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CHAPTER 1 

INTRODUCTION 

"Rocket Science" is a term used to describe space thrusters that has garnered great 

respect through images of Sputnik, Vostok I, Neil Armstrong, and the space shuttles. 

Rocket science today is very different from its origins. Although it remains the mainstay 

propulsion method for launch vehicles, the term "rocket science" refers to chemical thrust 

which is not necessarily the currently preferred thrust mechanism for main propulsion or 

orbital stabilization on today's satellites. Electric thrusters can provide the same total 

impulse for much less fuel than chemical rockets. 

Today there is an increasing demand for microsatellite constellations weighing 

less than 100 kg. To meet the demands for these smaller satellites, electric thruster 

technology has miniaturized as well. Although the dimensional decrease in Hall Effect 

thrusters makes correctly shaping the magnetic field more difficult, a low power 

Stationary Plasma Thruster (SPT) with an overall thruster diameter of 47 mm, and a 

weight as low as 120 g has been constructed. A major shortfall with small closed drift 

thrusters is the lack of lifetime test data. 

1.1 An Introduction to Hall Effect Thrusters 

Hall Effect thrusters, or closed drift thrusters, are a specific type of electric 

thruster that traps electrons in a closed drift with crossed electric and magnetic fields. The 

main advantage of Hall Effect thrusters over other types of thrusters is their specific 



impulse. Specific impulse is a measure of the thrust produced per rate of propellant flow. 

In many ways, specific impulse resembles the gas mileage for a Hall Effect thruster. 

While chemical propulsion provides more thrust than a Hall Effect thruster due to the 

larger flow rate, a Hall Effect thruster produces thrust much more efficiently. A Hall 

Effect thruster is not the only type of electric thruster. 

Elecfrothermal thrusters, such as an arcjet, develop an arc between two electrodes 

to heat and ionize a gas that expands and is forced out of a nozzle. Electrothermal 

thrusters are known for their simplicity and versatility because they can use almost 

anything as a propellant. Electrostatic thrusters, or ion thrusters, use an electrically 

charged grid at the exit of the thruster similar to the electrons in a closed drift in Hall 

Effect thrusters. This grid attracts ions from an anode and accelerates them out of the 

thruster. The last form of electric thrusters is the elecfromagnetic thrusters, like the Hall 

Effect thruster, that use a magnetic field to generate the thrust. Another type of 

electromagnetic thruster is the pulsed plasma thruster that operates similar to a rail gun 

where a solid propellant is placed between two rails and a normal magnetic field is 

crossed with the current flowing through the propellant to shoot it down the rails. There 

are other types of electromagnetic thrusters under test, including the 

magnetoplasmadynamic (MPD) thruster and pulsed inductive thruster (PIT). Table 1.1 

compares the different types of propulsion and their relative specific impulses. 



Table 1.1. Isp for Various Propulsion Methods, adapted from [ 1 ] 

Propulsion Method 

Chemical (Rocket) 

Nuclear Thermal 

Arcjet (electrothermal) 

MPD 

(electromagnetic) 

Ion (electrostatic) 

Specific Impulse (s) 

150-450 

825-925 

800-1200 

2000-5000 

3500-10,000 

The Hall Effect thruster works in a maimer similar to that of an electrostatic 

thruster in that the anode is located inside the thruster and the cathode is mounted 

externally. The potential difference from the cathode to the anode attracts electrons to the 

thruster. These elecfrons smash into propellant atoms introduced at the front of the 

acceleration channel and ionize them. In an elecfrostatic thruster, the ions are attracted 

and accelerated by a negatively charged grid at the rear of the thruster. In a Hall Effect 

thruster, these ions are attracted to a cloud of electrons generated by the cathode that get 

frapped in a closed drift because of a radial magnetic field set up between the iimer and 

outer conducting poles of the thruster. In both thruster types, more electrons from the 

cathode neutralize the ions after passing through either the grid or electron cloud. Table 

1.2 compares the power, Isp, and efficiency of various electric thrusters. 



Table 1.2- Comparison of Electric Thrusters [2] 

System 

Parameter 

Typical 

Input Power 

(kW) 

Typical 

Isp (sec) 

Typical 

Thruster 

Efficiency 

Arcjet 

0.4-30 

340-600 

30-35% 

Pulsed Plasma 

Thruster 

N/A 

1588 

45% 

Electrostatic 

Ion Thruster 

0.4-2.5 

2550-3200 

50-62% 

Hall 

Thruster 

0.5-1.5 

1600 

58% 

Hall Effect thrusters fall into two major categories, Thruster with Magnetic Layer 

(TML) and Thruster with Anode Layer (TAL). The TML, more commonly known as the 

Stationary Plasma Thruster (SPT), has a longer acceleration channel, and uses an 

insulating ceramic around this channel. The SPT usually requires more expensive 

materials to construct than the TAL. The TAL has a shorter acceleration channel and uses 

no insulator, resulting in higher operating temperatures. The higher temperature resufts in 

an increase in plasma potential near the anode, so much of the ion generation and 

acceleration take place in a thin area near the anode [3]. 



1.2 Hall Effect Thruster Operation 

Regardless of the small differences between the SPT and the TAL, all closed drift 

thrusters operate on the same principles. A potential difference is generated between the 

external cathode and the anode within the thruster. This electric field varies most near the 

maximum of the magnetic field, although there is no direct relationship between the 

magnetic and electric field sfrengths, shown in Figure 1.1a. The magnetic field is 

generated between the pole pieces of the thruster primarily in the radial direction, and 

field sfrength follows a bell type distribution with a maximum near the pole pieces that 

decreases in sfrength approaching the anode and cathode, shown in Figure Lib. This 

configuration of the electric field in the axial direction and the magnetic field in the radial 

direction results in crossed electric and magnetic fields (E x B) in an azimuthal electron 

drift normal to both of these fields, shown in Figure 1.1c. 

(a) Radial magnetic field 

(b) Potential Distribution 

I ̂  
• ion motion 

X magnetic field 
XXX- electron motion 

Axial distance 
(c) Charged Particle motion 

Figure 1.1. Axial Magnetic (a) and Electric (b) Field Distributions and Resulting 
Electron Path (c), reproduced from [3] 



This resulting velocity from the crossed electric and magnetic fields is determined 

by the Hall Effect that the thrusters are named after. Electrons emitted from the cathode 

fravel toward the anode, but get trapped in the magnetic field into a spiraling azimuthal 

closed drift between the pole pieces of the thruster. In the case of an axisymmetrical 

thruster, this is a circular path. While the electrons are trapped in a cloud near the exit of 

the thruster, it is important to understand that the electron cloud follows a distribution 

similar to that of the magnetic field in the axial direction. This means the propellant 

injected near the anode of the thruster collides with electrons in the cloud and ionizes. 

These ions are atfracted to the electron cloud and accelerate toward the back of the 

thruster. In passing through the electron cloud, the ions are neutralized but the mass 

difference between the nucleus traveling at high velocity and the electron result in 

insignificant negative thrust. On the other hand, this ion acceleration process illustrates 

the main difference between the SPT and the TAL. 

The TAL has no insulating ceramic between the irmer and outer poles, so the 

election cloud is primarily composed of high energy primary electrons. This, combined 

with the relatively short acceleration charmel, means that the propellant ionization, 

election cloud, and ion acceleration all occur in a small layer near the anode of the 

thruster. This is different from the longer, ceramically insulated channel found on the 

SPT. Electrons and ions collide with the ceramic insulator that lines the channel walls of 

an SPT. This creates lower energy secondary electrons inside the acceleration channel. 

The secondary electrons keep the electron temperature low in the acceleration channel 



resulting in a more gradual acceleration of the ions. Figure 1.2 shows a schematic of 

closed drift thruster operation. 

Cathode 

Outer Magnetic Electric Electron Electron Cloud 
Pole/Winding Field pield Path Area 

— • ftAfta/ 

Figure 1.2. Closed Drift Thruster Schematic [1] 

1.3 A Brief History of Hall Effect Thrusters 

The theory of plasma propulsion can be traced to 1906 when Dr. Robert Goddard 

suggested that charged particles could be accelerated to high velocities without the high 

temperatures seen from combustion [4]. This resulted in a patent application in 1917 for 

what is the first electrostatic ion thruster, seen in Figure 1.3. 



Figure 1.3. Drawing from Goddard's Patent Application [4] 

At the Fifth International Astronautical Congress of 1955, Ernst Stuhlinger 

presented the first generation of ion thrusters to be used on a 250 ton spacecraft 

generating 200 kW of power that is applied to numerous Cesium or Rubidium "thrust 

chambers [5]." The propellant would pass through a charged platinum grid that ionizes it, 

and then the ions accelerate to their respective anodes and cathodes. In 1958, the Army 

Ballistic Missile Agency granted its first contract and began the era of electric propulsion. 

The first notable ion engine test took place on September 27*, 1961 at the Hughes 

Research Laboratory. The 1960's brought significant development of electric propulsion. 

Towards the end of the decade, thrusters were approaching efficiencies of 50% and 

incorporated design features found on modem thrusters including moderate power steady 

state operation, external electron sources, and externally applied magnetic fields [3]. The 



first SPT type thruster operated in space on the Meteor spacecraft in 1972. Since then, 

over 100 thrusters have been used on operational satellites. 

While electiic thruster efforts in the USSR continued, the superior thrust 

characteristics of traditional rockets meant that in the US, there were fewer than 200 

engineers working on all types of electric thrusters across the nation by 1970. By 

comparison, there were 2000 to 3000 engineers working on ion accelerators in the USSR 

during the 1980's, and most of this work supported electric space propulsion [3]. 

Historically, space programs enjoyed ample funding with emphasis placed on 

time to project completion. Shifts in government policies and funding cutbacks in both 

military and aerospace programs resulted in demands for spacecraft that more efficiently 

and inexpensively accomplish missions. The emphasis on cost reduction has primarily 

fueled the development of small-scale satellites. 

While the benefits of using smaller, and therefore lighter, spacecraft are easily 

seen from a laimch vehicle perspective, there are many more advantages to this modem 

mindset. Smaller spacecraft that address focused objectives can also reduce development 

and manufacturing costs because this lowers the complexity of the craft. Limiting 

objectives can also improve the reliability of the system. Design efficiency increases with 

a more compacted project life cycle. Finally, the lower overall cost broadens the 

spectrum of applications and investors involved in space programs. 



1.4 The Thmster 

As sensor technology becomes more and more miniaturized, the appeal of 

microsatellite constellations increases dramatically. Microsatellites, which weigh less 

than 100 kg, require a primary propulsion system with high specific impulse, high 

efficiency, low mass, and a long lifetime. Although there are many limitations 

encountered when scaling down higher powered thmsters, low power (-100 W) closed 

drift thrusters are an atfractive propulsion method for this application. 

The difficulty in miniaturizing Hall Effect thrusters to such a small scale is that 

linearly decreasing thmster dimensions from those of higher power thmsters 

proportionately increases the magnetic field. In other words, if the mean discharge 

channel diameter is dm, then the magnetic field in the discharge region is inversely 

proportional to dm-

B o c — 1.1 [6] 

d„ 

Thus, with sufficient reduction in size, every part of the magnetic circuit will 

approach magnetic saturation [6]. Although magnetically permeable material can be 

added to the rest of the magnetic circuit without significantly changing the discharge 

field, changes to the inner path are more difficult because the irmer winding fills most of 

the volume and because of the substantial difference between the inner path diameter and 

the diameter of the inner pole piece [6]. As a result, the simplest solution to reducing the 

size of a thmster is to keep the inner magnetic path diameter constant while reducing the 

other dimensions of the thmster. Unfortunately, this configuration causes less of a 
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decrease in the magnetic field from the exit plane to the anode. The difference in field 

distribution causes the efficiency and range of operation to be substantially less than if 

the field followed the disfribution presented in figure 1.1(a). 

The thmster tested in this experiment utilizes a single magnetic shield around 

permanent magnets in combination with scaling factors for both the inner and outer pole 

diameters to produce a desired magnetic field distribution. This allows the inner magnetic 

path to occupy most of the volume inside the inner wall of the discharge channel [6]. 

Since the inner magnetic path has a large cross section when compared to the rest of the 

thmster, the overall thmster dimensions can be reduced to 47 mm. 

The thmster is an SPT that uses a permanent magnet configuration to eliminate 

the mass of elecfromagnetic windings. The insulating ceramic is machined from borosil. 

The anode and gas distiibutor is a single piece that feeds through the ceramic and the 

front plane of the thmster. Figure 1.4 shows the thmster broken down into its individual 

components. 
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Figure 1.4. Thmster Pieces Including Main Body (a), Anode/Gas Distributor (b). 
Insulating Ceramic (c), and Exit Plane (d) 
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CHAPTER 2 

PROJECT DEFINITION 

The purpose of this project is to develop a thmst stand capable of accurately 

measuring and recording the thmst, vacuum chamber background pressure, hollow 

cathode mass flow, anode mass flow, anode discharge current and discharge voltage of a 

low power Hall Effect thmster for an extended lifetime test. After constmction of the 

thmst stand, the thmster is to be monitored while imdergoing multiple hundred hour tests 

to determine the lifetime performance of the thruster. The insulating ceramic and thmster 

are to be examined periodically during tests to observe primary erosion areas and to 

quantify the degradation in mass. This data can then be used to recommend 

improvements to similar low power Hall Effect thmsters. At this time, there have been no 

US space missions utilizing Hall Effect thmsters as the primary propulsion method. 

Obtaining lifetime performance parameter data on thmsters attractive as propulsion 

methods for microsatellites brings the successful use of Hall Effect thmsters on American 

missions one step closer to reality. 

13 



CHAPTER 3 

EXPERIMENTAL SETUP 

3.1 The Space Simulation Facility 

The thmst stand developed for this experiment was constmcted inside the Space 

Simulation Facility (SSF) at the Texas Tech Center for Pulsed Power and Power 

Elecfronics research (P^E). The Space Simulation Facility at Texas Tech University 

consists of an 8 foot diameter by 14 foot long stainless steel chamber, shown in Figure 

3.1. 

Figure 3.1. The Space Simulation Facility 

Vacuum is primarily provided by two large (36" diameter) Varian NHS 35 

diffusion pumps with an operational pumping speed of 50,000 L/s. The chamber is 

roughed from atmosphere to about 1x10'̂  Torr with a Kinney Vacuum Company KT-

300C Triplex single stage rotary piston pump, with a dry rotary lobe booster. The Varian 

diffiision pumps are isolated from the rest of the tank through a 36 inch gate valve. A 
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Stokes 912-10 Microvac rotary piston mechanical foreline pump roughs the diffusion 

pump elbow that is isolated from the tank. The system also has six cryo-pumps (16" 

average diameter) available to increase the system's pumping speed on Xenon during 

thmster testing. A preliminary test of the cryo-pump system revealed that operating all 

six cryo-pumps for approximately six hours consumed 50 gallons of liquid Nitrogen. 

During cryo-pimip operation, the chamber was able to produce pressures as low as 1x10'̂  

Torr, but the cryo-pumps were not used for lifetime operation due to liquid Nitrogen 

requirements. Utilizing only one diffiision pump, the system can achieve minimum 

pressures less than 1x10'^ Torr and a pressure near 1x10"^ Torr during thmster testing. 

The foreline pump is mechanically isolated from the chamber to minimize vibration 

acting on the thmst stand. The facility can be controlled manually from the facility 

confrol station, and is also wired for control through a computer workstation, although 

this feature was not utilized for this experiment. A schematic of the facility including the 

pumps, valves and gauges is shown in Figure 3.2. 

15 



Roughing 
Gaut;c 
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Ion Gauge 

Roughing 
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Diffiision 
Pumps 

Foreline 
Pump 

Figure 3.2. Schematic of Vacuum System [2] 

Operation of the facility is straightforward, although there are a few 

considerations. The roughing pump is first tumed on to rough the chamber as the 

direction of the large gate valve requires the pressure to be lower in the chamber than in 

the diffusion pump elbow. Once pressure is near 50 Torr in the chamber, the elbow can 

be roughed with the Stokes 912 pump, or the foreline pump. The roughing booster is 

tumed on near 20 Torr, and is able to achieve a chamber pressure of 1x10' Torr. At this 

time, the diffiision pumps can be tumed on and the large gate valve opened. Once the 

diffusion pump heat coils reach about 370° C, the pressure will quickly drop in the 

chamber to about 8x10'^ Torr. Pressure is measured with ConvecTorr thermocouple 

rough vacuum gauges down to 1x10"̂  Torr, and once the diffusion pumps drop the 

pressure below this, pressure is measured with Bayard/Alpert ion gauges. The ion gauges 

must nm through a degass mode at low pressure to cook off contaminants, but afterwards 
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will display accurate readings. Pressure readout is provided through a Varian SenTorr 

unit and a Varian Multi-Gauge unit, shown in Figure 3.3. 

Figure 3.3. The Vacuum Pressure Readout [2] 

All pumps and valves are confroUed from the pump control panel, shown in 

Figure 3.4. The confrol panel has pre-wired safety interlocks that keep the diffusion 

pumps from operating in pressures above 0.1 Torr, shut the diffiision pumps off if they 

overheat, and close the valves associated with their respective pumps if the pump shuts 

off 

Figure 3.4. Pump Control Panel 
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3.2 The Thmst Stand 

In many ways, the thmst stand itself is the heart of this experiment. The thmst 

stand was designed to utilize the large chamber size of the Texas Tech SSF. While the 

long length of the chamber lessens the effects of plasma generated by the thmster 

boimcing off the back of the chamber and interacting with thmster operation [2], it is the 

diameter of the chamber that most influenced thmst stand design. A simple yet novel 

design, the thmst stand constmcted for this experiment uses a low fiiction pendulum 

configuration allowing measurement resolution to approximately 3.2x10"^ N of thmst 

from the 127g thmster tested. A knife edge pendulum is moimted in the top of the 

chamber, and the thmster is mounted on the bottom of the pendulum. The displacement 

of the pendulum is measured with a Laser Range Finder (LRF) through a viewport on the 

side of the chamber. The stand is calibrated by using a stepper motor to apply known 

weights to the pendulum and measure the displacement- These weights are converted to 

their equivalent force applied and from this the user can determine the amount of force 

generated by the thmster from the displacement measured. A side schematic of the thmst 

stand and calibration system is shown in Figure 3.5. 
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Figure 3.5. Schematic of Thmst Stand Showing (a) Pendulum (b) Target rod (c) LRF 
(d) Thmster (e) Calibration system (f) Cathode 

3.2.1 The Pendulum 

The pendulum is the mechanical key to the thmst stand. In the top of the vacuum 

chamber there is a stainless steel plate welded to the chamber wall. A machined 

aluminum block bolts into this plate and supports the pendulum in a "V" shaped valley 

with a hole in the middle. The top of the pendulum rod attaches to another piece of 

aluminum machined with a sharper "V" shaped edge normal to the pendulum axis of 

rotation. This "T" shaped top rests in the upper block's valley and the pendulum hangs 

through the hole. There are various adjustment points in the pendulum support 

mechanism to allow for leveling. This configuration yields a nearly frictionless pendulum 

that can be adjusted laterally and radially to give the best possible pendulum swing. The 

pendulum mounting system is shown in Figure 3.6. 
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Figure 3.6. The Knife Edge Pendulum Mounting System 

The penduliun rod itself is 0.5 inch aluminum tubing and is approximately 1.25 

meters long. There is a bracket for mounting the thmster attached to the rod through a 

bolt hole drilled near the bottom of the rod. This bracket mounts to the thmster on two of 

the eight main assembly bolts and is secured with the associated nuts. The bracket was 

cut from a 1/16 inch stainless steel plate using a waterjet cutting system, and is shown in 

Figure 3.7 along with a picture of the thmster mounted to the pendulum. 
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Figure 3.7. The Thmster Mounting Bracket (a) and the Thmster Mounted to the 
Pendulum (b) 

3.2.2 The Range Finder 

Measuring the pendulum displacement poses some difficulty. Although a Linear 

Voltage Displacement Type (LVDT) sensor was originally considered for its analog 

resolution characteristics, there were concerns about the feasibility of mounting the 

sensor to the thmst stand. After some consideration, it was decided that a laser range 

finder could be aimed through a viewport on the side of the chamber to the pendulum to 

measure lateral displacement. It is possible that the range finder could have been mounted 

inside the chamber, but the possibility of it using sealed diodes for the laser mechanism 

made this an imdesirable approach. The range finder used for this experiment was a 

Barmer L-Gage LG10A65PU Laser Gauging Sensor. This sensor has a 75 to 125 mm 

sensing range, variable acquisition speeds, and most importantly, a sensor accuracy of 

less than 10 microns when properly configured. The sensing range is actually the greatest 
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limitation to using this range finder since the most accuracy is obtained when the target is 

near 100 mm from the range finder. 

Since the viewport that the range finder senses through is located more than this 

distance from the pendulum, a target rod was placed on the pendulum to extend to 100 

mm from the range finder. This target rod is critical to the operation of the thmst stand as 

it must be as lightweight as possible to have minimal impact on thmst stand operation, 

but must also be rigid enough to retain its shape and have a small linear coefficient of 

expansion. The small coefficient is critical because Hall Effect thmsters generate 

immense amounts of heat during operation that cannot be dissipated while operating in a 

vacuimi. Therefore, most heat will travel through the mounting bracket and through the 

pendulum rod to the tank. After considering all of these factors, % inch quartz tubing was 

selected as the target rod material. A hole was drilled in the pendulum rod at a height 

even with the laser range finder and the rod was inserted through the hole and secured 

with snap rings on either side of the pendulum. A small target was machined out of 

Lexan to securely fit on the end of the rod and give a flat and perpendicular target for the 

range finder to sense. The target rod can be adjusted in the pendulum to achieve the 

optimal sensing range of 95 to 105 mm in front of the laser range finder. 

The range finder can be operated at a 450, 45 or 4.5 Hz acquisition speed that 

affects the sensor resolution versus sensing distances as shown in Figure 3.8. 
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Figure 3.8. LRF Resolution vs. Distance and Acquisition Speed [7] 

The slowest acquisition rate of 4.5 Hz was chosen since this is far more than is 

necessary for the lifetime test data interval of one minute; the accuracy this setting 

provides is desirable. 

The range finder is configured for PNP (sourcing) hookup as shown in Figure 3.9. 

The LRF is completely powered from a single 30 V supply. The switches allow for user 

control of the laser and remote teaching mode. In other words, the laser can be tumed off 

for safety reasons and the range finder can be remotely controlled. For the thmst stand, 

the range finder was simply locally programmed for the 4.5 Hz acquisition rate and 

analog output. The discrete sensing mode of the LRF was not used. Load resistors of 3.9 

Ml were used on the alarm and analog outputs, although the voltage across the analog 
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output load resistor is all that is measured by the thrust stand. LRF power is provided by a 

Xanfrex 40 V, 25 A, DC power supply. 
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wh o-iovdc 

3L 

rd 

3.9 K 

•o Discrete 

Alarm 

•AVlr 3.9 K 
ye Remote Teach 

gn La^r Control ^^^ 

bare wire 
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Figure 3.9. LRF Circuit, adapted from [7] 

Another concern with the laser range finder was that sensing through a window 

would dismpt the optics of the laser beam and have an effect on sensor output. The range 

finder is designed to provide a linear output from 0 to 10 Volts for the range programmed 

into the range finder. For this experiment, this range is from 95 to 100 mm. The range 

finder output was tested with and without the viewport in the laser path, calibrated to the 

1/1000* of an inch on a milling machine. The results are shown in Figure 3.10. There 

was a slight discrepancy at the lower end of the output, but overall the relationship was 

linear across the programmed range. 
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Figure 3.10. Range Finder Output With (a) and Without (b) Viewport Present 
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An important point to note about the range finder is that although it must be 

programmed to sense over the correct 10 mm window, as long as it provides a near linear 

response, any discrepancies from optical distortion will be calibrated out. As presented in 

the next section, calibration provides a range finder output voltage curve versus the force 

generated by the thmster, so the conversion from the range finder output voltage to the 

actiial displacement of the pendulum using the curves in Figure 3.10 are not necessary. 

Figure 3.11 shows the range finder mounted externally to the viewport. 

Figure 3.11. LRF Mounted to Viewport 

3.2.3 The Calibration System 

It should be apparent by now that many factors will affect the accuracy of the 

thmst stand. For this reason there needs to be a calibration system in the thmst stand that 

can accommodate and eliminate the effects of these factors. 
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While considering the design of this thmst stand, the calibration was of utmost 

importance- It is mathematically impossible to account for all of the factors that affect the 

thrust stand's accuracy. These include the friction, although slight, acting on the knife 

edge pendulum as well as the added friction from the thmster's gas and electrical 

connections, discussed in more detail later. Another factor is the thermal expansion of the 

components in the thmst stand. Since most of the heat generated by the thmster must be 

dissipated through the metal penduliun, it is likely that the pendulum and other parts will 

thermally expand, adding inaccuracy to an uncalibrated measurement. It is also important 

to note that even the flow of gas through the thruster will generate a minimal amount of 

thmst without the thmster running. Due to these factors, and many others that cannot be 

observed, it is important that the calibration system provide a curve that accurately 

depicts the amount of force generated by the thmster under mntime conditions from the 

output voltage of the laser range finder. 

The calibration system implemented on this thmst stand applies known weights to 

the thmster at the base of the pendulum in the direction the thmster provides force. The 

weights are bonded to a calibration string at set distances apart. The string is attached to 

the thmster and mn over a nearly frictionless pulley before attaching to a chain on a 

stepper motor. As the stepper motor turns, it will either add weight to the pendulum or 

take it away. The system is shown in Figure 3.12. This system allows for calibration to be 

performed after the thmster has mn for some time and has reached thermal equilibrium 

and the thmst stand has, in tiim, reached mechanical equilibrium. Although the software 

that executes the calibration is explained in further detail later in this thesis, the final 
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output of the calibration is a step ftinction showing the LRF voltage output versus the 

individual steps of the motor. The steps of the curve represent the points where individual 

weights are applied to the pendulum. From these steps, a user can interpolate a curve for 

LRF voltage out versus the actual force acting on the pendulum. The characteristics of 

tiiis calibration system eliminate almost all of the factors that could affect the thmst 

stand. 

Figure 3.12. View of Calibration Stiing (a) with Pulley (b). Stepper Motor (c), and 
Chain (d) 

The stepper motor is a Sanyo Denki Step-Syn Type IO3G770-2517 4.1 V, 1.1 A 

motor that rotates 1.8 degrees per step. The motor is mounted to a bracket that supports 

both the motor and the pulley, and the bracket is welded to the chamber wall. For this 

experiment, the pulley is simply a Teflon® rod with a nut fitted on the end. The stepper 

motor is driven from a stepper motor driver board that utilizes a TI SN74194 4 bit bi

directional shift register. The shift register output drives foiu" IRLZ44N power MOSFET 

gates that in turn switch the power for driving the four stepper motor coils. The 

MOSFETS are optically isolated from the integrated circuit (IC) power supplies through 
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a PS2501 single transistor type photocoupler. This allows separate power grids to provide 

electiicity for the ICs and the stepper motor itself The ICs are powered from the 

computer data acquisition board, and the stepper motor is powered from a Lamda 15 V, 3 

A DC power supply. The shift register inputs, including the clock, logic values, and shift 

direction inputs are generated from the data acquisition cards in the control computer 

through the thmst stand software, discussed later in this chapter. The output of the board 

feeds directly to the six wires of the stepper motor. Figure 3.13 shows the driver board 

circuit. 
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Figure 3.13. Stepper Motor Driver Board Schematic 

Constmction of the calibration string posed some difficulty. The approximate 

thmst produced by the thmster under test is 800 mg (7.85 mN) so the calibration weights 

should be near this mass. Originally, the string was simply one pound test nylon fishing 

line with ten weights attached. The weights and their associated bonding material each 

29 



weighed 100 mg, within 5 mg of accuracy. Ten weights were to be used, providing 

calibration steps up to one gram. Although the stepper motor chain was later lengthened 

to provide more accurate calibration initially it only allowed for about 18 cm of vertical 

fravel. With ten weights spaced merely one cm apart, there were no observable steps in 

tile calibration curve (see Appendix A). To improve the performance of the calibration 

system, the stepper motor chain was lengthened to provide about 42 cm of vertical travel. 

The number of individual weights was reduced to three, each weighing 400 mg. This 

places the middle step of the calibration curve near the expected 800 mg thmst output of 

the thmster imder test. Using only three weights on the longer chain allows the spacing 

between weights to be extended to 9 cm. 

After performing tests with this calibration setup, the extra weight spacing did 

provide more distinct steps, but after remaining in the chamber under vacuum for periods 

over 24 hours, the calibration curve would become very noisy, almost to the point where 

the steps were, once again, no longer distinct enough to use for interpolation. One 

possible cause is the nylon fishing line absorbs moisture from the ambient air, but after 

out-gassing imder vacuum for a long enough time period, the fishing line became brittle 

as it lost the moisture it normally holds. The change in tensile characteristics in the nylon 

was enough to dismpt the calibration system. 

Silk thread was chosen as the proper calibration string material. There are many 

reasons why silk is used. Silk does not easily stretch, which is important considering the 

criticality of the string for thmst stand accuracy. Silk's properties will not drastically 

change between atmospheric and vacuum conditions. Finally, unlike fishing line, silk 
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does not produce any tensile forces of its own, as the thread is a braided material. In 

many tests, the fishing line produced unusable calibration curves because the line would 

get twisted, and silk thread does not suffer from this problem. With the silk thread and 

only tiiree widely spaced 400 mg weights, the calibration system performs admirably, 

producing consistent and repeatable calibration curves (Appendix A). 

3-2-4 Thmst Stand Accuracy Considerations 

Confrary to what might be expected, the length of the pendulum does not affect 

accuracy. First, consider the characteristics of the pendulum. One might think that with a 

longer pendulum rod, the thmst stand would be more accurate because an equal force 

acting on the end of the rod would generate more torque. While this is tme, the actual 

angle of pendulum rotation does not depend on the length of the rod. Consider the 

simpUfied schematic shown in Figure 3.14 
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Figure 3.14. Schematic of Pendulum Swing 

where 6 is the angle of the pendulum rod. FT is the force generated by the thmster, FWT is 

the gravitational force acting on the thmster, and Fwp is the gravitational force acting on 

the pendulum at its center of mass, located halfway along d, the length of the pendulum. 

This assumes the pendulum rod is uniform and disregards the mass of the knife edge 

portion of the pendulum, but is adequate to illustrate the independence of 0 and d. 

At equilibrium, the sum of the forces parallel to the thmster, perpendicular to the 

thmster, and the moments must all be 0. 

Z^,=0 (3.1) 

l ^ x = 0 (3.2) 

Z ^ o = 0 (3.3) 

While the perpendicular forces are trivial, solving for the parallel forces yields: 
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^f;, = 0 = F^^ sin(^) + F,,, sin(^) - F, (3.4) 

So the moments become: 

^ A/̂  = 0 = F^, s in(^) - + F„.-, sm{e)d - F,d (3.5) 

Solving for 0: 

6' = sin" '-^ (3.6) 
, F 12 + F 

This does not mean the length of the pendulum rod is not important because the 

LRF will sense greater linear displacement the fiirther the target rod is placed down on 

the pendulum. The major advantage for this thmst stand is that the length of the 

pendulum below the target rod is inconsequential. Since the thmster needs to be level 

with the calibration pulley, this allows the calibration system to be mounted as high in the 

chamber as possible to permit as much vertical chain travel as possible. 

3.3 Thmster Setup 

3.3.1 The Cathode 

Up to this point, the main focus has been on the thmster itself or the thmst stand, 

but the cathode is equally an integral part of any Hall Effect thmster. The cathode is the 

electron source for the cloud that gets "trapped" in the closed drift at the exit plane of the 

thmster, and acts as the cathode for the anode in the thmster to create the electric field 
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necessary for the closed drift path of eloclrons. Understanding the cathode's operation 

and location relative to the thruster is integral to the operation of the thmster. 

The cathode used in this experiment is a typical Tantalum hollow cathode electron 

source. A stainless steel gas feed line, explained further in the next section, feeds through 

an electiically insulated cathode body to the cathode core. The core is thermally isolated 

from tiie stainless steel tubing by a small piece of ceramic tubing. The core is constmcted 

of Tantalum tubing wrapped in Tantalum foil and extends almost out the tip of the 

catiiode body, but is separated by a small gap. There is a Tantalum keeper disk that is 

electiically connected to the cathode body at the cathode tip. Figure 3.15 illustrates how 

the cathode core is inserted into the cathode body and depicts the location of the keeper 

disc. Tantalum (Ta) or Lanthanum Hexaboride (LaBe) is preferred as the cathode material 

because of their exfreme resistance to heat and their large thermionic electron emission 

coefficients. These are desirable characteristics considering the operation of hollow 

cathodes. 

The cathode operates by keeping it at a negative potential with respect to the 

anode in the thmster. Plasma is generated when the cathode core reaches a sufficiently 

high temperature to cause thermionic electron emission from the cathode core. This heat 

is generated by applying a large bias voltage between the cathode tip and the keeper disk, 

creating an arc between the two. The spacing between the cathode tip and the keeper disk 

is important to ensure the arc occurs at the cathode tip. The plasma generated by the 

cathode creates a low impedance path for the electrons to flow from the cathode to the 

anode of the thmster. 
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Stainless Gas Feed 'j^VJ 
Tiuitalmn Keeper Disc 

Figure 3.15. Catiiode Schematic Showing Cathode Body (a). Cathode Core (b). 
Cathode Tip (c), and Keeper Disk (d), adapted from [8] 

The cathode is not mounted on the pendulum and is not considered in the weight, 

and therefore the performance, of the thmster. The cathode is solidly mounted where the 

tip is located 40 mm axially from the thmster exit plane, and 15 mm radially from the 

center pole. Since the thmster is mounted on the pendulum and the cathode is stationary, 

the axial distance between the cathode and thmster varies by as much as 3 mm during 

thmster operation, but this should not affect lifetime test results. 

3.3.2 Gas and Electrical Connections 

Since the thmster under test uses a permanent magnet configuration as opposed to 

electromagnets for the pole pieces, the thmster does not require external power supplies 

for the coils. Therefore, the only connections on the thmster are the electrical connection 
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to the anode, and the gas feed line. The propellant gas used for this test is research grade 

5.0 Xenon. The connecting lines are 1/8" stainless steel tubing for the thmster and VA" 

stainless steel tubing for the cathode. The inside of the tubing was electropolished and all 

valve fittings were outgassed under vacuum before the Xenon was exposed to it. These 

precautions were necessary to prevent contamination of the Xenon. Contaminants in the 

Xenon could oxidize the Tantalum in the cathode and poison it. Two MKS 1459C mass 

flow confroUers (MFC) confrol Xenon mass flow to both the cathode and thmster. Both 

flow confroUers feed into an MKS 247C 4-charmel mass flow controller readout unit 

calibrated for Xenon. Each MFC is placed in series with a Nupro positive shut off valve. 

Other valves are located on the Xenon tank, and at the cathode gas line feed-through. The 

Xenon tank, mass flow confroUers, and valves are all shown in Figure 3.16, with the gas 

lines highlighted in red. 
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Figure 3.16. Gas Feed System Schematic 

There were basically two electrical configurations used to power the cathode and 

thmster. The primary configuration employs a Xantrex 600 V, 1.7 A DC power supply to 

power the cathode, and an Elecfronic Measurements Inc. (EMI) 300 V DC power supply. 

The power supplies must be floating since the positive and negative connections for both 

are floating. In this configuration, the cathode, or keeper, power supply connects on the 

positive side to the cathode body, and on the negative side to both the cathode core and 

the negative connection on the thmster, or discharge, supply. This wire goes through a 

0.1|a,F capacitor before cormecting to the anode in the thmster. The positive post of the 

discharge supply feeds through a parallel RL circuit before connecting to the thmster 

anode. During cathode startup, a 150 Q limiting resistor is placed between the negative 
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post of tiie keeper supply and the junction with the negative post of the discharge supply. 

Figure 3.17 illusfrates the electrical and gas connections for this primary configurati 
tion. 

Gas Connection 

Keeper — 
Power 

600V, 1.7A + 

Thmster — 
Power 

600V, 8 A + 

Keeper 

Catkide 

0.1 uF 

100 ft 

Gas Connection 
LJVWVJ 

40 mH 

Figure 3.17. Primary Electrical and Gas Connections 

The alternate electrical setup is to provide a higher potential difference between 

the cathode core and keeper disc. Ideally, this higher potential would not be necessary to 

operate the cathode, but at many instances throughout the lifetime test, this was needed. 

The alternate setup is similar to the first, but a higher voltage power supply, a Spellman 

SL300, is used to increase the potential between the cathode core and keeper disc until 

intemal Xenon breeikdown occurs. At this time, the primary keeper supply takes over, 

provides the continuous power for the cathode, and the high voltage supply is tumed off 

To prevent overpowering the keeper supply, a series of four Ixys DSDI60 fast recovery 

diodes rated for 63 A are placed between the high voltage supply and the positive 

terminal on the keeper supply, shown in Figure 3.19. These are placed in parallel with 
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200 kQ resistors and a 3 A fast blow fuse protects the keeper supply if the diodes fail, 

shown in Figure 3.18. 
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Figure 3.18. Keeper Supply Diode Configuration 
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Figure 3.19. High Voltage Supply Configuration 

3.4 Data Acquisition and Software 

In spite of every aspect of the thmster and thmst stand addressed, without 

collecting any data, its operation is useless. Understanding the physical quantities 

recorded by the thmst stand and how the data is collected is vital. 
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The values for discharge current and voltage as well as the LRF voltage output are 

all input into an Agilent 54825A Infiniium oscilloscope. Discharge voltage is measured 

between the anode and cathode with a Tektronix P5200 differential high voltage probe. 

This probe feeds directly into the oscilloscope. Discharge current to the thmster is 

measured with a Tekfronix A6312 current probe connected to a Tektronix AM503B 

current probe amplifier. The oscilloscope also measures the LRF voltage output, but this 

is only to check the values read by the computer data acquisition (DAQ) card and is not 

the value recorded by the software. The DAQ card is a National Instmments 6034E series 

PCI card. All interface to the DAQ card is through the National Instruments BNC2110 

shielded connector block. The LRF voltages input to the software are read directly 

through the DAQ card. The software interfaces with the oscilloscope through the 

Ethernet to obtain the data for discharge current and voltage. A schematic of the data 

acquisition system is shown in Figure 3.20. 
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Figure 3.20. DAQ Schematic 

There are three software programs used by the thmst stand. The first is simply the 

program required to operate the calibration stepper motor. This program is 

sfraightforward and simply outputs the digital values necessary to operate the driver 

board's shift register. Two of the digital output ports on the DAQ card control the SO and 

SI ports to confrol shift direction and one of the coimter outputs controls the shift 

register's clock. These three inputs control the driver board and in turn control the stepper 

motor. Figure 3.21 shows a flowchart for the motor turning software. 
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Figure 3.21. Turn Motor Software Flowchart 

The second piece of software is the calibration software. This is the software 

responsible for turning the stepper motor programmatically and taking the LRF voltage 

output readings for each step. Although this program does turn the motor, it only uses the 

tum motor program to initially load the shift register. This is because of the time 

necessary to allocate and free the DAQ resources. The calibration software allocates the 

resources for driving the stepper motor and for taking the LRF voltage output 

measurements only once at the beginning of the program. The first piece of the 

calibration software simply calls the tum motor program and loads the driver board shift 

register. After this the program reallocates the necessary DAQ resources and begins the 

calibration loop. This loop simply takes a voltage measurement and outputs one clock 

cycle to the shift register. Each steps voftage reading is recorded in memory. After the 

motor goes through the number of steps necessary to add all of the calibration weights, 

SO and SI are flipped to reverse stepper motor direction and the loop is repeated until the 

motor returns to its original position. This is how a user can check the hysteresis of the 

calibration system. After all of the data is stored to intemal memory, it is logged to a file 

path set by the user. Figure 3.22 shows a flowchart for the calibration software. 
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Figure 3.22. Calibration Software Flowchart 

Finally, the executive software uses an event stmcture to record the lifetime data. 

There are only two possible events once the program begins: timeout and stop. The 

timeout event can be set for ahnost any length of time, but for this experiment it was set 

for one minute measurement intervals. When the timeout event occurs, the program gets 

the data for discharge current and voltage over the Ethernet from the oscilloscope. It also 

takes a user set amoimt of points from the LRF and averages them to get an LRF reading 

for that timeout. All of this data is then stored in intemal memory, on the computer's 

intemal hard drive and to a file on the network. During each timeout, the program closes 

each file that it isTogging to so that in the event of a complete power failure, the data will 

not be lost. In the case of a stop event the resources are freed and the program is stopped. 

Figure 3.23 shows the executive software flowchart. 
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Figure 3.23. Executive Software Flowchart 
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CHAPTER 4 

RESULTS AND DATA 

The lifetime test eventually consisted of 300 hours of total thmster operation. At 

various times during lifetime testing, the test was stopped and the vacuum chamber re-

pressurized to take measurements of the thmster and ceramic mass as well as to observe 

primary erosion sites. 

4.1 Lifetime Data 

4.1.1 Calibrated Thmst, Isp, Discharge Current 
& Discharge Voltage 

The data for thmst during the lifetime test is the major piece of raw data collected. 

Data was collected each minute over the 300 hour test. Thmst stand operating conditions 

including average discharge power. Xenon flows to the anode and the cathode, and 

average background pressure during the various test intervals are shown in Table 4.1. 

Calibrated thmst and Isp data for the lifetime test is shown in Figure 4.1 and current and 

voltage data is shown in Figure 4.2. 

Table 4.1. Operating Conditions 

Operating Time 

Hour 
0-10 
10-50 
50-100 
100-119 
119-200 
200-300 

IVIinute 
0-600 
600-3000 
3000-6000 
6000-7140 
7140-12,000 
12,000-18,000 

Average 
Power 

(W) 
40 
45 
100 
95 
104 
138 

Flow 

Anode 
3 
3 
3 
4.1 
4.1 
4.1 

(SCCIVI) 

Cathode 
10 
10 
10 
10 
15 
1 

Background 
Pressure 

(Torr) 
7.50E-06 
7.50E-06 
6.00E-06 
1.00E-05 
2.00E-05 
1.00E-05 

45 



2500 

2000 

g 1500 

Q. 1000 

500-

0 

0.025 

0.020 -

0.015 

0.010 

\ | ' ^%X^ 

5000 10000 15000 

lv^^|nvwv>m«»Mi 

5000 10000 15000 

Operating Tinne (min) 

Figure 4.1. Calibrated Thmst and Isp Data 
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Figure 4.2. Discharge Voltage and Current Data 
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The gradual increase in thmst during the first part of the test is due to increased 

thmster power. There is a direct correlation between the thmst data and the thmster 

discharge power. Data toward the beginning of the test is more disjoint because the 

calibration string was not perfected until after the first ten hours of testing. The large 

jump that occurs in the thmst and associated data after 200 hours (12,000 minutes) is due 

to a change in cathode gas flow and a large increase in applied power. 

Specific impulse is calculated including the cathode mass flow. Specific impulse 

can be seen as the as impulse divided by weight. For the thmst stand, specific impulse 

was calculated from the measured thmst divided by the propellant flow rate multiplied by 

the gravitational constant. Since flow rates are measured in mg/s, there is also a 

conversion rate of 1x10" . 

Is.= T (4.1) 

Isp = specific hnpulse (sec) T = Thmst (N) 
g = 9.81 m/s^ Ft = Thmster Xenon Flow (mg/s) 
Fc = Cathode Xenon Flow (mg/s) 

Each data point from the uncalibrated LRF voltage output reading is calibrated 

with the average of the calibration curves obtained at the beginning and at the end of each 

test interval. Calibration curves are shown in Appendix A. Calibrating the data is 

accomplished through a process where each calibration curve is examined and the 

average LRF voltage output value for each step is determined. A calibration line is then 

drawn through the four points (0 mg, 400 mg, 800 mg, 1200 mg) relating LRF voltage 
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output to the actual weight applied. The average slope and intercept of the calibration 

lines found for the beginning and end of each test interval is used to calibrate the raw 

LRF voltage output data. A typical calibration curve with distinct steps and the overiaid 

calibration line are shown in Figure 4.3. The calibrated data for each interval is then 

joined to show results for tiie 300 hour lifetime test. 
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Figure 4.3. Typical Calibration Curve and Overlaid Trend Line 

Specific impulse was calculated with the cathode gas supply. This explains the 

large gap in Isp that occurs at 200 hours as the flow rate to the cathode was reduced from 

10 standard cubic cm per minute (SCCM) to 1 SCCM after operational specifications 

changed to more accurately reflect commercial thmster operation. Vertical spikes in the 
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data represent thmster shutdown and startup and usually reflect the test intervals 

mentioned above. 

4.1.2 Erosion 

One of the major focuses in a thmster lifetime test is the erosion that occurs near 

the exit plane of the thmster. This erosion is from the collisions that occur between the 

elecfron cloud trapped in the closed drift and the components of the thmster. The erosion 

is similar to elecfron beam polishing and is probably the greatest factor affecting lifetime 

performance. For the thmster tested, most of this erosion occurred on the inner and outer 

rings of the insulating ceramic near the thmster exit plane. The mass and overall length of 

the ceramic throughout the lifetime test are shown in Figure 4.4. Figure 4.5 shows 

photographs of the ceramic before and after the lifetime test. The erosion is relatively 

uniform around the edge of the ceramic and is limited to the inside of the outer ring. The 

part of the irmer ring that extends beyond the exit plane of the thmster eroded 

significantly, although almost all ceramic erosion was limited to the ceramic extending 

beyond the exit plane. 

While there was some erosion to the outer areas of the exit plane, most metal 

erosion was on the center pole of the thmster. Figure 4.6 shows the thmster exit plane 

with the ceramic insulator before and after testing. Figure 4.7 shows the thmster without 

the ceramic insulator after 300 hours of testing. Erosion was not uniform on the back 

plate of the thmster, but was more apparent on the side opposite the cathode. This 
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possibly indicates improper cathode location and that the cathode should have been 

located further from the thmster in the radial direction. 
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Figure 4.4. Lifetime Ceramic Length and Mass 
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v<»; (b) 

Figure 4.5. Thmster Ceramic at Start (a) and after 300 hours (b) 

(a) (b) 

Figure 4.6. Thmster Exit Plane at Start (a) and after 300 hours (b) 
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(a) (b) 

Figure 4.7. Thmster Exit Plane (a) & Center Pole (b) after 300 Hours 

4.2 Statistical Analysis 

The accuracy of the thmst stand is dependent on the accuracy of the range finder 

as well as the statistical properties of the calibration curves. Under normal operating 

conditions, the LRF mns at the slow acquisition rate and senses distances about 100 mm 

in front of it. Although these conditions can produce LRF accuracy to about 5 microns 

(see Figure 3.8), let us assume the accuracy of the LRF is 20 microns. With known 

calibration weights applied to the pendulum and thmster under operating conditions, a 

series of tests reveal an average calibration line slope of 1771.1 mg/V. Using the 

calibrated LRF voltage output vs. distance curve (Figure 3.10) one predicts that one 

micron should provide a 0.917 mV volt change in LRF voltage output. These two values 
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can be used to determine that, assuming the LRF is accurate to 20 microns, the thmst 

stand is accurate to within 3.19x10"^ N. 

The LRF does produce electrical noise on the output voltage, but this noise is 

white. In other words, the average value of the data points approaches the correct DC 

output value in time. This can be verified by examining the average step values obtained 

during calibration. 

Figure 4.8 shows the raw calibration curve taken after 119 hours of operation. 

Weights are applied through the first 1410 motor steps, and the last 1410 steps is actually 

the motor taking the weights off of the pendulum. The three distinct steps up are when 

each weight is added to the system, and there are only two steps down because the 

mechanics of the string get it temporarily caught in the chain when retuming to the 

starting point. Mechanical oscillation can be seen when no weight is applied at the 

beginning of the curve. This is due to the fact that calibration is mn as soon as possible 

after shutting the thmster off and the pendulum is still oscillating. Once weight is applied, 

these oscillations are damped out. To prove that the noise from the LRF is white, one 

needs only to examine the average values of the step. For example, consider the second 

step in the curve, where 800 mg is applied, from step 770 to step 1070. Average values 

for the total step and various pieces of the step are shown in Table 4.2, which also 

indicates the maximum percent difference of less than 0.2%. A similar approach can be 

used for other calibration curves and raw data from the LRF to show that the noise is 

white. 
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Table 4.2. White Noise Analysis 

Analysis of white noise in 3rd step 
Length 
Total 
First 1/2 
Last 1/2 
First 1/3 
Second 1/3 
Third 1/3 

Step 
770-1070 
770-920 
921-1070 
770-870 
871-970 
971-1070 

Percent Difference 

Average Value 
6.0958 
6.0966 
6.0951 
6.0957 
6.1016 
6.0902 
0.1867 

Hysteresis is also calculated from Figure 4.8 by determining the average values of 

the initial and final step in the entire calibration curve, hi this particular case, hysteresis is 

calculated at 0.192%, and hysteresis throughout the test was never more than 0.25%. 
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CHAPTER 5 

CONCLUSIONS 

The most impressive point about the entire lifetime test was the performance of 

the thmster. While the lifetime for thmsters used in space missions needs to approach 

10,000 hours and this test did not approach this length, the fields in the smaller Hall 

Effect thmsters should create advanced erosion. The effects from the erosion were very 

apparent both visually and from the loss in mass. In spite of this erosion, the thmst 

characteristics of the thmster never significantly changed during each test mn. Each 

thmster nm saw no degradation in thmst or Isp. Any small decreases in thrust are due to 

the decreases in discharge current during testing. 

Considering the continued thmst capabilities of the low power thmster tested, it is 

easy to conclude that the data obtained after 300 hours of testing is insufficient to project 

a total lifetime for this thmster. The erosion in ceramic and thmster mass seemed to have 

little effect on the performance parameters of the thmster. At one point, the thmster 

operated at a power that literally melted away part of the anode, but the thmst did not 

decrease, ft is safe to conclude that the thmster itself is a resilient design that can handle 

abusive conditions and continue to provide excellent thmst characteristics. On the other 

hand, the cathode was the limiting factor in thmster testing. 

Although a much simpler design than the thmster itself, the hollow cathode 

electron source failed far more often and demonsfrated much less resilience than the 

thmster. In spite of the fact that the cathode used in this experiment had undergone a 

2000 hour lifetime test, the cathode failed muhiple times. This was due to fragility during 
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start up and shut down. Cathode operation required a cool down period of approximately 

20 minutes where the user had to keep Xenon flow but shut off electrical power. This 

allows the cathode tip to cool down in the vacuum environment. This period of cathode 

cooling was the most difficult aspect of the project. 

Initially, there was a leak in one of the cathode gas feed line connections. From 

the operator view, the cathode seemed to work well as the flow controllers indicted 

proper gas flow, but the majority of the Xenon was never reaching the cathode tip. 

Without the Xenon acting as coolant for the cathode core, the Tantalum tubing and foil 

melted in on itself and mined the cathode. After replacing the cathode core, the same type 

of situation arose where the compressed air supply to the positive shut off valves failed 

and cut off Xenon flow. The flow was shut off for less than eight minutes, but this was 

enough time for the cathode core to melt again. The latter part of this experiment was 

dedicated to modifying the original cathode design to make it more robust. 

Conversely, the thmst stand performed admirably throughout the lifetime test. 

The range finder proved to be every bit as accurate as expected and provides excellent 

thmst resolution. The calibration system performs extremely well and accounts for nearly 

every factor affecting the stand. Using software to mn the thmst stand allows for quick 

adaptation to changing needs. This became very important during the lifetime test after 

the original data acquisition card failed and the software was forced to acquire all of its 

data through the oscilloscope. The ability to quickly alter the operation of the stand was 

also helpful when a vims attacked the lab network. 
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Considering the rigorous limitations encountered in space missions, it seems like 

more effort should be dedicated to developing cathodes as robust as the thmster tested 

here. Lifetime tests should not be continuous, but simulate the disjoint operation of 

tiimsters in space. During this experiment, the thmster handled the numerous shut down 

and start up procedures exfremely well, but the cathode cool down time is unrealistic due 

to the limited Xenon capacity for a space mission. 

There can be further improvements to the thmst stand for future use. Presently, 

the thmst stand software does not have critical controls to shut down the thmster and gas 

flow if the vacumn chamber fails to function. The pump control software is not integrated 

into the thmst stand software to automate the recording of background chamber pressure 

or pump temperature. Implementing an extensive system with thermocouples feeding to 

the thrust stand software could allow for thermal profiling of thmsters. The current thmst 

stand design could be extended to a two axis pendulum with two range finders to sense 

distances in two dimensions. The additional dimension would allow for thmst vectoring 

of low power Hall Effect Thmsters. 
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CALIBRATION CURVES 

59 



Calibration Curve 3/16/2004 1:26 pm (ht, 3) 

67 
66 
65 
64 

I 6.3 
£ 62 
3 6.1 

6 
5.9 
5.8 
5.7 

500 1000 1500 

Stepper Position 

2000 

Figure A. 1. Hour 3 

68 

66 

o 

* 62 

-• 6 -

5 8 -

5.6 -

Catbralion Cune 3/18/04 5 30 pm {(+ 17) 

/-w—.'-•^ 

/ 

, . . .—^». - - ^ 
/ 

'^""^ 
' 3 500 1000 

Stepper Position 

• 

1500 

Figure A. 3. Hour 17 
Caibralion Curve 3/20/2004 7:45 am (Hr. 50b) 

-" /̂V'-v^ 

:j^y^: 

500 1000 

stepper Position 

Figure A.5. Hour 50b 

63-

62 

6.1 • 

« 6-

1 5.9 
fe5.8 
-•5.7 

56-

5.5 

5.4-

Caibraton Curve 3/23/2004 7:10 pm (Hr. 100b) 

'•-
f 

J ^^'^-VV'^VVU 

) 200 40O 600 800 1000 1200 1400 

Stepper Position 

1600 

58 
5,6 • 
5 4 -

| 5 . 2 . 

§ 4 8 
46 • 
44 
42 • 

Calibration Curve 3/16/2004 9 45 pm (Hr. 10) 

fi 

Mm,)^ j 
fuM^ " n , f^ 

liii mmiim 
ilMI 

f 

0 500 1000 1500 2000 

stepper Position 

Figure A.2. Hour 10 
Calibration Curw 3/18/2004 1050 pm (Hr. 50a) 

500 1000 

Stepper Position 

Figure A.4. Hour 50a 

Figure A. 6. Hour 100a 
Calibration Cur« 3/24/2004 7-54 pm(l-lr 119a) 

6.2 • 

61 • 

§, 5.9 • 

fe 58-
-• 57 

5.6 

5.5-

Calibraton Curve 3/21/2004 6:35 pm (1+. 100a) 

A y - ^ V / - " ^ 

/ 

/ 
_ / ' • ' ' ~ ' ' • ' • " ' ^ / • ' ' ' " ^ 

/ 
ii/l/vW 

3 500 1000 15 

Stepper Position 

00 

500 1000 1500 2000 

Stepper PosKion 

60 



FigureA.7. Hour 100b 
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APPENDDC B 

OPERATING THE THRUST STAND 
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This section details the implementation and operation of the thmst stand software 

and associated hardware. Before operating the software, all of the hardware must be 

properly connected. This includes the connection between the computer and DAQ card in 

a proper PCI slot, and the connection from the DAQ card to the BNC2110 connector 

block. The AIO BNC connector on the connector block should be connected across the 

LRF load resistor. The stepper motor driver board connects to the connector block's 

black griplock section as detailed below. The oscilloscope and facility computer must 

both be cormected through the lab infranet for the software to retrieve the discharge 

voltage and current values. 

Table B.l . 

Function 
Power 

Groun(d 
SO 
SI 

Clock 

Driver Boarc 

BNC 2110 
+5V 

DGND 
PO.O 
P0.1 

CTR10UT 

Connections 
Driver 
Board 

IC5V 
ICGND 

SO 
SI 

STEP 

The first and most basic piece of software controls two digital output lines of port 

0 on the DAQ card. These two digital outputs link to the stepper motor driver board's 

shift register direction bits. The block diagram is shown below in Figure B.l. Software 

takes the user input for "Direction Confrol Lines" and sets up a single digital port output 

on this line. The "Direction" input is a ring control that sets bits high for a load input and 

either 01 or 10 for directional right or left shifts. 

63 



Figure B.l. Direction Program Block Diagram 

The second program utilizes the Set Direction program in addition to a counter 

output to drive the stepper motor. The front panel is shown below in Figure B.2. The user 

inputs for the front panel and detailed in Table. 
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DAQ Setup 

Counter Port 
Devi/Ctrl > j j 

Direction Control Lines 
I^Devl/portO/lineOil -dl 

Turn Setup 

Direction 

Frequency 
r/?50.00 

Number of Steps 

^ 

Figure B.2. Tum Motor Program - Front Panel 

Table B.2. Tum Motor Program Inputs and Functions 
Control 

Counter Port 
Direction Control Lines 
Direction 
Frequency 
Number of Steps 

Function 
Sets DAQ counter output port 
Sets DAQ digital output port and lines 
Sets shift direction 
Sets shift register clock frequency 
Sets number of stepper motor steps 

Default Setting 
Devi/Ctrl 

Dev1/port0/line0:1 
Load 

50.00 
20.00 

The tum motor program utilizes a stacked sequence stmcture that first calls the 

Direction Program to set the SO and SI bits and then sets up and outputs a user defined 

clock signal to drive the shift register on the stepper motor driver board. Although not 

pictured, the first frame of the sequence stmcture simply executes the Direction Program. 
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The second frame utilizes polymorphic DAQni.x VFs to output the counter. This 

particular instance of tiie DAQmx VFs sets up an implicitly timed output pulse with the 

frequency and duty cycle input from the user, and outputs this signal for the number of 

steps input by the user. The second frame of the Tum Motor program is shown below in 

Figure B.3. 

123] 
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Counter Port] 

dumber of Steps! 

iRnite Samples "̂ 1 b -OSfflS 

I CO Pulse Freq • ' I llmplicit -^1 
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'̂̂ •̂  ••••MIMlM..*»».m»«llIKJ i 

•grt n n n r< r. n r, n n r, r, n ri n n o n rt^WPIB» •'mUtMMJUfaMMiM^MMto 

Figure B.3. Tum Motor Program Block Diagram 

The third piece of software utilizes features from the Tum Motor program in 

conjunction with data acquisition capabilities to calibrate the thmst stand. Program 

initially calls the Turn Motor program and loads the shift register. The second frame of 

the program calls the Set Direction program to set the SO and SI bits to tum the motor 

left. The third frame initializes DAQ resources necessary to simultaneously operate the 

stepper motor and acquire the LRF voltage, ft then executes a for loop a user set (Number 

of Steps) number of times that reads the LRF voltage and outputs a single clock cycle to 

increment the stepper motor. The program then reverses the SO and SI bits and repeats a 

similar for loop to retiim the stepper motor to its original position. An initially empty 
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array is continually updated with the LRF voltage data throughout both loops of the 

program. This yields the calibration curve that is displayed on the first graph. At the end 

of the program the raw calibration curve is averaged over a user set number of points 

(Averaging Pts.), stored, and displayed on the second graph. Then an array each of 

stepper motor position, raw calibration curve, and averaged calibration curve is saved in 

the user specified text file (file path). The frames of the program sequence stmcture are 

shown in Figure B.5 and Figure B.6. 
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Figure B.4. Calibration Program Front Panel 
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Tabic B.3. Calibration Program Controls 
Control 

Direction Control 
Lines 
Counter Port 

LRFVOut Channel 

Counter Channel 
file path 

Number of Steps 
Averaging Pts. 

Function 

SetsS0&S1 output lines 

Sets DAQ counter output port 
for initialization 
Sets DAQ voltage input 
channel 
Sets DAQ counter output port 
Path to desired data file 
location 
Number of calibration steps 

Number of points used to 
average noise 

Default Setting 
Dev1/port0/line0:1 

Dev1/ctr1 

Dev1/AI0 

Dev1/ctr1 
Established by 

User 
1250 

20 
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The final piece of software is the executive software that mns the thmst stand 

during lifetime testing. This program acquires the LRF voltage directly through the DAQ 

card and obtains the discharge current and voltage data from the oscilloscope through the 

Ethernet coimection. This data is stored dynamically, locally, and to the network in 

realtime. The program initially performs the routines necessary to establish 

commimication between the facility computer and the oscilloscope. These routines 

include oscilloscope initialization as well as horizontal scaling and charmel specific 

vertical scaling. After setting up the oscilloscope the program enters an event stmcture 

where it waits for either a timeout or a stop event, hi the case of a timeout event, the 

program executes a data acquisition routine. It calls a sub-routine that allocates DAQ 

resources, acquires the LRF voltage, and frees up DAQ resources, hi addition to this sub

routine it also requests the last 500 ms of discharge current and discharge voltage data 

from the oscilloscope and averages these readings before recording all the data. The data 

is stored in an array that is constantly updated during runtime, to a location on the facility 

computer's hard drive, and to a location on the network. In this manner all critical data is 

continually stored to a safe location, hi the case of a stop event the program ceases 

execution. 
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Figure B.7. Executive Program Front Panel 

Table B.4. Executive Program Controls 
Control 

VISA session (Scope IP) 
Horiz Scale 
Channel 1 Vert. Scale 

Channel 3 Vert. Scale 

HV Probe Attenuation 

Physical Channel 

Time b/n measurement 
(ms) 
Path to network data file 

Path to local data file 

mAmps/Div on Current 
Probe 

Function 
tcpip::<scope IP address> 
Sets scope horizontal scale 
Must be set to 0.01 for 
current probe functionality 

Sets discharge voltage 
vertical scale 

Attenuation on high voltage 
probe 

Sets DAQ voltage input 
channel 

Sets measurement timeout 

Network path to desired 
data file location 

Path to desired data file 
location 

Tektronix current probe 
amplifier setting 

Default Setting 
tcpip::129.118.26.173 

0.01 
0.01 

50.00 

500.00 

Dev1/aiO 

58000 

Established by User 

Established by User 

500 

72 



aS-

III! 
ss t s 

111 
mi 

•a-3 

Figure B.8. Executive Program Block Diagram 

a 



PER>4ISSI0N TO COPY 

In presenting tiiis thesis in partial fulfilhnent of the requirements for a master's 

degree at Texas Tech University or Texas Tech University Health Sciences Center, I 

agree tiiat tiie Library and my major department shall malce it freely available for 

research purposes. Permission to copy this thesis for scholarly purposes may be 

granted b\ die Director of the Library or my major professor. It is understood that any 

copying or publication of this thesis for financial gain shall not be allowed without my 

further written permission and that any user may be liable for copyright infringement. 

Agree (Permission is granted.) 

Student Signature Date 

Disagree (Permission is not granted.) 

SttidenrSignamre Date 


