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While spacecraft charging has been an actively studied and managed result of spaceflight for
decades, the advent of robotic servicing missions in high earth orbits prone to severe charging has
opened new avenues of research. Servicing missions are already operating at GEO to extend the
life of fuel depleted telecommunications satellites, while a surge of LEO launch capability motivates
a need for orbital transfer vehicles and other in-orbit services requiring rendezvous.

Many nascent concepts for formation flying and debris remediation rely on electrostatic in-
teractions to exert forces and torques on nearby objects without requiring physical contact. These
concepts include Coulomb formations for propellant-less formation configuration and the Electro-
static Tractor, which utilizes electrostatic interactions to detumble and re-orbit large debris from
distances of tens of meters. While a range of established technologies allow a spacecraft to measure
its own electrostatic potential, all of these architectures additionally require knowledge of another
body’s potential. An enabling technology for these missions is therefore the development of a
technique for sensing electrostatic potentials remotely.

This thesis establishes a promising method for remote electrostatic potential determination,
through theoretical analysis and experimentation. Energetic electrons interacting with a surface
result in the emission of x-rays, and analysis of this x-ray spectrum provides information about the
incident electron energy and the surface elemental composition. If the electron source energy is
known, either from an electron beam on a servicing craft or the ambient plasma, the relative poten-
tial between the spacecraft is determined. Experimental trials in the ECLIPS space environment
simulation facility shows that this method is robust to incidence angles and target orientation, pro-
viding accuracies within tens of volts. Such performance enables electrostatic actuation concepts,

and can also be used to monitor relative spacecraft potentials during rendezvous to mitigate arcing



iii
threats.

In addition, the second part of this thesis explores the impact of electrostatic charging on
proximity operations in high earth orbit, an increasingly popular field of operations. During ren-
dezvous, multi-kV level electrostatic charges can impart torques on both servicer and target on
the order of 10 mN-m. When approaching a disabled vehicle or debris object, these torques can
accumulate to rotational rates in excess of 1°/s. Two guidance policies are introduced to generate
approach trajectories that minimize the electrostatic perturbation, one based on a pseudospectral
collocation optimized trajectory scheme that can be precomputed on the ground and the other a
deterministic sampling-based approach that could be implemented onboard.

The results of this work are a significant contribution for many high earth orbit missions, as
an enabling technology in improving rendezvous safety in cislunar space to touchless reboriting and

detumbling of hazardous debris objects.
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Chapter 1

Introduction

1.1 Motivation

After decades of research, robotic orbital servicing is nally moving from a promising, albeit
futuristic, concept to reality. The Mission Extension Vehicle (MEV-1) from Northrop Grumman's
Spacelogistics subsidiary launched as the rst commercial satellite servicing mission in 2019. MEV-
1 successfully rendezvoused with Intelsat 901 in the geostationary orbit (GEO) graveyard as seen in
Figure 1.1, physically latching onto Intelsat 901 and assuming station keeping and attitude control
responsibilities for the fuel-depleted communications satellite. This adds years of useful life to
the otherwise functional communications satellite, and introduces the era of commercial orbital
servicing [22]. Similarly, NASA is planning a robotic refueling demonstration of the Landsat 7
spacecraft, a vehicle which was never designed for servicing, within 3 years [1”Z]. These missions,
as well as a range of related concepts from servicers to space tugs, illustrate a rapid maturation of
robotic servicing technologies dependent on automated rendezvous operations.

In a eld related to orbital servicing, the need for active debris removal (ADR) in all orbital
regimes is becoming more pressing with every collision and near miss. The addition of tens of thou-
sands of spacecraft in mega-constellations will only further heighten the need to remove potentially
hazardous debris objects [20]. Such operations, whether for servicing or debris mitigation, will
inevitably require automated rendezvous. However, few servicing operations have ever been con-
ducted on orbit, though space stations such as the ISS and Mir, as well as crewed servicing missions

for spacecraft like the Hubble Space Telescope are notable exceptions. Even fewer missions have



Figure 1.1: Intelsat-901 as seen from MEV-1 during approach in rst GEO servicing mission. Image
credit: Northrop Grumman

utilized robotic servicing, and none other than MEV-1 have occurred in GEO. Additionally, all of
these rendezvous maneuvers occurred with well characterized, cooperative targets, which cannot
be assumed for a debris remediation or repair mission.

The GEO regime is particularly valuable, with limited orbital slots available providing the
backbone of many earth observing and telecommunications networks. Spacecraft in GEO tend to
be larger and more valuable than their LEO counterparts, and therefore particularly attractive
from a servicing perspective. These range from multi-billion dollar satellites NOAA uses to im-
prove weather forecasts to telecommunications satellites with construction costs in the hundreds of
millions of dollars [4, 94]. In-orbit services are expected to become a multi-billion dollar market in
the coming decade, driven in large part by missions requiring rendezvous and proximity operations
in high earth orbits.!

Critical phases of these servicing/ADR missions in high earth orbits face challenges from

electrostatic charging. Contact between di erentially charged spacecraft results in arcing that can

! https://spacenews.com/in-orbit-services-poised-to-become-big-business/, accessed March 3, 2021.
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damage electronics, and even spacecraft at equal potentials will be subject to perturbing forces and
torgues during proximity operations. Rather than always acting as an obstacle, a range of missions
propose to leverage electrostatic charging in high earth orbits to impart forces and torques, allowing

remote control over the attitude and orbit of debris objects. However, these missions require the

ability to measure electrostatic potentials remotely for e ective charge hazard mitigation or feedback

control of forces and torques.

1.2 Spacecraft charging and potential sensing

Objects in space charge through interactions with a variety of currents throughout their
orbits, as illustrated in Figure . Solar hard-UV light (also known as Vacuum Ultra Violet,
or VUV) drives photoelectron emission, and is typically the dominant current in sparse plasma
environments [©1]. Additional plasma interactions can drive either positive or negative currents
depending on the plasma properties. Each current is a function of spacecraft potential, which oats
until the currents are in equilibrium. This equilibrium potential varies depending on the ambient
space environment, and spacecraft material properties. Spacecraft typically reach an equilibrium
potential within seconds, as the environmental currents are large relative to the spacecraft self-

capacitances, leading to short charging time constants [102, 1.

121 Space environment and spacecraft charging

For spacecraft operating in the relatively cold, dense plasma present in Low Earth Orbit
(LEO), potentials are typically a few volts positive in sunlight due to the photoelectric currents,
and a few tens of volts negative in eclipse [©1]. While these mild potential levels are typically
seen in LEO, some orbits passing through auroral zones can brie y experience potentials greater
than -2 kV [9, 21]. The dense low-energy plasma present in low earth orbits leads to a small
Debye length, which is a measure of screening of electrostatic charges in a plasma. A short Debye
length corresponds to a high shielding e ect, limiting the range over which electrostatic charges

can interact; for LEO, this value is generally on the order of centimeters [144].



Figure 1.2: A spacecraft interacts with a range of environmental currents on orbit [14].

In the sparser, hotter plasma environment found at geostationary orbit (GEO), objects still
generally charge only a few volts positive in daylight. However, large potentials are common in
eclipse, and spacecraft can naturally charge to magnitudes of up to -20 kV during signi cant
geomagnetic events [116]. This charging can cause signi cant problems relating to electrostatic
discharges, including damaged solar arrays and potential loss of spacecraft [49, 82, 91]. Furthermore,
while guidelines for spacecraft design recommend that all components be grounded to the frame,
this may not always apply. Some spacecraft may have been launched without such continuity, while
others may have had components degrade in the space environment to no longer be conducting.
References [175, ] nd that periods of low charging with< j2Q)V frame potentials could still
result in ungrounded components, such as pieces of Kapton or Mylar, experiencing several kV-level
potentials. The presence of dielectrics can also lead to spacecraft charging to kV-level negative
potentials even in sunlight, due to potential barrier e ects that develop on the spacecraft [20,

, ]. Therefore, some spacecraft components can charge to signi cant levels even when the
spacecraft frame potential is negligible.

The low plasma density and higher plasma temperatures of the GEO environment lead to
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large Debye lengths on the order of 100m for common space weather conditions [144]. This enables
electrostatic charges on objects to interact over ranges of tens of meters in GEO, which enables a
range of electrostatically-actuated mission designs.

For this work, continuously conducting spacecraft are assumed, so all surfaces hold an equal
potential. This is a suitable assumption for high Earth orbit or geosynchronous spacecraft as
their construction guidelines require a continuously conducting outer surface to avoid di erential
charging among components [52, ]

Regardless of orbit, spacecraft charging can create dangerous situations as di erential charg-
ing can result in arcing and potential electronics damage. Di erentially charged spacecraft com-
ponents lead to arcing hazards that damage spacecraft electrical systems and frequently damage
solar panels [51, 49, 21]. Reference [29] found half of satellite insurance claims to be the result of
solar panel anomalies, motivating a need to better understand charge distributions on spacecraft
to mitigate such issues. Internal dielectric charging on board spacecraft at GEO has been linked
to reaction wheel failures and mission loss [162].

Potential threats also exist for rendezvous and servicing missions, as bodies charged to di er-
ent potentials may experience damaging arcing as they contact [21]. Spacecraft during rendezvous
are likely to carry di erent potentials due to di erences in material properties, leading to the risk
of arcing during contact which can damage electronics and other systems [56]. While many opera-
tional concepts include plasma contactors and other mechanisms to equilibriate two spacecraft to
the same potential prior to docking to minimize arcing risk [21, 56], there can still be signi cant
> 10 mN forces acting between the spacecraft due to electrostatic interactions. These forces can be
signi cant perturbations during rendezvous, and may need to be taken into account by the GNC

system.

1.2.2 Frequency of severe charging

Spacecraft charging in the GEO region is known to occur more frequently during enhanced

electron uxes associated with geomagnetic storm time conditions [1”0]. The globaK , index is



Figure 1.3: Distribution of Kp index values over the last 4 solar cycles (October 1964-December
2019).

a widely used measure of geomagnetic disturbance. It is evaluated based on terrestrial magnetic
eld measurements every 3 hours on a 0-9 scale, with higher values indicating a more disturbed
magnetic eld. Data for the K, index every 3 hours for the last 4 solar cycles, spanning October
1964 to December 2019, was obtained from Reference [11-].

For the majority of measurements over the last 4 solar cycles, th&, index wasK < 3 as
seen in Figure 1.2, indicating relatively quiet geomagnetic conditions. However, 36% of measure-
ments recordedK , = 3 or higher, indicating a somewhat disturbed geomagnetic environment, with
approximately 6% of measurements exceeding , = 5, indicating a storm condition. These events
are concentrated around periods of solar maximum, and a 30-day sliding window applied to the
data reveals 30 day periods with over 15% of measurements &, = 5 or higher. Charging events
can still occur during periods of quiet (K, < 3), but tend to be less likely, less intense and less
prolonged [120].

Reference [1 0] nds that times of elevatedK , are associated with a 30% chance of experienc-
ing charging events, compared with low single-digit probabilities during lowK , periods. Ultimately,
this suggests that, while severe electrostatic charging that could result in signi cant perturbations
during proximity operations are rare, periods with frequent charging events can occur, warranting

further consideration of the impacts of electrostatic charging on proximity operations.



1.2.3 Spacecraft potential sensing

The spacecraft potential sensing problem can be viewed as two parts. One, a spacecraft must
be able to measure its own potential relative to the surrounding plasma environment. Two, there
is an additional need to remotely characterize the potential on an uninstrumented spacecraft or

object remotely during proximity operations.

1.23.1 Spacecraft potential self-sensing

Several methods have been developed to enable a spacecraft to sense its own potential relative
to its surrounding plasma environment. The potential of a spacecraft relative to the ambient
plasma environment can be sensed through the use of a range of instruments, including compact
plasma instruments or deployable booms with electric eld and wave instruments [105]. Boom-based
instruments for potential monioring in high earth orbits are often tens of meters long, seeking to
reach beyond the spacecraft's Debye sheath and into the surrounding ambient plasma. A conducting
probe at the end of the boom can then be used to determine the relative potential of the spacecraft
to the plasma [105].

Another common method for measuring the potential of a spacecraft relative to the ambient
plasma is to use an ion energy spectrometer to determine the evolution of a stable reference line
in the background plasma ion population. If a given proton population is known to have an
energy of, for instance, 5 eV, then the observed energy of that population provides a measure of
negative charging relative to the plasma. Similar methods can be used with electron populations
to measure positive potentials. These methods are limited in accuracy by the energy resolution of

the instrument used, but can typically resolve spacecraft potentials to within < 5% [15”].

1.2.3.2 Proposals for remote potential sensing

One approach to estimating the potential on a co-orbiting spacecraft is simply to use a
spacecraft charging simulation to compute the anticipated equilibrium potential as a function of

the spacecraft's composition and the space environment conditions.
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A range of numerical models and programs exist for modeling the charge on a spacecraft
as a function of its material composition and space environment conditions, including NASCAP,
MSUCAT, SPARCS and SPIS [40, , ]. However, these methods are highly sensitive to
spacecraft material properties and even temperatures, particularly the secondary and backscatter
electron yields. Unfortunately, these properties are highly sensitive to material condition, surface
nish, the presence of contaminants or oxidation layers and even weathering e ects in space, leading
to variation of up to a factor of 5 between measurements of yield coe cients for aluminum [25].
These mismatches in material properties can lead to signi cant multi-kV di erences in modeled
potentials when compared to ight datasets [36].

Beyond uncertainty in material properties for a target spacecraft, additional complications
are introduced in the ambient plasma environment by the presence of multiple highly charged
bodies in close proximity [109, ]

The combination of these uncertainties results in a scenario which is highly challenging to
model with any degree of con dence, which limits the utility of these methods for estimating the
potential on a nearby object in a proximity operations scenario. Therefore, a method for directly
measuring the potential on nearby objects during proximity operations is required.

A few prior proposals exist for determining the charge on an object remotely. Reference [21]
suggests determining the relative charge on a space object by comparing its orbital motion to that of
a nearby object of known charge; by examining how the object's motion is perturbed over a period
of minutes or hours, it is possible to determine a single point estimate of the relative potential on
the unknown body. This method is limited in temporal resolution to updates on the order of hours,
limiting its utility in a proximity operations scenario and is highly sensitive to modeling of other
potential perturbation sources like SRP.

Reference [4C] proposes measuring electric elds in the vicinity of a space craft to determine
the electrostatic potential and charge distribution on a nearby object. This work focuses on gen-
erating a multisphere representation of the charge on the target object from sensed electric elds,

however, it neglects the challenges of electric eld sensing in a sparse plasma environment.



Figure 1.4. Selected interactions between incident electrons and atoms: backscatter (A), elec-
tron emission and inner shell vacancy formation (B), characteristic x-ray emission (C), and
bremsstrahlung x-ray emission (D).

Reference [52] o ers a series of methods to remotely detect signatures of charging events.
Among these methods, the authors suggest that it may be possible to detect periods of high energy
electron uxes by looking for bremsstrahlung x-rays from a co-orbiting observatory, which would
provide an indication of a charging event remotely. However, this method would not provide any
information on the magnitude of charging, and could at best be a proxy indicator for local space
weather at a satellite.

The electron microscopy eld has long had challenges associated with surface charge buildup
as a result of electron bombardment, and have consequently developed a range of methods to
determine the surface potential of a sample without physically contacting it [11, ¢4, 24]. One
method is that of examining the electron energy spectra to nd a peak generated by secondary
electrons, which are born on the target surface with near zero energy. Therefore, the energy the
electrons acquire prior to capture is equivalent to the potential di erence between the surface and
the detector. This method is applied to sense lunar surface charging by [>¢], and is examined in
spacecraft scenarios by [15] and experimentally by [17, 14].

Another approach outlined for microscopy applications by [11] leverages the x-ray spectra
generated by bremsstrahlung radiation as seen in Figure D. As electrons interact with atoms,
the energy lost in each interaction is emitted as an x-ray photon through bremsstrahlung radiation.
These x-rays form a continuum in energy with an upper limit as the landing energy of the incident
electrons. Therefore, this spectrum can be used to establish the landing energy of the electrons.

If the initial energy of the electrons leaving the gun are known, then the change in energy to
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Figure 1.5: ECLIPS space environments test facility at the AVS Lab.

landing can be used to determine the potential di erence between the source and the target. The
application of this method to space ight scenarios is the focus of this work.

Additionally, characteristic x-rays shown in Figure C have unique energies that can be
used to identify the speci c element they come from, which enables material identi cation as well

as surface potential determination.

1.2.4 Chamber overview

The complexities of the space environment and enormous cost and di culty involved in in-
situ experimentation necessitate the development of terrestrial facilities to explore interactions of
interest to spacecraft charging and potential sensing. To this end, the Autonomous Vehicle Systems
(AVS) Laboratory at the University of Colorado Boulder has developed the Electrostatic Charging
Laboratory for Interactions between Plasma and Spacecraft (ECLIPS), a vacuum chamber facility

seen in Figure and designed for conducting spacecraft charging experiments.
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While facilities designed to simulate thermal and vacuum (TVAC) environments in space
have become commonplace as a pre- ight requirement for any space ight mission, experimental
facilities intended to study spacecraft charging are fairly rare. A notable example is the JUMBO
chamber at the Air Force Research Laboratory (AFRL) in Albuguerque, New Mexico. Chambers
such as this one, and similar facilities at Aerospace Corporation, are primarily used to evaluate
the impact of the space environment on materials, electronics and other components intended for
orbital use [1]. The Sirene facility at ONERA in France likewise provides a sophisticated testbed
for characterizing material properties under space environment exposure [12”]. Another facility at
Utah State University is also focused on spacecraft charging impacts, and uses a variety of photon,
electron and ion sources to evaluate the electronic properties of materials [4~].

Rather than focusing on fundamental material science or ight quali cation questions as
many other facilities do, the ECLIPS chamber aims to focus on charged astrodynamics phenomena
such as remote sensing of electrostatic potential or plasma wake dynamics. Charged astrodynamics
has been studied for over 20 years to explore how touchless actuation enables novel methods of
close proximity control of space objects [29, 84]. The chamber's unique capabilities have many uses
beyond charged astrodynamics, including applications to plasma wakes, environment simulation
and rendezvous and proximity operations. However, no current vacuum chamber research facility
specializes in the study of electrostatic actuation and touchless sensing of electrostatics in a space
environment. Thus the idea of the ECLIPS chamber was formed to explore these exciting research

directions with experimental support.

1.3 Spacecraft proximity operations

1.3.1 Servicing overview

Operational servicers, like the Northrop Grumman Mission Extension Vehicle, are designed
to operate with a well-characterized and cooperative target spacecraft. This constraint ensures

that the target spacecraft will behave in a predictable manner, avoiding risky proximity operations
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with a tumbling object. These missions are a key method for extending the lifetime of currently
operating assets in GEO, but are not capable of addressing the need for debris remediation missions.
In addition to being a highly valuable orbital regime, GEO is also becoming increasingly congested.
Reference [2] evaluates the frequency of near-miss events between operating spacecraft and debris
objects in the GEO region, and nds that the frequency of such events strongly motivates the need

to begin active debris removal operation to preserve the future capacity and utility of the region.

A range of proposals exist for capturing debris objects, but a major complication is introduced
by the high rotational rates these objects accumulate. References [20] and [2”] nd GEO debris
objects can have rotational rates of tens of degrees per second, far in excess of thel®s limit
of many rendezvous proposals [26, 77]. Such high rotational rates make target capture dangerous
to attempt with traditional mechanical grappling approaches, which has spurred the investigation
of other solutions. These solutions include harpoons [146] and nets [152], though both of these
methods may result in the generation of additional space debris. Alternative methods include the
touchless ion shepherd approach, which directs an ion plume towards a debris object to impart a
net force or torque [26]. Inertial thrusting by the servicer could then enable the debris object to be
gently pushed into a desired orbit. However, this method is highly susceptible to target attitude
and accurate plume-object interaction models.

An alternative approach is to use electrostatic forces and torques for relative motion control,

including detumbling and re-orbiting a debris object, which forms a core motivation for this work.

1.3.2 Prior charged proximity operations concepts

The original concepts of charged astrodynamics focus on formation ight [22, 84], ranging
from creating charged virtual static structures [24, , 25, ], rendezvous and docking strategies
[112, , ], to controlling spinning sets of charged spacecraft [157, , 67, 66].

Linear charged relative motion control is experimentally explored in the AVS Lab using
an air-bearing hover track built out of non-conducting material [142, , ]. To study the

charged relative rotation, References [150, ] develop a di erent atmospheric test bed, utilizing
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Figure 1.6: Concept of the operating electrostatic tractor, utilizing an electron beam to control the
charge on a debris body.

a custom rotating bearing which could transfer a charge onto a spinning test object. However,
both of these charged relative motion dynamics facilities impart a potential onto the object using
an electrostatic power supply and have to contend with the ionization of the local atmosphere. To
explore touchless actuation in a vacuum or space like environment a new test facility was required.
Further, as identi ed in Reference [©], knowledge of the nominal charging both of the servicer and
the second space object is critical when performing charged relative position station keeping. If the
charge uncertainty is too large, then the resulting closed loop motion undergoes a bifurcation in its
behavior leading to a collision. This requirement motivates a need for touchless potential sensing
methods.

In addition to cooperative formation control, concepts have been recently developed to har-
ness electrostatic forces and torques between spacecraft for touchless detumbling or re-orbiting
uncooperative targets.

The Electrostatic Tractor (ET) for active debris detumbling and re-orbiting in GEO uses
an electron gun to charge the space tug positively and the space debris negatively, creating an
attractive electrostatic force [12, , ]. The ET concept in Figure relies on a servicing

spacecraft using an electron beam to control both its electrostatic charge and the charge of a debris
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object 10s of meters away. By maintaining a signi cant potential di erence in the range of 20
kV between the objects, forces on the order of 10 mN can be generated [127]. While small, these
forces are several times larger than other dominant perturbations at GEO, enabling this method
to be reliably used for control [20]. Over a period of weeks a large multi-ton debris object can be
gently tugged into a graveyard orbit { all without requiring the servicer to approach within 10s

of meters of a tumbling debris object [140]. Instead of creating a xed electrostatic force between
the spacecraft, References [ , 20, 18, 19] explore the use of modulated electrostatic force elds to
detumble a spinning space object.

This concept requires knowledge of the target's charge for feedback control, and the ability to
measure the charge on a space object remotely would also bene t servicing or rendezvous scenarios
which may otherwise risk dangerous arcing hazards. The ability to measure spacecraft potentials
touchlessly could also contribute to the overall understanding of spacecraft charging through chang-
ing environments, as current methods only measure the potential on an instrumented craft itself,
without determining any charging properties of an uninstrumented object.

While many of these concepts require electrostatic charge on multiple objects to be actively
controlled to attain desired dynamics, a less considered complication is the e ect of natural space-
craft charging on proximity operations. Spacecraft in the GEO region can charge to 10s of kilovolts
depending on local space weather conditions [116]. While such charging events are relatively in-
frequent, proximity operations during these times are signi cantly perturbed by the electrostatic
forces and torques acting between the spacecraft; cases with an uncontrolled target body, such
as a servicing or debris remediation mission, are particularly a ected. Reference [22] nds that
signi cant torques are generated by inter-craft electrostatic forces, as a result of natural charging
in a formation ying context. With the increasing popularity and necessity of proximity operations
missions in high earth orbits, there is a need to consider these induced dynamical e ects which can
impart target tumble rates exceeding a degree per second to an uncontrolled target during ren-
dezvous. Such rotational rates signi cantly complicate rendezvous, imposing high propellant usage

demands on the servicer and posing a much more challenging navigation scenario than rendezvous
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with a non-rotating target body.

Figure 1.7: lllustration of electrostatic interactions between a servicer and a client spacecraft.

The system dynamics between two charged spacecraft are highly nonlinear, with mutual
forces and torques dependent on the positions and attitudes of both spacecraft, as well as their
geometries (which dictate charge distributions) and electrostatic potentials. Two innovations make
rapid guidance and control in these scenarios possible: the development of methods to accurately
and remotely determine the potential on a co-orbiting object, and a method for rapidly evaluating
the electrostatic forces and torques between nearby bodies. The electrostatic potential sensing
method is based on observations of x-ray and electron spectra excited during energetic electron
bombardment of the target, either in a controlled manner using an electron gun mounted to the
servicer, or by relying on hot electrons present in the ambient plasma environment [166]. Force
and torque computations can then be performed using the multi-sphere method (MSM)[25], a
computationally e cient means of approximating the electric elds around a body to within a few
percent, given knowledge of the target's geometry and electrostatic potential [/~].

With increasing interest in rendezvous in high altitude orbits prone to charging { particularly
from GEO to cislunar space { it will become necessary to assess the impact of charging on relative

motion dynamics to ensure mission success during proximity operations and rendezvous.
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1.3.3 Electrostatic force and torque modeling

Modeling of electric elds around an object is a challenging process, requiring either sophis-
ticated, computationally demanding nite element analyses, or enormous simplifying assumptions
(such as spherical geometry). Analytic expressions exist for the electric eld resulting from a
charged sphere, a straight wire and other prototypical shapes, but more complicated structures

require nite element models and computational methods to accurately evaluate.

Figure 1.8: A traditional nite element model of a spacecraft (top) and an equivalent MSM version
(bottom).

A recent innovation enables faster-than-realtime simulation of electrostatic interactions be-
tween bodies. The Multi-Sphere Method (MSM) discretizes a body into a series of spheres, for
which the self-capacitance is a function only of the sphere radius. For multiple spheres, mutual
capacitance e ects are also signi cant, and can be found as a function of the set of sphere positions.

While computationally e cient, the MSM formulation still requires initialization using a nite
element model, which provides a truth capacitance used to tune each sphere position and radius to
accurately capture the charge distribution across the surface. The method of moments (MOM) is

used here, as seen in Figure and described in detail by Reference [25, 61, 77]. For comparison,
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a high delity MoM nite element setup required approximately 1000 seconds of computation time
to nd the forces and torques acting between two spacecraft composed of 500 elements each. The
equivalent delity MSM model required less than 0.2 seconds, for a 19 speed up; lower delity
models can be evaluated much faster still with minimal loss of accuracy [/”]. The nite element
truth model only needs to be computed once for a structure, and the resulting multisphere model
is then valid for any future case, including with exible or time-varying structures, or multiple
spacecraft operating in close proximity [101]. This makes MSM ideally suited for faster-than-
realtime dynamics propagation, or real-time guidance.

Rigid bodies are assumed for the MSM structures here. However, the MSM formulation can
be readily applied to time-varying geometries, such as servicer solar arrays rotating to track the
sun or extending robotic arms [101]. These time-varying structures can be solved without requiring
an update of the computationally-intensive nite element computation step, but can instead be

updated using only the MSM formulation.

1.4 Contributions of this work

The contributions of this work lie in two primary areas: developing a novel method for
determining the electrostatic potential on an object in space remotely, and evaluating the dynamical
impact of spacecraft charging on proximity operations.

The goal of this work is to combine these innovations in a guidance and control framework to
meet proximity operation goals while minimizing the impact of electrostatic perturbations, either
in positional errors, fuel consumption, or tumble rates imparted to the target. These electrostatic
perturbations are unique and di erent compared to electromagnetic interactions which can arise
in cases with alternating currents. Combining touchless potential sensing and MSM will allow
for rapid evaluation of the anticipated forces and torques, suitable for implementation aboard
ight hardware. This work will enable safer, more robust proximity operations during periods of
heightened electrostatic charging, which in turn could enable expanded opportunities for engaging

in proximity operations.
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Two main areas are pursued in this work:

(1) Measure electrostatic potentials remotely, which includes:

" Theoretical development of sensing concept (Chapter 2)
" Experimental validation of sensing concept to determine limitations (Chapter 2)

" Examine impact of space environment on sensing method in space, and explore other
outgrowths of this work including SSA applications and new space simulation tech-

nologies (Chapter 4)

" Fuse complimentary potential measurements from dissimilar sensors to provide a more

accurate and robust potential estimate (Chapter 5)

(2) Explore the e ects of electrostatic interactions on proximity operations and rendezvous,

particularly in an uncooperative servicing scenario. This includes:

~ Evaluate dynamic impacts of electrostatic forces and torques on relative motion (Chap-

ter ©)

" Develop guidance strategies to mitigate the dynamic e ects of charging during prox-

imity operations (Chapter /)

The development of a method for remote potential sensing represents a signi cant contri-
bution to the safety of rendezvous in regions of geospace prone to high levels of charging, and is
an enabling technology for the Electrostatic Tractor and other electrostatic actuation concepts.
Additionally, evaluation of a previously unconsidered perturbation can provide safer, more e cient

proximity operations in high earth and cislunar orbits.



Chapter 2

Fundamentals of Potential Sensing and Electrostatic Force Modeling

The fundamental potential sensing method developed in this work relies on observing the
X-ray spectra that are emitted from a surface when energetic electrons strike it. This spectrum
contains information about the landing energy of the incident electrons. If the initial energy of the
electrons is known, such as those emitted by an electron beam on a servicing craft, then the change
in energy of those electrons between emission and landing on the target is used to infer the relative

potential di erence. This is shown conceptually in Figure

Figure 2.1: The fundamental remote potential sensing method. If the energy of electrons emitted
by the servicer is known, and the landing energy of those electrons on the target estimated from the
resultant x-ray spectrum, then the potential di erence between servicer and target is determined.
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Scenario Potential Update Range [m]
Resolution [V] Frequency [s] 9
D_eterm_lne hqzardous potential 1000 10 5
di erentials prior to rendezvous
Evaluate force and torque
perturbations (RPO or ET) 1000 100 5-50
Improve understanding of 100 100 >50

spacecraft charging

Table 2.1: Key scenarios that drive requirements for sensing accuracy, update rate and range.

This chapter lays out the fundamentals of the proposed sensing method, and the techniques

used to evaluate intercraft electrostatic forces and torques during proximity operations.

2.1 Sensing requirements

Most spacecraft built for rendezvous operations are designed with resistors or plasma con-
tactors to provide a high resistance path for the spacecraft to equalize charge without damaging
electronic components [56, 21]. However, estimating the resistance required for a rst contact re-
sistance is a challenging eld, and a potential di erence larger than accounted for in the design
baseline is highly damaging [56]. Therefore, an estimate on the order of 1000V accuracy is su cient
for gauging discharge risk at contact, and only needs to be measured at relatively close range. Like-
wise, the electrostatic force and torques acting between objects are estimated to su cient accuracy
if given an estimate of 1000V or better, and these forces are signi cant at ranges of tens of meters
[69, ]. There is currently no method for estimating the potential of an object remotelyin situ,
but any method capable of resolving a target potential on the order of 100V would provide valu-
able insight into spacecraft charging dynamics and the spacecraft interaction with the surrounding
environment [106, 91].

Ultimately, a sensing method that can resolve a target's potential to within hundreds of volts
at ranges of tens of meters with an update frequency of tens of seconds or better would meet the

requirements for all three of these scenarios.
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Figure 2.2. Selected interactions between incident electrons and atoms: incident electron is
backscattered (A), electron emission and inner shell vacancy formation (B), characteristic x-ray
emission (C), and bremsstrahlung x-ray emission (D).

2.2 X-ray spectroscopic potential determination fundamentals

2.2.1 X-ray emission from electron interactions

Energetic electrons, those with energies above a few hundred eV, can interact with atoms
through a few dominant mechanisms. These electrons will undergo a series of interactions with
di erent atoms before expending their kinetic energy. Backscatter, as seen in Figure 2.2(A), results
in an incident electron preserving most of its initial kinetic energy but being de ected out of the
material. When inner shell electrons are removed by interaction with an incident electron in Figure

(B), the resultant electron con guration is energetically unstable. An outer shell electron then
relaxes to |l the vacancy, and the energy di erence between the shells is released as a characteristic
x-ray speci ¢ to the element of origin, as in Figure 2.2(C). An alternative pathway results in ejection
of a second electron with the characteristic energy, referred to as Auger electron emission [129].

Of particular interest to this work, bremsstrahlung radiation (Figure ~.2(D)) occurs primarily
when an electron passes close to an atomic nucleus and is slowed by the interaction. The energy
lost in this interaction is emitted as an x-ray. Because there are an in nite number of paths for an
electron to take in the vicinity of the nucleus, the energy loss and resultant x-rays form a continuum.
The upper energy limit for this spectrum is given by the Duane-Hunt law (Equation (~.1)), as the
largest energy change is the case where an incident electron is fully stopped in a single interaction

[#5]. This limit is shown in Equation (. 1), where i, represents the minimum photon wavelength
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(or, equivalently, highest photon energy), c is the speed of light,e is the electron charge,V is the
accelerating potential for the electron andh is Planck's constant. Therefore, the bremsstrahlung
x-ray spectrum will have no photons above the landing energy of the electrons, a property of energy
conservation that is utilized to determine the electron's landing energy.

hc

R 2.1
min = oy (2.1)

If the initial energy of the electrons{either emitted from the electron gun or present in the
ambient plasma{are known, then the change from initial energy to landing energy is used to establish
the potential di erence between the source and the target.

An example spectrum generated by a 5.5 keV, 10 A electron beam incident on an aluminum
target plate is shown in Figure . This spectrum was collected at an angle of 4%etween the

incident beam and the detector, with the beam impacting the target plate perpendicularly.

Figure 2.3: X-ray spectrum resulting from aluminum irradiation with 5.5 keV electrons.

The direct approach to determining the landing energy is to observe the highest energy photon
detected, and use this as the landing energy. However, this direct method is not particularly robust,
as the case where an electron is fully stopped and converts its entire landing energy to a single
photon is exceedingly rare, providing few references to estimate the landing energy. A more robust

method for determining the landing energy of a monoenergetic electron beam is put forward by
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Figure 2.4: Example of curve tting process for landing energy estimation. Line is t to points in
magenta, then extrapolated to the energy intercept.

Reference [27] in the context of high energy plasma facilities. Reference [9/] propose tting a line
to the upper energy portion of the photon counts vs photon energy spectrum. The interception of
this line of t with the photon energy axis represents the landing energy.

An implementation of this method is shown in Figure 2.4, where photon counts for bins with

energy> 0:8E. are used, with E¢ representing the incident electron beam energy.

2.2.2 Simulating x-ray spectra

Two components of the x-ray spectrum require separate calculations to simulate the complete
electron-induced x-ray spectrum: the discrete energy emission of characteristic radiation, and the
bremsstrahlung continuum spectrum.

Characteristic radiation occurs when an incident electron removes an inner shell electron from
an atom. At this point an outer shell electron relaxes to Il the vacancy. The energy di erence
between the two orbitals is released as an x-ray, as in Figure 2.C. The binding energy of the
two atomic states are unique to the element, so the energy di erence between two orbitals, and
therefore the energy of the emitted photon, is characteristic to a speci ¢ element and are used
for elemental identi cation. The characteristic radiation yield, de ned as the number of photons

of characteristic radiation from the dominant K transitions generated per incident electron of a
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speci ¢ incident energy is estimated as

Ee
lb=N — 1 2.2
=N £ (22)
where, for aluminum,N =1:4 10 °, =1:63 and the energy of characteristic emissiofEy = 1:49,

while E¢ represents the incident electron energy. Electrons with energy less thaBy are not capable
of generating characteristic emission in this transition, sol, for these cases is zero. For a given
number of incident electrons N of a specic energy Ee, the expected number of characteristic

photons is estimated [107].

Figure 2.5: Comparison of theoretical spectrum from Equation and experimental results. Beam
parameters: 10 A, 5.5 keV.

A variety of models are available to simulate the bremsstrahlung spectrum from monoener-
getic electrons on thick targets, many of which are provided in review by Reference [15”]. The
electron is assumed to be fully stopped in the target, so a thick target model is used. These models
can be divided into two main categories: analytic expressions, often empirically derived from sam-
ple data sets, and Monte Carlo-based simulations. While the Monte Carlo simulations are more
accurate than the analytic expressions, they have the disadvantage of requiring signi cantly more
computational resources; the analytic expressions are generally accurate to within 20%, which is
not much worse than Monte Carlo simulations, and adequate for the analysis performed here [157].
The equation selected for use here is an empirical t valid for photons in the 0.5-20 keV range and

elements from atomic numberZ = 4 to Z = 83, while covering electron energies up to 38 keV.
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While some electron energies considered in this work exceed this value and are subject to reduced
accuracy (particularly in Chapter 4), the results are still considered su cient for the accuracy

desired here [32].

. 0:1293
| =C zE° E 7390 1:2446E +36:502InZ + %

, (2.3)
1+( 0:008624 +Q000290&,) =  E

Here, C is a scaling factor that is speci c to the element, while | is the change in photon

emission intensity per change in energy E.

Figure 2.6: Ratio of characteristic ux to total radiation yield for aluminum.

While equation (2.2) provides a means for estimating the x-ray spectrum generated by an
incident electron, it is an angle-integrated spectrum. In practice, the photon emission direction is
a function of, among other things, the photon energy. Reference [~-] provides shape functions for
bremsstrahlung production as a function of detector angle , incident electron energyEg, and the
emerging photon energyk. These shape functions are provided as a material and electron energy
dependent coe cient A, and a further series of coe cients B; which are resolved by photon energy.
The P; coe cients are used to scale Lagrange polynomialsP;, with the coe cients for the rst
6 Lagrange polynomial coe cients provided in Reference [25]. These shape functions are plotted

in Figure for an aluminum target with incident electrons of energy 5, 50 and 100 keV. The
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magnitudes for each curve are normalized to allow for direct comparison of the general direction of
photon emission.
A X

S(Eo; *=£,;Z; ) = 2@ gcos)m BiP;j cos (2.4)
i=0

At low energies where relativistic e ects are negligible, the predominant direction of photon
emission is orthogonal to the velocity vector o the incident electron. At Eg = 5 keV, photons with
energy of Q95E, have a maximum emission at approximately 92. As the incident electron energy
increases the predominant direction of emission becomes more peaked in the forward direction,
with a maximum at an emission angle of 102 for photons with energy of Q95Eq at Eg = 100 keV.
There is also a signi cant fraction of the photon emission appearing at an angle near Ofor the
50 and 100 keV cases, associated with backscattered electrons. Because the emission direction is a
function of incident electron energy and emitted photon energy, it is possible that a detector in a
poorly chosen location may observe a spectrum that would result in a poor estimate of the electron

landing energy.

Figure 2.7: Angular distribution for bremsstrahlung radiation of dierent energies (k=£,) as a
function of incident electron energy. Electron is incident from left to right, interacting with particle
at the origin.

Alternative methods may be implemented to evaluate the landing energy if the upper energy
portion of the spectrum is unavailable. For example, the characteristic radiation yield (Equation

(2.7)) and bremsstrahlung yield (Equation (~.>)) are both dependent on elemental properties and
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the incident electron energy, but follow signi cantly di erent functions. Therefore, it is feasible

to use information about the ratio of characteristic ux to the total observed x-ray ux (which
would include both bremsstrahlung and characteristic uxes) to determine the landing energy of an
incident electron beam, using a relation like that shown in Figure 2.6, This is particularly helpful in
cases where the x-ray detector is not capable of resolving the highest energy portion of the spectrum,
such as the case where a detector has a spectral range of 1-10 keV, but the incident electron beam
is operating at 20 keV. However, this method requires knowledge of the material composition and

requires very accurate models of bremsstrahlung and characteristic radiation yields.

2.3 Multi-Sphere Method For Electrostatic Force And Torque Evaluation

Charged objects operating in close proximity will exert mutual forces and torques. Evaluating
the intercraft electrostatic forces and torques in a computationally e cient way is accomplished

through the multi-sphere method (MSM) [25].

Figure 2.8: Basic case of two conducting spheres.

2.3.1 Multi-Sphere Model Development

The electrostatic force for the simplest case between two point charges is provided by Coulomb's
law, where forces are proportional to the product of the charge magnitudest and o), and inversely

proportional to the square of the distance between the chargesr{ as

Fe = ke Q;‘;Q (2.5)

where k¢ is Coulomb's constant, de ned aske = 1= , 899 10° Nm?=2,
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The charge g of a physical object is related to the capacitanceC, by the voltage, V:

q=VC (2.6)

Therefore, if the voltage of an object is known, then the capacitance is used to determine
charge on the object. Electrostatic charges can then be used to determine the force acting between
to bodies. However, objects in close proximity exhibit mutual capacitance e ects, which must be
accounted for to accurately determine the total charge on each object. For the simplest 3D case
with two spheres in a pure vacuum, seen in Figure , the potentials\(; and V,) are used to

determine the total charge on each sphere using the relation [14]

2 3 2 32 3
7 d dR; R1R2 Viz
7] R1R> dR, \Y)

| é\Z/ }

where d is the distance between each sphere center, aril;; R, are the sphere radii.

If the capacitance of a spacecraft is known, then a spherical approximation is applied to nd
a radius that results in an equivalent capacitance. The self-capacitance of a sphere is given by the
analytical expression:

Csphere =4 oR: (2.8)

However, two spheres only roughly approximate the electrostatic forces between two space-
craft, and fail to capture any of the torques associated with the bodies; these limitations are
overcome with the use of multiple spheres. The Multi-Sphere Method (MSM) quickly and accu-
rately approximates the distribution of electric charge on a body through the use of a series of
spheres [101]. Given the potential on each sphere and its location relative to all other spheres, it is

possible to analytically compute the charge on each sphere:
0 1 2 30 1

V]_ 1:R1 l:fl;z - 1:fl;n Ql

V2 ]:fz;l 1:R2 : : : l:fl;n Q2
=kl | C g v=[se (2.9)

Vh ., ., . 1w, Qn
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Here [S] denotes the elastance matrix, which is also the inverse of the capacitance matrix [/~].
The total force acting on body 1, composed of chargeg , is computed by summing the forces

of each sphere in body 2 (chargesg) on each sphere in body 1:
!

Gi
ik

X1 X2

j=1 i=1

With the force between each pair of charges known, this formulation is readily extended to nd the
torque acting on each body:

X1 X2 G

LO: kc q
j=1 i=1

M

Two variations of MSM exist, one based on distributing spheres through an object's volume,
and another which distributes spheres over an object's surface [142]. The surface MSM requires
more spheres to achieve an equal level of electric eld modeling accuracy, but does not require
numerical optimization for sphere locations and radii as volume MSM does [27, 74, 72]. Surface
MSM models are used in this work due to improved tting to small surface features like booms,
and a previously validated pipeline for generating MSM from nite element electrostatic models
[77].

The surface MSM method requires initialization with a truth value for the object's self ca-
pacitance, which is a function of a body's geometry. Spheres are placed and their radii adjusted to
match the total self capacitance of the MSM model to the truth value. Increasing the number of
spheres improves the accuracy of the model, but at increased computational cost. Analytic solu-
tions for the self capacitance of an object are available for only a select few shape primitives, such
as spheres or in nite wires. Therefore, a nite element scheme is used to nd the self capacitance
of the spacecraft, which is then used to establish a MSM model that is fast enough for dynamic
computations.

The Method of Moments (MOM) is a nite element method which is used to determine the
self capacitance of an arbitrary shape. The shape is rst discretized into a triangular mesh, and the

capacitance of each triangular area calculated. Then, the mutual capacitance e ects of all other
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triangular areas in the body on the initial triangle are computed. Repeating this process for each
element allows the elastance matrix for the object to be computed [7”]. Spheres are then placed at
the centroid of each nite element, and the radii tuned to match the total self capacitance of the
object.

While the MoM simulation required on the order of 100 seconds to evaluate the spacecraft
model shown in Figure , the equivalent MSM model required less than 0.01 seconds, for a*10
speed up with negligible loss of accuracy.

While a signi cant body of work explores variations of the multisphere method, including
references [/2, 27, 46, ], this work involved the overall MSM model changing signi cantly with
time, as the two spacecraft approached from tens of meters to tens of centimeters. The MSM
formulation is validated for time-varying shapes and structures in [101]. The results of that work
means that the true capacitance of each spacecraft only needs to be computed once, and the MSM
model tuned from that truth capacitance is valid across a wide range of conditions.

For the case with two interacting bodies, the elastance matrix B] is written in block form as
2 3 2 32 3

V S S
gVrz_g> MzgUz 2.12)
Vo Sy S2 Q2

where the Sy terms refer to the mutual capacitances, the components which vary with the relative
positions of the two bodies. Only the mutual capacitances need to be updated at each timestep
as the spacecraft move relative to each other, so the MSM sphere radii and the self-capacitance
matrices S; and S, do not need to be recomputed, which saves signi cant computational e ort.

It is again important to note that the structures considered here are assumed to be contin-
uously conducting, as is recommended in design guidelines for mitigating electrostatic charging.
However, if the structure were not fully conducting, sections of the spacecraft could develop signif-
icantly di erent potentials, with di erential charging resulting in several kV di erences across the

spacecraft [117].
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2.3.2 Spacecraft Models

The prototypical scenario considered here involves a servicer with two solar arrays, loosely
based on the Northrup Grumman MEV-1 GEO servicing vehicle, and referred to as the \two-
panel model" and shown in Figure . This servicer performs proximity operations with an
uncooperative target. One of NOAA's next-generation GOES spacecraft (the GOES-R) is chosen
as an example target; these craft are crucial for weather forecasting both in space and on Earth,
and cost over $2.5 billion each [4]. They also operate on traditional chemical propellants, so
it is reasonable that NOAA may want to service or refuel them to extend their service lives.
Signi cant public data is available for this spacecraft, allowing a better estimation of inertia and
mass properties than is achieved for most commercial spacecraft. The two-panel model is considered
as an alternative spacecraft with symmetry about the docking axis. These spacecraft shapes are
chosen because they contain representative geometries that might be encountered on orbit, and they
provide both a symmetric and asymmetric con guration. The latter argument about symmetry is
important because the center of charge and center of mass are very di erent in a non-symmetric

con guration, increasing the net torque acting on the body due to electrostatic interactions.

Figure 2.9: The GOES-R spacecraft approximated as an 80-element MoM nite element model (left)
and an 80-sphere MSM model (right). Spheres are colored according to surface charge density.

Publicly available photographs and published dimensions of each craft are used to construct

Method of Moments or MoM models [/~], with an example GOES-R spacecraft model shown in
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Figure 2.10: The two-panel spacecraft con guration as a MOM and MSM model, both with 92
elements.

Figure [“]. However, inertia properties are rarely published, and knowledge of the center of mass
and the inertia matrix of the uncontrolled target are necessary to accurately model the impact of
electrostatic forces and torques. Therefore, these properties are estimated using the following
process.

A CAD model of the GOES-R spacecraft is developed using approximate vehicle and fuel
tank dimensions from Reference [4]. Published fueled and dry masses are used to determine the
mass of fuel on board, which is then modeled as evenly distributed through each tank volume.
The remaining dry mass is assumed to be evenly distributed through the spacecraft, excluding the

tanks. This model is then used to calculate inertia properties as:
3

2
15597 33517 7070
[I]=§ 33517 23277 18863 1 kg-m? (2.13)

7070 18863 23407

While approximate, these numbers re ect a reasonable starting point for this analysis, where
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the goal is not to determine how aspeci ¢ object will respond to electrostatic forces and torques,
but instead to evaluate the general impact of these perturbations. For this end of life servicing
mission, the fuel tanks are assumed to be depleted.

The MSM sphere locations and radii for both spacecraft models are provided in Appendix

2.4 Conclusions

The methods developed here demonstrate the physical viability of touchless potential sensing
in a space environment. The analytic expressions for x-ray emission are necessarily low order
approximations for the complex underlying physics, but demonstrate the soundness of the concept.
The MSM models developed enable rapid and accurate modeling of intercraft forces and torques,

ideally suited for simulating rendezvous and proximity operations trajectories.



Chapter 3

Experimental validation

While simulation and analytic spectrum modeling is an e ective method for rapidly deter-
mining the basic validity of the electrostatic potential sensing concept, experimentation enables a
more thorough investigation of the real-world performance of this method. Experimentation is par-
ticularly important given the large uncertainties present in simulations of bremsstrahlung spectra,
and the complex physical processes underlying x-ray generation and detection.

This chapter outlines development of an experimental facility to enable testing of remote
electrostatic sensing concepts. The execution and analysis of potential sensing experiments is then

presented.

3.1 Chamber facility development

A bell jar-style vacuum chamber, 60 cm in diameter and 1 meter in height as illustrated in
Figure , was donated to the AVS Laboratory by the Air Force Research Lab in 2016. The
chamber is made of stainless steel and has an o-ring interface between the bell and the base, which
has al= 20 hole grid to allow mounting within the chamber. General vacuum chamber best
practices are followed whenever possible, including ultrasonic cleaning of components in isopropyl
alcohol prior to installation, minimization of any materials known to outgas contaminants such as
many plastics, and use of vented screws in any blind holes to avoid virtual leaks.

The chamber includes a two-stage pumping system, with an Agilent IDP-15 scroll pump and

an Agilent 1001 turbomolecular pump, capable of achieving pressures in the 16-10 © Torr range.
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(a) Original chamber, as received from AFRL (b) Current chamber con gurations

Figure 3.1: The ECLIPS experimental test facility

This chamber has been signi cantly modi ed, with the addition of a range of KF and CF anges
of varying diameters, which are used to accommodate a range of view ports, sources, probes and
feedthroughs. The viewports facilitate visual observations of electrostatic actuation and related
processes as in Reference [101]. A current view of the ECLIPS chamber is shown in Figure
Sudden power failures could prove catastrophic for the turbomolecular pump, as well as elec-
tron and ion guns. To guard against this eventuality, the facility is connected to an Uninterruptible
Power Supply (UPS), which provides up to 20 minutes of battery-based runtime in the event of
a power failure. This is more than adequate to allow the building's backup power generators to
come online and continue to provide support power to critical systems. All mechanical parts and
electronic components are connected to a common ground and checked before the execution of a
chamber experiment. The common ground is established by a copper grounding bar, which in turn
is connected to the building ground.

The top of the bell jar is raised and lowered by two column lift mechanisms that provide
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access to the chamber. These units, the FLT-12 from Progressive Automations, can provide up to
30 cm of vertical actuation with 2600 Ibf (11500 N) of lifting capacity, and are controlled via wired
remote programmed to speci ¢ heights. Slotted anges welded to the exterior of the chamber enable
interaction with the column lift, and also ensure that the full weight of the chamber lid rests on
the o-ring interface with the base for optimal sealing. Additionally, the two lifts are electronically
controlled to ensure that the chamber lid is always lifted level, and the fully-constrained nature of

the system ensures that the chamber lid is repeatably positioned between runs.

3.1.0.1 Electron sources

A series of sources for magnetic elds, photons, electrons and ions are integrated into the
chamber, enabling various components of the space environment to be simulated. Two electron
sources are particularly relevant for this work, a commercially-sourced monoenergetic electron gun

and another developed through this work capable of generating broad electron energy spectra.

3.1.0.2 Electron gun

The primary electron gun for the facility is a Kimball Physics EMG-4212D, capable of accel-
erating electrons up to 30 keV. A Kimball Physics Rugged Phosphor Screen, with a diameter of 3.8
cm is used for visual identi cation of the beam position, as seen in Figure . The beam location
and focus are adjusted through optics integrated in the electron gun. Figure illustrates the
energy spectrum of the electron gun as observed by the facility's electron spectrometer, a retarding
potential analyzer (RPA), for a nominal electron beam energy of 800 V. The energy spreading
visible in this plot is a result of some energy spreading within the electron gun, but primarily due
to e ects within the RPA. Reference [14] describes an analysis of in-RPA energy spreading, and
nds that 20 V of spread is expected at potentials of 1000 V. The results shown in Fig. are
therefore consistent with a well-homogenized beam, with very little energy spreading not explained

by the detector physics.
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(b) Phosphor screen illustrating the size and shape
of the electron spot in blue. The RPA is mounted to

(a) RPA trace of electron beam set to 800V the right of the screen [121].

Figure 3.2: Electron beam characteristics

3.1.1 Broad spectrum electron gun

A unigue capability of the facility here is a broad spectrum electron gun, capable of mimicking
the electron environment in a space plasma. This device was developed in the course of this work
along with Miles Bengtson. Unlike traditional electron guns which generate monoenergetic beams,
this device is designed to emit electrons at a range of energies simultaneously, currently at energies
up to 14 keV. The physics, mode of operation and design of the system are described in detail in
Reference [12]. This capability enables valuable investigations that cannot be adequately simulated
through the use of monoenergetic electron beams, such as evaluating the emission of x-rays from a
target due to the plasma environment, or investigating the charging behavior of a material under
space-like electron environments.

Figure illustrates sample spectra generated from this electron gun, distributing electrons
in a wide range of energies compared with the rapid drop seen for the monoenergetic spectrum in
Figure . This generates an electron ux approximately two orders of magnitude greater than
a comparable orbital environment, enabling material aging and exposure studies to be conducted
in an accelerated manner. The spectra can be tuned to match a desired curve shape, and the
maximum energy can likewise be adjusted. Work is underway to test the device at up to 30 keV

emission energies, with plans for a maximum energy of 200 keV in future iterations.
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Figure 3.3: Output spectra for broad-spectrum electron gun set to di erent energies.

3.1.1.1 Principle of operation

Figure shows a schematic of the electron gun design. Ultraviolet light is used to stimulate
photoelectron emission from inside a hollow tube, which consists of a series ofindividual circular
stages. The stages are each held at di erent potentials and are stacked together with thin insulators
in between each stage for electrical isolation. The circular shape of each ring acts like an Einzel
lens to focus the electrons toward the center of the device and into a beam. Each stage being held
at a di erent potential sets up an electric eld along the length of the device that accelerates the
electrons toward the aperture. The forward most stage is at zero potential, which contains the
electric elds within the device. The rearward most stage has a grid placed over the aperture which
allows the UV light to shine in while also containing the electric elds. Each electron is generated
on a stage at a given negative voltage, then accelerated toward the front of the device which is
grounded. Therefore, the nal energy of each electron is equal to the negative voltage of the stage
on which it was generated. This design enables the device to emit an electron beam with a total
number of energies equal to the number of stages.

In theory, the maximum energy electron capable of being produced by the broad-spectrum
source is limited only by the maximum voltage which a power supply can provide. Commercially-
available power supplies are available which output voltages up to the hundreds of kV range. Linacs,

cylotrons are other types of accelerators that do not rely on static electric elds to accelerate charged
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Figure 3.4: Schematic of the broad-spectrum electron gun design and operation. The side view
shows how the voltage gradient is applied to the stages and how the UV light is used to stimulate
photoelectron emission from each stage. The rear view shows the shape of each stage with a grid
to contain the electric elds on the rearmost stage only.

particles are generally required to generate particle uxes in the MeV range [158]. Therefore, it is
expected that the broad-spectrum gun design would be capable of producing electrons in the range
from eV to hundreds of keV. This range is highly relevant for spacecraft surface charging, material

degradation, and instrument calibration purposes.

Figure 3.5: Electric eld streamlines (blue) and electric eld (orange arrows) imposed on the
electron gun CAD model with 54 discrete stages.
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3.1.1.2 Device prototype

A prototype has been constructed which consists of 54 aluminum stages with thin Delrin
insulators in between each stage, yielding a near-continuous approximation of a spectrum. A
CAD model of the broad-spectrum source is shown in Figure =.5, with orange arrows indicating
electric eld vectors and blue lines indicating electric eld streamlines. Pictures of the device
are shown in Figure and . 10 M space-rated resistors are used in the voltage divider
circuit. The large resistances were selected to keep the current draw from the power supplies low.
A Hamamatsu L10706 vacuum ultraviolet light with a deuterium bulb (not pictured) is used to
stimulate photoemission inside the tube. This source emits across a distribution from 115 to 400
nm, with a primary peak at 161 nm or 7.70 eV [50].

The broad-spectrum gun outputs a series of discrete electron energies, and using more stages
leads to a better approximation of a fully-continuous spectrum. Using more stages also reduces
the voltage step in between each stage, therefore reducing the likelihood of arcing between stages.
For example, if a maximum voltage of 30 kV is applied to the rearmost stage and only 10 stages
are used, there is a 3 kV potential di erence between adjacent stages if all resistors are sized
equally. However, if 100 stages are used, the potential di erence between stages is only 300 V,
which signi cantly reduces the risk of arcing between stages. The downside to adding more stages
is that it increases the mechanical design and integration complexity, though compared to many
scienti ¢ sources and detectors, the broad-spectrum electron gun is still a relatively straightforward
device. The 54 stage prototype is approximately 33 cm long with a 66 cm cross section. In its
current form, the entire device must t inside the vacuum chamber. Future iterations will be
ange-mountable so that the gun will be installed on the outside of a vacuum chamber.

A patent for this device is currently pending.
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