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1. Introduction

One of the greatest achievem® of the Space Race was when Neil Armstwag
the first human to set foot on the Moon an
giant |l eap for mankind. o0 And, as the explo
the need for advanced equipmértexploration. Many satellites were launched to
observe other planets in our solar system. The best exangpaad missionkke this
are Voyagefl and 2. These missions required gravity assists to make their grand tour
across the solar system, obsegvthe Jovian planets, and ultimately heading for
interstellar space. Yet, exploration missions like tese limited by one major factor:

their inability to significantly alter trajectory withosacrificing operational range.

The main reason for theBmitations in a vast majority gfropulsionsystems are
usually derived from the types of propulsion systems used. Propulsion, as defined by
Sutton and Biblarz, is the act of changing the motion of a[dpdiyn space, this usually
boils down to changinthe momentum of the body that needs to be in mofibis. is
usually done by ejecting stored material knowprgpellantfrom the body The act of
this ejection generatelrust whichleads us to the definitioof thrust as defined in

Equationl-1.

Y ao Y]

As seen from this equation, thrust depeoshe mass throughput of the propellant
as well as its exhaust velocity. The majority of satellites use systems stmh gas

thrusters which eject a stored propellantsgander pressure, astiemical rocketswhich



use both a pressurized propellant as weluakto provide the energy for the chemical
reaction. The reason chemical rockets use fuel for their energetic reactions is to increase
the overall exhaust velocitf the reactionExhaust velocity is an important factor to
consider in spacecraft mission ranges to due to a concept kn@padafic impulsgas

defined inEquationl-2. Specific impulse is a basic metric usedlirectly analyze the
propulsion systeis efficiency at using its propellats shown fromEquationl-2, the

exhaust velocity is directly proportional to the specific impulse. Furthermore, if we
introduce the Rdet Equation as shown Bquationl-3, this clearly shows that the

exhaust velocity is also directly proportional to $heof a spacecraft, which is a measure

of the spacecraft 6s aO®henidaltrogkettsystentshavenbgen i t s
shown to have a maximum specific impulse of 452.5 s, which belongs to the Space

o % pZ,

Y
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Shuttle Main Engial. While this provides a large thrust, this limits the overall range of

the spacecraft and, therefore, its mission profiles.

In the modern era, where satellites are commonplace in the scientific and
commercial arenas, mission designers aadufacturers are looking for ways to expand
the capabilities of satellites while making them smaller, cheaper, and more advanced.
This would also include extending tee of the spacecraft while trying to reduce the
mass of the overall craff.o this end, a larger number of missions are beginning to use

Electric Propulsiorfnow being abbreviated as EP) systems which, unlike chemical



systems that use a physical substascthe fuel for the reaction, use electrical power to
drive the reaction. The result provides a larger mission lifetime through the order of

magnitude increase of specific impulse.

At the beginning of the 21st century, more spacecraft missions belgenk iato
formation flight conceptsyhere a number of smaller satellites would be placed in a set
formation t o persfold3. s treer nisaian grefites valldbecemel i t e 0

more complexthe need for EP systerase a priority.

1.1. Electric Propulsion

1.1.1. General Background

As defined by Jahn, electric propulsion i
for propulsion by electrical heating and/or by #liecand magnetic body forde. As
mentioredabove, EP systems replace actual physical fuél eléctrical power as the
main energy source for the reactidinis can lead to a much larger exhaust velocity for
the propellant than through standard chemical means. Electric thrusterssegratzed
into three categorie&lectrothermal, Electrostatji@andElectromagneticElectrothermal
systemgely on a heating element that is powered electricallydermoto energize the
propellant that is then expanded through a noEtkxtrostatic systems use electric fields
as their primary means of accelergtthe propellant. Likewise, electromagnetic systems
use EM fields to accelerate their propellant. For the purposes of this work, we will limit
the discussion to electrostatic systems, as these systems have the most flight(hedtage

have the most direcelation to the work contained herein)



As stated, electrostatic systems use electric fields in order to accelerate their
propellant.To manipulate the propellant via electrostatic forces, it is necessary to ionize
the propellant. As such, a vast majoofyEP systems utilize some form of plasma
discharge to ionize the propellant. The two main types of discharges that can be used are
DC, which usually utilizes electron bombardment ionization, and RF discharges, which
heat the propellant gas with EM wawvesonize the propellant titorm the plasmaFor
either type of discharge, most systems use a noble gas propellant such as xenon (and, in
some cases, argon). This is due to the fact that these gases-toriciaio not condense
on the spacecraft if noelt cryogenically, and their relatively low ionization energies

A sample diagramf a standard DC discharge ion sousgictured below.

Hollow J
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Fig. 1: Diagram of DC Discharge Chamber f]

Electron bombardment ionization entails an electron stream from a cathode source
that is then acceleratéy the anode, but kept awapm it by a magnetic fieldvia
Larmormotion These energi zed el etoehboobbeslthe or A pr i
neutr al propellant to ionize it, | eaving a

order to aid in tB ongoing plasma reaction procéahile this process enables



ionization, itis not selfsustaining and requires a constant stream of primary electrons to
maintain the reaction. As the propellant gas is now ionized by the plasma rethetion,

ions drift tavards the plasma sheath. The sheath is the potential boundary between the
plasma and the surfat®at the plasma is contained iy this case, the discharge

chamber). As ions drift through the plasma sheath, they experience a small acceleration
force proprtional to the electron temperatuiie)(of the plasma, which is the average
kinetic energy of the electrons in the plasiile some ions are inevitably lost to the
walls through this processhose that drift towards the ion extraction grids are actele

by electrostatic forceis order to generate thrugthroughconservation of energyt can

be shown that the exit velocity of the propellenproportional to the square root of the

electric field

“aof @0 6, ST g oZ

There are two types of electrostatic thrustbed are primarily used for space
missions: Hall Thrusters and lon EnginBsth types of thrusters have large flight
heritage histories and are used for various purposes. Hall Thrusters consist of an annular
discharge chamber with a strong axial eledteld for ion acceleration and a radial
magnetic field for electron confinement. Meanwhile, ion engines consist of a cylindrical
discharge chamber (as picturedHig. 1) and accelerate their drive ions through the use
of electrially-biased gridswWhile Hall thrusters have been primarily used for station

keeping(for their larger thrusto-power ratio) ion engines have been used for both



stationkeeping purposes and primary drive purposes on such missions as Deep Space 1

andDAWN missions from NASA5,6].

The main advantages of these types of thrusters are their specific impulse ratings.
Hall thrusterausually have a specific impulse between 12000 s while ion engines
have ratings between 158000 s. Compared to their chemlgabased brethren, this
gives them a distinct advantage in terms of tbeiratings, which give spacecraft a

larger amount of mission variability.

1.1.2. lon Engines
lon engines are one of the most popular sygfeelectrostatic thrusters in use today
for space missiongon engine technology has been researched sindatdle 9 50 6
through thework of Kaufmann and Read&t. Through the development of electron
bombardment ionization thrusters by NASA, the first ion engines used propellants such

as cesium and mercury, due to their low ionization potentials. However, due to the toxic
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Fig. 2: Kaufman-type (left) and Ring-Cusp type (right) [4]



(and corrosive) nature of thegeopellantsresearcheraltimately moved to noble gas
propellants such as xenon and argon. These engines come predominantly in two types of
configurations: ringcusp and Kaufmantypeg4]. The main difference in these types is

the magnetic field configuration. Rirgusp types have multiple magnets positioned

around the discharge chambgne field linesfrom the magnetborm magnetic cusps that
produce a strong magnetic field néae edges of the chamb@ihis, in turn, allows foa

large, lowstrength magnetic field envelogeform inside the discharge chamber. The
low-strength envelopallows forhigh electron mobilityin the chamber to ioniza@lasma

while redudng electron los to the walls. Meanwhile, Kaufmdype thrusters have a

strong axial magnetic field produced from a solenoid.

Regardless of typdoth of these configurations share the same basic components:
a thermionic cathode for primary electron emission, an amoeedrgize the primaries,
another thermionic cathode placed on the outside for beam neutralization (to keep the
environment outside of the thruster chargaitral) and a gridded assembly that provides
for theacceleration of the ions. Thesm optics arainique to the ion engine and are
usually the limiting factor in the performance of the thruster (which will be expounded on
in Chapter2). Because of the electrical configuration of the ion engine, the anc@geol
usually determines the beamobdesighkedmgeneiate ener

beam energies up to 1500[dY.

lon optics usually consist of three main components: the screen grid, the
acceleratogrid, and the decelerator grid. The screen grid is biased to cathode potential in
order to repel electrons and attract ions towards the grid holes. The accelerator grid then

extracts the ions due to being biased very negative with respect to the sare€hey



decelerator grid then decelerates the ions as it is held at spacecraft/engine ground. This
third grid is in place to protect the accelerator grid from ion backstreaming/erosion

stemmng from lack of beam focus (perveancg An example oftiis canfiguration

located inFig. 3.

Also, as a point of fact, the beam plume of an ion engine (and electrostatic
thrusters, in gegral) generally expands from the beam exit with a-&atfle of 15 Also,
through multple diagnostic efforts of electrostatic thrusters, it has been shown that as the

plume propagates downstream from the exit, the plume density falls quadrgidhlly
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1.1.3. Hall T hrusters

Hall thrusters have been in devel opment
and Russia, but the latter focused on develofiegito flight status. As mentioned
earlier, they consist of an annular discharge regarsisting of an anode sérong axial
electric field, a radial magnetic field and a cathode placed exterior to the annulus that
provides both the primary electrons and the electrons that keep the environment outside
the thruster chargeeutral. The progkant gets ionized througtime Hall-Effect by the
interaction of the electrons attracted by the aslettricfield and the radial magnetic
field. This strong electric field that provides the ion acceleration determines the beam
energy,designedo be as high a350eV[4]. The primary differencesf the Hall thruster
relative to the ion enginare the lack of internal cathode for primary generation and no
gridded accelerator assembly. This means that the lifetime of the Hall thrustér is

limited by erosion of the anode. A typical Hall thruster configuration is pictured below.
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Fig. 4: Typical Hall thruster configuration [ 4]



1.2. Plume Impingement

With any type of thruster that is placed on a spacecraft, there has to be a considerable
effort to negate any potential effects frommkiimpingement. When thrusters are fired,
the exhaust gas creates momentum in order the spacecratheuveitself to a desired
position. However, these gases, once released, also have a certain momentum. When
these gas plumes impact other surfaceb®Epacecraft it causes what is defined as
plume impingemen®Plume impingement has been known to cause cotorgues on
components of spacecraft, such as solar cells, as well as causing attitude misalignments

on spacecraft in orljB,9].

Plume impingerant is always a priority in spacecraft mission dedigtne plume
impingement causes unwanted moments to occur on the spacecratft, it could be knocked
off its desired alignment and therefore require more propellant to compensate for the
undue moments, losving the operational lifetime of the spacecraft by wasting

propellanf8]. Plume impingement can

also cause other unwanted effects, such , Heating
heat loading on the surface of
Material
spacecrafo]. lon Erosion
Impingement
Material
1.3. Project Premise lonization
As mentioned above, plume Loss of
> Component
impingement is a major factor in space Performance

mission design. However, this becomes
Fig. 5: Description of EP Plume Impingement effects

more complicated with the introduction o1

an EP plume. Instead of just the possibility of spacecraft misalignmentiand heat

10



loading, we are now introduced to a very high energy collection of ionized particles that
can have a multitude of different effects on any surface they impact. As they are
electricallycharged, they can ionize the unintended target surfacgingduarm and

possible erosion to the target. They can also cause a net charge on the surface that can
negatively affect how theomponents function or how the beam propagates away from
the spacecratft. It can also cause overall performance loss from cemgosuch as solar

cellsand their coverglass

As missions that require satellfmationscontinue tarise, the study of formation
flight plume impingement situations are requiredatidition since there arelarger
number of craft that are usingeetric propulsionthis can become a serious problem in
the realm of formation flight missions that should be explored. There is a wealth of
simulation data on plume impingement effects on individual satellite components with
limited amounts of experimeaitcitations However, very few of those studies focus on
formation flight fluence levels of ion beams with respect to the distance and orientation
from the origin of the beam exiAs a result, the purpose of this project would be to
categorize the expesd levels of damage from an EP thruster plume using both basic
predictive modeling techniques and experimental validation with a vaealeley ion

source.

1.4. Project Objectives
This dissertation work will begin to expound on the limited experimental wiatece

to ion beam plume impingement with respect to:

1 Aluminum 6061T4, a commonly used spacecraft alloy

11



1 Solar Cell coverglass with antflective coating

With these experiments, we will be able to paint a picture of the possible outlooks on
spacecraft daage caused by EP thruster plumes with respect to material loss and
performance on solar cells due to amefiective (AR) coating loss. Although not the only
contributing factors to spacecratft failures, these two factors are of primary concern as the
EP pume can enhance the damage by other phenomenon such as spacecraft charging,
micro-meteoroid impacts, and plasma damage from the ambient plasma environment on

Earth orbif1Q].

This work is also part of a larger collaborative effort between the University of
Maryland, Penn State University, and lowa State University through an AFOSR grant
(No. FA955011-1-0158). This collaborative researclicet intends to study the
interactions between a spacecraft and possible plasma environments encq¢uBitered
GEO, driwe plasmas) and reactigases, such as atomic oxyfEl}. As part of
Maryl anddéds contribution to this collaborat

listed above as well as providing raw beam plume.data

1.5. Dissertation Outline

This collected work wilbe divided intosevenchapters beyond this introductory
chapterChapter2 will be a literature survey covering some of the influential work in the
field of ion plume damage and cover the most recent experimental work tetletais
dissertationChapter3 will look into the mathematical methods of sputter yield
calculation and how they will be implemented throughout this work. Chépoeused

on the modelling of thion plume for the erosion study in this work. Chapterll be a

12



description of the experimental facilities used to perform the experiment and analyze the
material sampleshe experiments, and their subsequent resultsiimgpthe structural

and AR materialsvill be covered irChapters/-9. ChapterlOwill involve applying the
experimental results to a test case to examine the ovepaltirthese results could have

on an average missio@hapterl1will list the overall conclusions and interpretations

from the experiments, as well as any recommended future work.

1.6. State of the Art Contributions

The goal of thé workis to provide the following to the community as a whole:

1 To provide a set of Xenon sputtering yield data for typical EP energy ranges for
the following materials:
o0 Magnesium FluorideMgF2), an AR coating frequently used for space
rated solar cell ogerglass
o Indium Tin Oxide (ITO), an AR coating that can be utilized in similar
situations to th&igF> and is also a spagated coating for solar cell
coverglass
1 To augment the existing setsXs#non sputtering yield data for Aluminum
o Providing a data séor the beam energy, 1500 eV, which would coincide
with a specific impulse of nearly 5000 s
1 Provide a theoretical curve fit model for all materials involved in this study
0 Aluminum, to include the new experimental sputter data from this study to

update or povide an updated curve fit to the existing datasets

13



o Provide alknew curve fits for a range @fcidence angles for both
Magnesium Fluoride and Indium Tin Oxide that have not existed before in
literature for their sputter interactions with Xenon

1 Provide danage estimates and relations for various maneuvers as a function of
incident energy, particle flux, incident angle, and formation distance between two

spacecraft in a simple formation

14



2. Literature Survey

2.1.Sputtering Processes

Sputtering is the prassby which the surface of a material becomes eroded, surface
atoms are removed, and the morphology of the surface gets mpdifiethis process is
one of the natural byproducts from energetic particle bombardmhenergy ranges that
can naturally ocauwithin an ion beam plumfgom an EP systenThis type of sputtering
processwhich occurs between the energies of 100 eV to a fewikedéfined as

physical sputtering

Physical sputtering occurs when a particle has transferred energy to the target
surface that is larger than its surface binding en€fbis is usually approximated as the
target material s heat of sublimation. Wit
collision regimessingle knockoplinear cascadeandspike Thesingleknockorregime
classifies an energetic collision that simply knocks off an incident particle from the target
material.Linear cascadelepicts nearly the same type of collision; the main difference
between the two regimes lies in the fact thatlitrear cascadeallows for the sputtered
particles to be energetic enough to aid in the sputtering process, urdikglanknockon
The last category, thepike regimeusually calls for heavy ions with large collision cross
sections to cause a high density difitsgred, or recoil, particles to emerge from the target.

qE Dot EREE 6QQ
M @ 0 ORGE 6 QhHd Qi e

One of the useful metrics for sputtering processes isghttering yieldwhich is

defined inEquation2-1. This relation becomes relevant when trying$timate the types

15



of sputtering damage one can expect from exposures to certain particle energies.
Although Equation2-1 describes the overall definition of sputtering yield, it only

becomes relevant whentheemext i ¢ particlebs properties,
the target material are taken into accolsta result, extensive testing has been

performed over the years to experimentally determine the sputter yields by interactions of

many ionic beams to nexials of choicEL2).

2.2.Plume Impingement on Propulsion Components

As demonstrated above, energetic particle bombardment can be a deciding factor in
the design of space missions, even down to the design of theionentp. As mentioned
in Section1.1.2 t he i on e n glimitikgdastor iv @dsiset of bpitick gridsi me
that provide for the electrostatic acceleration of its propelldrdse grids can be affected
by erosion from both ion and electron impacts to the gvithéch affect the overall

current extraction.

One of the main design factors of the optics grids comes from the concept of
perveancePerveanceHquation2-2) relates the total extracted current to the voltage
difference between the electrodes (in this case, the optics[@rdisiHowever, to fully
appreciate the concept, one mustféamiliar with the basic law governing the current

extraction properties of the optics grids: space charge.

‘O

Ca

G4

L

Q~|%

Q
el
c:l =

16



The phenomenon of space charge involves the interaction of electric fields in between
two electrodes that have a segiaon distance. For these two electrodes, for a certain
voltage difference between the two electrodes, there can only be a certain amount of
current allowed between them before they become saturated, which represents the upper
limit of current that can b#ansferred between the two electrodes. This current, the space
charge limited current, between the two electrodes can be calculated using the Child

Langmuir Space Charge law, as seeBguation2-3[3,4].

As one can see, perveance and the sphagge limited current are intrinsically
related as the maximum current (per beamlet) that can be focused is directly related to
both the spaceharge limited cuent as well as the desired bias differences between the
screen and accelerator grids. Perveance can even determine the number of gridlets for an
optics set, based on the focusing parameters that are desired. The penalties of not
balancing the perveancétbe grids can lead to direct damage caused by beam

impingement.

There are three types of perveance effects that can be experienced: normal
perveance, ovagrerveance, and undperveance. Normalerveancénvolves an optimal
focusing of the beam and colafely leaves the grids untouched due to the behavior of
the electric fields. Oveperveance involves the undecusing of the beam, which causes
a direct impingement of the ion beamlet directly onto the accelerator grids, which will
cause both loss of rexial around the gridlets aradiditional loss of focus of the beam.

Underperveance describes the o¥ecusing of the beam and causes the beam to lose

17



focus downstream due to on collisions; this causes stray ions from the beam to

backstream and inipge on the accelerator grid, again causing erosion and loss of focus.
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Fig. 6: Examples of Perveance types: OvePerveance (top), UndeiPerveance (middle), and Normal
Pervenace (bottom) 8]

Grid erosion is a dominating faxtin engine design. Evendhgh extensive
design simulations of bahawbeoves dperatichi ng t he op
lifetimeq13,14,15,16], a large amunt of time is spent on experimental testing of ion
engines to understand e acAnexamagleioithisdvasahed s | i
8200 hour wear test performed by Polk et@h the NSTAR thrustgl7]. The NSTAR
thruster, used forthe DeepSpac1 mi ssi on, was part of NASA«
Propulsion Application Readiness (coincidentally, NSTAR) program to establish flight

level maturity in EP technology. As a result, extensive testing was performed on one of
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the NSTAR engineering model thruste©ver the course of the wear test, in situ testing
of the grids was performed via laser profilometry to test for wear. Perveance was also
measured by monitoring the accelerator current impingement as well as the screen grid
currents. Although the thrustas fairly consistent over the course of the wear test,
perveance of the grids lowered over time across all the major throttle settings available.
The perveance was lowering due to erosion of the molybdenum optics grids, as the
accelerator grid lost 10.8@mns of material while developing fhdgroove erosion

patterns. This wear also contributed to increased neutral losses, which slightly lowered

both the efficiency and specific impulse of the thruster.
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Another effort of understanding
lifetime perfdamance was carried out or
the NEXT thruster, another NASA ion
engine being developed to flight status
As a result, a battery of tests have bee
performed on the thruster during its

operational lifetimfl8,19,20,21]. The

diagnosticsncludedboth looking at tk

performance characteristics over time

Fig. 10: NEXT Thruster [ 19]

well as the ion beam characteristizg.

Concerning the grid erosion, these were observed using CCD cameras that were mounted
in the chamber on a vertical assembly. The pictures of the accelerator grid were taken
every 250 hours for the first 2000 hours and every 1000 hours theEgftatthough

pit and groove erosion did not start to form on the thruster until BI&], the total
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erosion seen over 9000 hours showed that the accelerator apertures showed groove
erosion close to 30% of the accelerator grid thickness. However, it was also shown that
despite the erosion shown, the thrust still remained fairly stableglhas the specific
impulse. The research effort lead by Kamhawi suggested that when the groove erosion
would be equal to the grid thickness (resulting in grid failure via structural failure), the
NEXT thruster would have used 750 kg of Xenon, which dauell surpass the lifetime

requirement of 405 K@d8].
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Fig. 11: Accel Grid erosion as function of propellant throughput for NEXT thruster testing [19]
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Beyond tlese studied)Virz looked into the effects dhe decelerator grid on the
accelerator grid erosion process through simulation efforts iadJ® CE X[R2Z). code
Grid erosion can be caused by lack of focus of the ion pleaincan also be caused by
Charge Exchange ions (CEX). These ions are typically fast ions that hit a slow neutral
and exchangeharge by picking up an electron from the slovving neutral via
collision. This exchange creates a fagiving neutral particle as well as a very low
energy ion. This CEX ion then can be attracted to the negatinebgd accelerator grid
and causes erms (such as pit and groove erosidny) colliding with the grid. These
CEX ions are usually caused by the convergence of multiple ion beamlets that cause the
main drive ions to be knocked from the beam, lose energy, and then collide with the

unionized neutl propellant floating out of the discharge chamber.

Fig. 13: Accel Grid erosion at 9500 hours compared to Beginning of Lifel[9]
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According to the results from his simulation, using the decelerator grid
configuration on the XIPS thruster (another NASA thruster in development), it would
reduce the sputter yield by three orddrsnagnitude. The largest value of erosion rate
(a.k.a.: sputter yield), ~245m/khr (pitandgroove erosion), was reduced to practically
zero in simulations. The incoming CEX ions that cause the erosion were also energized
less due to not being directlyosed to the heavilyegative bias of the accelerator grid,
reducing the CEX bombardment energies from ~200 @29 his shows that the-8rid

setup drastically improves ion engine lifetime.
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2.3.Plume Impingement on SpacecrafSimulated

There have been a vast number of studies looking into the ion plume impingement
effects on spacecraft components in order to look at the spacecraft mission lifetime
operating parameters and predict the overall health of the spacecraft and payload
throughout its lifeSpecial attention is usually paid to the components that liraftect
the quality of the mission, such as the payload or the solar arrays, which provide power to

the whole craft, including the propulsion system.
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A considerable amouiof the effort that goes into understamgihow the plume
interacts with the spacecraft wuswually occu
environment. As such, extensive modeling has been done on Hall tiplusteisand its
plasma environmef23,24,25,26,27,28,29). Plume models are generated with data that is
gathered from experimental testing or from actual flighadstich as the SMART

1[25,30,31,32] and Expres#\[24,27,33.

For the simulations concerning the SMARTmission, the main goal was to
develop a model using the Spacecraft Plasma Interaction System (SPIS) that would
investigate the Hall thruster plume effect
would include spacecraft charging and structural erosion from plume exposure. One of
the other main factors for creating this model was to investigate voltage fluctuations (on
the order of 6 V) that resulted from solar panel rotaw#dthough the plumevas
thoroughly modeled, because of the orientation of the solar arrays with respect to the
thruster, only the CEX ions generated from the plume were of any real concern for both
erosion and spacecraft charging. resdlts hough
for erosion, it showed that the plume did in fact cause voltage fluctuations along the solar
panel on both the coverglass and interconnd@8frsThe interconnectors interact with
the plume by collecting a large elean current from the plume plasma while the
spacecraft ground collects a part of the ion current from the plume, resulting in the

potential shifts.
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Fig. 16: Potentials (top) and Currents (bottom) on solar cells matched with SMARIL flight data [25]

The ExpressA satellite flight data wasollected with the intent of looking at how
the plume interaed with the spacecraft in terms of solar array contamination and
induced torques on the solar arrays. Mikel
reflection on the solar panels: specular and diffuse. Specular reflection represented an
elastic collison of the plume particle from the surface and that the particle is reflected
away from the surface at the same angle and speed that it impacted the surface with;
diffuse reflection presents a different situation in which the force imparted on the surface
is normal to it and the particles are reflected with a very small velocity. From the flight
data and computed torques from the model with both types of reflection, it showed that

the solar arrays exhibited different reflective quantities based on thef e solar
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panel This seemed to agree with previous flight data from earlier Express spacecraft that

the surfaces had different reflective properties based on the side it was on. Data from this

plume interaction model also looked at the sputter depthieosolar panels; the

maximum depth reported was around 9 microns of material during the firing of one of the

Hall thruster banks during a maneuver. Some minor deposition of material was reported

around the edges of the pdi24].
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Fig. 18 Sputter depths on simulated ExpressA panels R3]

Contamination on the spacecraft from EP plumes is always of high priority and, in
addition to the tests performed on Hall thrusters, testing and modeling has been
performed on the ion engine plumes as well. A portion of these modeling effarsetb
on the NSTAR thruster used for the Deep Space 1 mission and the ion densities that
would be generated from ions being sputteredbtlie beam and returning to the
spacecraft, or Abackflowd ions. Theoweffort
that the backflow ion deitg for the NSTAR is around 302 #/m? and 5302
#/m3[34,35]. Similar measurements were taken with the Hall thruster and are also on the
order of 182 #/m3in the back flow region of the craft. The work also shows that an ion
density on the order of 3510 #/m3 directly impinging on the solar panels, which may

also lead to the large erosion depths seen on the sold2diray
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Although there is a wealth of simulation

data concer neffectgont he p - 0m__

spacecraft, there are EDI i?- focusi

the effects of the full beam plume on a
spacecraft. Roberts and Hastings performed a

Fig. 19: C-TOS leaderfollower formation
study in which the effects of plume impingemet [2]
were investigated. The work looked specifically at two missi@ngerrestrial Observer
Swarm (CTOS) and TechSat2Both of these missions employed a single Hall thruster
on each of the microsatellitéBhe majority of the cases involved the microsatellites in
cluster formations that were primarily elliptical. Howevene formation of interest to
this work was a formation in which two-COS craft are in a linear leadixlower
formation at a distance of 500 m. The ré&soff the investigation concluded that although
the maximum particle fluence to the follower wa2 9 13 #/s, this was lower than the

fluence of the CEX ions from the follower by five orders of magnitttibevever, this

model did not look at any erosion effects or induced torques on the sdfjllites

In modelling the leadefollower interactions with the spacecraft, Roberts and
Hastings had to take into account the magnetic field of Earth and its effect on the plume

of the spacecraft. Thgeomagnetic field, which can be modeled as a dipole, canlgctua
0 € IOidiadi i 61 Q
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affect the plume of the beam through
magnetic pressure. The description of this
phenomenon can be summarized through

the plasma parametby as described in

Magnetic Fie

Equation2-4 & Equation2-5[2].

Fig. 20: Graphical representation of magnetic
field effect on beam plume 2] As b becomes less thdn the beam

plume will becomanagnetized by the geomagnetic field and, as a result, will have its
velocity redirected. This can prevent the beam plume from actually impinging on the
follower in the formation, but a@squation2-5 suggests, depends on a number of factors.
These factors, and a further look into the geomagnetic field, will be available in Chapter

4.

2.4.Plume Impingement on SpacecrafSurfacesActual

Although simulation data is quite valuable, there is no substitute for experimental
data. There is a wealth of data that can be gained from both laboratory tests and in situ
measurements performed on spacecfaftmentioned above, datasibeen gathered
from flight missions, such as the SMART[32] and Expres#\ [33] missions.This data
collected from the otboard instruments was vital to the development of our
understandingdf he p |l ume 6 s -bedrdfsgsterh. Hovevert tiheee are large
limitations of the inflight data gathered, the main one being that only certain types of

data can be gathered due to the instruments on board the craft.

The SMART1 missionrecorded flidgnt data using its sensor package, the Electric

Propulsion Diagnostics Package (EPDP) andSih&cecraft Potential, Electron, and Dust
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Experiment SPEDB. The EPDP consisted of a Retarding Potential Analyzer (RPA),
Langmuir Probe, and a Quartz Crystal Mizatance to measure deposited material.
SPEDE could be operated as a Langmuir probe or an electric field mode that could
monitor the electric field on the craft. However, the EPDP was linbydte fact that it
could only monitor the backflow region fom@urrent. However, the data it collected
was still valuable, as it measured a backflow ion density on the ordet®sf/i8 with

peak ion energies of 35 and 65 @Wese densities seem to agree with many reported
findings of backflow densities as mentazhaboveTheir sensors also seemed to pick up
a very small amourdf deposited material, although the data from that sensor was not

fully analyzed at the time of this wdie].

The ExpressA satellite, a Russian telecommaations spacecraft, recorded
several sets of data over tiniatlooked at the imparted torques on the spacecraft from
the EP systems as well as solar cell performance. Although the torques and solar array
reflection dataverethe same as reported earlighis study from the flight data also
looked at the comparison of the predicted solar array pegrsusthe actuapower
Their study of thesolar array data showed that the performance of the solar array was

initially better than expected and, after seweonths, the performance on the array
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started to degrade. After investigating further, Manzella indicated that the initial boost in
performance mighhave been due to annealinganbit, which would then correspond to

a higher degradation rate than préeli; indicating significant array eros|@3].

There have also been sets of experiments that used Hall thrusters in a lab setting
in order to look at erosion results or interactions with solar [2485,36]. The
experiments performed by Pencil showed erosion rates of several spacecraft materials:
Silver, Iron, Silicon Dioxide, and Borof#6]. These=xperiments were performed while
analyzing the plume environment of an SBEJO near the end of its service life by
placing the samples 1 m from the beam exit (radially) while being positioned at a 100
angle with respect to the beam exit. This is cleiariyne backflow region of the thrust

plume.

A more recent experimental effort of note was performed by [Bajtin 2012.
Their experiment, which was conceived because of the advent of formation flight

missions, sought to gather sputter yield data of Xesmoseveral materials, including
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Aluminum and Silver. These samples were to be examined via microscopy as well as
through mass balanc€&hese experiments utilized a variaklleergy RF ion source that
produced a current density of 3 mAfkc The current oreach sample, which was held 12

cm away from the ion source, had its current measured directly. In order to determine the
sputter yield on each sample, the sample would be weighed using a microgram balance.
The mass difference, combined with the currend,daibuld allow for the calculation of

the sputter yield. Themicrogram balanchad aprecision of 1Qug. Although XeAl

sputter data is not new, there are very few sources. This paper, to date, is the second
source of XeAl sputter in energy ranges lowdrain 100 keV. The sputter yields closely
agree to the previously published Rosenf&8igset It alsoexpandghe previous datt

a range of 1.2 keV, where the sputter yield is shown to be near 1.7 atoms/ion. It is of note
that he sputter yields provided/bhe graphs inFig. 21 are somewhat larger than the

Eckstein theoretical model for X&l sputtef12].

2.5.Formation Flight

As mentioned in Chapter 1, the desire for formation flight spraftemissions are on
the rise as the need for more innovative and economical approaches to these missions are
becoming avail abl e Howevethas tlase proxidity formationrh n ol o gy
flight is still a relatively new concept for space missionerdhis a need to understand
and verify many concepts of formation flight, such as navigattwmation keeping, and
propulsion control (to name a fevBesides looking at simulated missions (such as the
earlier mentioned 0OS mission), there are a fewssions that will focus on keeping

multiple spacecraft together in order to accomplish their objectives.
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One such mission is the PreBamission, which is a technology demonstrator mission
from ESA that will demonstrate the validity of formation flight smience applications
while it performs obs[8%@44]tThiospacecrafiwillbenire Sun o6
aleaderfollower formation that varies in int&pacecraft distance (ISD) from 100 m at
the orbit apogee to 1.2 km in orbit perigee. In order tmtai the formation, the
spacecraft employ sets of oriented microthrusters that use hydrazine as a propellant. As a
result of the thruster choice, a very small total delbaudget (1.6 m/s) is employed for

the maintenance of the format[dQ).

Another spacecraft mission employing a formation is the PRISMA mission based
in Swedef42,4344,45,46,47]. This mission, launched in 2009, utilizes two satellites that
orient themselves in an adjacent formation at ctasges (~100 m) and out to a leader
follower formation at larger distances up to 2 km. Like P8pthis satellite also uses
hydrazine as its main propellant with a deltudget of 170 m[43]. Also, like Probe3,
this misson is a technology demonstratoradvancehe viability of formation flight

systems.
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Fig. 23: Proba-3 Orbital Activities Schematic [41]
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Fig. 24: Depictions of pursuit monostatic (left), bistatic (middle), and alternating bistatic (right) formations
for TanDEM -X [48]

TanDEM X, another testbed mission for formation flight, is an-addor the
TerraSARX mission in an attempt to expand its capabilitiemttude digital elevation
modeling (DEM)48,49,50]. These spacecraft are capable of multiple formation types,
such as a monostatic formation (in which the craft are in a ldalii@ver formation at a
distance of 30 km), a bistatic formation (in which tleeaft are within 2 km of each
other but have a slight vertical separation), an alternating bistatic formation (aka the
HELIX formation), and simultaneous transit. Each of these formations require very tight
control (with the exception of the pursuit morai&t formation) and require accurate

propulsive control.

The common threadmongall three of these missions is that they currently use
hydrazine cold gas thrusters that can offer highly accurate thrust bursts for formation
keeping. However, each of thepdipations of these propulsion schemes differ immensely
because of the individual needs of the spacedfdth Proba3, each of its hydrazine
thrusters provide-N bursts for thrust and formation control, yet the deltaudget is
miniscule compared to ¢hother two missionglowever Proba3 needs to fire its

thrusters more frequently because of the formation restrictormsich greater delt&
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would be available to the mission if the monopropellant thruster were replaced with an
EP system. However, thibrust duration would need to be greater due to the lower thrust
levels. Because of the restrictions on short duration thrusting, it may be difficult to

schedule maneuvers that would avoid all levels of plume impingement, so the potential

for surface damagbecomes clear.

2.6.Solar Array Research

Within the past two years, there have been recent advances in the studies of plume
interaction with spaceated equiprant, particularly solar arrays. One of the ways that the
ion plume can affect the solar cell is Imeterosion of th&R coating on the coverglass,

which can affect overall efficiency.

A multi-faceted experimental effoctirried out by Hoang involvegkposing certain
samples with 5, 10, and 4&ar doses of ion fluence usinggd-mounted Hall
thrustef51]. This test was carried out in three phases, but the results of interest were
carried out in phase one of the experiment. The samples involved in phase one were
exposed to UV radiation and 30 keV protomims to simulate the environmental
exposure seen ime GEO space environmegitfter simulated environmergxposure,
they were exposed to a xenon ion beam at 250 and 350 eV at normal incidence and 75
for solar cell coverglass sputtering. The final resfiéirahe 5 year dosage was a 2.4

micron erosion of th&lgF.-coatedcoverglass, as well as a change in the transmission

propertie§s]].

This transmission change was caused by the erosion bfghgcoating on the

coverglass according to andepth studyel at ed t o t he Hotheng gr oup ¢
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sputtering of the AR coating and its effect on the change in transm@siperties by
Yalin[52]. In this effort, experiments were perfadio determine the sputter yields of
MgF2> mounted on CMG coverglass from @t at energies below 350 eV. This work
used an ion source to impinge the samplesdhmatecontrolled environment to

ascertain the normal incidence sputter yields as well as the angular yields of the material

at 250 eV.

0.16 —
E“ 014 (@) 35 030 (b)
E on2 E
2 010 % 0.20
; 0.08 3 >

L
£ 0.06 g 0.10
& 0.04 a
Eou 0.02 T 0.00
= 000 T P 0 15 30 45 60 75 90
0 100 200 300 400 500
lon Incidence Angle (degrees)
Beam lon Energy (eV)

Fig. 25: (a): Normal incidence sputter yields for Mgk; (b), Angular sputter yields for MgF2 at 250 eV p2]

After exposure to thedam, the transmission properties of the coverglass were shown
to have reduced by-@% in the 400750 nm light wavelength range. Based on their
experiment observations, this would result in%28 overall cell efficiency drop based

purely on the erosion dhe AR coating alone.
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Fig. 26: Transmission readings based on ion exposurép]
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Another sputter study looking at transmission changes in AR coating was performed
by HU53]. This study involved exposing ITO samples to an ion plume at varying
energies and incidence angles to look at the transmiskange as a rak of erosion.

This study also indicated transmission loss with erosion, witd% Sansmission loss
after ~70 nm of erosion. They also reported erosion rates for the material, but only in

arbitrary units.

- = 100eV | . t
g [ ey e~ : i
> r- - 500 eV ‘o -~ ‘--‘; | |
8 | [---- 10008V .- '
1 I e 5 . .
s | a7 8 - N
:[ - D ; : : :
e | . . ~ = '
g | ; e /” ‘-"”u\ a T
8 | e S \ !
:é ! e ' ! —
A Leeme=""T i 1 ' el d .| mrmra50-1100 0m Range
w I t ] i L]

{ ' [ ' | : ' —— §00-800 nm Range

- [P S I T

¢ 2 0 6o 80 100 0 200 00 £00 a0 1000

Incidence angle (degrees) Erasion (A)

Fig. 27: ITO Angular Sputter Trends (right), ITO Transmission Changes (left) [53]

A more recent effort was undertaken by Varmmyking at biased solar cells
immersed in an arc jet plume as well as a Kaufman source. These solar cells were biased
up to 300 V relative to spacecraft ground. Current collection trends were examined at
different solar cell biases as well as being immemsedowdensity Xenon plasma later
on. The experiments showed that the collected currents from the solar cells depend on the
electron temperature of the plasma impinging on it. The experiments also show that the
solar cells collected currents up to 458 from Hall thruster plasma at densities of20
#/m3, which is comparable to the ion densities that would be seen from the backflow

region of a Hall thrustgb4].
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3. Mathematical Modeling of Erosion

3.1. Overview
In order to validate the experimentabults as well as to forecast the effects of plume
impingement on spacecraft, a mathematical model was develbipiedequires a model
that will look attwo things:1) the ionrmaterial interaction from the plume impingement
on the targeand 2)the overd expected beam fluence from the EP thruster in question.
This model utilizes elements of the EckstBiwhdanskynormal incidenceputtering
model, Yamamurangularsputteringmodek he sputter tarapedlids | at
as fluence trends obsed/by numerous lifetime test of the SRUO0 thrusterThe
model 6s imaitho gwraddi ct the amount of sputter
current incident energy, and angle of inciden€his model will also take into account
the divergence of then plume, which will heavily influence the impact fluence based
on the formation distance of the spacecrHiis chapter will look at the basic
assumptions of the generic sputtering calculation from plume exposure and the fluence

modeling aspect.

3.2.Sputtering Models

As defined by Eckstein in Secti@il, sputtering is the proceby which the surface
of a material becomes eroded, surface atoms are removed, and the morphology of the
surface gets modified. For teaergy regime of this experiment, the sputter regime that
we are most interested in is tpleysicalregime, in which the surface is primarily
modified through direct collision with the energetic partidllee Eckstein method itself

is a modified versionfahe Bohdansky sputter yield estimating calculation
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3.2.1. Sputtering Yield Calculation-Eckstein

The basic mathematical definition of sputtering yieldiswnasEquation
2-4[12):
e GOt Rae OQQ -
ME @e G ORAE 6 QdHa Qi ®

&

As long as the amount of incident particles that impact the target are known, a sputtering
yield can be derivedAs such, the Eckstein method of calculating sputtering yield is
based on a curve fit through experimental data that is published oretfaetion n

guestion.
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The equation is primarily a function of the energy of the incident partEEebut
also depends on the followintite nuclear stopping power of the KrC potentai’©
(Equation3-4), the threshal energy of the targeEn, and the fitting parameters qf o;
andu[12]. Equation3-4 itself is a function of the reduced energy of the interaction
(Equation3-1) and the Lindhard screening lengsh,(Equation3-5), based on thatomic
number Z, of both the incident and target atorfise author would like to point out that

the termW(1 is just a shrtcut term that refrs to the denominator &quation3-4[12].
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Combining all of the above elements generates a logaritomiing curve thapeaksat
a certain energy level and thbegins to fall, which usually occurs in the hundreds of

keV. An example of a fitted curve is@lin below inFig. 29.
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Fig. 29: Comparison of Calculated Eckstein Curves; MATLAB Model (left), Referenced Data (right, 12])

3.2.2. Sputter Yield Calculation-Bohdansky

Although the Eckstein method ispially based on experimentddtyg the
Bohdansky equatigh5,56] involves using th@roperties of the nuclear stopping power
of the interaction, the incident energy of the reacti®ynand a scaling facto@), based
on either experimental data or a best fit to arrive at the sputter yield éstinfahotable
aspect of this calculation methadthat it is purely dependent on the ratio of the
threshold energyEsm, to the incident energy of the beam particle. It only relies on one
scaling factor, unlike the Eckstein method, which relies on fitrparameters in order to

generate the proper curve fit. The Bohdansky equation, as seqnation3-6, typically
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generates a similar curve to the Eckstein fit, but is usually arouB0%Sarger,

dependingom he scal e f &bt ords sensitivity

- O j O j
OO0  0Oi - P 0 p 0 o4p

As mentioned before, both the Bohdansky and Eckstein sputter models rely on
Eth as a parameter for the fit. Eth, the threshold energy, represents the lowesaenergy
whichthe interactiod s s p u thegiaesrto inclieasdy drders of magnitude to an
appreciable level of sputter. Normally, this parameter is found theoretitafn also
change with the types of interaction the target can experience as well as having the
possibility tochange with incidence ant]. It is generally shownhat the theoretical
threshold energy is an order of magnitude lower than the actual threshold energy. The
actual threshold energy can be found, through more recent $81ijdxy fitting existing

sputter yield data for that specific interaction and treating it purely as a fitting parameter.

3.2.3. Erosion Modelling

In order to analyze the results of the experiments, the samples themselves have to
be measured thugh a profilometer, which will nominally limit our analysis t®2
profiles that we must use in order to compare to the projections from this model. As a
result of thisa fewassumptionsnustbe made for the model) The exposed profile is
approximatedisa squarerosssection;2) The exposure area to the beam is under a
constant bombardment from ions at a specific enfngg given time; and 3) The beam

spot size of the ion beam is much larger than the exposureserctsn.
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For assumption one, tlsgmulated crossection is rectangular as the sample itself
is a rectangular slab and the sample has a shield leaving a rectangulaectioss
exposed to the beam. Nominally, if the density of the ion beam is sufficient, it should
generate a uniform esion profile thais consistent with the area left exposed by the
sample shields. However, it is also known that ion sputtering will generateuniiorm
sputter profile near the edges of the etbteld. As the sputtering interaction begins,
material legins to be removed from the selected region. However, as material under the
sputter shield is removed, secondary sputter interactions will form near the edges as the
area under the sputter shield will have expanded and cause a small expansion under the

shield. This is known aanisotropic sputterirjd2].

Model

—)

Actual

—)

Before Erosion After Erosion

Fig. 30: Erosion Profiles, Model vs. Actual

For assumption two, the beamassumed to produce a constant stream of ions at
a specified current. This assumption is fairly reasonable but is not exactly accurate;

duringoperation of the ion source, the beam current seen by the sample contains very
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minor fluctuationghat do not exceed 5% of the beam cutrklwwever, this is quite

small compared to the overall current hitting the sample so this assumption can be made

to amplify calculations. The justification for assumption three also relates somewhat to
the second. The beam spot size of the 1ion
exposed surface area. As a result, not only will the beam bombard the entirety of the
sanple surface area, it will also be fairly constant and consistent as the samphes will

within the core of the beam, where it is assumed that the velocity of the ions are uniform.

Now, with the main assumptions of the model in hainel severity of theputter
can now beevaluatedEachmaterial has a density that can be used to estimate the
number of atoms removed from the matefiahe depth of the erosion is known, we can
then estimate theumberof atoms removed using the exposed csEsgional eea, the
mass density, and the molecular mass of each of these matensli®l|dton is shown in

Equation3-7 below.

With thenumberof atoms sputtered from the material as a result of the ion
impingement, we ow have to relate this back to quantities that we can use for the sputter
estimation. For this, we can relate the number of atoms lost back to the sputter yield, as
shown inEquation3-8. The main variables that veentrol are as follows: the energy of
the incident particle€o (in eV); the rate of ions impacting the tardge{in ions/sec); the

exposure aredex (in m?); and the time of exposurg(in sec). The dependent quantities
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are: sputtered atombl4om9 and sputter depthléosion in meters)Equations3-9 and3-10

relate the exposure area current to the impact rate.
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When combined with the sputter yield estimation fether the Eckstein curves,
Bohdansky curves, or collected dateese present a mathematical estimation of the
sputter depth based on the independent variaidggioned aboveSince noble gases are
being used for the impingement experiments, the caloulafi such is very straight
forward as the samples themselves should not be reactive. However, the Eckstein method
is noted that the sputter yield fits for noble gases are subjeadouraciesip to

309411].

3.2.4. Angular Sputtering

For beam incidence angle<)’, an angular fit formula has to be used in order to
approximate the sputter yield for the appropriate interaction of incident and target
particles. Eckstein has also developed an angular fit equation for these instances.
However, due to the lack of ftarameters for the equation, the original
Yamamur37,58] angular fit equation was usethis equatior(Equation3-11) is reliant
on fit parameters, as well. However, these param@iguation3-12 andEquation3-13)

are only reliant on the ratio of threshold energy to the incident energy. This also helps to
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determine the optimal sputter angdlby, throudn the use of this ratio as well, shown in

Equation3-14.
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It is important to note that the paramd®giEquation3-15) is actually converted
f rom Yama mametrdswhithiistthe pagoroP and the root of incidence
energy. By itselfP is an abbreviation used by Tartz tbe product of] and he root of
the incidence energy, which is also dependent on the lattice parameter of the material as

well as the Lindhard screening lengta, (Equation3-5).
47



3.2.5. Matlab Model

With both normal incidence and angular incidence models covered, the sputter yield
curves from both types of models for any material can be generateceuberfitted
experimental data or fit parameters generated from previous reddanutp simple
arrays representing the incident energy range of the degmgnge of incident angles
(d), and the fit parameters represented in each of the equations, graphs can be recreated
like the examples below Fig. 30 using parameters from Rosenberg and Tagzlt is
important to note that there is an approximately 30% difference between the Eckstein and

Bohdansky models, with the Eckstein model usually wpdedicting the sputter yield.
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Fig. 31 Normal Incidence XeA Al Sputter model (left); Angular Incidence XeA Al Sputter model (right)

One other important nets that the angular fit models from this Wware based on
the Bohdansky curvét values for those specific incidence energies. As shown in
Section3.2.4 the Yamamura curve fit encompasses all angles fr@@.ARlthough the
experimental values could lnsed for the origin point of the model, for ease of analysis,

the G incidence point will be based on the Bohdansky fit for the appropmiaterial.
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This will represenonly a slight shift from the normal incidence data, as it only serves to

shift the cuve on the yaxis of the model.

With the theor@ical models of the materials examined in this work, we can then
estimate the amount of material lost through plume erosion using the equations from
Section3.2.3 We can then track the progression of the erosion based on the time of

exposure and the amountioh fluenceimpacting the target area.
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Fig. 32 Sample Erosion case

As shown inFig. 32, the erosion profile is linear as long as the ion fleesc
constant and there are no unexpected changes to the surface area (such as orientation
change, catastrophic damage, efthjs trend holds for all sputter yields and energies,
although the slope of the erosion profile will change based on the spalteof the

material at the conditions of the ion plume.

Another important factor to note for this modeling technique is that both the

Bohdansky and Eckstein methods are only taking into account single component
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interactions (i.e.: X8 Al or XeA Ag, etc). While the Eckstein method can eepanded

to handle alloy targets by just using the composition percentage of the target and applying
the appropriate sputter yields to the components, it is not meant to handle compound
target$12]. Presumably, since the Bohdansky method is only slightly different, the same
assumption can apply to this method, as well. This means that for properties such as
Equation3-3, which has amtomic number dependence, this metbadnotapply

directly to analyzing compound materials, suchvigs-. To this end, this effort aims to
expandhe capabilities of these methods by introducing an effective atomic number

based on the composition of thengpound targets. ThiZ will be provided by the

method used by Murf$9] as shown irequation3-16. For referencef, in this equation

represents the fraction of the individual atom in the compound.
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4. Mathematical Modelling of lon Plume

In order to accurately gauge the lifetime of the components of a spacecraft during
orbital maneuvers, several factors have to be known: the duration of exposure to the ion
beam, the incident energy tbfe beam, the impact fluence of the beam to the different
surfaces of the spacecraft, and the incident angle of these impacts to the target surfaces.
However, as mentioned in Chapter 2, the ion plume can be redirectedgdue to
magnetic field interferencé\s a result, the plume has to be modelled in order to find the
projected path of the plume and whether it intersects with the spacecraft in any way. This
magnetic field iterference can also change the incident energy of the Wwhaarh will be

explainedn Chapterl0.

To anticipate the changes in the beam throughout orbital maneuvers with a wide test
matrix of conditions, it is desirable to analyze the conditions throughout the specific orbit
of the spacecraft as it progressbrough the maneuver. To this end, we are looking at
orbit-stabilizing maneuvers that will keep it in a specific orbit, but can also be expanded
to orbitraising maneuvers, as well. This chapter will look into each section of the Matlab
model that will @lculate the approximate duration of beam impact and how it achieves

this.

4.1.0rbital Modelling

To look at the effects of the plume as it propagates from the leader spacecraft to the
follower, we have to look at the local properties of the geomagnetic hdldseffect on
the plume as it propagates from the | eader
multiple orbital parameters and formation distances in the test matrix, we will need to be

able to look at the plumeas it propagatethroughout the mtirety of the maneuver

51



At the start, we will look at the basic orbital parameters of the maneuver, from the
semimajor axis a, of the orbit, to the starting eardinates of the leader spacecr&fiom
the semimajor axis, we can calculate the periddhe orbit as inEquationd-1, with
representing the Gravitational Parameter of Earth, 3.986i8s’. The periodcan then
be used to determine the tirateps for the Matlab model to us¥e can also use thie
determine how many orbital steps we want to look at over the duration of the examined

orbit as shown irEquation4-2 andEquation4-3.
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true anomaly of the follower spacecraft by looking at the desired formation distance and
finding the new true anomaly using the Bnegth of the orbitis displayed ifEquation

4-4. Now thatthe locations of the spacecraft are known, we can also look at the other
parameters that are important to us, such aartgalar momentum of the orbit, This

would be found through utilization of the selaius rectum of the orbit, as illustrated in

Equation4-5.

Now that we have the initial positions of the spacecraft, we need to put the
coordinates into the geocentric frarhe order to do this, we can place the coordinates
into the Perifocal coordinate franusing angular momentum, the eccentricity of the ,orbit
e, and the true anomaly of the spacecfHfie following equations outline the process

described in this paragraph.
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Once we have the position vector in the Perifocal frame, we can then placesit in th
Geocentric coordinate frame. To do this, we use a rotation matrix to transform the
coordinates into the appropriate coordinate frame. This rotation matrix utilizes the

following orbital parameters: inclinatianthe right ascension of the ascending node
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and the argument of perigee These matrices are representedlquation4-8 through

Equation4-10.
ANNMO &ET =
Y OET ANNO m
T T p
Y
0 Y1 Y QY
) 0 5)

4.2 .Magnetic Field Modelling
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After plotting every step of the observed orbit, we now need to lbthiedocal

geomagnetic conditions of the orbit in order to determine the local magnetic pressure. To

do this we incorporate the magnetic model of Earth into the analysis. As mentioned in

Chapter2.3, the geomgnetic field of Earth can be simplified to a dipole approximation,

with a slight polar tilt from the geographic poles of Earth representeld,tifze tilt of the



magnetic poles. A polar form of the coordinatesprovided by Roberts and Hastifigs
whichis represented ikquationd-11. A simple represeation of the fluctuation of the

magnetic field along a test orltdisplayed inFig. 33.
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Fig. 33: Magnetic Field Strength along test orbit: a=7478 km, e=0, i=63°4RAAN=0°

For the purposes of our Matlatiodel, we convert the magnetic field equations from
polar to Cartesian for ease of an@ywithin the geocentricoordinate framerhis
equation listed belovs an integral part of the Matlab model lookingla local

magnetic field strength to determine the magnetic pressure.
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From here, as in the previous section, we will need to corheerhignetic field to
the geocentric frame in order to analyze the local field strength in the proper coordinate
frame. This leads to a similar rotation matrix with the main exception that this rotation is
around the magnetic axidy. This will allow for he conversiono thegeomagnetic
frame.The rotation matrix and process are representdehonation4-13 through
Equationd-15.
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4.2.1. Beta Modelling

As mentioned in the previouscdi®n, the local geomagnetic conditions can be
used to find the magnetic pressure at a specific set of coordinates. The magnetic pressure,
as dscribedin Equation4-16, is the energy density of the magnetic figldhat region of
spaceFor convenienceEquation2-5 is reproduced herasEquation4-19. b determines
the flight path of the plume due to the udhce of the magnetic pressu®¥ note is that
b is not affected by théirectedkinetic energy of the beam; only the plume density and
componentemperatures of the beam haveeffect on theparticlepressure. The ion
temperature, although present, is usually sufficiently low to be considegéidiblein

this parameteros calcul ation.
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If b>1, the plume will travel normally as it propagates from the beam exit, with its
normal exit velocity and appropriate plume expansstiown ag€quationd-17.
However, ifb<1, the plume becomes magnetized and will begin to ledun the
direction of the magnetic fieJdvith the plume velocity represented bguation4-18.
With the geomagnetic field model in place, we can now lodkaatany point around
Earthds magneti c s p hleok & thetfendinghdiforthe nce and
following parameters: orlat
altitude, plume density, and
Magnetized Region the ISD of the leadefollower

Be1
spacecraft.

on Lisslancs {im )

Fommak

In Fig. 34, we examine the

Baillistic Expansion
Region

B1 general trend of the location
! ' Orbknl At () R of theb transition int as a

Fig. 34:Sample Beta Trandion Graph function of orbital altitude at
a fixed electron temperature and plasma density. The blue line in the graph represents
b=1, with the region above the lilbbeingb<1 (or magnetized regiorgnd the region
belowrepresenting>1 (or the ballistic egansion region)As the altitude incrases, the
magnetic field strength drops off quadratically; likewise, as the formation distance grows,
the beam fluence drops off quatcally, as well. This trend is to be expected as per
Equation2-5. Also, sinceb increases proportionately to both plasma density and electron

temperature, thballistic expansion region grows under figansition graph@shown in

Fig. 36.
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Fig. 36: Beta Transition w.r.t. np @ Te=3 eV (left); Beta Transition Point w.r.t. Te @ rnp=5.04x10° #/m?

(right)

The other dramatic source of change forfitbeansition is a primary function of

orbital altitude, due to the quadratic weakening of the magnetic field strength as altitude

increases. From this trend alone, formation flight with plasma thrusters face much greater

risks at altitudes higher than LEGpecially in the region beyond GEBig. 36 features

an annotated version Bfg. 35with markers for the boudies of LEO and GEO

altitudes.
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Although electron temperatur@gf is directly proportionald the plasma pressure,
it does nohave agiramaticof aneffect on the location of thetransition asloesthe
plume densityThis is solely because of the types of ion plumes examined in this work;
most electrostatic ion plumes have an electron temperaf ~13 eV, such as the plume

of the SPT100.

As for the SPT100 thruster itself, the standard plume density is shown to be
orders of magnitude larger than provided in the sample curveHigi36. Accordingto
Goebel and Kaf3], the nominal operational beam current of the 3BT is 4.5 A,
which is around 2.83x1®#/m3. However, for the effort from Pencil looking at the SPT
100 performance, the calculatedrsdard operating density is aroun@d3k10° #/m?,
which is still in the predicted operating regime from Gof8&}l At this much larger
plume density, we can now see a drastic change in the locationfofr#mesition. The
effect of the quadraticeductionof the magnetic field is now more noticeable along with

the quadraticeductionof plume density from the beam exit.
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Although the region of GEO and beyond is still a viable threat to the safety of the
follower spacecraftrbm plume impingement, we now have a much larger region of
threat beyond LEO, as well. This region between LEO and GEO, where the majority of
spacecraft operate, has now become a danger zone for mission operations from plume
impingement, with the right amat of plume density. But, with the utilization of such
thrusters as the SPI0O for statiorkeeping and orbit raising, the threat from plume

impingement can now be fully realized.

4.3.lon Plume Fluence Modelling

After the orbital conditions have been recat@dmd the local magnetic conditions
have been verified, we now need to figure out the impact density of the plume,Afsany.
such, this effect needs to also be accounted for in the plume propadatieferenced
earlier, the beam density falls off quatically the &rtheraway from the beam exit plane.
This effect can be observed directly by utilizing the Randolph and Park formula for the
current density trending of the SRD(J 36]. Plots of the currentehsity from this fit
confirms the quadratieeduction as showrin Fig. 38. As a result, a simpl&fr? is

inserted into the beam current term for the propagator to account for the density dropoff.
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Fig. 38: (left) Plume Density profile of SPTF100, (right) Thrust Axis Density Profile
4.3.1. FluenceEnergy Relation
As mentioned in earlier sections, the paramétera measure ahe local plasma
pressure of the plume. A major factor of this is the particle density of the plume, as it is
directly proportional to the pressure as shown in the numerakmuattion2-5.
However,as seen ifEquationd-19, it has also been shown that the kinetic energy of the

beam does not directly factor into this parameter.

0 Qb b 0tSP% b 1Z p
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Yet, if the kinetic energy of the beam does chaifgle particle density remains

constant, the particle fluence of the beam will chakggiation4-24 shows the beam
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velocity of the plume as derived from standard energy relations. We also know, from
standard ectric relations, that the beam current can be defined as a function of the beam
velocity, given that the particle density and impact ceesgional area are known. We

can then insefEquationd4-24 into this relaion, as shown iftquation4-24 and is even

more evident with further manipulation Eguation4-21.

From this, it can be derived that, given the density and area remain constant, the
current is then auihction of the kinetic energy of the beag(ation4-22). Also, as the
fluence of the beam is defined as the beam current divided by the electric charge
(Equationd-25), it can be derived that the fluenof the beam is then also proportional to
the kinetic energy of the beams seen ikquationd-26. Thus,we can determine the
beam fluence for all energibased onminitial operating particle density and beam

energy of a spéftc ion source as seen ikquation4-27 andEquation4-28.
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4.4 Matlab Model

In order to estimate the damage potential of the beam plume throughout a variety of
conditions, it is essential to calculate &k tdocal parameters throughout the manesiver
that the spacecraft are performing. For this, not only do the local conditions of the
spacecraft need to be calculated at every timestep, the phopa&gation needs to be
observed within each timestep as waB. mentioned in Chapteér2.1 the plume has the
potential to be diverted from its original flight path due to geomagnetic interference
within the formation distance. However, even if the plume is divertegbltnee still has
an associated velocity along the magnetic field line, as shotquation4-18.
However, since this diverted plume can still impact the spacecraft, we must be able to
map both the spacecraft positiand the relative position of the plume of the leader
spacecraft at every point in the maneuver. Utilizing MATLAB, we are able to look at any
maneuver from the leader and the follower spacecraft with a certain formation distance
and calculate the impatitne of the plume throughout the maneuver, given the local

conditions.

Before the model is explained in detail, there are a few assumptions that must be
taken into account: JHor analysis purposes, the orbits examined in this work will be

circular orbits although this theory can be extied to morgeneralorbits; 2) the
Q
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follower spacecraft will have a tolerance window in which if any part of the plume hits,

the model will count it as a hit on the spacecraft; 3) no transition effects of the parameter
b will be taken into consideration, as itastside the scope of this work; 4) the plume is
modeled as a packet with a center of mass that can be easily observed in the model while

assuming the basic expansion angle of the plume wheeter

The impingementodel takes in a particular orbit to examine with these conditions:
starting point (in the form of true anomalgybital altitude (in km)geccentricity,
inclination, RAAN,the argument of perigee, the beam energy (in eV), and the formation
di st a margicipatbdaBedause of the nature of the letodiewer formation, the
follower spacecraft must be within the same orbit as the leader, although at an offset
position in the orbit, which the model determithesed on the formation distance via
Equationd-4. The model also determines the initial beam velocity based on the kinetic

energy of the beam, as showrEquation4-24.

From here, we need to determine hovbteakup the orbit into its timesteps.
From the initial orbital conditions, the period of the orbit can be calculBtsikd on the
number of increments that we want to observe, we can then easily split this up into
manageable timesteps for the program. Alseegtaon the kinetic energy of the beam and
the formation distance of the spacecraft, we can calculate the expected time of impact of
the plumeHowever, since we also have these parameters, we can determine the expected
interaction field of the spacecra8ince the model is looking at the propagation of the
plume in a rudimentary sse, a sphere of influence,toterance window can be added to
the follower spacecraft. This is based on the-geomagnetically manipulated beam

divergence angle and the fornaatt distance, which is outlined Equationd-30. As
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expected, thisolerance window will grow or shrink based on the anticipated ISD of the
formation.From here, we can calculate the local magnetic field strdvagted on the

projected orbit that insert into the model (as covered in Se¢tn

We now have the established environmental factors the model has to take into
account. Now, we must examine the orbit diggstep in order to determine whether the
plume impacts the follower spacecraft. To observe the plume propagation, we look at it in
its own timescale between origin and its expected impact time, as calcul&igpaaion
4-29. Looking at @ime intervaldt, we can deter mine the pl ume:¢
| eader spacecraft via simple kinematics. H
thevalueobi s at t he pl untehthe velacityavill folpwfomt i on. | f
Equationd4-17 and perform as normally expectedb#fl, the velocity will then follow
Equation4-18 and become guided by the geomagnetic field, diverting its direction. This
can cause the plume to still hit the spacecraft based on the local conditiomsiss the
follower entirely. However, based on the followeaspe cr af t 6 s s (SOEr e of
if the plume intercepts that volume, the model considers it as an impact on the spacecraft,

due to the potential width of thdume afte the geomagnetic interference.

[5) M P ; B z' D 14 p

These impactare then represented withirhé graph, or a graph that shows the
intersections between the plume and the SOI of the target spacecraft. This graph takes all
intersections of the sphere into account, including at intermediate distances between the
beam exit and the target. This graph, in effect, shows the potential didtzaicelsime

i mpingement can occur for a given set of o
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However, it is iIimportant to note that t
purposes of the modate the hits that occur at the specified distammier observation.

An example of a hit graph is picturedFig. 39.

In this graph, it can be seen that the plume impacts the follower spacecraft over
the entire orbitThe yellow sections of the graph represents the inteosewith the SOI.
However, shown on the graph between the ISD of25@m, hits are shown in these
intermediate regions, as well. However, as mentioned above, this graph depicts any
intersection of the plume with the SOI in yellow. As such, only impadteanaximum

| SD are considered to be fAhitso.
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Fig. 39: Sample Hit Graph from MATLAB model

Basedon the number of hits from the analygise model then calculates the
number of impacts recorded throughout the orbital maneWweialso assume, for
convenience, that if the plume impacts the spaceertfin that timestep the plume must
impact for the entirety of that timestep. Taking this into consideration, we can calculate
the total amount of time th#tte plume will impact the spacecraft. This time can be taken

to the erosion modébr analysis okputter depths as discussed in SecB@h
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5. Experimental Facilities

5.1. Overview

In order to carry out the experiments we propose in this work, a variety of equipment
ranging from vacuum chambers and smurces (to carry out the experimeiotanalysis
equipment such as scanning electron microscopes and optical profilometers to analyze
the topography and characteristics of the exposed samatessedThis chapter will

outline the details of the equipmteused to carry out the experiments and its evaluation.

5.2. Vacuum Chamber
The plume impingement experiments have to be carried out in a vdieum
environment for the ion beam to propagate. The vacuum chamber used in this experiment
is a custorrdesigned pessure vessel from
Kurt J. Lesker Companylhis chamber has
an internal volume of approximately 128 L
with an46.7 cmdiameer and74.7 cm
interior length. The chamber is capable of
internal pressures of 1x®@orr, although
these pressuregere not requed for the

experimentgontained in this worknternal

pressure is monitored through a combination

_ _ . of thermocouples, a capacitance manometer,
Fig. 41: Experimental Facility with Power

Supplies and Recirculating Chiller )
and an ion gauge for pressures below 1

mTorr. The vacuum chamber alstilizesa magneticallylevitatedturbopump with
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butterfly valve that allows us to accurately control the internal pressure inside the
chamber for a variety of testing conditioAscomplete listing of the equipment attached

to the chamber is provided belowTiablel.

Table 1: Vacuum Chamber Components

Pumps
Roughing Pfeiffer Duo 10 M Rotary Vane Pump
Turbomolecular STP-301 Turbomolecular Pump
Controllers
Multi -Gauge KJL-4500 lonization Gauge Controller
Throttle Valve MKS 651C Pressure Controller
Turbomolecular STR301/451 Turbopump Controller
Sensors
Thermocouples KJL-6000 Thermocouple Tubes
Manometer MKS 626B Gapacitance Manometer
lonization Gauge BayardAlpert lonization Gauge

5.3. lon Sources

5.3.1. SPPL-1 lon Source

In order to carry oubur earlier
experimentwith plume impingement lab
grade ion source was created in ordesliserve
the elemental composition changes and

topographical changes induceg argonion

plume impingement. This source was cdpais

Fig. 42 SPPL-1

changing the beam energp to 300 eV as well
as varying théeam current output to the tarfffi. A detailed description of this source

is available inAppendix E.
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5.3.2. Tectra Genll lon Source

Due to the varietpf experiments that are required for this study, a decision was
made after preliminary testing to motgethe Tectra Genll lon Source. This ion source
provides expanded capabilities from the SAPkuch as a variable beam energy up to
2kV and a beam cumeé of up to 20 mA at standard working distantlee sputter gun
also provides beam neutralization through the form of a biased tungsten filament

neutralizer.

Fig. 43 Tectra Genll lon Source (image provided fromwww.tectra.de/plasmasource)

Unlike the SPPL1, which was made as a fatodel DC ion engine, this ion
source uses electron cgilon resonance (ECR) to ionize neutral particles using radio
frequency (RF) waves. This method of ionization allows for ac@mact method of
ionization, as the DC method requires a direct exposure to both an anode and cathode for
the dischege requiredo make the plasma. In addition, the Genll is equipped with an all
ceramic plasma cup, which allows for the ionization of reactive gases (such as oxygen).
For this source, the ionization waves are provided by a magnetron source that is directly

attachedd the rear of th@n source.
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The Genll ion sourcean use a variety of gases. For the purposes of preliminary
testing, Argon gawas usedo validate theerosion modelling referenced in Chapter 3
The bulk of the experiments (as well as the major cartidhs from this work) were
performed with researeradexenon as this is most representative of the propellants
used for EP system$he gas is fed from a tankounted regulator through a variable
leak valve mounted directly to the Genll to moderatsflgw into the vacuum chamber.
This allowsfor fine control of particle fluence for the experimdhts important to note
that due to the use of heavy gases (i.e.: argon and xenon), frequent oxygen/air plasma
cleaning is needed to reduce/eliminate byldfisputtered molybdenum from the grids,
as this will reduce the output of the source and ultimately cause isolation issues between

the grids. Heavy buildup can be removed using a diamond grinding wheel.

The Genll is divided into four main components: th@gnetron, the anode grid,
the extractor grid, and the neutralizer filament. As mentioned above, the magnetron is
used to provide the ionization wave to the gas fed into the discharge chamber. The anode
andextractor grids (made of molybdenumgke up théon optics of the device, which
both set the ion beam energy (anode) and extract the ions from the discharge chamber
(extractor).In addition to the potential electrical isolation issues mentioned above, the
anode must also be properly insulated fromgiag inlet via insulation wool. If the wool
is compromised, an arc can form between the anode and the gas inlet due to the
conduction path provided by the plasma if the anode potential is high efdwgh.
neutralizer is madef a tungsten filament that alls for the thermionic emission of
electrons to make the area around the beanchargeneutral.The list of power

supplies and their matching components are listddble2.
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Table 2: Genll Power Supplies

Component Power Supply Capabilities
Anode Glassman FJ2P60 2000 V, 60 mA
Extractor Glassman EH5N20L -5000 V, 20 mA

Neutralizer AcopianA015HX1000M 15V, 10 A
Magnetron Tectra Magnetron 4000 V, 60 mA

5.4.Diagnogic Equipment

5.4.1. Retarding Potential Analyzer (RPA)

In order to analyze the beam conditions, we are employing the use of an RPA
This instrument allows us to observe the
beam current and energy of the ion source
during normal operation. From these

readingswe can derive the beam flux at

different spots of the beam as well as get
overall picture of what the beam geometry
and current will look like as a function of Fig. 44: Kimball Physics FC-71 A Faraday Cup

w/energy analyzing grids [50]
both axial and radial propagation.

To this end, we are employing the Kimball
Physics FE71A[61] Faraday cupvith attachable I : I L

energy analyzing grids to convert it to an RPA. A B ¥ I i

RPA usually utilizes four grids: 1) a floating grid

Fig. 45: FC-71 A Grid Layout [50]
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that flods to the potential of the beam being analyzed; 2) a suppression grid that
significantly reduces/eliminates anppositelycharged particles that are not desired in
the measurement) allows onlyparticles above the voltage set by the grid into the
collection chamber; and 4) a secondary suppression grid that keeps any background
particles of opposing charge scatigiby the particle impact on the collector to be
repelled back into the collector to reduce the effect on the current collection of the
collector. However, the FC€1A is composed of three grids floating grid, discriminator
grid, and a suppression gridrfoackscattered particles. With the gridgptas specified,

it is really meant to analyze one type of particle beam at a time instead of a beam
composed of both ions and electrons. However, with the small amount of background

electrons in the beam, tleéfect on the measured current is negligible.

However, with prolonged use of the RPA, there is a need to regularly replace the
grids. Exposure to the xenon beam at the energies and durations required for the
experimentwill erode the tungsten mesh fronetgrids. Eroded mesh from the beam
will result in inaccurate beam current readings which will result in high standard

deviations in the experimental readings and sputter yields.

5.4.2. Veeco Wyko NT1100 Optical Profilometer

In order to measure the erosion expaced by each sample, an optical
profilometer was employed tiirectly examine the <D surface profile of the sample in
specific areas. This instrumepirovided by the University of Maryland MEMS Sensors
and Actuators Lab (MSAL)ses whitdight interferanetry in order to determine the
depth of he surface under the scan arBaese scans can be performed in either Vertical
Scanning Interferometry (VSI) or Pressure Scanning Interferometry (PSI]62hdéSl
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modeuses two different wavelengths of light t@ate destructive interference in the
viewing area, which allows the instrument to examine the topography of the sample. PSI
mode uses one wavelength of lighhich ismore accurate, and is medoit erosion

depthsup to150 nm.Although PSI mode is meafdr higher resolution scans, it is also
meant for smoother samples with very little variation such as optical glass or super
polished meta[§3]. This settings alsomore sensitive to vibration and other

environmental factors which can interfere with siseanning processVith this and the
potential roughness of the erosion area in mind, all sample data from this device was

acquired using the VSI method of profilometry.

When a scan is performed, the data is converted into a contour image with heat
map cobring corresponding to the height ranges observed in the scan area. From this, 2
D profiles can be extracted from the contour image, where average heights of selected
parts of the profile can be calculatdthe instrument, which at its lowest magnification

has a viewing area of 1.35 x 0.95 mm, can scan a sample profile down to the precision of

+1A.

While the precision of the instrument is amazing, due to the width of the sample
crosssection, the lowest resolution scan is the only possible way to detetmaidepth
throughout the entire area of interest (AOI). This scan uses the 5x magnification of the
instrument with the viewing area listed above. However, due to environmental conditions
in the scan area (i.e.: vibration, gusts of air from vents, dte.sdans may have a
variance up ta& 30 nm as long as the scan is weltused. The other issue is due to the
scanning method of the devjdbe depth of the sample must exceed 150 nm in these

conditions to have a reliable scan.
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This method of profilomey, as implied, is nofinvasive. As a result, the samples
can be preserved for future experiments or scans should they be necessary. Optical
profilometry offers higher resolution scans than their contact profilometer counterparts
but their main disadvange lies within relying on the light reflection from the samples; if
the sample is too reflective, the scans can be inaccimaddition if the sample has
black discolorations from burns, it will also affect the s¢dowever, with the samples
examinedor this work, no issues have occurr&&ample output from thedevice can be

seen irFig. 46.

5 Mag: 3.7X Date: 05/2¢
Veecn Mode: VSI Surface Data Time: 08:3

Surface StatisLics:
Ra: 83.40 nm
Rq: 90.94 nm
Rz: 288.82 nm
Rt: 299.81 nm

Set-up Parameters:
Size: 480 X 736
Sampling: 2.62 ym

Processed Options:
Terms Removed
Tilt

Filtering:

Low Pass

00 01 02 03 04 05 06 07 08 09 10 11 13

Fig. 46: Sample output from NT1100 Optical Profilometer

5.4.3. Veeco Wyko NT3300 Optical Profilometer
Throughout this project, data was also collected using an NT3300 Optical

Profilomete provided by the University of Maryland FabLab (part of the Maryland

76



Nanocenter). This optical profilometer is a slightly newer version of the NT1100 with
similar resolution limits. This profilometer was kept in a cleaom environment and as
such, mostmeasurements were relatively unaffedigdhe surrounding environment,
resulting in slightly improved scans of the samples. Also, as with the NT1100, the data

acquired from the NT3300 was taken using the VSI method of profilometry.

Fig. 47: Veeco NT3300 Optical Profilometer
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5.4.4. Scanning Electron Microscope (SEM) with Electron Diffraction
Spectrometer (EDS)
Throughout the experiment, several SEM scans were taken of samples that were
exposed to the ion beam. These images w&ent assess the topography of the
exposed areas agll asthe elementalamposition of the target areas. This was
performed using a Hitachi SW0 SEM with an attached Bruker EDS device, which can
give target area compositions by usingay excitation. Data from these measurements

has appeared in prior published work from ththaf60].
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6. Experimental Procedures

6.1.0Overview

This section will outline the steps of performing an erosion experiment along with
some of the basic operating guidelines for tkigeeiment from the prep of the experiment
to the analyses performed on the data collected from the experiment. This section will
provide a detailed look into the profilometry analysis as well as the error analysis for

each data point reported.

6.2.Erosion Testing Procedure
To gather the sputter yabdata for each material, the sample has to be directly
exposed to a representative plasma beam
within a vacuum chambefhese samples
have to be reasonably flat in order to ensure
that whatever effect the plasma sputter has on

the sample, it is not sigmifantly affected by

variable topography. From there, these

Fig. 49: Photo of uneroded Al sample (above)
samples will be placed in the chamber and and eroded Al sample (below)
erosion will take place while current readings of the samples will take iplade. This
data will then be related to the erosion depth observed fremprofilometer and, through

analyzing the depth using the equations from

Section3.2.3 a sputter yield for a specific

sample can be obtained.

Thematerialsamples, fabricated within the Fig. 48 3-D Representation of Sample Scan
from Veeco NT3300
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University of Maryland=abLab, were created by coating a p®0 thick silicon wafer

with the maximum applicable layer possible for that specific material on the sample. The
samples have the following thicknesse&:pan thick coatingor aluminum; a 500 nm

layer of Magnesium Fhlride; a 600 nm layer of ITO. These layers were applied through
atom layer depositioan the silicon waferandthensplit into multiple 3 x 7 mm samples

for use on the sample holder mounted to the RPA. The use of the silicon wafer is two
fold: 1) the coahg of the silicon wafer will provide an ultftat surface for the material

to lay on, which lowers the potential errors from profilometry analysis; 2) the samples
can be cut to exact measurements using a computerized diamond rotary saw to slice the
coatel wafers. It is also important to note that the exposed areaiis?3This allows for

the scans from the Veeco profilometer to look at the entirety of the exposed area as well

as the edges of the unexposed borders. The representative scan is pictig.etbin

The experiment was performed by doing the followingli¢ sample is mounted
into the RPA sample holder and then placed in front of the ion source in a manner similar
to Fig. 42, 2) the vacuum chamber is then pumped down to a standard operating pressure
of around 0.20.4 mTorr, which is the pressure at which the mean free path within the
chamber was more than sufficient for the beam to propagate properly; 3) the plasma
source is thn ignited and the desired beam conditions for the experiment are set; 4) once
the beam begins propagating, the picoammeter begins recording the beam current from
the RPA for the duration of the experimehite picoammeter is usually set to look at a
total number of loopsgata pointper loop, as well as the total number of milliseconds
between each loop. Although the total number of loops is manually set based on the

estimated time for the experiment, the other parameters are kepda&atointper loop
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every 15000 milliseconds (15 seconds). This provides an optimum number of data points
to average over as well as preventing the device from having one loop spill into another,
causing recording issuednce the experiment is over, the sample is theoveohafter a

small cooling period and placed inside the sample case to await scans on the Veeco

profilometer.

After each erosion experiment, the current data is thengposessed to find the
average erosion current for the experiment. The data fromdbarmpmeter is output
through a LabView text file (.lvm), which can be read through Microsoft Excel. This file
contains the averaged current for every loop recorded by the device. There is also a
second output .lvm that reports every single beam curremrdieg per loop, just in case
the first output file has any suspect reported averages. The reported averages are then
i mported into an Excel workbook to | ook at
we can then derive the actual beam current thalh@iexposed surface area of the
sample, based on tlexpected distance away from the collector (for angled samples, as
they have a stand that is a significant distance away from the RPA collection orifice) as
well as the difference ratio between the atlbe and the exposed surface area for the
samples. This can be performed via simple manipulati@gaoationd-21. Once this is
known for every loop, the averaged current can be reported for the duration of the
experiment as well as the standard deviation of the reported current loops. These are
reported as the standard deviation of the population of data and are also only reported to

1-0.
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Due torelativelyhigh vacuum pressure for these sputter experimiérgee is the
potential for impurities to be deposited on the surf&oe more on this subject, please

refer to AppendiD.

6.3.Profilometry Analysis Procedureand Sputter Yield Calculation

After a sufficient time has passed, the samples are then taken to the University of
Maryland FabLab for scanning on the Veeco profilometer. Although this environment is
a clean room environment, due to the shallow depths expected (<500 nm), mudtigle sc
are taken within the same scan region of the sampleX2)Lt allow for the variation
between scans (from either instrument noise or unintended environmental factors such as
sudden vibration or changes in pressure). This lengthy process is repeatachf
sample in the entirety of this woto ensure higiyuality data. After these scans are
taken, they are then peggtocessed through the Veeco proprietary software, Vision32, as

seen irFig. 46.

Vision32 camanalyze the average depth o
the entire sample from the viewing window o
the scans as well as provide other possible
metrics of interest, such as surface roughnes
values, etc. However, for the purposes of this
experi ment al effort,

purely at the average depth of the sample. In

order to report thisye can take the sample

Fig. 50: Sample Analysis Diagram

data and dividetiinto five individual sections,
as seen iffrig. 50. Sections 34 represent the unexposed sample area visible in the scan
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window; Section 5 represents the exposed and eroded area of the sample. From here, a
low-pass filter is applietb the scan data to eliminateise from the sample, which
would represent gradients in the data which represent less than 5% difference of the

points next to that respective point. This process leaves a smoother profile for analysis.

Each of these sections has their respective average depths recorded within the section
boundaries. From here, the average of the unexposed area of the sample iy foun
looking at the average height of each side (with the left and right being represented by
Sections 12 and 34, respectively) and then averaged. With the average height of the
unexposed area found, we now subtract the average depth of Section théoayetall
depth of the sample caused by the beam exposure. This process is repeated for each
samplescan and each result is then used to find the average depth for that sample. The
standard deviation of these measurements are reported as the standéahasithe

population and are also reported 4.1

The results of both the profilometry scans and the current data are then tabulated
together to find the sputter yield for each sample, as per the methods presented in Section
3.2.3 From these, the reportsgutter yields are the average of all the accepted samples

from the effort, with their standard error of the mean reportedias 2
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7. Project Results: Aluminum

7.1.0verview

One of the potential side effects of ion plume enossathe exposure of the
spacectht 6s vul nerabl e electronic components.
very thin layers oluminized mylar (such as BoPE Bmaterial that combines thin
sheets of mylar and very thfiilm aluminum, in order to protect the vital components
from thermal stress and micrometeorite impact. Multiple layers of this material are
usually used, as some aluminum layers of the material have been knowat teds#.5
pm thick[64]. Given the fact that for gnspacecraft, there could be an aluminum layer
that could only be hundreds of microns thick, it stands to reason that the electronics could

be at a reasonable risk for erosion damage from the ion plume.

As aluminum is a standard aerospace structure, it is a highly viable material to

perform erosion testg on. However, with the exhaustive testing of aluminum already

Table 3: Aluminum Experimental Test Matrix

Test Conditions, 1200 eV Test Conditions, 1500 eV
1200 eV, 6 1500 eV, O
1200 eV, 39 1500 eV, 30
1200 eV, 6 1500 eV, 60

dond13] with xenon ion plumes, this effort can use these experiments to not only
validate the testing methods for gathering the sputter gegtial, but the data can also be
expanded to look at higher energies that would encompass the energy regime of high

specific impulse electric thrustets.the section below, we will present the work
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performed on our aluminum samples from both the Tectraoarce, as well as earlier

work from our SPPL1 sourceTable3 contains the experimental test conditions for all

the samples tested fhe remainder of this chapter.

7.2. Experimental Results

7.2.1. 1200 eV Experiments

Although there has been published data at this energy level fromi3Vhr&ance

these were the first experiments performed with this method, the prior datasets published

were used as calibration data for thethod used throughout this work. The following

data represent the individual experiments thake up the 1200 eV data points, as

represented iffable4.

Table 4: 1200 eV Sputter Data

lon
Average
Incidence Rate Duration Sputter Yield
Sample # lon Rate Depth (um)
Angle (°) Std. (min) (atoms/ion)
(ions/sec)
Dev (%)
6 0 1.31E13 6.72 15 1.24E1 1.896
7 0 1.67E13 5.11 15 1.63E1 1.959
9 0 1.08E13 5.75 40 2.87E1 2.002
2 30 3.96E13 9.57 10 2.34E1 1.784
5 30 2.30E13 4.30 8 2.18E1 3.582
6 30 1.54E13 2.46 15 1.82E1 2.377
7 30 2.71E13 3.88 15 1.23E1 0.911
1 60 1.47E13 0.98 15 5.06E1 6.898
2 60 1.01E13 1.54 15 3.71E1 7.396
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With the exception of the 3@ata points, most of the spatas show small

variations within the measurement setniselves. It is also noteworthy that the sputter
yields for the normal incidence data show very reasonable agreement with previously

publish data.

7.2.2. 1500 eV Experiments

The following data representsiawly experimentally derived dataset for 1500 eV
for this specific sputter interaction. This data was taken to eixpenwealth of sputter
data to energies that would represent a specific impulse of 5000 seconds for an

electrostatic thrustewith the exeption of the spread of the data for thé &&e, most

of the data shows reasonable agreement and variation for these types of experiments.

Table 5: 1500 eV Sputter Data

Average lon | lon Rate
Incidence Duration Spultter Yield
Sample # Rate Std. Dev Depth (um)
Angle (°) (min) (atoms/ion)
(ions/sec) (%)

2 0 1.59E13 13.70 10 1.55E1 2.933
4 0 2.31E13 2.23 20 2.56E1 1.670
13 0 6.37E12 28.73 35 1.59E1 2.147
7 30 1.38E13 14.86 20 2.23E1 2.435
8 30 1.07E13 18.19 20 2.08E1 2.924
13 30 2.70E13 6.38 15 2.85E1 1.753
1 60 9.66E12 3.73 15 3.01E1 6.254
2 60 1.14E13 1.75 15 4.57E1 8.093
3 60 1.18E13 1.81 15 5.71E1 9.745

86



7.2.3. Sputter Yield Data

The datasets from the previous sections were averaged to produce the datasets
presented in tlsisection. This data represents the extent of the experimental data taken
from the aluminum experiments and was then used to determine the theoretical models

discussed in later sectiorll error bars are representative ofi2
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Fig. 51: Aluminum Experimental Sputter Yield Data

The normal incidence sputter yield vadder 1200 eV are in good agreement
with both prior established experimental data from Tartz and the established Eckstein fits.
The 30 and 60incidence data for 1200 eV show agreement with Eckstein fits amzd Ta
data. The 1500 eV data points for all incidence angles show an expected increase that is

consistentvith the increase in incidence energy. Among each incidence angle each data
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point increases linearly with energy, which is an expected trend (thisenitiore evident

with the AR sputter data shown in later chapters).

7.3.Sputter Yield Theoretical Fits

7.3.1. Bohdansky Normal Incidence Fit

With the normal incidence data, we can now derive the Bohdansky parameters for
the normal incidence fit for all energies. Ugitheequationsrom Section3.2.2 we are
able to perform a parametric curve fit to find the appropriate parameters for the best

normal incidence fit to the data. Utilizing the curve
Table 6: Al Sputter Model

fitting tool from Matlab, ve are able to find these Parameters

_ Parameter Quantity
parameters for the experimendita.
Q 20.67
Based on the be$t Bohdansky curve, the Eu 34.85 eV
parameters chosen were, in fact, close to the Tartz fsig 1.8
parameters, which was an expected outcome. Ther R 0.4048 nm

are only slight changes to these parameter based

this effortds experi meewib@0leV dampaniheoi nt s, es
parameters Q and Eth from this effort were used to map the Tartz data points as well and
they show excellent agreement with the established experimental data, as @&en bel

Fig. 52
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Fig. 52 Aluminum Bohdansky Fit

7.3.2. Yamamura Angular Incidence Fit

The angular fits for Aluminum amelatively straighforward, since the only
remaining parameter that is of importance isfflgparametr available from the
Yamamura tef67]. The angular fit shows reasonable agreement with thar@060
data, although the latter shows an almost 20% disagreement with the theoretical curve.

The results othe fit are shown iffrig. 53.
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Fig. 53: Aluminum Angular Incidence Fit

7.4.Discussion

As mentioned in the previous sections, the experimental data from this effort shows
reasonable agreement with previously established data, although not wadhuaaut

interesting deviations, especially within the angular incidence fits.

As shown inFig. 52, the normal incidence data from this effort is within reasonable
agreement wh the Bohdansky model and a slightly ey sputter yield from the Tartz
data for 1200 eV. This may be accounted for with the mdtlgadhich the data is
gathered to determine the sputter yield, as mentioned in SécBdrikewise, the 1500

eV datafollows with the Bohdansky fit set by the trend line also with reasonable
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agreement. Also, as not entirely unexpected
the Bohdansky fit also underedicted the

experimental data by ~10%, which is well

Percentage (%)

within acceptable published tolerances of fits

involving noble gas sputterifit@].

1200 1500

Energy (eV)
For the Yamamura fits of the
aluminum data, the data tends to fit very wel Fig. 54 Al Exlgﬁfrgpeen“ég"Theoreﬂca'

with the 30 incidence data and the 1200 eV

data at this incidence is also comparable with TartzHowever, while not entirely
unexpected, there is a reasonable variance with tHa@@ence data, showing ~20%
variance from the model. This can also be expected due to the noble gas sputtering effect

for these type of wdeling techniques.
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Fig. 55: Aluminum Sputter Yield Comparisons between Yamamura fit and experinental results, 1200 eV
(left) and 1500 eV (right)
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Fig. 56: Aluminum Comparisons from fit to experimental data, 30 (left) and 60 (right)

Although the vacuum of space is a relatively cold environment, heating of the
material is also a possible outcome for damage based on the effects of the ioAdeam.
such, melting the samples in the target area was a concern thubtighaluminum
experimentsDuring preliminary experiments with aluminum, the sputter yields that were
reported previously were of a significantly higher sputter yield than expected, especially

at higher incidence angles.

It was previously thought thatis may have been due to measurement dytar
upon further inspection, the material exhibited evidence of material flowing into the
exposed areas well as burns on part of the samplighough the melting point of
Aluminum is 933 K, thiswillchangebasd on t he ambi ent pressure
environment, according to the ClausiClapeyron relationas shown ifequation
7-165.Based on the vacuum chamber6s operating
aluminum would hava melting temperature of 644 K, a significant drop from the
standard melting point in 1 atm. For the purposes of our experiments, this would then
limit the amount of current that can impinge on the sample during an experiment in order

to prevent melting.
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Although the experimental conditions had to be adjusted for this experimental
effort, these types of considerations will not be taken into account onfewbitlose
maneuvers, the particle flux could be as high d8#/?s, which were the particléuik
valuesat whichsome melting was reported on preliminary samples during experiments.

Flux values of individual maneuvers will be reported in Chapter 10.
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8. Project Results: Magnesium Fluoride

8.1.0verview
Magnesium Fluoride, as mentioned in eartieapters, is an anteflective (AR)
coating for spaceated solar panel§his material is very important for focusing certain

wavelengths of light to increase performance on the solar cells. If the AR coating is

eroded, the efficiency of the solar cell8l be reduced by $% because of changes in

the transmission properties of the codttifty. If the coating is completely eroded, the

maximum amount of efficiency loss will be expected. As most spteepanels are

only 20-25% efficien, this is a significant drop in power just from erosion of the AR

coating alone. This chapter will look into the results fromMigg- erosion studies as

well as the representative theoretical curiés test matrix of thee erosion experiments

is listed inTable7. Individual sputter data is contained in Appendit. Magnesium

Fluoride Samples

Table 7: Anti-Reflective Coating Experimental Test Matrix

500 eV Test 750 eV Test 1000 eV Test 1250 eV Test 1500 eV Test
Conditions Conditions Conditions Conditions Conditions
500 eV, 0 750eV, 0 1000 eV, O 1250 eV, 0 1500 eV, 0
500 eV, 30 750 eV, 30 1000 eV 30 1250 eV, 30 1500 eV, 30
500 eV, 60 750 eV, 60 1000 eV, 60 1250 eV, 60 1500 eV, 60
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8.2.Experimental Results

The sputter yields, l&the results from Sectiah2.3 show linear trending within
their respective incidence angles and show reasonable agreement with that trending. The
data also shows expected increases based on Yamatylersending. Further remarks
about the data will be presented in their respective secidirexror bars are reported to

2-0 .
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Fig. 57: XeA MgF2 Sputter Data

8.2.1. MgF2 Normal Incidence Dataand Fit

With the analysis methods used for determining the sputter yield, the sputter
yields show reasonable agreement with each other. However, it is noticeable that the
lower energy runs for thiglgF> samples the standard deviation of the sputter gedd
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slightly higher than the energies above 1000 eV. This is due to a scanning issue based on
the depths of the sample, as mentioned in Sebtib2 Thenormal incidence data also

shows reasonable agreement, treniske, with the prior experimental results by Yalin.
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The Bohdansky fit for this
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lower incidence energies from that

Fig. 59: MgF2 Normal Incidence Fit with combined

Sputter Data

effort. The fit parameters alisted inTable8. The strength of the fit is listed ifable9.
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Table 8: Magnesium Fluoride Fit Parameters

Q En Zett fsig R

22.81 231.1eV 10.4051 1.53 0.306 nm

8.2.2. MgF2 Angular Incidence Data and Fit
As with the normal incidence data, the angular data shows linedirtgavithin
eachrespectivencidence angland also shows reasonable Yamardikatrending

across incidence energies. For the most part, the

error bars show reasonalalgreementvith ~6% Table 9: MgF2 Goodness Parameters
across most data points with the exception of 7 SSE 0.1094
.. R-Square 0.9728
eV and 1250 eVts8B0 incidenceand 1250 eV a
Adjusted R

and 1500 eV at® incidence. For th8(’ 0.9683

Square
incidence data pointshése measurements may

RMSE 0.135

have been affected by burns on the surface of i
samples or possibly poor scan qualfgr the ® incidence data, they mildly exceed the

model uncertainty by 1% and 10%, respectively, possibly due to fitting techniques, which
will be discussed belowdowever, the data for the most part are in reasonable agreement

within their respective experimental condition.

As expected, the sputter yilslincrease with respect to both incidence energy as
well as incidence angle. It is also interesting to notesidpaficantincrease in the sputter
yield asthe angleincreasges . e. : 500 eVoOs sputter yield i

versus any snilar change from aluminumfs shown inFig. 57, it does decrease as the
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energy increases but not to a significant degree. This may be due to the compound nature

of the material or the weakness of the bonds inside this material.

Also of note are the difficulties of fitting the angular dataNgf to the
Yamamura curves based on the deden Fig. 57. As the accepted theory stands, the
Yamamura equation is heavily dependent on a parameter kndwvg @s shown in
Equation3-12. This parametes referenced from the text published by Yamamura for an
individual sputter reaction (such asAeMg, for example). In the case of the compound
targets in this effort, heever, these parameters have trouble encapsulating the effect of
the Yamamura curves, either vastly eestimating or underestimating the experimental

data.
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Fig. 60: MgF2 Angular Sputter Model

To alleviate this, it is necessary to modify the Yamamura method by nmigkiag

new parametehit has to be found versus incorrectly referencing the parameters from
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Sputter Yield (atomslion)

Percentage (%)

YamamuraConvertingfsig into a new fitting parameter, we are able to somewhat fit the
angular data ofgF.. The angular modehks shown irfrig. 60, shows resonable

agreemenwith experimental data, with the excepsaf 500 eV at 30incidenceand
1500 eV at 6° incidenceThis may be due to the fitting method fag in addition to the
difficulty for gathering the 500 eV sputter datz86t incidence Further discussion of

these fitting difficulties is located in Appendix B
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9. Project Results: Indium Tin Oxide (ITO)

9.1.0verview
As with Magnesium Fluoride, Indium Tin Oxide (ITO) is an aefiective (AR)
coating that is capable of focusing certain wavelengthight in order to augment solar
cell efficiency in orbit. LikeMgF», ITO is spaceaated material for solar cell coverglass,
but has no published sputter data. One of the goals of this work is to present a set of data
to theengineeringgcommunity in ordeto talk about potential material choices for space
mission applications. And, as with Chapfeand8, the experimental results presented in
this chapter will be ambined with their respective theoretical fithe test matrix for
these experiments is containedliable?. Individual sputter data is contained in

AppendixA.2. Indium Tn Oxide Samples

9.2.Experimental Results
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Fig. 63 XeA ITO Sputter Data
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As with theMgF. data, the data 8

shows linear trending among its respective

o
T

incidence angle. It also shewhe appropriate

sputter yield increases as the incidence anc

Sputter Yield Ratio
w IS

increases. The sputter yields aresiderably

750

1000 1250 1500
Energy (eV)

larger tharMgF for all testing points, as 0
well. To comparethe sputter yield at 500 eV

. . Fig. 64: Comparison of ITO and MgF2 Sputter

is comparable to the sputter yield at 1500 e Yields, Normal Incidence

for a normal incidencllgF. sample This means that ITO is far less resistant to sputter

thanMgF2 overall. As expected, this also holds true for the other incidence angles, as

well. All error bars forFig. 63 are 20.

9.2.1. ITO Normal Incidence Data and Fit
The data shown iRig. 63 shows excellent agreement with the linear trend, with very

small errors (~20% orlessaf?) , wel | within the i mpingemer
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Fig. 65: ITO Bohdansky Fit (left) and Percentage Difference from Bohdansky Fit (right)
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mentioned by Eckstejti2]. This agreement also extends to the Bohkhafisof the data,
as all data is within ~15% of the expected theoreticarllfie fit parameters and goodness

metrics are listed ifable10andTablell, respectively.

Table 10: ITO Fit Parameters

Q En Zet fsig R

60.21 105.1 45.5061 1.25 1.012 nm

Table 11: ITO Goodness Parameters

Adjusted R
SSE R-Square RMSE
Square
0.4182 0.9433 0.9243 0.3733

In relation to the chart frorRig. 64, the vast difference in sputter yields could
possiblybe explained by a number of factofsie most obvious, according to the
theoretical fits, have to be the difference iretthold energy. As described in Chapter
3.2.2 the threshold energy is the energy at which the sputter yield starts to become
significant and increases significantly
lower thanMgF, as shown in the theoretical fit with evidence from the normal incidence
sputter data from both this work and the data from Ya#h Also, the density of ITO is
also considerably higherahMgF2, which would mean there are more atoms per volume

and, thus more atoms to sputter away per incident ion.
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9.2.2. ITO Angular Incidence Data and Fit

The angular incidence data shows its typical trending as seen in Ch&p2er
with linear trending within the respective incidence angle and the typical increases in the
data aghe incidence angle increases. The error bars reported all show tight agreement
with the individual measurements used, with the highetstfserror bars approaching
~20% for 1000 eV at 60ncidence, well within the tolerances for the sputter estimation
and modeling methods as mentioned in previous seclitis data is much higher than
theMgF. angular data, as expected due to the sgant increase from the normal
incidence data as mentioned in the previous section. However, the sputter yields reach as
high as 19 atoms/ignvhich is significantly higher than the yields experienceiigy..
As with theMgF. data, the Yamamura fit for {J required usindkig as a fit parameter.

With the appropriate parameters mentionedablel0, the fit is displayed irfFig. 66.
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Fig. 66: ITO Angular Sputter Model
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As shown inFig. 67 andFig. 68, the angular model shows reasonazecement
within the 30incidence data with the exception of the 500 eV data point, which is
outside of the 30% boundafor noble gas sputtering. However, as mentioned in Chapter
8.2.2 thefsig fitting may be partly responsible, as a similar issue has occurred with the
MgF. data at this particular energy level, as well. Wit exception of this particular
experimental condition, all othease within 20% tolerance of the model. Thé 60
incidence shows excellent agreement with the model, with all test points within 10% of

the Yamamura fit, although the model is slightly urgiexdicting the experimental data.
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10. Formation Flight Erosion Study

10.1. Overview

As mentioned in Chapté), plasma plume erosion from spacecraft can inflict multiple
types of damage to a spacecraft surface, mosblyatzaterial erosion from direct
impingement. Although a variety of missions try to design around plume impingement,
there may be situations that arise that may not be able to avoid direct ion beam contact
with another spacecraft. And, unlike CEX expoduoen the plume, direct impingement
from the plume is much more energetic and has the capability to leave a lasting impact on

the surface of the spacecratft.

Under laboratory conditions, direct plume impingement is a simple matter and
erosion can occur tocertain degree of predictability as long as the testing conditions are
known. However, unlike the linear evolution of sputter from direct plume impingement,
there are a few other factors to consider in orbit. The geomagnetic field at a given orbital
altitude, the pume density, and the formation distance are just some of the factors that

can affect the plume impingement properties of a formation.

This study aimso utilize a rudimentary modéb observethe evolution of erosion
effectsof plume impingementvhile in orbit performing aepresentativenaneuverlt
will provide an estimate faiepths of erosion caused by thgingement as well as how
the environmental factors af flyetlweterodiohe pl ume
profile expected for a c&in maneuver. The goal of this study is to provide general safe

boundaries for spacecraft to operate within close formation.
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10.2. Study Parameters

Although there are myriad orbital conditions that are of interest for this study,
ultimately there were threeqgs of orbital conditions that wecensideredLEO, GEO,
and SurSynchronous. Each of these orbits have very unique charactetigf@oshas the
distinction of not only being the most popular orbital region of choice for most mission
profiles but also hamg the highest geomagnetic field influence on the plume due its
orbital altitude. Meanwhile, Su8ynchronous orbit is of interest because of the number
of high-profile formation flight missions taking place there, such as tieai satellite
constellaton. Finally, GEO is also an interesting profile for the orbital study as the
geomagnetic field has very little influence at these distances, but they can possibly still be

a factor.

Fig. 69: Study Spacecraft in LeaderFollower Formation

The study will look at two spacecraft in each of these orbital scenastbsthem
being in a leadefollower formation. The leaddbllower formation, the most generic
spaceflight formation, also presents the most direct possible path for the plume to follow,

if uni mpeded. This formati onfromb31000m.e obser
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This study will also |l ook at the effects

1500 eV) on the erosion of the surfaces.

As one would expect, the plume properties have a significant impact on the erosion
profile of the target. Asuch, we have establishpdrameters for the plume based on the
plumedensity,derived from the BHIHD-600 Hall thruster nominal operating
parameters from Robef® as well as Ekholii66], which is1.47x10' #/m3. This was to
ensure that the test case of the model produced similar exposure results to the
aforementioned effort3.he density, except when observing density effects on a
particular orbit, will remain constant throughout the sttidhe summarized stly

parameters are locatedTiable12.

Table 12: Formation Flight Study Parameters

Orbital Orbital
Formation Beam Energy | Plume Density
Altitude Inclination
Distance (m) (eV) (#/m?3)
(deg)
1.47x108
0-90in 15
50, 100, 250 2.08x108
LEO: 400 km increments; 500, 1000, 1500
500,1000 2.94x108
3.60x10°8
Sun-Sync: 705 50, 100, 250
98.14 500, 1000, 1500 1.47x108
km 500,1000
GEO: 35786 50, 100, 250
0 500, 1000, 1500 1.47x108
km 500,1000
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After establishing the parameters of the beam and the orbit, an orbital simulation is
performedwhich looks at the propagation of the plume and the potential impact on the
follower spacecraft. After looking through an entire orbit, the model calculated the
number othits on the spacecraft and calculates the total exposure time to the follower
spacecraftThe data output from this model also takes the geomagnetic environment
around both spacecraft into accowiith this and the knowledge of the beam parameters
at the target, we can then estimate the erosion seen by the spacecraft through a simple
erosion model with the time and apparent fluence of particles on the targketrtRer

detail on both the erosion and orbital modséeChapters3 & 4, respectively.

10.2.1.Study Assumptions

Although the model used for this study has been desarbgetail in Chapted,
there are also additional assumptions for the purposes of this analysis. The largest
assumption to take into account is that the Earth is inertially fixetthe purposes of this
model.That means that although the magnetic pole is used within this model, the
magnetic pole is also fixed due to this assumption. Therefore, the geomagnetic field
environment will not rotate as the spacecraft completes its orbit; this will intreduedé
varat i ons in the I ocal field relative to whea
was included. The degree of the variation would increase with each additional orbit. This
approximation will have the greatest (but minor) impact on thes$nn orbits a lesser
impact on LEO orbits, and practically no effect on GEO orBitether assumption made
for the geomagnetic field is that the field is approximately the same around both the

leader and the follower spacecraft. This may not normally be the cdseger
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f ormati ons, but for the | SD6s observed wit

magnetic fields araegligible

As for the interaction criterion for the studgcall thatthe follower spacecraft is
given a sphere of influence (SOI) invo/a base interaction sphere floe spacecraft
with an expanding diameter based on the plume width. This width exgeeted width
of the plume ifit experienced purely ballistic expansion all the way to the expected ISD
The plume itself is considered propagate ballistically with a 1Balf-angle.A hit is
considered if th@lumeintersects with th&OI of the spacecraft. This is determined if the
difference of the distance between the position of the follower spacecraft (also
represented asacentef mass) and -bfimassigless thandhs tolerancet e r
factor and the representative radius of the spaceesafepresented bBguation10-1. For
this study, theepresentative spacecraft S@tlius § 4 m andthe crosssectional area for
this spacecratft is based on this radilisis area is also split into three equal parts: one
representing the aluminum structure and the other two representing the panels. It is
important to note that while the arefthe panel is 1/3 of the cressctional area in
normal incidence, it is appropriately modified when entering an angled incidence,

reducing the crossectional area accordingly.

\ \ C Ny T~
Po: qaeol@inoao O & 0BT IQA p B

In relation to the plume interaction with the spacecth#t plasma pararter b
has a huge role to play in determining the
respect to plume impingement. As mentioned in Se&i8rb is the local ratio of plasma
pressure to magnetic pressuflhe plasma pressure, as showkguation2-5, consistsof
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the electron and ion pressures as well as neutral pressure. For the purposes of this work,
an electron temperature of 1 eV (or 11,604 K) was used andriiiemperature is
represented as 10% of the electron temperature. This is reasonable, since in an electric
thruster plume, the ions are sufficiently immobile compared to the electrons. It is
important to note that the neutral pressure has been nediectb analysis. However,

due to the low temperature of the neutrals (~300 K) combined with the relatively low

density of neutrals in most orbits, this should be a reasonable assumption.

Another important assumption to note is the rotation of the aalays during the
orbit. Due to the simplicity of the model, the solar arrays will be fixed for all time during
the analysis. Howevewe are instead looking at thest and worst case scenarios for
panel erosion on orbit. Best case scenarios will keepdiae panels fixed at normal
incidence throughout the orbworst case scenarios will keep the solar panels fixed at a
60 incidence angle throughout the orbit. While this is highly unrealistic due to the
constantly changing position of the spacecrafeiation to the sun during most orbits,
this effortds main goal i's to find the pot

observed.

Finally, all orbitsare assumed circular, with both argument of latitude and true

longitude at epoch equal @. Note that argument of perigee and true anomaly are not

defined for circular orbits, and the right ascension is not defined for equatorial orbits.
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10.3. Test Case Results

As mentioned above, the leadeliower formation
from the effort by Roberf&] was utilized to test the
accuracy of the simulation efforts for this work. Accordil
to Roberts, the O OS leadeffollower formation

experienced particle impacts to the spacecraft for

Table 13: C-TOS Leader
Follower Parameters [2]

Altitude 1100 km
Inclination 63.4
ISD 500 m

approximately 1618 minutes duringts one orbital maneuver within one portion of the

orbit according td~ig. 70. It is also notevorthy to indicate that they expect the CEX

impingement to have a higher flux of particles to the follower than from direct

impingementtself, yet will

contribute very little to erosion.

C-TOS Follower Spacecraft Particle Flux vs. Time

Particle Flux (Numberfs)

ol — CEXXet The simulation from this effart

shows no correlation with the prior
10"} ] work. The simulation shows that the

plume makes no contact with the

10" ] follower spacecraft. Based on the

. L ) . .
0 20 40 50 80 100 120
Time (min)

magnetic field model shown in

Chapter4.2, the magnetic field

Fig. 70: C-TOS Impingement Flux [2]

strength of the @'OS orbit is

considerably strong, fluctuating betweenr3®BuT as shown irfig. 71. This field

strength provides a strong magnetic braking effect wheh transition effect occurs
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This braking effechas an effect on the overall velocity of the plume as it
propagates from the leader spacecraft. Aftebttransition effect are felt, the plume

velocity is affected based on the local

5
16 =10 }

geomagnetic field ector. Not only a4 /N 7N\

3.2 \

does this serve to reduce the speed of

the plume, it also changes the

direction of the plume based on the

local field vector. An example of the
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shown below irFig. 72.
Fig. 71: C-TOS Geomagnetic Field Environment
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Fig. 72: Plume Velocity scenarios in CTOS orbit
From the sength of the plume velocity, it is easy to see that the speed is clearly
dictated by the strength of the magnetic fi@dt, because of the interference of the

magnetic field, the plume also takes its direction, as well, as indicakegliationd-18.

112



This interference not only introduced the braking effect shown above, but it also turns the

plume into the direction

160

of the local magnetic » /\
field. Because of this, 20 / \\
. ST100 \\\
the plume as shown in Y N
< 80} AN
. \\
this test case has at least ol /
25 divergencdrom the oy
20 i
. 0 50 100 150 200 250 300 350 400
plume centerline, as True Anomaly (°)

seen II"FIg. 73 Fig. 73: C-TOS Plume Divergence Angle vs. True Anomaly

Thisdivergence, in fact, can be clearly seen in the simulation as the-feddeer
formation is modeled in orbit. As seenRig. 74, the pume (the red line) propagates

normally for a short distance before theansition point. After the transition, the plume

® Leader
Follower
Plume

Spacecraft Frame
0.4 .

0.3

0.1

Fig. 74: C-TOS Plume Flight Path @d=0

113



then diverges based on the local magnetic field vector as shdvign if8. The plume, as
shown, neveri®r sect s t h éisaopeWwathyeodnentidh @at although the
plume trajectory changes abruptly as biteansition occurs, this may be due to the lack
of knowledge of the transition region fasears 1. The change of direction is still

expectedhowever, and does not change the overall result of this simulation.

10.4. LEO Case Study
Low Earth Orbit (LEO) is home to many Earth observation missions, and as such,

could become a focal point for formation flight missions of all types in the near future.
To this end, a comprehensive study was performed for a range of orbital inclinations as
wel | as | S DToablel2 ahe orlstél altitude chosen (400 kepincides with
thelInternational Space Statiol8g). This section will work to summarize the results of
the case study, with the majority of the data available in Appeh@xLEO Erosion
Study Datasets$-or reference, unless otherwiseeaththe plume density used for these

obsenations is1.47x138 #/m?.

10.4.1.Plume Exposure Observations

Because of the strength of the

geomagnetic field environment 38 =
36 45°
60°

(shown inFig. 75) at this altitude

3.2

there is very little erosion reported for

Magnetic Field Strength (T)

the majority of orbital inclinatins

until i=75. From here, although the =

0 50 100 150 200 250 300 350
True Anomaly (°)

field strength is much higher on

Fig. 75: LEO Geomagnetic Field Environment
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average, there are also very large fluctuations of the field throughout the orbit. But, due to
the alignment of the geomagnetic field, the plume exhibited by the leader spacdsraft fai
to propagate beyond a small distance from the spacecraft, preventing any erosion at most

i nclinations, even at | SD6s of 50 m.
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n=1.47E18 #/m°
n=2.08E18 #/m®
n=2.94E18 #/m°
n=3.60E18 #/m*

80

701

60

50

40

Exposure Time (min)

30

201

10 ¢ ) ‘ ) ) )

0 10 20 30 40 50 60
Formation Distance (m)

Fig. 76: Exposure Time vs. Formation Distance w.r.t. Density

The first noteworthy observatias the variancef the exposure properties of the
plumewith respect to the change in densig Equation2-5 would suggest, the plasma
density is directly proportional toand, as such, plays @amportantrole in determining
the interaction properties of the plume to the follower spacecraft. Thisfisadry
looking at the impact of plume density on the exposure times at a single orbital
inclination, as shown ifkig. 76. As expected, the transition point from complete
exposure to partial exposure begins to shither awayfrom the leader spacecraft at

higher plume densities.
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It is worth notingthat the BHTHD-600,which served as the basis for the
assumed plume densjtig a 600 W Hall thruster designed torly 36 mN of thrudi65].
As shown, jusincreasing the density by a factor of 2.5 extended the full exposure
transition point byl5m (150%). Therefore, it would stand to reason that high thrust EP
systems would pose a much higher risk for close formation spaceflighdmsisahich is
a reasonable expectation due to higher plume densities. This trend is also in agreement

with theb modelling trends, as shown in Secti®2.1
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Fig. 77: Exposure Time vs. Formation Distance w.r.t. Density Maghudes

However, at these density levelse full exposure transition point still stays
relatively close to the spacecraft. With this in mind, if we examine the beh&vitr o
transition point as we increase the magnitude of the density, we find that the transition
point moves much further towards the follower spaceaafshown irFig. 77. With the
first and second magnitude increases, we 8o increase in transition distance at
1.43x16° #/m® (50 m) and a 1500% increase at 1.43%#0m® (150 m), respectivelyh

density level of 18 is consistent with another EP system, the -3BT; a 1.35 kW
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thrusterBg]. At the highest magnitude analyzed, if we assume that all the other thruster
characteristics are constant, then we can assume that the beam current will be increased,
as shown ireEquationd4-21. With this in mind, thelensity output would result in a tenfold
increase in the power of the thruster to 13.5 kW, which puts it in the operating regime of

the Pratt & Whitney 220HT in both thrust current and output po\8&}|

Another noteworthy observation is the increasexposure time with respect to
the orbital inclination. As mentioned abov
show no erosion until a 7Bclination. However, at 7&nd 90inclinations, very small
exposure times were reported for the legddower formation. This is due to the
geomagnetic field environment mentioned above. Although the strength (and fluctuation)
of the environment increase with the higher inclination, the exposure times as a whole
increase slightly. Both inclinations showpasure times that are inversely proportional to

the ISD. This is somewhat expected, as the density also decays in this fashion as the
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Fig. 78: Exposure Time vs. Formation Distance w.t. Inclination, n=1.47E18 #/ni

plume propagates from the leader spacecraft. However, the higher inclination also shows

a higher minimum of exposutene, which is expected due to the weaker magnetic field
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at some portions of the orbit versus the lower inclination. These trends are shHagn in

78.

With the low plume exposure times in LEO, it is reasonable to assume that these
incidences of erosioaccur in small regions of the orbit where the magnetic field is
weakestThese regionsaccording to the simulation, also indicate varying degrees of

energy loss of the plume, which will be discussed in a later section.

10.4.2.LEO Erosion Resuts

With the plume interaction properties of LE®terminedwe must look at the

actual erosion characteristics from
. a e % -8
these orbital conditions. As expected o
I 500 eV

257 I 1000 eV
1500 eV

the trend of the erosion deptsisow

an increasing linear trend with respe

Depth (m)
e

to both energy and tiemexposed

Li kewi se, adthehi gh o5t

follower spacecraft experiences less 0 'HH

0 50 100 150 200 250 300
Formation Distance (m)

erosion due to the quadratic drop in
plume densityAs mentioned above, Fig. 79: LEO Al Sputter Data, i=75
there is no erosion reported for LEO with the exception ohitjeer orbital inclinations,

specifically75 and 90. Here the orbital conditions allow for small windows of plume

interaction thatesult insurface erosion on the follower spacecratt.

As for the levels of erosion themselves, most cases show generally light erosion

of aluminum, with the maxinm erosion occurring at a beam energy of 1500 eV and ISD

118



of 50 m for all LEO orbital conditionsvith a depth of approximateBO nrm based on the
structural crossection mentioned in Sectid®.2.1 It is imporant to note that a layer of
BoPET is 4.5um thick, so erosiomf one layer of the BoPESheathwould take
approximately 1500 orbitg\s with all of the depths reported in this wortkistdepth is

representative of one complete orbit with constant thrust.

Likewise, the AR coatings of the solar cellsmost ofboththe best and worst
cast scenarios, shawinor amounts of erosion for the majority of the orbits that show
erosion. However, in the best and worst case scenarios, there are some orbital garameter
that show AR coating failure in one orbit. These come from a beam energy of 1500 eV
and an ISD of 50 m. At these conditions, MgFosion ranging from 5 130 nmis
observed in the best and worst cases, respectively; similarly, ITO shows erosioroflepths
411 and 754 nm for the best and worst cabless, according to Yalifb2], would
significantly affect thearansmission properties of the coating, thereby experiencing a
significant drop in power to thekr cells.And, as expected from earlier chaptéigF>
is significantly more resistant to plaarerosion than ITO in all cases, as the erosion is
practically an order of magnitude higher in all cases when exposed to the same flux
levels.It is also notewrthy that due to the higher erosion rates of ITO, there are more
orbital conditions in which significant damage or outright failure of the AR coating
occurs.Represented iRig. 80 below shows the representativertds of the AR

sputtering.
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Fig. 80: LEO AR Sputter Data, i=75-MgF2 (right) and ITO (left)

The remainder of the sputter data covering all scenarios can be located in

AppendixA.3. LEO Erosion Study Datasets

10.5.

Sun-SynchronousErosion Results

SunSynchronous orbits are a unique case withim gstudy due to the fact that, unlike

the other two orbital conditions, this type of orbit always has the solar panels locked in a

90 incidence, where sputter of the AR coating is not possible. It is also unique due to the

significant variation of the magtic field for this set of orbital conditions. While there

are many Susyncorbits that can be observetis particular orbit observed belongs to

the A-Train[68] constellation, which lemany satellites in leaddollower formations,
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Fig. 81: Sun-Sync Geomagnetic Environment
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but at distances mhdarger than those observed in this study.

As shown with the LEO study, the magnetic field oscillation does increase
proportionally to the orbital inclination. As such, due to these high oscillations, there are
small pocket® f e x p o s ur e thattalsorshoy Bnergy lossatitiese locations.

Overall, the erosion environmentssnilar to the environment found in LEO at’90

inclination. The sputter depth levels are also very similar, but due to being in a higher
orbit than from the LEO study, thelotal period is slightly longer, resulting in slightly
higher levels of erosion. The sputter depths displayed show the expected quadratic fall in

sputter depth as the flux falls dueth@ distance from the beam exit, as showhign82.
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Fig. 82 Sun-Sync Sputter Depth Data
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10.6. GEO Erosion Results
As noted in the earlier sections, the
geomagnetic field weakens as the orbital 1

altitude increases, resulting in a more

Magnetic Strength (T)
=
&

dangerous impingement environment thar

. \
can be seen at lower altitudétowever, 108 \/

./ \/
due to orbital inclinatin (O) inClination), 0 s 100 150 200 250 300 350 400

True Anomaly (°)

the magnetic field fluctuations seen will be

Fig. 83: GEO Geomagnetic Field Environment
similar to that of LEO at that inclination,
but with a substantially lower field magnitude (0.4% of L-E@D km). With these

conditions in mindp is expected to be significantly larger thae bthers in the study

due to the weakness in the geomagnetic field.

Because of the orbital conditigrthe erosion profile remains constant for all
| S ®dxamined at this orbital altitude. Whh>1, the beam constantly propagates and
does not get overoee by the local magnetic pressure in this region. Furthermore,
because of the constant thrusting throughout one a@wbihg this maneuvethe erosion
threat is very high, with the orbital period being approximately 24 hdteserosion
data shows, as pected, very significant levels of erosion for all materials, reaching as
high as ~79um of Al erosion, 0.15 mm (best case) kdgF., and 1.2 mm (best case) for
ITO for plume exposure at 1500 eV and 50 m ISD. Even atdaesst scenarios féine
AR coatings at these levelthe 100 nm thick AR coatings will be completely sputtered

away and the coverglass will begin to erode; this will result is a significant loss in
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efficiency of the solar panelhe erosion results will be contained in Appendlis. GEO

Erosion Study Datasets

10.7. Energy Loss Observations
As mentioned in the previous sections, there were multiple instances throughout
the study in which there weregions ofthe orbit in which the plume still managed to
impinge on thedllower spacecraft, but at slightly reduced energy levels than those
normally held by the plum&heseregions although odd at first, can be explained by the
interactions of the magnetic fieldth the velocity vector of the plume. As shown in

Equation4-18, the velocity vector wheb<1 is dependent on the dot product, or the

projection, of the velocityl, onthe magnetic field vectot®. With this in mind, these
energy lossegionsall take place wherb<1; therefore, these energy loss regions are the
direct result of magnetioraking due to the interaction of the field with the velocity. It is
also reasonable to assume that within these regioaie would be a sufficiently low

magnetic field to allow for the beam to impinge on the spacecratft.

For example, one set of orbianditions that this energy loss phenomenon
occurs at is during Se8ync at an ISD of 500 m. Here, there was a very small amount of
exposure to the plume during the orbit. This exposure was shown to occur both in
instances where there was a very weak raagfield as well as b slightly less than 1.

As reasoned above, the energy loss occurs also during theawinine magnetic field
strength experienced through these orbital conditibhs also occurs at the 1000 m

ISD, but with even less exposurghis is shown irFig. 84.
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Fig. 85: Sun-Sync Magnetic Field Strength and Impact Velocity vs. Orbital Position (left); SurSync Beta
and Impact Velocity vs. Orbital Position (right)

As reasoned above, the energy loss is a result of the geomagnetic field interaction
with the ion plume. Wheh<1, the plume velocity becomes a product of the projection of
the velocity vector on the gemgnetic vector and the geomagnetic vector itdalfa
result, wherb<l, the plume velocity essentially becomes directly proportional to the
geomagnetic field. This will result in reduced velocities wheh if the vector allows for
direct impingement tthe follower spacecrafit is also observed that during these
instances of impingement, while the magnitude of the velocity is slightly reduced, the

majority of these instances show a Reawro velocity along one axis, as showirig. 85.
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Like in the SurSync case, similar results were shown at LEO in similar
conditions, as wellUnlike in SunSync, however, the erosion occurs at slightly higher
magnetic field strength, as shownFig. 86. This means that these energy lesgons
occur only when the magnetic field vector allows for the impingement in addition to the

strength of the field.
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Fig. 86: LEO Magnetic Field Strength and Impact Velocity vs. Orbital Position (left); LEO Beta and Impact
Velocity vs. Orbital Position (right)

10.8. Application of Erosion Results

Now that the erosion properties of the plume hHasen observed in many orbital
scenarios, we must utilize this data to analyze how spacecraft (and their individual
components) would hold up to plume impingement over extended periods of time. By
establishing these performance trends, we can then appipfiimation to potential

mission designs and assess the risk of these components during the extent of a

spacecraftdos primary mission. This secti

periods of time and how they will affect a typical fiyearmission profile For reference,

a table with the appropriate material parameters is shown below.
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Table 14: Formation Failure Study Material Parameters

Representative Thickness
Material
(nm)
Aluminum (Al) 4500
Magnesium Fluoride (MgF,) 100
Indium Tin Oxide (ITO) 100

10.8.1.Failure Trends

With access to the singlebit erosion data established from the previous
sections, we can now apply this data to look at the failuregrehthe observed materials
under constant plume impingement from the leader spacecraft. This can be performed by
looking at the ratio of the material thickness to the erosion depth caused by the single
orbit erosion, as shown Bquation10-2.

G Qvoai o &
ELOMn e ek

This ratio can tell udloits, the number of orbits until the failure of one layer of the
material under observation. Because of the nature of the ratio, the number of orbits tends
to rise quadratically, as the erosion defails quadratically with distance, as shown from

the data in previous sections.

10.8.1.1. LEO Failure Trends
Using the above technique, we can observe the failure trends established by the
sputter in LEOfrom Sectionl0.4.2 Observinghe sputter o®luminum, it is reasonable
to assume that under the constant thrust conditions of the erosion study, it will take a

considerable amount of time to erode one full layer. This assumption is confirfaigd in
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87. This gaph shows, as expected, that the erosion of the material decreases quadratically

as the formation distance increases. This also shows that thargliglsise in exposure

time based on inclination introducasiear order afagnitude change in failurenits.
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Fig. 87: LEO Orbits until Failure, Aluminum
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Likewise, as with the Al erosion data, the erosion data for the AR coatings also

follows these erosion trends. For both of these materials, the orbits until failure are

drastically different mainly due to the significant difference in the thickneg® AR

coating versus the Al morayer. However, when the results are observed solely

amongst this class of materials, the study shows that Mgts an order ahagnitude

longer than ITO solely due to the sputter yields of the material.
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10.8.1.2. Sun-Synchronaus Failure Trends
For the SurSync orbital casesjmilar failure trends are shown. Due to the
inclination of these orbits, more geomagnetic protection is received than in LEO at 90
inclination As such, the aluminum will receive higher protection as¢hmbits, despite

the longer exposure times due to the orbital pefibése results are shownFkig. 90.
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Fig. 90: Sun-Sync Orbits Until Failure, Al

10.8.1.3. GEO Failure Trends
As with the other two orbital altitudes observed, the failure trends at GEO also
share similar trendogn However, with the significant reduction in strength of the
magnetic field versus the previous altitudes, the exposure threat is much higher, with

some materials not even lasting the full orbit under constant thrust. In addition to the

129



weakness of the ngaetic field, there is also the increased orbital period to consider, as

well. The results are shown below.
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Fig. 93: GEO Orbits Until Failure, ITO Best Case (left) and Worst Case (right)

10.8.2.Five-Year Mission

One of the primary applications of this research is to inform decisions when it
comes to developing a design thatcan lasutlgdh out a spacecraft 6s
With this in mind, we can design a sample mission using these failure estimates to come
up with a potential design that can last throughout the missieoyidie. For this
analysis, we will assume a pair of spacddra leadeffollower formation with a
primary mission duration of five years. During the mission timeframe, we will only
assume that the spacecraft will have to make maintenance maneuvers throughout the
duration that will directly impinge on the followspacecraft. Therefore, unlike the
analysis from the previous sections, we will not assume constant thrust, but instead
assume the total amount of thrust time equivalent to the-de¢tquired for these
maneuversWe will also use the appropriate paramgfeom the previous formation

study.Finally, the worst case scenario for the solar panel eragibbe assumed

Each orbital altitude utilizes differentbital maneuvers for spacecraft to maintain

their positionFor LEO, the primary maneuvers thatlie required are for drag
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mitigation purposes in order to maintain the altitude required for the miSsiorSync

orbits usually require maneuvers for inclination maintenance to maintain their orbits.

Al so, one

of

position within the orbit. The annual dekkaequirements for LEO and St8ync/GEO

are 25 m/s and 2 m/s, respectivé§j[ In order to estimate the duration of the

maneuvers, we will use a spacecraft mass of 2000 kg.

Based orthe annual delta budgets required for maintenance maneuvers, we can

determine the totalumberof maintenance orbits required throughout the entire mission.

't 1 s i mp

the number of orbits that represent the amount of time for thruster firings throughout the

entire mission. Because of the nature of the orbit, LEO requires the highest thrust time,

ortant to

note that

forbitso

requiring at least 250 orbits worth of thrust tifs&=O required the seco+rdost

maneuvers, followed by StBync.The table representing the maintenance orbits is

shownin Table15.

Table 15: Five-Year Sample Mission Maintenance Orbits

LEO Maintenance Sun-Sync GEO Maintenance
Beam Energy (eV)
Orbits Maintenance Orbits Orbits
500 750 3.9 56.5
1000 375 1.93 28.05
1500 250 1.3 18.7
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The results from this study show that for these missions, the limiting factor of the
designs are not th&l layers within he multilayer insulationbut the AR coatings. This
is an expected result due to the thickness of the AR coating applied to the solar cells as
well as the higher potential for angled incidence exposure. Another expected result is that
the lower orbital altudes provide a much longer mission life due to the geomagnetic
protection from Earth. Likewise, GEO is the hardest altitude to design for, based on the

lack of geomagnetic protection and amount of thrust time requiredresults are shown

in Tablel6.
Table 16: Five-Year Sample Mission Design Results
Years until
Orbit Materials ISD (m) # of orbits
Failure
LEO 75° Al/MgF 500 591 (1500 eV) 11.8
LEO 90 Al/MgF2 >1000* 555 (500 eV) 3.7
Sun-Sync All 50 79 (1500 eV) 21.1
GEO Al/MgF2 >1000* 0.3 (500 eV) 0.4
Note:Ifi>1000*0 is | isted, then the minimum dis
distance tested in this study. The # of orbits presented for those orbital altitudes are those if the

were 1000 m.
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11. Conclusions and Future Work

With the findings of this effort, we can see the effects of EP plumes on spacecraft
in formation flight. If not properly designed for, plume impingement can present a very
serious threat to the hdaland welfare of spacecraft in even simple formatidhss
section looks at the conclusions from this effort and some of the possible future avenues

this research can be taken.

11.1. Conclusions

Due to the erosion properties of the AR coatings, even a smalirirobexposure
over the course of an orbit can significantly reduce the effectiveness of the solar panel
due to the changes in transsie properties of the coating/e have also shown ktwer
orbital altitudes where the magnetic field is reasonabbngt(~1 T), the magnetic
field provides sufficient protection at most orbital inclinations from plume impingement.
At those orbital conditions that show erosiae have also demonstrated that significant
changes in the plume density can alter its adeon propertiesvith both the spacecraft

and the local magnetic field.

However, atigheraltitudes, where the magnetic field grows weaker, the threat
for direct impingement increases significantly to where the protections of the
geomagnetic field prainadequateAlso, due to the study in LEO (400 km altitude), we
have shown that at highierclinations the magnetic field oscillations can play a
significant factor in allowing for plume i
local magnetic fieldrector.Because of this interaction, we can also expect to see a local
wedening of the plume energy vimagnetic braking based on the interactions between

the geomagnetic field and plume.
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This effort has also provided both experimental and theoretitafalathe sputtering
yields of popular AR coatings for solar cell coverglasses as well as extended the data set
for a key structural component of spacecaaift the reflective surface coating of multi
layer insulatior(i.e.: aluminum). Through the experients with these materials, we have
demonstratethatMgF is indeed a more sputtegsistant AR coating for space
operationslin practical performance situatiodgF> coatings last an order of magnitude
longer than ITO coatingslowever, depending on tmeission application and formation
specifics, ITO may be a viable alternative as long as the threat of direct ion plume
impingement is minimalThe sputter data from this work can be used for a wide variety
of purposes in the engineering community, prinyarilthe applications of sputter

processes and mission design.

11.2. Future Work
There are a few research paths that may be viable for future directions of this

work. In terms of the sputter yield dathe need to expand the current Yamamura theory
for compoundsputteringexists Although usindsig as a fitting parameter can generate
sufficient resultgor compound targetshe ability tofind theoretical estimates of this
parametemay prove beneficialf fsigwas found theoreticallgnewould be able to
gererate theoretical Yamamura curves for these types of materials. As a result, it would
bepossibleto predict sputtering conditions for these materials and be able to apply these
models to either mission design of components or sputter experiments famexpal

validation.

As for the experimental data, the testing itself was limited due todgistic
difficulties of the propellant needed for the stuttys recommendetb fill in the gaps of
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thesputter data with the intermediateidence angke Thisstudy would serve to either

further validate théheoretical fits established in this wark allow the fits to be refined

In particular, it would be beneficial for the purpose of refining the model fit parameters to
identify the critical angle where pearosion occurslhere is also a potential opening at
looking that the specific topography effects of each material due to the impingement
experienced. While some topography observations were made during the early phases of
this work with the SPP11, no frther research was established in this 86a

Observing the changes of the surface composition, as well as observing the defects on a
microscopic scale, may give an even clearer picture to the dangers of plasma erosion of

spacecraft.

The simulation work provided within this effort can beesmdedoy examining
other types of formation flight, such as the bistatic formation showigir24. This
would be a logical expansion of thigrk sincethe entire formation is at an angle to the
target, creating potentially morenazardous sputter situation for fieower spacecratt.
However, because of the possible maneuvers that can be performed with these spacecratft,
further thought maydwe to be given to the types of maneuvers performed based on the

erosion characteristics, especially at highertarfaltitudes and inclinations.

Finally, the erosion study should be expanded to looking beyond circular orbits.
Although the study here ments the baseline of whatecould expect to seepme
orbits haveeccentricity. As a result, the altitude changes as the spacecraft propagates
throughout the orbit. Depending on the eccentricity of the orbit, these altitude changes
would introduce chares in the magnetic field environment, and therefore awgthe

impingement possibilities of the orbit. Orbital transfers, such as Hohmann transfers,
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would also present an interesting case for this study for the altitude changes and thrust

time requiredo generate the dekafor the maneuver.
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Appendix A: Individual Sample Sputter Yield Data

A.1l. Magnesium Fluoride Samples

Table 17: Magnesum Fluoride Normal Incidence Sputter Data

lon
Average Rate
Energy Duration Depth Sputter Yield
Sample #] lon Rate Std.
(eV) (min) (um) (atoms/ion)
(ions/sec) | Dev
(%)
500 1 7.04E12 3.93 45 5.38E2 0.2585
500 6 7.47E12 2.56 90 1.03E1 0.2327
500 7 1.03E13 1.85 90 1.44E1 0.2370
750 4 1.19E13 17.68 30 1.27E1 0.5433
750 8 7.77E12 6.28 60 1.88E1 0.6133
750 9 8.75E12 4.26 60 1.78E1 0.5157
750 10 1.81E13 6.85 60 4.26E1 0.5974
1000 4 5.27E12 7.75 45 1.59E1 1.0189
1000 5 9.97E12 4.07 45 2.73E1 0.9264
1000 6 1.02E13 7.27 45 2.89E1 0.9575
1250 5 2.15E13 1.70 15 3.84E1 1.8113
1250 6 1.12E13 2.72 15 1.70E1 1.5373
1250 8 1.21E13 5.65 20 2.57E1 1.6151
1500 6 1.10E13 5.76 10 1.62E1 2.2364
1500 7 1.71E13 2.84 15 2.95E1 1.7513
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Table 18 Magnesium Fluoride 30 Sputter Data

lon
Average Rate
Energy Duration Depth Sputter Yield
Sample #] lon Rate Std.
(eV) (min) (um) (atoms/ion)
(ions/sec) Dev
(%)
500 4 1.83E12 3.42 60 1.02E1 1.4061
500 5 1.87E12 3.65 60 1.03E1 1.3995
500 8 1.69E12 5.10 120 1.83E1 1.3770
750 3 4.76E12 5.92 30 1.81E1 1.9229
750 4 2.78E12 2.83 90 3.12E1 1.8930
750 6 4.05E12 5.21 90 2.82E1 1.1747
1000 1 4.73E12 6.44 60 3.33E1 1.7888
1000 2 4.35E12 6.49 60 3.05E1 1.9264
1000 12 7.84E12 6.31 15 1.40E1 1.8130
1250 1 1.38E13 4.86 25 3.22E1 1.6151
1250 2 1.19E13 4.22 25 3.33E1 1.4205
1250 3 7.63E12 1.80 40 1.95E1 1.7070
1250 4 4.08E12 1.62 40 3.60E1 3.3540
1250 9 5.31E12 1.96 15 1.81E1 3.4600
1250 10 4.36E12 1.82 40 3.04E1 2.6568
1500 1 1.36EL3 8.49 20 4.31E1 24173
1500 4 7.90E12 8.07 20 2.14E1 2.0627
1500 7 1.32E13 2.10 10 2.63E1 3.0382
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Table 19: Magnesium Fluoride 60 Sputter Data

lon
Average Rate
Energy Duration Depth Sputter Yield
Sample #] lon Rate Std.

(eV) (min) (um) (atoms/ion)

(ions/sec) Dev

(%)

500 1 1.06E12 2.67 75 3.91E1 7.4961
500 3 9.87E11 3.11 120 5.08E1 6.5253
500 4 2.39E12 3.01 61 4.46E1 4.6580
750 1 1.63E12 1.73 30 2.31E1 7.1993
750 2 1.54E12 1.68 30 1.71E1 5.6558
750 4 3.52E12 5.73 15 1.97E1 5.6887
1000 2 3.40E12 2.07 20 3.82E1 8.5613
1000 4 2.26E12 1.38 15 2.65E1 11.8850
1000 5 2.57E12 1.56 15 2.11E1 8.3358
1250 4 1.07E13 9.13 4.75 3.67E1 10.9799
1250 6 8.95E12 8.08 4.75 3.87E1 13.8560
1250 7 6.30E12 9.69 4.75 2.47E1 125822
1500 9 9.45E12 7.13 4.75 4.46E1 15.1309
1500 10 3.33E12 13.54 4.75 1.92E1 18.4845
1500 11 6.35E12 7.75 4.75 3.06E1 15.4597
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A.2. Indium Tin Oxide Samples

Table 20: Indium Tin Oxide Normal Incidence Sputter Data

lon
Average Rate
Energy Duration Depth Sputter Yield
Sample #] lon Rate Std.
(eV) (min) (um) (atoms/ion)

(ions/sec) | Dev

(%)
500 1 5.66E12 3.34 10 2.54E1 2.2457
500 2 6.26E12 7.99 10 2.09E1 1.6733
500 3 5.70E12 8.24 10 2.06E1 1.8125
750 1 5.37E12 97.58 10 3.57E1 3.3239
750 2 1.02E13 342 10 4.45E1 2.1825
750 3 9.89E12 2.39 10 541E1 2.7369
750 4 1.44E13 8.91 10 5.06E1 1.7579
1000 1 1.37E13 2.30 5 5.10E1 3.7275
1000 2 1.11E13 3.36 5 4.26E1 3.8412
1000 3 1.48E13 3.18 5 3.32E1 2.2475
1000 4 1.73E13 5.66 5 4.12E1 2.3865
1250 1 1.15E13 3.34 25 2.84E1 4.9497
1250 2 1.25E13 3.81 2.5 2.96E1 4.7415
1250 3 1.38E13 3.63 25 3.06E1 4.4405
1250 4 2.43E13 8.25 3 4.87E1 3.3431
1500 1 1.38E13 2.42 25 4.25E1 6.1591
1500 2 1.50E13 2.85 25 3.49E1 4.6562
1500 3 1.28E13 2.61 25 3.97E1 6.2054
1500 4 1.54E13 5.24 3 2.82E1 3.8240
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Table 21: Indium Tin Oxide 30° Sputter Data

lon
Average Rate
Energy Duration Depth Sputter Yield
Sample #| lon Rate Std.
(eV) (min) (um) (atoms/ion)
(ions/sec) | Dev
(%)
500 1 193E12 12.10 10 1.45E1 3.7725
500 2 2.03E12 9.90 10 1.57E1 3.8760
500 3 1.71E12 10.40 10 1.93E1 5.6473
750 1 4.87E12 11.73 10 4.61E1 4.7362
750 2 4.80E12 10.76 10 4.39E1 4.5769
750 3 3.70E12 2251 10 3.11E1 4.2011
1000 1 5.69E12 6.85 5 2.85E1 5.0205
1000 4 6.31E12 6.75 5 3.94E1 6.2424
1000 5 4.77TE12 5.99 5 3.11E1 6.5103
1250 1 7.97E12 8.25 5 4.26E1 5.3542
1250 2 9.33E12 8.48 5 4.84E1 5.1954
1250 3 7.66E12 10.06 5 4.62E1 6.0353
1500 2 5.82E12 8.17 5 4.44E1 7.6372
1500 7 1.21E13 2.17 2.75 4.39E1 6.5801
1500 8 1.00E13 8.33 2.75 3.46E1 6.3001
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Table 22: Indium Tin Oxide 60° Sputter Data

lon
Average Rate
Energy Duration Depth Sputter Yield
Sample #| lon Rate Std.

(eV) (min) (um) (atoms/ion)

(ions/sec) | Dev

(%)

500 1 7.61E11 2.59 8 1.53E1 12.5850
500 3 2.26E12 3.15 8 3.91E1 10.8182
500
750 1 1.47E12 1.08 6 2.65E1 15.0173
750 3 1.88E12 1.95 6 3.46E1 15.3355
750 4 4.82E12 1.72 5 4.87E1 10.1191
1000 1 2.38E12 3.47 4 3.77E1 19.8492
1000 2 3.20E12 2.84 4 3.81E1 14.9133
1000 3 3.99E12 2.47 4 3.48E1 10.9035
1250 1 2.56E12 1.26 3 2.96E1 19.2964
1250 3 2.66E12 0.88 3 2.74E1 17.1458
1250 4 3.42E12 2.10 3 3.23E1 15.7556
1500 1 2.36E12 0.93 1.5 1.38E1 19.5092
1500 2 4.79E12 0.68 15 247E1 17.2011
1500 3 3.72E12 0.85 1.5 2.35E1 21.0764
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A.3. LEO Erosion Study Datases$

Table 23: LEO (400 km altitude) @ i=75, Aluminum

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m?s) Depth (m) Loss?
(Y/N)

500 7.179 1.18E+18 7.24E09 Y
50 1000 7.179 1.67E+18 1.73%-08 Y
1500 7.179 2.05E+18 2.78E08 Y
500 5.1278 2.12E+17 9.36E10 Y
100 1000 5.1278 3.00E+17 2.25E09 Y
1500 5.1278 3.68E+17 3.58E09 Y
500 3.0767 2.05E+16 5.44E11 Y
250 1000 3.0767 2.89E+16 1.31E10 Y
1500 3.0767 3.54E+16 2.08E10 Y
500 2.5639 4.26E+15 9.50E12 Y
500 1000 2.5639 6.03E+15 2.27E11 Y
1500 2.5639 7.38E+15 3.61E11 Y
500 2.0511 2.33E+15 4.11E12 Y
1000 1000 2.0511 3.30E+15 9.89E12 Y
1500 2.0511 4.04E+15 1.57E11 Y
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Table 24: LEO (400 km altitude) @ i=75, MgF2, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?
(Y/N)

500 7.179 1.18E+18 3.28E09 Y
50 1000 7.179 1.67E+18 2.41E08 Y
1500 7.179 2.05E+18 5.05E08 Y
500 5.1278 2.12E+17 4.35E10 Y
100 1000 5.1278 3.00E+17 3.13E09 Y
1500 5.1278 3.68E+17 6.53E09 Y
500 3.0767 2.05E+16 2.57E11 Y
250 1000 3.0767 2.89E+16 1.82E10 Y
1500 3.0767 3.54E+16 3.80E10 Y
500 2.5639 4.26E+15 4.48E12 Y
500 1000 2.5639 6.03E+15 3.17E11 Y
1500 2.5639 7.38E+15 6.60E11 Y
500 2.0511 2.33E+15 1.90E12 Y
1000 1000 2.0511 3.30E+15 1.37E11 Y
1500 2.0511 4.04E+15 2.86E11 Y
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Table 25: LEO (400 km altitude) @ i=75, MgF2, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?
(Y/N)

500 7.179 1.18E+18 4.89E08 Y
50 1000 7.179 1.67E+18 8.58E08 Y
1500 7.179 2.05E+18 1.30E07 Y
500 5.1278 2.12E+17 6.24E09 Y
100 1000 5.1278 3.00E+17 1.11E08 Y
1500 5.1278 3.68E+17 1.68E08 Y
500 3.0767 2.05E+bB 3.59E10 Y
250 1000 3.0767 2.89E+16 6.41E10 Y
1500 3.0767 3.54E+16 9.73E10 Y
500 2.5639 4,26E+15 6.24E11 Y
500 1000 2.5639 6.03E+15 1.11E10 Y
1500 2.5639 7.38E+15 1.69E10 Y
500 2.0511 2.33E+15 2.74E11 Y
1000 1000 2.0511 3.30E+15 4.85E11 Y
1500 2.0511 4.04E+15 7.37E11 Y
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Table 26: LEO (400 km altitude) @ i=75, ITO, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?
(Y/N)

500 7.179 1.18E+18 7.11E08 Y
50 1000 7.179 1.67E+18 2.35E07 Y
1500 7.179 2.05E+18 4.11E07 Y
500 5.1278 2.12E+17 9.25E09 Y
100 1000 5.1278 3.00E+17 3.04E08 Y
1500 5.1278 3.68E+17 5.31E08 Y
500 3.0767 2.05E+16 5.39E10 Y
250 1000 3.0767 2.89E+16 1.77E09 Y
1500 3.0767 3.54E+16 3.08E09 Y
500 2.5639 4.26E+15 9.38E11 Y
500 1000 2.5639 6.03E+15 3.07E10 Y
1500 2.5639 7.38E+15 5.36E10 Y
500 2.0511 2.33E+15 4.05E11 Y
1000 1000 2.0511 3.30E+15 1.33E10 Y
1500 2.0511 4.04E+15 2.33E10 Y
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Table 27: LEO (400 km altitude) @ i=75, ITO, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?
(Y/N)

500 7.179 1.18E+18 2.64E07 Y
50 1000 7.179 1.67E+18 5.11E07 Y
1500 7.179 2.05E+18 7.54E07 Y
500 5.1278 2.12E+17 3.40E08 Y
100 1000 5.1278 3.00E+17 6.58E08 Y
1500 5.1278 3.68E+17 9.70E08 Y
500 3.0767 2.05E+16 1.97E09 Y
250 1000 3.0767 2.89E+16 3.81E09 Y
1500 3.0767 3.54E+16 5.62E09 Y
500 2.5639 4.26E+15 3.42E10 Y
500 1000 2.5639 6.03E+15 6.62E10 Y
1500 2.5639 7.3&+15 9.77E10 Y
500 2.0511 2.33E+15 1.49E10 Y
1000 1000 2.0511 3.30E+15 2.89E10 Y
1500 2.0511 4.04E+15 4.26E10 Y
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Table 28: LEO (400 km altitude) @ i=90, Aluminum

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 10.7685 1.81E+18 1.73E08 Y
50 1000 10.7685 2.57E+18 4.14E08 Y
1500 10.7685 3.14E+18 6.55E08 Y
500 8.7173 3.70E+17 2.89E09 Y
100 1000 8.7173 5.23E+17 6.89E09 Y
1500 8.7173 6.41E+17 1.09E08 Y
500 8.7173 5.92E+16 4.62E10 Y
250 1000 8.7173 8.37E+16 1.10E09 Y
1500 8.7173 1.02E+17 1.75E09 Y
500 7.6918 1.31E+16 9.06E11 Y
500 1000 7.6918 1.85E+16 2.16E10 Y
1500 7.6918 2.27E+16 3.42E10 Y
500 7.6918 4.12E+15 2.82E11 Y
1000 1000 7.6918 5.82E+15 6.74E11 Y
1500 7.6918 7.13E+15 1.07E10 v
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Table 29: LEO (400 km altitude) @ =90, MgF2, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 10.7685 1.81E+18 8.80E09 Y
50 1000 10.7685 2.57E+18 5.91E08 Y
1500 10.7685 3.14E+18 1.22E07 Y
500 8.7173 3.70E+17 1.52E09 Y
100 1000 8.7173 5.23E+17 9.96E09 Y
1500 8.7173 6.41E+17 2.04E08 Y
500 8.7173 5.92E+16 2.43E10 Y
250 1000 8.7173 8.37E+16 1.59E09 Y
1500 8.7173 1.02E+17 3.26E09 Y
500 7.6918 1.31E+16 4.85E11 Y
500 1000 7.6918 1.85E+16 3.14E10 Y
1500 7.6918 2.27E+16 6.40E10 Y
500 7.6918 4.12E+15 1.46E11 Y
1000 1000 7.6918 5.82E+15 9.69E11 Y
1500 7.6918 7.13E+15 1.99E10 v
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Table 30: LEO (400 km altitude) @ =90, MgF2, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 10.7685 1.81E+18 1.11E07 Y
50 1000 10.7685 2.57E+18 2.02E07 Y
1500 10.7685 3.14E+18 3.06E07 Y
500 8.7173 3.70E+17 1.82E08 Y
100 1000 8.7173 5.23E+17 3.36E08 Y
1500 8.7173 6.41E+17 5.09E08 Y
500 8.7173 5.92E+16 2.92E09 Y
250 1000 8.7173 8.37E+16 5.37E09 Y
1500 8.7173 1.02E+17 8.15E09 Y
500 7.6918 1.31E+16 5.69E10 Y
500 1000 7.6918 1.85E+16 1.05E09 Y
1500 7.6918 2.27E+16 1.60E09 Y
500 7.6918 4.12E+15 1.80E10 Y
1000 1000 7.6918 5.82E+15 3.29E10 Y
1500 7.6918 7.13E+15 4.99E10 v

151



Table 31: LEO (400 km altitude) @ i=90, ITO, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(YIN)

500 10.7685 1.81E+18 1.74E07 Y
50 1000 10.7685 2.57E+18 5.63E07 Y
1500 10.7685 3.14E+18 9.78E07 Y
500 8.7173 3.70E+17 2.94E08 Y
100 1000 8.7173 5.23E+17 9.41E08 Y
1500 8.7173 6.41E+17 1.63E07 Y
500 8.7173 5.92E+16 4.70E09 Y
250 1000 8.7173 8.37E+16 1.51E08 Y
1500 8.7173 1.02E+17 2.61E08 Y
500 7.6918 1.31E+16 9.27E10 Y
500 1000 7.6918 1.85E+16 2.96E09 Y
1500 7.6918 2.27E+16 5.12E09 Y
500 7.6918 4.12E+15 2.86E10 Y
1000 1000 7.6918 5.82E+15 9.19E10 Y
1500 7.6918 7.13E+15 1.60E09 v
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Table 32 LEO (400 km altitude) @ i=90, ITO, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(YIN)

500 10.7685 1.81E+18 6.18E07 Y
50 1000 10.7685 2.57E+18 1.20E06 Y
1500 10.7685 3.14E+18 1.77E06 Y
500 8.7173 3.70E+17 1.03E07 Y
100 1000 8.7173 5.23E+17 1.99E07 Y
1500 8.7173 6.41E+17 2.93E07 Y
500 8.7173 5.92E+16 1.64E08 Y
250 1000 8.7173 8.37E+16 3.19E08 Y
1500 8.7173 1.02E+17 4.69E08 Y
500 7.6918 1.31E+16 3.21E09 Y
500 1000 7.6918 1.85E+16 6.24E09 Y
1500 7.6918 2.27E+16 9.19E09 Y
500 7.6918 4.12E+15 1.00E09 Y
1000 1000 7.6918 5.82E+15 1.95E09 Y
1500 7.6918 7.13E+15 2.87E09 v
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A.4. SunSynchronous Erosion Study Dataset

Table 33: Sun-Sync (705 km altitude) @ i=98.14 Aluminum

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 10.4079 1.63E+18 1.49E08 Y
50 1000 10.4079 2.31E+18 3.57E08 Y
1500 10.4079 2.83E+18 5.66E08 Y
500 8.7645 3.45%E+17 2.67E09 Y
100 1000 8.7645 4.88E+17 6.40E09 Y
1500 8.7645 5.98E+17 1.01E08 Y
500 7.669 4.85E+16 3.30E10 Y
250 1000 7.669 6.86E+16 7.89E10 Y
1500 7.669 8.40E+16 1.25E09 Y
500 7.1212 1.13E+16 7.14E11 Y
500 1000 7.1212 1.59E+16 1.71E10 Y
1500 7.1212 1.95E+16 2.70E10 Y
500 7.1212 2.82E+15 1.78E11 Y
1000 1000 7.1212 3.98E+15 4.27E11 Y
1500 7.1212 4.88E+15 6.76E11 Y
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A.5. GEO Erosion Study Datasets

Table 34: GEO (35786 km altitude) @ i=0, Aluminum

Energy

ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?

(Y/N)
500 1.44E+03 1.59E+19 2.09E05 N
50 1000 1.44E+03 2.25E+19 4.97E05 N
1500 1.44E+03 2.76E+19 7.85E05 N
500 1.44E+03 3.98E+18 5.23E06 N
100 1000 1.44E+03 5.63E+18 1.24E05 N
1500 1.44E+03 6.90E+18 1.96E05 N
500 1.44E+03 6.37E+17 8.37E07 N
250 1000 1.44E+03 9.01E+17 1.99E06 N
1500 1.44E+03 1.10E+18 3.14E06 N
500 1.44E+03 1.59E+17 2.09E07 N
500 1000 1.44E+03 2.25E+17 4.97E07 N
1500 1.44E+03 2.76E+17 7.85E07 N
500 1.44E+03 3.98E+16 5.23E08 N
1000 1000 1.44E+03 5.63E+16 1.24E07 N
1500 1.44E+03 6.90E+16 1.96E07 N
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Table 35: GEO (35786 km altitude) @ i=0, MgF2, Best Case Scenario

Energy

ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?

(Y/N)
500 1.44E+03 1.59E+19 1.18E05 N
50 1000 1.44E+03 2.25E+19 7.35E05 N
1500 1.44E+03 2.76E+19 1.49E04 N
500 1.44E+03 3.98E+18 2.95E06 N
100 1000 1.44E+03 5.63E+18 1.84E05 N
1500 1.44E+03 6.90E+18 3.71E05 N
500 1.44E+03 6.37E+17 4.72E07 N
250 1000 1.44E+03 9.01E+17 2.94E06 N
1500 1.44E+03 1.10E+18 5.94E06 N
500 1.44E+03 1.59E+17 1.18E07 N
500 1000 1.44E+03 2.25E+17 7.35E07 N
1500 1.44E+03 2.76E+17 1.49E06 N
500 1.44E+03 3.98E+16 2.95E08 N
1000 1000 1.44E+03 5.63E+16 1.84E07 N
1500 1.44E+@B 6.90E+16 3.71E07 N

156



Table 36: GEO (35786 km altitude) @ i=0, MgF2, Worst Case Scenario

Energy

ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?

(Y/N)
500 1.44E+03 1.59E+19 1.28E04 N
50 1000 1.44E+03 2.25E+19 2.41E-04 N
1500 1.44E+03 2.76E+19 3.65E04 N
500 1.44E+03 3.98E+18 3.21E05 N
100 1000 1.44E+03 5.63E+18 6.03E05 N
1500 1.44E+03 6.90E+18 9.14E05 N
500 1.44E+03 6.37E+17 5.14E06 N
250 1000 1.44E+03 9.01E+17 9.65E06 N
1500 1.44E+03 1.10E+18 1.46E-05 N
500 1.44E+03 1.59E+17 1.28E06 N
500 1000 1.44E+03 2.25E+17 2.41E06 N
1500 1.44E+03 2.76E+17 3.65E06 N
500 1.44E+03 3.98E+16 3.21E07 N
1000 1000 1.44E+03 5.63E+16 6.03E07 N
1500 1.44E+03 6.90E+16 9.14E07 N
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Table 37: GEO (35786 km altitude) @ i=0, ITO, Best Case Scenario

Energy

ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?

(Y/N)
500 1.44E+03 1.59E+19 2.17E04 N
50 1000 1.44E+03 2.25E+19 6.84E04 N
1500 1.44E+03 2.76E+19 1.20E03 N
500 1.44E+03 3.98E+18 5.42E05 N
100 1000 1.44E+03 5.63E+18 1.71E04 N
1500 1.44E+03 6.90E+18 2.95E04 N
500 1.44E+03 6.37E+17 8.67E06 N
250 1000 1.44E+03 9.01E+17 2.74E05 N
1500 1.44E+03 1.10E+18 4.72E05 N
500 1.44E+03 1.59E+17 2.17E06 N
500 1000 1.44E+03 2.25E+17 6.84E06 N
1500 1.44E+03 2.76E+17 1.18E05 N
500 1.44E+03 3.98E+16 5.42E07 N
1000 1000 1.44E+03 5.63E+16 1.71E06 N
1500 1.44E+03 6.90E+16 2.95E06 N
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Table 38 GEO (35786 km altitude) @ i=0, ITO, Worst Case Scenario

Energy

ISD (m) Energy (eV) | Time (min) Flux (/m%s) Depth (m) Loss?

(Y/N)
500 1.44E+03 1.59E+19 7.34E04 N
50 1000 1.44E+03 2.25E+19 1.40E03 N
1500 1.44E+03 2.76E+19 2.10E03 N
500 1.44E+03 3.98E+18 1.84E04 N
100 1000 1.44E+03 5.63E+18 3.57E04 N
1500 1.44E+03 6.90E+18 5.26E04 N
500 1.44E+03 6.37E+17 2.94E05 N
250 1000 1.44E+03 9.01E+17 5.71E05 N
1500 1.44E+03 1.10E+18 8.41E05 N
500 1.44E+03 1.59E+17 7.34E06 N
500 1000 1.44E+03 2.25E+17 1.43E05 N
1500 1.44E+03 2. 716E+17 2.10E05 N
500 1.44E+03 3.98E+16 1.84E06 N
1000 1000 1.44E+03 5.63E+16 3.57E06 N
1500 1.44E+03 6.90E+16 5.26E06 N
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Appendix B: Data Observations

B.1.fsig Fitting

During Chapter8 and9, the parameter dfig had to be turned into a fitting
parameter in order to establish the Yamamuraefit that is seen in those chapters.
Because the fitting of compound materials to a Yamamura curve has so little prior work,

it was necessary to find a solution in order to provide the theoretical fit within this effort.
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Fig. 94: Original ITO Angular Model, f=1.7850

Initially, the fsig value usedvas an amalgamation of tkerresponding valuesf
the elemental composition of the compounds. However, although this seemed a
reasonable plan, this alsal® the curves yielding unreasonably high sputter yields for
the majority of incidence angles, sflsownabove inFig. 94. The reason for this is
unconfirmed, as of this writing, but it may have to do with the interaction of the lattice

geometry and the sputter interaction.
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Through multiple fitting sessions, vdetermined théig parameters that are
shown in the above chapters. However, the question arose of potentially findigg an
that could fit the 30and 60 incidences well individually. This would seem to be
straightforward however, as would be evidethis is no small task. On the contrary, it

may be infeasible to do this purely because of the structure of the curve fit.

The structure of the curve fit, based on the Yamamura equation Hgelhtjon
3-11), makes it easier to manipulate the fit at higher incidence angles closer to the peak of
the curvelhan at the lower angles in thaastlinear section of the curv&he figures
below show the adjustment from thag used within the effort to the potentigting of

the 30 incidence.
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As shown in the preceding figures, the changinfjigfias a more dramatic effect
on the higher incidence angles, as it translates the curve fit (within an incidence angle)
vertically along the sputter yield axidowever, the effect on t1& incidence is very
minimal. The changing déig is also insufficient to change the slope of the fit in this

location, as well.
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Appendix C: Previous Test Results

This section contains the previous analysis that was ségmaiptersL0.3through
10.5 There was a previous issue with the set of magnetic field equaiquat{ond-12)
in which they were divided byMandresuledin a reduced strength magnetic field
Therefore, the magnetic braking effect that we see aftdrtilamsition point is much less
pronounced, resulting in a higher potential for erosion. The appropriate figures below are
similar to the offcial figures from the aforementioned sections of this work, but with the
magnetic field reductions in place. It is noteworthy to mention that, despite the error with
the magnetic field values, the results in GEO did not change at all, due to the relatively

weak magnetic field strength in that region.

C.1.Test Case Results

As mentionedn Chapterl0.2 the leadefollower formation from the effort by

Robert$2] was utilized toeést the accuracy of the simulation

Table 39: C-TOS Leader
efforts for this work. According to Roberts, thel©S leader Follower Parameters P]

follower formation experienced particle impacts to the spacecr Altitude 1100 km

. . - . inat 63.4
for approximately 1618 minutes during its one orbital maneuve | "cnaton

e . . . . . ISD 500 m
within one portion of the orbaccording tdrig. 98. It is also

notevorthy to indicate that they expect the CEX impingement to have a higher flux of
particles to the follower than from direct impingement itself, yet will contribute very little

to erosion.
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The simulation from this effort

1017

C-TOS Follower Spacecraft Particle Flux vs. Time

I—|— Impingelment Xe+ . . .
ot indicates that the exposure time seen
10"} . .
< by the follower is 17.53 minutes,
gm“r 1
! ] which is within the expected
F 0%k 4
£ tolerance of the erosion time. Yet,
&g 4
10"} 1 while the simulation agrees with the
10° ' - : ' '
u] 20 40 60 80 100 120 H H H
Time (min) timetable set by previous work on this

formation, he simulation indicates
Fig. 98 C-TOS Impingement Flux [2]
that the exposure takes place
throughout multiple sections of the orbit, as showhRiq 99. The simulation shows that
although the erosion times are split into three different events throughout théhistist,

also due to the regions in which there are suffidievdlues that allow for direct plume

exposure. All other sections of the orbit show no direct exposure at 500 m.
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Fig. 99: C-TOS Test Case: Beta at 500 m (left), Hit Graph (right)

From here, the results from our simulation show a linear erosion trend, as

demamstrated in SectioB.2.5 The data shows minor erosion of both the aluminum
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structure as well as the AR coatings on the panels in the best case scenarios. For the worst
case scenarios féigF,, the AR coating as the potential to lose ~¥5% of its

thickness when exposed to the plume at’ar@fidence, with respect to the 50600 eV

energy range. According to Yali?], even a 15% dosage will affect the trarssion

properties significantly, which will translate to a significant loss of power. A similar

effect should be expected for the ITO coatings, as well, which bear even higher sputter
yields than théigF.. Even with normal incidence exposure, the ITO stinpletely

erodes away after one orbit with a 1500 eV beam; the other cases will expect to see
significant power drops, as well. The wecstse exposures also show total failure above

500 eV for one orbit.
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C.2.LEO Case Study

Low Earth Orbit (LED) is home to many Earth observation missions, and as such,
could become a focal point for formation flight missions of all types in the near future.
To this end, a comprehensive study was performed for a range of orbital inclinations as
wel | as shbvwh hDablel2 &he orbital altitude chosen (400 kogincides with
thelnternational Space Statiol8§). This section will work to summarize the results of
the case study, with the majority of the data avélabAppendixA.3. LEO Erosion
Study Datasetd-or reference, unless otherwiseeththe plume density used for these

observations i4.47x138 #/m°.

C.2.1 Plume Exposure Observations

Because of the uniqgue geomagnetic fieldiemment, we are able to examine
multiple trends within LEO: the changes in exposure due to the change in ISD and the
changes in the exposure due to the change in orbital inclination. At first, the changes in
exposure because of inclination change woelashdrrobvious; however, as mentioned
above, the geomagnetic field environment in LEO is stronger than the other test altitudes.
As the geomagnetic field model indicates, the field will increase significantly with
respect to the orbital inclination, as shoim Fig. 89. As the orbital inclination increases,
the gradient of the field strength increases as the peaks of the field increase significantly

and the valleys of the field reduce in strength, as well.

For the most part, the eapure properties of the plume tend to remain the same
until 45 inclination.Thecloser ange | SD6s show total exposur

between 250 and 500 m. After this, the exposure time drops off sharply in this transition
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regime until 500 m, Wwere there is no observed interaction from the ion plume for the

remaining | SDOs.
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As the orbital inclination increases, the transition point from full exposure to

reduced exposure on orbit begins to shift closer to the spacecraft. This trend is expected

due to the increasing magnetic
field strength, as shown Fig.
90. These changes in the
magnetic field start to affect the
plume interaction significantly
by decreasing the exposure tir
at the inter me
well. Howe\er, at the higher
nati

i ncl i ons,

formerly showed no interaction
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with the spacecraft show very small, but quantifiable exposure times with the spacecratft.
These occur in very small regions of the orbit where the magnetic field is weakesst. Thi
indicates that at higher orbital inclinations, the follower spacecratft is still vulnerable to
plume impingement. These effects can be observE®)i®0. These regionsaccording

to the simulation, also indicate varying degreksnergy loss of the plume, which will be

discussed in a later section.

Another observation is the variance in density with respect to the exposure
properties of the plume. Asquation2-5 would suggest, the géma density is directly
proportional tdb and, as such, plays amportantrole in determining the interaction
properties of the plume to the follower spacecraft. This is verified by looking at the
impact of plume density on the exposure times at a sargi&l inclination, as shown in
Fig. 103 As expected, the transition point from complete exposure to partial exposure

begins to shiftdrther away from the leader spacecraft at higher plume densities.
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Fig. 103 Exposure Trends with respect to Plume Density, i=90

It is worth notingthat he BHT-HD-600,which served as the basis for the

assumed plume densjtig a 600 W Hall thruster designed torly 36 mN of thrudi65].
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As shown, jusincreasing the density by a factor of 2.5 extendeduhexXposure

transition point by 120 m (60%). Therefore, it would stand to reason that high thrust EP
systems would pose a much higher risk for close formation spaceflight missions, which is
a reasonable expectation due to higher plume densities. Thddgralso in agreement

with theb modelling trends, as shown in Secti®2.1

C.2.2. LEO Erosion Results

With the plume interaction properties of LE®terminedwe must look at the

actual erosion characteristics from

these orbital conditian As expected, 10
I 500 eV
4.5 [ 1000 eV
the trend of the erosion depths Al L1500 ev
coincide with the trends described 357 B
E 3
above, showing an increasing linear ¢,
o
a
trend with respect to both energy anc
1.5
time exposed; likewise, at higher 1F
. 0.5 H
| SD6s, the foll o\ , B | R
0 50 100 150 200 250 300

experiences less erosion due te th Formation Distance (m)
guadratic drop in plume density. For Fig. 104 LEO Sputter Data, i=0°-45°
majority of the observed orbital conditions, this general trending holds up fairly well.
However, as mentioned above, at the higher orbital inclinations, specificaind®0,

the orbital conditions allow for sall windows of plume interaction thegsult insurface

erosion on the follower spacecraft.

As for the levels of erosion themselves, most cases show generally light erosion

of aluminum, with the maximum erosion occurring at a beam energy of 1500 eVand IS
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of 50 m for all LEO orbital conditionsvith a depth of approximatelytm based on the
structural crossection mentioned in Sectid®.2.1 It is important to note that a layer of
BoPET is 4.5um thick, so eosion of this level would compromise one layer of the

BoPET sheath of a spacecraft. This erosion depth is also representative of one complete

orbit with constant thrust.

Likewise, the AR coatings of the solar cells, in most of both the best and worst
cag scenarios, show significant amounts of erosion ranging from 102 to 104 nm. This,
according to Yalifb2], would significantly affect the transmission properties of the
coating, thereby experiencing a sigeeint drop in power to the solar cells. And, as
expected from earlier chapteMgF: is significantly more resistant to plasma erosion
than ITO in all cases, as the erosion is practically an order of magnitude higher in all
cases when exposed to the salue fevels. Represented kig. 80 below shows the

representative trends of the AR sputtering.

The remainder of the sputter data covering all scenarios can be located in

AppendixA.3. LEOErosion Study Datasets
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C.3. Sun-Synchronous Erosion Results

SunSynchronous orbits are a unique case within this study due to the fact that, unlike

the other two orbital conditions, this type of orbit always has the solar panels locked in a

90 inciden®, where sputter of the AR coating is not possible. It is also unique due to the

significant variation of the magnetic field for this set of orbital conditions. While there

are many Swsyncorbits that can be observatis particular orbit observed befgsto

the A-Train68] constellation, which lemany satellites in leadéollower formations,

but at distances much larger than those observed in this study.
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As shown with the LEO study, the magnetic field oscillation doeease

proportionally to the orbital inclination. As such, due to these high oscillations, there are

s mal
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Overall, the erosion environment is similar to the environmentdon LEO at 90
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inclination. The sputter depth levels are also very similar, but due to being in a higher
orbit than from the LEO study, the orbital period is slightly longer, resulting in slightly
higher levels of erosion. The sputter depths displakied she expected quadratic fall in

sputter depth as the flux falls duetie distance from the beam exit, as showhign82.
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Fig. 107: Sun-Sync Sputter Depth Data
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C.4. PreviousLEO Erosion Study Datasets

Table 40: LEO (400 km altitude) @ i=0-45’, Aluminum

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m?s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 1.35E06 N
50 1000 92.5576 2.25E+19 3.20E06 N
1500 92.5576 2.76E+19 5.06E06 N
500 92.5576 3.98E+18 3.37E07 N
100 1000 92.5576 5.63E+18 8.01E07 N
1500 92.5576 6.90E+18 1.27E06 N
500 92.5576 6.37E+17 5.39E08 N
250 1000 92.5576 9.01E+17 1.28E07 N
1500 92.5576 1.10E+18 2.02E07 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N

174



Table 41 LEO (400 km altitude) @ i=0-45", MgF2, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m2s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 7.60E07 N
50 1000 92.5576 2.25E+19 4.74E06 N
1500 92.5576 2.76E+19 9.57E06 N
500 92.5576 3.98E+18 1.90E07 N
100 1000 92.5576 5.63E+18 1.18E06 N
1500 92.5576 6.90E+18 2.39E06 N
500 92.5576 6.37E+17 3.04E08 N
250 1000 92.5576 9.01E+17 1.90E07 N
1500 92.5576 1.10E+18 3.83E07 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N
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Table 42: LEO (400 km altitude) @ i=0-45", MgF2, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (¥/m%s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 8.28E06 N
50 1000 92.5576 2.25E+19 1.56E05 N
1500 92.5576 2.76E+19 2.36E05 N
500 92.5576 3.98E+18 2.07E06 N
100 1000 92.5576 5.63E+18 3.89E06 N
1500 92.5576 6.90E+18 5.89E06 N
500 92.5576 6.37E+17 3.31E07 N
250 1000 92.5576 9.01E+17 6.22E07 N
1500 92.5576 1.10E+18 9.42E07 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N
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Table 43: LEO (400 km altitude) @ i=0-45’, ITO, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (¥/m%s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 1.40E05 N
50 1000 92.5576 2.25E+19 4.41E05 N
1500 92.5576 2.76E+19 7.61E05 N
500 92.5576 3.98E+18 3.49E06 N
100 1000 92.5576 5.63E+18 1.10E05 N
1500 92.5576 6.90E+18 1.90E05 N
500 92.5576 6.37E+17 5.59E07 N
250 1000 92.5576 9.01E+17 1.76E06 N
1500 92.5576 1.10E+18 3.04E06 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N
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Table 44: LEO (400 km altitude) @ i=0-45’, ITO, Worst Case Scenaio

Energy
ISD (m) Energy (eV) | Time (min) Flux (¥/m%s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 4.73E05 N
50 1000 92.5576 2.25E+19 9.21E05 N
1500 92.5576 2.76E+19 1.35E04 N
500 92.5576 3.98E+18 1.18E05 N
100 1000 92.5576 5.63E+18 2.30E05 N
1500 92.5576 6.90E+18 3.39E05 N
500 92.5576 6.37E+17 1.89E06 N
250 1000 92.5576 9.01E+17 3.68E06 N
1500 92.5576 1.10E+18 5.42E06 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N

178



Table 45: LEO (400 km altitude) @ i=60, Aluminum

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 1.35E06 N
50 1000 92.5576 2.25E+19 3.20E06 N
1500 92.5576 2.76E+19 5.06E06 N
500 92.5576 3.98E+18 3.37E07 N
100 1000 92.5576 5.63E+18 8.01E07 N
1500 92.5576 6.90E+18 1.27E06 N
500 576883 | OS7EY17 | 336E08 N
250 1000 57.6883 9.01E+17 7.99E08 N
1500 57.6883 1.10E+18 1.26E07 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N
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Table 46: LEO (400 km altitude) @ =60, MgF2, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 7.60E07 N
50 1000 92.5576 2.25E+19 4.74E06 N
1500 92.5576 2.76E+19 9.57E06 N
500 92.5576 3.98E+18 1.90E07 N
100 1000 92.5576 5.63E+18 1.18E06 N
1500 92.5576 6.90E+18 2.39E06 N
500 576883 | O37EY17 4 gok08 N
250 1000 57.6883 9.01E+17 1.18E07 N
1500 57.6883 1.10E+18 2.39E07 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N
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Table 47: LEO (400 km altitude) @ i=60, MgF2, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 92.5576 1.59E+19 8.28E06 N
50 1000 92.5576 2.25E+19 1.56E05 N
1500 92.5576 2.76E+19 2.36E05 N
500 92.5576 3.98E+18 2.07E06 N
100 1000 92.5576 5.63E+18 3.89E06 N
1500 92.5576 6.90E+18 5.89E06 N
500 576883 | O37EY1T 1 506E07 N
250 1000 57.6883 9.01E+17 3.88E07 N
1500 57.6883 1.10E+18 5.87E07 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N
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Table 48: LEO (400 km altitude) @ i=60, ITO, Best Ca® Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 1.40E05 N
50 1000 92.5576 2.25E+19 4.41E05 N
1500 92.5576 2.76E+19 7.61E05 N
500 92.5576 3.98E+18 3.49E06 N
100 1000 92.5576 5.63E+18 1.1CE-05 N
1500 92.5576 6.90E+18 1.90E05 N
500 576883 | O37EYL7T | 348g07 N
250 1000 57.6883 9.01E+17 1.10E06 N
1500 57.6883 1.10E+18 1.90E06 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N
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Table 49: LEO (400 km altitude) @ i=60, ITO, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 4.73E05 N
50 1000 92.5576 2.25E+19 9.21E05 N
1500 92.5576 2.76E+19 1.35E04 N
500 92.5576 3.98E+18 1.18E05 N
100 1000 92.5576 5.63E+18 2.30E05 N
1500 92.5576 6.90E+18 3.39E05 N
500 576883 | OSTEYL7T 4 18E06 N
250 1000 57.6883 9.01E+17 2.30E06 N
1500 57.6883 1.10E+18 3.38E06 N
500 0 0 0 N
500 1000 0 0 0 N
1500 0 0 0 N
500 0 0 0 N
1000 1000 0 0 0 N
1500 0 0 0 N
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Table 50: LEO (400 km altitude) @ i=75, Aluminum

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(YIN)

500 92.5576 1.59E+19 1.35E06 N
50 1000 92.%76 2.25E+19 3.20E06 N
1500 92.5576 2.76E+19 5.06E06 N
500 92.5576 3.98E+18 3.37E07 N
100 1000 92.5576 5.63E+18 8.01E07 N
1500 92.5576 6.90E+18 1.27E06 N
500 49.4837 6.37E+17 > 88E08 N
250 1000 49.4837 9.01E+17 6.85E08 N
1500 49.4837 1.10E+18 1.08£07 N
500 2.5639 4.26E+15 9.50E12 Y
500 1000 2.5639 6.03E+15 2.27E11 Y
1500 2.5639 7.38E+15 3.61E11 Y
500 2.0511 2.33E+15 4.11E12 Y
1000 1000 2.0511 3.30E+15 9.89E12 Y
1500 2.0511 4.04E+15 1.57E11 Y
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Table 51: LEO (400 km altitude) @ i=75, MgF2, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 92.5576 1.59E+19 7.60E07 N
50 1000 92.5576 2.25E+19 4.74E06 N
1500 92.5576 2.76E+19 9.57E06 N
500 92.%76 3.98E+18 1.90E07 N
100 1000 92.5576 5.63E+18 1.18E06 N
1500 92.5576 6.90E+18 2.39E06 N
500 49.4837 6.37E+17 1 63E08 N
250 1000 49.4837 9.01E+17 1.01E07 N
1500 49.4837 1.10E+18 2.05E07 N
500 2.5639 4.26E+15 4.48E12 Y
500 1000 2.5639 6.03E+15 3.17E11 Y
1500 2.5639 7.38E+15 6.60E11 Y
500 2.0511 2.33E+15 1.90E12 Y
1000 1000 2.0511 3.30E+15 1.37E11 Y
1500 2.0511 4.04E+15 2.86E11 Y
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Table 52: LEO (400 km altitude) @ i=75, MgF2, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 92.5576 1.59E+19 8.28E06 N
50 1000 92.5576 2.25E+19 1.56E05 N
1500 92.5576 2.76E+19 2.36E05 N
500 92.5576 3.98E+18 2.07E06 N
100 1000 92.5576 5.63E+18 3.89E06 N
1500 92.556 6.90E+18 5.89E06 N
500 49.4837 6.37E+17 1 77E07 N
250 1000 49.4837 9.01E+17 3.33E07 N
1500 49.4837 1.10E+18 5.04E07 N
500 2.5639 4.26E+15 6.24E11 Y
500 1000 2.5639 6.03E+15 1.11E10 Y
1500 2.5639 7.38E+15 1.69E10 Y
500 2.0511 2.33E+15 2.74E11 Y
1000 1000 2.0511 3.30E+15 4.85E11 Y
1500 2.0511 4.04E+15 7.37E11 Y
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Table 53 LEO (400 km altitude) @ i=75, ITO, Best Case Scenario

Energy

ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?

(Y/N)
500 92.5576 1.59E+19 1.40E05 N
50 1000 92.5576 2.25E+19 4.41E05 N
1500 92.5576 2.76E+19 7.61E05 N
500 92.5576 3.98E+18 3.49E06 N
100 1000 92.5576 5.63E+18 1.10E05 N
1500 92.5576 6.90E+18 1.90E05 N
500 49.4837 6.37E+17 2 99E07 N
250 1000 49.48% 9.01E+17 9.43E07 N
1500 49.4837 1.10E+18 1.63E06 N
500 2.5639 4.26E+15 9.38E11 Y
500 1000 2.5639 6.03E+15 3.07E10 Y
1500 2.5639 7.38E+15 5.36E10 Y
500 2.0511 2.33E+15 4.05E11 Y
1000 1000 2.0511 3.30E+15 1.33E10 Y
1500 2.0511 4.04E+15 2.33E10 Y
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Table 54: LEO (400 km altitude) @ i=75, ITO, Worst Case Scenario

Energy

ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?

(Y/N)
500 92.5576 1.59E+19 4.73E05 N
50 1000 92.5576 2.25E+19 9.21E05 N
1500 92.5576 2.76E+19 1.35E04 N
500 92.5576 3.98E+18 1.18E05 N
100 1000 92.5576 5.63E+18 2.30E05 N
1500 92.5576 6.90E+18 3.39E05 N
500 49.4837 6.37E+17 1 01E06 N
250 1000 49.4837 9.01E+17 1.97E06 N
1500 49.4837 1.10E+18 2.90E06 N
500 2.5639 4.26E+15 3.42E10 Y
500 1000 2.5639 6.03E+15 6.62E10 Y
1500 2.5639 7.38E+15 9.77E10 Y
500 2.0511 2.33E+15 1.49E10 Y
1000 1000 2.0511 3.30E+15 2.89E10 Y
1500 2.0511 4.04E+15 4.26E10 Y
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Table 55: LEO (400 km altitude) @ i=9C°, Aluminum

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 92.5576 1.59E+19 1.35E06 N
50 1000 92.5576 2.25E+19 3.20E06 N
1500 92.5576 2.76E+19 5.06E06 N
500 92.5576 3.98E+18 3.37E07 N
100 1000 92.5576 5.63E+18 8.01E07 N
1500 92.5576 6.90E+18 1.27E06 N
500 47.9453 6.37E+17 > 79E08 N
250 1000 47.9453 9.01E+17 6.64E08 N
1500 47.9453 1.10E+18 1.05e07 N
500 7.6918 4.26E+15 9.06E11 Y
500 1000 7.6918 6.03E+15 2.16E10 Y
1500 7.6918 7.38E+15 3.42E10 Y
500 7.6918 2.33E+15 2.82E11 Y
1000 1000 7.6918 3.30E+15 6.74E11 Y
1500 7.6918 4.04E+15 1.07E10 Y

189



Table 56: LEO (400 km altitude) @ =90, MgF2, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 92.5576 1.59E+19 7.60E07 N
50 1000 92.5576 2.25E+19 4.74E06 N
1500 92.5576 2.76E+19 9.57E06 N
500 92.5576 3.98E+18 1.90E07 N
100 1000 92.5576 5.63E+18 1.18E06 N
1500 92.5576 6.90E+18 2.39E06 N
500 47.9453 6.37E+17 1 57E08 N
250 1000 47.9453 9.01E+17 9.82E08 N
1500 47.9453 1.10E+18 1.98E07 N
500 7.6918 4.26E+15 4.85E11 Y
500 1000 7.6918 6.03E+15 3.14E10 Y
1500 7.6918 7.38E+15 6.40E10 Y
500 7.6918 2.33E+15 1.46E11 Y
1000 1000 7.6918 3.30E+15 9.69E11 Y
1500 7.6918 4.04E+15 1.99E10 Y
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Table 57: LEO (400 km altitude) @ i=90, MgF2, Worst Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 92.5576 1.59E+19 8.28E06 N
50 1000 92.5576 2.25E+19 1.56E05 N
1500 92.5576 2.76E+19 2.36E05 N
500 92.5576 3.98E+18 2.07E06 N
100 1000 92.5576 5.63E+18 3.89E06 N
1500 92.5576 6.90E+18 5.89E06 N
500 47.9453 6.37E+17 1.71E07 N
250 1000 47.9453 9.01E+17 3.22E07 N
1500 47.9453 1.10E+18 4.88E07 N
500 7.6918 4.26E+15 5.69E10 Y
500 1000 7.6918 6.03E+15 1.05E09 Y
1500 7.6918 7.38E+15 1.60E09 Y
500 7.6918 2.33E+15 1.80E10 Y
1000 1000 7.6918 3.30E+15 3.29E10 Y
1500 7.6918 4.04E+15 4.99E10 Y
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Table 58 LEO (400 km altitude) @ i=90, ITO, Best Case Scenario

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 92.5576 1.59E+19 1.40E05 N
50 1000 92.5576 2.25E+19 4.41E05 N
1500 92.5576 2.76E+19 7.61E05 N
500 92.5576 3.9&+18 3.49E06 N
100 1000 92.5576 5.63E+18 1.10E05 N
1500 92.5576 6.90E+18 1.90E05 N
500 47.9453 6.37E+17 2 90EQ7 N
250 1000 47.9453 9.01E+17 9.14E07 N
1500 47.9453 1.10E+18 1.58E06 N
500 7.6918 4.26E+15 9.27E10 Y
500 1000 7.6918 6.03E+15 2.96E-09 Y
1500 7.6918 7.38E+15 5.12E09 Y
500 7.6918 2.33E+15 2.86E10 Y
1000 1000 7.6918 3.30E+15 9.19E10 Y
1500 7.6918 4.04E+15 1.60E09 Y
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Table 59: LEO (400 km altitude) @ i=90, ITO, Worst Case Scenario

Energy
ISD (m) Energy (¢V) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 92.5576 1.59E+19 4.73E05 N
50 1000 92.5576 2.25E+19 9.21E05 N
1500 92.5576 2.76E+19 1.35E04 N
500 92.5576 3.98E+18 1.18E05 N
100 1000 92.5576 5.63E+18 2.30E05 N
1500 92.5576 6.90E+8 3.39E05 N
500 47.9453 6.37E+17 9.81E07 N
250 1000 47.9453 9.01E+17 1.91E06 N
1500 47.9453 1.10E+18 2.81E06 N
500 7.6918 4.26E+15 3.21E09 Y
500 1000 7.6918 6.03E+15 6.24E09 Y
1500 7.6918 7.38E+15 9.19E09 Y
500 7.6918 2.33E+15 1.00E09 Y
1000 1000 7.6918 3.30E+15 1.95E09 Y
1500 7.6918 4.04E+15 2.87E09 Y

193



C.5. Previous Sun-Synchronous Erosion Study Dataset

Table 60: Sun-Sync (705 km altitude) @ i=98.14 Aluminum

Energy
ISD (m) Energy (eV) | Time (min) Flux (*/m%s) Depth (m) Loss?
(Y/N)

500 98.8748 1.59E+D 1.44E06 N
50 1000 98.8748 2.25E+19 3.42E06 N
1500 98.8748 2.76E+19 5.41E06 N
500 98.8748 3.98E+18 3.60E07 N
100 1000 98.8748 5.63E+18 8.55E07 N
1500 98.8748 6.90E+18 1.35E06 N
500 68.7467 6.37E+17 4.01E08 N
250 1000 68.7467 9.01E+17 9.52E08 N
1500 68.7467 1.10E+18 1.50E07 N
500 7.1212 1.13E+16 7.14E11 Y
500 1000 7.1212 1.59E+16 1.71E10 Y
1500 7.1212 1.95E+16 2.70E10 Y
500 7.1212 2.82E+15 1.78E11 Y
1000 1000 7.1212 3.98E+15 4.27E11 Y
1500 7.1212 4.88E+15 6.76E11 Y
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