. 

Cold Cathode Erosion 

During arcjet ignition, the cathode arc attachment 

consists of many highly un-stationary emission sites, or hot 

spots, which raove rapidly over the cathode surface. This 

"cold cathode" or "spot" mode erosion is extremely destructive 

and can severely limit cathode lifetime. This is evident from 

experimental observations of hemispherical pitting and molten 

tracks across large areas of the cathode surface[6]. Cathode 

erosion rates for thoriated tungsten in this regime range from 

0.5 ng/C in low power arcjet thrusters[7] to 5 ng/C in high 

power arcjets[8]. The bulk cathode temperature at this stage 

is usually too low to support wide spread thermionic-field 

emission and diffuse arc attachment. Myers et al.[9] show 

photographically that durmg arĉ iet ignition for the first 

several seconds the cathode is covered with rapidly moving 

bright spots. Maximura spot lifetime is typically about one 

microsecond[10]. After a period of time, normally several 

seconds, cathode spots are replaced by a more diffuse cathode 

attachment. According to Myers, the time length of this 

transition period depends upon the propellant type, gas 

pressure, cathode geometry, and cathode material. In his 

experiments it varied from 1 to 6 seconds. The cold-cathode 

erosion rate during this period is reported to be as much as 

five tiraes higher than the steady-state erosion rate[ll]. 

Guile and Hitchcock also report significant effects of cathode 

contaraination on the cold cathode erosion rate[12]. 



Of the various therraal mechanisms, Joule heating, lon 

bombardment, and vaporization are most dominant durinq arcjet 

iqnition. Radiation and conduction tend to affect large areas 

of the cathode surface and are therefore too diffuse to be 

effectual during iqnition. The relative importance of Joule 

heatinq versus ion bombardment is questionable and is still 

disputed[13]. Among the cold cathode erosion mechanisms to be 

considered are raassive evaporation, explosive particle 

(droplet) removal, and sputtering frora ion borabardment. 

Estimates based on the measured size of micro-spots found 

on used arcjet cathodes suggest that droplet removal is the 

most active cold cathode removal mechanism at high arc 

currents. By considering the mass removed from a 

hemispherical crater, Hantzche and Juttner[14] show that 

measured cold cathode erosion rates are consistent with macro 

particle removal, and not evaporation. The gross cathode 

erosion rate, W (g/C), is estimated by taking the volume of 

the hemispherical crater, multiplying by the density, and 

dividing by the charge transferred, so that 

-n r' 
.7 - 3""̂ "̂  (il ,0.2) 

where I is the spot current, f is the average spot radius, 

and T is the spot dwell time[l5]. According to Prock, this 

gross estimate compares well with raeasured erosion rates, but 

only if adjustments are made to compensate for the fact that 

not all material ejected from the crater leaves the cathode. 

Nemchinski[l5] estimates the fraction of material that returns 

to the cathode surface by using Monte Carlo calculations that 
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treat sputtering and collisions between atoms and ions in the 

cathode spot. His estimates agree well with measured values 

of between 40-60% for tungsten and copper electrodes. Gray 

and Pharney[17] also consider volume droplet reraoval by 

sputtering from molten cathode spots. For very low arc 

currents (< 1 Ampere) they successfully derive the conditions 

for siqnificant dropiet removal from recoil forces at the 

molten surface. However, they conclude that only a small 

fraction of the total molten material removed is lost to 

sputtering at higher currents. 

As shown m Figure 2.1, explosive droplet removal due to 

electrode Joule heatmg (EJH) m the molten phase is 

considered to be the most plausible mechanism for gross 

material removal and cold cathode erosion at higher currents. 

Rakhovsky[18] and Mesyats[19] show that the cold cathode 

erosion process is supposed to be a result of a cyclic 

explosion in the current contraction region: analogous to the 

electrical explosion of wires. 

Earlier work by Daalder[20] successfully correlates 

cathode spot diameter to volume losses due to explosive Joule 

heating from a rapid increase in the resistivity of the 

cathode metal in the liquid state. Daalder shows that the 

averaqe cathode spot diameter varies linearly with arc current 

at currents above 50 Amperes on copper cathodes. Similar 

variations m the cathode spot diameter are also observed on 

tungsten cathodes, but at higher arc currents. 



Figure 2.1. Cathode droplet removal mechanisms. (a) Arc 
column melts cathode surface. (b) Discharge 
dissipates. (c) Droplet ejected from cathode 
spot. Hantzche and Juttner[14]. 
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Below 50 Araperes on copper the spot diameter gradually 

reaches an asymptotic value of roughly 4 raicrometers, 

suggesting a mmimum spot size for stable arc formation. The 

distribution of cathode spot sizes therefore seems to mcrease 

with arc current, as do the frequency and velocity of cathode 

spots. 

Watson[21] developed perhaps the most elaborate EJH 

description of cathode spot erosion, based on radial 

variations in the JxB forces at the surface of the molten 

cathode spot. In his description a pressure gradient at the 

molten cathode surface is produced by electrode Joule heating 

and J B forces to produce standinq waves on the raolten pool, 

These waves in turn interact like waves in a pool of water to 

splash raolten material out and away from the cathode spot. 

A similar approach for pulsed arcs by Petr and Burkes[22] 

considers the possibility of reflected impulse waves within 

the cathode material returninq to the surface to cause 

material ejection. The magnitude of the force needed to 

remove matenal must then be sufficiently large to overcome 

surface tension. As a secondary condition they also consider 

the round-trip travel time of the acoustic wave, t > d/v^, 

where d is the round-trip distance, and v^ is the acoustic 

velocity of the cathode material. The authors were then able 

to experimentally validate this ejection mechanism by changing 

the electrode thickness. 

If the thermal energy is applied to the cathode surface 

too rapidly for significant meltinq to occur then solid 

removal of cathode material is also possible. This is common 

for brittle materials or materials with poor thermal 

conductivities, such as carbon or conductive ceramics. In 



these cases cold cathode damage is caused by thermo-mechanical 

stress in the cathode spot that leads to thermal stress 

failures, such as crackmg and fractures m the cathode 

surface. At extreme heat fluxes, the stress failures become 

large enough to cause to structural failure and loss of 

material, j-.e., spallinq, or coraplete electrode failure. This 

mechanism for cathode erosion is uncommon for raost types of 

cathode materials used in arcjet engmes. 

A number of authors have considered the mechanisms that 

cause solid material removal and are referenced in 

Donaldson[23]. Massive evaporation of cathode raaterial during 

cold cathode iqnition is also observed for cathode materials 

with low meltinq points, such as copper and steel[24]. In 

this type of spot, a significant portion of the total current 

may be carried by ionized cathode raaterial[25]. A portion of 

the evaporated cathode material may return as lons to the 

cathode surface, thus reducing the net erosion. For high 

melting point materials, such as tungsten, evaporation is 

generally more relevant to steady-state erosion as is shown in 

the next section. 

Steady-State Erosion 

In steady-state operation, the arc discharge heats the 

arcjet cathode surface to an equilibrium service temperature 

sufficient to maintain a diffuse arc attachment. This 

"diffuse" or "hot cathode" raode has a much lower associated 

erosion rate that can be attributed primarily to evaporation 

and sputtering. The current density in the diffuse mode is 

also much lower due to wide spread thermionic-fleld eraission 

from a mostly stationary cathode spot. This cathode spot is 



many orders of magnitude larger (up to several square 

centimeters) thán those seen on cold cathodes, often coverinq 

an appreciable fraction of the cathode surface on pointed or 

dirapled cathodes. According to Schrade et al.[26], the 

maximum arcjet cathode temperature in the diffuse raode amounts 

to about 3200 K in argon with a current density of between 

2.5x10^ and 1.5x10^ A/m^. Nitrogen and hydrogen propellants 

produce sliqhtly higher temperatures. 

The dominant erosion mechanism in steady-state cathode 

operation is believed to be evaporation or sublimation of 

cathode material from the heated surface. From Dushman[27], 

the steady-state evaporation rate for a clean surface can be 

estimated by the equation, 

where A is the emitting surface area and Mw is the raolecular 

weight of the cathode vapor. The vapor pressure, PviTc) , is 

given by the Arhenius equation, 

PV{TC) P.e "'' ' <2-^> 

where Hs is the heat of subliraation. Erapirically, the vapor 

pressure of the solid cathode material is given by 

iog..(p.. te)) = A - f , (2.5) 



where A=12.8767 and B=45395 for tungsten between 2600 K and 

3100 K[28]. At 2373 K, the vapor pressure of tungsten is 

8.15 X 10"^ Pa, while at 3373 K it increases exponentially to 

0.1 Pa. Experimental data for vapor pressure over liquid 

tungsten are not available. From Equation 2.3, the gross 

erosion rate is then given by 

Order of magnitude estimates by Schrade et al. based on 

Equation 2.5 yield an erosion rate of 10 ng/C for an average 

current density of lO'' A/m^ which compares favorably with 

arcjet cathodes, but is slightly low for MPD devices[29]. 

This erosion rate is extremely sensitive to cathode 

temperature (see Equation 2.6), but aqrees well with long 

duration (413 hours and 573 hours) erosion rate measurements 

of roughly 3- / ng/C found by Pivirotto and Deininger in 

endurance tests with high power ammonia arcjets[30]. 

Figure 2.2 shows d plot of current density versus cathode 

temperature for several different effective work functions. 

Superimposed on the graph is the equivalent current density 

calculated from Equation 2.6 by solving for jtoti ^nd assummg 

an erosion rate of 10~^ g/sec at a current of 2 50 Araperes, 

which correspond to values measured by Pivirotto and 

Deinmqer. The evaporation rate curve intersects the 4.5 eV 

curve at approximately 2 600 K, which corresponds to an 

evaporation rate of 10"^ g/sec with a work function consistent 

with that of pure tungsten. 
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Figure 2.2. Thermionic electron emission for various 
cathode work functions. Cathode evaporation 
rates are also shown based on a cathode 
current of 250 A. 



This temperature, 2 600 K, agrees almost exactly with 

measured cathode tip temperatures by Polk and Goodfellow[31] 

and Neurath and Gibbs[32]. From a phenomenological standpoint 

this suggests that steady-state erosion is indeed very 

strongly dominated by evaporation in this current regime. The 

effect of lowering the cathode work function is also seen in 

Figure 2.2 to lower the evaporation rate and increase the 

emission current by at least a factor of 10 for every 0.5 eV 

change in the work function. 

Schrade et al. suggests that some of the discrepancy 

between measured erosion rates and Equation 2.5 is likely due 

to inaccuracies in the vapor pressure curve for tunqsten near 

and above the melting point. They also suggest that 

variations m the cathode work function over the cathode 

surface may invoke localized spot formation on the cathode 

surface that is sub^ect to droplet removal, and thus higher 

erosion rates, as are seen in MPD devices. This is supported 

by photographic analysis of used arcjet cathodes by Pivirotto 

and Deminger, indicating off-center arc attachment[33]. 

More recent work by Lawless et al.(1988) treat the 

additional effects of gas flow eddies around the cathode tip 

as a potential source of unusually large steady-state erosion 

rates in arc]ets[34]. Their explanation centers around re-

circulating eddies near the cathode tip that produce mixing 

layers that increase the transfer of evaporated material to 

the outgoing flow streara, thus reducing recondensation of the 

sublimed material. 

Lawless et al. also agree that spot formation is also a 

likely explanation for droplet removal. Studies of cathode 

surface contamination and irregularities by Lawless et al. 



mdicate that higher than normal erosion rates are typical of 

such cathodes. These irregularities are the focus point of 

intense arc erosion due to field enhancement at the surface. 

Successful long-term operation of high power arcjet 

cathodes in a diffuse attachment is dependent upon several 

factors, including cathode equilibriura temperature, cathode 

work function, propellant ambient pressure, and propellant gas 

flow properties. For exaraple, diffuse attachment is aided by 

a low work function, even cathode heating, and high propellant 

specific weight. Likewise, lowering the ambient gas pressure 

by widening the arcjet constrictor causes the cathode 

attachraent area to grow and cover more cathode surface area. 

Unfortunately, these modifications, though aimed at lowering 

cathode erosion, also reduce arcjet thrust and specific 

impulse performance. 

The condition for raaintaining a low work function over a 

long period of time is also one of the most important 

optimization criterions in arcjet cathodes. This requires a 

different approach to optimization of cathode material and the 

cathode assembly based on the dynamics of evaporation and 

diffusion of low work function additives (e.g., thoria). 

Accordmq to Smithells [35] , above 2100 K, the rate of 

evaporation of thoria is higher than the rate of replacement 

from diffusion. This suggests from Figure 2.2 that the 

effective work function must remain well below 3.5 eV for 

optimura service temperatures (< 2000 K) and reasonable current 

densities (> lO^ A/m'̂ ) . Dyuzhev et al. [35] also show that 

this optimization comcides with a miniraization of the thermal 

gradient at the cathode spot surface. These conditions, 

however, are insufficient to guarantee maximum cathode 



lifetime and minimal erosion. Mechanisms such as additive 

mobility, recrystallization of the molten cathode material, 

additive diffusion rates, and monotonic temperature 

distributions at the cathode surface impose additional 

conditions to achieving maximum cathode lifetime. 

Cathode Damage 

The loss of arcjet cathode material from cathode erosion 

is always accompanied by gross changes in the cathode 

composition and geometry. Ultimately, it is cathode 

deformation, not cathode erosion that is the cause of arcjet 

failure. Erosion and material loss are not necessarily 

catastrophic provided, for example, that some type of 

mechanical feed raechanisra replaces the lost cathode material. 

Unfortunately, this solution is overly complex and irapractical 

for space fliqht. Gradual deformation of the cathode 

inevitably leads to engine failure due to improper cathode arc 

attachment, starting difficulty, increased electrode gap, 

improper propellant gas flow, internal arcing, and electrical 

shorts. 

Figure 2.3 is but one example of the degree to which 

arcjet cathodes are altered geometrically. There is seen to 

be not only clear external indications of mass loss at the 

cathode tip, but also redistribution of mass over a 

significant portion of the cathode surface. 



Figure 2.3. Photographs of new(Top) and used(Bottom) 30 kW 
arcj et cathodes. 



After only 100 hours of operation, the cathode is 

noticeably deforraed near the cathode tip, as material has been 

relocated from the tip to form a rimmed crater around the 

cathode spot. At power levels near 30 kWe, Deininger et al. 

at JPL observed large crater formation and large crystal 

filament growth on the crater rim[37]. 

These large crystal filaments are suspected to cause 

premature engine failure from electrical shorts between the 

cathode and anode. This is evidential of severe cathode over-

heating, evaporation, and recondensation in the cooler 

peripheral region around the cathode spot. Medium power 

(10 kWe) experiments with the same arcjet by Polk and 

Goodfellow[38], however, show no indication of filament qrowth 

even after 1450 hours of arcjet operation. 

Figure 2.4, taken from Maher and Andrews[39], shows a 

photograph of radial filament growth on and around the crater 

rim from used JPL arcjet cathodes. The formation of cathode 

filaments is thought to occur only in the presence of high 

cathode vapor concentrations and high electric fields. 

Nosov, Nosova, and Shuppe[40] have investigated the 

growth and formation of cathode filaments on gold cathodes. 

Their work compares the growth rates of cathode filaments 

based on three different transport raechanisms: ion 

recondensation, siraple vapor precipitation, and field enhanced 

diffusion. Based on order of magnitude arguments they 

conclude that field enhanced diffusion is the most likely 

mechanism for cathode filament formation. 



Figure 2.4. Photograph of cathode filaments ("Whiskers") 
forraed by evaporation during steady-state 
cathode operation[39] . 
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In their model they assume that electrical transport of 

ions occurs in a thin monolayer near the cathode surface, in 

the form of a moving liquid film or very dense vapor. The 

electrical diffusion rate is then estimated from the 

relationship 

Ĵa — ez£t, (2.7) 
kT 

where N^ is the density of cathode atoms, D^ is the surface 

diffusion coefficient, ez' is the effective ion charge, E is 

the electric field, S is the cross-sectional area of the 

annular diffusion layer around the filament, and t is the time 

of forraation. The number density N^ is in turn related to the 

vapor pressure, which has a logarithmic teraperature 

dependence. Based on Equation 2.7, we therefore expect 

mtense filament growth to happen only under severe 

conditions; i.e., under abnormally high temperatures, 

excessively high evaporation rates, and concentrated electric 

fields found most commonly in contracted cathode spots. 

Within cathode craters, enlarged grain boundaries are 

often visible and are commonly located in the region between 

the crater floor and the rim. This recrystallization is 

associated with meltinq and re-solidification of cathode 

material in the crater. For high-power cathodes, where 

significant melting occurs, crystal growth on the order of 

300 yra is observed. This compares to normal crystal grain 

sizes on the order of 20-30 pm, according to Maher and 

Andrews. A significant reduction in the concentration of 

thorium oxide is also observed in the cathode crater. This 



leads to well-known changes in the mechanical and electric 

emission properties of the cathode raaterial over time, 

particularly in the cathode spot region. 

For diffuse arc attachment, cathode deformation is 

norraally rauch less pronounced due to lower associated erosion 

rates. The cathode tip again shows the largest amount of 

erosion and mass loss. On the cathode tip, a less promment 

crater is observed with microscopic pitting over a large 

surface area around the cathode tip and on the cathode shank. 

The formation of cathode filaments is uncommon, and cathode 

recrystallization is liraited to a thin layer near the cathode 

tip. This mode of operation shows minimal cathode erosion, as 

demonstrated by the 1462-hour arcjet endurance test by Polk 

and Goodfellow. 

Cathode Materials 

The traditional base cathode material used for decades in 

arcjets and other high-current arc devices is refractory 

tungsten. Refractory tungsten is fabricated f rom press-

smtered tunqsten powder in a two-step powder metallurgical 

(P/M) process. Isostatic compaction of tungsten powder is 

usually the first step in imparting the desired physical 

shape. The second step in the manufacturing process, 

sintering, utilizes heat to corapact the solid and increase 

inter-particle bonding and density. Hot isostatic pressing 

(HlPing), hot powder forging, and extrusion are all raethods of 

high pressure smtering that utilize the simultaneous 

application of heat and pressure to fuse and compact the 

powder[41]. Smtermg is often enhanced by the addition of a 

low-melting point liquid phase additive or dispersoid to 



increase gram taoundary diffusion. The effectiveness of the 

additive is determined by its influence on the rate of mass 

transport of the base tungsten material. Certain oxides 

additives are known to retard diffusion and decrease mass 

transport during smtermg, thus resulting m poor mechanical 

strength. 

Based on accepted arguments, the optimum materials for 

arcjet cathodes should meet all of the following criteria: 

1. Low vapor pressure and evaporation rate, 

2. High melting point, 

3. Low work function and high electron emissivity, 

4. High sputtering resistance, 

5. High electrical and thermal conductivity, 

6. Good mechanical stability at high temperatures, 

7. Chemical stability with propellant. 

Unfortunately, it is very difficult to consider all of these 

factors in the evaluation of potential arcjet cathode 

materials. Despite a less than optiraum work function, poly-

crystallme tungsten, with the hiqhest melting point and 

lowest vapor pressure of raetal elements, is traditionally the 

basis of most viable refractory cathode raaterials. Based on 

the fact that press-sintered tungsten is porous [-80% dense), 

many state-of-the-art cathode materials utilize the refractory 

properties of tungsten to build better performing cathodes. 

Dispenser Cathodes 

The purpose of dispenser cathodes is to provide a 

continuous, controlled replenishment of a low work function 

adsorbate (e.g., ThO:, BaO^, Y2O-1, or LaBe) to the cathode 

surface. Dispenser cathodes typically consist of a porous 
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tungsten or molybdenum matrix that is impregnated with an 

electropositive substance. The substance is forced into the 

porous raatrix by raelting and infusing the substance under 

externally applied heat and pressure. The average pore 

diaraeter of press-sintered tungsten, for example, is typically 

i-10 )im with ci density of 8,000-36,000 pores/mm^ [42] . 

The work function of tungsten is considerably changed by 

the adsorption of the dispenser substance on the tungsten 

crystal surface. It can be either increased, as in the case 

of oxygen contamination, or significantly decreased, as in the 

case of Th, Ba, and Cs. Table A.l in Appendix A shows the 

variation in work function for several different metals and 

Tunqsten-adsorbate combinations. In general, the work 

function is decreased if the adsorbate is less electronegative 

than tungsten and electrons are thus transferred frora the 

adsorbate to tungsten. For example, from Table A.l the work 

function of thoriated tungsten is significantly lower (2.6 eV) 

than that of bulk thorium metal (3.38 eV) . This means that 

significantly higher thermionic emission current densities can 

be achieved at a given cathode service temperature. However, 

due to the lower meltinq point of the adsorbate substance, the 

maximura cathode operating temperature is also significantly 

lower than that of poly-crystalline tungsten. The main 

disadvantage of dispenser cathodes is then simply the 

depletion of the low work function substance from the surface 

at hiqh service temperatures. Work on activated tungsten 

filaments suggests that at moderate temperatures the 

evaporation of the low work function substance at the surface 

is replenished by diffusion along lattice and grain boundaries 

from the bulk material (see Reference 38). However, at higher 
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temperatures, the rate of evaporation is too high and the 

diffusion rate rs too low to maintain the electropositive 

monolayer at the cathode surface. 

For most dispenser cathodes to be effective, the service 

temperature of the cathode must remain below 2100-2500 K in 

order to reach the desired service life. This is evident from 

Table A.2 in Appendix A that shows the vapor pressure for a 

nuraber of refractory oxides. As shown previously in 

Equation 2.3, the evaporation rate is proportional to the 

vapor pressure. It is therefore important to maintain a vapor 

pressure below 10'^ Torr in order to minimize evaporative 

losses, which for the oxides in Table A.2 only occurs at 

temperatures below approximately 2300 K, Given this 

observation, several candidate raaterials can be selected frora 

Table A.2 based on their low vapor pressure and high melting 

points. In Table 2.1, a figure of merit, Fi, is assigned to 

several refractory oxides based on the formula. 

where Tv is the surface temperature at a vapor pressure of 

10'^ Torr, and <ji> is adsorbate work function on tungsten. 

Based on this figure of merit, Table 2.1 shows that 

thorium and Yttrium have the highest figure of raerit based 

solely on vapor pressure and work function. Lanthanum has the 

lowest figure of merit due to its hiqh work function and lower 

vapor point. 



Table 2.1. Fiqure of merit for H number of refractory metal 
oxide adsorbates. 

Surface 

Tungsten-Barium 

Tungsten-Lanthanura 

Tungsten-Thoriura 

Tungsten-Yttrium 

Tungsten-Strontium 

1358 

1820 

2061 

2100 

1600 

1.56 

2.71 

2.63 

2.70 

2.20 

0.075 

0.067 

0.078 

0.078 

0.073 



Boride and Rare-Earth Cathodes 

All alkaline-earth metals, rare-earth metals, and thorium 

form cubic corapounds with boron of the type MBe. In these 

compounds the small boron atoms form three-dimensional 

octahedral structures at each corner of the cube. The metal 

atoms are located at the center of the cube, havmg no valence 

bonds with the surrounding boron atoms. 

According to Lafferty[43], the valence electrons thus 

become free electrons and impart a metallic character to the 

compound with high electrical conductivity and low work 

function, The strong bondinq between the boron atoms also 

leads to a whole series of refractory compounds with very high 

meltinq points above 2300 K, 

Boride compounds are prepared by press sintering a powder 

composed of the fresh metal and araorphous boron, The resultmg 

material is crushed, washed in HCl, and dried. This powder is 

then press-sintered into the desired shape, or infiltrated 

into tungsten for use in dispenser cathodes. Table A.3, also 

taken frora Lafferty, shows the raeasured electron emission 

properties of various hexaboride compounds. 

Of the raaterials tested by Lafferty, lanthanum hexaboride 

has the highest electron emission coefficient with a work 

function of 2.66 eV, which compares closely to that of 

thoriated tungsten. Jacobsen and Storms[44] measure the work 

function for several LaB^ compounds with values rangmg from 

2.83-4.07 eV. 

When hexaborides are heated in contact with refractory 

metals such as tungsten, the boron atoras diffuse Into 

interstitial sites in the tungsten lattice. As the boron 

diffusion process progresses, the boron framework that holds 
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the rare-earth raetal decays, permitting the latter to 

evaporate more easily. This process also weakens the 

surrounding tungsten lattice, leavmg it brittle and cracked. 

Lafferty shows that filling the interstitial sites with 

carbon, prior to infiltrating the tungsten with borides, 

significantly reduces boron diffusion and lowers the 

evaporation rate of the rare-earth metal. This suggests that 

hexaborides may function raore effectively m carbonized 

refractory metals, such as tungsten carbide than in pure 

tungsten. 

Carbon and Carbide Cathodes 

Graphite is well known for being one of the first 

ref ractory conductors used as arc lamp electrodes. Arc 

discharge devices that utilize graphite electrodes often prove 

unreliable due to its poor mechanical strength, brittleness, 

and poor electrical properties. One notable exception to this 

is in carbonized raetals, such as tantalum carbide TaC, 

zirconium carbide ZrC, and tunqsten carbide WC. These 

materials have extremely hiqh meltinq points, very low 

evaporation rates, good electrical properties, and modest work 

functions as low as 2.2 eV for ZrC (see Table A.4 in 

Appendix A). The disadvantages of carbide cathodes include 

very high hardness (making cathodes difficult to fabricate), 

low thermal shock resistance, and possible chemical reactivity 

with propellant qases. 
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CHAPTER III 

EXPERIMENTAL 3YSTEKS AND DATA AQUISIT OH 

An experiraental 30 kWe water-cooled arcjet model was 

utilized in this research to simplify cathode erosion 

raeasureraents in the device. To gain operational experience 

with the arcjet, it was initially designed, built, and 

operated in the open air, running nitrogen propellant. A 

three-phase weldinq supply controlled by a stack of nine 

Variacs (three Variacs per phase) provided electrical power to 

the arcjet. This welding power supply was eventually replaced 

tay a custora-built, SCR-controlled, solid-state power supply 

capable of supplying the desired voltage and current. 

A number of arcjet ignition systems were also evaluated 

early on, including a custom-built resonant spark-gap circuit, 

coupled RF circuits, open-circuit Paschen breakdown of the 

propellant gas, and various other soft-start techniques. Each 

of these techniques was found to have shortcomings, including 

unreliable ignition, incorrect anode arc attachment, and 

couplinq problems with the high-current DC power supply. 

These systeras were eventually replaced by a more reliable 

commercial high-frequency TIG (tunqsten-in-qas) welding 

starter. 

For the actual experiments the arcjet was run in vacuum, 

usmg one of two vacuum chambers specifically designed for 

hiqh volume gas throughput (up to 250 Torr • liters/mmute of 

N2) with an ambient pressure below 10 Torr. Additional 

renovations were made to the solid-state power supply to 

include computer-control, variable ripple filtering, and an 

adjustable water-cooled ballast resistor. 



A sophisticated automated control system was also 

implemented to allow un-attended long-duration operation and 

to ensure repeatability between experiments. Overheating and 

vacuum pressure problems inside the vacuum chambers were also 

resolved by installmg water-cooled diffusers. These test 

facilities were used for over thirty long-duration runs, many 

in excess of 100 hours using nitrogen and hydrogen propellant. 

Laboratory Arcjet 

A cross-sectional scale drawing of the experimental 

laboratory arcjet is shown m Figure 3.1. The arcjet is 

designed after the 30 kWe JPL MODl ammonia-fueled arcjet but 

is water-cooled and features quick replacement electrodes[1]. 

The cathode holder is taken from d standard electrode fixture 

used by Donaldson[2] for transient arc erosion studies. 

The design features easily replaceable cathode and anode 

inserts that are raounted in non-damaging holders. The two-

part cathode holder has no exposed threads and is rounded at 

the cathode receptacle to prevent damage frora corona 

discharges during arcjet ignition. Each holder is water-

cooled to prevent over-heating of the various neoprene seals 

and Lexan insulators. The rear Lexan insulator and the copper 

anode holder are raounted on each end of a stainless-steel 

water-cooled housing that supports the electrodes. 
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The cathode insert is mdirectly water-cooled through the 

base of the cathode holder, which is hollow and contains a 

copper inlet tube running down the center of the cavity. 

Cooling water is forced into cavity via the mlet tube and 

circulates around and back to the rear of the cathode holder 

where it is discharqed. The anode insert is water-cooled by 

raeans of a copper anode holder that also serves as the high 

current anode contact. A qas-tiqht seal is raaintained between 

the anode insert and the anode holdinq plate by a smooth 10° 

tapered ]oint. 

The water-cooled cathode fixture extends through the rear 

Lexan msulator, and is held in place by a modified nyion 

fittinq. The Lexan insulator attaches directly to the rear-

mountmq bracket and is equipped with an injector port and a 

pressure tap for recordinq the arc^iet's internal pressure. 

Propellant enters the arcjet plenum via an optional tangential 

injector plate located just behmd the anode holder. 

Electrode Configurations 

The two standard cathode confiqurations used in all 

arc^et cathode erosion measurements are shown in Figure 3.2. 

The priraary 0.95 cm diameter by 8.3 cm long cathode insert is 

used for all high current (250 Adc, 15-25 kW) cathodes. A 

smaller, 0.64 cm diameter by 8.1 cm long cathode insert is 

used for medium current (100 Adc, D-10 kW) operation on 

hydrogen, nitrogen, or mixed propellants. Both cathode 

designs have a standard rounded 60° conical tip. The length 

of the cathodes is designed to mmimize the effect of water-

cooling on the operating temperature of the cathode tip. 
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Figure 3.3 shows the three standard anode nozzle 

configurations used at 10-25 kW power levels with nitrogen and 

hydroqen propellants. An example of the electrical 

characteristics of the arcjet with various electrode-qas 

combmations appears in Chapter V, Figure 5.4. The anode 

insert shown in Fiqure 3.3(a) is the standard anode insert 

used for all 100-hour duration cathode material tests and 

ripple erosion studies performed at or above 15 kW in 

nitroqen. The internal constrictor and nozzle dimensions are 

consistent with those of the original JPL MODl series 30kW 

ammonia arcjet design using a 0.51 cm diameter by 1.07 cm long 

constrictor with an 1/d ratio of 2. 

The smaller constrictor geometry, shown in Figure 3.3(b), 

is used for dual-mode cathode erosion tests at 10 kWe power 

levels in nitrogen and hydrogen. This constrictor has an 1/d 

ratio of 1.5 and a smaller constrictor diameter of 0.36 cm. 

Followinq mitial tests with this nozzle running hydrogen 

propellant, the 1/d ratio was decreased to 1, giving a 

constrictor length of 0.36 cra. This reduction was made to 

resolve problems with arc ignition and stability when running 

hydrogen propellant. 

The nozzle in Figure 3.3(c) is used strictly for low-

power low-flowrate hydrogen arcjet tests at power levels below 

10 kWe. All anode mserts are fabricated f rom 2.54 cra 

diameter 2%-thoriated tungsten round stock. All electrodes, 

regardless of material, are machined to a tolerance of ±0.002 

inches using a high-speed lathe with tungsten-carbide tooling. 

The conical nozzle on all of the anode inserts was machined to 

an included anqle of approximately 19°. 
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Figure 3.3. Baselme anode mserts with dimensions. (a) 
15-30 kWe nitrogen arcjet anode. (b) 10 kWe 
nitrogen/hydrogen arcjet anode. (c) 10 kWe 
hydrogen arcjet anode. 



Electrode Finishing and Cleanmg 

Prior to installation all electrodes are finished using a 

standard sandmg, cleaning, and weighing procedure. This 

procedure begins by lightly sandinq the electrodes usinq 

800 qrit aluminum oxide sanding paper. This procedure removes 

small imperfections caused by the machining process and 

insures a smooth fit in the electrode holder. After sanding 

the electrodes are ultrasonically cleaned at 49 °C (120 °F) in 

a fresh solution of distilled water and 2-3 drops of Micro-90 

cleaning solution for at least 2 hours. The electrodes are 

then removed, cleaned with methanol, and allowed to air dry in 

a dust-free enclosure. A final cleaninq is perforraed just 

before weighing using lint-free cloth and methanol. The 

electrodes are then weighed on a precision analytical balance. 

The average of three readings is used for the recorded weight. 

Arcjet Asserably and Alignment 

The arciet assembly and alignraent procedure consists of 

inserting and sealing the cathode fixture into the rear of the 

arcjet. The cathode insert (sample) is held in place by four 

off-angle set screws in a stainless-steel cathode holder. The 

cathode holder in turn threads onto the end of the water-

cooled cathode support stem, as shown previously in 

Figure 3.1. This complete fixture slides into the rear of the 

arc:)et through the gas-tight nylon fitting. The anode msert 

is placed in the anode holder and a steel corapression ring is 

used to swage the anode insert into the copper anode holder. 

Electrode spacing is ad]USted by inserting a depth-

microraeter mto the arcjet nozzle and raeasuring the depth to 

the cathode tip. The electrode gap is adjusted by forcmg the 



cathode assembly into contact with the anode. The cathode 

depth, do, is then raeasured and recorded, as shown in 

Figure 3.4(a). The cathode assembly is then pulled back from 

the anode by a distance equal to the electrode gap, 

Ad = di d , where di is the raeasured depth to the cathode tip 

in the withdrawn position. This offset position is shown in 

Figure 3.4(b>. 

Off-axis alignraent of the cathode is accomplished by 

adjustmg six tensioning screws at the rear of the arcjet 

housing, thus centering the cathode tip in the constrictor 

bore. The high-frequency starter is then used to verify the 

alignment by visual observation. Correct alignment is 

indicated by a symmetrical star-like spark discharge from the 

cathode tip to upstream lip of the constrictor with a flowrate 

of 2 SLPM of argon. An asyrametric spark between the 

electrodes mdicates misaliqnment of the cathode and the 

constrictor entrance. 

Once the arcjet is assembled, water-cooling lines are 

connected to the cathode assembly and water is passed through 

the arcjet. The arcjet is then carefully checked for water 

leaks before being placed into the vacuum chamber. Plastic 

poly-flow lines are used to connect the cathode assembly to 

the water manifold inside the vacuura chamber. These are the 

only plastic water lines in the vacuura chamber and provide 

electrical isolation for the cathode assembly. All remaming 

water lines are fabricated from copper tubmg. 
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Figure 3.4. Diagram of arcjet gap adjustment showing 
electrode spacing, Ad. (a) Cathode m contact 
with anode. (b) Cathode withdrawn too its 
offset position. 



Vacuum Facilities 

The arcjet test facilities consist of two separate vacuum 

chambers and vacuura plants serviced by a single power supply 

and propellant feed system. The Tank 1 facility consists of H 

0.762 m diameter by 3 m long vacuum chamber with a single 

250 scfm vacuum pump that is designed for both nitrogen and 

ammonia propellants. The Tank 2 facility consists of a larger 

1.8 m diaraeter by 3.6 m long stainless-steel vacuum chamber 

that is evacuated by a 2000 scfm Roots blower, and is designed 

for experiments running primarily hydroqen propellant. 

Pressure instrumentation on both systems consists of industry 

standard capacitance raanometers and thermocouple gauge tubes. 

Tank 1 Facility 

The vacuura charaber shown in Figure 3.5 is a 0.762 HL 

inside diameter cylindrical steel tank with removable domed 

ends. The main section of the tank is 1 m long and has six 

diaqnostic ports located 12 cm above the centerline of the 

tank. Due to overheating problems caused by the arcjet plume, 

a tank extension was built to extend the length of the 

original tank. This extension has the same internal diameter 

but is 1.2 m long and has no diagnostic ports. The six side-

mounted diagnostic ports on the main section are used as 

diagnostic feed-thru ports and visual observation ports. 

The vacuum pump was a special order rotary vane pump with 

a rated pumping capacity of 250 scfm at operating pressures up 

to 10 Torr and an ultiraate vacuura pressure of 2 x 10'^ Torr. 
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Figure 3.5. Cross-sectional diagram of Tank 1. Dotted 
lines represent internal components. 



The vacuum pump has raodified internal shaft seals and a 

special non-reactive pump oil to support aramonia propellants. 

This pump was eventually replaced by a 300 scfm (8500 1/rain) 

triple-stage rotary pump and a 1500 scfm (45,300 1/min) Roots 

blower for additional throughput and lower operating pressure. 

An electrically actuated pneumatic gate valve separates the 

vacuum pump from the vacuum chamber. Mechanical vibration 

isolation is accoraplished via a stainless-steel bellows. 

To further cool the arcjet plume a water-cooled 

serpentine baffle/heat exchanger was constructed and installed 

mside the vacuum chamber, Shown as dotted lines in 

Figure 3.5 this baffle carries the arcjet plume through a 

series of right angle bends to cool the exhaust gas before it 

reaches the vacuum purap at the far end on the vacuum chamber. 

Without this water-cooled baffle the arĉ iet plume extends down 

the full length of the vacuum charaber thus damaging the far 

end of the chamber wall. The heat exchanger was constructed 

by wrapping coils of copper tubing around stainless-steel 

pipefittings that were welded together in a series of right-

angle bends. The copper tubing was then brazed to the metal 

surface for better heat transfer. 

Two 30 cm diaraeter ports are located on the upstream 

domed flange. The top port is located on the centerline of 

the vacuura chamber and incorporates a high-voltage, 

high-current feed-thru for power to the arcjet. The lower 

port is angled slightly downwards and carries two feed-thru 

bulkhead fittmgs for copper pipes and smaller feed-thru 

fittings for propellant inlets and pressure taps. The copper 

pipes are used mamly for supply and return outlets to the 

arcjet water-cooling manifold located inside the vacuum 



chamber ]ust behmd the arcjet mount. The downstream end-

flanqe has one large, 30 cm diameter, centerlme port and a 

smaller offset port, as shown m Figure 3.5. The larger port 

connects to the gate-valve, bellows, and vacuum purap. The 

smaller offset port carries two feed-thru bulkhead fittings 

for copper pipes carryinq cooling water for the baffle 

manifold located on the floor of the vacuum chamber. 

The water-cooled arcjet is located on a static mount 

attached to the upstream end-flange. Both end-flanges are 

mounted on wheels and can be easily unbolted and rolled away 

from the vacuum chamber. Electrical power, water, and 

propellant are fed directly to the arcjet via the feed-thru 

fittings located just behmd it. Assembly of the arcjet is 

performed on the static mount, which is then rolled into the 

vacuum chamber, following leak tests for water and propellant 

leaks. The tank is then evacuated and purged with nitrogen 

qas for at least 30-minutes prior to beqmning the experiraent. 

Tank 2 Facility 

The larger vacuum chamber shown in Figure 3.G is a 1.8 m 

inside diameter cylindrical stainless-steel vacuum chamber. 

The chamber is j.7 m long and has three 0.2 m diameter ports 

located on one side of the charaber. The three side-mounted 

ports, shown in Figure 3.G, are used for electrical and gas 

feed thru ports and vacuum pumping ports. The domed end on 

left-hand side of Figure 3.6 is hinged and swmgs open to 

allow easier access to the vacuum chamber. 



w 

•alve Port -' 
Electrical and / 

Propellant •• 
Feed-Thru Port 

Figure 3.G. Cross-sect ional diagram of Tank ^. Dotted 
l i n e s represent in t e rna l components. 



A rectanqular aluminura frame is mounted inside the vacuura 

charaber to support the arcjet, located at the rear of the 

chamber, and a water-cooled baffle located at the entrance to 

the chamber. The east domed-end of the vacuum chamber is 

hinged and completely opens to allow easy access. The plume 

baffle/heat exchanger is mounted on rollers and raoves freely 

on the aluminura support frarae, This allows the baffle to be 

rolled back and away from the arcjet to permit better access 

to the arcjet. 

The first access port is used for water, power, and gas 

feeds mto the vacuum chamber. Water used for arcjet and 

baffle cooling is passed thru the port using standard bulkhead 

fittings with i-inch copper tubing. A single porcelain high-

voltage, hiqh-current feed-thru is used to carry electrical 

power to the arcjet from the outside usmg heavy gauge weldmg 

cables. A smaller feed-thru is used to pass propellant qas 

into the vacuum chamber and on to the arc]et. 

A 2100 scfm (59,500 1/min) Roots blower backed by two 

300 scfm (8500 1/mm) rotary piston puitips evacuate the chamber 

to less than 1.5 Torr with 0.05 g/s hydrogen flow, and to less 

than 0.65 Torr with 0.4 g/s nitrogen flow. The vacuum system 

has an ultimate vacuum pressure of less than 1 x 10"^ Torr. 

An electrically actuated pneumatic gate valve separates the 

vacuura pump from the vacuum charaber. Mechanical vibration 

isolation is accomplished via a stainless-steel bellows. 

The water-cooled arcjet is located on a static raount 

attached to the far-end of the aluminum frame. Assembly of 

the arcjet is performed inside the vacuum chamber using the 

previousiy documented assembly procedure. The tank is 

evacuated and purged with nitrogen gas for 2-hours prior to 



beginning experiments. The vacuum pressure is then monitored 

for vacuum leaks and internal water leaks by closing the gate-

valve for 5 rainutes. Visual observation of the arcjet and 

cooling baffle during operation is possible through a single 

optical port located on the hinged end flange. 

Unlike the Tank 1 facility a single water manifold is 

used to supply cooling water to the arcjet and to the water-

cooled baffle. Two copper water lines enter the vacuum 

chamber through the utility port. Once inside the vacuura 

charaber the water lines were teed off with one line qoing to 

the rear of the vacuum chamber for the arcjet cooling 

manifold, and the other line going to the water-cooled baffle. 

Prior to evacuatmg the vacuum chamber, the rear portion 

of the arc:]et, including the cathode assembly and power cable, 

is tie-wrapped in plastic. This step was necessary to prevent 

visible glow discharges behind the arcjet during ignition. 

Without the plastic, arcing would occur between the cathode 

assembly and the arcjet mount or the vacuum chamber walls, 

Power Supply, Ballast, and Filtermg 

Electrical power for both arcjet test facilities is 

provided by a custom designed and built SCR, phase-controlled, 

225 kVA, power supply capable of providmg an open circuit 

voltage of 320 Vdc and a raaximura short-circuit current of 

4 50 Adc. A schematic of the arcjet electrical circuit, 

mcluding the SCR-controlled power supply, is shown in 

Figure 3.7. Input SCR phasing makes the output of this power 

suppLy continuously adjustable from zero to its full operating 

lirait. 



Figure 3.7. Arc]et electrical circuit and SCR-controlled 
power supply. 



Three user selectable regulation modes are also 

available: constant current, constant power, and constant 

voltaqe. Due to the current-voltage characteristics of the 

arcjet discharge, only the constant current and constant power 

settings are used outside of testing. The power supply 

feedback and control system is fully computer-controlled via a 

4-20 mA analog input. 

Due to SCR switchmg on the power supply primary, much 

higher secondary ripple is obtained with this power supply 

over conventional designs. An adjustable L-C network raade up 

of 31,000 \xF electrolytic capacitor banks and 2 mH saturable 

iron core inductors filter the fixed 360 Hz ripple frequency 

from the power supply. With a single series inductor the 

ripple amplitude runs as high as 28%, and with two L-C stages 

is as low as 0.8%. Variation of the SCR firing angle with 

output current also causes considerable variation in the 

ripple factor over the power supply operating range. 

Ripple amplitude and arc current are measured usmg a 

caiitarated 500 Adc/l O mV resistive shunt and an opto-isolated 

instruraentation araplifier. The ripple factor is logged and 

calculated by dividing the true RMS AC shunt current by the 

average DC shunt current. While running, the un-calibrated 

0.5 Ohm ballast resistor is also used to continuously raonitor 

the ripple araplitude and arc current. 

The water-cooled ballast resistor is custom-built from 20 

water heater elements mounted in an enclosure. Water is 

forced through the enclosure to cool the heatmg elements. 

The individual heater elements are power rated at 6 kWe. The 

ballast resistor is electrically connected as two banks of ten 

connected in parallel. This allows the banks to be connected 
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in series for a resistance of 2 Ohms, in parallel for a 

resistance of 0.5 Ohras, or one only for n resistance of 1 Ohra. 

Typical power dissipation in the ballast durinq arcjet 

operation is approximately 35 kWe. 

The arcjet is started using a modified high frequency 

Tunqsten Inert Gas (TIG) welding starter. The starter ignites 

the arc by applying hiqh voltaqe pulses (1-10 kV) to the 

cathode at a center frequency near 850 kHz. The pulses are 

applied for 100-500 ms. Bursts of this duration improve the 

reliability of proper arc iqnition when the cathode is worn, 

dirty, or otherwise daraaged. 

The pQwer supply and control systera was designed and 

built as a raaster's thesis project in support of this research 

by M. Grimes[3]. Detailed information on the design, testmg, 

and operation of the power supply, filters, and power supply 

control systera is found in Reference 3. 

Propellant Handling and Safety Systems 

The nitroqen propellant gas used in these experiments is 

supplied from a bank of two liquid nitrogen vapor-gas-

liquid (VGL) storaqe tanks. The qas is delivered to the 

arcjet at a maximum regulated pressure of 20 psig. Above this 

pressure oscillation in the propellant feed Imes occurred. 

Two calibrated thermal-conductivity type mass flow controllers 

are used to monitor and regulate the nitrogen raass flowrate. 

Manufacturing grade (99.98% purity) hydrogen gas is supplied 

from an automatic switching manifold of 2 banks of 12 Type lA 

gas cylinders. The switchmg manifold aliows replacement of 

one bank of cylinders (100,000 standard liters of hydrogen gas 

per bank) while still operating on the other. This feature 
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allows for lOO-hour duration runs, which consume up to 500,000 

standard liters (18,000 cubic feet) of hydrogen. This 

typically requires 2-3 bank replaceraents per run, dependinq 

upon the propellant raass flowrate. A smgle mass flow 

controller regulates the hydrogen flowrate. The mass flow 

controllers are periodically checked for calibration to within 

an estimated 5% accuracy using pressure drop rate measurements 

on a constant temperature calibrated cylinder. 

Automated Control Systems 

A key component of the arcjet test facility is the 

autoraated control system. This system is crucial for long-

duration un-attended operation of the arcjet. The system is 

housed in a sealed NEMA 4 metal enclosure that is connected to 

an external control panel with manual override and reset 

switches. The control system is based on a coramercially 

available proqrammable loqic controller (PLC) . External I/O 

expansion modules are used to connect to analog and digital 

signals, relay contacts, and switch panels. Twelve I/O 

modules, six mput and six output, are used to control the 

vacuum systems, power supplies, propellant, and safety systems 

on both arcjet test facilities. 

Two 16-port digital input raodules raonitor the state of 

all switches, valves, raanual set points, and the leak 

detection system. The inputs to the modules are filtered 

through low-pass filters to protect thera from the HF starter 

during arcjet ignition. Control of the power supply and mass 

flow controllers is accomplished by using two analog output 

modules and a single low-resolution (8-bit) analog input 

module. One module is configured for voltage output and 



controls the arcjet power supply. The other module is 

configured for a 4-20 raA output and controls one of three 

computer selected mass flow controller. The analog input 

module reads the power supply analog set points. 

Four electromechanical relay modules with eight normally 

open relays per module are used for discrete control. These 

modules are used in favor of solid-state relay modules due to 

the concerns over HF noise from the starter. These outputs 

are used to open and close gate valves, control propellant 

flow valves, and to select raass flow controls. 

Finally, a high-resolution u-10 VDC analog input module 

with 12-bits resolution is used for data acquisition and 

recording. This module is multiplexed through another 8-port 

relay module to enable scannmg of up to 8 signal sources. 

These sources include arcjet voltage, current, power, ripple 

factor, vacuum pressure, and arcjet mternal pressure. These 

data are transferred to a desktop computer for analysis and 

digital recordinq. 

All software for the PLC is written in ladder loqic that 

is compiled into byte code. This byte code is uploaded from 

the desktop computer via a serial link to the PLC. Separate 

software proqraras are used for each type of arcjet run. 

Software routines exist for long duration runs, multi-start 

tests, and a number of other short-duration test sequences. 

This software provides excellent experiraental repeatability by 

makmg each and every run in a test sequence identical. The 

software is also necessary in regard to safety, havmg 

numerous fail-safe features in the event of equipment or 

arcjet malfunction. 



The PLC control system was designed and built m large 

part as a Master's thesis project in support of this research 

by 3. Gardner[4] . Detailed information on the design, 

testing, and operation of the PLC hardware and software is 

found in Reference 4. 

Analysis Systems 

The acquisition and reduction of all operating parameters 

of the arcjet and the test facility are fully automated using 

computerized systems. Periodic manual records are also 

maintained during operation of the arcjet. Electrode weight 

loss measurements and post-analysis of used electrodes is 

performed manually upon disassembly of the arcjet. Post-

analysis includes weighing the used electrodes for mass 

change, taking photoqraphs, and storing the electrodes in 

dust-free packaging. 

Arcjet Instrumentation 

The most iraportant arcjet operating parameters are the 

arc voltage, arc current, and propellant flowrate. 

Measurement of these parameters is fully automated usmg 

redundant instruments and recording systeras. Manual 

measurements are also made periodically to verify operation of 

the automated systems. Additional data on the operatmg 

temperature, power supply ripple, and arcjet internal pressure 

are also recorded for most experiraental configurations. 

Arcjet data acquisition is handled by three priraary 

coraponents: the prograramable loqic controller (PLC), a desktop 

computer (PC) , and a hybrid digital chart recorder. All 

operational sequencing, control loqic, safety mterlocking. 



and monitoring is done by the PLC, while the PC handles on-

screen status displays, video titles, and digital data loggmg 

to hard disk. The chart recorder provides digitized output of 

selected pararaeters to paper for hardcopy recordings and to 

the PC over H standard GPIB interface bus. Communication with 

the PLC is done over a 96 0-baud serial link to the PC along 

with several anaiog channels to the digital chart recorder. 

Arcjet voltage is measured directly usinq a separate 

voltage probe mounted on the arĉ iet power feed-thru, thus 

avoidmg errors due to line losses. The arcjet voltage is 

monitored and recorded by the digital chart recorder, a PLC 

voltage input module, and a panel mounted voltmeter. All 

inputs are filtered using high-frequency by-pass capacitors to 

protect against HF interference from the arcjet starter. 

Voltage measurements are referenced to a grounded heavy gauge 

copper bus bar located near the arcjet power supply. Arcjet 

current and current ripple are measured in a sirailar manner 

except that both RMS and average current are measured across a 

50 mV, 800 A current shunt, which has a resistance of 52.5 jjQ. 

The arc current is calculated from the average DC voltage 

across the shunt, \/DC shuntt where 

(3.1) 
62.5 jiQ. 

The current ripple is similarly calculated as a 

percentage frora the RMS AC voltage across the shunt, Vms shunt, 

such that 



Oscilloscope measurements of the output ripple waveforras 

are taken with a Hall effect sensor raounted inside the power 

supply. 

Optical Microscope and Cameras 

An optical microscope is used to examine and document the 

surface characteristics of used electrodes. The microscope is 

a camera-ready microscope. The microscope is fitted with a 

film camera that uses standard 3x5 instant print film. Low-

resolution photoqraphs of electrodes are taken using d tripod 

mounted single lens reflex (SLR) camera with a 75-200 mm macro 

lens. Standard I30-4 35mm film is used for most color 

photoqraphy. 

SEM and X-Ray Microanalysis 

Sections of a used arcjet cathodes were analyzed with SEM 

and microanalysis using H JEOL JEM-IOOCX electron microscope 

at 40 kV and 80 \iA. The JEM-IOOCX is a 100-120 kV 

transmission electron microscope with a tungsten electron 

source. It has a magnification range from 500x to 250,000x 

and a lattice resolution of 0.2nm (point resolution 0.45nm). 

The raicroanalysis was performed to investigate modifications 

to grain size and thoria concentration at or near the cathode 

surface. Dr. N. Guven of the Texas Tech University Department 

of Geosciences graciously performed this analysis[5,6]. 

Weight Loss Measurements 

Two precision analytical balances were used to determine 

the weiqht of the electrodes and cathode holder. The first 

balance has 0.001 g readability with a repeatability of 
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+0.001 qrams and a maximum capacity of 300 graras. The second 

scale has a readability of ±0.01 milligrams (0-80 graras) and 

±0.1 milligrams (80-210 grams). 

Erosion Rate Measurements 

The cathode erosion rate is reported as cathode mass loss 

per unit time, st, and cathode mass loss per unit charge, Bq. 

The total charge, Q, used in calculatmg cq is found by 

integrating the arc current over the elapsed time. This is 

norraally accomplished usmg digital recordings of the arc 

current. Each data point, representing the arc current, is 

raultiplied by the sample interval and summed to give the total 

charge. 
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CHAPTER IV 

EFFECT3 OF POWER 3UPPLY RIPPLE 

This chapter presents the results of an experimental 

investigation of the effects of power supply current ripple 

on arc:)et cathode erosion. The study was motivated by the 

previous work of Deininger et al.(1990)[l] who observed an 

unexplained increase in the arcjet cathode erosion rate with 

increasing current ripple, as well as by the results for 

copper-tungsten cathodes discussed in Appendix D, which also 

revealed a change in the cathode erosion rate under high 

ripple conditions. 

In Deininger et al.'s report, a variety of cathode 

georaetries were tested at two different ripple factors using 

ammonia propellant and a duration of 100 hours. The measured 

cathode erosion rate at 3.1% current ripple was found to be 

4.0 mg/hr for the standard baseline thoriated-tungsten 

cathode. At 0.2% current ripple the erosion rate decreased 

to 3.1 mg/hr for the same geometry under similar test 

conditions. Both cathodes showed some signs of filament 

growth and vapor recondensation. Unfortunately, the high 

ripple cathode(#14 in Ref. 1) also ran at a slightly higher 

average current of 299 A versus 279 A for the low ripple 

cathode(#22 in Ref. 1). This discrepancy almost certainly 

increased the erosion rate for the hiqh ripple cathode, thus 

makmg direct comparison of the two results more difficult. 

In an effort to confirm this trend, a series of 50-hour and 

100-hour lonq-duration experiments were conducted at Texas 

Tech University (TTU) using nitrogen propellant over a much 

wider range of ripple factors. 



The experiraents discussed in this chapter were conducted 

in the TTU arcjet Tank I facility using the standard 

laboratory arcjet described in Chapter III. Based on the JPL 

experiments, a current of 250-275 Adc was selected as the 

tarqet operating current for these experiments. Due to the 

use of silicon-controlled rectifiers on the power supply 

primary, much higher secondary ripple (>40%) is achievabie 

over that used by Deininger et al. The fixed 360 Hz ripple 

from the mam supply is selectively filtered by an adjustable 

L-C network made up of 31,000 ^F electrolytic capacitor 

banks, and 2 mH saturable iron core inductors. Unfiltered 

with a single series inductor the power supply ripple reached 

28%, but with maxiraum filtering is as low as 0.8%. The 3CR 

phasing also meant that for a qiven filter configuration the 

current ripple varies considerably with output current, This 

means that the current ripple varies slightly over the 

duration of the experiment and must be reported as an average 

value. 

Three different sources of the W-Th02(2%) cathode 

material were identified and tested in these experiments: 

Rembar Company Incorporated, Phillips/General Electric 

Incorporated, and Metallwerk Plansee, GmbH. The measured 

density of the materials varied slightly from 19.06 g/cm^ for 

the Rembar raaterial to 18.96 g/cm^ for the Plansee material. 

All materials contain 2.0±0.2% ThO^ by weight with trace 

amounts of holmium, iron, molybdenum, phosphorous, and other 

common trace elements. The arcjet anode inserts were also 

raade of 2%-thoriated tungsten. 



50-Hour Duration Measurements 

Prior results for W-Cu(10%), discussed in Appendix 0, 

showed that the cathode erosion rate increased with 

increasing current ripple for runs less than 30 minutes in 

duration. Above 30-minutes duration the cathode erosion rate 

decreased with increasing current ripple. To confirm this 

trend for W-ThO^(2%) cathodes a series of four 5 -hour runs 

were raade under similar operatinq conditions using the 

Phillips W-Th02(2%) cathode material, The current, however, 

was decreased slightly to 250 Adc, due to over-heatmg 

probleras with the hiqh current vacuura chamber feed-through. 

Two different flowrates were also tested to determme the 

sensitivity of the cathode erosion rate to propellant 

flowrate. The high flowrate was set to 0,40 g/sec, and the 

low flowrate was set to 0,35 g/sec, 

The startup sequence for this series of runs was similar 

to the sequence for the W-Cu{10%) experiments described in 

Appendix D. Before ignition, the current was preset to 

150 Adc, and the flowrate was adjusted to 0.35-0.40 g/sec. 

The arcjet was then started, and allowed to preheat for 

10 minutes. After preheatinq, the current was smoothly 

increased over a period of 30 seconds to a current of 

200 Adc, where it stayed for another 10 minutes. Finally, 

the current was sraoothly mcreased to the 250 Adc operatinq 

point, where it remained for the remaininq duration of the 

run. The averaqe arc voltage was 56-67 Vdc for all four of 

the tests, which was similar to the W-Cu(10%) experiments. 



Erosion Rates 

The erosion rates of the w-Th02(2%l cathode tests are 

surmnarized in Table 4.1 for two nitrogen propellant 

flowrates. Two of the runs, CI21990 and C021391, were 

carried out at low flowrate (0.35 g/sec) with high and low 

ripple, respectively. The next two runs, C0130 91 and 

C012191, were carried out at high flowrate (0.40 g/sec), also 

with high and low ripple, respectively. The duration of the 

four runs listed in Table 4.1 was 50-hours at an arc current 

of 250 Adc. From Table 4.1, the cathode erosion rate was 

0.20 mq/hr at the lower flowrate of 0.35 g/sec. The cathode 

erosion rate increases by a factor of 3 to 0.61 mg/hr at the 

higher flowrate of 0.40 g/sec. There was no measurable 

change m the cathode erosion rate with current ripple within 

the accuracy of the mass difference measurements. Due to 

limitations imposed by the cathode-mounting scherae, the basic 

accuracy and repeatability of the mass difference 

measureraents were limited to ±0.01 grams. 

The erosion rates in Table 4.1 are also approximately 

one order-of-magnitude lower than those measured by Deininger 

and Pivirotto for sirailar duration and arc current, but using 

ammonia propellant. Erosion rates measured by AVCO(1964)[2] 

using hydrogen propellant are approximately two orders-of-

raagnitude lower than those listed in Table 4.1. Direct 

comparison with JPL and AVCO is therefore limited due to 

siqnificant differences m the test conditions and 

propellants. These results do prove that 50-hours duration 

is too short to accurately measure differences in the cathode 

erosion rate of W-ThO^ cathodes using this experimental model. 
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Photographs 

More significant results were obtained from the analysis 

of photographs of the Phillips W-Th03(2%) cathodes. 

Figure 4.1(a) shows a photograph of cathode C121990 that was 

run at the high ripple setting(6.8%) and low 

flowrate(0.35 q/sec). The photograph shows a dark raised 

dimple in the center of a larger melt pool. The early 

formation of tungsten filaraents is also observed on the 

outside rim of the melt pool. These features are repeated for 

cathode C013091, shown in Fiqure 4.1{b), which was run at a 

sliqhtly higher flowrate of 0.40 q/sec. 

Cathode C012191, shown in Figure 4.1{d), was run under 

the same conditions as cathode C013091 but at lower ripple 

amplitude. The most striking effect of decreasing the ripple 

amplitude is the dramatic decrease in the surface area of the 

melt pool. This previously undocumented effect is clearly 

repeated for cathode C021391, shown in Figure 4.1(d), which 

was run at the lower flowrate at 0.35 q/sec. Transport and 

re-solidification of tungsten on the rim of the raelt pool 

therefore appears to be enhanced by higher ripple amplitude in 

this experimental model. Sraall tungsten dimples or beads are 

also present within the raelt region. These formations 

indicate the presence of thin liquefied layer of tungsten and 

dense tunqsten vapor on the cathode surface at a relatively 

shallow depth. Later on this is shown to be the case in 

cross-sectional analysis of the cathodes. It further implies 

that the W-ThO^ cathodes used in this experimental model ran 

at a more sustainable surface teraperature, as compared to 

radiation-cooled arcjets. 



(c) (d) 

Figure 4.1. Thoriated tungsten, W-Th02{2%), cathode erosion 
after 5 -hours operation. (Left 0.35 g/sec, 
Right 0.40 g/sec) (a) C121990, 6.8% ripple. 
(b) C013091, 10.5% ripple. (c) C021391, 4.0% 
ripple. (d) C012191, 4.7% rlpple. 
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Table 4.2 gives the approximate diameter of the diraple 

and meit pool cavity, as determmed from lOx magnified 

photographs. The radii were raeasured by averaging the radius, 

as measured outward from the center of the dimple to the 

outside edge of the feature, in four right-angle directions. 

In good agreement with the W-Cu(10%) runs there is a general 

increase in the diameter of the arc attachment area with 

increasing current ripple. This suggests that one or more arc 

attachraent points are centered on the raised dimple within the 

melt pool. The photographic evidence of ^ large melted dimple 

within the same area supports this notion. By analysis of 

photographs, a simple relationship was found to exist between 

the area of the melt pool and the square of the maximum-

recorded ripple factor, j.inax- The ratio, KA, listed in 

Table 4.2, is defined as the ratio of the melt pool area to 

the square of the maximum-recorded ripple factor, i.e. 

' '̂ ^̂ "P'- (4.1) 

Good agreement between the ratios for each pair of 

cathodes is noted in Table 4.2. This positlve ratio Is 

physically related to the rate of increase in the average spot 

radius with increasmg current ripple at a given mass 

flowrate. A similar trend was observed for the w-Cu(10%) 

cathodes. The ratio also decreases with mass flowrate in 

Table 4.2, which means that higher flowrate diminishes the 

effect current rlpple has on the cathode spot size. 

Additional experiments at 100-hours duration further support 

this dependence, as is shown in the followmg section. 
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Table 4.2. Summary of dimple and cavity radii for 50-hour 
duration runs usmg Phillips W-Th02(2%) cathode 
material. Measured from photographs. [Electrode 
Gap Ad - 0,21 cra) 

Cathode T rmax ra^ R^^ 

C121990 

C012191 

C013091 

C021391 

50 

50 

50 

50 

8.0 

5.0 

10.5 

= .0 

0.35 

0.40 

0.40 

0.35 

0.102 

0.089 

0.108 

0.096 

T Run D u r a t i o n 

imait Maximura R i p p l e F a c t o r 

mf P r o p e l l a n t Mass F l o w r a t e 

Kcavity " Average C a v i t y Rad ius 

Rdimpie Average Dimple Rad ius 

kft Area R a t i o 

r^diinple 

ID (Hr) (%) ( g / s e c ) (cra) (cm) (cm^) 

0.045 4 . 1 

0 .076 2 .7 

0 .051 2 . 6 

0.076 4 .3 



100-Hour Duration Measurements 

A supplemental series of six 100-hour duration cathode 

erosion tests were conducted using the standard water-cooled 

nitrogen arcjet model to further study the effect of power 

supply ripple on the cathode erosion rate. The tests were 

performed at four different ripple amplitudes of 1.2%, 3.1%, 

11.5%, and 22.5% at an operating current of 250 Adc. These 

measurements focused on producing measurable cathode mass loss 

within a 100-hour time frame at multiple ripple factors. 

To minimize potential errors in the cathode mass loss 

measurements caused by mconsistent starting procedures, the 

entire process of starting and operating the arcjet was fully 

automated by a computer. At the start of each run, the 

computer turned on the m a m power supply and preset the start 

current to 150 Adc in current requlation mode. It then started 

the arcjet by pulsing the HF starter for 250-350 milliseconds, 

If the arcjet started norraally, it was allowed to preheat at a 

current of 150 Adc for 5 minutes. 

After the preheat period the current was ramped to a 

sustained run current of 250 Adc, From this point on the 

computer monitored and requlated the arcjet facility until the 

arcjet was either turned off manually, or until a system 

failure occurred. Computer-control allowed the experiment to 

run fully unattended with minimal intervention. Due to the 

low discharge voltage of nitrogen (63-70 Volts) as compared to 

araraonia {110-130 Volts), the average input power to the arcjet 

was only 15-18 kW at the target current of 250 Adc. 



Erosion Rates 

The data in Table 4.3 show that the cathode erosion rate 

after 100-hours of operation varies from 0.20 rag/hr to 

0.53 mg/hr. This compares to 3.1-4.0 mg/hr reported by 

Deininger et al. from similar lOO-hour endurance tests on a 

radiation-cooled arcjet running ammonia propellant. This 

variation is aqain due to differences in the propellant gas, 

method of cooling, arc voltage, and input power. The cathode 

erosion rates in Table 4,3 clearly show a decrease with 

increasing current ripple for values less than 11.5%. This 

trend differs from similar data published by Deininger, which 

showed a slight increase gomg from 0.2% to 3.1% ripple. 

Table 4.3 also indicates that gomq up in ripple amplitude to 

22,8% causes a sudden jump to over twice the erosion rate 

found at 11,5%. This increase is likely due to excessive 

instability of the arc on the cathode surface, 

The last three runs in Table 4.3 were conducted at 22.8% 

ripple. The erosion rate for the last two runs, C052592 and 

C061892, averaqed 0.51 mg/hr, Cathode C052692 underwent one 

restart and showed slightly more weight loss than cathode 

C 6189, However, the third cathode, C051992, which also ran 

at 22,8% ripple, shows significantly less weight loss as 

corapared to the two subsequent runs. This discrepancy is 

possibly linked to a slightly lower average arc current, The 

average arc voltage was also 2-3 Volts lower than the two 

subsequent runs, which reduces the input power by up to 

750 Watts. Cathode arc attachment might also have been 

unfavorably affected by the two restarts posted on this 

cathode. 
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Despite inconsistencies with cathode C051992, the cathode 

erosion rate clearly increases above 11.5% ripple. At 22.8% 

ripple the increase is at least a factor of 1,5 tiraes higher 

than the lowest erosion rate at 11,5% ripple. The erosion 

rate at 22.8% ripple is therefore comparable to the erosion 

rate at 1,2% ripple. Referring back to Table 4.2, it is also 

important to note that the cathode erosion rate at 11.5% 

ripple is essentially the same at 50 and 100 hours. This 

suggests that the time-varying cathode erosion rate is 

basically constant for the durations discussed here. 

Figure 4.2 shows a plot of the previous cathode erosion 

rates, and suggests a minimura in the erosion rate between 3.1% 

and 11.5% ripple. The erosion rate in this range was found to 

be less than half the erosion rate at 1.2% ripple. This 

ripple amplitude is still much higher than the average 0.5-3% 

current ripple reported in the available literature. Direct 

comparisons with published erosion rates are therefore 

difficult as these experiments extend the current ripple well 

beyond earlier work. 

The plot also shows the erosion rate for cathode C012Í91, 

which ran at high flowrate (0.40 g/sec) and 1.3% ripple for 

5 -hours. This cathode showed an erosion rate of 0.51 mg/hr 

at 5 -hours as compared to cathode C012992, which showed an 

erosion rate of 0.26 mg/hr at lOO-hours. Therefore, similar 

to the W-Cu cathodes, the cathode erosion rate for W-Th02(2%) 

cathodes also decreases significantly over time. 
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Photographs 

Post-analysis of the 100-hour duration cathodes also 

shows a large increase in the arc attachraent area with 

increasing ripple. This increase is apparent from the cathode 

damage shown in Figure 4.3. The photographs show a small 

dimple, approximately 1-1.5 mra m diameter, at the center of 

the first three cathodes. This raised area is mirror-like 

with no visible signs of oxidation or other surface defects. 

Around this central spot there is a ring of raaterial, or 

cavity, that is covered with raised spots and other 

indications of pitting and discoloration from arcing. 

Protrudmg material is also evident on the outside edge of the 

damaged area. 

The most intense portion of the arc appears to attach at 

the central dimple on the cathode. As the ripple increases 

the arc evidently spreads outward over the cathode surface, 

and the central spot shrinks in diaraeter until it alraost 

disappears at 22.8% ripple. Figure 4.4 shows a plot of the 

approxiraate outside cavity diameter measured from photographs 

like those shown in Figure 4.3. The plot illustrates the 

increase in cavity diaraeter with current ripple, and seems to 

suggest a fairly Imear dependence that corresponds to the 

ratio, kft, defined earlier in this chapter. 

Inside the crater cavity there is clear evidence of beads 

and pitted tracks. On the 22.8% ripple cathode there is also 

evidence of arc rotation or movement in the crater area. 

There is also little or no material re-growth on the crater 

rim, which may explain the higher mass loss on this cathode as 

compared to cathodes at 11.5% ripple. 



Figure 4.3. Thoriated tungsten, W-Th02(2%), cathode erosion 
after 100-hours operation. (1) C021392, 1.2% 
ripple. (2) C012992, 3.1% ripple. (3) C010992, 
11.5% ripple. (4) C061892, 22.8% ripple. 
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Summary of Results 

The effect of current ripple on cathode erosion in 30 kWe 

class arcjets was investigated to determine the change in the 

cathode erosion rate for a range of current ripple values. 

Prior measurements were carried out using a copper-tungsten 

cathode material to accelerate the cathode erosion process. 

Results of these tests showed that the high ripple erosion 

rate was initially higher than the lûw ripple erosion rate, 

but decreased asymptotically with time to a level less than 

half that of the low ripple value. 

A similar effect was also observed with 

2% thoriated-tungsten cathodes, and is caused by the gradual 

depletion of thoria and a reduction of the sintered tungsten 

matrix. These results strongly suggest that moderate ripple 

(3-11%) extends the cathode lifetime for long duration 

operation, and improves arc stability by increasing the 

cathode attachment area, 

Fifty-hour measurements of the cathode erosion rate for 

2% thoriated-tungsten cathodes showed no measurable change 

with current ripple amplitude. The size of the cathode 

attachraent area increased with increasing ripple factor, which 

decreased the cathode erosion rate. Extension of the copper-

tungsten results to 2% thoriated-tungsten remains unclear. 

For W-Cu cathodes the cathode erosion rate decreased with 

increasing current ripple. The W-Cu results also showed a 

reversal in previous trend after 6-hours of operation. A 

similar reversal for 2% thoriated-tungsten, if one exists, 

would likely only occur after several hundred hours of 

operation. 



The 2% thoriated-tunqsten cathode experiraents also show 

that arcjet cathode erosion rate is highly dependent on the 

power supply ripple amplitude, average arc current, and the 

propellant flowrate. Other parameters, such as ignition pre-

heating are of less significance to the long-term cathode 

erosion rate. The formation of cathode filaments was also 

considered, both from an arc stability standpoint and from its 

impact on the cathode erosion rate. Filament growth, as 

discussed in Chapter II, is indicative of strong vaporization 

and material transport at or near the cathode spot, The 

growth rate of these structures is dependent on the ripple 

amplitude, as revealed by photographic analysis of the used 

cathode samples. Moderate ripple, between 3,1% and 11.5%, 

produced the most growth and lowest erosion rate. 

Cathode erosion rate measurements at four different 

ripple amplitudes were also compiled. The duration of the 

tests on thoriated tungsten extend from 50 to 100 hours 

duration. In all cases the measured cathode erosion rate 

decreased with increasinq ripple, except for ripple amplitude 

above 11.5%. This new result suggest that an optimura current 

ripple may exist, and that it is somewhat higher in amplitude, 

and lower in frequency, than the ripple produced by 

present-day arcjet power conditioning units. 

A reduction of more than a factor of 1.5 in the cathode 

erosion rate was measured with 2% thoriated-tungsten cathodes 

at 11.5% ripple. This decrease was accorapanied by a factor of 

2 mcrease in the cathode spot radius. This phenomenon is 

likely related to a low frequency ripple-induced modulation of 

the arc diameter. A qualitative model based on this 

phenomenon is presented in Chapter VI. 
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CHAPTER V 

CATHODE MATERIALS 

The objective of the work reported in this chapter is to 

study the feasibility of increasing arcjet cathode lifetirae by 

using new, erosion-resistant cathode raaterials. Tungsten is 

the traditional base cathode raaterial used in most pulsed and 

steady state electnc propulsion devices (EPDs) . It is used 

extensively at power levels ranging from 0.5-200 kilowatts, 

and at arc currents as high as several thousand amperes. Some 

effort has been raade in the past decade to evaluate alternate 

refractory cathode materials at power levels below 

10 kilowatts[I,2]. The materials listed in Table 5.1 are 

compiled from the available literature. Of those materials 

listed, the lowest erosion rate (< 0.01 ug/C) was obtained for 

LaBg (lanthanura hexaboride) at a current of 10 A. Table 5.1 

also lists raaterials tested in high power arcjets, which have 

received very little materials study. 

Results of experiraents conducted at Texas Tech University 

(TTU) to develop and test new erosion-resistant cathode 

raaterials are presented in the following three sections. 

Measurements were made under fixed conditions to evaluate the 

relative effectiveness of each material. Three cases were 

examined: (i) samples run at 250 Adc for 100-hours using 

nitrogen propellant, (li) samples run at 100 Adc for 100-hours 

using nitrogen or hydrogen propellants, and (iii) samples run 

at 250 Adc usmq nitroqen propellant with 60 or 120 cold-

starts of b-minute duration. 



T a b l e 5 . 1 . P r e v i o u s l y t e s t e d c a t h o d e m a t e r i a l s . Hardy and 
N a k a n i s h i [ 5 ] , N e u r a t h and G i b b s [ 6 ] . 

Low Power (<5 kW) High Power {>10 kW) 

~ W-Th02(l%,2%) 

Pure W ( 3 i n t e r e d ) 

w-BaCaAl^Os 

W-Th02 (i* ,2%, A%) 

Pure W(Sintered) 

W-BaO, 

LaBe 

HfC 

C 

Cu 

Porous 

W-

; W 

-BaO; 



As was discussed in greater detail in Chapter II, 

material selection for these tests followed a set of criteria 

first compiled by Donaldson[3] and Sokolowski et al.[4] for 

the evaluation of EPD cathode materials; 

1. Hiqh melting temperature, 

2. Low work function, 

3. Low evaporation rate, 

4. High latent heat of fusion, 

5. High latent heat of vaporization, 

6. High thermal conductivity, 

High emissivity, 

High electrical conductivity, 

Chemical compatibility with propellant, 

10. Thermo-cheraical stability, 

11. Mechanical strength, 

12. Ease-of-Fabrication, 

13. Homogeneity, 

14. Thermal shock resistance. 

Based on these criteria, the raaterials listed in 

Table 5.2 were recomraended f or cathode lifetirae tests. In 

order to test these materials, most of the items had to be 

custom designed and raanufactured. Several domestic and 

foreign {Gerraany, Austria, and Russia) sources participated in 

the development of these materials, or provided samples for 

testing. 



Table 5.2. Cathode materials recommended for steady-state 
high power EPD operation. Tamarron VII, 
Donaldson[3]. 

Tungsten Non-Tungsten 

W (Polycrystalline) ZrB^ 

CVD fi (Oriented) TaC 

W (Single Crystal) LaBs 

W-BaAl^O, 

W-ZrH Cermet 

W-BaCaAl203 

W-LaBs 

W-Oxides (Y^Oî, BaO, BeO, 

AI2O3, Hf02, CeO, ZrO) 



Materials Development 

Several candidate materials from Table 5.2 were tested 

based on availability. Initially, a subset of raaterials was 

ordered frora Table 5.2, including ^-¥^03(2%), W-Ba02(2%), 

W-LaB6{2%), and W-La203(2%) . Schwarzkopf Development 

Corporation (SDC) successfully manufactured a number of these 

materials in co-operation with Metallwerk Plansee (MP), GmbH. 

The materials were delivered to TTU as 3/8-inch diameter rods 

in roughly a-inch lengths. Similar efforts to obtain samples 

of W-Hf02(2%), W-Ce02(2%), and W-Zr0(2%) from SDC/MP and 

Doduco, GmbH, were also made, but were unsuccessful due to 

manufacturing difficulties. 

Poly-crystalline tungsten, W-ThO^(1%) , and W-ThO^ (4%) 

samples were also obtained from SDC/MP from commercial stock, 

along with W-Th02(2%) cathodes that were used as the baseline 

cathode material. As before, two different sources of 

W-Th02(2%) were tested to determine the effect of 

manufacturing process on the cathode erosion rate. The first 

source of material was the Rembar Company, Dobbs Ferry, New 

York. The second source was Metallwerk Plansee. 

Through the Research Institute of Applied Mechanics and 

Electrodynamics of the Moscow Aviation Institute (RIAME) , two 

samples of single crystal tungsten were also purchased for 

testmg[7]. The samples were manufactured from high-purity 

(99.9%) tungsten using a specialized Czochralski (CZ) 

technique. The principle axis of the first rod-shaped sample 

was oriented in the [100] direction, while the second sample 

had an [221] orientation. The only stable modification of 

tungsten is a-tungsten, which has a body-centered cubic 



structure. The work function of a-tungsten ranges frora 

4.21 eV for the (310) plane to 5.79 eV for the (110) plane[8]. 

Due to large irregularities on the surface of the single 

crystal rods, they were delivered frora the manufacturer with 

60° conical tips machined at one end. The tip and lower shank 

of both samples were shaped using standard electric discharge 

machming (EDM) . The [100] sample was approximately 1 cm 

shorter than the standard cathode inserts, while the [211] 

sample was over 2 cm too short. Adjusting the cathode holder 

compensated for this problem. The raeasured density of both 

samples was also exceptionally high, 21.6 q/cm^, as corapared 

to 19.3 q/cm^ reported in the literature for polycrystalline 

tungsten. 

A development order was also placed with Metallwerk 

Plansee for W-BaCaAlsOB samples. These samples were 

successfully built with a 5 3 2 molar ratio of 

BaO: CaO: AI2O3 and d final tungsten porosity of 20%. Of that 

20%, 19% was filled with infiltrate. The infiltrate material, 

however, proved to be very loosely bonded, giving the cathode 

a powdery surface texture. 

Samples of ZrB^, an electrically conductive ceraraic, were 

also obtained from Hi-Z Technology, Incorporated. This 

material was only available in small 2 cm lengths, which had 

to be attached to the end of thoriated-tungsten rods to fit 

the laboratory arcjet. The material proved to be machmable 

and was successfully mounted in the arcjet, but failed to 

withstand sustained operation at fuH current before 

shattering. 



High Current Measurements 

All available samples from Table 5.2 were tested m the 

TTU laboratory arcjet at 250 Adc for 100-hours using nitrogen 

propellant. This series of measurements required over a dozen 

100-hour duration runs. All runs were made using the standard 

hiqh-current electrode inserts described in Chapter III. The 

primary result of each of these tests was the cathode mass 

loss. Additional data were also obtained from visual 

inspection and analysis of the used electrodes. All of the 

experiments summarized in this section were conducted in the 

Tank 1 facility. A standard iqnition and preheat test 

sequence was used m these experiments with a 10-minute, 150 

Adc preheat, and a 30-second ramp to 250 Adc. 

Experimental Results 

Table 5.3 suramarizes the steady-start cathode erosion 

rates of all available cathode materials obtained by and 

tested at TTU. Despite a lack of complete thermo-physical and 

electrical data for many of the materials listed in Table 5.3, 

several trends are apparent. The most critical material 

properties appear to be the cathode work function, density, 

mechanical strength, and meltmg point of the additive 

material. Other parameters, which are likely tied to the 

cathode's operatmg temperature, are egually critical, such as 

the thermal conductivity, electrical conductivity, and 

sublimation rate. 
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Thoriated Cathodes 

Traditional thoriated-tungsten had the lowest erosion 

rate and least damage of all the materials tested. Figure 5.1 

shows the steady decrease m the cathode erosion rate with 

increasing thoria content. As the plot indicates, there is a 

factor of 2 decrease m the cathode erosion rate between 1% 

and 4% thoriated-tungsten. The Metallwerk Plansee W-Th02(2%) 

material also shows slightly less material loss than the 

Rembar material. 

The difference in the cathode erosion rate between 1% and 

2% thoriated-tungsten purchased from Rerabar is smal (<5%) 

with 2% thoriated-tungsten havmg sliqhtly less erosion, In 

general, the press-sintered tungsten and thoriated-tungsten 

raaterials manufactured by Metallwerk Plansee gave the lowest 

erosion rate and the least amount of cathode damage. The 

amount of damage was also significantly lower than that 

reported by the Jet Propulsion Laboratory (JPL) for radiation-

cooled arcjets[9]. 

For comparison, the measured cathode erosion rates for 

W-Th02(2%) in Table 5.3 are approximately one order-of-

magnitude lower than 100-hour erosion rates raeasured by JPL in 

26 kW ammonia arcjets. This disparity is due in part to 

differences in the cathode heat flux, propellant gas, and 

input power, which in this case was only 15 kW. However, the 

erosion rates are coraparable to the 0.48 ng/C measured by JPL 

after a 1462-hour test on the same 26 kW ammonia arcjet 

throttled back to 10 kW[l ]. 
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Figure 5 . 1 . Plot of w-ThO^ cathode erosion ra te versus 
thor ia concentration for 100-hour duration 
runs at 0.40 g/sec nitrogen flowrate. 



Estimates of the tungsten evaporation rate also agree 

with the measured erosion rates in Table 5.3. As originally 

shown in Chapter II, the evaporation rate for tungsten is 

estimated to be 

^P.te),M^ W , (5.1) 
\/7íRT, [sec] 

where pv(Tc) is the vapor pressure of tungsten as a function 

of cathode temperature, Tc. Other variables include the spot 

area, A, the molecular weight of tungsten, rf„, and the 

universal gas constant, R . Based on an average spot 

teraperature of 3000 K, a spot diameter of 2 mm, and a tungsten 

vapor pressure of 0.1 N/râ , the tungsten evaporation rate is 

roughly 0.35 yg/sec, or 1.4 ng/C at 250 Adc. Hence, the 

estimated evaporation rate is very close to the raeasured 

erosion rates for pure W in Table 5.3, and is also close to 

the erosion rates measured by JPL at 26 kW. 

In the case of erosion due to sputtering, Hardy and 

Nakanishi estimate the erosion rate to be approximately 1 pg/C 

at 250 Adc m nitrogen[ll] . This erosion rate is 

approximately two or three orders of magnitude too large for 

most of the materials listed in Table 5.3. The dominant 

erosion raechanism therefore appears to evaporation in all 

cases. Additional thorium evidently lowers the cathode 

operating temperature, which decreases the evaporation rate by 

at least a factor of four in these tests. 



Barium-Activated Cathodes 

As shown in Table 5.3, the two bariura-activated cathodes, 

w-Ba02 and W-BaCaAl^Os, had the highest erosion rates of all 

the materials tested. This was despite a very low adsorbate 

work function of 1.6 eV for W-Ba. Unfortunately, both 

raaterials had visibly poor mechanical strength caused by high 

porosity and/or low density. Both materials were manufactured 

from press-sintered tungsten, infiltrated with BaO^, or a 

powder mixture of 5 moles BaO, 3 moles CaO, and 2 moles AI2O3. 

During tests, w-BaCaAl^O^ was the only tungsten-based material 

to destructively fail after only 11.1 hours of operation. 

This result differs substantially from the results for 

W-BaCaAl^Os reported by Neurath and Gibbs, and Kuninaka, Ishii, 

and Kuriki[12] that showed very high erosion-resistance over a 

wide range of arc currents. One possible explanation for this 

discrepancy may lie in potential manufacturmg differences, or 

in differences in the molar percentages of BaO, CaO, and 

AI2O3, as docuraented by Jenkins[13]. 

Oddly, the figure of merit for W-Ba from Chapter II, 

Table 2.1 is only sliqhtly lower than thoriated-tungsten. The 

figure of merit is therefore deceptive in this case, because 

W-Ba is highly volatile at temperatures above 1400 K, but has 

an exceptionally low adsorbate work function. Thus, barium-

activated cathodes appear to perform well at low currents, as 

reported by Kuninaka et al., or at higher currents with heavy 

water-cooling, as reported by Neurath and Gibbs. 



Lanthanura-Activated Cathodes 

From Table 5.3 the adsorbate work function of lanthanum-

activated tungsten is 2.71 eV, which is only slightly higher 

than W-Th at 2.63 eV. The figure of raerit for lanthanura-

activated tungsten, however, is rauch lower than thoriated-

tungsten, because of its high volatility above 1820 K and its 

slightly higher work function. On this account the lanthanum-

activated dispenser cathodes tested here, W-LajOa and w-LaBg, 

both experienced erosion rates that were comparable to pure 

tungsten. Because Lâ Os and LaBe have melting points more than 

1000 °C less than ThOs, the migration of lanthanum in the 

tungsten carrier is excessively high. This condition caused a 

rapid depletion of lanthanum at the cathode surface, thus 

givinq rise to a cathode work function near that of pure 

tungsten. This is evident in Table 5.3, where the erosion 

rates of W-La^Os and W-LaBe are very similar to pure tungsten 

(1.36 ng/C and 1.66 ng/C, respectively). The higher melting 

point and density of W-La^Oa over W-LaBe also appears to give 

w-La^Os a slightly lower erosion rate. 

Yttrium-Activated Cathodes 

Yttrium-activated cathodes have a figure of equal to that 

of thoriated-tungsten. The work function and vapor pomt are 

also similar. Despite these similarities, the W-Y2O3 (2%) 

cathode material had an erosion rate of 6.62 ng/C, which was 

much higher than 0.289 ng/C for baseline w-Th02(2%). Chief 

among the differences was the density, which was lower than w-

Th02, and the raelting point, which was also much lower than 

ThO^. Combined, these two factors likely contributed to a 

very rapid reduction in yttrium concentration at the cathode 
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surface. The asymmetric cathode damage and droplets shown in 

Figure 5.2 bare this out, and are rerainiscent of the explosive 

damage seen on W-Cu cathodes. 

Polycrystalline and Single Crystal 
Tungsten Cathodes 

Even thouqh pure polycrystalline tungsten has an average 

work function of 4.55 eV, it has the lowest erosion rate 

(1.02 ng/C) of all the non-thoriated cathode raaterials tested. 

This is due to its high raeltinq point and high density. 

Comparing measured densities in Table 5.3, the high-density 

materials generally tend to have the lowest erosion rates. 

Taking the density of pure tungsten to be 19.3 g/cm^, the 

porosity of the available materials varied up to a maximum of 

38% for W-BaO. 

Since W-BaO has the highest erosion rate and lowest 

density, we conclude that porosity is an important criteria 

for cathode raaterial selection. It is clear that the porosity 

of a material couples to cathode erosion in at least two ways: 

first through its effect on the cathode's thermo-electric 

properties, such as the therraal conductivity, heat capacity, 

and electrical conductivity, and second on the tungsten grain 

size, raechanical strength, and diffusion rates of the 

infiltrate material. 



Figure 5.2. Photographs of tungsten alloy cathodes after 
100-hours operation. (a) W-BaO^ (2%) cathode, 
(b) W-Y2G3(2%) cathode, (c) Pure-W cathode, and 
(d) W-Th02(l%) cathode. 
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Sirailar conclusions apply to the smgle crystal tungsten 

samples listed in Table 5.3. Erosion results show that the 

erosion rates of both single crystal samples were on the same 

order as the two poly-crystalline samples. A factor of two 

difference is noted between the erosion rates of the two 

single crystal samples. This difference is possibly related 

to large variations in the cathode work function and 

mechanical strength frora one crystallographic plane to 

another. Cathode damage shown in Figure 5.3(a) is also unique 

for this series of tunqsten cathodes, showmg no concave 

crater or recrystallization at the crater edges. The surface 

of the cathode is pitted and scarred, except at the convex, 

dome-shaped tip. A sraall hole is also visible at the center 

of the tip, which suggests that the arc was attached at this 

point. Thus, the dorae-shaped tip is the only area showing 

clear evidence of melting. 

Cross-sectional photographs of the [100] oriented 

cathode, shown in Figure 5.3(b), show very few voids in the 

material. Defects appear evenly distritauted throughout the 

cathode, and extend without interruption into the melted area 

near the cathode tip. A disc-shaped area of melting is also 

evident on the right-hand side of the photograph. The cause 

of this disc-shaped area is unknown, though judgmg from the 

slight asymmetry of the melt pool at the cathode tip it is 

likely that the arc shifted to this area for some period of 

time. 



r̂  
Figure 5.3. Photographs of single-crystal tungsten [100]. 

(a) Profile of used cathode. (b) Cross-
sectional photograph at 16x magnification. 
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Medium Current Measurements 

This section deals with measureraents of the cathode 

erosion rate for pure-W, W-Th02(2%), and W-Th02(4%) at medium 

current {100 A) with nitrogen and hydrogen propellants. The 

goal of these measureraents was to extend the previous 

materials study to 10 kW hydrogen arcjets. To accomplish 

these measurements the cathode and anode inserts were 

redesigned for 10 kW operations, based on earlier 10 kW 

radiation-cooled arcjet designs. 

Due to the large volume of hydrogen gas used in these 

tests (roughly 200 standard cubic meters per run) and its 

associated expense, a total of five lOO-hour duration runs 

were conducted in this series of measurements. In support of 

these runs, a number of shorter duration tests were also 

conducted to verify operation of the gas handling systems and 

the new arcjet insert designs. Due to the liraited number of 

runs, the materials selection was restricted to pure-tunqsten 

and thoriated-tungsten. 

Experimental Configuration 

The 10 kW nitrogen and hydrogen arcjet experiments 

required the larger TTU arcjet Tank 2 facility described in 

full detail in Chapter III. This facility was built to 

include a ceilinq-mounted, high volume gas exhaust system. 

The exhaust systera was designed to dilute explosive exhaust 

gases from the vacuum pumps with large volumes of outside air. 

In addition to this, a sealed storage cabmet was also 

constructed to house a manifold of 24 hydrogen gas cylinders. 

The manifold supplied manufacturing grade (99.98% purity) 

hydrogen gas to the arcjet via a single 0-200 SLPM mass flow 
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controller. A 2100 scfra (59,500 1/min) Roots blower backed by 

two 300 scfra (8500 1/min) rotary piston pumps evacuated the 

chamber to an ultimate pressure below 5x10'^ Torr. The 

midline vacuum pressure during arcjet operation ranged from 

1.5 Torr with 0.05 g/s hydrogen flow to 0.65 Torr with 0.4 g/s 

nitrogen flow. 

The laboratory arcjet, configured for hydrogen 

propellant, uses a smaller 0.64 cm diameter by 8.1 cm long 

cathode insert, as shown previously in Figure 3.2{b). The 

anode inserts, shown in Figure 3.3, also had smaller 

constrictor geometry due to the lower hydrogen mass flowrates 

used in these experiments. This reduction in constrictor size 

was designed to maintain the same mass flux through the 

constrictor for both the high and mediura current anode 

inserts. This also raatched the 1/d ratio of 1.5:1 for the 

high-current anodes. 

The 1/d ratio was later reduced to 1:1 by decreasmg the 

constrictor length to 0.36 cm to fix problems with excessive 

anode wear in the constrictor throat. A third anode insert 

with constrictor diameter of 0.25 cra, shown in Figure 3.3(c), 

was also tested at hydrogen flowrates below 0.05 g/sec, but 

failed to function without excessive anode erosion. 

Figure 5.4 shows the electrical characteristics of each nozzle 

used here. The arc voltage, shown in Figure 5.4, is typically 

30-80 Volts higher for hydroqen propellant versus nitroqen 

propellant. The arc voltage also tends to decrease with 

constrictor length and constrictor diameter. 
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anode inserts. 



Experimental Results 

Table 5.4 suramarizes the cathode erosion rates in 

hydrogen for pure-W, W-Th02{2%), and W-Th02(4%). A total of 

f ive runs at 100 Adc and 11.5% ripple were completed to 

raeasure the cathode erosion rate with hydrogen propellant. 

The first run, C062393, was performed with nitrogen propellant 

to establish a baseline for comparison with earlier 

raeasurements. The test was performed using the 1.5:1 1/d 

ratio nozzle running at 9.6 slpm (0.2 g/sec) of N̂  with a ^ mm 

electrode gap. 

Looking first at the baseline cathode, C062393, we see 

that it has the highest erosion rate, 1.63 ng/C, of all the 

materials tested at 100 rt. This erosion rate is also a factor 

of ten higher than the erosion rate for the same raaterial in 

nitrogen at 250 Adc. A tradeoff therefore exists between 

maximum arc current and cathode diameter based on the rate of 

thermal conduction. For these tests the cathode cross-

sectional area was reduced by a factor of 2.2, which was 

roughly equal to the factor of 2.5 reduction in arc current. 

It is clear then from an erosion standpoint that the cathode 

cross-sectional area does not scale linearly with arc current. 

Referring again to Table 5.4, the cathode erosion rate 

for i/v-Th02(2%) in hydrogen ranged from 0.140 ng/C at a 

flowrate of 0.0375 g/sec to 0.075 ng/C at a flowrate of 

0.05 g/sec. In nitroqen at 250 A the cathode erosion rate 

for w-Th02(2%) is only slightly hiqher at 0.189 ng/C. There 

is also a factor of two decrease in the cathode erosion rate 

between the two W-Th02(2%) cathodes C072693 and C101893. 



0) c 
-n •H 

o o 
o o 

M3 o r~ 
m o o 

i-l o o 



This result was also unexpected, since the cathode 

erosion rate norraally increases with the propellant flowrate 

for a given electrode geometry. However, the electrode 

geometry did change in this case. Cathode C072693 ran with a 

constrictor length of 5.4 mm and an electrode gap of 4 mm, 

while cathode C101893 ran with a constrictor length of 3.6 mm 

and an electrode gap of 3 mm. The arc on cathode C072693 was 

therefore at least 2.8 mm longer, which m turn increased the 

arc voltage by 10 Volts, as demonstrated in Table 5.4. Since 

the heat load to the cathode is proportional to the arc 

voltage, this explams why the cathode erosion rate for 

cathode C072693 is higher. 

For the case of pure-W, the cathode erosion rate was 

0.955 ng/C, which compares to 1.02 ng/C in nitrogen at 250 A. 

Once again the cathode erosion rate falls close to those seen 

before in nitrogen at 250 A. The erosion rate of pure-W in 

hydrogen is likewise a factor of ten larger than that of 

thoriated-tungsten. The sarae factor of ten difference is also 

observed m nitrogen. 

The last raaterial tested in hydroqen was W-Th02(4%); 

labeled as cathode C112993 in Table 5.4. In nitrogen, the 

same material gave the lowest erosion rate and the least 

amount of volume loss. In hydrogen W-Th02{4%) had an erosion 

rate of 0.111 ng/C, which was m between the two measured 

erosion rates for W-Th02(2%) (cathodes, C072693 and C101893) . 

Xt is therefore difficult to determine if W-Th02(4%) 

outperformed W-Th02(2%) based on the results presented in 

Table 5.4. Unlike the W-Th02(2%) cathodes, cathode C112993 

did experience a voltage fault after 72-hours operation. This 

fault may have adversely affected the cathode, thereby 



mcreasing the erosion rate. The fact that the average arc 

voltaqe for cathode C112993 was 4 Volts higher than for 

cathode C101893 may also have been a contributinq factor. 

Multi-Start Measurements 

For the first few minutes of operation the arc^et cathode 

remains too cold for widespread thermionic emission. During 

this time interval, approximately 5-minutes based on numerical 

models, the arc current is dominated by the ion current and 

secondary electron emission current. The cathode therefore 

undergoes intense lon bombardment, which in turn heats the 

cathode surface. It may also produce significant sputtering 

and raaterial loss from the cathode surface. In an effort to 

raeasure the magnitude of these losses in this regime for 

tungsten and thoriated-tungsten, a series of seven multi-start 

experiments were conducted using the arcjet model with 

nitrogen and hydrogen propellants. Two sets of multi-start 

measureraents were made: the first set with 60 starts, and the 

second set with 120 starts. 

Experimental Configuration 

The multi-start experiments described in this section 

were conducted m the sraaller TTU Tank 1 facility. The sarae 

arcjet electrode configuration, propellant flowrate, current 

ripple, and pumping system were used in these tests as were 

used in the high-current measureraents described earlier in 

this chapter. However, due to problems with arcmg at the 

rear of the arcjet, additional insulating barriers were added 

behind the arcjet to prevent damage to the stand and vacuum 

chamber walls. The multi-start test sequence was fully 
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coraputer controlled using the PLC. Before each run, the 

multi-start prograra code was loaded into the PLC with the 

desired number of on/off cycles (60 or 120). The PLC started 

the arcjet autoraatically by applying a 500 ms burst of high 

voltage pulses (1-10 kV) from the starter. The arc^et then 

was preheated at 200 A for 60-seconds. After 60-seconds, the 

PLC qradually ramped the current over a 30-second interval to 

250 A. The arcjet then ran at 250 A for D-minutes at which 

time the arcjet was shut off. The arciet remained off for 

5-rainutes after which the cycle was repeated. The cooling 

water and propellant flow reraained on during the 5-minute 

shutdown to help cool the electrodes to roora temperature 

before each start. This type of "hard-start" seguence is 

typical of a multi-start space mission that requires a high 

total specific impulse. 

Experimental Results 

Results of the cold-cathode erosion measurements for 

pure-W, W-Th02{2%), and i/v-Th02(4%) are shown in Table 5.5. 

The first two cathodes, C072292 and C082792, were duplicate 

runs airaed at verifying the repeatability of the multi-start 

measurements, which appeared to be good. The third cathode, 

C090892, was also a duplicate run, but with 1.3% instead of 

11.5% ripple. Good agreement is noted m all three cases, 

suqgesting that power supply filtering does not affect the 

start-up erosion rate. 
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For W-Th02(2%), the data shows a cathode weight loss of 

0.038 grams after 60 starts and 0.0921 qrams after 120 starts. 

This gives an initial loss rate of 0.63mg/start after 

60 starts. After 120 starts the loss rate increases by 22% to 

0.77 mg/start. 

Visual inspection of the first W-Th02(2%) cathode samples 

revealed pitted micro-spots coverinq the entire pointed 

surface of the cathode. Cathode raicro-spots of this type are 

common, as discussed in Chapter II, and are attributed to the 

explosive destruction of micro-protrusions, surface defects, 

and dielectric oxide layers. Smce the startup daraage is 

distributed over a wide surface area, the increase in the 

weight loss per start is potentially caused by arc ignition at 

local sites of high thorium concentration. Cold cathode 

erosion therefore increases over time as repeated arcing 

decreases the number of favorable sites. The composition of 

these sites is analyzed tay x-ray diffraction in Appendix B. 

The multi-start erosion rates for pure-W and W-Th02(4%) 

verify a strong dependence on thoriura concentration. Cathode 

C022393 was made of pure-W{Rerabar) and failed after only 5 

starts. The cathode weight loss was 0.645 graras, which was a 

significant portion of the cathode tip. This yielded an 

erosion rate of 129.0 mg/start. Meanwhile, cathode C060893, 

made of w-Th02(4%), had the lowest multi-start erosion rate. 

It lost 0.0425 grams after 120 starts for an erosion rate of 

0.35 mg/start, which is a factor of two lower than the erosion 

rate of W-Th02(2%). This result proves the advantage of 

higher thorium concentration for reducing cold cathode 

erosion. 



And finally, cathode C02169 was a repeat of cathode 

C021093, except that the preheat/rarap cycle times were 

reversed to 30 seconds preheat and 60 seconds ramp. The data 

show much higher erosion per start when the preheat time is 

decreased. However, the erosion rate per unit charge is 

virtually the same for both cathodes, 8.1 ng/C versus 

8.3 ng/C. This raeans that the erosion rate per start is 

determined primarily by the start current and not by the 

preheat duration. 

Summary of Materials Study 

This chapter presents results of an experimental study of 

erosion-resistant arcjet cathode materials. The first series 

of experiments were conducted at high current (250 Adc) with 

nitrogen propellant for 100 hours duration. Over a dozen 

materials were tested. The cathode erosion rates ranged frora 

0.121 ng/C for W-Th02(4%) to 122.6 ng/C for W-BaCaAl^Os. 

Overall, thoriated-tungsten performed the best out of the 

available materials, having the lowest erosion rate and least 

damage. None of the reraaining materials tested perforraed any 

better than pure tungsten. Low cathode density and high 

porosity appeared to be the leading cause of failure. 

Based on the previous experiments, a second series of 

100-hour duration experiraents were conducted at medium current 

(100 Adc) with hydrogen propellant. This series was limited 

to f ive runs using pure tungsten and thoriated-tungsten 

cathodes. Results showed that W-Th02(2%) had the lowest 

cathode erosion rate of the materials tested in hydrogen. 

However, the cathode erosion rate for W-Th02(4%) may have taeen 

affected by early anode failure that caused additional cathode 
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daraage. There was also an order of magnitude reduction in the 

cathode erosion rate going from nitrogen to hydrogen 

propellant. 

Finally, tungsten and thoriated-tungsten cathodes were 

tested under multi-start conditions to measure the cold-

cathode erosion rate after 60 and 120 starts. These 

experiments show that i™-Th02{4%) had the lowest cold-cathode 

erosion rate and that the erosion rate increased with the 

number of restarts. This mcrease was attributed to a 

reduction in thoria concentration on the cathode surface as 

sites of favorable emission were destroyed after each restart. 

The cold-cathode erosion rate was also significantly greater 

than the steady-state erosion rate. Several major conclusions 

are drawn from these tests; 

1. At arc currents consistent with high-power 

radiation-cooLed arcjets (250 Adc), W-Th02C4%) qave 

the lowest steady-state and start-up erosion of all 

the raaterials tested. Both erosion rates were a 

factor of 2 iower than those of traditional 

W-Th02(2%) in nitrogen. 

2. Work function, density, porosity, melting point, 

and evaporation rate were all deterrained to be 

critical raaterial properties araong the cathode 

materials tested. 

3. Using multi-starting, cold-cathode erosion 

surpassed the lOO-hour steady-state erosion rate 

after fewer than 30 starts. For thoriated-tungsten, 

the startup erosion rate dropped by a factor of 2 

going from 2% to 4% thoria content. This suggests 



a link between thoria concentration at the cathode 

surface and field emission durinq arc iqnition. 

At 10 kW power levels the cathode erosion rate of 

W-Th02 (2%) was an order of magnitude lower for 

hydrogen propellant versus nitrogen propellant. 

Decreasing the cathode diameter from 0.95 cm to 

0.64 cm mcreased the cathode erosion rate by an 

order of magnitude. 
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CHAPTER VI 

DISCUSS ON OF RESULTS 

It has been shown in previous chapters that there are 

certain mitigating factors that take part in the cathode 

erosion process and dominate the long-term cathode erosion 

rate. The factors that were investigated mclude power supply 

ripple, propellant composition, propellant flowrate, and 

cathode material properties, such as, density, melting pomt, 

and work function. This chapter consists of a discussion of 

these factors in the context of experimental results reported 

earlier in this study. The first factor to be discussed is 

the effect of current ripple on arcjet cathode erosion. A 

phenomenological explanation of this effect is qiven in terms 

of magnetically induced radial motion of the arc column, and 

an overall increase in the cathode spot radius due to the 

higher peak current associated with higher ripple. The 

remaining factors are discussed as a group, and are corapared 

to results of thermal and plasma sheath models of the arcjet 

cathode. 

Current Ripple 

As stated in Chapter IV, current ripple primarily affects 

the area of the cathode spot. Photographic evidence shows 

that the arc attachraent area mcreases significantly with 

increasing ripple amplitude. This effect also appears to 

decrease the cathode evaporation rate, particularly from the 

outside edge of the arc spot. The pattern of cathode damage, 

therefore, suggests that the arc spot is non-stationary. 



expanding and/or moving around on the cathode tip at an 

undeterrained frequency. 

The mechanisms responsible for this type of arc root 

motion have been studied in some detail tay Mentel[l] on carbon 

and W-Cu cathodes. Accordinq to Mentel, cathode arc motion is 

thought to result from heavy evaporation of cathode material 

from the cathode surface. This evaporation forms jets of 

metal vapor emanating from the cathode surface at areas of 

localized over-heating. The arc column is distorted by the 

relatively cool, less conductive vapor jets, which cause a 

displacement of the arc root by magnetic forces onto cooler 

parts of the cathode. On rod-shaped cathodes, the arc 

attachment rotates around or across the cathode's centerline. 

Very high power supply ripple (> 11.5%) appears to mduce this 

type of motion by significantly increasing the cathode 

evaporation rate at peak current. For 23% ripple, the peak 

current exceeds 350 A for a portion of the ripple half-cycle. 

The associated increase in the evaporation rate is reflected 

in the 100-hour cathode erosion rates, which increased by a 

factor of two qoing from 11.5% to 23% current ripple. 

Unstatale motion of the arc root also explains periodic 

voltage fluctuations otaserved during arcjet operation at very 

high ripple. Metal vapor from the cathode decreases the 

conductivity of the arc column by lowering the plasma 

temperature, thus causing an increase m the arc voltage. The 

arc voltage thus varies as the arc root is forced on to cooler 

parts of the cathode. Similar voltage oscillations due to arc 

motion were observed by Glotova et al.[2] m high current 

plasraa accelerators. The characteristic length of the arc may 



also change as the arc root moves around the cathode surface, 

causing fluctuations in the arc voltage. 

Ripple Amplitude 

For ripple amplitudes below 11.5%, the area of cathode 

daraage increases with the ripple araplitude. Two distinct 

surface features appear on the thoriated-tungsten cathodes: a 

central raised dimple surrounded by a larger melted region. 

For arcjet cathodes operating in a diffuse discharge mode, a 

smgle cathode spot is assumed to exist on the cathode dimple. 

The resulting plasma column, which eraanates from this cathode 

spot is electrically conductive, and constitutes the primary 

current carrying coraponent of the arc channel. In the case of 

pointed cathodes, the arc channel is rotationally symraetric, 

and diverges uniformly frora the cathode spot. 

This means that the magnetic field lines generated by the 

channel form concentric circles around the channel axis as 

shown in Figure 6.1. Due to a strong self-interaction, the 

current density produces a maqnetic volume (j x B) force, 

which has components both normal and parallel to the channel 

axis. The radial component of this force in turn produces a 

magn.etic pressure, R' / 2f/„, directed radially inward. The 

balance between the radial particle and magnetic forces 

provides an equilibrium condition that is sufficient to 

estimate the dependence of the arc radius on the arc current. 
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Fiqure 6.1. Model of cathode arc attachment includmg 
variation of arc diameter with current ripple. 



To prevent the raagnetic forces froi i collapsing the arc 

channel, the internal particle pressure maintains a static 

equilibrium within the arc. This is the so-called "Pinch 

Effect," and is valid for most arc plasmas wlth high 

electrical conductivity. Rssuminq then that the radial 

viscous and inertial forces are small, according to 

Nicholson[3], the static equilibrium of the arc channel is 

given by 

P + T — 0, (6.1) 
[ 2;! I 

where P is the total patticle pressure, P — P^ + P^ . 

Equation 6.1 is easily integrated to give 

P H = constant = p , (6.2) 

where Po is a constant that represents the maximum particle 

pressure at the center of the plasma column, where B = 0. 

Outside the arc coLumn the magnetrc field strength is given by 

Ampere's law, such that 

^í, (6.3) 
27r r 

where I is the arc current, and r is the radius. If the arc 

column radius is taken to tae approxiraately egual to the spot 

radius on the cathode surface, r̂ pc-, then 



- ^ = 0, (6.4) 

where Ap i s the pressure difference, Ap P^ - t^ Based on 

these assumptions, the s t a b i l i t y condition in Equation 6.4 

implies t ha t the arc spot radius i s proportional to the arc 

cu r ren t , where 

^TT— i . ( 6 . 5 ) 
87r-Ap 

This same dependency has been measured experimentally by 

Wutzke, Pfender, and Eckert[4] for arcs in superimposed flows. 

Similar experimental results were obtained by John et al. [5] 

for arc columns m 30 kWe class arcjets. Assuming then that a 

roughly linear relationship exists between the cathode arc 

radius and the arc current, it is reasonable to expect the arc 

diameter to vary with the AC coraponent of the arc current. 

This would in turn couple to the spot diameter, assuming that 

the thermionic current density remains relatively constant. 

The cathode attachment area, Aspot, would therefore increase 

with the square of the ripple factor, r, as described by the 

relationship, 

^spot = '""•̂ spot ^ ^A^ ( 6 . 6 ) 

The constant in Equation 6.6 is equivalent to the ratio, 

k;i, which was defmed previously in Chapter IV based on 

photoqraphic analysis of used cathodes. This hypothesis, 
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therefore, suggests that the arc coluran is centered on the 

cathode tip, specifically on the dimple at the center of raost 

cathodes. The melt pool surrounding the diraple is the area 

over which arc expansion and contraction occurs as a result of 

low to raoderate current ripple. This conclusion is supported 

by photographic evidence of spot damage patterns in the 

cathode crater. 

As depicted in Figure 6.1, the arc attachment is 

therefore visualized as a centered plasma channel that 

oscillates between a minimura and a raaximum arc diameter. This 

oscillation is caused by ripple-induced variation in the 

magnetic pressure within the arc column. A radial kinetic 

force therefore drives the cathode attachraent outwards frora 

the cathode center. The mmimum arc diameter thus corresponds 

to the miniraum arc current, and the raaximum arc diameter 

corresponds to the peak current on the ripple waveform. 

The flat surface surrounding the dimple is heated 

predominantly by thermal conduction, and by the arc plasma for 

portions of the ripple half-cycle. This area therefore 

remams significantly cooler than the dimple itself, which is 

heated continuously by the arc coluran. The expansion and 

contraction of the arc column over this cooler surface also 

causes arc mstability and the formation of arc microfilaments 

at local surface imperfections. This conclusion is supported 

by evidence of tungsten beads and track damage in this region. 

Vaporized tungsten from the central portion of the crater is 

also transported by this radial plasma flow, and is 

re-solidifled near the crater rim to form the extended crater 

rim and cathode whiskers. This transport mechanism differs 

from earlier suggestions by Pivirotto and Demmger[6] that 
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speculate an axial jet of plasma striking the cathode causes a 

similar radial outflow. 

Ripple Frequency 

Since the ripple freguency was fixed to the 360 Hz power 

line frequency, no indication is given as to the frequency 

dependency of the ripple effect. Early work on oscillations 

in high-pressure dc-arcs by Cobine[7] shows that the main 

effect of ripple frequency on cathode arc attachment lies in 

its effect on the ionization rate and the plasma ion current. 

As shown in the lower part of Figure 6.2 (a), power supply 

current ripple appears as a sinusoidal or half-smusoidal 

oscillation superiraposed on the DC component of the total arc 

current. 

For very low ripple frequencies, the v-I characteristics 

of the arc coincide with the static characteristics shown as 

curve 1 in Figure 6.2(a). At higher frequencies (curve 2) a 

figure similar to an ellipse evolves. This ellipse is caused 

by a lag in the ion current relative to the thermionic 

current, as the plasma attempts to respond to the AC current 

ripple. The amount of lag depends on the thermal conductivity 

of the cathode and of the propellant gas. As the ripple 

frequency increases further, as in curve 3, it eventually 

reaches the thermal time constant of the cathode and the arc. 

At this point the impedance of the arc becomes positive, until 

at very high frequencies the V-I curve reserables a pure 

resistance, as in curve 4. 



\ 

' 1 / 

V y 
^ ^ 

i'dc 

, » • 

• f ^ 

I . 
I 

Figure 6.2. AC characteristics of an electric arc. (a) 
Frequency characteristics according to 
Cobine [7] , {ui<t02<W3<û ) . (b) TTU Arcjet AC 
electrical characteristics, IDC = 150 Adc, Voc = 
66 V, 13% ripple, 0.40 g/sec N^. 
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For water-cooled cathodes in hydrogen, the heat transfer 

rate through the cathode and the gas is high, so that the 

previous characteristics may not become appreciable until 

10 kHz or higher. Behavior such as curve 2, however, occurs 

at about 10 Hz for an arc in air between carbon electrodes, as 

reported by Cobme. Figure G. 2 (b) shows a plot of the AC 

components of the voltage and current waveforms frora the TTU 

laboratory arcjet runnmg at 13% ripple and 150 Adc with a 

W-Th02(2%) cathode. The resemblance between curve 2 and 

Figure 6.2(b) is noted, even though the arcjet's ripple 

waveform is not perfectly sinusoidal, as was assumed in 

Figure 6.2 (a). Smce the ripple waveform is half-sinusoidal, 

as depicted m Figure 6.1, the curve in Figure 6.2(b) is not 

symmetric about the origin, and is slightly peaked at one end. 

Figure 6.2(b) also suggests that the ripple frequency 

used in these experiments, which has a period of 2.8 ms, is 

very close to the cathode heating tirae constant. Based on the 

rainimum measured radius of the cathode dimple from Table 5.2 

irspot 0.045 cm) , the thermal time constant of the cathode 

spot on tungsten, according to Hantzsche[8], ís estimated to 

be 

19.3^1 0.139 -̂- (0.045 cm)' 

(6.7) 

3 msec. 

where p is the cathode density, Cp is the cathode specific 

heat, and is the thermal conductivity of tungsten. Since 



the arc root radius may actually be smaller than the number 

used above, this means that the effects of current ripple on 

tunqsten cathodes may extend to frequencies of several 

kilohertz, such as those used in most spacecraft power 

conditioning units that utilize highly-efficient, switching 

regulators to boost the spacecraft bus voltage to a level 

sufficient for arcjet operation. 

Cathode Material Properties 

Chapter V showed that certain material properties, 

including density, porosity, work function and melting point 

significantly affect cathode performance. Material properties 

such as density and porosity directly influence the therraal 

and electrical properties of the cathode. Low density and 

high porosity, for example, reduce the thermal conductivity 

and heat capacity of the cathode material by introducing voids 

in the solid'. These reductions in turn increase the operating 

temperature of the cathode for a given heat load. Resistive 

heating is also increased as the electrical conductivity of 

the cathode material decreases. Based on these properties, 

the relative performance of each cathode material is 

determined. 

Steady-State Thermal Analysis 

Therraionic eraission f rora the arcjet cathode is 

exponentially dependent on the cathode operating temperature 

and the cathode work function, as described by Richardson's 

equation. It is therefore useful to analyze the effect of 

material properties on the steady-state thermal profile of the 



cathode. This profile can then compared to experimental 

results. 

Figure 6.3 shows a finite-element thermal model of the 

arcjet cathode assembly using thermal analysis software from 

ALGOR, Incorporated. This model includes the cathode insert 

and a portion of the stainless-steel cathode holder. Boundary 

conditions at the base of the cathode holder assume that the 

cathode holder is water-cooled and maintains a fixed 

temperature of 50 °C. The exposed surfaces of the cathode 

insert and cathode holder are modeled with slight convective 

cooling due to propellant flow. Radiative cooling is included 

on all surfaces near the cathode tip. Annotations in 

Figure 6.3 summarize these boundary conditions. 

The heat mtroduced to the cathode from the arc can be 

modeled in two ways: first, by assuraing that the teraperature 

of the cathode tip is fixed, for example, at the melting point 

of the cathode raaterial, or second, by applying an estimated 

heat flux to the cathode tip. 

In raore sophisticated raodels the actual cathode heat load 

is coupled to the cathode temperature through a model of the 

cathode-arc plasma interaction. However, based on 

raeasurements, the maximum cathode thermal load m 30 kW class 

arcjets is known to be around 300 Watts, so the second method 

is used here. For a cathode spot radius of T mm, this gives a 

heat flux of 9.5x10'' W/m^. This heat flux is applied to a 

1 mm radius boundary element at the very tip of the cathode 

shown in Figure 6.3. 
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(Tungsten) 
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Figure 6.3. Cathode assembly finite-element therraal model 

including cathode insert and water-cooled 
holder. 



Figure 6.4 shows the corresponding steady-state 

teraperature profile, assuming a cathode thermal conductivity 

of 90 W/K-m, which is consistent with pure tungsten at 3700 K. 

From this profile it is clear that the temperatures of 

interest extend approximately 1-2 cm back from the cathode 

tip. It also shows that active cooling of the cathode is 

unimportant unless it is done very close to cathode tip. The 

cathode tip temperature here is calculated to be 3770 K with d 

heat load of 300 Watts. This value is very close to the 

melting point of tungsten at 3595 K, and validates the assuroed 

boundary conditions. Temperatures above 1500 K extend back 

frora the cathode tip approximately 2 cm. Therefore, the 

temperature exceeds the melting point of the infiltrates 

tested in Chapter v for a considerable voiume near the cathode 

tip. 

A detaiied view of the cathode tip is shown in Figure 6.5 

f or three different thermal conductivities: 90 W/K-m, 

81 W/K-ra, and 72 W/K-m. The colored bands in Figure 6.5 

clearly show a curvature reminiscent of the cathode craters 

and erosion patterns seen on heavily eroded cathodes. 

Cross-sectional analysis of used cathodes also shows 

similar patterns of internal melting and recrystallization of 

the tungsten raatrix. These three thermal conductivities 

simulate an increase in porosity, which presumably reduces the 

thermal conductivity of the material by introducing voids in 

the raaterial. Based on the results of Chapter V, Figure 6.5 

confirras that the low density, porous materials likely 

operated at significantly higher tip temperatures. 



o -o 
a o 

0) 3 



0) c • 
u d) e 

4_) C S 

a 0) 

A A A 
0)0)—. 
•U x i Xî 
(/] 4-) — 



The cathode tip teraperature mcreases by approximately 

400 K when the thermal conductivity is reduced by only 20%. 

Thus, the erosion results documented m Chapter V for porous 

raaterials are clearly caused by a significant increase in the 

cathode operating teraperature, which was well above the 

meltinq pomt of tunqsten. The meltinq point of the 

infiltrate compounds was likewise exceeded for most of the 

materials tested. Differences in the cathode work function 

for the materials tested do not affect the thermal 

conductivity as suqgested in the previous case. However, the 

cathode work function does affect the cathode heat load. By 

lowering the cathode work function the sarae electron eraission 

current is produced, but at rauch lower cathode teraperatures. 

This in turn helps to cool the cathode and simultaneously 

decrease the lon current, which further lowers the heat flux 

to the cathode frora ion bomtaardraent. 

Figure 6.6 shows a plot of the cathode tip temperature 

versus heat load. The therraal conductivity in this plot is 

again equal to that of pure tungsten near its melting point, 

90 W/K-m. The plot shows that a 50% reduction in the cathode 

heat load lowers the steady-state cathode tip temperature to 

less than 2400 K, which is below the raelting point of thoria. 

Thus, the thoriated-tungsten cathodes tested in Chapter v 

almost certainly ran at a significantly lower teraperature than 

the other materials tested. This allowed the 

thoriated-tungsten raaterials to maintain a high thorium 

concentration at the surface, thus keeping the work function 

below that of the other materials tested. 
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Figure 6.6. Cathode spot temperature versus cathode heat 
load frora finite-element analysis. 



Transient Therraal Analysis 

Results of multi-start erosion measurements from 

Chapter V showed that the cold-cathode erosion rate is 

significantly greater than the steady-state erosion rate after 

fewer than 30 starts. The warra-up tirae is deterrained by the 

cathode material properties and by the applied heat load. The 

cathode material properties that affect cathode transient 

behavior include the density, heat capacity, and thermal 

conductivity. Figure 6.7 shows the results of a transient 

thermal model of the cathode insert, just after arc ignition. 

The figure shows the cathode temperature profile at tirae 

t 0, 1, 2, 5, and 10 minutes. The analysis first shows that 

the cathode tip temperature reaches at least 2800 K within the 

first rainute of operation, assuraing a raaxiraum heat load of 

300 Watts. Beyond 5-minute operation, the cathode temperature 

profile changes very little. It was based on these results 

that this same duration was selected for the raulti-start 

measurements described in Chapter V. 

Transient analysis also shows that the warm-up time 

decreases as the material density decreases or the porosity 

increases. Reducing the heat capacity, thermal conductivity, 

and density simulates this change. For exaraple, a 20% 

reduction in the thermal conductivity, heat capacity, and 

density reduces the previous warm-up time to less than 

2 minutes. The cathode surface teraperature under these 

conditions exceeds the melting point of tungsten (3695 K) 

within the first mmute of operation. This condition causes 

destructive temperature gradients at the cathode tip that may 

induce failure in more brittle raaterials, such as ZrB^. 
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A fully-functional cathode thermal model must also 

account for the temperature-dependent material properties due 

to the large range of temperatures experienced in the cathode. 

Internal heat generation from ohmic heating must also be 

considered. The thermal conductivity of tungsten varies from 

166 W/K-m at 300 K to 90 W/K-m at 3700 K. The electrical 

resistivity likewise varies from 20 û-m to 95 Q-m over the 

same temperature range. 

The commercial ALGOR software used in the previous 

calculations lacks the ability to include all of these 

temperature-dependencies, so worst-case values were used. 

Recent one-dimensional cathode models by Goodfellow and 

Polk[9] and Schrade, Auweter-Kurtz, and Kurtz[10] do attempt 

to include these factors. 

Simplified Plasma Sheath Model 

In an arc^et the electric current is carried primarily by 

the thermionic electrons emitted by the cathode and by 

positive ions flowing back frora the plasma to the surface. If 

the space charge potential, which causes the voltage drop in 

the surrounding cathode plasma sheath, is high enough, it will 

exert a strong electric field at the surface of the cathode. 

This strong electric field at the surface tends to further 

reduce the work function of the cathode material due to the 

Schottky effect. 

The adsorbate work functions for the materials tested in 

Chapter V ranged from 1.56 to 2.71 eV. The true effective 

work function, mcluding the Schottky effect, must be 

estimated by calculating the electric field strength. For 

very strong electric fields, the reduction can exceed 0.5 eV. 
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As described by Deininger et al.[ll], the electric field 

at the cathode surface and the voltage distribution In the 

plasma sheath can be determined usinq the self-consistent form 

of Poisson's equation. Given the particle number densities, 

Poisson's equation valid in the sheath region is given by 

^ - ^ - -- U„. - n.e - ne), (6.8) 
dx' So 

where n^om nr,e, and ng are the lon, back electron, and 

therraionic electron number densities, respectively. The 

particle number densities Uion, ^bei and n^ are related to the 

total current density jtot, assuming that the mean particle 

velocities V:,oní '^be, and Ve are known. According to the 

conservation of current, the current densities jjo/ií jbei jet 

and jtot 3re given by the expressions: 

Jion " ^ nion Vion 

Jbe ^" ~ ^ nt,e Vbe 

( 6 . 9 ) 

je = e He Ve 

Jtot J .o . + Jb. + 7e • 

The mean particle velocities v^om vt,ei and Ve used m 

Equation 6.9 are determined from the conservation of total 

energy for each plasma species. Assuming that the Debye 

length of the plasma is much smaller than the mean free path 

of the participating particles, the plasma sheath may be 



considered to be collisionless and the total energy (kinetic 

plus potential) of each species is constant. Thus, the effect 

of the sheath is to accelerate the ions and to decelerate the 

electrons until the corresponding flux of ions and electrons 

is balanced. The enerqy conservation equations for the plasma 

ions and thermionic electrons are found to be 

f m,or vlon + e i'̂  = j m,on vio = eVo = constant (6.10) 

j me v^ - e(V - Vc) = 2kT^ - constant , (6.11) 

where V^ is the equivalent voltaqe for the ion total initial 

energy, Vc is the cathode sheath potential, and T^ is the 

cathode surface temperature. The mean drift velocity of the 

plasraa electrons is assumed to follow a Maxwellian 

distribution such that 

where Te is the plasma electron teraperature. Only those 

plasma electrons in the high-energy tail of the velocity 

distribution will be energetic enough to cross the sheath to 

the cathode and all others will be repelled back into the 

plasma. 



Solving for the particle velocities v,on, vte, and Vg in 

:erms of the electric potential, V, gives the followmg 

2xpressions for the particle nuraber densities: 

kT^ 

2- m. 

^' ^ Å'f [̂= - e (Vo - V)]2 , (6.15) 

î here nteo is the electron number density at the sheath edge, 

íe is the thermionic current density, and Vt^2khTc. 

ubstituting the previous equations into Poisson's equation 

jives a second-order differential equation for the sheath 

Dotential. The thermionic current density is calculated usmg 

:he Richardson equation and includes the reduction m the 

laterial work function due to the Schottky effect. The 

:orrected Richardson equation, describing the thermionic 

:urrent density is given by 

_^-.leEc /Inco 

/io TÍ e ^ , (6.16) 



where A„ is the Richardson Coefficient for the cathode 

material, and £„ is the electric field at the cathode surface. 

Usiní3 a set of normalizing variables, Poisson's equatlon, 

valid m the plasma sheath region, may now be written as 

Jt ( Ut f (ic - n))"' 

where the normalizing variables are 

í -

2 -C 
Dt - ^ ^ Ln 

T, 

EeLp 

kT^ 

The normalized electric field distribution y is found by 

integrating Equation 6.17 once analytically using dn/d^ as an 

integrating factor to get the first order differential 

equation. 

^ - - {4.. 1, \i-(i- n/nX 
d( 

\(U, + V, 'V' ' - (O, + r)J''\ + 2 tf' - 2] 

(6.19) 

fl/ith boundary conditions i\ - 0, and y = 0 at the sheath edge. 

rhe electric field at the cathode surface is calculated 

lumerically using Equation 6.19 by iterative substitution, 

jiven the value of the cathode potential \/,;. The normalized 
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alectric potential distribution qií,) must also be calculated 

nuraerically by integrating Equation 6.17 with the boundary 

conditions rj{ ^=0)=0, and /? (>f=(c) =J7c. This integration is 

coraplicated by the thermionic current term je, which is also a 

function of the electric field at the cathode surface. 

The charqe density, p, at the sheath edge is taken to tae 

equal to zero, since the bulk plasma is assumed to be 

quasi-neutral. This assuraption is used to obtain the ion 

number density at the sheath edge by setting Equation 6.17 

equal to zero. The ratio between the ion and electron number 

densities at the sheath edge is, therefore, given by 

,,. = i2i£ = i + ^, r V^ + U, ;"'•'"' (6.20) 
neo 

The mitiai ion energy, r]o, is determined by findmg the 

Bolim minimum lon energy[12]. This minimum is found by setting 

dp/dn 0 at the sheath edge where n = 0 • These criteria 

yield the following expression for the initial ion energy. 

Jt (<)c + Ut)~' ' - 2 

The energy balance at the cathode surface therefore takes 

into account all the main components related to the processes 

of liberation and reraoval of energy from the surface. This 

includes radiation losses from the cathode surface, lon 

heating, thermionic electron coolmg, and back electron 

heating. 



The heat flux is also assumed to cover the entire area of 

the cathode spot. The radiation heat flux, ĝ -̂d, for example, 

assumes an arabient temperature equal to that of the anode, Tj^, 

and that the radiative area is equal to the spot area. On an 

actual cathode the radiative area would be larqer, covering a 

significant portion of the cathode tip. However, in this 

one-dimensional analysis, only the cathode spot area is 

considered. It is also assumed that the arc is optically 

transparent, and that more radiation is emitted f rora the 

cathode spot than is received frora the arc plasma. 

Thus, the total energy balance, qtot, at the cathode 

surface is subsequently given by the set of relations: 

^ion = Jior^ (Vc + £. - 4>^fi) 

be - Jbe (<Pefí + - ^ ^ 

g . Je (4>eff + ^ ) < 6 - 2 2 ) 

<?raa = Sr O- (Tc - TA) 

<lto, = (í.^n + ^be - <?e - rad ' 

where £T is the thermal emissivity, a is the Stefan-Boltzmann 

constant, and T̂  is the anode temperature. 

Accordinq to the Steenbeck minimum principle [ 13,14], a 

stable arc exists at a mmimura for the cathode total energy, 

gtc.tr as a function of the sheath fall voltage, Vc- for large 

sheath potentials, the heat load is dominated by ion 

bombardraent. As the sheath potential approaches zero, plasma 

http://gtc.tr


electron taombardment becomes more significant. Thermionic heat 

removal taecoraes significant only at large thermionic currents. 

This cathode fall minimum, together with the equations cited 

above, forms a closed system sufficient to solve for all the 

pertinent quantities. 

A nuraerical solution to Equations 6.17 thru 6.22 is then 

combined with the heat transfer analysis to model the effect 

of cathode work function on cathode operation. The solution 

is an iterative procedure shown in Figure 6.8. The procedure 

was prograramed in standard ANSI C and is documented in 

Appendix C. The process begins with an initial calculation of 

the conductive heat loss f rora the cathode tip usmg the 

previous cathode thermal analysis. The cathode tip 

temperature and the thermal conduction losses are then used as 

inputs to the sheath model. An iterative algorithm is then 

executed to find the final plasma parameters. 

Given the cathode surface temperature, an initial guess 

for the cathode fall potential, Vc, is made and the electric 

field at the surface, £c, is calculated using Equation 6.19. 

This calculation is performed using a root finding 

substitution method until the surface electric field^Ec) has 

converged to the desired tolerance. The effective material 

work function, ø̂ ^̂  , and the thermionic emission current, Jt, 

are then calculated using Equation 6.16. These values are 

needed to integrate for the normalized electric potential 

distribution given by Equation 6.19. 
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^igure 6.8. Flowchart of plasraa sheath analysis numerical 
algorithm. 



The integration for the potential distritaution n(U ^ses 

an Adams-Bashforth integration schemeE15] with the boundary 

condition at the sheath edge being r|(̂ =0)=0. An initial trial 

value for the sheath thickness, x̂ , is assumed for this 

calculation. The newly calculated surface potential is then 

compared to the most recent value of the sheath potential, Vc, 

and the potential distribution is recalculated using a new 

sheath thickness. This process continues until the calculated 

surface potential matches the most recent target value. This 

procedure gives both the corrected sheath electric potential 

distribution and the approximate sheath thickness. 

Fmally, the heat load to the cathode tip is calculated 

using the energy balance equations, and a rainimura is souqht by 

ad^usting the trial sheath potential, V^. According to the 

Steentaeck Minimum Prmciple, • minimum value for the cathode 

total energy must exist as a function of the sheath fall 

voltage in order for a stable arc to exist. This is done by 

using a Golden Section algorithm[16] to find the local minima 

in the cathode total energy as a function of the sheath fall 

voltage. The resulting minimum value for the cathode heat 

load is given as the heat per unit area of the cathode spot. 

The effective cathode spot area is calculated from the ratio, 

qcond/qtot- Frora this effective spot area, the reraaining plasma 

properties, such the particle current densities, the total 

current density, and the effective arc current are easily 

calculated. 

Results of Plasraa Sheath Analysis 

The plasraa sheath model is applied to the case of 

thoriated-tungsten cathodes with a rod diaraeter of 0.95 cm and 
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a maximura tip radius of 1 mm, as used in the previous finite-

element thermal analysis. From experimental results the 

approximate cathode conductive heat load is known to be 

approximately 100-300 Watts. The temperature-dependent work 

function of thoriated-tungsten is assumed to lie between 3.6 

and 4.5 eV. The model parameters and their associated values 

for a singly ionized, mono-energetic propellant is shown in 

Table 6.1. The results that follow represent solutions 

acquired from several simulations as the cathode material work 

function was varied between 3.6 and 4.5 eV. 

The conductive heat transfer losses frora the cathode tip 

are calculated by assuming that the operating temperature of 

the cathode tip is near the raelting point of pure 

tungsten (3695 K) . Figure 5.6 showed a nearly Imear increase 

in the tip temperature with increasmg cathode heat load. By 

this model, at the raelting point of tungsten the conductive 

heat load at the cathode surface is 150 Watts. 

The predominant heat load to the arcjet cathode is found 

to be from energetic plasma ions impacting the cathode 

surface. This heat load is balanced by the energy losses from 

the thermionic emission of electrons, and by the thermal 

conduction into the bulk cathode. The amount of cooling by 

thermionic eraission is determined by the effective work 

function of the cathode material and by the electron current. 



Table 6.1. Simplified cathûde sheath raodel parameters. Taken 
from Denininger et al.[Il]. 

Parameters Values 

Electron Number Density 5.0 x 10^^ ra' 

Electron Plasma Temperature 15,000 K 

Richardson Coefficient 6.0 x lO^ A/mV ^ 

Material Work Function 3.5 to 4.5 eV 

Cathode Surface Temperature 3660 ^ 

Thermal Emissivity 0.4 

lon Mass 7.06 A 10"^^ kg 

lonization Energy 13.6 eV 



The plasma ions are accelerated by the sheath potential 

which is negative with respect to the plasraa. Figure 6.9 

shows a plot of the calculated electric potential in the 

sheath region for tungsten with 4> 4.5 eV, and Tc - 3660 t̂. 

The cathode sheath potential is V^ - -6.8 Volts with a sheath 

thickness of approximately 5.4 Debye lengths. For large ion 

currents and large negative cathode potentials the heat load 

to the cathode becomes very large. This trend remains true 

when the work function is decreased and thermionic cooling 

increases. 

Figure 6.10 shows a plot of the calculated cathode 

potential and plasma current as a function of the cathode 

material's effective work function. The cathode potential is 

seen to increase rapidly with decreasing work function. This 

tendency indicates that an increase in the individual ion 

kinetic energy will occur as the work function decreases. For 

a cathode work function below 3.65 eV the therraionic current 

density taecomes very large and the accuracy of the model 

fails. The plasma current represents the total current 

carried by the plasma based on the effective spot area. 

The effective spot area for tungsten is plotted in 

Figure 6.11, and suggests two modes of operation. For a low 

work function the effective spot area increases rapidly and 

the cathode spot becomes more diffuse. This mode of operation 

is characterized by a lower heat flux and lon current density, 

which tends to reduce the electrode erosion, caused tay 

evaporation. 



x/Ld 

Figure 6.9. Electric potential distribution of cathode 
sheath for cathode work function, <A=4.5 eV. 



/ . B 

7 . 6 

/ d 

7 . 2 

6 .6 

6.4 

6 . 2 

-

_ .V 

^ - ^ 

\^ 
*"" 

— 

-̂  

-

- 7 1 — -

- -

—-, ^ , 

V 

I 

-
-
-
_ 

_ -

_ , 

1,000 

900 

600 

700 1° 

600 g 
o 

500 c 

v> 
400 =, 

300 > 

200 

100 

3 .9 4 4 . 1 4 .2 

Work Func t ion <eV) 

Figure 6.10. Plot of the cathode sheath potent ia l and 
plasma current versus cathode work function 
for fixed cathode temperature, Tc = 3660 K. 
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As the work function increases the spot contracts and the 

heat flux rises, leading to greater cathode erosion. The 

plasraa current shown previously in Figure 6.10 therefore to 

some deqree predicts the maxiraum current before the onset of 

electrode damage. 

The computed particle current densities, which combine to 

give the plasma current, are shown in Figure 6.12. For low 

cathode work functions, the thermionic current density 

increases dramatically as expected, and the ion current 

density decreases. The decrease in ion current density 

reflects the total charge balance established between the 

various charqe carriers at the plasraa sheath boundary. A 

crossover between the thermionic and ionic current densities 

occurs at 4.1 eV. The backflow of plasma electrons is also 

very low due to the moderately high cathode potential, but 

tends to increase as the work function increases and the 

cathode potential drops slightly. For work functions below 

3.6 eV and T^ 3660 K the model fails to converqe due to the 

exponentially growing therraionic current density. 

Finally, the various calculated heat flux terms qj_on, qei 

qber and cjrad ^^s shown in Figure 6.13, plotted on an 

exponential scale. lon heating naturally dominates except for 

sraall work functions where it is surpassed by the therraionic 

coolmg. The heat losses due to radiation are two orders of 

maqnitude sraaller than the ion heat f lux, and the back 

electron heat load is one order of magnitude lower. The graph 

also shows that at high work function thermionic electrons 

become less efficient at removmg heat from the surface. This 

causes excessive cathode heating and negatively impacts the 

cathode erosion rate. 

177 



4.5 i.b 

Fiqure 6.12. Thermionic electron (TE), ion (lon), and taack 
electron (BE) current densities as a function 
of cathode work function. 



Fiqure 6.13. Plot of various heat flux terms, qion, qe, qbei 
and grdd versus cathode work function for 
Tc = 3660. 



rt plot of the calculated total cathode heat load for arc 

currents of I lOOA, 200A, and 300A, is shown in Figure 6.14. 

The heat load to the cathode increases rapidly with increasing 

effective work function. For raaterials with an effective work 

function greater than 3.8 eV, the computed heat load is very 

large {> 500 W) implying that erosion of the cathode is 

likely. For materials with work functions less than 3.7 eV, 

the model predicts sustainable cathode operation at currents 

up to 300 Amperes. 

Conclusions 

This chapter discussed several factors that affect arcjet 

cathode erosion, mcluding rlpple amplitude, ripple frequency, 

and cathode material properties, such as density, porosity, 

melting point, and work function. First, the effect of 

current ripple araplitude on cathode arc attachment was 

discussed in reference to an apparent ripple-induced 

raodulation of the arc diameter at low to moderate ripple, and 

arc instabilities at high ripple. The effect of ripple 

frequency on arcjet cathode erosion was also discussed. A 

comparison to the therraal time of the cathode showed that 

ripple effects miqht extend to frequencies of several 

kilohertz, which is iraportant to the design of space-based 

power conditioners. 



Work Function (eV) 

Figure 6.14. Cathode heat load versus cathode work function 
at 100, 200, and 300 Adc. Tc = 3660 K. 



Next, the thermal characteristics of the TTU arcjet 

cathode were modeled under worst-case conditions using finite-

element analysis. This model was used to discuss changes m 

the cathode operating temperature with varying material 

properties. Transient thermal analysis was also used to 

predict the warm-up time of the arcjet cathode. Both of these 

analyses successfully contributed to our understanding of the 

relative perforraance of the materials tested in chapter V. 

Finally, the effect of cathode work function was 

discussed by analyzing its effect on cathode thermal and 

plasma pararaeters using a simplified one-dimensional plasma 

sheath model. The model, while producing reasonable results, 

is an over-simplified description of a very complex series of 

processes. The model neglects several important raechanisras, 

such as the evaporation of cathode raaterial, the non-

isotherraal nature of the plasma species, and the temperature 

dependence of the cathode's work function. A more detailed 

analysis of the cathode spot needs to be reached taefore a 

fully consistent understanding of the diverse phenomena 

occurring on the arcjet cathode can be achieved. 

However, the cathode sheath raodel was successful at 

predictmg operational trends in the energy transfer 

mechanisms operating near the cathode surface. In general, 

the model correctly predicted a strong dependence on the 

cathode work function for the materials tested, showing that 

the work function should be held taelow 3.7 eV to successfully 

prevent cathode erosion. For the test case presented here, 

the sheath model predicted raanageatale cathode heat loads below 

240 Watts at 300 Adc with a cathode work function below 

3.7 eV. 



From Table 2.1, the work function of thoriated-tungsten 

(W-Th) is approximately 2.63 eV, which gives an average work 

function of 3.6 eV when averaqed with the work function of 

pure tungsten (4.5 eV). At 3.7 eV, the sheath model predicts 

a plasma current of 200 A at Tc = 3660 K. Unfortunately, at 

this surface teraperature, adsorbates are too rapidly depleted 

from the surface due to evaporation, leaving pure tungsten 

behind. According to Polk[17], at temperatures above 2000 K 

the evaporation rate of thorium exceeds the rate of 

replenishraent by diffusion. For the other materials tested, 

this teraperature is even lower. In conclusion, this 

simplified model is reasonably successful at identifying and 

explaining raany of the mechanisms behind the relative 

perforraance of the materials tested in Chapter V. 
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CHAPTER VII 

SUMMARY AND RECOMMENDATIONS 

Suraraary 

The objective of this research has been to experimentally 

investigate the factors that affect cathode erosion in high 

power arcjets. This study stems from engineering efforts to 

increase both the lifetime and performance of high power 

arcjets in support of a wide range of electric space 

propulsion applications. The research results presented in 

this dissertation are the first to provide a systematic 

framework for collectively evaluating those factors that 

affect arcjet cathode erosion. This research has accomplished 

the following results: 

1. A consistent set of experimental procedures was 

developed f or selecting, testing, and evaluatinq 

cathode materials with improved erosion resistance 

and durability. 

2. The role of a number of variables of interest was 

determmed, including propellant composition, 

propellant flowrate, duration, start-up erosion, and 

power supply ripple. 

3. Cathodes were fabricated usmg several new state-of-

the-art materials and were tested m nitrogen and 

hydrogen propellant under consistent experimental 

conditions. 

4. The cathode operating regimes were identified 

wherein cathode erosion is most severe. 



5. A simplified semi-empirical plasma model of the 

arcjet cathode plasma sheath was developed to help 

explain results from the experiraental measureraents. 

The factors relevant to cathode erosion discussed in this 

dissertation include: propellant composition, propellant 

flowrate, power supply ripple, cold-cathode erosion, cathode 

diaraeter, current level, and cathode materials. The following 

sections summarize these factors and their effect on arcjet 

cathode erosion as determined by this research. 

Propellant Composition 

At 10 kW power levels, the cathode erosion rate of 

baseline W-Th02{2%) was an order of raagnitude lower for 

hydrogen propellant versus nitrogen propellant. Decreasing 

the cathode diameter from 0.95 cm to 0.64 cm increased the 

cathode erosion rate by an order of maqnitude. With nitroqen 

propellant, the cathode erosion rate of 0.95 cm diameter 

W-Th02(2%) cathodes averaged 0.189 ng/C after 100-hours 

operation at 250 ^. Decreasing the cathode diaraeter to 

0.64 cm, and the arc current to 100 A, increased the cathode 

erosion rate to 1.630 ng/C. With hydrogen propellant, the 

cathode erosion rate was 0.140 ng/C after 81.5-hours duration 

at 100 A, using 0.64 cm diameter W-Th02(2%) cathode inserts. 

Propellant Flowrate 

The cathode erosion rate was measured at two different 

propellant flowrates in nitrogen and hydrogen propellants. 

Using nitrogen propellant at 0.35 g/sec, the cathode erosion 

rate of W-Th02(2%) was 0.22 ng/C (0.20 mg/hr) after 50-hours 



operation at 250 A. This nuraber mcreased tay a factor of 

three to 0.65 ng/C (0.61 mg/hour) at a flowrate of 0.40 g/sec. 

Frora Chapter V, the cathode erosion rate for W-Th02(2%) 

in hydrogen decreased from 0.140 ng/C at a flowrate of 

0.0375 q/sec to 0.075 nq/C at flowrate of 0.05 g/sec. This 

result was unexpected, since the cathode erosion rate had 

previously increased with flowrate for nitrogen propellant. 

However, this result may have been affected by differences in 

the electrode spacing that likely caused this discrepancy. 

The upstream static pressure near the cathode tip also 

tends to increase as the propellant flowrate increases. 

Increased pressure around the arc causes it to radially 

contract, thus mtensifying the erosion at the cathode 

surface. Higher propellant flowrate also tends to move the 

anode attachment pomt downstream and to increase convective 

cooling of the arc column. Both of these effects tend to 

increase the arc voltage by increasing the arc length and 

decreasing the arc conductivity. This produces a 5-10 Volt 

increase in arc voltage, which mcreases the input power to 

the arcjet by more than 20%. Thus, more heat is applied to 

the cathode and the cathode erosion rate tends to increase as 

the propellant flowrate increases. 

Power Supply Ripple 

Cathode erosion rate measurements at four different 

ripple amplitudes were completed, using W-Cu and W-ThO^(2%) 

cathodes. In all cases the measured cathode erosion rate 

decreased by a factor of 2 going from 1.2% to 11.5% ripple. 

Above 11.5% ripple the cathode erosion mcreased by a factor 

of 2.5 going from 11.5% to 22.3% ripple. At 1.3% ripple the 



W-Th02(2%) erosion rate was 0.446 ng/C (0.40 mg/hr) after 

100-hours operation at 250 A. The erosion rate decreased to 

0.289 nq/C (0.26 mg/hr) at 3.1% ripple and 0.222 ng/C 

(0.200 mg/hr) at 11.5% ripple. At 22.8% ripple the W-Th02(2%) 

erosion rate increased to 0.589 ng/C (0.53 mg/hr). These new 

results suggest that an optimum current ripple may exist, and 

that it is somewhat higher in amplitude, and lower in 

frequency, than the npple produced by current space-qualified 

pulse-width raodulated arcjet power conditioning units. 

Photographic analysis of cathode daraage also showed that 

the area of cathode daraage increased with the square of the 

ripple factor. This effect is potentially related to a 

ripple-induced raodulation of the arc diaraeter. This 

modulation spreads the arc and lowers and flattens the 

teraperature profile at the cathode surface, thus reducing 

evaporation of cathode raaterial. These results suggest that 

the cathode lifetime might be extended by re-enqmeering 

existing power conditionmg units to artificially raodulate the 

arc current. 

The formation of a crater rim and cathode filaments 

(i.e., whiskers) was also observed at raoderate ripple. Rim 

and filaraent growth is driven by strong vaporization and 

transport of cathode material to cooler parts of the cathode 

surface. The growth rate of these structures was found to be 

dependent on the ripple amplitude, as revealed by photographic 

analysis of used cathode samples. Moderate ripple, between 

3.1% and 11.5%, produced the most growth, yet had the lowest 

erosion rate. 



Cold-Cathode Erosion 

Usinq HF startinq, cold-cathode erosion surpassed the 

100-hour steady-state erosion rate in fewer than 30 starts. 

For thoriated-tungsten, the startup erosion rate dropped by a 

factor of two going from 2% to 4% thoria content. This 

suggests a link between thoria concentration at the cathode 

surface and localized electron emission during arc ignition. 

For W~Th02(2%), the cathode weight loss is 0.038 graras 

after 60 starts and 0.0921 graras after 120 starts. This gives 

a loss rate of 0.63 mg/start after 60 starts, and a loss rate 

of 0.77 mg/start after 120 starts. W-Th02(4%) lost 

0.0425 grams after 120 starts for an erosion rate of 

0.35 mq/start, which is a factor of two less than the erosion 

rate of W-ThOs (2%) . This result proves the advantage of 

higher thoria concentration for reducing cold cathode erosion. 

However, long-duration steady-state operation taetween restarts 

may negate this benefit. 

Cathode Materlals 

Over a dozen new cathode raaterials were tested for their 

resistance to arc erosion. The measured cathode erosion rates 

ranged from 0.121 ng/C for W-Th02(4%) to 122.6 ng/C for W-

BaCaAl^Os. The full results are tabulated in Chapter V. 

Overall, 4% thoriated-tungsten performed the best out of the 

available materials. All of the remaining materials performed 

worse than pure tungsten. Low density and high porosity were 

cited as being the leading cause of failure of these 

materials. 

Work function, density, porosity, melting point, and 

evaporation rate were all determined to be the raost critical 



material properties among the cathode materials tested. 

Thermal and plasma sheath analysis in Chapter VI, shows that 

minor degradation in any of these variables can lead to 

significant cathode over-heating. Of all the raaterials 

tested, thoriated-tungsten appeared to have the most favorable 

therraoelectric properties, based on the discussion in 

Chapter VI. 

Recoramendations for Future Research 

Having established that the aforementioned factors 

significantly affect the cathode erosion rate; the suggestions 

for future work in this area are taased on the following 

questions. 

1. What effect does ripple frequency have on the 

cathode erosion process, and to what extent are 

these effects reproducible in radiation-cooled 

arcjets? 

2. What are the potential benefits to artificially 

modulating the arc current, and what impact would 

this technique have on arcjet perforraance? 

3. Do the effects of ripple extend to the 1000-hour 

tirae scale? 

4. Beyond the cathode materials tested in this study, 

what materials should tae tested next? 

5. Are the simple cathode rod-shaped designs used in 

present-day arcjets adequate to achieve enqineermq 

performance goals? 



In order to answer these questions the following 

experiments are recoramended, taased on the results of this 

study. 

Experiment #1: All of the ripple effects measurements in 

this study were liraited to the 60 Hz j-phase line freguency 

used to power the arcjet. Future experiments that measure 

this effect over a range of frequencies should be considered. 

Based on estiraates of the thermal time constant of tungsten 

cathodes, the frequency range should extend from 10 Hz to 

10 kHz. It would also tae of interest to have the ability to 

"prograra" the ripple waveform. This feature would allow 

different waveforms, such as smusoidal or triangular 

waveforms, to be applied at different frequencies and 

amplitudes to the arcjet's direct current power source. As of 

this writmq, the benefits of this feature are beginning to 

appear in coraraercial welding equipment. New coramercial 

tunqsten-in-qas (TIG) welding power supplies are available 

that mcludes a pulsing capability that can be adjusted from 

<1 Hz to 300 Hz. To simplify the design of such a power 

supply, it may be necessary to limit the experiraents to 

low-power. 

Experiraent #2: Various means of raeasuring the cathode 

material's thermoelectric properties should also be 

considered. Elementary properties such as the density, 

porosity, thermal conductivity, heat capacity, electrical 

conductivity, and work function need to be raeasured for all 

raaterials tested. This information could then tae applied 

towards building much more accurate engineering models of the 

arcjet cathode. This research may require the participation 

of the manufacturer of these materials. 



Experiment #3; Over a dozen materials were tested in this 

study based on availability. None of the materials 

outperformed thoriated-tungsten. However, at least two 

promising materials that have properties very similar to 

thoriated-tungsten were not tested, HfO^ and ZrO^. Additional 

experiments should be considered to test these and other 

raaterials, such as tungsten-carbide. Several new commercial 

rare-earth welding electrode materials have also appeared on 

the market that were not tested in this study. These 

additional materials should be tested against 

thoriated-tungsten. 

Experiment #4: Experiraents on new arcjet cathode designs 

should be also be considered. Many modern welding electrodes, 

for exaraple, are built with a thoriated tungsten rod wrapped 

in a beryllium-copper alloy jacket. The thoriated-tungsten 

rod is typically 1/8" to 1/4" in diaraeter, encased by a thick 

berylliura-copper jacket up to 3/8" in diaraeter. The melting 

point of the taerylliura-copper alloy is sufficient to resist 

melting with minimal cathode cooling. The benefit of this 

cathode design is that the beryllium-copper alloy has a higher 

thermal conductivity than tungsten, which helps to draw heat 

away from the cathode tip. 

Experiment #5: The steady-state erosion rate raeasurements 

should be extended to at least 1000-hours for all of the 

factors discussed in this study. These factors could be 

consolidated to decrease the number of runs necessary to 

collect the pertinent data. 

And finally, one of the challenges of this study was to 

apply direct diagnostics to the arcjet cathode while in 

operation. This proved to be too difficult given the location 
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of the cathode inside the arcjet, which is also mounted inside 

the vacuura charaber. Several designs were considered, such as 

fiber optic catales mserted into sealed holes drilled into the 

anode body, with the arcjet raounted outside the vacuum 

chamber. This experiment would provide a view of the cathode 

tip while in operation, and could be used to measure the 

cathode temperature profile via thermal imaging, and to 

photograph the arc attachment as it is visible. It would also 

be possible to msert wire probes into the plasma around the 

cathode, and to perform spectroscopic diagnostics of the 

near-cathode plasma. Diagnostics such as these would 

certainly be extreraely beneficial to future high-power arcjet 

cathode research. 



APPENDIX A 

TABLE OF MATERIAL PROPERTIES 

Table A.1 is a list of thermionic properties of 

refractory metals with adsorbed electropositive layers used in 

this dissertation. The information was obtained from the 

Metals Reference Book, 5*̂^ Edition[l]. Table «..2 is a table 

of vapor pressure and melting point data for a series of 

refractory oxides. Table A.3 is taken from Lafferty[2] and 

lists the thermionic eraission properties of several hexaboride 

compounds. Table A.4 shûws the thermionic emission properties 

for a series of refractory carbides. 



Table A. 1. Thermionic properties of refractory metals 
with adsortaed electropositive layers and 
associated refractory oxides from 
Smithells[I]. 

Surface/Compound 

Tungsten-Barium 

Tungsten-Caesiura 

Tungsten-Cerium 

Tungsten-Lanthanum 

Tungsten-Strontium 

Tungsten-Thorium 

Tungsten-Uranium 

Tungsten-Yttrium 

Tungsten-Zirconium 

Th02 

Ce02 

LaOs 

Y2O3 

BaO/SrO 

15 

32 

80 

80 

30 

32 

70 

50 

50 

10 

9 

10 

1-10 

1.56 

1.36 

2.71 

2.71 

2.2 

2.63 

2.84 

2.70 

3.14 

2.6 

2.1 

2.5 

2.4 

1.0 



Table A.2. Vapor pressure and meltmg point for a series 
of refractory oxides. 

LÍ2O 

BeO 

Temperatureí°K) for Melting 

Vapor Pressure {Torr) Point 

•̂ gO 1600 1968 2535 2800 

2580 

1175 

1862 

1600 

1728 

1600 

1358 

1910 

2100 

1820 

2060 

2270 

2061 

1641 

1138 

1466 

2300 

1968 

2148 

1897 

1694 

2339 

2523 

2239 

2512 

2748 

2512 

1954 

1409 

1825 

2950 

2535 

2795 

2247 

2198 

3000 

3040 

2754 

3048 

3443 

3192 

2317 

1531 

1700 

2530 

CaO 

SrO 1600 1897 2247 2430 

BaO 1358 1694 2198 1923 

AlzOa 1910 2339 3000 2015 

Y2O3 

LaaOj 1820 2239 2754 2315 

ZrOj 2060 2512 3048 2700 

HfOj 2270 2748 3443 2810 

Th02 2061 2512 3192 3050 

WO2 

WO3 



Table A.3. Thermionic properties of refractory 
hexaborides from Lafferty[3]. 

CaBs 

SrBs 

BaBe 

LaBe 

CeBs 

ThBe 

2 . 6 

0.14 

16 

29 

3 .6 

0 .5 

2 . 8 6 

2 . 6 7 

3 .45 

2 . 6 6 

2 . 5 9 

2 .92 



Table A.4. Thermionic proper t ies of refractory carbides 
from Smi the l l s [ l ) . 

kA/mV eV 

TaC 

TiC 

ZrC 

ThCz 

SiC 

UC 

3 

250 

3 

5500 

640 

330 

3.14 

3 .35 

2 .18 

3 .5 

3 .5 

2 . 9 
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APPENDIX B 

SEM AND X-RAY DIFFRACTION ANALYSIS 

The composition and microscopic structure of cathode 

C082792 was recorded tay Dr. N. Guven (Texas Tech University, 

Dept. of Geosciences) using microanalysis operating a JEOL 

model JEM-IOOCX scanning electron microscope (SEM). Cathode 

C0827 92, made of W-Th02{2%) from Metallwerk Plansee, was 

tested at 250 Adc, 13.5% ripple, and 19.2 slpm N^ with 

60 starts of 5-minute duration. Based on these test 

conditions, cathode C082792 showed consideratale microscopic 

pitting on the conical surface with slight melting at the 

cathode tip. As shown m Figure B.l, the cathode was cut 

vertically and parallel to the cylindrical axis. The marked 

sections were exammed using SEM and X-ray microanalysis at 

4 0 kV and 8 0 pa. 

Two series of results were recorded for both un-etched 

and etched saraples. The un-etched saraples were cut and 

polished before analysis. The resulting SEM images showed 

significant effects from the polishmg process, which smeared 

the ThO^ grains and hid the tungsten grain boundaries. The 

second series was recorded after the samples were etched in a 

15% Clorox solution. Etching successfully revealed the 

underlymg grain structure of the cathode material. The 

results of the etched samples are discussed the following two 

sections. Examples of the bottom, center, and top cuts are 

shown for both the normal and parallel directions. 



/ T L 

CL 

BL 
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TK\ 

CB 

BR 

Normal Sect allel Sectií 

Figure B.l. Cathode normal and parallel cross-sections. 
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Bottom and Center Sections 

The center normal(CN) and center parallel(CR and CL) cuts 

display different structural features. Figure B.2(a) shows an 

SEM photograph of the CN cut at a 4-micron scale. The 

photograph displays the structure of the underlying tungsten 

matrix, which consists of tightly interlocked, polygonal 

tungsten crystals. Thoria grains, indicated by TH on the 

photographs, are also interlocked taetween the tungsten grains. 

The thoria grains range in size from 1.0 to 8.0 raicrons. 

Sraall oval-shaped and large elonqated thoria grains are 

visible in the tungsten matrix. The oval-shaped grains vary 

in size from 1.0 to 3.0 raicrons, while the elongated grains 

are thin and reach up to 8.0 microns in size. The X-ray 

spectrura shown in Figure ts.2(b) shows strong spectral lines of 

thoriura and tungsten. Copper lines also appear from the 

sample holder. 

The parallel center cuts (CR and CL) display a completely 

different structure compared to the normal cuts. The parallel 

CR cuts, shown in Figures B.3{a}, display tungsten and thoria 

grains that are elongated up to 10 microns. During 

manufacture, swaging elongates the tungsten crystals, thus 

creating a fibrous structure parallel to the cylindrical axis. 

Thoria grains are tightly packed between larger tungsten 

crystals at their grain boundaries. The thoria crystals have 

a lateral thickness of 1-2 microns and are as long as 

10 microns. The thoria content of these crystals is shown in 

Figure B.3(b). The bottom sections (BN, BR, and BL) show very 

similar structures to the ones just described. 



(b) 

Figure B.2. CN cross-section. (a) 4-micron SEM photograph. 
(b) Composition analysis of larger thoria 
grain in upper center of the above figure. 
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Figure B.3. CR cross-section. (a) 4-micron SEM photograph. 
(b) Composition analysis of the long thoria 
grain m center of the above figure. 
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Top Section 

The top sections of the cathode show taasically the sarae 

structure as those of the center and bottom sections. 

However, very near the cathode surface there are many vacant 

spots not occupied with thoria grains. Figure B.4(a) shows 

that there are no thoria grains in the vacant spots within a 

zone up to 50 microns from the cathode surface on the TL 

saraple. The distribution of thoria grains becomes similar to 

the bulk raaterial taeyond 100 microns from the surface. This 

fact is characteristic of cold-cathode erosion after multiple 

starts, where arc ignition is concentrated on exposed thoria 

inclusions near the cathode surface. 

Transient therraal analysis also shows that multi-start 

cathodes, such as cathode C082792, lack sufficient time to 

heat the cathode deeply, thereby affectinq the thoria 

concentration far frora the tip. This explains the regular 

thoria distribution at depths past 100 microns, and the 

coraplete lack of thoria at the cathode surface. Figure B.5(a) 

shows the TR parallel cut at the cathode tip. Elongation of 

the tungsten and thoria crystals is still evident, as are 

cleavage planes on the larger tungsten crystals. Several 

elongated grains of thoria are also present in sraall 

concentration. This is evident by the weak thorium peak in 

the composition analysis shown in Figure B.5(b). 



(b) 

Figure B.4. TL cross-section. (a) 10-micron SEM photo-
graph. (b) Composition analysis showing lack 
of thorium at cathode tip. 
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Figure B.5. TR cross-section. (a) 10-micron SEM photo-
graph. (ta) Composition analysis of the center 
thoria grain in the previous iraage. 
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Cathode Crater 

Polished surfaces at the very tip of the cathode are 

shown in Figure B.6. This figure displays a zone of raelting 

and recrystallization that has produced tungsten crystals up 

to 100 microns in size. This zone also shows no traces of 

thoria and has fewer voids than the norraal cathode interior. 

The rough surfaces of the cathode crater are shown in 

Figure B. 7 (a) . The surface is very porous with pore sizes 

ranginq frora 1 to 6 microns. Figure B.7(b) shows that the 

exposed tungsten grains extend several microns from the porous 

cathode surface. 

Conclusions 

Cathode C0827 92 was analyzed using SEM and X-ray 

composition microanalysis. The results of this analysis 

mdicate the followmg: 

1. Thoria inclusions occur in two different forms: small 

oval-shaped and large elongated crystals. The 

elongated crystals are made of pure ThO^, whereas the 

oval-shaped crystals appear to contain tungsten. 

2. Thoria concentration within the tungsten matrix is 

uniforra throughout the raaterial, except within 

100 microns of the cathode tip. 

3. Within the cathode crater thoria inclusions are 

present to a depth of 50-60 microns but are devoid of 

thorium. 



Figure B.6. TL and TR surface cross-sections. (a) 10-
micron SEM photograph of TL surface. (b) 10-
micron SEM photograph of TR surface. 

210 



(b) 

Figure B.7. Cathode surface analysis. (a) 10-micron SEM 
photograph of TR cross-section at roughened 
surface. (b) 4-micron SEM photograph showing 
exposed grains. 
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4. Tungsten gram size increases to near 100 microns at 

the polished cathode tip. The polished tip also has 

fewer voids and inclusions due to significant 

recrystallization. 

5. The surface of the cathode crater is highly porous 

with pore sizes varying from 1 to 6 microns. Exposed 

tungsten grains extend from the surface by several 

raicrons. 

6. The reduced distribution of thoria at the cathode tip 

is consistent with cold-cathode erosion raodels of 

multi-start cathodes. 



APPENDIX C 

PROGRAM LISTINGS 

This appendix contains source-code listmgs of the 

program code used in the one-dimensional plasma sheath 

analysis presented in this dissertation. The source code 

is written in standard ANSI C and documentation for the 

program is included in the source code. 



l3.ncl\ide "math,> 

finclude "stdio 

ttdefine vecsize 

One-dímensional Plasma Sheath Model 

One-dimensional numerical solution to cathode plasma sheath 

model using adams-bashforth integrato r. Solution is 

calculated for a fixed material worlí function and a target 

cathode heat flux from thermal analysis. 

Input: 

Material Work Function 

Tsrqet Heat Flu 

ASCII Column Delimited File 

/* Define the Global VariaDles and Constants */ 

typedef double ('íncptr)(double,double); 

/* Define the fundamental constants for sheath model' 

double 

pi = 3.141592653589793, 

Me = 9.1095e-31, 

e - 1.6022e-19, 

kb = 1.380" e-23, 

hbar = 1.0546e-34, 

sigma = 5.67 e-08, 

eps = 8.8542e-12; 

/• Define the global variables for sheath model'/ 

Tc = 3660.0, 

Te = 15000.0, 

hz = 0.60e+0e, 

Ec = 0.0, 

Vc = -10, 



chi_m = 4.5, 

ne_o = 5.0e+22, 

e_t = 0.4, 

eps_i = 14, 

Mi = 7 .06e-27; 

it.Ld,Jt,eta_c,e >,U_c,nu, ]_total,q_total; 

double chi_eff(double) ; 

double ]_thermionic(); 

double ]_electronic (); 

double ]_ionic{); 

double gamma_field(double,double) ; 

int adams_bashforth(fncptr,long 

int,mt,double,double,double,double[],double[1) 

This funct 

The olu 

method for i 

Input Variables: 

Output Variables: 

None 

Storage Variables: 

.3 the main entry pomt for the program. 
•• generated usmg the Adams-Bashforth 
^grating first-order differential equat 

Step-

The n 

The n 

The n 

The 

The 

The 

size 

-th value 

-th value 

-th value 

(n-l)th V 

(n-l)th V 

(n-l)th V 

of 

of 

of 

âlu 

alu 

alu 

X 

y 

f (X 

e of 

e of 

e of 

y) 

^ 
y 

f 



tl,cnt2 - Counter variables 

lenqth - The number of steps between each returned valui 

double chi_e,gamma_c,Ec_old,]_i,D_e,j_t,]_ave; 

double q_i,q_t,q_e,q_r,q_total,q_old,I; 

double eta_V[vecst e+ll , 5íL__x[vecsi.ze+ll ; 

double A_spot,q_target; 

FILE 'fp; 

/* Open the output file in the write mode */ 

if ((fp = fopení"PM.PRN","w")) -= NULL) 

I printf("Couldn't open output file 

/* calcu ate the Debye Length Thickness of the Sheath Layer */ 

Ld = sqrt((eps'kb'Te)/(ne_o*e'e)); 

printfí"\n\nEnter the material Work Function = " ) ; 

scanf C'^lf'^SChi^m) ; 

prmtf ("\n\n") ; 

printf("Enter the target heat load = " ) ; 

scanf("%lf",Sq_target); 

printf("\n\n"); 

Vc = -!3.0; q total - 1.0e99; 

Vc -= 0.01; 

q_old - q_t. 

/+ Calculate the Electric field at the Cathode Surface '/ 

eta c = (-1.0*e'Vc)/(kb*T';) , 

gamma_c = gamma_fleld[eta_c,0.0) , 
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Ec_old = Ec; 

Ec = (gamma_c*kb'Te)/(e'Ld) ; 

chi^e = chi_eff(Ec); 

while ( fabs(Ec_old - Ec) > 0.1); 

]_t = i_thermionic(); 

l_total = ]_i - ]_e + ]_t; 

Q_í = í_i*í-Vc + ep2_i - chi_ei; 

q_e - :_e'(chi_e + (2'kb*Te)/e); 

q_t = l_t'(chi_e + (2'kb'Tc)/e) ; 

q_r - e_t'sigma*(pow(Tc,4) - pow(700,4)); 

q_tOtal = q_i + q_e - q_t - q_r; 

while (q_total 

A_spot = q_target/q_total; 

I = A_spot * ]_total; 

adams_bashforth(gamroa fleld,' 

fpr i 

fpr i 

fpr i 

fpr i 

fpr i 

fpr i 

fpr i 

fpr i 

f p r i 

fpr i 

fpr i 

fpr i 

fpr i 

i t f ( f p . 

i t f ( f p . 

i t f ( f p . 

i t f ( f p . 

i t f ( f p . 

i t f ( f p . 

t f I f p , 

i t f ( f p . 

i t f ( f p . 

i t f ( f p . 

i t f ( f p . 

i t f ( f p . 

i t f ( f p . 

'%20.16f\n' 

'%20.16f\n' 

'%20.16f\n' 

' ^20 .16f \n ' 

'• 20 16f\n' 

• i20 .16f \n ' 

'%20.16f\n' 

'%2 . l 6 f \ n ' 

•%20.16f\n' 

'%20.16f\n' 

'%20.16f\ti' 

'%20.16f\n' 

•%20 15f\n' 

,chi_^m); 

,Tc) , 

, q _ t a r g e t ) ; 

, Vrj , 

,A spo t ) ; 

, I I ; 
, j _ t o t a l ) ; 

, ( ] _ i / ] _ t o t a l ) ) ; 

, ( 3 _ e / ] _ t o t a l ) i , 

, ( ] _ t / ] _ t o t a l i ) ; 

, q _ t o t a l ) ; 

, (q_ i /q_ to ta l ) ) , 

, (q_e /q_ to ta l i ) ; 



fprintf(fp,"%20.16f\n",(q_t/q_total) 

fprintf(fp,"%20.16f\n",(q r/q total) 

/* Begin the Function Implementation Section */ 

/' Define function to calculate the effective work function * 

double chi_eff(double E) 

{ return(chi_m - sqrt((e*E)/(4.0*pi'eps)))> ), 

/" Define function to calculate the thermionic current densit 

double ]_thermionic() 

{ double temp; 

temp = Ar'pow(Tc,2)*exp(-l. *e'chi_eff(Ec)/(kb'Tc)); 

return(temp); 

/" D e f m e function to calculate the back electron current density '/ 

double ]_electronic() 

( double temp; 

temp = (e'ne_o/4.0)*sqrt((8.0'kb'Te)/(pi'Me)); 

temp = temp * exp((e'Vc)/(kb*Te)) ; 

return(temp); 

/' Define function to calculate the lon current density '/ 

double j_ionic[) 

( double temp; 

temp = nu-ne_o*e*sqrtí(-2.0*eta_o*kb'Te)/Mi); 

return(temp); 

1 

/* Define function to calculate the normalized variable gamma */ 

douDle gamma_fleld(double eta, double xi) 

{ 

double temp; 



]t = j_thermionic(Ec); 

Jt = (]t/(e*ne_o))*sqrt(Me/(2.0*kb*Te)); 

eta_c - (-1.0'e*Vc)/(kb*Te); 

U_c = (2-0*Tc)/Te, 

nu = 1 + Jt/sqrt(eta_c + U_c) ; 

eta_o = nu/(Jt*pow((eta_c + U_c),-1.5) - 2. ); 

temp = -4 O*nu*eta_o*(sqrt(1.0 - (eta/eta_o)) 1.0); 

temp += 4 0*Jt*(sqrt(fabs(eta_c-eta+U_c)) - sqrt(eta_c+U_c)); 

temp += 2.0*exp(-1.0*eta) - 2.0; 

return(sqrt(temp)); 

ir.s^bashforth shforth Ist-order Integr< 

This funct: solves the fi -order equatic 

The solution is generated using the Adams-Bashforth 

method for integratmg first-order differential equations. 

Input Variables 

f Two-parameter function describing 

the differential equation to be 

integrated. 

Xlower - Lower limit of integration over t 

Xupper Upper limit of mtegration over t 

Ylower - Initial value of y at the lower limit 

N - Number of sub-intervals in interval [tlow,tup] 

Number of values to be returned 

Output 

Mreturi 

î r i a b l e s 
ay containing : 

ay containing . 

Storage Variable: 



^n - The n-th value of x 

yn The n-th value of y 

fn The n-th value of f(x,y) 

xn_l The (n-l)th value of x 

yn_l The (n-l)th value of y 

fn_l - The (n-l)th value of f 

,cnt2 Counter variables 

ength The number of steps between each returned valui 

int adams_bashforth(f,N,NretuEn,Xlower,Xupper, Ylower,X,¥) 

fncptr f; 

long m t N; 

int Nreturn; 

double Xlower,Xupper,Ylower; 

double X[]; 

double Y(]; 

( 
/* Define the local variables */ 

long int length,cntl,cnt2; 

double h,xn_l,xn,yn_l,yn,fn,fn_l; 

/* Set the initial values at the lower boundary */ 

xn_l = Xlower; yn_l = Ylower; 

fn_l = (*f) (xn_l,yn_l) ; 

/* Calculate the step-size */ 

h - (Xupper - Xlower) / N; 

/* iJsing Euler's method calculate xn and yn '/ 

yn = yn_l + h * I (*fj (xn_l,yn_l) i ; 

xn = xn_l +h; 

/- Calculate # of steps between each returned value'/ 

length = N/Nreturn; 

/* Initialize counters and begin the iteration "/ 

for (cntl = , cnt2 = 0; cntl <= N; cntl++) 

{ 

if (((cntl % length) == 0) SS (cnt2 <= Nreturn)] 
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Y[ciit2] = yn_l; 

cnt2++; 

I 

fn = (*f ) (xn ,yn) ; 

xn_l = xn; yn_l * yn; 

xn += h; yn += h ' ( (1 .5*fn) ( 0 . 5 ' f n _ l ) ) ; 

£n 1 = fri; 

/* End of function adams-bashforth */ 



APPENDIX D 

COPPER-TUNGSTEN MEASUREMENTS 

This appendix presents the results of two series of high 

power arcjet cathode erosion experiments that explore the 

effects of power-supply current ripple and run duration on the 

cathode erosion rate. To accelerate these measurements the 

cathode and anode inserts were made of copper-tungsten (W-Cu) 

versus traditional thoriated-tungsten (W-Th). This technique 

produced measurable cathode erosion in less than 6 hours of 

operation. It also allowed direct comparison with existing 

W-Cu cathode erosion data for high-current pulsed arcs 

reported by Donaldson[1]. 

The first series of experiraents were aimed solely at 

measuring the effect of power-supply current ripple on the 

arcjet cathode erosion rate. The second series of experiments 

focused on measuring the effects of run duration and ripple 

factor. This was accomplished by varying the run duration of 

each cathode over three values: 5 minutes, 30 minutes, and 

6 hours. Each experiment was repeated at high and low ripple 

factors. Results of the measurements show that there are 

significant differences in the cathode erosion rate for the 

two ripple factors tested. The erosion rate also decreased 

over time, but at different rates for low and high ripple 

factor. Photographic analysis of used cathodes also shows 

dramatic changes m the cathode damage with power supply 

ripple amplitude and run duration. 



Copper-Tungsten Materials 

The press-sintered W-Cu material selected for these 

measurements was made of 90% tungsten and lO^ infiltrated 

copper by weight. Two different sources of the material were 

identified and tested: T90 from Doduco, GMBH, and Elkonite'̂ ' 

50W3 frora CMW, Incorporated. Due to its relatively low copper 

content the therraal conductivity of this material, 

160 W/m-K [2] , is similar to that of pure tungsten, 

175 W/ra-K [3]. Because of this similarity the W-Cu cathode is 

expected to have similar heat transfer characteristics as 

compared to other binary tungsten refractory materials. 

w-Cu{90/10) has a slightly higher electrical conductivity than 

pure tungsten, 35 %IACS versus 30 %IACS, respectively, and a 

lower average weight density of 17.2 g/cm^. Copper has a 

slightly higher work function than tungsten, 4.7 eV versus 

4.55 eV, and therefore does not aid in reducing the overall 

work function of the binary metal. This means that in order 

to produce sufficient thermionic emission to support a self-

sustaining arc, the cathode must significantly exceed the 

melting point of copper at 1355 K. The dimensions of the 

cathode msert are shown in Figure 3.2(a) of Chapter III. 

The anode inserts were fabricated from 30W3 grade 

Elkonite® (80%W/20%Cu by weight, press-sintered) . The 

dimensions of the anode inserts are shown in Figure 3.3 (a) and 

match those used by Deinmger et al.[4]. As shown in 

Table D.I, the higher copper content of 30W3 improves the 

thermal and electrical conductivity of the anode insert, thus 

reducing wear and permitting re-use of the electrode. 



Electrical and thermal properties of Elkonite'^ 
tungsten-copper materials. {From Elkonite® 
Application Data Sheet, CMW, Inc., P.O. Box 
2266, Indianapolis, IN 46206-2266) 
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T9 Erosion Rate Measurements 

The first qroup of W-Cu experiments was specifically 

designed to evaluate the impact of power supply ripple on 

arcjet cathode erosion. The power supply ripple factor was 

switched between 4% and 11.5% by changing the filter stage on 

the high current power supply. All other parameters remained 

constant. The nitrogen propellant flowrate for this test 

series was set at 16.8 SLPM, or 0.35 g/sec. To establish the 

baseline erosion rate of the T90 cathode material, a series of 

four 6-hour runs were made usmg nitrogen propellant at an arc 

current of 275 Adc. A high ripple settmg (11.5%) was selected 

for the first test, since it was expected to give the largest 

erosion rate based on the JPL results. The second duplicate 

experiment was run at the lowest ripple setting{4%). Both 

runs were then repeated to verify the accuracy of the 

measurements. In this sequence the cathodes were allowed to 

preheat for 5 minutes at a current of approximately 150 Adc 

after which the current was increased to the 275 Adc operating 

point. 

Erosion Rates 

The erosion rates for the first series of T90 W-Cu runs 

are summarized in Table D.2. The arc current averaged 277 Adc 

with an average arc voltage of 66 Vdc. Two cathodes, C101190 

and C101890, were run at high ripple factor (11.5%). Cathodes 

C101490 and C10179 were run at low ripple factor{--4%) under 

the same test conditions. 
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The cathode mass loss for high ripple factor, 

correspondinq to cathodes C101190 and C101890, was in excess 

of 4 grams, showing good agreement between duplicate runs. At 

low ripple factor it increased to more than 7 graras for 

cathodes C10I490 and C1 I790. This result, which differs from 

Deininger(1985), indicates that the average cathode erosion 

cate for the T90 cathode material increased, rather than 

decreased, as the current ripple was decreased. For high 

ripple factor the average cathode erosion rate was 

0.20 mg/sec, and for low ripple factor it increased by a 

factor of 1.6 to 0.32 mg/sec. Both low ripple tests failed 

prematurely before completing the full 6-hour sequence. The 

cause of failure m both cases was found to be a massive 

increased gap spacing, which eventually caused the arc to 

attach to the upstream edge of the constrictor throat. 

Photographs 

The formation of a polished concave crater, commonly seen 

on W-Th02(2%) cathodes, is clearly noted in photographs of 

cathodes C101190 and C101890, shown in Figure D.I. This 

feature is completely absent on the low ripple cathodes, shown 

in Figure D.2. The increase in cathode damage with low ripple 

amplitude is dramatically evident from the photographs of 

Figure D.2 as compared to Figure D.l. Low ripple cathodes 

C101490 and C101790 also show evidence of arc tracks caused by 

arc movement or rotation about the cathode's centerline. 



(d) 

Figure D.1. High ripple (11%) electrode damage for T90 
cathode material. (a) Cathode C101190, end 
view. {b) Cathode C101190, side view. 
(c) Cathode C1018 90, end view. (d) Cathode 
C101890, side view. 



Figure D.2. Low ripple{4%) electrode damage for T90 
cathode material. (a) Cathode C10I490, end 
view. (b) Cathode C10149 , side view. 
(c) Cathode C1017 90, end view. {d) Cathode 
CI01790, side view. 



Smaller craters at the end of each track are likely 

formed after cathode failure as the arc attached to the anode 

at a low voltage point. The high rippie current cathodes show 

no indication of arc raotion and appear to be very stable, even 

though the peak arc current, versus the average current, is 

much higher for these cathodes. 

Based on these photoqraphs, estimates of the arc 

attachment area for each ripple setting suggest a general 

increase m the cathode spot size with higher ripple 

amplitude. This follows from a comparison of the diameter of 

the craters on cathodes CI01190 and C10I890 with the diameter 

of the tracks seen on cathodes C1014 90 and C1017 90. 

Increasing the effective area of attachraent is beneficial to 

the cathode, as it tends to flatten the temperature profile at 

the surface and m turn reduce the net evaporation rate. A 

similar effect is measured for thoriated-tungsten cathodes 

described in Chapter IV. 

In addition to evidence of evaporation, the photographs 

in Figure D.2 also show signs of explosive ablation. This is 

visible as small beads of tungsten on the cathode surface. 

This type of erosion is signif icantly more violent, as 

material is ejected up to 2 cm behmd the cathode tip where it 

attaches to the colder cathode shaft. Jagged holes are also 

visible on cathodes C101490 and C10179 , suggesting an outward 

explosion of matenal. Surface discoloration of the cathodes 

also suggests that the copper content near the surface is very 

low. Sorae evidence of recrystallization of tungsten is also 

apparent on the crater rim on the high ripple cathodes. 



50W3 Erosion Rate Measurements 

Once the significance of power supply ripple was 

established an extended series of six W-Cu experiments was run 

to further explore the time-varying nature of the cathode 

erosion rate. This series of runs were made usmg Elkonite 

50W3 as the cathode material. The first two runs duplicate 

the earlier T90 runs: one b-hour high ripple run, and one o-

hour low ripple run. The durations of the last four runs were 

decreased to two 30-minute runs, and two D-minute runs. The 

current ripple was again varied between the high and low 

ripple factors. All remaining parameters were held constant. 

The nitrogen propellant flowrate was increased to 19.2 SLPM, 

or 0.4 g/sec. 

The ignition sequence for this series of measurements was 

also modified slightly from the earlier T90 measurements. The 

modified sequence began by presetting the power supply to 

150 Adc m the current regulation mode. The nitrogen 

propellant flow was turned on, and was programmatically set to 

the desired mass flowrate. The arcjet was then started with 

the high-frequency starter. The arcjet was allowed to preheat 

at 150 Adc for 10 minutes at which time the current was 

mcreased to 200 Adc. After another 10 minutes of operation 

the current was increased to the final operating point at 

275 Adc. The 30-mmute runs used the same 5-rainute preheat 

sequence as the T90 cathodes. 

Erosion Rates 

Erosion rates for the 50W3 cathode roaterial are 

summarized in Table D.3. For the 6-hour duration tests, the 

average cathode erosion rate agam decreased as the current 
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î:ipple increased. The low ripple erosion rate was 

0.64 mg/sec, and the high ripple erosion rate dropped to 

0.13 mg/sec. This difference is significantly larger than the 

0.12 mg/sec difference seen for the T90 material. As a ratio 

this is a factor of 4.9 compared to a ratio of 1.6 for the T90 

material. 

Much of this difference must be due to differences in 

material properties and the pre-heat sequence, but it is 

difficult to draw specific conclusions. The 30-minute 

duration runs show a sudden reversal in the previous trend. 

The high ripple erosion rate is a factor of 1.2 greater than 

the low ripple erosion rate. The low ripple erosion rate 

after 30 minutes of operation was 1.55 mg/sec, and mcreased 

only slightly to 1.87 mg/sec for the high ripple setting. 

The same trend was observed for the 5-minute duration 

runs. The low ripple erosion rate was lower at q.59 mg/sec, 

and the high ripple erosion rate -was higher at 5.28 mg/sec. 

The trend in erosion rates for the 30-minute and 5-minute runs 

therefore agrees with earlier results from Deininger et al. 

for thoriated-tungsten cathodes[5]. Deininger et al. found 

that the cathode erosion rate mcreased from 3.1 mg/hr at 0.2% 

ripple to 4.0 mg/hr at 3% ripple, giving a factor of increase 

of 1.3 in the cathode erosion rate. 
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Photographs 

The variation in cathode damage over time at high ripple 

is shown in Figure D.3 for cathodes C041091, C031291, and 

C040991, The photographs show the evolution in damage frora 

5-minutes to 6-hours. After only 5-minutes of operation much 

of the cathode tip has eroded away, leaving a smooth, convex 

melt surface. At 30-minutes a slightly concave melt surface 

has formed with a jagged-edged hole located at the center of 

the surface melt. This geometry appears to persist past 

6-hours duration. Sorae appearance of a lip around the concave 

surface melt is also evident, suggesting some re-

solidification in this region. 

Figure D.4 shows the variation in cathode damage over 

time at low ripple for cathodes 00-31191, C031491, and C022091. 

The photograph of cathode C 4119I after 5-minutes of operation 

shows a siraple convex melt surface with a small jagged-edged 

hole located at the center. This hole does not appear on the 

high ripple cathode, C041091, after 5-minutes of operation, 

which shows that the effect of high ripple occurs very early 

in the erosion process. 

After 30-rainutes the hole at appears to grow larger 

(cathode C031491) and the melt surface becomes concave, much 

like the high ripple cathode C0312 91. The small hole is 

1-2 mm deep with jagged interior edges suggesting an outward 

expulsion of material. This hole appears to grow rapidly in 

size, eventually leading to a complete reraoval of the cathode 

tip as shown in Figure D.4(c) after 6 hours of operation. 







Summary of W-Cu Results 

The effect of power supply ripple and run duration on 

cathode erosion in 30 kWe class arcjets was investigated to 

determme the change in the cathode erosion rate for high{ll%) 

and low{4%) current ripple. Initial measureraents were carried 

out usmg a copper-tungsten cathode material to accelerate the 

cathode erosion process. Results of these tests showed that 

the high ripple erosion rate was mitially higher than the low 

ripple erosion rate, but decreased with time to a level less 

than half that of the low ripple value. As shown in 

Figure D.5, a crossover between the two erosion rates occurred 

after approximately 1 hour of operation, implying a "burn-in" 

effect of the new cathodes. 

It is also evident that current ripple dramatically 

changed the appearance of the cathode damage. Higher ripple 

increased the effective cathode spot size for both cathode 

materials, and reduced the instability of the cathode arc 

root. This effect is likely caused by a ripple-induced 

modulation of the cathode spot size. 
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Figure D.B. Time variation of cathode erosion rate for 
50W3 W-Cu cathode materials. T90 W-Cu erosion 
rates are included for comparison. 
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