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Abstract

Electrospray propulsion systems operate by electrostatically extracting high speed droplets, clusters, and

molecules from an ionic liquid propellant. These high speed species can impact and interact with surfaces in

proximity of the propulsion device, producing an amorphous plume of secondary species. The aim of this

research is to demonstrate a methodology for measuring the mass of a differential component of the secondary

plume to better understand how electrospray thrusters interact with their terrestrial test facilities and their

in-space environment. Experiments conducted utilized a quartz crystal microbalance to investigate the energy

dependence of secondary mass flux as well as the angular distribution of secondary mass for high voltage

and low voltage primary electrospray plumes. The secondary mass flux yields was observed to have very

little dependence on the energy of the primary plume, with yield values contained within 6.822×10−14 ng
ion-sr

and 8.873×10−14 ng
ion-sr over an order of magnitude of primary voltages. The angular distribution of the

secondary plume produced by a low energy primary plume was relatively flat, with yields ranging from

7.391×10−14 ng
ion-sr to 8.828×10−14 ng

ion-sr over a range of 35◦ to 80◦. When spraying a high energy plume, the

yield dropped from 7.304×10−14 ng
ion-sr to 3.645×10−14 ng

ion-sr when the polar position of the quartz crystal

microbalance was swept from 35◦ to 80◦. These results indicate that the high energy plume produces a

secondary plume with less mass than atomic carbon sputtering nickel, but more mass than if the carbon

atoms simply bounced off the surface of the target. Results at varying primary energies require further

investigation in a more pristine experimental environment to make any statements on the underlying effects.
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Chapter 1

Introduction

This thesis presents work regarding efforts to measure the secondary mass flux yields from a surface impinged

on by an electrospray plume. Chapter 1 covers the motivation behind the research, including an overview

of electrospray propulsion and plume-surface interactions, as well as a brief review of literature relevant to

both topics. In Chapter 2, the experimental approach undertaken to investigate the subject is detailed and

all experimental apparatus used in the experiments are described. Results obtained to answer the primary

research questions are presented and analyzed in Chapter 3. Chapter 4 discusses the results in context

with established science in the field of materials science and electric propulsion. A summary of the study is

provided in Chapter 5, along with a brief consideration of limitations of this research as well as potential

future directions for the research.

1.1 Electrospray Propulsion

The basic principle of electrosprays is the application of a strong electric field to a meniscus of a conductive

liquid. The resultant imbalance between the electrostatic force and the surface tension of the bulk liquid

results in a deformation of the liquid interface referred to as a Taylor cone [1]. The focused electric field at the

peak of the Taylor cone produces a forced jet of electrified propellant due to the singularity of the field at the

liquid-vacuum interface [2]. The electro-hydrodynamic instabilities inherent to the jet in the field free-region

results in the expansion of the jet into a plume of droplets, clusters, or individual molecules. There have

been a wide range of applications for electrospray technology since its initial development. Manufacturing

methods such as electrospinning and thin film deposition have made use of electrosprays to create unique

structures and surfaces [3], [4]. Material analysis has been improved by electrospraying macroparticles for

mass spectrometry [5]. This thesis will be dedicated to analyzing the applications of electrospray technology
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for spacecraft propulsion.

Electrospray thrusters are a type of propulsion system which electrostatically extract and accelerate

charged droplets, clusters, or ions of ionic liquid (IL) propellants from “emitters” to high speeds in order to

produce thrust. Initially focusing on the emission of large droplets, early development throughout the 1960s

and 1970s was interested in using electrosprays as the primary in-space propulsion device for spacecraft [6].

Later efforts starting in the late 1990s and early 2000s were dedicated to utilizing electrosprays for attitude

correction and disturbance mitigation for space observatories and small spacecraft [7], [8]. This application of

electrospray propulsion hinges on high specific impulse rather than high thrust-to-power. As such, the desired

mass of emitted species — or rather mass-to-charge ratio — will be low as possible. The ideal thruster for

this purpose emits exclusively singly charged monomers of ionic liquid propellant; this is what is referred to

as the “purely-ionic regime” or PIR.

State-of-the-art electrospray propulsion research has primarily focused on three emitter designs: capillary,

externally wetted, and porous emitters. See Fig. 1.1 for simple diagrams of each common configuration.

Figure 1.1: Electrospray configurations with (a) capillary emitter, (b) externally wetted emitter, and (c)
porous emitter

The most widely investigated configuration, the capillary emitter, consists of pressurized hollow microtubes

connecting a reservoir of propellant to a series of exit channels. The exposed liquid at the exit channel is

placed under the electric field to form the Taylor cone and emit charged particles [9]. A version of a capillary

emitter type thruster designed and built by Busek was launched aboard the LISA Pathfinder spacecraft for

in-space demonstration of the technology [10]. Actively-fed capillary emitters tend to emit large droplets and

operate at a high thrust-to-power-ratio when compared to other electrospray systems [11]. Although fairly

reliable, a number of challenges present themselves with capillary electrosprays. Propellant must be actively

forced to the exit apertures of the thruster, requiring a feed system which contributes considerable mass and

complexity to the system. Clogging and bubble-formation in the propellant feed lines are also concerns for
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the performance and lifetime of these thrusters.

The externally wetted emitters feature solid emitters formed and etched to feature a rough external

surface and a curved or conical tip [12]. The liquid propellant wicks up the surface of the emitter to the tip,

where the applied electric field forms the Taylor cone and extracts charged particles of propellant. Externally

wetted emitters have been shown to be useful in a number of fundamental electrospray studies due to their

ease of use in lab settings [13], [14]. They are shown to emit in a nearly PIR mode, but prove to be more

difficult to array due to a decrease in wettability when many rough surfaces were placed in any high density

array. These thrusters also feature a limited selection of propellants due to the low vapor pressure required

for propellant not to evaporate off of the emitter surface in vacuum environments [15].

Porous emitters have gained recent interest for their balance of manufacturability and complexity when

compared to capillary and externally wetted emitters. Conical or pyramidal structures are etched from a

porous material or extruded with a designed porosity in arrays of tens or hundreds of emitters. An ionic

liquid propellant is fed into the pores of the material and wicked to the sharp tips of the emitters by capillary

forces. The propellant seeps from the pores and clings to the outer surface of the tips when the electric field

is applied, forming a Taylor cone and emission site. Porous emitter thrusters are of particular interest due

to the advantages they pose over the proven capillary emitter thrusters from a design perspective. Porous

emitters enable capillary driven passively fed propulsion that does not require the mass or complexity of a feed

system [16], [17]. This class of thrusters has also been shown to operate closer to PIR than the droplet-heavy

capillary emitter thrusters [9].

1.2 Plume-surface Interactions

As mission lifetimes and the complexity of mission requirements have increased with the expansion of

commercial space and advancement of scientific exploration vehicles, the demand for electric propulsion has

increased significantly. The increased application and reliance on EP devices necessitates that the propulsion

systems be accurately and precisely predicted, tested, and evaluated to characterize their capabilities. Much

attention has been paid to the tests and analyses that are critical for preparing the systems for in-space

performance. The first-principles models essential for predicting key performance parameters further rely on

empirical data to enhance the accuracy of their results. As a result, the results from terrestrial facilities must

be entirely understood and assessed with proper context and compensation for the effects of the interactions

between the thruster and its test environment. Given that a majority of electrospray diagnostics involve

directly receiving the plume of charged species on electrical measurement devices or pressure sensors, the

interactions between the plume species and the experimental surfaces must be taken into account. Facility
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effects have been and continue to be thoroughly studied for existing and proven EP technologies like Hall

thrusters due to their sensitivity to background pressure and the impacts of electrical coupling on the thruster

plasma. Conversely, electrospray facility effects have only recently come under intense scrutiny from the

community.

Beyond the effects of ground-based testing, EP systems may pose a threat to their spacecraft if their

interactions with other subsystems are not fully considered. Of utmost concern for electrospray spacecraft

interactions are spacecraft charging and plume impingement [18]. The charged particles emitted by the

thruster can return to the spacecraft, resulting in spacecraft charging and potential material erosion. The

liquid-phase propellant and its conductivity also present several further risks, as plume interception on

spacecraft surfaces will not only result in spacecraft charging and surface removal, but chemical contamination

as well [19]. Beyond these primary interactions, any surface impinged on by the plume will also be a potential

site for the production of secondary species.

The purpose of this work is to develop a method for measuring the mass of secondary species produced by

a primary electrospray plume impinging on a downstream surface. Previous work from the EP community has

made progress in characterizing the emission of secondary charged species in electrospray material interaction

[13], [20], [21]. Previous work has also attempted to characterize sputtering yields from bombardment by

electrosprayed droplets rather than ion plumes [7], [22], [23]. However, potential secondary species include

electrons, atomic and molecular ions, clusters, nanodroplets, as well as neutral pairs of deposited propellant

or sputtered material from the impinged surface. The mass of these species and their angular distribution

should be understood in order to understand potential facility effects arising from the deposition of secondary

mass on experimental instruments. These results can also be used in attempts to improve existing models of

plume-surface interactions and their consequences with regards to facility and spacecraft interactions.

1.3 Secondary Mass Flux

In discussing the production of the secondary mass, the typical materials science terminology such as sputtering

assumes more about the primary-secondary collisions than can be surmised at this stage of investigation. To

refer to the measurements made in this study as the sputtering yield would assume that all measured mass is

target material etched away from the topmost layers of the surface. However, results from the studies cited

in this chapter indicate that a significant amount of charged species are reflected, scattered, or otherwise

removed from the surface of the target and ejected back into the facility as part of the secondary plume.

Therefore, this study will refer to secondary mass flux yield as the mass per incident ion rather than atoms

per incident ion.
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Chapter 2

Experimental Approach

2.1 Porous Glass Thruster

The electrospray source used in these experiments was a porous glass electrospray thruster designed at UIUC

based on the AFET-2 design from the Air Force Research Lab at Edwards Air Force Base [17]. Manufacturing,

assembly and loading procedures described by [24] were used in preparing the thruster for all experiments.

The emitter array was manufactured from a 2.5 mm thick, 20 mm diameter P5 porous glass filter disk using

a diamond edged grinding wheel. Each emitter is a square pyramid, with a height of ∼250 µm and an aspect

ratio of ∼0.7. The 20 mm diameter disk allows for a 24 x 24 array of emitters with a pitch of 576 µm. Figure

2.1 shows a porous glass disk in the manufacturing assembly.

Figure 2.1: Ground emitter disc

The extractor array was designed to match the pitch and offset measured from a set of machined emitters.
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Using a RMI EF-20 laser engraver, the array pattern was cut into a flattened sheet of 0.004” thick aluminum

shim stock. To ensure flatness and provide structure to the extractor grid, the cut array was then bonded to

a steel frame using a conductive silver epoxy.

The other components of the thruster were milled and machined using conventional machining techniques,

with 0.001” tolerances on all measurements. With all components prepared, the thruster could be assembled,

starting with the propellant module, which contains the emitter, propellant, reservoir, and contact spring.

The propellant module housing is machined from a piece of polyetheretherketone (PEEK). A disc spring sits

at the bottom of the module, with a 2.5 mm thick, 20 mm diameter P4 porous borosilicate filter disk sitting

on top of the spring. The P4 disk acts a reservoir to contain excess propellant. The machined emitter disk is

then placed over the propellant reservoir, with a sheet of filter paper between the two disks to regulate the

flow from the reservoir to the emitter array. A steel electrode frame was then bolted down over the edges of

the emitter array, compressing the spring and pushing the entire assembly together. The propellant module

was bolted into the aluminum thuster housing with a 0.004” thick sheet of aluminum shim stock placed

between the bottom of the thruster housing and the propellant module to set the emitter array at the desired

height. The extractor was finally placed over the emitter array and aligned over the tips using an optical

microscope at 20x magnification. Figure 2.2 shows a fully assembled thruster.

Figure 2.2: Porous glass thruster, assembled and loaded with [EMIM][BF4]
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To verify the emitter alignment and quantify the gap distance between the emitter tips and the extractor,

the assembled thruster was analyzed under a Keyence VKX1000 Laser Confocal Microscope. See Figure 2.3

for imaging and profiling steps in the assembly process. An emitter-extractor gap between 50 µm and 150

µm was deemed acceptable when preparing a thruster for testing [24].

Figure 2.3: (a) Overlaid laser and optical image of 5 x 4 section of thruster array, (b) height map of the same
section, and (c) height profile of one row of emitters

Thruster loading took place after the assembly and verification. To fill the propellant reservoir and emitter

array with propellant, an access hole was machined into the rear of the thruster housing and the propellant

module. The thruster rested upside down while drops of propellant were dripped directly onto the propellant

reservoir. Approximately 0.6 mL of propellant could be deposited into the propellant housing before the

emitter array flooded. To ensure that propellant had seeped to the tips of the emitter array, the thruster was

left upside down for approximately two hours. The entire loading and saturation process took place in a

purged dry air glove box to minimize the effects of background humidity on the propellant. See Fig. 2.4 for

detail on the propellant loading process.

(a) Empty thruster ready for loading and 1 mL syringe
filled with [EMIM][BF4] (b) Thruster filling using luer lock syringe

Figure 2.4: Loading procedure for porous glass thruster

1-ethyl-3-methylimidazolium tetrefluoroborate ([EMIM][BF4]) was chosen as the ionic liquid ion source
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(ILIS). This particular propellant has been demonstrated as a easy-to-use, cost effective, and versatile

propellant in a number of electrospray applications in lab tests [17], [21], [24]. After loading with propellant,

the insulation of the thruster was validated using a Megger high voltage tester. The extractor was held

at ground while the emitter was swept from 0 to 500 V. With propellant saturated to the emitter tips, an

impedance greater than 100 GΩ and leakage current less than 10 nA at 500 V was determined to be acceptable

for thruster testing.

2.2 Quartz Crystal Microbalance (QCM)

A quartz crystal microbalance (QCM) is a piezoelectric device commonly used as a monitoring device in

thin-film deposition applications [25]–[27]. The working principle of a QCM is that the resonant frequency of

a cut piece of quartz crystal is correlated to the thickness of the crystal. As the thickness of the resonant

material of the crystal increases, the fundamental frequency will decrease proportionally to the added mass

of the uniform film on the crystalline surface. By applying a driven frequency to the crystal, the measured

frequency change can be used to calculate the amount of mass per unit area that has been deposited over

time. See Equation (2.1) for a mathematical representation of this relationship, referred to as the Sauerbrey

equation.

dm

dt
= −CAs

df

dt
(2.1)

In this expression, df
dt is the measured frequency change, As is the surface area of the crystal resonator

upon which mass is being deposited, and C is the mass sensitivity constant, which describes the degree to

which a mass deposition per unit surface area perturbs the crystal frequency. This sensitivity constant is

determined by the manufacturer by depositing a known mass per unit area on a representative sample of

crystals and measuring the frequency change from its resonant value.

The piezoelectric element of the QCM is known to be highly sensitive to changes in temperature [28]–[30].

For these experiments, the QCM was not operated with any form of cooling. Typical QCM cooling systems

run fluid around the body of the oscillator to maintain the temperature of the sensor. As secondary species

from plasma and ion bombardment generally have low energy, and the amount of expected flux was relatively

low, cooling was deemed unnecessary as the power deposition from secondary mass flux would be negligible

[31].

The QCM used in these experiments was an Inficon front load sensor monitored by an XTC/3S Deposition
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Controller with an external oscillator. The deposition controller measures the frequency with a frequency

resolution of 0.001 Hz and a time resolution of 1 s. Inficon Gold-Coated 6MHz quartz crystals were used

as the receiver for their superior adhesion when compared to bare quartz crystals or alloy-coated crystals.

The exposed area of the crystal was measured to be 1.593 cm2 when loaded into the sensor head. Figure 2.5

shows the QCM with a fresh gold-coated crystal prior to any deposition.

Figure 2.5: Inficon quartz crystal microbalance, with gold-coated 6 MHz quartz crystal

The XTC/3S and external oscillator provided the driving frequency for the QCM and measured the change

in resonant frequency during deposition. The monitor had a time resolution of 1 second and a frequency

resolution of 0.028 Hz.

2.3 Experimental Setup

The experimental approach utilized for the tests treated secondary mass flux as a deposition process which

could be monitored by a QCM like any other deposition process. A similar approach was undertaken by

Williams et al. to measure mass sputtered from a material surface by a xenon beam using a rotating QCM

[26]. Figure 2.6 shows a schematic of the test setup as envisioned, based on the xenon beam sputtering

experimental design.
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Figure 2.6: Schematic of Experimental Setup

Figure 2.7a shows the proposed experimental setup implemented in the facility. The thruster was fixed

at a position d = 12 cm away from a fixed 6” x 6” nickel target with the extractor face and nickel surface

parallel to one another. The QCM was placed on a rotating arm r = 12 cm away from the center of a target,

such that the polar angle defined by the target normal and the QCM normal could be swept in the range of

α ∈ [35◦, 90◦]. The nickel surface was intentionally chosen as the bombardment target due to its prevalence

in facility and spacecraft environments, as well as its relative simplicity when compared to other common

materials such as aluminum and steel. Those materials are alloyed and composed of a variety of materials,

whereas a polycrystalline nickel target is a single homogeneous surface.

High voltage connections were placed on the emitter and extractor connection points in order to operate

the thruster. With the use of Texas Instruments AMC1311 isolation amp evaluation modules, the current

across these high voltage lines was measured at all times. Plume current received at the target was measured

by a Keithley 6514 electrometer operating in ammeter mode operating in a range of ±200 µA. This instrument

provides an accurate measure of small currents with resolution of 0.01 nA. See Fig. 2.7b for the high voltage

connection points on the thruster and target surfaces.

The radial position of the QCM was decided to be r = 12 cm in order to limit the probability of the

primary plume impinging on the sensor and influencing mass measurements. Figure 2.7c shows this separation
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between the exterior face of the thruster and the primary sensing surface of the QCM.

(a) Top-down view of setup

(b) Rear view of setup

(c) Reverse angle view of setup

Figure 2.7: Experimental setup for measurements of secondary mass flux
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2.4 Facility

Experiments were conducted in a belljar vacuum chamber with a depth of 27” and a diameter of 24”. The

chamber was equipped with a Leybold DB16 rough vacuum rotary pump and a CTI CryoTorr 8 cryopump

driven by a Brooks 9600 helium compressor. The chamber is monitored by a convection enhanced Pirani

gauge at low vacuum and a hot filament ion gauge at high vacuum. In this configuration, the chamber had a

measured base pressure of 6×10−6 Torr.

Figure 2.8: Belljar vacuum chamber with cryopump and vacuum monitoring instruments shown
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Chapter 3

Results and Analysis

3.1 Thruster Characterization

In order to provide any assessment of the secondary plume, the primary plume must first be assessed and

characterized. Recent work from the University of Illinois provided a comprehensive characterization of

the porous glass thruster operating with different propellants, including [EMIM][BF4] [24]. Measurements

collected in that survey included I-V curves, retarding potential curves, and time-of-flight spectra. For

the purposes of these experiments, characteristic curves of thruster voltage and current as well as RPA

measurements were collected to compare the plumes and get insight into the properties and composition of

the ion plume.

Figure 3.1 shows I-V curves for the thruster operating in cation and anion modes. These curves were

collected by fixing the extractor potential at ground, and sweeping the emitter bias from 0 V to 2000 V in a 1

Hz triangle wave.
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(a) Positive Operation (b) Negative Operation

Figure 3.1: Porous glass thruster I-V curves

Note that the onset voltage appears to be ∼1300 V for cation operation and ∼-1450 V for anion operation.

Typical of similar bipolar electrospray systems, the anion current was markedly lower than the cation current.

Results from other electrospray users demonstrate onset voltages ranging from 900 V to 1500 V, and a

broad range of emission, collection, and impingement currents [11], [17], [24]. These exact performance

characteristics will be heavily dependent on the specific dimensions of the thruster and the alignment of the

emitter and extractor [8].

The energy distribution of the primary plume was assessed using a conventional three-grid retarding

potential analyzer (RPA). The RPA features a simple Faraday cup, with a series of biased grids in front of it.

When collecting these curves, the centerline of the ion plume was oriented colinear to the centerline of the

Faraday cup. The first grid the encountered by ions in the plume was held at ground to limit the effects

of the downstream grids on the plume prior to entering the analyzer. The middle grid was swept between

high negative and high positive voltages to retard the motion of incoming ions. The last grid was held at -60

V in order to reject secondary charged species produced by impacts between plume ions and grid surfaces.

These curves reveal the energy distribution of the primary plume ions based on their stopping energy. This

offers an estimate for the energy with which primary ions will strike a downstream surface. Figures 3.2a and

3.2b shows the cumulative RPA spectra for a positive and negative primary plume, respectively. The emitter

bias was ±1900 V, while the full scale retarding potential was ±2000 V. The x- and y-axes were normalized

such that x = 1 represents a retarding voltage of 2000 V and y = 1 is the maximum signal measured at the

Faraday cup.
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(a) Positive Operation (b) Negative Operation

Figure 3.2: Porous glass thruster RPA curves

The figures show the increasing signal at low suppression voltages in both spectra. Similar behavior was

seen in RPA spectra obtained by Bruno et al. in recent studies characterizing electrospray thrusters with

[EMIM][BF4] and several hydroxylamine nitrate (HAN) based propellants sprayed with an iEPS porous

glass thruster [32]. The positive signal demonstrates drops at ∼0.35 and ∼0.62, corresponding to expected

fragmentation of [EMIM]+ dimers and trimers. Similarly, the negative signal exhibits drops at ∼0.32 and

∼0.6, which close match the fragmentation energies for [BF4]
− dimers and trimers. These cumulative signals

show strong agreement with previous results from an identical porous glass thruster operated at UIUC in Ref.

[24], as well as similar porous glass thrusters [11], [17].

3.2 QCM Characterization

QCMs are well-characterized instruments used commonly in a variety of thin film deposition systems for

measuring and monitoring purposes. For these experiments, no mass calibration was conducted using a

known mass deposition source; instead, the mass sensitivity constant given by the crystal manufacturer

(12.35 ng
Hz−cm2 ) was used for mass determination [28]. Additional characterization was completed to assess

the instrument’s performance in this particular experimental setup and design the experimental procedure to

best accommodate the sensor’s functionality and produce repeatable results.

3.2.1 Background Drift in Vacuum

The QCM frequency was observed in the ambient background vacuum conditions under which the deposition

experiments would be conducted before monitoring any deposition processes using the sensor. Figure 3.3
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shows two traces of the QCM frequency over several hours of operation.

Figure 3.3: QCM frequency reading in vacuum background

Both traces initially exhibit a steep decrease in frequency, with a decaying rate of change over the

observation period. In the first background measurement, the rate appears to reach a steady state of

approximately 6.89×10−3 Hz
min . The second background measurement exhibited a similar initial rate of

decrease, but instead leveled off to a relative steady state with no change in frequency for the last two

hours of observation. The residual rate of decrease was attributed to thermal effects and minor temperature

fluctuations (< 2◦C) of elements in the chamber, resulting in a low level of frequency drift. To determine the

extent that this background drift could influence measurements of deposited mass, initial deposition tests

were conducted at constant thruster voltage and constant QCM position.

3.2.2 Uniform Deposition Tests

The goals of performing deposition at uniform conditions were a) demonstrating that results from the QCM

are repeatable and reliable and b) comparing temperature-related drift rates to deposition rates and show

that error due to thermal conditions is relatively small.

In these initial experiments, the QCM’s polar position was fixed at 35◦. Three deposition events were

conducted in a single chamber pump-down with the same QCM crystal. In each deposition, the primary

plume impinging on a nickel target was produced by the same porous glass thruster operating with a grounded

extractor and the emitter biased to ±1900 V. The thruster was operated in a 1 Hz square wave bipolar mode

to ensure maximum operating time, as previous tests with the thruster in monopolarity showed a sharp
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decline in primary plume current over time and a propensity for shorting and arcing between the emitter

and extractor. Each deposition took place over 60 minutes, and 60 minutes of “settling” time was taken in

between each deposition phase to allow the QCM to reach a steady state after each deposition. Figure 3.4

shows the frequency traces from each test with traces before and after the deposition phase included.

Figure 3.4: Raw measurements of QCM frequency vs time, with end of deposition set to f = 0 Hz and t = 0
min

Note that the first test — indicated in blue — features 90 minutes of pre-deposition data. The QCM was

turned on and left to reach a relatively steady state, as determined by the results from tests detailed in Ch.

3.2.1. Time at t = 0 was set as the time at which the thruster was shut off to better compare the deposition

phase for each test. Note that the average current in each test — indicated in the legend — decreased in

each sequential deposition. Despite operating in the safer bipolar mode, the thruster output decreased over

time, which likely caused the variance in frequency rates during the deposition phase. To better compare

these deposition events and calculate the mass deposition yield, these events were normalized by the current

impinging on the target at each time interval. Prior to that comparison, however, the pre- and post-deposition

frequency rates were calculated and compared with the frequency rate during the deposition. Pre-deposition

time was defined as the 30 minute period before the thruster was turned on, while post-deposition starts

30 minutes after the thruster had been turned-off and ends the moment the next deposition process was

started. The frequency rate df
dt was calculated over each 1 second interval and averaged over the time span

for each defined phase of the test. The percent error was calculated for the post-deposition relative to the
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pre-deposition drift rate. The relative magnitude of the pre- and post-deposition frequency rates compared to

the average frequency rate during deposition was also calculated. Table 3.1 presents the calculated frequency

rates for each of these phases of the tests.

Table 3.1: Frequency change rates and relative error for tests at constant energy and constant angle

Deposition Pre-Deposition Post-Deposition

Test # df
dt ( Hz

min )
df
dt ( Hz

min ) % Depositon df
dt ( Hz

min ) % Deposition % Error

1 (28 µA) -0.5313 -0.0104 1.958 -0.0276 5.204 165.7

2 (15 µA) -0.2955 -0.0276 9.356 -0.0115 3.891 58.41

3 (8 µA) -0.1631 -0.0115 7.050 -0.0138 8.456 19.94

Note that the relative error was fairly high for all tests and ranged from 19.94% to 165.7%. However, the

drift rates for both pre- and post-deposition in all cases was fairly small, ranging from 1.958% to 9.356%.

The inconsistent background drift rate indicates that the deposition event may affect the background drift for

some time after the deposition has ceased, but the relatively small magnitude of the drift indicates the thermal

effects may not be significant enough to cause irreparable uncertainty in measurements. The deposition

frequency was “corrected” by simply subtracting the linear frequency rate attributable to the pre-deposition

drift. Figure 3.5 shows the frequency measurements with the pre-deposition drift removed, with t = 0 shifted

to the time when the thruster was turned on.

Figure 3.5: Frequency vs time with pre-deposition drift rate removed

18



When the pre-deposition drift is removed, the deposition phase is not significantly altered, while the

post-deposition drift appears lessened for the 28 µA and 8 µA cases. With the drift corrected for, the mass

accumulation could then be calculated using the Sauerbrey equation, as described in Ch. 2.2. The cumulative

mass deposition
toff∑
t=0

dm
dt over time is plotted for each test in Fig. 3.6.

Figure 3.6: Mass deposited on QCM vs time

Before computing the mass flux yields by factoring in the current measurements, the mass deposition

results were normalized to compare the deposition phases more directly and demonstrate repeatability in the

frequency measurements alone. Dividing the cumulative mass deposited by the mass deposition at the time

when the thruster is turned off, the results presented in Fig. 3.7 are produced.
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Figure 3.7: Normalized mass deposition vs time

The time scale was then normalized by the time during the deposition phase such that the thruster is

turned on at time t = 0 and turned off at t = 1. See Fig. 3.8 for the frequency results normalized along both

axes.

Figure 3.8: Normalized mass deposition vs normalized time

From these normalized results, the deposition rate on the QCM appears uniform across three relatively

uniform processes. Calculating the mass flux yield from the mass deposition required factoring in the current

20



impinging upon the target in order to consider mass ejected per incident charge. See Fig. 3.9 for a snapshot

of raw current traces during five seconds of spraying.

Figure 3.9: Raw current trace from 5 seconds of Test #2 (15 µA)

The raw target current Itar was averaged over each 0.5 second pulse in each polarity. Given that the QCM

only logged frequency every one second, the current data had to be further processed to directly compare the

two values and calculate a single value for mass flux yield over a given time interval. The pulse-averaged

frequency and current data were individually interpolated onto uniform time arrays such that one dm
dt data

point corresponds to the pulse averaged Itar value at that same time interval. The mass flux yield y was then

calculated according to Equation (3.1), which is adapted from the method used in Ref. [26].

y =
dm
dt qr

2

ItarAs
(3.1)

For the purposes of this calculation, the mass deposition rate dm
dt is represented in ng

s , while the current

is measured in A = C
s . Assuming singly charge species impinging on the surface, the charge per incident

particle is q = e = 1.602× 10−19 C
ion . To present these results as a solid angular component, recall from Ch.

2.3 that the solid angle will be determined by the ratio of the squared distance between the target center and

the QCM r to the sensor crystal area As. As a result, the differential mass flux yield plotted in Fig. 3.10 is

in units of ng
ion-sr .
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Figure 3.10: Secondary mass flux yield vs time

Note the transience in the mass flux yield values in the first ∼15 minutes of deposition. This transience is

likely attributable to a combination of thermal effects and thin film formation. As the secondary particles

accumulate on the surface of the crystal, they deposit a small amount of energy onto the sensor and disrupt

the thermal equilibrium the sensor was in prior to spraying. Additionally, the film developing on the crystal

is not an immediate monolayer. Only when the particles have formed a relatively uniform film covering the

total exposed surface area does the resonant frequency of the crystal change proportionally to the mass per

unit area. As a result, only the mass flux yields after the transience appears to have settled to a steady

state — ∼15 minutes in these tests — are considered representative of the actual values. Table 3.2 presents

the average of {y|t > 15 min} for each of the three deposition tests. Note that values are expressed to four

significant figures, as the reported mass sensitivity constant limits the precision with which values can be

provided with confidence.

Table 3.2: Average secondary mass flux yields at constant energy and polar angle

Test # |y|( ng
ion-sr ) σ( ng

ion-sr )

1 (28 µA) 7.992× 10−14 1.132× 10−14

2 (15 µA) 8.017× 10−14 1.319× 10−14

3 (8 µA) 8.205× 10−14 1.157× 10−14

The cumulative average and variance for these three yields are then ȳ = 8.07 × 10−14 ng
ion-sr ± 1.16 ×
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10−15 ng
ion-sr . Given the low cumulative variance in these values, the method was deemed repeatable and

further testing applying the process was completed.

3.3 Deposition Studies

The primary goals of this investigation were to study the effects of primary plume energy on secondary

mass flux yields and characterize the angular distribution of the secondary mass. The deposition studies

detailed below were undertaken to answer those research questions. Each set of deposition studies were

completed in a single pump-down with a fresh crystal loaded into the QCM for each new set of tests. In

each deposition event, the thruster was operated for at least 30 minutes, with an hour of post-deposition

settling time between each sequential test. The thruster was completely cleaned, reassembled, and reloaded

between vacuum pump-downs to get the maximum thruster performance for each set of tests. Each step of

the analysis is briefly detailed along with the presented results.

3.3.1 Constant Angle, Varying Primary Energy

The main challenge in studying the relationship between secondary mass flux yield and the energy of the

primary plume was expanding the operating range of thruster energies. With a grounded extractor, the

range of emitter voltages that could produce a reliable plume was very small. Below roughly ±1700 V, the

thruster would either not emit a plume or produce current too low to remove enough secondary material

in a reasonable experimental time scale. Above approximately ±2400 V, the thruster behavior was erratic,

with high impingement current and an increased likelihood for critical failures such as the emitter shorting

or propellant arcing to the extractor. The ∼700 V range of primary plume energies was deemed too low to

generate any useful data regarding the effects on the secondary mass flux yields. To account for this, the

extractor was not fixed at ground, but was instead allowed to be biased in a 1 Hz square wave mode in sync

with the emitter bias. For example, if the goal was to produce a ±500 V primary plume, but the thruster

was producing a stable plume at an extraction potential of ±2000 V, the emitter was biased to ±500 V in a 1

Hz square wave, while the extractor was biased to ∓1500 V in a 1 Hz square wave phase shifted by 180◦ from

the emitter square wave. The emitted plume will have a nominal potential of 500 V relative to the grounded

target and chamber, but will still be extracted from the thruster as if it was operated in standard conditions.

The polar position in these tests was once again fixed at 35◦. Five test points on a range of energies on

Vpri ∈ [250, 2500] V were determined in order to cover an order of magnitude of primary plume energies. Tests

were conducted at high voltages first, and decreased in log spaced increments down to the low voltage in each

sequential deposition phase. Figure 3.11a shows the frequency traces for the full test range, and Fig. 3.11b
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aligns the five tests with t = 0 set to the time at which the thruster was turned off after each deposition.

(a) Raw frequency vs time (b) Stacked and zeroed frequency vs time

Figure 3.11: Raw measurements of QCM frequency at varying energies and a constant polar angle

As with the validation study detailed in Ch. 3.2.2, the pre- and post-deposition drift rates were calculated

and compared with the frequency rate during each deposition phase. All results are tabulated in Tab. 3.3,

with relative error and drift magnitude also presented.

Table 3.3: Frequency change rates and relative error for tests at varying primary energies

Deposition Pre-Deposition Post-Deposition

Vpri (V) df
dt ( Hz

min )
df
dt ( Hz

min ) % Depositon df
dt % Deposition % Error

250 -0.4721 -0.0130 2.7606 -0.0500 10.6001 283.9704

450 -0.2682 -0.0140 5.2143 -0.0130 4.8604 6.7862

800 -0.7727 -0.0075 0.9673 -0.0140 1.8095 87.0566

1400 -0.7665 -0.0093 1.2148 -0.0075 0.9751 19.7300

2500 -0.5827 -0.0155 2.6554 -0.0093 1.5982 39.8142

Again, the relative error in pre- and post-deposition drifts was inconsistent, but the magnitude of both

drifts was determined to be low when compared to the frequency change resulting from deposition. The

pre-deposition drift rate was subtracted from the deposition phase frequency rate, as plotted in Fig. 3.12a.

Applying Equation (2.1) to the corrected frequency results yields the results plotted in Fig. 3.6. The

normalized mass accumulation results are also presented.

24



(a) Drift corrected frequency vs. time (b) Mass deposited vs. time

(c) Normalized mass deposition vs time (d) Normalized mass deposition vs normalized time

Figure 3.12: Processed frequency data for varying primary energies and a constant polar angle

Yields at each time were then calculated according to Equation (3.1) and plotted in Fig. 3.13. Average

yields are tabulated in Tab. 3.4.

Figure 3.13: Secondary mass flux yield vs time for varying primary energies
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Table 3.4: Average secondary mass flux yields at varying polar angle and constant primary energy

Vpri (V) |y|( ng
ion-sr ) σ( ng

ion-sr )

250 8.032× 10−14 2.386× 10−14

450 7.180× 10−14 1.326× 10−14

800 6.822× 10−14 0.691× 10−14

1400 7.006× 10−14 0.566× 10−14

2500 8.873× 10−14 1.040× 10−14

These results show that the secondary mass flux yield exhibits little change across the range of primary

energies, aside from slight increases at the lower and upper bounds. Further discussion and comparison of

these values is presented in Ch. 4.

3.3.2 Varying Angle, Constant Primary Energy

Profiling the angular distribution of secondary mass was the goal for the next round of experiments. These

tests consisted of operating the thruster at one condition across deposition events, while moving the QCM to

different polar positions as shown in Ch. 2.3. Given the results described in Ch. 3.3.1, the angular profile

was obtained for two different plumes: a low voltage plume produced by a thruster with a biased extractor,

and a high voltage plume produced by a thruster with a grounded extractor.

Low Energy

The first angular profile was obtained with the thruster producing a low voltage primary plume. As in the

tests detailed in Ch. 3.3.1, the emitter voltage was biased to ±250 V in a 1 Hz square wave, while the

extractor was biased to ∓1650 V in a 180◦ phase shifted 1 Hz square wave. The first deposition was conducted

at a polar angle of 35◦, and the QCM was moved by 15◦ between each test. Figure 3.14a shows the raw

frequency measurements from the deposition tests, with Fig. 3.14b aligning the individual test measurements

with t = 0 shifted to the thruster shutoff time in each case.
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(a) Raw frequency vs time (b) Stacked and zeroed frequency vs time

Figure 3.14: Raw measurements of QCM frequency at low primary energy and varying polar angle

Frequency rates for the deposition phase as well as pre- and post-deposition settling time were calculated

and tabulated in Tab. 3.5.

Table 3.5: Frequency change rates and relative error for tests conducted at low primary energy and varying
polar angles

Deposition Pre-Deposition Post-Deposition

α (◦) df
dt ( Hz

min )
df
dt ( Hz

min ) % Depositon df
dt % Deposition % Error

35 -0.411 -0.025 6.163 -0.030 7.202 16.846

50 -0.473 -0.030 6.260 -0.019 3.951 36.880

65 -0.526 -0.019 3.552 -0.006 1.111 68.712

80 -0.319 -0.006 1.834 -0.020 6.311 244.054

The pre-deposition drift rates were subtracted from each of the deposition phase measurements, producing

the corrected frequency plot in Fig. 3.15a. The cumulative mass was then calculated and is presented in

Fig. 3.15b. Normalized cumulative mass curves in Figs. 3.15c and 3.15d present an initial comparison of the

deposition rates.
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(a) Drift corrected frequency vs. time (b) Mass deposited vs. time

(c) Normalized mass deposition vs time (d) Normalized mass deposition vs normalized time

Figure 3.15: Processed frequency data for low primary energy and varying polar angle

The mass flux yields were then calculated at all times, and then averaged for the last 15 minutes of

deposition to produce average differential mass flux yields. Figure 3.16 shows the flux yields versus time, and

Tab. 3.6 displays the time averaged yields.

Figure 3.16: Secondary mass flux yield vs time for varying polar angles at low primary energy
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Table 3.6: Average secondary mass flux yields at varying polar angle and low primary energy

α (◦) |y|( ng
ion-sr ) σ( ng

ion-sr )

35 8.032× 10−14 2.386× 10−14

50 8.828× 10−14 1.330× 10−14

65 8.490× 10−14 1.096× 10−14

80 7.391× 10−14 1.365× 10−14

The average mass flux yields varied only slightly across the range of polar angles, reaching a maximum at

50◦ and only slightly increasing as the angular position approached perpendicularity. However, all values are

within a standard deviation of one another, indicating the difference cannot be entirely attributed to the

change in polar angle.

High Energy

An angular profile of secondary mass flux yields from a high voltage primary plume was collected in the same

procedure as described in Ch. 3.3.2. For these tests, the extractor was held at ground for all depositions, and

the extractor was raised to the full extraction potential. Figure 3.17a shows the raw frequency from the full

set of tests and Fig. 3.17b stacks each deposition event and sets t = 0 as the time when the thruster was shut

off for each test.

(a) Raw frequency vs time (b) Stacked and zeroed frequency vs time

Figure 3.17: Raw measurements of QCM frequency at low primary energy and varying polar angle

The deposition and drift rates were calculated and tabulated as presented below in Tab. 3.7.
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Table 3.7: Frequency change rates and relative error for tests conducted at high primary energy and varying
polar angles

Deposition Pre-Deposition Post-Deposition

Vprimary (V) df
dt ( Hz

min )
df
dt ( Hz

min ) % Depositon df
dt % Deposition % Error

35 -0.381 -0.008 1.990 -0.010 2.719 36.608

50 -0.424 -0.010 2.441 -0.008 1.978 18.969

65 -0.350 -0.008 2.394 -0.002 0.534 77.710

80 -0.285 -0.002 0.656 -0.008 2.979 353.936

Removing the effects of pre-deposition drift, Fig. 3.18a was produced, and mass deposition was calculated

and plotted in Fig. 3.18b. The mass and time scale were also normalized for the sake of preliminary

comparison as shown in Fig. 3.18c and Fig. 3.18d.

(a) Drift corrected frequency vs. time (b) Mass deposited vs. time

(c) Normalized mass deposition vs time (d) Normalized mass deposition vs normalized time

Figure 3.18: Processed frequency data for high primary energy and varying polar angle

The mass flux yields over time were then calculated from each test, as shown in Fig. 3.19. The average of

the yields after t = 15 min were then calculated and tabulated in Tab. 3.8.
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Figure 3.19: Secondary mass flux yield vs time for varying polar angles at high primary energy

Table 3.8: Average secondary mass flux yields at varying polar angle and high primary energy

α (◦) |y|( ng
ion-sr ) σ( ng

ion-sr )

35 7.304× 10−14 0.956× 10−14

50 5.689× 10−14 0.578× 10−14

65 5.469× 10−14 0.578× 10−14

80 3.645× 10−14 0.508× 10−14

The yields in these tests appeared to fall off as the polar angle increased. The maximum yield was

measured at the smallest polar angle, with a slight decrease at 50◦ and 65◦, and a larger dip at 80◦.
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Chapter 4

Discussion

4.1 Model for Secondary Plume Formation

As mentioned in Ch. 1.2, this study is amongst the first to attempt to characterize the mass of secondary

plumes from electrospray plume bombardment. In addition, there are very little existing data or models for

sputtering or backscattering from polyatomic ions impacting on surfaces. Therefore, a preliminary model of

the production of secondary particles was devised by making a simplifying assumption about the primary

collision. See Fig. 4.1 for the molecular structure of the [EMIM]+ molecule.

Figure 4.1: Atomic model for [EMIM][BF4]

Note that the cation is largely composed of carbon atoms configured in C-C and C-H bonds. These are

very weakly connected molecules, with bond energies of 6.4 and 3.5 eV, respectively. Compared to the keV
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levels of energy most of the particles reach the target with, the intermolecular forces are fairly weak [33].

Further, the [EMIM]+ molecule is on the order of ∼10 Å across, while the spacing between nickel atoms in a

polycrystalline face centered cubic structure is approximately 3.5 Å [34]; as such, penetration beyond the first

atomic layer of the material is unlikely. With this context, the assumption is made that clusters and ions will

interact ballistically with the nickel surface atoms and fragment into their smaller atomic components with a

fraction of the molecule’s initial energy. Figure 4.2 shows a sketch of potential secondary interactions using

this model of primary collisions.

Figure 4.2: Simple model of secondary interactions as carbon-nickel collisions based on structure of [EMIM]+

molecule

See below example calculations for the kinetic energy per atom at low and high primary energies.

m[EMIM] = 111 amu, mC = 12 amu

KE[EMIM] = 250 eV ⇒ KEC =
mC

m[EMIM]
KE[EMIM] ≈ 27 eV

KE[EMIM] = 2500 eV ⇒KEC ≈ 270 eV

Note that the energy per atom is well above the bond energies for alkane C-C and C-H configurations.
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Applying this assumption, two methods were used to determine the expected secondary mass flux yields.

Established values published by Oura et al. provide sputtering yields for carbon incident on nickel, while the

software Stopping and Range of Ions in Matter (SRIM) was used to approximate of the secondary mass flux

distribution for backscattering and sputtering [35]–[37].

4.2 Energy Dependence

Figure 4.3 shows the yields calculated from the tests detailed in Ch. 3.3.1 plotted against the primary plume

energy in log scale.

Figure 4.3: Calculated yields versus primary plume energy

Note that the yields exhibit little change across an order of magnitude of energies. This trend contradicts

established values for sputtered nickel. If carbon impacts nickel at normal incidence on the range of

Vpri ∈ [27, 270] eV, one would expect the yields increase logarithmically as shown by Ref. [35]. Sputtering

yields for most single knock-on collisions presented by Bohdansky are shown to increase as primary energy

increases, with a maximum reached on the order of 103 eV followed by a decrease in yield at much higher

energies (> 104 eV) [31], [36]. The results obtained in this study however, show little change with energy,

aside from slight increases at the lowest and highest tested energies. If this small variance is attributed to

the uncertainty in measurements arising from the mentioned thermal effects, then it can be presumed that

the yield did not change appreciably over this range. In this case, the secondary particles resulting from

ballistic collisions as detailed in Ch. 4.1 is a more plausible explanation. If the secondary particles are only a

function of the geometry of the collision, then varying the energy will not have any effect. These results and
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hypothesis are further considered when discussing the angular profile of the secondary mass flux.

4.3 Angular Profile

Figure 4.3 shows the angular distribution of secondary mass at both high and low primary energies. Cosine

distributed sputtering and backscattering yields are also plotted for comparison. A cosine distribution is

supported by both literature and first-principle calculations from SRIM [31], [37]. The lowest backscattering

curve represents backscattering with 25% reflection, while the higher backscattering curve assumes 100%

reflection. Sputtering and backscattering yields at normal incidence were provided from SRIM in units of

atoms per ion. To match the units of ng
ion-sr , the SRIM value was divided by the 0.011 steradian solid angle

formed by the QCM crystal and the center of the nickel target and multiplied by the atomic weight of nickel

for the sputtering curve and the atomic weight of carbon for the backscattering curves.

Figure 4.4: Calculated yields plotted versus polar angle with sputtering and backscattering predictions

The yields obtained from the 250 V primary plume do not trend as expected when changing the polar

angle, while the yields from the high voltage plume are maximized at 35◦ and decrease as the polar increases.

The high voltage secondary yields underestimate sputtered nickel and overestimate both 25% backscattering

and total reflection. If the given model for secondary particle production holds, it can be posited that

the inaccuracy of the sputtering and backscattering calculations is indicative of contributions from both

phenomena when spraying a high voltage primary plume with a grounded extractor. However, the low voltage

primary plume does not result in yields that reflect any of the literature or models available. This confounding

result — in combination with the constant yields presented and discussed in Ch. 4.2 — indicates that the
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measurements observed may be affected by an element of the experimental setup contributing significant

experimental error.

4.4 Sources of Experimental Error

The measured yields from these experiments were shown to be repeatable and consistent, but the expected

angular distribution of secondary mass and energy dependency of secondary flux was not observed. In order

to contextualize these results and motivate future research in this area, potential sources of error in the

experiments were proposed and analyzed.

4.4.1 Effects of Extractor Biasing

While the secondary mass flux yield angular distribution reflected some aspect of expected values for a high

voltage primary plume, the angular profile for secondary mass from a low voltage plume appeared constant

across a range of angles. Varying the energy of the primary plume also did not result in the predicted change,

which could indicate a strong contribution from backscattering; however, when considering this result in

concert with the aberrant angular profile from the low voltage plume, a better explanation for these results

may lie in the experimental method used to produce primary electrospray plumes with a broader range of

energies. As discussed in Ch. 3.1, the porous glass thruster used in these experiments only operates in a

small range of emitter voltages when holding the extractor at ground. In order to produce a larger range of

voltages to better represent the research interests and motivations, the operation procedure for the thruster

was modified to change the extractor voltage in sync with the emitter voltage. However, no further changes

were made to the thruster layout or experimental method in order to compensate for the structure of the

electric field downstream of the thruster.

Much of the literature and accepted convention for electrospray thrusters and electrospray material

interactions make clear that there is a “field-free” region outside of the thruster [7], [14], [38]. When not

holding the extractor at ground, there is a potential differential between the extractor and the downstream

target, resulting in an electric field that is relatively weak in comparison to the electric field applied to

produce the plume, but not so weak as to be negligible. One likely result of this field can be demonstrated in

the raw currents shown in Fig. 4.5.
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(a) Vem = ±250 V, Vex = ∓1600 V (b) Vem = ±450 V, Vex = ∓1325 V

(c) Vem = ±800 V, Vex = ∓1000 V (d) Vem = ±1400 V, Vex = ∓300 V

(e) Vem = ±2500 V, Vex = ±925 V (f) Vem = ±2300 V, Vex = 0 V

Figure 4.5: Raw current traces at various emitter/extractor operation modes

Note in Fig. 4.5f that the extractor measures a fairly low current when the voltage is held at ground

and the emitter voltage is raised to the full extraction potential. Figure 4.5a shows that when the extractor

voltage is much higher than the emitter voltage in the opposite polarity, the extractor current is much higher.

This trend persists whenever the extractor is not grounded, as shown in Figs. Figs. 4.5b to 4.5d. It is also

worth noting that the extractor is electrically connected to the aluminum thruster housing, as specified in Ch.

2.1. As a result, in many of these tests, there was a large surface area of charged surface that could attract

or repel charged species outside of the thruster. It is possible that due to the proximity of the thruster to

the QCM in these experiments, the interactions between the charged species and the thruster exterior is

impacting the secondary plume and the charged mass depositing onto the QCM. As a result, the yield values

obtained in experiments with a biased extractor may be invalid, and should be limited in their consideration

until improved experiments with a “cleaner” electrical environment can be conducted. One way of producing

this “cleaner” environment would be to cage the thruster in a grounded shell, with an aperture to permit the
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plume ions to extract unimpeded. Figure 4.6 shows a simple sketch of how the current test setup could be

modified to achieve this.

4.4.2 Angular Effects

The divergent plume produced by the porous glass thruster may have also contributed to the inconsistent

results. Studies on sputtering from ion beams have shown that sputtering yields and angular distributions of

secondary mass tend to be strong functions of primary incidence angle [26], [27], [39]. In the experiments

detailed here, the distribution of the primary plume was not controlled, and as a result, some primary ions

struck the nickel target at normal incidence at the center of the target, while other ions would reach a point

on the target 2 to 5 cm away from the center at a glancing angle. This lack of control over impact site and

impact angle could be one reason the angular distributions detailed in Ch. 4.3 do not track well with either

the cosine distributed sputtering or backscattering yields. Cosine distributions make an assumption that the

plume ions impact at a single point with normal incidence. In order to better compare these results, the

plume should be collimated into a unidirectional beam using an electrostatic lens. Using a device much like

the one detailed in Ref. [12], a divergent electrospray plume can be collimated to a fine beam with minimal

angular components without significantly changing the energetic distribution of the constituent ions. See Fig.

4.6 for an example of how this device could be implemented in the existing setup.

4.4.3 Thermal Drift

As addressed previously in Ch. 2.2, the quartz crystal microbalance used in these experiments was sensitive

to changes in temperature. The background drift as observed in Fig. 3.3 is likely a result of drifting

temperature while instrument electronics settle to a steady state. The results presented in Ch. 3 were

collected intermittently to allow the sensor to reach a steady temperature before starting any deposition,

but the thermal effects during deposition were not accounted for with any active cooling or temperature

compensation. Several techniques exist to address thermal transience during deposition. Many models of

QCMs include fluid lines to pass a liquid around the sensor head to carry away any heat that is transferred

to the crystal while mass is being deposited [28]. By doing this, changes in sensor temperature are less

pronounced, and the resultant drift is reduced. Other methods include using two crystals in a thermoelectric

quartz crystal microbalance (TQCM) [25]. This setup exposes one crystal to the test environment, while

keeping the second crystal isolated from the deposition process. By observing the frequency difference between

the two oscillators, the effects of the deposition can be separated out from the thermal background effects. To

improve upon the results obtained in these experiments, a cooled QCM — as indicated in Fig. 4.6 — should
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be utilized in following investigations.

Figure 4.6: Proposed setup for modified tests to reduce sources of error
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Chapter 5

Conclusions

Secondary mass flux yields from a primary electrospray plume impinging on a polycrystalline nickel surface

were measured using a quartz crystal microbalance. Initial diagnostics on the porous glass thruster used

to produce the plume were conducted. Mass flux yields from a high voltage primary plume dropped from

7.304×10−14 ng
ion-sr at a polar angle of 35◦ to 3.645×10−14 ng

ion-sr at 80◦, with standard deviations below

1×10−14 ng
ion-sr . When spraying a low voltage plume, the yields were relatively constant across the set of polar

angles, with values ranging from 7.391×10−14 ng
ion-sr to 8.828×10−14 ng

ion-sr and standard deviations as high as

2.386×10−14 ng
ion-sr . Analyzing the effects of primary plume energy on secondary mass flux yield, it was observed

that the yields were fairly constant with high yield values of 8.032×10−14 ng
ion-sr and 8.873×10−14 ng

ion-sr at

Vpri = 250 V and Vpri = 2500 V respectively. In between these two primary plume energies, values ranged

from 6.822×10−14 ng
ion-sr to 7.180×10−14 ng

ion-sr with standard deviations ≤1.326×10−14 ng
ion-sr . Confounding

results and inconsistency with literature suggests that only the angular profile obtained with the high voltage

primary plume are valid measurements of secondary mass flux, while the other datasets were influenced by

an imperfect experimental setup. Regardless of this limitation, the angular profile represents a useful initial

step in characterizing the plume-surface interactions for electrospray thrusters. These results can be used by

experimentalists to aid in experimental design and measurement corrections. Modelers focused on electrospray

systems can use this work and future improvements to better predict electrospray thruster performance and

better anticipate thruster spacecraft interactions. Limitations of this study should be addressed by altering

the thruster design to insulate the extractor from the thruster body, and minimizing the effects of the biased

extractor by placing the thruster in a grounded cage or adding a grounded grid downstream of the extractor.

Improved results could also be obtained by implementing a similar setup with a cooled QCM to minimize

thermal effects. Future work on this topic should isolate the effects of positive plumes and negative plumes by
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filtering the primary plume by polarity or using a thruster that can operate in a single polarity for extended

amounts of time. Experiments should also characterize the effects of impact angle by collimating the plume

into a equipotential beam using an Einzel or electrostatic lens.
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