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CHAPTER 1: INTRODUCTION 
 

 

 

 

Microspacecraft can be used alone or in fleets to accomplish 

many important missions. Micropropulsion is an enabling technology 

for these microspacecraft. While developed technologies exist to fulfill 

many needs, the ever-expanding requirements for performance make 

existing designs less applicable. The Ferroelectric Plasma Thruster 

(FEPT) was developed to be utilized for micropropulsion. The primary 

objective of this dissertation was to show that the concept of the FEPT 

is realizable and to measure some of the performance characteristics. 

In this chapter, the underlying technology for the FEPT, ferroelectric 

plasma sources (FPS) are reviewed. Also, existing micropropulsion 

technologies are presented. In addition, the mechanism of FEPT 

operation is shown. Finally, I overview the remaining chapters of this 

dissertation. 
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1.1 Past Work on Ferroelectric Plasma Sources 

The FEPT technology uses a ferroelectric to create plasma. 

Ferroelectric plasma sources are an active area of research. There 

have been numerous studies on the mechanism behind plasma 

creation and electron emission from ferroelectrics, yet there still is a 

debate as to the precise emission mechanism. Several review papers 

exist which detail the history of FPS development [1-4]. 

One theory involves the characteristic of ferroelectrics to have a 

non-linear polarization with respect to applied electric field. A property 

of ferroelectrics is that they retain a polarization, called the remnant 

polarization, even without an applied field. Figure 1 is a diagram of the 

process. At time 1, bound dielectric charges orient to cancel out 

charges in the conductor. At time 2, the applied electric field charges 

direction. However, the applied field is not large enough to change the 

direction of the polarization. Free charges on the ferroelectric surface 

remain in place to compensate the net internal bound charge. When 

the applied electric field magnitude crosses over a threshold at time 3, 

the ferroelectric polarization quickly changes direction and magnitude. 

This results in uncompensated surface charges on the ferroelectric and 

therefore large local electric fields. Free charges are quickly 

accelerated away from the surface and, if the applied field is large 

enough, plasma is formed on the ferroelectric surface. 
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Figure 1: Diagram showing one theory of the mechanism behind 

ferroelectric emission. 

Distinction is made between “strong” and “weak” ferroelectric 

emission. The main identifying characteristic between the two is the 

magnitude of measured electron emission. Weak ferroelectric emission 

is on the order of 10-12 to 10-8 A/cm2 and strong emission is as large 

as 100 A/cm2. Many attribute this strong emission to plasma formation 

[5;6], while some claim a large role for pure ferroelectric emission [7-

9]. It is the strong mode of emission the FEPT utilizes.  

FPSs have been driven with unipolar [10-12], bipolar [13-15], 

and RF pulses [16]. For the FEPT, there is particular interest in ion 

extraction from the plasma source [17-19]. Ferroelectric plasma 

sources have been studied for use in many devices such as traveling 

wave tubes [2], gas switches [20], flat panel displays [21], discharge 

lamps [22], and gas cleaners [23]. FPSs have also been implemented 

as cathodes for electron beams [24;25]. 
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1.2 Past Work on Microthrusters 

Several developed technologies are applicable for 

microspacecraft propulsion. Three of the most prolific are the Field 

Emission Electric Propulsion thrusters (FEEPs), Colloid thrusters, and 

Pulsed Plasma Thrusters (PPTs) [26;27]. These are detailed 

individually below. 

FEEPs, shown in Figure 2, use Cesium, Rubidium, or Indium 

liquid propellants fed to an emitter tip by capillary forces. Less than a 

millimeter in front of the emitter is a high-potential extractor grid. 

Single ions are pulled out of the liquid and accelerated due to the 

applied electric field. FEEPs can be clustered together to tailor 

performance and have thrusts from 1-200 µN and 5000-8000 s 

specific impulse [28]. Advantages of FEEPs include high specific 

impulse and thrust accuracy. Relatively high power and voltage 

requirements are potential disadvantages [29]. 
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Figure 2: Diagram of a FEEP Thruster. (a) Propellant reservoir, (b) 

acceleration aperture, and (c) ion plume.  

Colloid thrusters are similar to FEEPs except they operate at 

lower voltages and use electrolytic fluid droplets instead of single ions. 

A diagram of a colloid thruster is shown in Figure 3. Typical thrusts are 

1-20 µN per thruster and specific impulses are 500-1300 s. They have 

the advantage of operation with very low power but require heavy 

power conditioning units and are complex to implement [26;27]. 
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Figure 3: Diagram of a colloid thruster. (a) Propellant reservoir, (b) 

liquid meniscus and colloid formation, (c) extraction grid, and (d) 
colloid plume. 

PPTs accelerate ions out of a Teflon surface discharge. The thrust 

range is much wider than FEEPs and Colloid thrusters, 2 µN-100mN, 

and the specific impulse is ~1500 s. PPTs have simple implementation 

and are capable of small impulse bits, but they have a high power to 

thrust ratio and the propellant introduces contamination issues 

[26;29]. 
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Figure 4: Diagram of a PPT. (a) Capacitor, (b) solid propellant, (c) 
anode, (d) cathode, (e) plasma discharge, and (f) plasma plume. 

1.3 Theory of FEPT Operation 

The FEPT utilizes a radio frequency (rf)-driven ferroelectric for 

creation of plasma. The topology of the FEPT is shown in Figure 5. The 

front electrode is connected to a large, grounded metal plate with an 

aperture over the ferroelectric. The rear electrode is driven by an rf 

generator. When a threshold in applied voltage amplitude is exceeded, 

plasma is created on or just above the surface of the ferroelectric, 

within the aperture of the grounded metal plane. 
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Figure 5: Diagram of the FEPT. (a) Grounded front electrode, (b) 

ferroelectric disk, (c) driven rear electrode, (d) mounting insulator, 
and (e) coaxial power feed. 

In addition to creating plasma on the ferroelectric surface, 

electric fields from the rear electrode accelerate ions and electrons out 

of the plasma. Electrostatic field simulations using Maxwell [30], 

shown in Figure 6, show these electric field vectors and equipotentials. 

There is a large field enhancement of the 

ferroelectric/vacuum/electrode triple point. It is this field-enhanced 

triple point that some speculate is the determining factor in plasma 

formation [5;6;31]. The electric field vectors from the rear electrode to 

the front electrode are an estimate of the path of ions or electrons out 

of the surface plasma. The electric field magnitude is quickly reduced 

with increasing axial distance from the ferroelectric. Particle 

acceleration via the ponderomotive force [32] occurs within a short 

distance from the surface.  
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Figure 6: Electrostatic field simulation of the FEPT. Simulation is 

azimuthally symmetric about the left axis. Electric field vectors are 
shown along with the equipotentials. (a) Grounded front electrode; (b) 

Ferroelectric; (c) Driven rear electrode. 

Creation of plasma and acceleration of ions with a single power 

supply is an advantage of the FEPT. Colloid and FEEP thrusters both 

require several power supplies for their propulsion processes [26]. The 

single power supply requirement of the FEPT reduces power processing 

unit mass and complexity. 

1.4 Dissertation Overview 

In chapter 2, I discuss measurements that were done on the 

plasma plume of the FEPT. Specifically highlighted are the 

characteristics of the ion beam emitted from the device. It is this ion 

beam that is responsible for the mass transfer, and therefore thrust, 

generated by the FEPT. Photography is presented along with ion beam 

current and energy. 
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In chapter 3, the effect of piezoelectricity is presented. This 

became one of the main areas of research in this dissertation. I 

discuss the effects of utilizing the piezoelectric properties of the 

dielectric disks used in the FEPT. This is important in FEPT because of 

power consumption as well as voltage magnitude required to emit 

beams. 

In chapter 4, dual-uses of the FEPT are shown. First, the ability 

of the FEPT to operate in backgrounds of atmospheric-pressure air is 

presented. Plasma processing is a very important field of research. 

Several characteristics of the FEPT are presented including electron 

density, ion temperature, and electron temperature. Second, a brief 

mention of the ability of the FEPT to be used as an x-ray or neutron 

source is presented. 

In chapter 5, the microthruster characteristics of the FEPT are 

shown. In addition to calculations from plasma plume characteristics, 

two experiments are shown which more directly measure the thruster 

characteristics of the device. First, the design of a thrust stand is 

presented. The average thrust generated by the FEPT is measured on 

this stand. Second, the mass transfer, and therefore specific impulse, 

of the thruster was measured using a microbalance. 

In chapter 6, I summarize the dissertation and present 

suggested future work on the FEPT. While the dissertation is a 
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compilation of many separate studies on the thruster, additional 

development is necessary to prepare the thruster to be space-ready. 

Also, I show a possible different implementation of the FEPT geometry 

to enhance long-life operation. 
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CHAPTER 2: PLASMA PLUME MEASUREMENTS 
 

 

 

 

The FEPT operates by accelerating ions away from the thruster. 

To better understand this process, characterization of the plasma 

plume is required. Specifically, parameters of the ions such as average 

current, beam composition, and average energy are of interest. With 

these parameters, a calculation of the generated thrust can be made. 

In this chapter, I present these measurements. 

2.1 Experimental Setup 

A diagram of the FEPT is shown in Figure 7 and the experimental 

setup is shown in Figure 8. A detailed schematic and description of the 

FEPT is shown in Appendix A. To generate an rf burst, the output from 

a waveform generator was input to a Kalmus LA100H 100W rf 

amplifier. After an impedance matching transformer, the voltage was 
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measured by a Tektronix P6016A voltage monitor and the current was 

measured with a Pearson 2877 current transformer.  

 
Figure 7: Diagram and photograph of the FEPT. 

 
Figure 8: Experimental setup for impedance and breakdown 
measurements. (a) Rf amplifier, (b) impedance matching transformer, 

(c) Tektronix high voltage probe, (d) Pearson current transformer, (e) 
FEPT, (f) optical viewport, (g) 50 Ω–terminated photomultiplier tube. 

The purpose of the transformer (denoted by (b) in Figure 8) is 

two-fold: to amplify the voltage out of the rf amplifier and to match 

the 50 Ω amplifier output impedance to the much higher impedance of 

the FEPT. If the impedances are unmatched, much of the power from 

the amplifier is reflected once it hits the load. For much of the 

operating frequency spectrum of the FEPT, it can be modeled as a 

capacitor. It will be shown in Chapter 3 that for some frequencies close 

to the radial piezoelectric resonance, the FEPT impedance is no longer 

purely reactive. With a capacitor as a model for the FEPT impedance, 
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the impedance magnitude is inversely proportional to the frequency as 

shown by 

fC
Z cap π2

1
=           (1) 

where f is the driving frequency in Hz and C is the magnitude of the 

capacitance in Farads. Iron powder cores were chosen for the 

transformer because of their large saturation threshold. Two different 

transformers were constructed. One for low dielectric constant (low 

capacitance) ferroelectrics and one for high dielectric constant (high 

capacitance) ferroelectrics. Table I is a summary of the transformer 

parameters. 

Table I: Characteristics of the impedance matching transformers 

utilized. 

Transformer Turns Ratio Load Impedance 

Range 

Frequency 

Range 

Low ε 1:7.72 1.5-15 kΩ 300-400 kHz 

High ε 1:4 0.2-2 kΩ 180-320 kHz 

 

 
Figure 9: Photograph of the impedance matching transformer and 
connections. 
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Typical voltage and current traces into the FEPT are shown in 

Figure 10. Traces are digitized and stored by a Tektronix 2024 

oscilloscope. Several parameters can be calculated from the voltage 

and current traces including the average power, RMS voltage, RMS 

current, and the equivalent load (FEPT) impedance. To numerically 

integrate the traces, Simpson’s Rule [33], 
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=

+−+−=
nt

t

n

k

kfkfkf
h

dttf

1

2/

1

)2()12(4)22(
3

)(    (2) 

is utilized. In (2), t is time, n is the end time index, h is the time 

between samples, and f is the function to be integrated. 

 
Figure 10: Typical generator current and voltage traces for the FEPT. 

To find the average power, the instantaneous power, 

)()()( tvtitp =          (3) 

is first calculated. Using (3), the average power, 

∫
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can be calculated where T is the period of the traces and t0 is an 

arbitrary starting point in time. Also, the RMS current is given by 

∫
+

=
Tt

t

RMS dtti
T

I
0

0

)(
1 2

.        (5) 

Finally, the relations for average power dissipated in a load and the 

definition of impedance magnitude 

RIP rmsavg

2=          (6) 

22
XRZ +=          (7) 

can be used in conjunction with (4) and (5) to find the magnitudes of 

the real part of the load impedance, Re{Z}=R, and the imaginary part 

of the load impedance, Im{Z}=X [34]. 

2.2 Design History 

Throughout the course of my optimization of the FEPT for 

micropropulsion, I made several discoveries which guided the design: 

the ability to operate in atmospheric pressure backgrounds, spurious 

plasma discharges not in the FEPT aperture, the strong effect of 

piezoelectricity, and consequently, the reduced need to use high 

dielectric constant materials. Following sections illustrate some of 

these concepts in greater detail. Photographs of past versions of the 

FEPT are shown in Figure 11.  
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Because of the need for a non-clamped disk to efficiently vibrate, 

and because the holder was needed to be used in atmospheric 

pressure backgrounds, the design in Figure 11(a) was switched to the 

thruster in (b). Designs (c) and (d) illustrate the desire to incorporate 

gas feeds for propellants. After many spurious discharges were imaged 

with framing photography, a large ground plane in the front of the 

FEPT was introduced as shown in (e). Finally, because spectroscopy 

revealed that a large portion of the plasma was composed of surface 

materials rather than background materials at high vacuum, the gas 

feed system was removed. 
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                          (a)                                               (b) 

    
                         (c)                                               (d) 

    
                         (e)                                               (f) 

Figure 11: Photographs of different versions of the FEPT. Designs are 
from (a) Summer 2005, (b) Fall 2005, (c) January 2006, (d) February 

2006, (e) May 2006, (f) April 2007. The thruster design shown in (a) 

was done by S. Kovaleski and M. Koukl. 

Many ferroelectric crystals were used in the FEPT. Their 

parameters are shown in Table II. Three different materials were used: 
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lead zirconate titanate (PZT) and two blends of lithium niobate, 

congruent (CLN) and stoichiometric (SLN). The only geometry used 

was a disk, but various thicknesses and diameters were used. Finally, 

some of the CLN disks had different crystal orientations. The relevance 

of these parameters is discussed later. 

Table II: Physical characteristics of the ferroelectrics used in this 

study. 

Label Material Thickness Diameter  Polarization 

Disk 1 PZT 0.5 mm 10.0 mm z-cut 

Disk 2 PZT 1.0 mm 10.0 mm z-cut 

Disk 3 CLN 0.3 mm 10.0 mm z-cut 
Disk 4 SLN 0.3 mm 13.0 mm z-cut 

Disk 5 CLN 0.3 mm 7.0 mm θ=58o, α=0o 

Disk 6 CLN 0.5 mm 12.0 mm θ=58o, α=90o 
Disk 7 CLN 2.0 mm 10.0 mm θ=45o, α=45o 
Disk 8 CLN 2.0 mm 10.0 mm θ=45o, α=0o 
 

Another parameter that affected the design of the FEPT was the 

presence of spurious discharges (discharges anywhere except in the 

FEPT aperture). Photographs showed that these discharges occurred 

mostly between the front, grounded electrode and the driven 

electrode. The discharge was along the ferroelectric disk’s edge. Also, 

in FEPT versions (a)-(d) in Figure 11 there were discharges from the 

driven electrode to the vacuum chamber wall. Finally, with PZT 

ferroelectrics, bulk discharges through the PZT were observed. The 

electric field strength of this material is ~1kV/mm which was easily 

exceeded in the FEPT. To greatly reduce the possibility of breakdowns 
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to the vacuum chamber wall, the front electrode was changed from an 

annulus to a ground plane. Also, the ferroelectric material was 

changed from PZT to LN because of the much higher breakdown 

strength (~20 kV/mm). Finally, taking advantage of piezoelectricity 

allowed much lower voltages to be applied to the thruster. This 

reduced the likelihood of flashover on the disk’s edge. 

Two examples of the electrical effects of these spurious 

discharges are shown in Figure 12 and Figure 13. Typically, the applied 

voltage trace is sinusoidal. During “correct” operation, formation of 

plasma does not significantly affect the character of the rf voltage. 

However, as shown in Figure 12, the spurious discharges reduce the 

applied voltage magnitude and force a non-sinusoidal voltage. This is 

due to the large difference in impedance that the rf driver sees. Under 

normal operation conditions, the impedance is large and reactive. With 

a high current carrying plasma discharge, the impedance is low and 

the driver cannot push enough current to have the desired voltage 

waveform. 
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Figure 12: Example of the voltage waveform when there is a spurious 

discharge. 

 
Figure 13: Second example of a voltage waveform where there is a 

spurious discharge. 

2.3 Photography 

Initially, plasma formation was confirmed by open shutter 

photographs of plasma luminosity. A Canon Powershot A75 digital 

camera was used with a 0.5 s exposure to capture light from the FEPT 

through a vacuum chamber optical port. A 20 cycle, 210 kHz RF burst 

was applied across a lithium niobate disk. Three typical time-

integrated photographs are shown in Figure 14. As shown by fast-
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framing photographs in the next section, the plasma formed during a 

single RF cycle is a single filament that forms and extinguishes during 

every half cycle. The photographs in Figure 14 show many separate 

filaments over the majority of the ferroelectric. It is beneficial that the 

plasma forms at multiple locations from cycle to cycle because any 

erosion is distributed around the front electrode circumference. This 

will contribute to increased thruster lifetime. 

  
Figure 14: Open shutter photographs of the FEPT operating in 10-6 

Torr of Argon. 20 RF cycles are integrated in each photograph. 

Fast-framing photography was used to time resolve plasma 

formation on the ferroelectric surface. To do so, the Imacon 200 

framing camera was utilized. A photograph of the camera is shown in 

Figure 15. This camera can capture up to twelve frames per burst with 

effective frame rates from one hundred to two hundred million frames 

per second. The CCD arrays are 1280x1024 and have pixel sizes of 6.7 

µm. 



 23 

 
Figure 15: Photograph of the Imacon framing camera imaging the 
FEPT. 

Photographs of a PZT ferroelectric (disk 2 in Table II) are shown 

in Figure 16 and Figure 17. The exposure time of each frame is 150 ns 

and the first frame begins at the voltage zero-crossing. With a 

negative voltage applied to the rear electrode, a bright filament of 

plasma is visible in frames 3 and 4 of Figure 16a. These dense 

filaments are not visible in Figure 17a with a positive voltage applied 

to the rear electrode. Some studies noted brighter discharges with 

negative applied voltages to the rear electrode when compared to 

positive voltages [31], while others noted no difference [19]. It is 

unclear how this polarity-dependence affects FEPT performance. Also 

shown is that the plasma is visible for 500 to 1000 ns.  
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(a) 

 

(b) 

Figure 16: Framing photographs of the FEPT. Each frame has a 150 ns 
exposure. The aperture of the FEPT is enhanced by a dashed line. 

Frames were taken from the start of the negative going voltage. (a) 
frames; (b) corresponding voltage and current waveforms. 
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(a) 

 

(b) 

Figure 17: Framing photographs of the FEPT. Each frame has a 150 ns 

exposure. The aperture of the FEPT is enhanced by a dashed line. 
Frames were taken from the start of the positive going voltage. (a) 

frames; (b) corresponding voltage and current waveforms. 

2.4 Ion Current and Energy 

2.4.1 Diagnostics 

To measure the ion current and energy, two different Faraday 

cups were utilized. First, a Kimball Physics FC-71A with three attached 
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grids was used. The input aperture is 5.0 mm and the cup assembly is 

completely enclosed in a ground shield. A photograph of the “small-

area Faraday cup” is shown in Figure 18. Also shown is the voltage 

biasing for the retarding potential analyzer. In this arrangement, a 

voltage is placed on the second grid to determine particle energy. 

Particles with a kinetic energy less than the applied potential will not 

cross the barrier, and therefore will not get measured in the Faraday 

cup. For example, a 1 keV ion will pass through a +500 V potential 

barrier, but will not be collected in the Faraday cup if there is a +1.5 

kV potential on the grid. Varying the potential on the grid will allow for 

measurement of the ion (or electron depending on the grid polarity) 

energy. Also, if the grid potential is set to zero, the total beam current 

can be measured. 

   
Figure 18: Left: Photograph of the Kimball Physics Faraday cup. Right: 
Arrangement of the retarding potential analyzer grids. (a) ground, (b) 

retarding grid, (c) secondary electron suppression grid, and (d) 
Faraday cup. Figure is not to scale. 



 27 

While the Faraday cup in Figure 18 is well-suited for determining 

the energy spectrum of a beam, it has a relatively small aperture. If 

the incident beam has a large solid angle, only a small portion of the 

beam is measured. This can result in a small signal, and reduces the 

accuracy of measurements of the total beam current. A “large-area” 

Faraday cup was constructed to measure the total beam current. A 

photograph of this cup is shown in Figure 19. A current viewing 

resistor was added inside the cup and where possible, the exterior of 

the cup was grounded. As with the small-area cup, three grids were 

placed in front of the Faraday cup. However, the grid-to-grid spacing 

was increased to allow for a greater potential to be placed on the 

grids. Without this added distance, breakdowns between grids would 

be likely. 

 
Figure 19: Large-area Faraday cup with attached retarding potential 
analyzer. Grid configuration is the same as in Figure 18. 
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Even with a large-area Faraday cup placed close to the source, 

there is still the requirement for at least two correction factors. First, 

the copper grids need to be accounted for. When a particle is traveling 

through the grids, there is a possibility that it is collected by the 

material and does not pass. The open area fraction of the grid affects 

the percentage of particles that pass. This is defined as the percentage 

of total grid area that is metal. For the grids used in the Faraday cup, 

this is 0.68. In reality, this number may be smaller or larger because 

the metal grid can alter the path of the particle. For two grids, the 

total open area fraction utilized is 0.682=0.462. 

The second correction factor takes into account the effect of not 

all of the beam emitted from the FEPT being collected in the cup. To do 

this, the solid angle (percent collected) is calculated using 
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where Θ and φ are angles in spherical coordinates, F(Θ) is a 

distribution function representing the variation beam intensity versus 

Θ, and Θc is the collection cone angle. The collection cone angle is 

given by 
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where rcup is the radius of the Faraday cup and zcup is the distance from 

the beam source (the FEPT surface) to the aperture of the Faraday 

cup. It is assumed that the beam source is a point source. The beam 

distribution versus Θ is unknown, so the solid angle for two typically 

used distributions is calculated. For an isotropic beam, F(Θ)=1. Also, if 

the beam is “tighter” it may look more like F(Θ)=cosΘ. Table III shows 

a summary of the correction factor calculations. For these calculations, 

the cup was placed a distance of 27 mm away from the FETP and a 

cup radius is assumed to be 13.5 mm. As shown, it is estimated that 

between 5 and 10 percent of the FEPT beam is collected in the Faraday 

cup. 

Table III: Solid angle and correction factors for large area Faraday 
cup. 

Assumed Distribution Solid Angle Total Correction Factor 

F(Θ)=1 20.0% 0.093 

F(Θ)=cosΘ 10.5% 0.049 

 

2.4.2 Simulation 

A second concern in addition to measuring a large portion of the 

beam is to ensure that the Faraday cup does not interact with the 

particle acceleration mechanism of the FEPT. It is hypothesized that 

particles are electrostatically (or at some frequencies, 

ponderomotively) accelerated out of the plasma due to the applied 

field to the rear electrode [32]. Simulating the electric field in front of 
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the thruster allows a minimum distance in front of the FEPT to be 

found such that the particles are at their final energy and that the 

grounded Faraday cup doesn’t significantly alter the fields. In addition, 

an estimate of the particle energy can be made. 

An electrostatic field simulation of the FEPT is shown in Figure 

20. From the same simulation, Figure 21 shows the simulated electric 

field magnitude with a 1 kV voltage applied to the rear FEPT electrode. 

Fields are plotted along a line normal to the ferroelectric surface 

placed in the center of the aperture. As shown, the direction of the 

electric field vectors reverses at a distance of ~7mm from the 

aperture. This is adjustable by changing the size of the ground plane. 

Smaller ground planes produce fields that look more and more like an 

electrical dipole. Simulations presented here are for a 30mm diameter 

ground plane. With this geometry, the magnitude of the field at 3mm 

is 10% that of the field at the ferroelectric surface. Also the maximum 

reverse field magnitude is 0.4% of the field at the ferroelectric surface. 



 31 

 
Figure 20: Electrostatic simulation of the FEPT. 1 kV is applied to the 
rear electrode. The simulation is symmetric about the left axis. 

Equipotential lines are shown along with the electric field vectors. 

 
Figure 21: Simulated electric field magnitude as a function of 

increasing distance from the center of the FEPT aperture. Simulation 
was with a 1 kV voltage placed on the rear electrode.  

Assuming that single particle motion conventions can be used 

(no affect of plasma sheaths, no particle-particle interactions, etc.), 

the distance and velocity of ions versus time can be calculated. The 

acceleration of the particles is assumed to be governed by 
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)sin()()()( φω +== txqEtmatFCoulomb  [m/s]    (10) 

where q is the charge on the ion in Coulombs, m is the mass of the ion 

in kilograms, E(x) is the electric field magnitude in Volts/meter for a 

given distance x, ω is the driving frequency, and φ is the phase 

difference between when the ion is created at the ferroelectric surface 

and the applied field zero crossing. For φ=0, the applied field is zero 

and for φ=900, the field is maximum. The velocity, v and the distance 

versus time can be found by using a “zero-order” numerical solution to 

the differential equation of motion 
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where ∆t is the time-step between iterations. For all following 

calculations, 200 ps was used as the time step. From the above 

equations and restrictions, there are four factors that affect the path of 

the ion: driving voltage (electric field magnitude), driving frequency, 

ion mass, and phase difference between ion creation and applied 

voltage zero crossing.  

Note that two factors can reduce the velocity of an ion. First, at 

a certain distance from the FEPT, the electric field magnitude reverses 
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direction. Even if the applied voltage is positive, eventually the field 

reverses direction and the FEPT will attract ions rather than repel. 

Second, since the applied voltage is rf, every half-cycle the polarity 

reverses. If the applied frequency is high enough, and the ion is still 

within the strong influence of the fields from the applied voltage, the 

particle will be attracted to the FEPT. One simulation of the particle 

path is shown in Figure 22. These characteristics were calculated 

assuming the electric field distribution given by Figure 21 (1 kV applied 

voltage), a frequency of 385 kHz, a mass of 109 amu (silver), and a 

phase difference of 450. The ion energy levels off at ~470 eV after the 

ion travels between 10-26 mm from the aperture. Also, the final ion 

kinetic energy is 47% of the applied potential energy to the rear FEPT 

electrode. Because the ion acceleration varies linearly with applied 

electric field, the metric of normalized ion energy (Eion/Vapplied) can be 

utilized. Also, the “final” normalized ion energy is defined as the 

normalized ion energy after the ion is >32 mm from the FEPT surface 

(the longest distance for which the electric field was simulated). 
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Figure 22: Ion energy and distance from FEPT aperture versus time. 
For a driving frequency of 385 kHz, mass of 109 amu, and a phase 

difference of 450. 

As will be shown in the next section, the ion beam from the FEPT 

is made up of several elements, including lithium (6.9 amu) and silver 

(107 and 109 amu). Figure 23 and Figure 24 show simulation results 

assuming an ion mass of 6.9 amu and 109 amu respectively. Final 

normalized ion energy is shown with respect to both the driving 

frequency and phase difference between ion emission and applied 

voltage zero crossing. For lithium there is very little effect of the 

driving frequency on the final particle energy. The end energy appears 

to be maximized when the ion is emitted at about the maximum of the 

applied voltage. 
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Figure 23: Final normalized ion energy with respect to driving 

frequency and phase difference. Assumed mass of 6.9 amu (lithium). 

For the silver ions, there is a large effect of driving frequency on 

the final particle energy. It is a particularly strong effect when the ion 

is emitted when the applied voltage is near the zero-crossing. Once 

again, the maximum ion energy occurs when the ion is emitted around 

the time that the applied voltage is maximum. However, this is not as 

apparent when the driving frequency is greater than ~ 600 kHz. With 

a driving frequency of 385 kHz, silver ion have a higher energy than 

lithium ions except when the phase shift is ~120o. 
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Figure 24: Final normalized ion energy with respect to driving 

frequency and phase difference. Assumed mass of 109 amu (silver). 

2.4.3 Measurement 

Using the large-area Faraday cup shown in Figure 19, 

measurements of both the ion and electron current were made. Many 

parameters were shown to affect the ion current magnitude including 

driving frequency, applied voltage magnitude, crystal material, crystal 

magnitude, and crystal geometry. Below, two of the factors with the 

largest differences are compared.  

Highlighted in the next chapter, the amount of piezoelectric 

coupling in the disk has a large effect on the formation of plasma in 

the FEPT surface. One disk configuration (disk 3 from Table II) had a 

very low piezoelectric coupling and another (disk 7 from Table II) had 

a relatively high piezoelectric coupling. The measured ion currents and 

driving voltages are shown in Figure 25 and Figure 26 respectively.  
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Figure 25: Measured ion emission current and applied voltage. 0.3 mm 

thick lithium niobate with low piezoelectric coupling used. 

 
Figure 26: Measured ion emission current and applied voltage. 2 mm 

thick lithium niobate with large piezoelectric coupling used. Trace is 
the average of 16 shots. 

One observation on the two ion current plots is the magnitude of 

voltage required to emit current. When piezoelectricity is utilized, 

much more voltage is required to get a comparable amount of ion 

current. For both cases, the ion current occurs in bursts. This is in 

agreement with the photographs presented in section 2.3.  
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The temporal ion current magnitude is skewed by two factors. 

First, the axial distance of the Faraday cup from the FEPT surface 

serves to widen the ion current pulse. As will be shown in the following 

section, there is a spectrum of different ions in the beam. If the ions in 

the beam have the same energy, heavier ions will travel slower than 

lighter ions. If the Faraday cup is placed very close to the FEPT, the 

measured ion current burst is shorter in time than if it is further away. 

Second, there is capacitance associated with the Faraday cup and the 

measurement cables. This partially integrates the ion pulse. 

Nevertheless, the area under the current pulses is the total charge 

expelled from the thruster. 

Detailed in the introduction, a variety of factors are hypothesized 

to influence plasma and particle emission from ferroelectrics. One 

factor is triple point enhancement. In Figure 25, the current pulse 

begins with anywhere from 500 V applied to 1500 V applied. In Figure 

26, the ion current actually begins before the applied voltage zero 

crossing. This is further support for the hypothesis that piezoelectricity 

has an effect on ion emission and plasma formation: the induced 

voltage is highest when the applied voltage is lowest. Ions are emitted 

when there is not a large applied field which may cause these ions to 

not have a large kinetic energy.  
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To measure the ion energy, a retarding potential analyzer was 

used with the large-area Faraday cup. Electrons were screened out in 

order to ensure their negative charge did not cancel out the positive 

charge from the ions. A positively biased grid was swept in magnitude 

anywhere from zero to 400 V. The charge emitted per pulse was 

measured for the various potentials applied to the grid. Two ion energy 

spectra found with this method are shown in Figure 27 and Figure 28. 

In the first figure, piezoelectricity was not utilized, and in the second it 

was. The average ion energies for both were ~100 eV. 

 
Figure 27: Ion energy spectrum with z-cut lithium niobate. Maximum 

applied voltage is ~1.7 kV. Average ion energy is ~100 eV. 
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Figure 28: Ion energy spectrum with 2mm thick lithium niobate. 
Maximum applied voltage is ~800V. Average ion energy is ~100eV. 

It appears that regardless of applied voltage and utilization of 

piezoelectricity, the measured average ion energy is approximately the 

same. It is possible that there is a difference, but the resolution of the 

measurement is not sufficient to resolve it. Also, there may be a 

difference in the number of high energy ions, but the amount of low 

energy ions in the current is much larger. 

The measured energy of the ions was lower than as predicted by 

the simulations in section 2.4.2. There are several possibilities for this. 

First, it is possible that the assumptions made for the simulations are 

not appropriate (no effect of plasma sheath, no effect of particle-

particle interactions, etc.). Second, as shown in Figure 26, a significant 

amount of ions are emitted prior to a positive voltage being on the 

rear electrode. These ions would not be accelerated away from the 

thruster due to the applied voltage and would have a kinetic energy 

dictated by their thermal velocity on the order of ~1 eV. 
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2.5 Mass and Emission Spectroscopy 

Past emission spectroscopy studies on ferroelectric plasma 

sources have indicated the presence of atoms and ions of the 

ferroelectric and electrode material as well as hydrogen in the plasma 

[35]. Time of flight experiments yielded similar results [17;36]. Also, 

observed Doppler broadening and relative intensities of Hα and Hβ 

spectral lines showed ion and electron temperatures in the plasma less 

than 0.6 and 3.0 eV respectively [35]. 

 
Figure 29: Photograph of spectrometer experimental setup. 

An Ametek/Dycor M200M gas analyzer quadrupole was used to 

find the mass of the ions emitted from the FEPT. With the integral 

ionization filament and acceleration grid turned off, the FEPT with SLN 

was directed towards the quadrupole input aperture. Ions resolved 

were the two isotopes of silver, 107Ag and 109Ag, 93Nb, 7Li, as well as 
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doubly ionized Nb. For emission spectroscopy experiments, we used an 

Acton SpectraPro 2300i 0.3 m spectrograph with gratings of 2400 and 

300 grooves/mm. The photocathode of a PI-MAX ICCD camera imaged 

the output slit of the spectrograph. Two spectra taken are shown in 

Figure 30 and Figure 31. Among others, the Ag I, Nb I, Li I and Nb II 

lines were visible. Ag II lines are very low in relative intensity [37], 

and therefore were at the level of background noise in our 

experimental setup. Table IV is a summary of some of the mass and 

emission spectroscopy lines observed. Both the mass and emission 

spectroscopy experiments are consistent with the proposed theory 

[16;17;35;36;38] that a main component of the plasma formed in 

ferroelectric plasma sources is the ferroelectric itself and electrode 

materials. 

 
Figure 30: Optical emission spectrum of the FEPT with a SLN 

ferroelectric. Two Ag I lines are shown. 
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Figure 31: Optical emission spectrum showing two Li I lines and a Nb I 
line. 

Table IV: Summary of some of the observed mass and emission 
spectroscopy lines. 

 Ion Mass/ionization state (amu) 

 Ag+ 108.9, 106.9 

Mass Spec. Nb+ 92.9 
 Nb++ 46.5 

 Li+ 6.9 
   

 Spectrum Wavelengths (nm) 
 Ag I 328.1, 338.3 

Emission Spec. Nb I 405.9, 408.0, 410.1, 590.1 
 Li I 610.4, 670.8 

 Nb II 202.9, 203.3, 210.9 

 

It was originally believed that the background gas was a major 

component of the plasma. To test this, we experimented with the FEPT 

in a background of 10-5 Torr of Argon. Although a small Argon ion 

current was measured with the quadrupole, Ar I and Ar II lines were 

not visible with emission spectroscopy. In addition, measured ion 

current was approximately constant as background pressure was 
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varied from 10-7 to 10-5 Torr. In a background of 10-5 Torr of Argon, 

the neutral arrival rate to the FEPT aperture is ~3*10-11 kg/s. We 

measured ion mass flow rates (assuming argon) of ~6*10-10 kg/s. 

Therefore, even if all of the background neutrals flowing into the FEPT 

aperture are ionized and accelerated, the background gas cannot 

account for all the ions. 

 
Figure 32: Mass spectrum for FEPT operating in a high vacuum. 

If thruster materials are a major component of the emitted ion 

beam from the FEPT, it is desirable to find parameters which minimize 

damage to the thruster itself. Excess ablation of ferroelectric or 

electrode material may cause the thruster to have reduced 

performance. One proposed operation scheme is to utilize silver paint 

on the surface as a solid propellant. Future designs may have large 

amounts of this solid propellant on the ferroelectric surface which is 

ablated away over time.  

To test the effect of adding or removing paint on the ferroelectric 

surface on the ion beam composition, two FEPTs were made. One had 

a large amount of paint on the surface, and one had minimized paint 

on the surface. Photographs of typical painting are shown in Figure 33. 
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The hypothesis is that if there is more paint on the ferroelectric 

surface, that the plasma formed on the surface will be composed of a 

larger amount of the paint than the ferroelectric materials such as 

niobium or lithium. 

 
Figure 33: Photographs of the FEPT surface with maximized paint (left) 

and minimized paint (right). 

A randomized block design of experiment was performed with 

time as the blocking variable. A thruster with a large amount of paint 

was directed at the mass spectrometer and the percent composition of 

the beam was measured. Specifically, the amount of silver was 

compared to the amount of niobium. The thruster was fired ten times, 

and then switched with a thruster containing a minimum of paint of 

the surface. One result from this experiment is shown in Figure 34. 

With minimized silver paint, there is a relatively small amount of the 
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two silver isotopes compared to the niobium. There is a large amount 

of the silver in the beam when more paint is added. 

 
Figure 34: Effect of amount of paint on the beam composition. 

This simple experiment demonstrates that the ion beam 

composition can be changed by altering the materials on the 

ferroelectric surface. It may also be possible to place conductive 

coatings over the ferroelectric surface to even further reduce 

ferroelectric erosion. Future studies can emphasize optimization of the 

electroding procedure with respect to reduced erosion, low power 

consumption, and low applied voltage. 
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CHAPTER 3: UTILIZATION OF PIEZOELECTRICITY 
 

 

 

 

Traditionally, there has been emphasis placed upon the role of 

ferroelectricity and triple-point enhancement in the operation of FPSs. 

These effects can be very influential in the operation of the device. 

However, I have identified another strong factor for device 

performance, piezoelectricity. This chapter is a presentation of the 

design, simulation, experiment, and analysis of the role of 

piezoelectricity in FEPT operation. 

3.1 Theory 

Interaction processes are possible between two of three 

systems: electrical, mechanical, and thermal. Piezoelectricity is defined 

qualitatively as a linear interaction between the electrical and 

mechanical systems. However, it is pyroelectricity, a process for a 

linear reaction between the electrical and thermal systems, which was 
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first discovered. It was first observed in the early 18th century that 

tourmaline crystals, when placed in a fire, would first attract ashes, 

and then repel them. Brewster in 1824 coined the term pyroelectricity 

to describe this effect from certain crystals, with his work primarily 

centered on Rochelle salt. Lord Kelvin related this effect to the crystal 

structure itself; specifically that it was due to a permanent polarization 

of the crystal [39;40].  

It was this study of pyroelectric crystals that led to the discovery 

of Pierre and Jacques Curie in 1880 that some crystals induced positive 

and negative net charges on particular surfaces when compressed. The 

charges were found to be proportional to the pressure and disappeared 

when the pressure was released. Bragg and Gibbs in 1925 gave a 

qualitative explanation of piezoelectric polarization in quartz utilizing x-

ray analysis. This effect has been termed direct piezoelectricity: 

electric polarization is produced by mechanical stress. The converse 

effect is where a crystal becomes strained when an electric field is 

applied [39;40].  

An illustration of the concept of piezoelectricity is shown in 

Figure 35. Here, the intensive variables of stress and electric field are 

assigned variables T and E respectively and are coupled through the 

process of piezoelectricity. Lines connecting variables represent linear 

interactions between the systems and the coupling coefficients for the 
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interactions are also given. An unprimed constant represents a direct 

effect while the primed constant represents a converse effect. As 

shown, there are also linear interactions with the extensive variables 

stress and electric flux density. Assuming no change in temperature, 

the constitutive relations for the coupled mechanical and electrical 

systems is given by 

mmijkl

E

ijklij EdTsS +=         (14) 

m

T

nmklnkln ETdD ε+=         (15) 

where the superscripts T and E represent constant electric field and 

constant stress respectively. The subscripts represent indices of the 

tensor [39]. 

 
Figure 35: Interaction processes and the associated constants for 
electrical and mechanical systems. 

The concept of piezoelectricity has been utilized in many fields, 

including the area of transducers. In this field, the concept of an 

electromechanical coupling coefficient (coupling factor), k, is used 
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extensively. Many factors go into determining the coupling factor such 

as crystal orientation and input/output arrangements. Typically, the 

square of the coupling factor is used because it has a direct definition 

of 

energy electrical supplied

energy mechanical stored2 =k        (16) 

or 

energy mechanical supplied

energy electrical stored2 =k        (17). 

An analog for the coupling factor is the factor indicating the amount of 

inductive coupling, kt, in a transformer 

21
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kt =           (18) 

where M is mutual inductance and L1 and L2 are primary inductance 

and secondary inductance respectively [41].  

The coupling factor is a characteristic index for the performance 

of a transducer, but is not necessarily a direct measure of conversion 

efficiency. Efficiency is the ratio of output to input energy in a system, 

λ. The maximum efficiency possible in a given transducer is given by 
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While many engineers are more familiar with the concept of efficiency, 

transducer design utilizes the concept of the coupling factor, so it is 

that variable which I reference [39]. 

3.2 Piezoelectric Effect in PZT 

The utilization of piezoelectricity in the FEPT was discovered by 

accident. I found that the device created plasmas at much lower 

voltages for one applied frequency than another. There seemed to be a 

“sweet spot” for the creation of plasma using PZT just below ~220 

kHz. This occurred in backgrounds of both atmospheric-pressure air 

and in high vacuum. There was not literature supporting this effect as 

most of the utilization of the ferroelectric crystals as plasma sources 

was done single-shot. The following section is a presentation of my 

initial experiment and analysis of the PZT crystal. 

With applied voltages below the plasma creation threshold, the 

simplest circuit model of the FEPT is a capacitor. Therefore, with a 

linear increase in frequency, there should be a linear decrease in 

impedance magnitude. This model is appropriate for much of the 

frequency spectrum, however in some ranges it is not. As shown by 

one such impedance measurement in Figure 36, there is both a local 

minimum and maximum for the FPS impedance. This is consistent with 

the properties of piezoelectric resonance [41]. 
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Figure 36: FPS impedance magnitude without plasma formation with 

respect to driving frequency for a 1 mm thick PZT disk (disk 2 in Table 
II). The impedance magnitude is compared to the circuit simulation 

results. 

There are many possible modes of vibration with the FPS 

geometry; one is the translational effect radial mode of vibration for a 

thin disk. In this axially and azimuthally symmetric mode of vibration, 

the radially directed vibration wave is perpendicular to the axial 

direction of dielectric poling. Using first-principles and piezoelectric 

disk parameters, Ikeda derived the electromechanical coupling 

coefficient kp and the resonant frequency ωRn, given by (20) and (21). 

The equivalent circuit for the disk in this vibration mode is shown in 

Figure 37. This consists of a shunt capacitance C0 and dielectric loss Rd 

as well as mechanical components Cm, Lm, and Rm. The values of Cm 

and Lm are given in (22) and (23). In these equations, a is the radius 

of the disk, Rn and pn are constants dependent on Poisson’s ratio σ, 

and n is an odd index of the vibration harmonic [41]. These represent 
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the disk’s effective mass (Lm), stiffness (1/Cm), and damping (Rm) 

[42]. 
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Figure 37: Equivalent circuit model for a piezoelectric element with the 

first vibration mode. Equivalent circuits for higher vibration harmonics 
include additional RLC parallel branches. 

If circuit element values are found via curve fitting, k2 can be 

calculated to be 
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Also shown in (24), an estimation of k2 can be made by using only ωr 

and ωa [43]. For this study, we use these frequencies to calculate k
2 as 
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well as find the value for Cm if C0 is known. The second figure of merit 

Qm is given by 
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The mechanical loss tangent is given by Qm
-1 [41]. I found that the 

estimation of Qm using the frequencies and impedance values over-

estimated the value of the experimentally found Qm. Therefore, Rm is 

found by curve fitting to experimental data. 

Figure 36 shows a simulation of the equivalent circuit of the FPS 

with a 1.0 mm thick PZT disk (disk 2 in Table II). All circuit elements 

were derived except Rm, which was adjusted until a good fit to data 

was obtained. The frequency (for a given vibration mode) where the 

impedance is minimum, Zmin, is the resonance frequency, ωr, and the 

frequency where the impedance is maximum, Zmax, is the anti-

resonance frequency, ωa.  The resistance value primarily affected the 

magnitude of the impedance at the resonant and anti-resonant 

frequencies. Also, it slightly changed the value of the anti-resonance 

frequency. The simulated impedances matched well with the 

experimentally obtained values. The resonant frequency for this mode, 

given by (21), is not dependent on disk thickness. Experiments 
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confirm that the impedances for both 0.5 mm and 1.0 mm thick PZT 

disks were minimum within ~10 kHz of the same frequency.  

The radially directed vibrations in the FPS are similar to the 

longitudinal vibrations in the Rosen-type PT [44;45]. The “primary” in 

the FPS is driven through the thickness. The “secondary” is the 

aperture in the center of the front electrode. Resonance corresponds 

to the frequency at which the piezoelectric disk most efficiently 

converts electrical energy to mechanical energy. Therefore, around the 

resonant frequency, it is expected that there are also large developed 

surface potentials in the FPS aperture due to the piezoelectric effect. 

I indeed found correspondence of this resonance to breakdown 

voltage in the FPS. Breakdown voltage is defined as the lowest voltage 

in which there was measured photon emission for every half-cycle of 

the applied voltage burst (typically ~15 cycles). The breakdown 

voltages measured for a 1 mm thick PZT disk in atmospheric pressure 

air are shown in Figure 38. As the FPS impedance decreases toward 

the piezoelectric resonance at ~235 kHz, the breakdown voltage 

decreases to a minimum at the same frequency. The breakdown 

voltage increases after the frequency is increased above the 

resonance. Above ~245 kHz, the breakdown voltage was above the 

maximum output of the driving circuitry. Plasma was not formed with 

>540 V applied at 255 kHz or with >800 V applied at 270 kHz.  
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This piezoelectric effect extends to operation in a vacuum 

background as well. Figure 39 shows breakdown voltages with respect 

to driving frequency for FPS operation in atmosphere and vacuum 

backgrounds. At 200 kHz, the breakdown voltage was ~60% and 

~50% higher than the atmospheric pressure breakdown voltage for 

the 1.0 and 0.5 mm thick disks, respectively. However, the difference 

between the atmospheric pressure and vacuum threshold voltages 

becomes almost zero at driving frequencies close to the radial 

resonance. Also shown in Figure 39 is the effect of disk thickness on 

the breakdown voltage. Again, at 200 kHz, the breakdown voltage for 

the 1.0 mm thick disk is higher than the 0.5 mm disk at both vacuum 

and atmospheric pressure. At the resonant frequency there is no 

discernable difference. 

 
Figure 38: FPS impedance and the breakdown voltage in atmospheric 

pressure air versus driving frequency. Above ~245 kHz plasma 
formation was not achieved due to both the higher voltage 

requirements and limitations in driving circuitry. The impedance 
measurement was taken without plasma formed on the PZT surface. 
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Figure 39: Breakdown voltage for two different PZT disk thicknesses 
and two different background pressures. Data was taken with 

increasing frequency until plasma was not able to be formed due to 
driving circuitry limitations. The resonant frequency found from 

impedance measurements is shown for the (a) 1 mm thick disk and 
the (b) 0.5 mm thick disk. 

Researchers have suggested that the triple point enhancement 

due to the applied field can be a predominant factor for plasma 

formation in vacuum FPS [46]. At the lower applied voltage 

frequencies of our experiment range, our data are consistent with this 

claim. The thicker disk had a higher breakdown voltage than the 

thinner disk. It is expected that thinner disks have a higher triple-point 

field enhancement than the thicker disks. The frequency dependence 

of the observed breakdown voltage was correlated to the impedance 

and the radial resonance of the disk. Even with potentially large effects 

of disk surface or electrode conditions, the applied frequency had a 

large effect on breakdown voltage. 
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The data clearly show that in both atmospheric and vacuum 

operation, the applied voltage frequency has a significant effect on the 

required applied voltage magnitude to create plasma. These 

experiments offer another possible mode of plasma generation in 

these devices. Little research into bipolar, rf-driven vacuum FPSs has 

been reported [3;47], so this resonance effect may widen the 

applicability of these sources. Additionally, using a radial piezoelectric 

resonance mode eliminates some of the difficulties associated with the 

Rosen-type transformer including an inhomogeneous polarization 

direction [48]. 

3.3 Finite Element Simulation 

The large majority of strong-emission FPS utilize high dielectric 

constant ferroelectrics such as PZT and barium titanate. A decision was 

made to switch to a much lower dielectric constant material, lithium 

niobate, due to its several advantages. First, lithium niobate has a 

lower dielectric loss tangent of 0.0013 compared to PZT. This means 

that the electrical losses in the material will be lower. Second, the 

dielectric strength of lithium niobate is ~20 kV/mm compared to ~1 

kV/mm in PZT. This effectively removes the possibility of bulk 

breakdown through the disk. Third, the piezoelectric coupling factor in 

lithium niobate has been shown to be very large for certain rotations 

of the crystal axis [49]. 
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One difficulty in using lithium niobate in the FEPT is that the 

disks need to be made with a crystal rotation not orthogonal to the 

disk surfaces. Deriving analytical expressions for the equivalent circuit 

elements is difficult and time-consuming when the polarization 

direction is not orthogonal to the geometry’s surface, so finite element 

(FE) modeling is used. I utilize the ATILA code to accomplish this [50]. 

One advantage of this code is that dielectric and elastic losses are 

easily incorporated into the model. 

My first experiment involved using z-cut (Θ=0o, α=0o) disks of 

lithium niobate. The crystal rotations are defined in Figure 40. There 

was not any significant change in the impedance due to the radial 

vibration mode. This may be expected due to the very small 

electromechanical coupling for this geometry and polarization [48]. 

Results for simulations using other rotations are shown in Figure 41. 

As shown, when the polarization axis is rotated away from the 

thickness direction, much larger coupling coefficients can be obtained. 

One disk was manufactured with an orientation of Θ=450 and α=450. 
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Figure 40: Definitions used in specifying crystal rotations. 

 
Figure 41: Simulated electromechanical coupling coefficient for several 
different crystal rotations. Angle definitions are as shown in figure 2. A 

2.0 mm thick and 10.0 mm diameter disk with a 5.0 mm diameter 
front electrode aperture was used. 

To find the values for Lm and Cm the circuit elements in Figure 

37, I use (23) and (24). Also, it is assumed that the dielectric loss 

factor for lithium niobate is 0.0013 [51] and therefore, Rd=Xc*tanδd 

where Xc is the reactance of C0. The values of Rm and C0 are found by 

curve fitting. One result of this curve fitting of experiment to model is 

shown in Figure 42. Using (24) and (25), the experimentally generated 

values of k2 and Qm for this disk are 0.0659 and 95.9 respectively. This 

value of Qm was used to calculate the elastic loss tangent to use in the 
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FE simulations. The impedance curve generated from this FE 

simulation is also shown in Figure 42. There is a very good match 

between all three of these methods of finding the impedance. The FE 

simulation does yield a larger k2 value of 0.081. However, the Zmax and 

Zmin values as well as ωr match the experiment very closely. 

 
Figure 42: Comparison of three different impedance magnitude values: 
experiment, circuit model, and simulation. Experimental resonance 

and anti-resonance frequencies as well as mechanical dampening and 
low-frequency capacitance values are used in the circuit model 

element calculations. The mechanical quality factor found from the 

circuit model is used in the simulation. Experiment k2=0.066 and 
simulation k2=0.081. The effects of stray capacitance (~6 pF) are 

reflected in the curves. 

One motivation for the simulation of the piezoelectric properties 

of the device is to provide predictions for the electric potential 

multiplication which is hypothesized to strongly influence breakdown 

behavior. Good agreement between experiment and simulation of the 
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values of impedance, shown in Figure 42, provides confidence as to 

the accuracy of the simulation. 

Figure 43 shows FE simulations of the equipotential lines far 

below, just below, and at the resonance frequency. Far below 

resonance where piezoelectric effects likely have little effect, the value 

of the largest equipotential in the aperture is not significantly larger 

than the applied potential. As the applied frequency is closer to 

resonance, the value of the maximum potential increases. I define the 

ratio of the maximum equipotential line in the aperture to the value of 

the applied potential as the transformer ratio. This is shown versus 

frequency in Figure 44. These plots show that this transformer ratio 

directly corresponds to the FEPT impedance. Previously using PZT, 

impedance was directly correlated to breakdown voltage. The 

contention is made that FEPT input impedance corresponds to 

transformer ratio in PZT and that the simulated transformer ratio in 

lithium niobate will correspond to breakdown voltage. 
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Figure 43: FE simulation of the FEPT at (a) 270 kHz, (b) 390 kHz, and 
(c) 405 kHz. Simulations are symmetric about the left axis. The front 

electrode is grounded and the rear electrode is driven at a potential of 
V0. Equipotential lines are shown and the value of the largest 

equipotential is labeled. 

 
Figure 44: Simulated transformer ratio. The transformer value is 

defined as the largest value equipotential on the aperture surface 
divided by the applied voltage. 
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Indeed, it was experimentally verified that a reduced breakdown 

voltage was achieved with lithium niobate at or around the radial 

piezoelectric resonance. Figure 45 is one demonstration of this. The 

applied voltage burst begins at time equal to zero. At the start of the 

burst, the applied voltage and current are ~900 out of phase 

representing an equivalent circuit model of a capacitor. However, as 

time goes on, they become in phase. This is hypothesized to correlate 

with the disk beginning to vibrate due to the radial piezoelectric effect. 

Eventually, particle emission is measured. Emission was not measured 

for a large applied voltage (~700 V), but for a lower applied voltage 

(~200 V). The generation of a large electric field in the FEPT aperture 

is the hypothesized mechanism. 

 
Figure 45: Effect of piezoelectricity on particle emission. As the disk 
begins to vibrate, the impedance changes and the applied voltage and 

current become in phase. Eventually, plasma formation is induced as 
shown by the particle emission at around 67 µs. 
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3.4 Relation to Performance 

3.4.1 Power Consumption 

One important parameter for FEPT performance is average 

power dissipated. There are at least three separate mechanisms which 

dissipate power in the FEPT: dielectric losses, elastic (mechanical) 

losses, and losses due to plasma formation and ion acceleration. The 

first two areas have been identified as the main sources of power 

dissipation. Figure 37 was altered to give the circuit model shown in 

Figure 46. Here, four different paths are shown in which the current 

from the generator can flow. The first branch represents the stray 

capacitance and dielectric loss in the system. This is mainly due to the 

capacitance of the coaxial cables connecting the generator to the FEPT. 

The second path is the capacitance and losses for the PZT and lithium 

niobate. The third path represents the current which goes into 

vibrating the disk. The final path represents the current which goes 

into heating the plasma and is lost to the emitted beam. 
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Figure 46: Detailed circuit model of the FEPT. 

With this circuit model, estimations of the power dissipation can 

be made. Average power is given by  
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so the complex value of impedance needs to be found for each branch. 

For the dielectric losses in the first two branches, the impedance is 

given by the series combination of the elements, 
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For the third branch, the series combination of the three impedances is 

mm

m

mLmCmm RfLj
fCj

RXXfZ ++=++= π
π

2
2

1
)( .    (28) 

The circuit element values in these equations are given by the method 

described in section 3.3. The circuit element values that achieved the 

fit to experimental data in Figure 42 are given in Table V. 
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Table V: Circuit element values for the equivalent circuit of FEPT. 

Found by matching experimental data as in Figure 42.  

Circuit 

Element 
Value 

C0 36 pF 
Cm 2 pF 

Rm 2000 Ω 
Lm 77.4 mH 

tanδm 0.0102 

 

Using (26), (27), and (28), the average power versus frequency 

is calculated with a maximum voltage of 1 kV. Results for each 

component of loss are shown in Figure 47. While the dielectric losses 

do slightly increase with increasing frequency, they are very small 

compared to elastic losses. Near the resonant frequency, the elastic 

losses in the FEPT can be over 100 W with 1 kV applied. At around 15 

kHz below the resonant frequency, the elastic losses are ~5 W and the 

dielectric losses are <0.1 W. Therefore, near the resonant frequency, 

the power losses are dominated by elastic losses generated by the 

vibration of the disk. 
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Figure 47: Components of average power in the FEPT with a Vmax of 1 

kV. Found using circuit model of Figure 46 and the experimentally 

found circuit element values given in Table V. 

The third component of the power dissipated in the FEPT is the 

losses associated with heating the plasma and the particle beams 

leaving the device. There are many parameters which affect these 

losses such as applied voltage, frequency, and paint on the surface. 

Unfortunately, a strict relation between power and these parameters 

was not found. The difficulty arises because the amount of plasma on 

the surface can vary based on the precise electrode conditions. When 

standardized electrode deposition techniques are used to create the 

electrodes in the future, a relation might be realizable. Nevertheless, 

using (3) and (4), the power for individual shots can be calculated. The 

measured power for a disk such as the one used to generate the 

curves in Figure 46 was 4-20 W depending on the amount of plasma 
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on the surface. Typically, elastic losses were between 60 and 90% of 

the total losses. 

3.4.2 Effect of Paint Drying 

The ferroelectric disk is affixed to the stainless steel driving 

electrode and ground plane via silver paint. The paint eventually dries 

and hardens. The effect is to mechanically clamp the dielectric disk. As 

expected, this reduces the mechanical vibration and therefore the 

magnitude of the piezoelectric resonance. A disk was allowed to dry for 

one hour, and the input impedance was measured. The same disk was 

allowed to further dry overnight, and the impedance was remeasured. 

The magnitude of the impedance at resonance and anti-resonance was 

reduced. This is shown in Figure 48. Using (25), the mechanical quality 

factor is 19.5 and 8.8 for one hour drying time and drying overnight 

respectively. This correlates to a reduction of the transformer ratio by 

about half. In other words, twice as much voltage is required to form 

plasma after the paint has time to harden.  
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Figure 48: Effect of silver paint drying time on FEPT impedance. 

For all results presented in this dissertation, the FEPT was not 

allowed to dry greater than about four hours before data was taken. 

This ensured that significant paint drying had not occurred. Future 

designs may take advantage of conductive adhesives which do not 

harden over time. For example, a conductive, viscous gel may provide 

the electrical connection between the ferroelectric and the steel 

electrodes. 

3.4.3 Effect on Disk Breaking 

It was noticed during some testing that the impedance 

characteristics of the FEPT drastically changed whenever large voltages 

were applied close to the piezoelectric resonance. After the device was 

inspected, it was found that the ferroelectric disk was shattered into 

several pieces. It is hypothesized that this is due to the material’s yield 
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stress (stress over which the material breaks) being exceeded. When 

the disk vibrates, large stresses are induced in the material.  

Evaluating the strength of materials is a very detailed 

calculation, but it is possible to estimate the breaking point of the 

ferroelectric with a few assumptions. ATILA has the capability of 

simulating the stresses generated in the piezoelectric disk. One 

simulation output is the Von Mises criteria. The Von Mises criteria is a 

formula for combining three principal stresses into a equivalent stress. 

The Von Mises yield criterion states that yielding occurs when σv 

exceeds the material’s yield strength in tension. The Von Mises yield is   
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where σ1,  σ2, and σ3 are the principal stresses [52]. The yield strength 

of lithium niobate varies based upon the applied stress direction with 

relation to the crystallographic axes. This varies anywhere from 30 to 

150 MPa [53].   

Using the same simulation parameters as in Figure 42, ATILA 

was used to generate the Von Mises stresses in the lithium niobate 

disk for various applied voltage frequencies. The voltage magnitude for 

all was 1 V and the disk’s resonance was at 395 kHz. Results are 

shown in Table VI. Also shown is the applied voltage at which disk 

breakage would be expected to occur assuming a yield stress of 30 
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MPa. With applied voltages away from resonance, a large voltage is 

required before the disk breaks. At resonance, as little as 550 V 

applied will break the disk. The potential of disk breakage needs to be 

accounted for in FEPT designs if piezoelectricity is to be utilized. The 

disk will not efficiently vibrate if cracked or shattered. Several times 

that the disk broke during an experiment and the driving frequency 

and applied voltage were noted, the voltages were found to be fairly 

close to the yield voltages listed in Table VI. 

Table VI: Simulated Von Mises Stress Criteria for lithium niobate. 
Simulation parameters are the same as in Figure 42 except without 

the effect of stray capacitance. Resonance is at ~395 kHz. Yield 
voltage assumes a yield stress of 30 MPa. 

Applied 
Frequency 

(kHz) 

Simulated 
Von Mises Stress 

for 1 V Applied 
(kPa/V) 

Yield 
Voltage 

(Vmax) 

Transformer 
Ratio 

350 9 3300 1.49 

360 11 2700 1.72 

370 15 2000 2.12 
380 24 1250 2.98 

385 35 860 3.99 
390 58 520 6.50 

395 59 510 15.3 
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CHAPTER 4: DUAL-USE 
 

 

 

 

The primary interest in developing the FEPT is for use as a 

microthruster. However, there is a possibility that the geometry and 

the operating principle can be applied to other areas. For example, I 

found that the FEPT also operates in backgrounds of atmospheric 

pressure air. This has potential applicability in plasma processing. In 

addition, the concept of a piezoelectric transformer can be used to 

apply the FEPT as a high energy electron or ion generator. This 

chapter is a presentation of both of these topics. It is noted that there 

was a separate follow-up and concurrent study on similar material 

[54]. However, all work presented here was my experimental design, 

data I took, and my analysis.  
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4.1 Atmospheric Pressure Operation 

There are many industrial uses for plasma, and atmospheric-

pressure plasmas are becoming a large area of research. Low-pressure 

plasmas are already essential in the manufacturing process of 

semiconductor devices [55]. However, plasmas operating at low 

pressures require vacuum systems and their associated cost and 

maintenance. In addition, the size of the vacuum chamber limits the 

size of the object to be manufactured. A number of review articles are 

available discussing various atmospheric-pressure plasmas [56-58]. 

This section presents measurements of the FEPT operating in 

atmospheric-pressure backgrounds. 

The experimental setup for the atmospheric pressure FEPT tests 

is essentially the same as presented in sections 1.3 and 2.1. The only 

difference is that the FEPT was operated on the tabletop as shown in 

Figure 49. For some experiments, the thruster was placed in a 

chamber that was filled with Argon.  
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Figure 49: Photograph of FEPT operating on a desktop. 

4.1.1 Framing Photography 

The same camera setup for the high-vacuum background plasma 

photography described previously was utilized for photographing the 

FEPT operating in atmospheric-pressure backgrounds. For backgrounds 

of argon, the FEPT was placed in the vacuum chamber and it was 

backfilled through a gas feedthrough. Atmospheric-pressure 

background was confirmed by a pressure gauge on the feedthrough. 

Photographs of operation in a background of air are shown in 

Figure 50 and the corresponding electrical traces and framing timing is 

shown in Figure 51. As shown, there are filamental discharges that 

occur in roughly the same location from cycle to cycle. The discharges 

have a contact point at the edge of the front electrode and spreads out 

towards the center of the FEPT aperture. After inspection, these 

contact points were typically at an area where the silver paint or 

electrode came to a sharp point. Therefore, it is expected that triple-
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point enhancement plays a large role in determining discharge 

location. 

In addition, there appears to be little effect of the polarity of the 

applied voltage pulse. This is in contrast with the high vacuum 

photographs which appeared more diffuse on the positive cycle 

compared to the negative cycle. This suggests there may be a 

fundamentally different discharge mechanism in the atmospheric 

pressure operation compared to the high vacuum operation. This 

difference in operation was discussed in detail by Dunaevsky [59].  

A final observation from the framing photography is that the 

discharges do not appear to completely dissipate between cycles as 

they did in high vacuum backgrounds. Once a discharge is initiated, 

and the rf voltage is applied, the plasma is present. This is another 

explanation why the filament initiation points are less random than the 

vacuum discharges. The rf power may be utilized primarily in 

sustaining the already existing discharges rather than initiating new 

ones. 
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Figure 50: Framing photographs of the FEPT operating in atmospheric 
pressure air. Exposure time is 2.3 µs. The location of the front 

electrode aperture is highlighted by a dashed line. 

 
Figure 51: Electrical traces and frame exposures for Figure 50. 

Argon-background photographs are shown in Figure 52 and the 

corresponding electrical traces and framing timings are shown in 

Figure 53. In contrast with the air photographs, the discharges appear 

much more diffuse and less filamental. This was accompanied by a 

lower voltage required to form the plasma. 
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Figure 52: Framing photographs of the FEPT operating in atmospheric-
pressure argon. 

 
Figure 53: Electrical traces and frame exposures for Figure 52. 

4.1.2 Schlieren Photography 

Schlieren (meaning “streaks” in German) photography was used 

to image the FEPT in an atmospheric pressure background. Primitive 

versions of schlieren techniques were first demonstrated by Robert 

Hooke in the 17th century and described the technique in his text, 

Micrographia. His first schlieren method was viewing the air 
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disturbance around a candle using a large lens [60;61]. A decade after 

Hooke, Christiaan Huygens demonstrated a version of the schlieren 

technique. He utilized the technique to view striae in glass blanks used 

for lenses [62;63]. 

Schlieren techniques are used to translate optical phase 

differences into amplitude and sometimes color differences that are 

easily imaged by a camera. Phase differences in light can occur 

because of changes in density, and therefore the refractive index, of a 

transparent media. For many simple gasses, the linear relationship 

between the refractive index, n, and the gas density, ρ, is 

ρkn =−1           (30) 

where k is the Gladstone-Dale coefficient. For air at standard pressure 

and temperature, k is 0.23 cm3/g. Optical inhomogeneities bend light 

in proportion to the gradient of the refractive index [63]. 

In an x,y-plane, the curvature is given by 
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By integrating (31) and (32), for a two-dimensional schlieren of extent 

L along the optical axis, this results in angular ray deflections, ε, of 



 80 

x

n

n

L
z

x

n

n
x ∂

∂
=∂

∂
∂

= ∫
0

1
ε         (33) 

y

n

n

L
z

y

n

n
y ∂

∂
=∂

∂
∂

= ∫
0

1
ε         (34) 

where n0 is the surrounding media’s refractive index. Therefore, it is 

shown that changes in the refractive index cause light deflections. This 

is the fundamental operating principle of schlieren imaging [63]. 

I used this technique to image the time-varying properties of gas 

density in front of the FEPT operating at atmospheric pressure. The 

experimental setup is shown in Figure 54. A CW, 528 nm HeNe laser 

was expanded to illuminate the surface of the FEPT. After passing over 

the surface, the beam was focused through a small aperture placed at 

the focal point of the lens. The expanded beam hit a screen and was 

imaged by the PIMax ICCD camera.  

 
Figure 54: Experimental setup for atmospheric-pressure schlieren 

photography. 
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Typically, the front electrode of the FEPT is a large ground plane 

and is adhered to the ferroelectric surface by silver paint. Because it 

was desired to image the surface of the FEPT, a channel was cut on 

two opposite quadrants of the front annular electrode such that the 

surface of the ferroelectric was viewable from the side. A photograph 

of the front of the FEPT with this channeled electrode is shown in 

Figure 55. In addition, the temporal characteristics of the gas density 

were of interest, so multiple gates of the camera were taken. Although 

the gate width (exposure) of the PIMax has a large range of variation, 

the maximum repetition rate of exposures is 1 kHz. In order to film 

several events which occur within 1 ms, the exposures must be taken 

from separate shots.  

       
Figure 55: Left: Photograph of the front of the FEPT with a channel in 
the front electrode. For the schlieren photographs, the laser passed 

from left to right. Middle and Right: Images of the discharge on the 
front of the FEPT. Exposure time is 20 µs. 

One set of frames are shown in Figure 56. For this data set, a 1 

mm thick PZT ceramic was used with a 1.3 mm thick front electrode. A 

2.9 mm wide channel was cut on the front electrode. The driving 
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frequency was 200 kHz and the maximum voltage was 620 V. The 

gate widths were 20 µs and the time between exposures was 51.4 µs. 

Therefore, in Figure 56, 24 different shots are shown, but the delay 

from the start of the voltage burst is incremented by 51.4 µs each 

frame. The right of the photographs is the ferroelectric surface, and 

the top-right and bottom-right corners are the front electrode.  

Several observations can be made from the images in Figure 56. 

Shown starting in frames 2 or 3 and continuing through frame 9, there 

is a dark shadow that is expanding from the ferroelectric surface. It is 

hypothesized that this is pocket of warm gas expanding away from the 

FEPT. Using the known dimensions of the channel as a reference, the 

velocity of this gas is calculated to be ~4 m/s. Until about frame 9, the 

path of this gas appears to be consistent from frame to frame (shot to 

shot). However, after this point, the path of the gas is unclear. This is 

demonstrated by the seemingly random splotches of shadows outside 

the FEPT surface. 



 83 

                     
 frame 1      frame 2      frame 3      frame 4      frame 5      frame 6 

 

                     
 frame 7      frame 8      frame 9     frame 10    frame 11    frame 12 

 

                     
frame 13    frame 14    frame 15    frame 16     frame 17    frame 18 

 

                     
frame 19    frame 20    frame 21    frame 22     frame 23    frame 24 

 
Figure 56: Schlieren images of the front of the FEPT operating in 

atmospheric-pressure air. Frame exposure time is 20 µs and the time 
between frames is 51.4 µs.  Max applied voltage is 620 V. 

The utility of schlieren imaging is its ability to clearly and 

sensitivity show density changes. Unfortunately, quantitative 

measurements of gas or plasma density with this technique are not 

straightforward. To measure electron density in the FEPT plasma, 

interferometry is used.  
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4.1.3 Interferometry 

Interferometry is commonly used to measure electron densities 

in plasmas. We utilized a Michelson interferometer, shown in Figure 

57, to measure the electron density on the surface of the FEPT. The 

laser passed parallel to the ferroelectric surface such that any plasma 

formed on the surface would be imaged in the interferometer. A 2.9 

mm wide channel was cut through the front electrode such that the 

laser passed directly over the ferroelectric surface. A typical 

interferogram with no plasma formation is shown in Figure 58a. The 

profile of the front electrode is highlighted by white lines. Diffraction 

around the surfaces is also visible.  

 
Figure 57: Setup of the Michelson interferometer for measuring 
electron density on the surface of the FEPT. 

When plasma was on the ceramic surface, the interferogram 

appeared similar to Figure 58c. Fringe shifts occurred where the index 

of refraction was altered. This index of refraction change is influenced 
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by both electrons as well as heavy particles. For an optically thin 

plasma, it has been shown that 
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where n is the refractive index, λ is the laser wavelength, ne is the 

electron density in m-3, nheavy is the heavy particle density, and nheavy0 

is the heavy density when T = 273 K and p = 1 bar (n0 ~ 2.69 x 10
25 

m-3). The constants A and B are 2.871 x 10-4 and 1.63 x 10-18 m2 

respectively when T=273 K and p = 1 bar [64;65]. The phase 

difference between the two legs of the interferometer when 

recombined is  
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where l is the scale length of the plasma [66]. Assuming ne = 0 and 

nheavy = nheavy0 for background air and that the plasma density is 

constant over the length of integration, (36) simplifies to 
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Using (37), as the heavy particle density decreases below nheavy0, 

∆s/s decreases. This same negative fringe shift occurs as the electron 

density increases. Framing photographs showed that the plasma 

covered varying amounts of the ceramic surface from shot to shot. 
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Therefore, it is difficult to precisely quantify the length of plasma that 

the laser transversed. On average, the plasma width was ~2 mm. At 

the start of the applied rf burst, the measured fringe shifts were 

~0.05. If the fringe shift is due only to the electrons, the upper bound 

of the electron density is 4.6 x 1016 cm-3. A more precise measurement 

might include use of two different wavelength lasers in the 

measurements. 

 
Figure 58: Interferograms with the FEPT in one leg of a Michelson 

interferometer. (a) Interferogram with an outline of the front electrode 
and the ceramic surface. (b) Zoomed-in view of interference pattern 

with no plasma formed in the device. (c) The same view as in (b) 
except with plasma formed on the ceramic surface. Fringe shifting is 

shown on the far right of the photograph. Measurement lines are also 
shown. 
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4.1.4 Emission Spectroscopy 

Plasma composition and temperatures were measured in the 

FEAPS plasma. Past spectroscopic studies of the discharges from 

ferroelectric sources have shown materials from the ferroelectric and 

electrodes comprise the plasma [35], while further examinations have 

shown background gas at low pressures to compose a marginal part of 

the plasma. At atmospheric pressure, background gas was expected to 

have a much larger role. 

The FEAPS was placed at the 50 µm input slit of an Acton 

SpectraPro 2300i 0.3m spectrograph with gratings of 2400 and 300 

grooves/mm. The output of the spectrograph was imaged by a 

Princeton Instruments PI-MAX intensified CCD camera using a 310 µs 

exposure, 7 µs trigger delay, and 500 acquisitions. For this 

experiment, the FEAPS was built with a 0.8 mm thick PZT disk and 

operated at 50 cycles per rf burst. 

The spectrum in Fig. 6 is a sample of a survey taken to identify 

materials in the plasma. Identified was Pb I, Zr I, Ag I, Ni I and N2 

(Second Positive System). The materials in the plasma were primarily 

excited neutrals from the ferroelectric (Pb I and Zr I), electrode 

materials (Ag I and Ni I) and background molecular nitrogen. Ions 

were likely present, but the relative intensities of the lines were at the 

level of background noise. 
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Optical spectroscopy was also used to determine the plasma free 

electron temperature. We utilized an atomic Boltzmann plot to 

determine this parameter. In order to equate the bound electron 

temperature to the plasma free electron temperature, partial local 

thermodynamic equilibrium (PLTE) must first be established. PLTE 

differs from complete local thermal equilibrium (LTE) in the sense that 

populations of the same species or similar species are in thermal 

equilibrium with themselves but not with the plasma as a whole. With 

neutral atoms, this condition is satisfied when the critical number for 

the transitions utilized is greater than the critical principal quantum 

number, 
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where ne is the plasma electron density in cm
-3, α is the fine structure 

constant, a0 is the Bohr radius, kT is the electron temperature in eV, 

and EH is 13.86 eV [67]. For our experiment, we use Ag I lines which 

have a quantum number of 5. Rearrangement of the above equation 

and evaluation of constants yields a minimum density required to 

establish PLTE of ne,min=2.27 x 10
12 * (kT)0.5. When the electron 

temperature is greater than 1 eV, the electron density must be greater 

than 2.27 x 1012 cm-3. Vacuum FPS have been shown to have densities 

of ~1012 cm-3 [19] and similar atmospheric pressure DC and pulsed 
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plasma sources have densities greater than 1013 cm-3 [64], therefore it 

is reasonable to assume electron densities in the FEPT are sufficient to 

establish PLTE. 

Table VII: Transition probabilities used in Figure 59. 

  
Pickering 
[68] 

 
Zheng 
[69] 

NIST 
[70] 

Average 

l (A) gm Log(gf) 
Aki  

(108) 

Aki  

(108) 

Aki  

(108) 

Aki  

(108) 

3280.7 4 0.013 1.597 1.701 1.400 1.566 
3382.9 2 -0.299 1.464 1.558 1.300 1.441 

4210.9 6 -1.354 0.028 0.119 n/a 0.073 
5209.1 4 0.147 0.862 n/a 0.750 0.806 

5465.5 6 0.379 0.891 0.757 0.860 0.836 

 

The FEPT was driven off-resonance with 750 V maximum applied 

voltage. The relative intensity of five Ag I lines were used to construct 

the Boltzmann plot shown in Figure 59. Because the accuracy of the 

temperature calculation depends on the accuracy of the spectroscopic 

constants employed, calculated transition probabilities utilized were 

the average of reported values from three separate sources, [68-70]. 

Three experimental repetitions were conducted and the relative 

intensities were normalized to the 328.07 nm line. Using linear 

regression, the negative inverse slope of the best fit line through data 

points was 2.3 eV with a 95% confidence interval of 1.8-3.3 eV. The 

N2 rotational temperature was found by modeling the 337.13 nm 

nitrogen band shown in Figure 60 (modeling was done by Scott 
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Kovaleski). Temperatures calculated for selected driving frequencies 

and voltages are shown in Figure 61.  

 
Figure 59: Atomic Boltzmann plot used to determine the free electron 

temperature. The 328.07, 338.29, 421.09, 520.91, and 546.55 nm 

lines of Ag I are utilized. The negative inverse of the slope of the best-
fit line through the data points gives an electron temperature of 2.3 

eV. The linear fit is significant at the α=0.01 level and the R2 value is 
0.801. 

 
Figure 60: Comparison of experiment to model of the N2 second 
positive 337.13 nm band. A 0.14 eV rotational ion temperature is 

found via the model to best fit the measured spectrum. 
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Figure 61: Calculated N2 rotational temperatures from modeling 

337.13 nm band with the FEPT operating in open atmosphere at 
specified operating conditions. 

4.2 Neutron Generator Transformer Design 

There has been much recent attention paid to the possibility of 

having small, portable neutron generators which can be easily turned 

on and off. Pyroelectric crystals have been proposed for this purpose. 

In addition, studies have demonstrated high energy electrons, ions, 

and neutrons from devices containing a pyroelectric element [71-75].  

Receiving a lot of attention is the work by Naranjo. He reported 

deuterium ion currents on the order of 5 nA and neutron counts on the 

order of 500 per second. In those experiments, a pyroelectric crystal 

was heated and cooled to induce a large voltage on one of the faces of 

the crystal. A needle was placed on that face which caused field 

ionization of the background gas of deuterium. These high energy ions 

(~100 keV) accelerated towards a deuterated target. This resulted in a 

D-D fusion reaction [71]. 
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One disadvantage of this device is that the neutron flux is many 

orders of magnitude smaller than might be required in practice. Also, 

the heating and cooling of the crystal occurs over several minutes. 

There is little temporal control of the neutron beam.  

Crystals may be used another way to produce x-rays and 

neutrons. Instead of utilizing the pyroelectric effect, the piezoelectric 

properties of the crystal can be taken advantage of. Two device 

geometries are shown below which might be utilized to achieve this.  

 
Figure 62: Measured electron energy from FEPT. Inset shows 

equipotential lines and their relation to a transformer. 

Detailed in chapters 2 and 3, the FEPT can utilize the 

piezoelectric properties of ferroelectric disks to enhance ion production 

in the aperture. It has also been shown that electrons are emitted 

from the same geometry. One characteristic of the electrons is that 

they have a higher energy than the ions. One measurement of this is 

shown in Figure 62. As shown, the average electron energy is on the 

order of 2 keV (ion energies were ~100 eV). One proposed mechanism 
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for this is that the large electric field due to the piezoelectric crystal 

accelerates the electrons. However, it is also possible that the 

measured electrons are liberated from the crystal itself. Nevertheless, 

it is apparent that devices of this geometry can be used to accelerate 

electrons to relatively high energies. 

One potential application for this is as an x-ray generator. The 

~2 keV electrons could be accelerated into a metal plate to induce x-

rays. The electron beam can have very fine control temporally and the 

energy might be adjustable by tuning the driving frequency and 

voltage. More research is required to confirm this concept. 

The above geometry requires the utilization of plasma as a 

particle source. This plasma may act as an electrical short between the 

transformer primary and secondary. A solution to this potential 

problem would be to use a much larger physical separation between 

the low voltage primary and the high voltage secondary. One 

geometry that has been used a lot is the Rosen-type transformer [44]. 

This geometry is shown in Figure 63. Traditionally, there were two 

different polarizations in the piezoelectric dielectric. However, it has 

been shown that single crystals of special rotation can also be used 

[49]. Single crystals remove much of the complication of having 

multiple polarization direction in the material [48].  
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Using finite-element modeling, a high voltage transformer, 

shown in Figure 63, was designed. The code used for this particular 

simulation is given in Appendix 3. As stated in chapter 3, much of the 

performance of the transformer is due to the assumed mechanical and 

electrical quality factors. For the simulation results shown below, the 

elastic loss tangent was assumed to be 0.0064 and the dielectric loss 

tangent was assumed to be 0.0013. 

 
Figure 63: Diagram of a Rosen-type transformer. (a) Illustration of 

input and output of the transformer. (b) Finite-element modeling of 
the transformer. Labeled are the transformer ratios of the device. 

The simulated transformer ratio is shown in Figure 64. At around 

the resonance at ~22.7 kHz, the transformer ratio will be greater than 

1:100. In other words, if 1 kV was input to the transformer, 100 kV 

would be output. This is approximately the potential required to 

accelerate a deuterium ion to an energy high enough for a D-D fusion 
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reaction. Additional research is required to realize the exact geometry 

necessary to produce this device. However, simulations suggest that 

the Rosen-type, single crystal transformer may be sufficient to 

produce the voltages necessary. 

 
Figure 64: Simulated transformer ratio for lithium niobate crystal 

purchased. 
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CHAPTER 5: THRUST STAND AND MICROTHRUSTER 

CHARACTERISTICS 
 

 

 

 

In chapter 2, a detailed characterization of the plasma plume of 

the FEPT was presented. These data can be used to make a calculation 

of the FEPT thrust and specific impulse. One way to support these 

measurements is to more directly measure the thrust via a thrust 

stand. This chapter is a presentation of the design, characterization, 

and use of a nN-s impulse stand. The data from this stand are 

combined with calculated thruster characteristics from the plasma 

plume to generate the microthruster characteristics.  

5.1 Thrust Stand Design 

While there have been many studies characterizing the plasma 

plume of FPSs, there has not been a study directly measuring the 

generated thrust. Short bursts of 1-100 µN average thrusts are 

difficult to measure and require specially made apparatus. Most thrust 
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stands in this low impulse regime use interferometry to measure 

displacement of a pendulum. Either fringes are counted [76;77] or 

change of fringe intensity is measured [78]. Calibration procedures 

include dropping of small balls on the pendulum [78], using Monte 

Carlo simulations of gas dynamics [79], applying torque due to a pair 

of Helmholtz coils [80], or applying an electrostatic force due to a pair 

of charged plates [77]. Resolutions have been reported as low as 25 

nN [80] and 86 nN [79]. In addition to measuring pulsed or continuous 

thrusts, recent advancements have been made in using a thrust stand 

to directly measure specific impulse as well [81]. 

To directly measure the FEPT thrust, I developed a pulsed thrust 

stand. The thruster volume and mass are relatively small and only two 

wires from the power supply located outside the chamber to the 

thruster were required. Therefore, I was able to mount the thruster, a 

swinging arm, and a Michelson interferometer all on one 6”x4” optical 

breadboard. The thrust stand schematic is shown in Figure 65 and a 

photograph is shown in Figure 66. The HeNe laser, diode detector, and 

beam expander were located outside the chamber while the rest of the 

thrust stand was mounted on the breadboard. 

The function of the interferometer was to convert displacements 

of the swinging arm into an electrical signal. A mirror was mounted on 

the arm in addition to two separate impulse sources: a calibration 
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pulser and the FEPT. The calibration pulser consists of two parallel 

metal disks; one grounded and one attached to a 0-500V, variable 

pulse-width pulser. With an applied voltage across the plates, the 

electrostatic force is 

2

22

0

2d

Vr
F

πε
=  [N]        (39) 

where r is the plate radius in meters (0.0225 m), V is the applied 

voltage in Volts, and d is the plate separation in meters (~1-3 mm) 

[82]. To quantify fringing fields effects, Maxwell 2D was used to 

simulate the force generated by the pulser. The field simulations and 

(39) differed by less than 3%.  

Applying a force F for a time τ yields an impulse, 

τ⋅= FI    [N*s]         (40). 

The value of τ was chosen such that it was long enough to impart a 

large impulse to the arm, but small enough to be shorter than the 

natural vibration period of the arm. This ensures that the applied pulse 

can be considered an impulse rather than a continuous thrust [76].  
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Figure 65: Layout of the thrust stand. (a) HeNe laser, (b) 50-50 
splitter, (c) reference leg mirror, (d) measurement leg mirror, (e) 

mirror, (f) beam expander, (g) diode detector, (h) pendulum, (i) 
calibration plates, (j) FEPT, (k) plasma plume. 

 
Figure 66: Photograph of the thrust stand. 

One configuration of the FEPT operates at 385 kHz. This 

corresponds to a period of ~2.59 µs. Because we use a 6 ms long 
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calibration impulse, the FEPT needs to also supply a 6 ms long 

impulse. Therefore, 2310 consecutive rf cycles were applied to the 

FEPT to generate a 6 ms long impulse. If two applied impulses yield 

the same swinging arm response, they have the same impulse 

magnitude. If the impulse lengths are the same, the average thrust is 

the same. Hence, the thrust stand is used to find both the impulse and 

average thrust of the FEPT. 

 
Figure 67: Measured fringe intensity. Variations in fringe intensity 
correspond to movements of the thrust stand pendulum arm. The 

impulse is applied at t=0. 

The arm deflection results in a change in measured intensity as a 

single fringe moves across the diode. This is different than many 

interferometer measurement systems which rely on many fringes 

moving across the detector. There needs to be care because variation 

in fringe intensity, I, versus displacement, x, is 
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where λ is the laser wavelength. The sensitivity (voltage per unit 

displacement) is the derivative of the intensity. For maximum 

sensitivity and to ensure a linear displacement yields an approximately 

(within 1%) linear voltage response, the fringe placement is adjusted 

such that the average measured intensity was +/- 25% of Imax/2. A 

typical deflection trace versus time is shown in Figure 67. 

As with most sensitive low impulse thrust stands, the signal is 

very low. Therefore, it is important to define a lower signal limit below 

which the signal cannot be distinguished from noise. We chose a 

design criteria of only using signals with a SNR of greater than 2.5. 

This is defined as the peak-to-peak of the signal after the applied 

impulse divided by the peak-to-peak of the signal before the impulse. 

Figure 68 shows the SNR values for various magnitudes of applied 

calibration impulses. For this thrust arm stiffness, the applied 

calibration impulse needs to be greater than 175 nN*s to achieve a 

SNR greater than 2.5. Therefore, 175 nN*s is the lower limit of this 

configuration of the thrust stand. 

The same data set used in Figure 68 is shown versus peak 

deflection in Figure 69. In addition, the impulse width was varied to 

evaluate its effect on peak deflection. A multiple linear regression was 

performed with applied impulse and impulse width as the dependent 

variables. Only data with SNRs greater than 2.5 were used in the 
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regression. At a confidence level of α=0.05, the impulse width did not 

have a significant effect on peak deflection while the applied impulse 

magnitude did have a significant effect. Therefore, if the average 

thrust generated by the thruster is low, one way to increase the signal 

is to run the thruster for longer time periods. 

 
Figure 68: Signal to noise ratio for various values of applied calibration 
impulse and impulse length. Impulse length had no significant effect 

on the SNR. Given a design criteria of only using pulses which yield a 
SNR of 2.5 or higher, the applied impulse needs to be at least 175 

nN*s. 
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Figure 69: The peak deflection of the pendulum arm versus the applied 

calibration impulse. The impulse length had no significant effect on 
peak deflection. Using only points with an applied impulse above 175 

nN*s, multiple linear regression was preformed. The R2 was found to 

be 0.90. Impulse length had no significant effect on peak deflection. 

There are several advantages to this thrust stand design. First, 

the interferometer can be adjusted and aligned outside the chamber. 

Once aligned, the breadboard is placed in the chamber, the chamber is 

pumped down, and data is taken. Second, calibration is in situ. Less 

than a couple minutes after data is gathered from the FEPT, the 

calibration pulser can be run. This minimizes drifting effects of the 

thrust stand. Alternating impulses from the FEPT and calibration pulser 

during a single pump-down, a randomized-block experimental design 

can be conducted with time as the blocking variable. Third, it is easy 

to quickly average the arm response signal to reduce the influence of 

noise. Additional dampeners are not required. Fourth, there is no need 

to find values such as effective mass or stiffness of the arm. Arm 

response is assumed to be the same due to two identical impulses. As 
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long as the arm yields a response in the entire range of the applied 

impulses, detailed characterization of the arm is not essential. Fifth, 

there was minimal fabrication required. The mirrors, mounts and 

breadboard were off-the-shelf items. Only the calibration plates and 

mounting brackets on the swinging arm were custom fabricated. 

5.2 Thrust Measurements 

Some of the FEPT parameters that can be varied that may adjust 

the generated thrust include aperture area, operation frequency, 

ferroelectric thickness, amount of silver on the ferroelectric surface, 

and applied voltage. To demonstrate the ability of the thrust stand to 

measure different FEPT thrusts, we chose two different maximum 

applied voltage setpoints.  

A randomized block experimental design was made with time as 

the blocking variable. Thruster data was taken alternating with various 

magnitudes of calibration impulses. Four data points were taken for 

each of the two FEPT setpoints. The results are shown in Figure 70. 

The experimental data points are the average of four shots and the 

error bars are the range of data. The calibration line was generated by 

performing a linear regression on the calibration impulses. The peak 

arm deflection values found with the FEPT were input to this equation 

for the calibration line, with the output considered to be the FEPT 

average thrust.  
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The mean average thrusts for the two different setpoints were 

found to be statistically different. With Vmax=900 V, the average thrust 

was 68.5 µN with a range of 61-75 µN. With Vmax=1.0 kV, the average 

thrust was 74 µN with a range of 68-87 µN. These values are ~30% 

higher than the calculated thrust of 52 µN. This increased thrust may 

be attributed to flows of neutral particles [19] or ferroelectric 

microparticles [83]. 

 
Figure 70: Calibration line generated by calibration pulser. R2= 0.88. 

Two FEPT operation points are plot as well. Error bars are +/- one 
standard deviation and the FEPT points are the average of four shots. 

5.3 Specific Impulse Measurement 

In the previous section, a measurement of the impulse, and 

therefore thrust, was performed. Another important characteristic of 

thrusters is the specific impulse. This parameter has various 

definitions, but the one I emphasize is in relation to the particle 

velocity. Thrust, T, is given by 



 106

effvmamT ⋅=⋅= &   [N]       (41) 

where m& is the mass flow rate in kg/s and veff is the effective velocity 

of particles expelled from the thruster. The specific impulse of the 

thruster is defined as 

g

v
I

eff

sp =  [s]         (42) 

where g is 9.8 m/s2. With this definition, specific impulse is a 

measurement of the effective velocity of particles away from the FEPT. 

To find the specific impulse, the mass flow rate must be measured. 

Thrust divided by the mass flow rate will yield the effective particle 

velocity, and therefore the specific impulse. 

To measure the mass flow rate of the FEPT, the thruster was 

weighed before and after operation. The amount of mass change 

divided by the time of operation is the mass flow rate. The difficulty of 

this experiment is in the very small changes in mass expected. If the 

thruster has a thrust of 70 µN and a specific impulse of 1000 s, the 

mass flow rate is 7*10-9 kg/s. The thruster would have to be in 

operation for 14 seconds to expel 100 µg, the precision of many table-

top balances. If the thruster is operating in burst mode with 6 ms 

bursts every 800 ms, the thruster would be operating for 31 minutes. 

Additionally, there needs to be care such that change in mass due to 
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handling of the thruster and drift in mass due to effects such as 

condensation and evaporation of moisture are accounted for. 

Two nearly identical thrusters were constructed. One served as a 

control and the other as the operating thruster. First, the mass of 

propellant (silver paint) added to the surface needed to be found. 

Using an Ohaus Analytical Plus microbalance with 0.01 mg readability, 

the mass of a thruster was measured before and after the front paint 

was applied. Table VIII shows a summary of the change in mass 

measured for three different trials. On average, about 1.35 mg of paint 

is added to the surface.  

Table VIII: Amount of propellant (silver paint) added to the FEPT. 

 
Amount of 

Propellant Added (µg) 

Trial 1 1192 
Trial 2 1884 

Trial 3 975 

Average 1350 

  

With both thrusters painted, they were transferred to the 

vacuum chamber and placed under high vacuum for two hours. It was 

found that this was sufficient time for the paint to dry and for the 

thrusters to have a nearly identical change in mass per unit time. In 

other words, after two hours in high vacuum if each thruster was 

measured, placed in the vacuum again for ~1 hour, then remeasured, 
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the change in mass during the additional hour in high vacuum would 

be the same (<~30 µg difference) for both thrusters. 

Seven tests were conducted over four days. During four of the 

tests, neither of the thrusters were run. The change in mass was 

measured before and after. During the other three tests, one of the 

thrusters was run (~950Vmax at ~380 kHZ) for five total seconds and 

no voltage was applied to the other thruster. It was run in 6 ms bursts 

every 800 ms. To account for the potential variance in the 

measurement technique and drift in the microbalance, each thruster 

was weighed five times.  

 
Figure 71: Total measured mass change for the FEPT. "Not operating" 

represents the mass change when the thruster was placed under high 
vacuum for ~1 hour. "Operating" is the effect of being under high 

vacuum as well as being run for 5 seconds. 
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Figure 71 shows the results of the test. A linear regression was 

performed with operation state (running or not running) as the 

dependent variable and mass change as the independent variable. All 

coefficients were found to be significant and the R2 value for the linear 

fit was 0.66. Using the 95% confidence intervals from the regression, 

confidence intervals were created for the change in mass. The model 

for the change in mass is given by (change in mass) = A*(operation 

state) + B where the constants A and B were generated by the linear 

regression. Their confidence intervals and values are given in Table IX. 

Table IX: Coefficients for linear regression on the change in mass. 

Coefficient Mean Upper 95% Lower 95% 

A -1.3*10-4 -7.5*10-5 -1.9*10-4 

B -9.6*10-5 -6.9*10-5 -1.2*10-4 

 

With these coefficient confidence intervals, the confidence 

intervals for the change in mass for both operation states can be 

made. In particular, the interest is in the amount of mass change due 

to the thruster operating and the amount of lost mass per second. 

These values are shown in Table X. As shown, the mass loss per 

second is calculated to be -26.4 µg/s with a 95% confidence interval of 

-15.1 to -37.8 µg/s. The difference is defined as the total mass loss by 

an operating thruster minus the mass loss due to being placed in the 

vacuum. In other words, the mass of a thruster after it is run minus 
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the mass of a thruster if it was only placed in the vacuum and not run. 

Mass loss per second was found by dividing the difference by five 

seconds (the amount of thruster operation time). 

Table X: FEPT change in mass found using linear regression. Mdot is 

the difference in the operating thruster mass loss and the non-
operating thruster mass loss divided by 5 (the amount of time the 

thruster was operating). 

Operating ? Mean Mass Loss Extreme 1 Extreme 2 

No -95.8 µg -122.2 µg -69.5 µg 

Yes -228.0 µg -197.4 µg -258.6 µg 

Difference -132.2 µg -75.3 µg -189.1 µg 
mdot -26.4 µg/s -15.1 µg/s -37.8 µg/s 

 

The measured thrust range can be combined with the measured 

mass loss rates to find the values of specific impulse for the thruster. 

In the previous section, the range in thrust was found to be 68 to 87 

µN. With a range of mass flow rates of -15.1 to -37.8 µg/s, the specific 

impulse range is 183 to 587 s. This impulse is due to both accelerated 

ions as well as neutrals flowing from the FEPT. 

5.4 Microthruster Characteristics 

To unambiguously calculate the thrust and specific impulse from 

the plasma plume measurements, one must know the ion beam mass 

distribution and the quantity and velocity of neutrals co-moving in the 

beam. Assuming a singly-ionized ion beam of homogenous ion mass, 

the mass flow rate is given by 
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q
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where Iavg  is the average ion beam current in Amperes and q is the 

charge of one electron in Coulombs. The kinetic energy of an ion is 

given by 

2

2

1
vmEq ionion =⋅  [J]        (44) 

where Eion is the energy of the ion in eV. Combining (41), (43), and 

(44) gives an expression for thrust, 

q

Em
IT ionion

avg

2
=  [N].        (45) 

Found using mass spectroscopy, there were more heavy 

particles (90-109 amu) than light particles (<20 amu) in the beam. 

Therefore, as an estimate, we assume a singly ionized beam with no 

flow of neutrals and an ion beam number density of 70% silver and 

30% lithium. Table XI shows the corresponding thrust and specific 

impulse values along with characteristics assuming homogenous 

beams of silver or lithium. The beam energy was assumed to be 97 eV 

and the average ion current to be 4.57 mA.  
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Table XI: Thruster characteristics assuming singly-ionized ion beam, 

no flow of neutrals, a beam energy of 97 eV, and ion current of 4.57 
mA. 

Assumed Plume Composition   

Thrust 17 µN 

Mass Flow Rate 0.3 µg/s 100% Lithium 

Specific Impulse 5296 s 
Thrust 67 µN 

Mass Flow Rate 5 µg/s 100% Silver 

Specific Impulse 1345 s 

Thrust 52 µN 
Mass Flow Rate 3.6 µg/s 

70% Silver / 30% Lithium 
(estimated approximate composition) 

Specific Impulse 1450 s 

 

The measured thrust and mass flow rates from sections 5.2 and 

5.3, repeated in Table XII, can be compared to the calculations using 

ion beam measurements. The measured thrust and mass flow rate 

ranges are higher than the values calculated assuming only ions are 

flowing. One explanation for this is that there are neutral particles co-

moving with the ions. Accounting for neutral particles, the equation for 

total thrust is 

neutral

neutral
neutralionneutraliontotal

m

qE
mTTTT

2
&+=+= . [N]   (46) 

Solving (46) for the neutral mass flow rate yields 
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The total mass flow rate is 
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If the beam ion and neutral particle mass composition is assumed to 

be all lithium or all silver, values for every term in (48) can be found in 

Table XI or Table XII except the neutral particle energy.  

Table XII: Measured thrust and mass flow rates for one setpoint. 

These were found in sections 5.2 and 5.3. Specific impulse is 
calculated using these ranges. 

Parameter 95% Confidence Interval 

Thrust 68 - 87 µN 
Mass Flow Rate 15.1 - 37.8 µg/s 

Specific Impulse 

(using measured thrust 
and mass flow rates) 

183 – 587 s 

 

To estimate the neutral particle energy, (48) is used to find the 

total mass loss rate with respect to neutral particle energy. This is 

plotted in Figure 72. Results assuming both a lithium beam and silver 

beam are shown. The ranges for each are given by the range of thrust 

values that were measured in section 5.2. Also shown on the graph is 

the range of mass loss rates measured in section 5.3. If the beam is 

completely made of lithium, the neutral particle energies that would 

yield a mass loss rate between 15.1 and 37.8 µg/s is between 0.07 

and 0.45 eV. If a silver beam is assumed, the neutral particle energy 

should be between 0.2 and 15 eV. Using emission spectroscopy, 
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Dunaevsky found ion temperatures for various elements to be between 

0.1 and 1.0 eV in a similar FPS [35]. Assuming the neutral particles 

are in thermal equilibrium with the ions in the plasma, the neutral 

particle energies found above are on the same order magnitude as the 

ion temperatures in the plasma. 

 
Figure 72: Calculated total mass loss rate with different assumed 

beam compositions (completely lithium or completely silver) and 
different neutral particle energies. The ranges on the mass loss rates 

are due to the range in values for the measured thrust. The range in 
measured mass loss rates (15.1 – 37.8 µg/s) is shown by dashed blue 

lines. 

One parameter not detailed above is the power dissipated in the 

thruster. For varying configurations, we have measured average 

powers ranging from 3 W up to 10 W. For the setpoints presented in 

section 5.3, the power was ~6 W. The parameter of thrust efficiency is 

defined as 
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where Pavg is the average power dissipated in the thruster. Using the 

ranges of parameters in Table XII, the thruster has an efficiency of 

1.0-4.2%.  

One advantage of the FEPT is its compact, low-mass, and low-

complexity design. The thruster electrodes, crystal, and mounting 

hardware have a mass of just 5.7 g. Although for testing we have 

mainly used large, laboratory rf power supplies, we have also built a 

low-mass class-E amplifier which has a mass less than 50 g. One 

proposed scheme for FEPT propellant is to load solid material on the 

aperture surface. The ablation and acceleration away of this material 

serves as the mass transfer for the thruster. Therefore, there may not 

be any additional hardware for propellant management. This serves to 

further reduce the complexity of the thruster. 

Another feature of the FEPT is the ability to produce very low 

impulse bits, where impulse bit is defined as the smallest possible 

impulse deliverable by the thruster. With an average thrust of ~70 µN 

and a frequency of operation of around 385 kHz, impulse bits of 70 µN 

/ 385 kHz = 181 pN*s are realizable. However, for certain operating 

frequencies ion bursts do not start for several cycles after the onset of 



 116

the applied rf burst. Therefore, a conservative estimate of 1 nN*s is 

made for the impulse bit. 

Table XIII is a summary of the FEPT characteristics. One 

characteristic that stands out is the difference between the measured 

quantities and the quantities assuming the beam is only composed of 

ions. The hypothesized reason for this is the presence of neutral 

particles in the beam. This is consistent with the fact that measured 

specific impulses are smaller than as calculated assuming ions only. 

The mass expelled from the thruster is 66.9-99.2% cold, neutral 

particles. 

Table XIII: Summary of FEPT thruster characteristics for one setpoint. 

Specific Impulse (measured) 183-587 s 
Specific Impulse (ions only) 1350-5300 s 

Thrust (measured) 68-87 µN 

Thrust (ions only) 17-67 µN 
Average Power  4-20 W 

Impulse Bit <1 nN*s 
Thrust Efficiency 1.0-4.2 % 

Thruster Mass 5.7 g 
Estimated Neutral Particle Energy 0.07-15 eV 

Mass Loss Rate (ions only) 0.3-5 µg/s 
Mass Loss Rate (measured) 15.1 - 37.8 µg/s 
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CHAPTER 6: SUMMARY 
 

 

 

 

6.1 Conclusions 

The first conclusion shown was that plasma is formed in the FEPT 

and that ions are accelerated from the device. This was accomplished 

in-part by photography of the FEPT when an rf voltage was applied. 

Framing photography showed that the plasma was created then 

dissipated within one half-cycle. Typical total times of plasma visibility 

were around 500 to 1000 ns. Also, the character of the plasma was 

different based on the polarity of the voltage. On the positive side, the 

plasma appeared more diffuse. On the negative side, it was more 

filament-like.  

Using a Faraday cup, ion currents were measured which 

temporally corresponded to the imaged plasmas on the positive half-

cycle. The magnitude, time of formation, and total charge emitted per 
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pulse depended on the applied voltage magnitude and the applied 

frequency when piezoelectricity was utilized. Typical average ion 

currents were ~4.5 mA.   

A retarding potential analyzer was used to find the ion energy 

spectrum of the emitted beam. The average ion energy was ~100 eV. 

Changes in the magnitude of the applied voltage did produce a 

detectable difference in this ion energy. Single particle motion 

simulations were conducted to estimate the ion energy. Simulations 

tended to overestimate the ion energy. 

Emission spectroscopy was performed to determine the ion 

species in the beam. In addition, mass spectroscopy was conducted to 

find the ion beam mass distribution. Both methods found a large 

amount of lithium, niobium, and silver in the beam. The source of 

these elements is the ferroelectric material and the silver paint used to 

adhere the disk to the electrodes. Changing the amount of paint on the 

surface affected the percent composition of the beam. 

It was found that for the frequency range utilized, the radial 

piezoelectric mode of vibration was excited in the disk. In PZT, 

fundamental analytical expressions were used to verify this mode. 

Predicted and measured impedances matched very closely. The 

piezoelectric resonance was correlated with a minimum of the 

breakdown voltage for the plasma in the FEPT aperture.  
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Similar effects were demonstrated using lithium niobate single 

crystals. FE simulations were utilized to design a ferroelectric disk that 

would have a large radial piezoelectric resonance. Again, experiment 

and simulation impedances had a very close match. The FE simulations 

were further used to find the magnitude of the transformer ratio for 

the FEPT versus frequency. As hypothesized, at the radial piezoelectric 

resonance, the transformer ratio was maximum. 

Several secondary effects of this piezoelectricity were found. 

First, there was an increase in the average power dissipated in the 

FEPT. This was determined to be due to elastic losses. Second, 

hardening of the silver paint was found to mechanically clamp the disk 

and change the impedance. This correlated with higher breakdown 

voltages than with fresh paint. Third, the ferroelectric shattered when 

a large amount of vibration was induced in the disk. FE simulations 

were conducted to find the corresponding Von Mises stresses with 

respect to driving frequency. The simulated stresses were on the same 

order as the yield strength of lithium niobate.  

The FEPT also produced plasma in atmospheric-pressure 

backgrounds. In contrast when operating in high vacuum, framing 

photography showed that the plasma was visible on the ferroelectric 

surface during the entire applied rf pulse. Schlieren photography 

showed hot gasses flowing away from the ferroelectric at around 4 
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m/s. Using a Michelson interferometer, the upper bound of the 

electron density was found to be around 1016 cm-3. Emission 

spectroscopy was used to find the range of the electron temperature 

to be between 1.8 and 3.3 eV. The N2 rotational temperature was 

measured to be ~0.14 eV (1625 K). 

A low-impulse thrust stand was designed and built. Also, the 

mass loss rate of the FEPT was measured by weighing the thruster 

before and after operation. With both of these techniques, the 

microthruster characteristics were found. These characteristics are 

summarized in Table XIII. The FEPT has a thrust of 68 to 87 µN, 

specific impulse of 183 to 587 s, a mass of 5.7 g, an average power of 

4 to 20 W, and an impulse bit less than 1 nN-s.  

6.2 Future Work 

The main objective of my work was to show that the concept of 

the FEPT was realizable and measure its operating characteristics. 

Therefore, many different areas of operation were researched such as 

the mechanism of ion production, the beam characteristics, 

characteristics of piezoelectricity, power consumption, and 

microthruster characteristics. To produce a space-ready device, there 

is likely more research that is required. In this section, I detail some 

possible areas of future work. 
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To measure the ion current, a large-area Faraday cup was placed 

in front of the FEPT. A correction factor was made assuming a certain 

open area fraction for the retarding potential analyzer grids and the 

beam diversion. A more accurate correction factor can be found by 

measurement of the ion beam diversion. The Faraday cup can be 

placed at varying angles from the FEPT aperture rather than directly in 

front. 

The beam intensity versus angle can be used to verify particle 

simulations. In section 2.4.2, I used a 1-d simulation to find the 

particle energy for various operating condition. This simulation can be 

expanded to an azimuthally symmetric 2-d simulation. Also, plasma 

effects and particle interactions can be integrated. Commercial 

particle-in-cell codes such as XOOPIC can be utilized. With this 

simulation, more accurate simulations of the particle trajectories can 

be made. In addition, the parameters that most affect the beam 

energy and current can be found.  

Because of a fairly large shot-to-shot variation in ion current and 

the low signals for the present setup, the ion energy measurements 

were difficult to obtain. Many shots were averaged and large energy 

bins were utilized. This had the effect of increasing uncertainty with 

the ion energy spectrum. A more detailed characterization of the ion 



 122

energy will likely resolve the effect of operating parameters such as 

driving frequency and applied voltage magnitude. 

There is a large body of work on using FPS for cathodes. 

However, there is significantly less on using an rf-driven FPS. In 

addition, the electron energy distribution when utilizing the 

piezoelectric properties of the ferroelectrics has not been studied. 

There are likely new applications and operating regimes that can utilize 

this FPS arrangement. 

In section 2.5, I presented some results using mass and 

emission spectroscopy. Due to the low signals in the experimental 

setup, emission lines were difficult to obtain. The light was transmitted 

through a fairly long optical fiber. Optimization of this setup will allow 

for more a detailed emission spectrum to be obtained. Parameters 

such as electron temperature and ion temperature can be found along 

with a more complete list of elements found in the plasma. 

The mass spectroscopy performed in section 2.5 was completed 

to identify the ions present in the beam. Also, a brief study on how to 

affect the percent composition was performed. Further study should be 

able to resolve the beam composition versus parameter such as 

driving voltage and frequency. Also, further studies on how to reduce 

ferroelectric erosion can be performed. These measurements can be 

combined with ion time-of-flight measurements. 
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Estimated sources of power dissipation were identified in section 

3.4.1. Precisely quantifying the relationship between driving frequency 

and applied voltage and power will possibly allow further reduction in 

the FEPT power consumption or at least identify the most-efficient 

operating point. The relationship between electrode geometry and 

power consumption can also be found. 

One limiting factor for utilization of piezoelectricity is the 

hardening of the silver paint. Mechanically clamping the disk reduces 

the effect of piezoelectricity. Research should be performed to 

incorporate conductive gels which do not harden over time. Also, the 

framing photography presented in section 2.3 was without taking 

advantage of piezoelectricity in the FEPT. It would be helpful to see 

how applied frequency affects the appearance of the plasma. 

With the FEPT operating in backgrounds of atmospheric pressure 

air, I showed that the N2 rotational temperature was affected by the 

characteristics of the applied voltage. It would also be interesting to 

measure the variance of electron temperature with respect to the 

same parameters. Also, FEPT plasma parameters might be able to be 

tuned to be useful for an existing plasma processing operation. In 

addition, the FEPT might be adjusted to produce thrust in a 

background of ~1 Torr as might be found in near-space environments.  
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One variable that was found to affect the microthruster 

parameters of the FEPT was the applied voltage magnitude. Larger 

voltages produced a larger thrust. Future characterization may include 

finding the thrust and specific impulse of the FEPT while adjusting 

applied voltage, voltage frequency, and front paint scheme. Also, the 

change in the performance over time can be characterized. What is the 

lifetime of the thruster? Also, it is hypothesized the FEPT might be able 

to be self-neutralizing. In other words, a separate cathode may not be 

necessary. We have already observed electron emission, but the 

potential of the FEPT as it electrically floats has not been measured. 

The mass flow rate measured from the FEPT was larger than 

expected if the beam were assumed to be only ions. It is hypothesized 

that the extra mass is due to the flow of neutrals. The neutral velocity 

is likely not fast and does not significantly add to the thrust. To 

produce a high specific impulse device, this flow of neutrals needs to 

be greatly reduced. One potentially useful study is finding the effect of 

piezoelectricity on the mass loss rate. Potentially if the plasma forms 

at different times on the applied voltage pulse, different amounts of 

neutrals are formed.  

Many thrusters utilize permanent magnets to shape the 

trajectory of particles. Incorporation of a permanent magnet in the 

FEPT might allow the direction and shape of the emitted beam to be 
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altered. This may have positive effects on the thrust and specific 

impulse. In addition, the affects of temperature on the FEPT 

performance can be measured. Lithium niobate is pyroelectric and the 

polarization field can be altered with an applied temperature change. 

This may cause high-energy particles to be ejected from the thruster. 

Further research may allow the FEPT to take advantage of this 

characteristic of lithium niobate. 

Finally, different geometries of the ferroelectric may be used. 

Instead of a disk, it may be possible to incorporate a ring geometry. In 

this way, propellant can be placed in the center of the ring rather than 

on the surface of a disk as is currently utilized. 
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APPENDIX 
 

 

 

 

Appendix 1: Detailed FEPT Schematic 

 
Figure 73:  Dimensions of final version of FEPT. All units are mm. 
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Figure 74: Rendered drawing of the FEPT. 
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Appendix 2: Atila Script for FEPT 

*============================================= 

* 

*============================================= 

 

PRECISION DOUBLE 

ANALYSIS harmonic 

GENERATE PST 

LOSSES 

**STRESS 

NLOAD=45 

 

EXCITATIONS 

25 ELECPOT 1 

 

FREQUENCY 

270000. 300000. 330000. 340000. 345000.& 

350000. 352500. 355000. 357500.& 

360000. 362500. 365000. 370000. 372500. 375000.& 

377500. 380000. 382500.& 

385000. 387500. 390000. 392500. 395000. 395500.& 

396000. 396500.& 

397000. 397500. 398000. 398500. 399000. 399500.& 

400000. 400500. 401000. 401500. 402000. 402500.& 

403000. 403500. 404000. 404500. 405000. 405500.& 

406000. 406500. 407000. 407500. 408000. 408500.& 

409000. 409500.& 

410000. 410500. 411000. 411500. 412000. 412500.& 

413000. 413500. 414000. 414500. 415000. 415500.& 

416000. 416500. 417000. 417500. 418000. 418500.& 

419000. 419500.& 

420000. 420500. 421000. 421500. 422000. 422500.& 

423000. 423500. 424000. 424500. 425000. 425500.& 

426000. 426500. 427000. 427500. 428000. 428500.& 

429000. 429500. 430000. 430500. 431000. 431500.& 

432000. 432500. 433000. 433500. 434000. 434500.& 

435000. 435500. 436000. 436500. 437000. 437500.& 

438000. 438500. 439000. 439500. 440000. 440500.& 

441000. 441500. 442000. 442500. 443000.& 

444000. 445000. 446000. 447000. 448000. 449000.& 

450000.& 

460000.  

 

*this was with elas loss=.0102, dielec=.0013, piezo=0 

MATERIAL 

LNL5 

0.00000E+00 0.00000E+00 0.47000E+04 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.57745E-11 -0.10144E-11 -0.14572E-11 -0.10183E-11 0.00000E+00 

0.00000E+00& 
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-0.10144E-11 0.57745E-11 -0.14572E-11 0.10183E-11 0.00000E+00 

0.00000E+00&  

-0.14572E-11 -0.14572E-11 0.49738E-11 0.00000E+00 0.00000E+00 

0.00000E+00& 

-0.10183E-11 0.10183E-11 0.00000E+00 0.16972E-10 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.16972E-10 -0.10183E-

11&  

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -0.10183E-11 0.13578E-

10&  

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.67889E-10 -0.20740E-

10& 

-0.20740E-10 0.20740E-10 0.00000E+00 0.67889E-10 0.00000E+00 

0.00000E+00&  

-0.94230E-12 -0.94230E-12 0.58830E-11 0.00000E+00 0.00000E+00 

0.00000E+00&  

0.38903E-09 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00&  

0.00000E+00 0.38904E-09 -0.25516E-27 0.00000E+00 0.00000E+00 

0.00000E+00&  

0.00000E+00 -0.41848E-27 0.25700E-09 0.00000E+00 0.00000E+00 

0.00000E+00&  

-0.58900E-13 0.10347E-13 0.14863E-13 0.10387E-13 0.00000E+00 0.00000E+00&  

0.10347E-13 -0.58900E-13 0.14863E-13 -0.10387E-13 0.00000E+00 

0.00000E+00&  

0.14863E-13 0.14863E-13 -0.50733E-13 0.00000E+00 0.00000E+00 

0.00000E+00&  

0.10387E-13 -0.10387E-13 0.00000E+00 -0.17311E-12 0.00000E+00 

0.00000E+00&  

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -0.17311E-12 0.10387E-

13&  

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.10387E-13 -0.13850E-

12&  

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00&  

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00&  

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00&  

-0.38647E-11 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00&  

0.00000E+00 -0.45866E-11 -0.17129E-28 0.00000E+00 0.00000E+00 

0.00000E+00&  

0.00000E+00 -0.15636E-28 -0.41771E-12 0.00000E+00 0.00000E+00 

0.00000E+00  

 

 

 

 

GEOMETRY POLARIZATION CARTESIAN 

    1 

    0.    45.    45. *0 32 90 is forealfirst 0 45. 45. is second (Ptowards bacl) 0 -45 45 

towards fnt 
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NODES 

* 1 *  0.00000E+00  0.00000E+00  0.00000E+00  

* 2 *  0.001250000  0.000000000 0.000000000  

* 3 *  0.002500000  0.000000000 0.000000000  

* 4 *  0.003750000  0.000000000 0.000000000  

* 5 *  0.005000000  0.000000000 0.000000000  

* 6 *  0.002309750  0.000956750 0.000000000  

* 7 *  0.004619500  0.001913500 0.000000000  

* 8 *  0.000883875  0.000883875 0.000000000  

* 9 *  0.001767750  0.001767750 0.000000000  

* 10 * 0.002651625  0.002651625 0.000000000  

* 11 * 0.003535500  0.003535500 0.000000000  

* 12 * 0.000956750  0.002309750 0.000000000  

* 13 * 0.001913500  0.004619500 0.000000000  

* 14 * 0.000000000  0.001250000 0.000000000  

* 15 * 0.000000000  0.002500000 0.000000000  

* 16 * 0.000000000  0.003750000 0.000000000  

* 17 * 0.000000000  0.005000000 0.000000000  

* 18 * 0.000000000  0.000000000 0.001000000  

* 19 * 0.002500000  0.000000000 0.001000000  

* 20 * 0.005000000  0.000000000 0.001000000  

* 21 * 0.001767750  0.001767750 0.001000000  

* 22 * 0.003535500  0.003535500 0.001000000  

* 23 * 0.000000000  0.002500000 0.001000000  

* 24 * 0.000000000  0.005000000 0.001000000  

* 25 * 0.000000000  0.000000000 0.002000000  

* 26 * 0.001250000  0.000000000 0.002000000  

* 27 * 0.002500000  0.000000000 0.002000000  

* 28 * 0.003750000  0.000000000 0.002000000  

* 29 * 0.005000000  0.000000000 0.002000000  

* 30 * 0.002309750  0.000956750 0.002000000  

* 31 * 0.004619500  0.001913500 0.002000000  

* 32 * 0.000883875  0.000883875 0.002000000  

* 33 * 0.001767750  0.001767750 0.002000000  

* 34 * 0.002651625  0.002651625 0.002000000  

* 35 * 0.003535500  0.003535500 0.002000000  

* 36 * 0.000956750  0.002309750 0.002000000  

* 37 * 0.001913500  0.004619500 0.002000000  

* 38 * 0.000000000  0.001250000 0.002000000  

* 39 * 0.000000000  0.002500000 0.002000000  

* 40 * 0.000000000  0.003750000 0.002000000  

* 41 * 0.000000000  0.005000000 0.002000000  

 

 

 

ELEMENTS 

PRIS15P LNL5    1 

1 3 9 25 27 33 2 6 8 18 19 21 26 30 32 

1 9 15 25 33 39 8 12 14 18 21 23 32 36 38 

 

HEXA20P LNL5    1 

3 5 9 11 27 29 33 35 4 6 7 10 19 20 21 22 28 30 31 34 
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9 11 15 17 33 35 39 41 10 12 13 16 21 22 23 24 34 36 37 40 

 

 

END 

   -1    2   2                       *symmetry plane 

   -14    1   1  

   -17   1  1 

   -16   4 

   -17   4 

   -10   4 

   -11   4 

   -13  4 

   -7   4 

   -4   4 

   -5   4      

   -15  4 

   -12  4 

   -9   4 

   -6   4 

   -3   4    

   -25  4    -3 
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Appendix 3: Atila Script for Neutron Generator 

PRECISION DOUBLE 

ANALYSIS modal  

GENERATE PST 

*LOSSES 

*STRESS 

NLOAD=15 

 

EXCITATIONS 

1 ELECPOT 1 

2 ELECPOT 1 

*3 ELECPOT 1 

14 ELECPOT 1 

*15 ELECPOT 1 

20 ELECPOT 1 

21 ELECPOT 1 

*22 ELECPOT 1 

 

FREQUENCY 

10000. 11000. 12000. 13000. 14000. 14200.& 

14400. 14600. 14800.& 

15000. 15200. 15400. 15600. 15800. 15900.& 

16000. 16100.& 

16200. 16400. 16600. 16800. 17000. 18000.& 

19000. 19200.& 

19400. 19600.& 

19800. 20000. 20200. 20400. 20600. 20800.& 

21000. 21200. 21400. 21600. 21800. 22000.& 

22200. 22400. 22600. 22800. 23000. 23200.& 

23400. 23600. 23800. 24000. 25000. 26000.  

 

*this was with elas loss=.0064, dielec=.0013, piezo=0 

MATERIAL 

LNL4 

0.00000E+00 0.00000E+00 0.47000E+04 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.57745E-11 -0.10144E-11 -0.14572E-11 -0.10183E-11 0.00000E+00 

0.00000E+00& 

-0.10144E-11 0.57745E-11 -0.14572E-11 0.10183E-11 0.00000E+00 

0.00000E+00& 

-0.14572E-11 -0.14572E-11 0.49738E-11 0.00000E+00 0.00000E+00 

0.00000E+00& 

-0.10183E-11 0.10183E-11 0.00000E+00 0.16972E-10 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.16972E-10 -0.10183E-

11& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -0.10183E-11 0.13578E-

10& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.67889E-10 -0.20740E-

10& 
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-0.20740E-10 0.20740E-10 0.00000E+00 0.67889E-10 0.00000E+00 

0.00000E+00& 

-0.94230E-12 -0.94230E-12 0.58830E-11 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.38901E-09 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.38901E-09 -0.13323E-27 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 -0.10835E-27 0.25700E-09 0.00000E+00 0.00000E+00 

0.00000E+00& 

-0.37130E-13 0.65226E-14 0.93698E-14 0.65477E-14 0.00000E+00 0.00000E+00& 

0.65226E-14 -0.37130E-13 0.93698E-14 -0.65477E-14 0.00000E+00 

0.00000E+00& 

0.93698E-14 0.93698E-14 -0.31982E-13 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.65477E-14 -0.65477E-14 0.00000E+00 -0.10913E-12 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -0.10913E-12 0.65477E-

14& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.65477E-14 -0.87307E-

13& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

-0.27636E-11 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 -0.32489E-11 -0.69922E-29 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 -0.47187E-29 -0.39030E-12 0.00000E+00 0.00000E+00 

0.00000E+00 

 

LNL2 

0.00000E+00 0.00000E+00 0.47000E+04 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.57745E-11 -0.10144E-11 -0.14572E-11 -0.10183E-11 0.00000E+00 

0.00000E+00& 

-0.10144E-11 0.57745E-11 -0.14572E-11 0.10183E-11 0.00000E+00 

0.00000E+00& 

-0.14572E-11 -0.14572E-11 0.49738E-11 0.00000E+00 0.00000E+00 

0.00000E+00& 

-0.10183E-11 0.10183E-11 0.00000E+00 0.16972E-10 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.16972E-10 -0.10183E-

11& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -0.10183E-11 0.13578E-

10& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.67889E-10 -0.20740E-

10& 

-0.20740E-10 0.20740E-10 0.00000E+00 0.67889E-10 0.00000E+00 

0.00000E+00& 
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-0.94230E-12 -0.94230E-12 0.58830E-11 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.38900E-09 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.38900E-09 0.11753E-26 0.00000E+00 0.00000E+00 0.00000E+00& 

0.00000E+00 0.11469E-26 0.25700E-09 0.00000E+00 0.00000E+00 0.00000E+00& 

-0.57745E-14 0.10144E-14 0.14572E-14 0.10183E-14 0.00000E+00 0.00000E+00& 

0.10144E-14 -0.57745E-14 0.14572E-14 -0.10183E-14 0.00000E+00 

0.00000E+00& 

0.14572E-14 0.14572E-14 -0.49738E-14 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.10183E-14 -0.10183E-14 0.00000E+00 -0.16972E-13 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 -0.16972E-13 0.10183E-

14& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.10183E-14 -0.13578E-

13& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

-0.11776E-11 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 -0.13220E-11 -0.12937E-29 0.00000E+00 0.00000E+00 

0.00000E+00& 

0.00000E+00 -0.12949E-29 -0.35082E-12 0.00000E+00 0.00000E+00 

0.00000E+00 

 

 

GEOMETRY POLARIZATION CARTESIAN 

    1 

    0.    45.    00.  

 

NODES 

* 1 *  0.00000E-03  10.00000E-03 0.00000E-03  

* 2 *  25.00000E-03  10.00000E-03 0.00000E-03  

* 3 *  50.00000E-03  10.00000E-03 0.00000E-03  

* 4 *  75.00000E-03  10.00000E-03 0.00000E-03  

* 5 *  100.00000E-03  10.00000E-03 0.00000E-03  

* 6 *  0.00000E-03  10.00000E-03 0.75000E-03  

* 7 *  50.00000E-03  10.00000E-03 0.75000E-03  

* 8 *  100.00000E-03  10.00000E-03 0.75000E-03  

* 9 *  0.00000E-03  10.00000E-03 1.50000E-03  

* 10 * 25.00000E-03  10.00000E-03 1.50000E-03  

* 11 * 50.00000E-03  10.00000E-03 1.50000E-03  

* 12 * 75.00000E-03  10.00000E-03 1.50000E-03  

* 13 * 100.00000E-03  10.00000E-03 1.50000E-03  

* 14 * 0.00000E-03  5.00000E-03 0.00000E-03  

* 15 * 50.00000E-03  5.00000E-03 0.00000E-03  

* 16 * 100.00000E-03  5.00000E-03 0.00000E-03  

* 17 * 0.00000E-03  5.00000E-03 1.50000E-03  
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* 18 * 50.00000E-03  5.00000E-03 1.50000E-03  

* 19 * 100.00000E-03  5.00000E-03 1.50000E-03  

* 20 * 0.00000E-03  0.00000E-03 0.00000E-03  

* 21 * 25.00000E-03  0.00000E-03 0.00000E-03  

* 22 * 50.00000E-03  0.00000E-03 0.00000E-03  

* 23 * 75.00000E-03  0.00000E-03 0.00000E-03  

* 24 * 100.00000E-03  0.00000E-03 0.00000E-03  

* 25 * 0.00000E-03  0.00000E-03 0.75000E-03  

* 26 * 50.00000E-03  0.00000E-03 0.75000E-03  

* 27 * 100.00000E-03  0.00000E-03 0.75000E-03  

* 28 * 0.00000E-03  0.00000E-03 1.50000E-03  

* 29 * 25.00000E-03  0.00000E-03 1.50000E-03 

* 30 * 50.00000E-03  0.00000E-03 1.50000E-03  

* 31 * 75.0000E-03  0.00000E-03 1.50000E-03  

* 32 * 100.00000E-03  0.00000E-03 1.50000E-03  

 

  

 

ELEMENTS 

HEXA20P lnl2    1 

20 22 1 3 28 30 9 11 21 14 15 2 25 26 6 7 29 17 18 10 

22 24 3 5 30 32 11 13 23 15 16 4 26 27 7 8 31 18 19 12 

 

 

 

END 

-1  1 1 

-20 2 2 

-9 4  

-10 4  

*-11 4  

-17 4  

*-18 4  

-28 4  

-29 4  

*-30 4  
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Appendix 4: Matlab Impedance Calculation Script 

clear; 

close; 

shot1='0010'; 

date1='5.4.07'; %test 8.25 

 

current_dir=cd('C:\Documents and Settings\Mark\Desktop\air 

force\experiment.media\'); %set the current directory to the media directory 

addpath(genpath(strcat(current_dir,'\',date1,'\ALL',shot1))); %the the directory with 

the shot of interest as the first directory searched for the path 

 

%load voltage 

data=tekload(strcat('F',shot1,'CH1.CSV'),'CSV'); %load the third trace (the emission 

trace) into the data structure 

time_data=data.Time; %separate the structure into two different arrays 

voltage_probe=data.Waveform; 

 

data=tekload(strcat('F',shot1,'CH2.CSV'),'CSV'); %load the third trace (the emission 

trace) into the data structure 

current_probe=data.Waveform; 

 

time_data=time_data*1e9;        %convert time to nanoseconds 

time_step=time_data(2)-time_data(1);    %time_step in nanoseconds 

 

%find index of first negative going voltage probe zero crossing 

n=1; 

if voltage_probe(n)<0 

    while voltage_probe(n)<0 

        n=n+1; 

    end 

    n=n+10; 

end 

 

while voltage_probe(n)>0 

    n=n+1; 

end 

 

start_index=n; 

 

n=n+15; 

while voltage_probe(n)<0 

    n=n+1; 

end 

n=n+15; 

while voltage_probe(n)>0 

    n=n+1; 

end 

 

end_index=n; 

frequency=1/((end_index-start_index)*1e-9*time_step); 
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%calculate average power 

n=start_index; 

m=2; 

powerish(end_index-start_index+2)=0; 

while n<end_index/2+1 

     

    powerish(m)=powerish(m-1)+time_step/3*1e-9*(voltage_probe(2*n-

2)*current_probe(2*n-2)+4*voltage_probe(2*n-1)*current_probe(2*n-

1)+voltage_probe(2*n)*current_probe(2*n)); 

         

    m=m+1; 

    n=n+1; 

end 

average_power=powerish(m-1)*frequency; 

 

%calculate rms voltage 

n=start_index; 

m=2; 

rmsish(end_index-start_index+2)=0; 

while n<end_index/2+1 

     

rmsish(m)=rmsish(m-1)+time_step/3*1e-9*(voltage_probe(2*n-

2)*voltage_probe(2*n-2)+4*voltage_probe(2*n-1)*voltage_probe(2*n-

1)+voltage_probe(2*n)*voltage_probe(2*n)); 

         

    m=m+1; 

    n=n+1; 

end 

 

Vrms=(frequency*rmsish(m-1))^0.5; 

 

%calculate rms current 

n=start_index; 

m=2; 

rmsish2(end_index-start_index+2)=0; 

while n<end_index/2+1 

     

   rmsish2(m)=rmsish2(m-1)+time_step/3*1e-9*(current_probe(2*n-

2)*current_probe(2*n-2)+4*current_probe(2*n-1)*current_probe(2*n-

1)+current_probe(2*n)*current_probe(2*n)); 

     

     

    m=m+1; 

    n=n+1; 

end 

 

Irms=(frequency*rmsish2(m-1))^0.5; 

 

if current_probe(start_index)<0 

    sign=-1; 

else 

    sign=1; 



 138

end 

     

 

 

frequency 

Zmag=Vrms/Irms; 

Resistance=average_power/Irms^2 

Reactance=(Zmag^2-Resistance^2)^.5*sign 

Zmag 

Vmax=max(voltage_probe) 

average_power 

Volts_per_watt=Vmax/average_power 
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Appendix 5: Matlab Thrust Stand Peak Deflection Script 

 

clear;                  %clear stored variables 

close;                  %close open graphs 

shot1='0021';           %shot number 

volts_per_div=1.26;     %volts per vertical dimention on the scope 

date1='9.18.07';        %date of data 

voltage_channel='3';    %channel that the voltage trace was on 

diode_channel='2';      %oscope channel for the diode 

spacing=3.0;            %plate spacing in mm 

do_fit=1;               %do the curve fitting routine? 1=yes 

bin_factor=0.5;         %0.04, what are the bin size for the brute force curve fit 

routine 

running_average=3;      %1,3,5,or 7 

time_before_after=40;   %the bracketing of the time around time = 0 in 

milliseconds.   

 

%set the current directory to the media directory 

current_dir=cd('C:\Documents and Settings\Lab\Desktop\air 

force\experiment.media\');  

%the the directory with the shot of interest as the first directory searched for the 

path 

addpath(genpath(strcat(current_dir,'\',date1,'\ALL',shot1,'\')));  

 

%Load diode signal and time data 

data=tekload(strcat('F',shot1,'CH',diode_channel,'.CSV'),'CSV');  

time_data=data.Time;    %separate the structure into two different arrays 

diode_signal=data.Waveform; 

 

%implement running average 

n=4; 

diode_signal_2=diode_signal; 

while n<2500-2 

    if running_average==7 

        diode_signal_2(n)=(diode_signal(n-3)+diode_signal(n-2)+diode_signal(n-

1)+diode_signal(n)+diode_signal(n+1)+diode_signal(n+2)+diode_signal(n+3))/7;    

    end 

    if running_average==5 

        diode_signal_2(n)=(diode_signal(n-2)+diode_signal(n-

1)+diode_signal(n)+diode_signal(n+1)+diode_signal(n+2))/5; 

    end 

    if running_average==3 

        diode_signal_2(n)=(diode_signal(n-1)+diode_signal(n)+diode_signal(n+1))/3; 

    end           

    n=n+1; 

end 

diode_signal=diode_signal_2; 

 

%load pulser (or thruster) voltage signal. Don't worry about time, it is 



 140

%the same as above. 

data2=tekload(strcat('F',shot1,'CH',voltage_channel,'.CSV'),'CSV');  

pulser_signal=data2.Waveform; 

 

%plotyy(time_data,pulser_signal,time_data,diode_signal); 

 

%Find the Trigger time 

n=1; 

while time_data(n)<0 

    n=n+1; 

end 

trigger_time_index=n-1; 

 

%implement bracketting 

time_per_index_step=time_data(2)-time_data(1); 

indexes_before_end=floor((max(time_data)  - time_before_after*1e-

3)/time_per_index_step); 

IndexBeforeAfterTrigger=ceil(time_before_after/time_per_index_step/1000);  %the 

number of index in the amount of time chosen. 

 

%initialize two arrays. These will contain the values of the diode signal 

%before and after the trigger. The length is set by the time bracketting 

%value entered above. 

diode_before_trigger=zeros(IndexBeforeAfterTrigger+1,1); 

diode_after_trigger=zeros(IndexBeforeAfterTrigger+1,1); 

 

%find characteristics before trigger 

n=trigger_time_index-IndexBeforeAfterTrigger; 

temp_max=diode_signal(n); 

temp_min=diode_signal(n); 

p=1; 

while n<trigger_time_index+1 

    diode_before_trigger(p)=diode_signal(n); 

     

    if diode_signal(n)>temp_max 

        temp_max=diode_signal(n); 

    end 

    if diode_signal(n)<temp_min 

        temp_min=diode_signal(n); 

    end 

    p=p+1; 

    n=n+1; 

end 

pre_signal=temp_max-temp_min; 

 

%find characteristics after tigger 

temp_max=diode_signal(n); 

temp_min=diode_signal(n); 

p=1; 

ending_index=trigger_time_index + IndexBeforeAfterTrigger; 

while n<ending_index+1 

    diode_after_trigger(p)=diode_signal(n); 
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    if diode_signal(n)>temp_max 

        temp_max=diode_signal(n); 

    end 

    if diode_signal(n)<temp_min 

        temp_min=diode_signal(n); 

    end 

    p=p+1; 

    n=n+1; 

end 

post_signal=temp_max-temp_min; 

 

diode_offset=(sum(diode_after_trigger)+sum(diode_before_trigger))/(IndexBeforeAf

terTrigger+1)/2; 

pos_peak=temp_max-diode_offset; 

neg_peak=diode_offset-temp_min; 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

%FITTING 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%% 

 

if do_fit==1 

     

    fit_function=diode_signal; 

    min_amplitude=.10; 

    max_amplitude=.6; 

    min_frequency=20; 

    max_frequency=60; 

    min_phase_shift=0; 

    max_phase_shift=6.5; 

    min_DC_offset=-.45; 

    max_DC_offset=.45; 

     

    start_shift=150;    %indexes 

     

     

    amplitude=min_amplitude; 

    frequency=min_frequency; 

    phase_shift=min_phase_shift; 

    best_position=zeros(1,4); 

    best_fitness=1e10; 

     

    percent_done=0 

     

    while amplitude<max_amplitude 

         

         

        DC_offset=min_DC_offset; 

        while DC_offset < max_DC_offset 

             

            frequency=min_frequency; 
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            while frequency<max_frequency 

                 

                phase_shift=min_phase_shift; 

                while phase_shift<max_phase_shift 

                    %evaluate function 

                    n=trigger_time_index+start_shift+1; 

                    while n<(2500-indexes_before_end)+1 

                        

fit_function(n)=DC_offset+amplitude*sin(2*3.14159*frequency*time_per_index_ste

p*(n-trigger_time_index) + 

phase_shift)+fit_function(trigger_time_index+start_shift); 

                        n=n+1; 

                    end 

                    while n<2500+1 

                        fit_function(n)=diode_signal(n); 

                        n=n+1; 

                    end 

                    %evaluate fitness 

                    fitness=(diode_signal-fit_function).^2; 

                    fitness=sum(fitness); 

                    if fitness<best_fitness 

                        best_fitness=fitness; 

                        best_position=[amplitude frequency phase_shift DC_offset]; 

                    end 

                     

                    phase_shift=phase_shift+bin_factor*(max_phase_shift-

min_phase_shift); 

                end 

               

                frequency=frequency+bin_factor*(max_frequency-min_frequency); 

            end 

            DC_offset=DC_offset+bin_factor*(max_DC_offset-min_DC_offset); 

             

        end 

        amplitude=amplitude+bin_factor*(max_amplitude-min_amplitude); 

        percent_done=percent_done+bin_factor*100 

         

    end 

     

    close; 

    %plot(time_data,diode_signal) 

    %hold on; 

     

    %evaluate function 

    n=trigger_time_index+start_shift+1; 

    while n<(2500-indexes_before_end)+1 

        fit_function(n)= 

best_position(4)+best_position(1)*sin(2*3.14159*best_position(2)*time_per_index

_step*(n-trigger_time_index) + 

best_position(3))+fit_function(trigger_time_index+start_shift); 

        n=n+1; 

    end 
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    while n<2500+1 

        fit_function(n)=diode_signal(n); 

        n=n+1; 

    end 

     

    %plot(time_data,fit_function,'g') 

     

    n=trigger_time_index+start_shift+1; 

     

    while n < (2500-indexes_before_end)+1 

        n=n+1; 

    end 

     

    while n< 2500+1 

        fit_function(n)=fit_function(n-1); 

        n=n+1; 

    end 

     

    fitpeak=max(fit_function)-diode_offset; 

    fittrough=diode_offset-min(fit_function); 

     

    best_position 

     

end 

 

if pos_peak>neg_peak 

    raw_pos_peak=pos_peak/volts_per_div 

else 

    raw_neg_peak=neg_peak/volts_per_div 

end 

 

if fitpeak>fittrough 

    fitpeak=fitpeak/volts_per_div 

else 

    fittrough=fittrough/volts_per_div 

end 

 

%screen outputs 

snr=post_signal/pre_signal 

snr2=fitpeak/pre_signal; 

 

thrust=7.04e-15*(min(pulser_signal))^2*1e6/(spacing*.001)^2   %in uN 

 



 144

Appendix 6: Matlab Interferometry Script 

 

clear; 

close; 

shotnumber='44'; 

top_of_channel=428; 

bottom_of_channel=492; 

start_line=500; 

stop_line=655; 

picture_pixel_padding=30; 

measure_line_offset=15;     %pixels from channel boundaries to measure fringe 

intensity_plot_max=13000; 

intensity_plot_min=0; 

bottom_channel_filter=10;    %larger gives more peaks 

top_channel_filter=10; 

middle_channel_filter=10; 

 

channel_width=bottom_of_channel-top_of_channel; 

middle_of_channel=channel_width/2+top_of_channel; 

pixel_to_length_ratio=2.9/channel_width;    %in mm per pixels 

 

filename=strcat('shot',shotnumber,'.TIF'); 

X1=imread(filename); 

X2=X1(:,:,1); 

X1=X2; 

X1 = imfilter(X1,[.1 .2 .1;.2 .5 .2;.1 .2 .1]/2); 

 

subplot(2,2,1) 

X2 = imcrop(X1,[start_line-picture_pixel_padding top_of_channel-

picture_pixel_padding stop_line-start_line+picture_pixel_padding*2 

bottom_of_channel-top_of_channel+picture_pixel_padding*2]); 

imshow(X2,[]) 

linex=[picture_pixel_padding stop_line-start_line+picture_pixel_padding]; 

bottomliney=[bottom_of_channel-top_of_channel+picture_pixel_padding 

bottom_of_channel-top_of_channel+picture_pixel_padding]; 

topliney=[picture_pixel_padding picture_pixel_padding]; 

middleliney=[channel_width/2+picture_pixel_padding 

channel_width/2+picture_pixel_padding]; 

line(linex,topliney,'Color',[0 1 1],'LineStyle',:); 

line(linex,bottomliney,'Color',[0 1 1],'LineStyle',:); 

line(linex,middleliney,'Color',[0 1 0],'LineStyle',:); 

line(linex,topliney+measure_line_offset,'Color',[0 1 0],'LineStyle',:); 

line(linex,bottomliney-measure_line_offset,'Color',[0 1 0],'LineStyle',:); 

title('Interferogram, estimated channel vertical boundary (blue), measurment lines 

(green)') 

 

%[left_and_right,up_and_down,intensity]=improfile; 

 

%for the image, the first element is the "up and down", second "left and right" 
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subplot(2,2,2) 

xaxis=[0:pixel_to_length_ratio:pixel_to_length_ratio*1023]; 

plot(xaxis,X1(bottom_of_channel-measure_line_offset,:)) 

axis([start_line*pixel_to_length_ratio stop_line*pixel_to_length_ratio 

intensity_plot_min intensity_plot_max]); 

title('Near bottom of channel') 

xlabel('distance(mm)') 

ylabel('intensity (au)') 

set(gca,'GridLineStyle',:); 

grid on; 

hold on; 

 

%%%max%%% 

[bottom_lmval,bottom_indd]=lmax(double(X1(bottom_of_channel-

measure_line_offset,:)),bottom_channel_filter); 

scatter(xaxis(bottom_indd),X1(bottom_of_channel-

measure_line_offset,bottom_indd),50,'c'); 

n=1; 

while xaxis(bottom_indd(n))<start_line*pixel_to_length_ratio 

    n=n+1; 

end 

 

while xaxis(bottom_indd(n))<stop_line*pixel_to_length_ratio 

    text(xaxis(bottom_indd(n)),800+double(X1(bottom_of_channel-

measure_line_offset,bottom_indd(n))), 

num2str(xaxis(bottom_indd(n))),'FontWeight','bold');  

   

    text(xaxis(bottom_indd(n)),300+double(X1(bottom_of_channel-

measure_line_offset,bottom_indd(n))),strcat('s= ', 

num2str(xaxis(bottom_indd(n+1)) - xaxis(bottom_indd(n)))),'FontWeight','bold');  

    n=n+1; 

end 

 

%%%mins%%% 

[bottom_lmval,bottom_indd]=lmin(double(X1(bottom_of_channel-

measure_line_offset,:)),bottom_channel_filter); 

scatter(xaxis(bottom_indd),X1(bottom_of_channel-

measure_line_offset,bottom_indd),50,'r'); 

 

n=1; 

while xaxis(bottom_indd(n))<start_line*pixel_to_length_ratio 

    n=n+1; 

end 

 

while xaxis(bottom_indd(n))<stop_line*pixel_to_length_ratio 

    text(xaxis(bottom_indd(n)),-300+double(X1(bottom_of_channel-

measure_line_offset,bottom_indd(n))),  

num2str(xaxis(bottom_indd(n))),'FontWeight','bold');     

    text(xaxis(bottom_indd(n)),-800+double(X1(bottom_of_channel-

measure_line_offset,bottom_indd(n))),strcat('s= ', 

num2str(xaxis(bottom_indd(n+1)) - xaxis(bottom_indd(n)))),'FontWeight','bold');  

    n=n+1; 
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end 

 

 

subplot(2,2,3) 

plot(xaxis,X1(top_of_channel+measure_line_offset,:)) 

axis([start_line*pixel_to_length_ratio stop_line*pixel_to_length_ratio 

intensity_plot_min intensity_plot_max]); 

title('Near top of channel') 

xlabel('distance(mm)') 

ylabel('intensity (au)') 

grid on; 

hold on; 

[top_lmval,top_indd]=lmax(double(X1(top_of_channel+measure_line_offset,:)),top_

channel_filter); 

scatter(xaxis(top_indd),X1(top_of_channel+measure_line_offset,top_indd),50,'c'); 

 

n=1; 

while xaxis(top_indd(n))<start_line*pixel_to_length_ratio 

    n=n+1; 

end 

 

while xaxis(top_indd(n))<stop_line*pixel_to_length_ratio 

    

text(xaxis(top_indd(n)),800+double(X1(top_of_channel+measure_line_offset,top_in

dd(n))),  num2str(xaxis(top_indd(n))),'FontWeight','bold');     

     

    

text(xaxis(top_indd(n)),300+double(X1(top_of_channel+measure_line_offset,top_in

dd(n))),strcat('s= ', num2str(xaxis(top_indd(n+1)) - 

xaxis(top_indd(n)))),'FontWeight','bold');  

     

    n=n+1; 

end 

 

[top_lmval,top_indd]=lmin(double(X1(top_of_channel+measure_line_offset,:)),top_

channel_filter); 

scatter(xaxis(top_indd),X1(top_of_channel+measure_line_offset,top_indd),50,'r'); 

 

n=1; 

while xaxis(top_indd(n))<start_line*pixel_to_length_ratio 

    n=n+1; 

end 

 

while xaxis(top_indd(n))<stop_line*pixel_to_length_ratio 

    text(xaxis(top_indd(n)),-

300+double(X1(top_of_channel+measure_line_offset,top_indd(n))),  

num2str(xaxis(top_indd(n))),'FontWeight','bold'); 

    text(xaxis(top_indd(n)),-

800+double(X1(top_of_channel+measure_line_offset,top_indd(n))),strcat('s= ', 

num2str(xaxis(top_indd(n+1)) - xaxis(top_indd(n)))),'FontWeight','bold');  

     

    n=n+1; 

end 
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subplot(2,2,4) 

plot(xaxis,X1(middle_of_channel,:)) 

axis([start_line*pixel_to_length_ratio stop_line*pixel_to_length_ratio 

intensity_plot_min intensity_plot_max]); 

title('Middle of channel') 

xlabel('distance(mm)') 

ylabel('intensity (au)') 

grid on; 

hold on; 

[middle_lmval,middle_indd]=lmax(double(X1(middle_of_channel,:)),middle_channel

_filter); 

scatter(xaxis(middle_indd),X1(middle_of_channel,middle_indd),50,'c'); 

 

n=1; 

while xaxis(middle_indd(n))<start_line*pixel_to_length_ratio 

    n=n+1; 

end 

 

while xaxis(middle_indd(n))<stop_line*pixel_to_length_ratio 

    text(xaxis(middle_indd(n)),800+double(X1(middle_of_channel,middle_indd(n))),  

num2str(xaxis(middle_indd(n))),'FontWeight','bold');   

    

text(xaxis(middle_indd(n)),300+double(X1(middle_of_channel,middle_indd(n))),strc

at('s= ', num2str(xaxis(middle_indd(n+1)) - 

xaxis(middle_indd(n)))),'FontWeight','bold');  

     

    n=n+1; 

end 

 

[middle_lmval,middle_indd]=lmin(double(X1(middle_of_channel,:)),middle_channel

_filter); 

scatter(xaxis(middle_indd),X1(middle_of_channel,middle_indd),50,'r'); 

 

n=1; 

while xaxis(middle_indd(n))<start_line*pixel_to_length_ratio 

    n=n+1; 

end 

 

while xaxis(middle_indd(n))<stop_line*pixel_to_length_ratio 

    text(xaxis(middle_indd(n)),-300+double(X1(middle_of_channel,middle_indd(n))),  

num2str(xaxis(middle_indd(n))),'FontWeight','bold');   

     text(xaxis(middle_indd(n)),-

800+double(X1(middle_of_channel,middle_indd(n))),strcat('s= ', 

num2str(xaxis(middle_indd(n+1)) - xaxis(middle_indd(n)))),'FontWeight','bold');  

     

    n=n+1; 

end 
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Appendix 7: Thrust Stand Standard Operating Procedure 

 
 

I Setup Thrust Stand 

 
1) Before attaching the FEPT to the thrust stand, the experiment 

setpoints should be approximated. If done in a background of 
atmospheric-pressure air, this can be done on the desktop; if in 

vacuum, the FEPT should be placed in high vacuum. 
  

2) With a small amount of bursts/cycle (~30), the applied voltage 
and frequency should be adjusted until the desired setpoint is reached. 

Typically, plasma can be viewed in the FEPT aperture. Find the 
resonant frequency. For each setpoint, capture the voltage and current 

waveforms at ~20 cycles from the burst start.  

  
3) Once the setpoints are found, the cycles/burst should be 

calculated when operating on the thrust stand. Typically, a 6 ms-long 
burst has been used. The cycles/bursts is given by frequency*burst 

length. For example, if the setpoint is 360 kHz, and a 6 ms-long burst 
is desired, the cycles/burst is 360e3*6e-3=2160 cycles/burst. 
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4) On the waveform generator, adjust the cycles/burst to this 
amount. 

  
5) Confirm that the FEPT operates at each setpoint. 

  
6) Attach FEPT to the pendulum arm. Confirm that the screws are 

tight. Also, confirm that the leads are not shorted to ground. Secure 
leads to the thrust stand. Measure and record the calibration plates 

separating distance. 
  

7) Place thrust stand in chamber. Connect leads to the calibration 
pulser and the FEPT. 

  
8) Get a rough alignment of the mirrors on the Michelson 

interferometer with the chamber door open. Also, adjust the output 

mirror such that the fringes roughly hit the diode detector. The beam-
expanding lens should be placed such that the chamber door does not 

hit it when closed. 
  

9) Clean the chamber door using a 90% ethyl alcohol solution. 
  

10) Close door and readjust the fringes, output mirror, and beam-
expanding lens. Fringes should be larger than the width of the diode 

and be vertical. 
  

11) Close chamber door and pump down if the FEPT is to be 
operated in vacuum. 

  
12) Ensure that all equipment connections are made according to the 

above diagram. 

  
13) Turn on diode detector and confirm there is a response on the 

oscilloscope. The time scale should be set to 10 ms/div. 
  

14) Adjust vertical scale and offset on diode. 
a) With scope on sample mode, lightly tap chamber. 

b) The diode signal should not exceed the limits on the screen. 
Also, the signal should just reach the screen edge. Also, the average of 

the signal should be at middle of the screen. 
c) If all the conditions or not met, adjust the linear translator 

holding the diode detector, the fine vertical adjustment on the 
oscilloscope, and/or the vertical offset on the oscilloscope.  

d) Go to 14-a until conditions of 14-b are met. 
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15) Turn on 15 V gate driver voltage to the small pulser. Turn on a 
~2 V emco supply voltage. This will start to output voltage to the 

calibration plates. Adjust delay generator until a 6 ms (or other 
standardized width) pulse is generated. Adjust the horizontal offset 

until the rising edge of the pulses are at t=0 on the scope. 
 

16) Record diode traces for various applied calibration impulses: 
a) If the conditions of 14-b are met. If not, repeat 14. For each 

data point write the vertical sensitivity. 
b) Starting large, with ~8-10 V on the emco supply, apply pulses to 

the calibration plates. The pulses should be separated by at least 800 
ms. 

c) Have the oscilloscope average 64 pulses. 
d) At t<0, the diode signal should start to average to zero. If there 

is an offset greater or less than 1 division, stop acquiring and go back 

to 17-a. 
e) At t>0, there should be a small sinusoid that starts at t=0. 

f) When the SNR is “good,” save the waveform and log the pulser 
characteristics used to generate the pulse. 

g) Repeat 17 until the entire range of desired impulses is confirmed 
to generate a signal. If the thrust stand response is not sufficient, go 

to step 10 and repeat. 
 

17) Confirm a thrust stand response with the FEPT setpoints. 
  

 
II Gather Thrust Data 

 
1) Take one data point from each setpoint. Each time, make sure 

the conditions of 14-b are met and the sensitivity is noted. 

  
2) Record diode data from five different calibration pulses. Be sure 

and sweep a large range of applied impulse values. Ex. Vemco = 
2,4,6,8,10 V. 

  
3) Analyze these calibration traces and setpoint traces with Matlab. 

Note the SNR and the fitted peak deflection values. 
4) The calibration pulse values chosen must have peak deflection 

values that are both greater and less than the peak deflection values 
generated by the two setpoints. If not, the calibration pulse values or 

the setpoints should be adjusted.  
 

5) If adjustment was made, return to step III-1) and repeat. 
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6) If a good range of FEPT setpoints and calibration pulses is 
confirmed, set up a randomized experimental design versus time. For 

example, take ~ 5 FEPT data points, then take ~ 5 calibration plate 
data points. Within each set, randomize the order you take them. After 

10 points, analyze using Matlab and confirm the peak displacements 
are in range. 

 
7) Repeat until the desired number of pulses is reached. 
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Appendix 8: Matlab Script for Generating FEPT Atila Script 

Coordinates 

 

clear; 

disk_thickness=2.0e-3; 

ap_r=2.5e-3; 

d_r=5.0e-3; 

 

fid=fopen('atila_generated_geometry.txt','w'); 

 

fprintf(fid,'* 1 *  0.00000E+00  0.00000E+00  0.00000E+00 \n'); 

fprintf(fid,'* 2 *  %11.9f  %11.9f %11.9f \n',ap_r/2,0,0); 

fprintf(fid,'* 3 *  %11.9f  %11.9f %11.9f \n',ap_r,0,0); 

fprintf(fid,'* 4 *  %11.9f  %11.9f %11.9f \n',ap_r+(d_r-ap_r)/2,0,0); 

fprintf(fid,'* 5 *  %11.9f  %11.9f %11.9f \n',d_r,0,0); 

fprintf(fid,'* 6 *  %11.9f  %11.9f %11.9f \n',0.9239*ap_r,0.3827*ap_r,0); 

fprintf(fid,'* 7 *  %11.9f  %11.9f %11.9f \n',0.9239*d_r,0.3827*d_r,0); 

fprintf(fid,'* 8 *  %11.9f  %11.9f %11.9f \n',ap_r/2*0.7071,ap_r/2*0.7071,0); 

fprintf(fid,'* 9 *  %11.9f  %11.9f %11.9f \n',ap_r*0.7071,ap_r*0.7071,0); 

fprintf(fid,'* 10 * %11.9f  %11.9f %11.9f \n',(ap_r+(d_r-

ap_r)/2)*0.7071,(ap_r+(d_r-ap_r)/2)*0.7071,0); 

fprintf(fid,'* 11 * %11.9f  %11.9f %11.9f \n',d_r*0.7071,d_r*0.7071,0); 

fprintf(fid,'* 12 * %11.9f  %11.9f %11.9f \n',0.3827*ap_r,0.9239*ap_r,0); 

fprintf(fid,'* 13 * %11.9f  %11.9f %11.9f \n',0.3827*d_r,0.9239*d_r,0); 

fprintf(fid,'* 14 * %11.9f  %11.9f %11.9f \n',0,ap_r/2,0); 

fprintf(fid,'* 15 * %11.9f  %11.9f %11.9f \n',0,ap_r,0); 

fprintf(fid,'* 16 * %11.9f  %11.9f %11.9f \n',0,ap_r+(d_r-ap_r)/2,0); 

fprintf(fid,'* 17 * %11.9f  %11.9f %11.9f \n',0,d_r,0); 

fprintf(fid,'* 18 * %11.9f  %11.9f %11.9f \n',0,0,disk_thickness/2); 

fprintf(fid,'* 19 * %11.9f  %11.9f %11.9f \n',ap_r,0,disk_thickness/2); 

fprintf(fid,'* 20 * %11.9f  %11.9f %11.9f \n',d_r,0,disk_thickness/2); 

fprintf(fid,'* 21 * %11.9f  %11.9f %11.9f 

\n',ap_r*0.7071,ap_r*0.7071,disk_thickness/2); 

fprintf(fid,'* 22 * %11.9f  %11.9f %11.9f 

\n',d_r*0.7071,d_r*0.7071,disk_thickness/2); 

fprintf(fid,'* 23 * %11.9f  %11.9f %11.9f \n',0,ap_r,disk_thickness/2); 

fprintf(fid,'* 24 * %11.9f  %11.9f %11.9f \n',0,d_r,disk_thickness/2); 

fprintf(fid,'* 25 * %11.9f  %11.9f %11.9f \n',0,0,disk_thickness); 

fprintf(fid,'* 26 * %11.9f  %11.9f %11.9f \n',ap_r/2,0,disk_thickness); 

fprintf(fid,'* 27 * %11.9f  %11.9f %11.9f \n',ap_r,0,disk_thickness); 

fprintf(fid,'* 28 * %11.9f  %11.9f %11.9f \n',ap_r+(d_r-ap_r)/2,0,disk_thickness); 

fprintf(fid,'* 29 * %11.9f  %11.9f %11.9f \n',d_r,0,disk_thickness); 

fprintf(fid,'* 30 * %11.9f  %11.9f %11.9f 

\n',0.9239*ap_r,0.3827*ap_r,disk_thickness); 

fprintf(fid,'* 31 * %11.9f  %11.9f %11.9f 

\n',0.9239*d_r,0.3827*d_r,disk_thickness); 

fprintf(fid,'* 32 * %11.9f  %11.9f %11.9f 

\n',ap_r/2*0.7071,ap_r/2*0.7071,disk_thickness); 
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fprintf(fid,'* 33 * %11.9f  %11.9f %11.9f 

\n',ap_r*0.7071,ap_r*0.7071,disk_thickness); 

fprintf(fid,'* 34 * %11.9f  %11.9f %11.9f \n',(ap_r+(d_r-

ap_r)/2)*0.7071,(ap_r+(d_r-ap_r)/2)*0.7071,disk_thickness); 

fprintf(fid,'* 35 * %11.9f  %11.9f %11.9f 

\n',d_r*0.7071,d_r*0.7071,disk_thickness); 

fprintf(fid,'* 36 * %11.9f  %11.9f %11.9f 

\n',0.3827*ap_r,0.9239*ap_r,disk_thickness); 

fprintf(fid,'* 37 * %11.9f  %11.9f %11.9f 

\n',0.3827*d_r,0.9239*d_r,disk_thickness); 

fprintf(fid,'* 38 * %11.9f  %11.9f %11.9f \n',0,ap_r/2,disk_thickness); 

fprintf(fid,'* 39 * %11.9f  %11.9f %11.9f \n',0,ap_r,disk_thickness); 

fprintf(fid,'* 40 * %11.9f  %11.9f %11.9f \n',0,ap_r+(d_r-ap_r)/2,disk_thickness); 

fprintf(fid,'* 41 * %11.9f  %11.9f %11.9f \n',0,d_r,disk_thickness); 

 

fclose(fid);
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