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Lunar exploration is in a period of expansion, with multiple nations launching missions and
planing to return humans to the lunar surface and orbit. This increased activity raises concerns
about orbital congestion, collision risk, and debris management. In addition, spacecraft orbiting
the moon are exposed to highly variable plasma environments, increasing the risk of electrostatic
discharges. Electrostatic actuation techniques proposed for Geosynchronous Earth Orbits appli-
cations can be extended to cislunar space to mitigate debris. To determine electrostatic forces,
previously validated touchless potential sensing techniques can be used to determine the potential
of a target debris object while also providing insight into discharge risk and lunar dust behavior.

Electron based touchless potential sensing methods have been analyzed in previous studies,
and a key limitation is the difficulty in detecting electron emissions. Furthermore, interactions in
the solar wind such as Debye shielding and barrier formations have not been considered. Simu-
lation tools are used to generate strategies to increase the observability of electron emissions and
characterize the impact of cislunar spacecraft-plasma interactions on touchless potential sensing.
These results also benefit cislunar missions with instruments or components sensitive to the plasma
environment.

Experimental methods to simulate flowing plasma and spacecraft wakes in the ECLIPS vac-
uum chamber are developed and used to validate a simple model of spacecraft wake formations
around single and multiple spacecraft. Additional proximity interactions such as sheath overlap
and electron emission recollection are shown to impact charging and electrostatic forces. Simplified
approximations of the interactions are proposed to enable efficient charging analysis applicable to

any system with multiple charged components.
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Chapter 1

Introduction

1.1 Motivation

Enthusiasm for lunar and cislunar exploration is growing, as signaled by programs and mis-
sions like NASA’s Artemis program [ '], Intuitive Machine’s Odysseus spacecraft, the Indian Space
Agency’s Chandrayaan spacecraft [/ (], the Chinese National Space Administration’s Chang’E
spacecraft [ 19], Russia’s Luna missions [! ], South Korea’s Danuri orbiter, Japan’s SLIM space-
craft [101], and dozens more missions planned in the coming years,! (Fig. ). While this en-
thusiasm signals an exciting period of expanded lunar exploration, it also comes with increases
in congestion around the Moon and therefore greater risk of collisions. As such, it is urgent and
critical that opportunities to mitigate such risks are explored.

Cislunar space is typically defined as the region between GEO and the Moon, including the
area immediately around the Moon’s orbit. This is a large region; however, some lunar orbits are
more desirable than others, including the near-rectilunar halo orbit (NRHO) planned for Lunar
Gateway [0] and stable and quasi-stable frozen orbits in LLO [! 10, , ]. In these orbits,
congestion develops despite a lower number of satellites compared to those in LEO or GEO orbits.
In fact, the Chandrayaan-2 spacecraft in a LLO has had to perform as least three collision avoidance
maneuvers since entering orbit in 2022 to avoid the Lunar Reconnaissance Orbiter (LRO) and

2

Danuri. A simulation study indicates that a presence of just 10 satellites in LLO can lead to

1
2


https://aerospace.csis.org/wp-content/uploads/2022/02/220215_Johnson_FlyMe_Moon_WEB.pdf
https://www.space.com/space-exploration/launches-spacecraft/indias-chandrayaan-2-moon-orbiter-avoids-collision-with-south-koreas-danuri-spacecraft

(a) Apollo 11 Eagle lunar landing module pho- (b) Orion docking with Lunar Gateway (credit:
tographed by Michael Collins )

Figure 1.1: Historic (left) and future (right) lunar missions

yearly collision avoidance maneuvers, approximately matching the three maneuvers in four year
performed by Chandrayaan-2 [ ].

To complicate collision avoidance, estimating the number of satellites and their locations in
lunar orbit is a challenge for several reasons: there is not a cohesive catalog of spacecraft orbiting
the Moon, complex cislunar orbits can make it difficult to predict trajectories, the bright glare
from the Moon makes it difficult to visually detect objects (sometimes referred to as the “cone of
shame”), and signals are difficult to detect from Earth [, 17]. In fact, it is unknown if the Eagle
Lunar Module Ascent Stage from Apollo 11 is still orbiting the Moon [!%]. Without knowledge
of the other objects orbiting the Moon, determining when a collision avoidance maneuver needs
to be conducted becomes nearly impossible, and the risk of collisions increases. Plus, with no
atmospheric drag to eventually de-orbit satellites in stable orbits, debris can persist indefinitely,
amplifying the risk of damage to future spacecraft in a similar region [20, ”“]. When debris does
fall to the lunar surface, it is not slowed by atmospheric drag and impacts the surface faster than
a bullet, endangering both manned and unmanned structures on the surface of the Moon.

Due to the difficulty of tracking objects in cislunar space and the unforgiving consequences


https://www.esa.int/ESA_Multimedia/Images/2021/01/Gateway_with_Orion_docking_over_Moon
https://www.esa.int/ESA_Multimedia/Images/2021/01/Gateway_with_Orion_docking_over_Moon

of a collision, lunar orbit debris must be prevented or safely managed. It should be noted that
mitigating debris around the moon is not as straightforward as debris mitigation in Low Earth
Orbit (LEO) or Geosynchronous Earth Orbit (GEO), where debris is deorbited and burned up in
the atmosphere or re-orbited to a prescribed graveyard orbit, respectively. As a result, there are
not yet guidelines for End-of-Life (EOL) disposal strategies for Moon orbiting spacecraft, several
methods to manage lunar debris are under investigation. One method, particularly for Low Lunar
orbit (LLO) objects is to deorbit the spacecraft in a controlled manner such that they impact a
pre-determined zone on the surface of the moon such as a designated “graveyard crater” [, 27].
Another option is to move spacecraft to a new cislunar graveyard orbit. For example, on of the
proposed disposal strategies for the Lunar Gateway station is to transfer it to a Distant Retrograde
Orbit (DRO) [17]. Another option is to transfer the spacecraft to a heliocentric orbit that will
not intercept Earth or Moon orbits. This option is likely viable for spacecraft stationed around an
Earth-Moon Lagrange point [, |. Last, the spacecraft can be set on an Earth reentry trajectory,
but this can require significant fuel and poses a risk to spacecraft in GEO and LEO orbits [| |].

Active debris removal and relocation concepts that could be applied to cislunar spacecraft
include laser ablation [!77], momentum transfer using ion beams [/(/1], and capture using nets
[70, 170], harpoons [77], or tethers [! |]. Most of these concepts involve making contact with the
debris or using impulsive forces, which risks collisions between the uncontrolled, potentially spinning
target and controlled servicer. In contrast, touchless methods protect the integrity of the servicing
and target spacecraft. One such proposed touchless servicing methods utilizes spacecraft charging.

Spacecraft interact with the plasma and radiation environment in space, charging and devel-
oping a surface potential. Two charged spacecraft then exert an electrostatic force on each other,
which can be used to touchlessly maneuver debris. Higher levels of charging, and larger electro-
static forces, can also be actively induced using an electron beam. Investigations of electrostatic
actuation have largely taken place in hot, sparse plasma environments such as GEO, Medium Earth
Orbit (MEO), and interplanetary space [0, [©, 23, <1, 01, 02, 00, , , ) ].

Spacecraft charging can have negative consequences, as electrostatic discharges (ESD) on



conductive surfaces, within surface dielectrics, or between two docking spacecraft can damage
components and is the leading cause of spacecraft anomalies due to the space environment [/(0].
Charged spacecraft can also exert unexpected electrostatic forces and torques on each other during
proximity operations, which introduces unexpected perturbations that can require extra maneuvers
and fuel to counteract [20]. In the cislunar regime, a lunar lander contaminated with regolith can
contaminate the Moon-orbiting vehicle it docks with. The surface potential of the ascending lander
influences the lunar dust trajectories and contamination danger, as is shown with simulations of
the Human Lander System docking with the Lunar Gateway [| |©]. To determine the electrostatic
forces during electrostatic actuation, avoid arc discharges during docking, and conduct analysis of
lunar dust contamination, the potential of the nearby target object can be determined using various
touchless potential sensing methods.

While electrostatic actuation and touchless potential sensing methods have been significantly
investigated, translating this technology to the cislunar plasma environment is not trivial. The
Moon’s ambient plasma changes as the Moon orbits the Earth, and spacecraft-plasma interactions
that occur in dense, flowing plasma have not been considered when investigating the technologies
of interest. In this work, outstanding questions relevant to electrostatic actuation and touchless
potential sensing are addressed, and spacecraft-plasma interactions unique to the cislunar environ-
ment are characterized to determine if and how this technology could be applied to address safety

and science goals around the Moon.

1.2 Background and Previous Work

1.2.1 Cislunar Plasma

The Moon orbits through Earth’s magnetosphere and out into the flowing solar wind, passing
through a range of plasma environments. Several missions have helped characterize the cislunar
plasma environments, including the Apollo missions [/, (0, |, the Wind spacecraft [/ %], the

Lunar Reconnaissance Orbiter (LRO) [177], and the twin Acceleration, Reconnection, Turbulence,



Table 1.1: Cislunar regions mean characteristic parameters [! | 7]

Region nNe Te Vi n; Ti )\D
(1/m?) (eV) (km/s) (1/m®) (eV) (m)
Magnetotail Lobes 2.0E5 48 170 2.0E5 290 115.2
Plasmasheet 2.2E5 150 110 2.0E5 780 194.1
Magnetosheath Dayside 9.5E6 18 350 8.0E6 94 10.2
Solar Wind Dayside 6.0E6 11 420 6.0E6 7 10.1
Solar Wind Wake 100 km - 500 km 7.3E4 6 260 8.1E4 320 213.1
Solar Wind Wake 600 km - 2000 km 5.5E4 160 650 6.5E4 1400 127.5
Solar Wind Wake 2000 km - 12000 km  1.1E6 29 370 1.1E6 130 38.2
Solar Wind Wake >12000 km 2.5E6 19 400 3E6 66 20.5

and Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) spacecraft [7]. Measure-
ments from the ARTEMIS spacecraft are analyzed and binned in the Design Specification for the
Natural Environment (DSNE) document produced by NASA [/ 7], which identifies four plasma
regions: solar wind, magnetosheath, magnetotail lobes, and plasma sheet. The average parameters
in these regions in shown in Table | .1, and a further discussion of the environments is presented in
Section

The solar wind is the plasma flowing from the sun and is located outside of Earth’s magneto-
sphere with the interplanetary magnetic field [07, ]. The plasma sheet is a region of hot plasma
in the Earth’s magnetotail that magnetically maps to the auroral oval and splits the magnetotail
into its top and bottom lobes. The plasma sheet mainly consists of accelerated solar wind and
can contain ionospheric ions when there is significant magnetospheric activity [/ /]. The magne-
totail lobes are located within the magnetopause and mainly consist of plasma outflow from the
ionosphere [/, |. The magnetosheath is the transition region between the solar wind and mag-
netotail located between the bow shock and magnetopause [/”7]. The regions and interactions
of Earth’s magnetosphere and the cislunar environment are an active area of research; interested
readers are referred to Refs. [20, (1, | for a more thorough review. Figure depicts these
regions using figures of the Moon with respect to Earth’s magnetic field. The magnetic field is
shown in blue and solar wind in light brown. In addition to orbiting through several regions, the

Moon alters the plasma environment. In the solar wind and magnetosheath, the Moon absorbs and



reflects plasma, leaving a low density, complex structure on the eclipse side of the Moon, known as

the lunar wake (Fig. ) [79].
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(a) Cislunar Environments (Moon not to scale) (b) Lunar wake

Figure 1.2: Lunar plasma environments and interactions

Due to the different sources of plasma and interactions in each region, the magnetotail lobes
and plasmasheet contain high-energy, low-density plasma, similar to the GEO environment, while
the magnetosheath and solar wind consist of lower-energy, denser plasma compared to the GEO-
like environments. It is in these latter environments that interactions not previously considered for
touchless potential sensing or electrostatic actuation studies occur, including short Debye lengths,

spacecraft wakes, and nonmonotonic sheaths.

1.2.2 Spacecraft Charging and Electrostatic Actuation

Interactions between spacecraft, energetic plasma, and the radiation environment generate
surface currents and potentials. The magnitude of a spacecraft surface’s potential is dependent on
its geometry, material properties, and sunlit area [(7, ]. Thus, two spacecraft or electrically dis-
connected surfaces in the same environment can charge differently, leading to a risk of arc discharges
as previously discussed. In fact, approximately 40% of satellite missions that end prematurely due
to the space environment are terminated as a result of an electrostatic discharge [100]. To miti-
gate this, it is advised that all spacecraft surfaces are electrically connected to prevent differential

charging; however, this is not always possible due to factors such as frayed electrical connections,



resistive surface materials such as radiative paints, and exposed solar panel components that can
lead to differential charging [/7°]. Arcing during docking procedures is also a risk, particularly
if one spacecraft is in the shadow of the other because eclipsed spacecraft typically charge more
negative than sunlit craft due to the lack of photoelectron emissions and ion flux [/, , .
For example, simulations of Lunar Gateway docking with Orion indicate that a potential difference

of over 9 kV can occur between the two bodies [ 7].

Servicer

Figure 1.3: Electrostatic Tractor Concept

Spacecraft charging has been a subject of research since the beginning of the space age,
with Sputnik 3 taking the first measurements of its own potential (-6.4 V at 795 km altitude)
[[07]. Other spacecraft missions such as Spacecraft Charging at High Altitudes (SCATHA) and
the SPEAR-1 rocket payload have induced charging through electron beam emissions and biasing
of components [/, , ]. The concept of induced charging has been proposed to enable
touchless electrostatic applications such as moving space debris [1=, ©1, 01, 92, 00], detumbling a
target [0, 21, 22, 2], inflating thin structures [/ ~], enabling close proximity coulomb formation
flying [1, 27, , , , | 70], and hovering above a charged body in space [, 17]. In this work,
electrostatic actuation is implemented through the electrostatic tractor concept (Fig. | ). During
electrostatic tractor operations, a servicing spacecraft is equipped with an electron beam that is

aimed at a target. By emitting electrons, the servicer charges itself positively, and by impacting



the target with electrons, the target ideally charges negatively. It is possible for the electron beam
to generate more electron emissions than the number of impacting electrons, which can charge the
target positively. To ameliorate this, charge control methods have been investigated to charge the
target to a desired, likely negative, potential [10]. The resulting attractive electrostatic force is
then used to touchlessly maneuver the target. Spacecraft typically charge within milliseconds to
seconds, depending on their geometry and the ambient plasma. Therefore, the electrostatic tractor
requires continuous beam impacts to maintain the potentials generated. The electrostatic tractor
has been extensively investigated for application in GEO space [1=, 1, 01, 00, , ) | and
within spacecraft wake formations in LEO space [11—122].

Electrostatic actuation studies typically prescribe potentials to the spacecraft or utilize charg-
ing equations to determine the surface potentials that can form. The presence of a highly charged
object changes the ambient plasma environment, and therefore the charging behavior of other
nearby objects. This has previously been shown in complex spacecraft-plasma interaction soft-
ware, but these simulations can take hours to days to complete. It would therefore be beneficial to
characterize the changes in current during electrostatic actuation operations when highly charged
objects are near each other and generate simple approximations that can be used in analytic surface
charging calculations. Chapter ( presents approximations of these interactions and their impact on

charging, with some of the interactions validated with experiments enabled in Chapter

1.2.3 Touchless Potential Sensing

Before electrostatic actuation can be implemented, the potential of the other spacecraft in-
volved must be known to determine the electrostatic forces. Several techniques exist to touchlessly
determine the potential of a surface from varying separation distances. Ferguson et al. [(/1] proposes
using ground- surface material glow, bremsstrahlung X-ray emissions, and radio and optical emis-
sions from arcs to estimate surface charging and arcing behavior of spacecraft in GEO from ground
or Low Earth Orbit. Lunar Probe Electron Reflectometer data is utilized to study the energy de-

pendent electron loss cone and secondary electrons accelerated from the lunar surface to determine
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Figure 1.4: Active potential sensing concepts using an electron beam and VUV laser

the difference in potential between the lunar surface and spacecraft at kilometers of separation
[76-79, . In experiments, technologies such as as non-contact voltmeters, scanning electron
microscopes,® and electrostatic probes are utilized to contactlessly determine surface potential at
separation distances of millimeters to centimeters [, 0, , ]. For electrostatic actuation and
determining the risk of arcing or lunar dust contamination during docking, the potential of the
spacecraft should be determined from tens of meters. To implement this, three methods have been
investigated: secondary electron (SE), photoelectron (PE), and X-ray.

To determine the potential of a target using secondary electron emissions, an electron beam
is aimed at the surface of interest to generate secondary electrons that leave the surface with a
continuous energy distribution up to the energy of the impacting electron, but the majority of
emissions are generated with an energy of a few electron-volts. If the target is charged negatively,
the secondaries are then repelled and accelerated to an energy approximately equal to the target’s
surface potential V. If the servicer is charged positively, the electron emissions are attracted

and further accelerated by the servicer’s surface potential Vg such that once the emissions reach

3 As a general overview, in Ref. [#0], the contrast in images generated scanning electron microscope (SEM)
measurements from a distance of pm are first calibrated for varying potentials on a measured surface, then utilized
to determine the surface’s potentials.
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the servicer, their energy is approximately equal to the difference in potential between the two
spacecraft (Vg — Vp). The photoelectron method is similar to the secondary electron method,
except a vacuum ultraviolet (VUV) laser is used to generate photoelectron emissions instead of
secondary electron emissions from the surface. The low energy photoelectrons again reach the
servicer with an energy approximately equal to the difference in spacecraft potentials.

An electrostatic analyzer (ESA) type instrument can be used to measure the energy of the
emissions. Electrostatic analyzers are frequently used on spacecraft missions to determine the en-
ergy distribution of charged particles [ 17, |. For example, the SPAN top-hat ESA instrument
on Parker Solar Probe is capable of sweeping through a distribution of electrons in less than a
second with 10% to 20% energy resolution [!(/!] and the top-hat ESA instrument on the THEMIS-
ARTEMIS spacecraft can sweep through a distribution in less than a second with an energy resolu-
tion of 15% to 20% [/ 0]. A retarding potential analyzer (RPA) has been used in touchless potential

sensing experiments and has been flown on several missions including New Horizons with a 1% res-

olution for 1 keV particles [!27] and the Pioneer Venus Orbiter with a 20% to 30% resolution from
0-50 eV [105]. The servicer can also determine its own potential using existing technology such as
RPAs [117], electron spectrometers [(7], and electric field double probes [!77]. Once the potential

of the servicer and difference in potentials is known, the target’s potential can be determined. It
should be emphasized that while new technology does not have to be developed from scratch for
touchless potential sensing, limitations in the instruments such as low acceptance angles for top-
hat ESAs and small maximum energy measurements for RPAs will likely need to be addressed to
implement this technology.

The energy of the electron beam is also altered as it traverses from the servicer to the target.
The beam is attracted to the servicer and loses energy equal to the servicer’s potential upon being
emitted. Then, the beam is repelled from the negative target and again loses energy equal to the
target’s potential. Thus, when the beam lands on the target, its energy El.ng is equal to the initial
energy of the beam FEj minus the difference in potential between the spacecraft (Ey — Vs + V).

If the beam is not more energetic than the difference in potentials, it will be deflected and not
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impact the target. In addition to generating secondaries, high energy impacting electrons can also
generate bremsstrahlung radiation, or stopping radiation. As the electrons enter the material, they
can be deflected about atoms and lose energy, which is emitted as a Bremsstrahlung radiation X-ray
photon. Through this process, the X-ray photons are emitted with a range of energies up to the
landing energy of the impacting electrons. Therefore, if the maximum energy of the X-ray emissions
is measured using an X-ray sensor, the potential difference between the two spacecraft can again
be determined, leading to the target’s potential being solved for. However, the X-ray signal at the
maximum energy is too weak and noisy to be deciphered because a small number of photons are
emitted at the maximum energy and photons with energies near the maximum value are largely
emitted in directions pointing away from the incident electron direction (which typically means the
photons are not emitted towards the servicer). To determine the maximum energy, the distribution
of X-ray energies are measured, fit to the theoretical energy distribution for bremsstrahlung X-ray
emissions, and the resulting y-intercept is the approximate maximum energy [~(, , |. X-ray
sensors have been flown extensively on spacecraft [, , , | and have been proposed to
image the magnetosphere [0, 17].

The methods described are active potential sensing scenarios where equipment is used to
generate the emissions for sensing. SEs, PEs, and X-rays can all be generated naturally by the
plasma and radiation environment, which can then be used to passively sense the potential of the
spacecraft. The passively emitted signal is generally lower, and in some cases the signal may be too
low to distinguish from the plasma and/or radiation environment; however, there are scenarios when
it is still be feasible to sense among the ambient plasma and radiation environment [!7, , ].
In addition, passive sensing of electron emissions can be used to determine the surface potential
of the target, but passive sensing of X-rays can only be used to determine the relative change in
potential of the target. Because the energy of plasma electrons is a spectrum, the X-ray spectrum
is difficult to fit for determining the target’s potential; however, if the target charges negatively
the emitted radiation can be diminished. The change in X-ray photon measurements, coupled with

measurements of the ambient plasma, can then be used to track changes in target potential [707].
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Table 1.2: Comparison of active sensing methods

Method Advantages Disadvantages

- Large beam deflections
- Detectability dependent on system
geometry and potentials

Secondary Electrons (SEs) - Most accurate (10s of V)
from electron beam - Favored by low-energy electron beams

- Detectability weakly dependent on system geometry - Less accurate (100s of V)
- Less deflection of high energy beam - Requires energetic electron beams
- Reduced influence of surface contamination - X-ray sensor can saturate

X-rays from
electron beam

- ly, 1 i
- Most accurate (10s of V) Generally, lower err{ltted cuvrlvrent
Photoelectrons (PEs) Laser not deflected - Cannot charge servicer positively
from VUV Laser - Detectability dependent on system

- Observable and controllable .
geometry and potentials

Passive sensing is useful if the servicer is not equipped with an electron gun or VUV laser but has
of the instruments that can be used to detect emissions, or if the target spacecraft is active and
impacting it with an electron beam could create unwanted charging.

The touchless potential sensing methods have been verified in experiments and have varying
benefits and challenges, as shown in Table |.2. SEs and PEs allow for the most accurate estimation
of the target’s potential (within 10s of Volts), while X-ray emissions have errors of the order of 100
Volts [207]. X-ray emissions favor higher energy electron beams and can be detected as long as the
electron beam impacts the target [~(), |, but electron emission trajectories are highly dependent
on the target geometry and can only be detected at a fraction of positions about the object. In
addition, SE emissions favor low energy electron beams that are more susceptible to deflection
by the electric field about the spacecraft. Around a uniformly charged target, secondaries have
been detected at ~10% of relative locations in vacuum chamber experiments [!, ]. VUV
lasers are not deflected by the ambient electric field, so PE emissions have been detected at ~20%
of relative locations in experiments with a uniformly charged target [I79]. Detecting electron
emissions becomes even more difficult once differential potentials arise, as the changing electric
field suppresses electron emissions and alters the emission trajectories [20, 100].

The low observability of electron emissions is the limiting factor for touchless potential sensing
using electron emissions. Previous work has characterized electron trajectories about objects of

varying shapes [’)], compared and combined sensing processes using SE and X-ray emissions [2(7],
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and revealed that differential potentials on a spacecraft can prevent electron emissions from leaving a
target’s surface [100]. However, strategies to actively increase the observability of a target’s electron
emissions have not been investigated. Chapter 2 presents an investigation into the observability of
secondary electron and photoelectron emissions about a target and strategies to actively emit and
detect these emissions.

Furthermore, previous studies have assumed that the plasma environment can be negated,
which can be an appropriate assumption in GEO and similar environments, but, as mentioned in
Section , the presence of dense, flowing plasma in the solar wind and magnetosheath environ-
ment presents new interactions that may be beneficial or detrimental to touchless potential sensing
and cannot be neglected. Therefore, Chapters  and /| characterize these interactions to determine

the feasibility of and trends in touchless potential sensing.

1.3 Summary of Contributions

The overarching purpose of this research is to create further insight into the emission and
charging behavior of spacecraft in cislunar space and strengthen the capabilities of touchless po-
tential sensing and electrostatic actuation. To implement this, outstanding questions relevant to
touchless potential sensing and electrostatic actuation are addressed, and the impact of dense flow-
ing plasma on these concepts is evaluated.

The goals of this dissertation are summarized as follows:

(1) Touchlessly determine the potential of a nearby target using electron emissions in changing

environments
(a) Improve the observability of electron emissions, particularly around complex geometry
and differentially charged spacecraft (Chapter )

(b) Determine how to appropriately model the potential field in cislunar solar wind and

the impact of short Debye lengths on touchless potential sensing (Chapter )
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(c) Characterize barriers from nonmonotonic sheaths, wakes, and electron beams and
their impact on sensing operations (Chapter )
(2) Address proximity interactions during charging
(a) Develop vacuum chamber wake experiments to validate wake behavior during sensing
and charging operations (Chapter )

(b) Simulate electrostatic actuation charging behavior and generate approximations for

multi-body behaviors that can be implemented in charging equations (Chapter ©)



Chapter 2

Touchless Potential Sensing of Complex Shapes and Differential Potentials

2.1 Motivation

The methods for touchless potential sensing (secondary electron (SE), photoelectron (PE),
and x-ray) present different advantages and disadvantages. Namely, the SE and PE methods enable
the highest accuracy measurements, with errors on the order of ten volts in prior experiments
while the x-ray method has an accuracy on the order of 100 Volts. Conversely, x-ray emissions
have been detected anytime the electron beam has impacted a side of the target not facing away
from the detector, while the electron emissions used for the SE and PE methods may only be
detected at a limited number of locations around a target. In this chapter, the observability of
a target is defined as the fraction of relative positions in which emissions can be detected. So,
the observability of the SE and PE emissions is a limiting factor for these methods regardless
of the plasma environment. This is particularly evident when the target’s geometry has several
components or differential potentials arise. Therefore, strategies to improve the observability of
electron emissions are investigated.

Previous work has characterized electron trajectories about objects of varying shapes [2(],
compared and combined sensing using SE and x-ray emissions [’(7], and revealed that differen-
tial potentials on a spacecraft can prevent electron emissions from leaving a target’s surface. For
example, a solar panel more negatively charged than the main body of a target is shown to de-
flect electron emissions from the main body back into the surface of the target, preventing the

servicer from detecting the electrons [/ (0]. To build off of this work, validated sensing models
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from Refs. [100, 100] are implemented in a SIMION model with spacecraft on the order of meters
separated by tens of meters during touchless sensing operations. The impact of relative positions,
changes in potentials, and differential potentials on observability are first investigated. Then, emis-
sion equipment, specifically an electron gun and VUV laser, are implemented to determine how the
equipment should be manipulated to excite detectable emissions. This is the first comprehensive
analysis of how equipment and configurations can be tailored to more consistently detect electron
emissions in a realistic, high-potential environment.

This chapter first provides an overview of how a servicer and target are modeled in SIMION.
Then, electron emissions are generated across the main body of the target, and the spacecraft
potentials and positions are varied to investigated how changing these parameters impacts the
measured electron emissions and if a strategy for positioning the servicer can be developed. Last,
an electron beam and VUV laser are inserted in the simulation, and the impact of the equipment
parameters on signal is studied to determine how the equipment should controlled to increase the

chance of generating observable electron emissions.

2.2 Modeling Approach

2.2.0.1 SIMION

SIMION! is a charged particle trajectory software package utilized to investigated charged
beam and electron emission trajectories in electrostatic fields. Matlab is employed to configure the
PA geometry, launch the SIMION simulation, and analyze the results through the use of Window’s
batch files. This implementation allows several SIMION setups to be defined and automatically
run with minimal interference. This is useful for investigating the behavior of the electron beam
or electron emissions efficiently over a large range of parameters.

SIMION computes the trajectory of each charged particle from Newton’s second law

dv_gE

v 2.1
ATt (2.1)



https://simion.com/
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where v, ¢, and m are respectively the particle velocity, charge, and mass, E is the electric field,
and ¢ is the time. Relativistic corrections are implemented when v?/c? exceeds 10719, with ¢ being

the speed of light. The electric field is derived from the electrostatic potential field V' as

E=VV, (2.2)
while V' is computed by solving Laplace’s equation

V2V =0 (2.3)

in the simulation domain. SIMION employs a Cartesian mesh, and the electric field boundary
conditions are determined by a constant potential (Dirichlet) or constant electric field (Neummann).
The components potentials can be individually adjusted in SIMION, and the additive property of
the Laplace equation is utilized to determine the potential field, which is saved as a potential
array (PA).

Electron emissions are not available by default in SIMION and are implemented by means
of Lua user defined functions. These functions appropriately inject electron emissions into the
simulation when a surface is impacted by electrons or representative VUV photons. Previous work
presents detailed descriptions of the emission process, validation against experimental results, and
related SIMION particle tracing simulation for SEs [100] and PEs [179], which is implemented in
this work. There are several tools available to study charged particle interactions and emission
behavior that have built in emission models, such as Geant4[’], CASINO[" 1], and Penelope? ;
however, the goal of this work is not fundamental analysis of electron or x-ray emissions. The focus
is on efficiently analyzing the trajectory of particles through potentials field for sensing or other
experimental purposes. Therefore, SIMION is the most appropriate tool for investigations in this

work in which the particle trajectories are of interest without including full-scale plasma dynamics.

2
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2.2.1 Potential Array Generation

To appropriately model the potential field around a spacecraft in a plasma environment,
the boundary must be defined sufficiently far away such that the boundary conditions do not
significantly impact the potential field calculations. In space environments, the appropriate distance
is often defined by the Debye length Ap. In other words, a Dirichlet boundary condition (constant
potential on the boundary) of 0 V is defined approximately Ap from the spacecraft. In hazardous
charging environments, such as GEO and the cislunar plasmasheet and magnetotail lobes regions,
the Debye length ranges from ~100 m to several hundred meters based on parameters from [0,

, ]. To properly define the spacecraft components, elements on the order of centimeters
are required, but defining a computational space with a width of several hundred meters using
centimeter sized elements is computationally inefficient. Therefore, a fine potential array (PA)
with a resolution of centimeters is defined within a coarse PA with a resolution of meters, as shown
in Fig. . The internal fine PA captures the nearby potential field due to the geometry of the
system and the boundary conditions are defined based on the potential distribution solution in the
coarse PA, while the outer, coarse PA captures the decay of the electrostatic potential field.?

In the fine PA, spacecraft are defined according to their geometry (Fig. ). To generate
the entire electrostatic field with elements on the order of a few meters, the spacecraft are defined
in the coarse PA as spheres with equivalent self capacitance as the spacecraft models (Fig. ),

referred to as effective spheres. The self capacitance C of the spacecraft is found using the Multi-

Sphere Method (MSM)[07, 170, 120], and the radius Reg of the effective sphere is
C
Reg = ——, 2.4
ft 4dregy (2:4)

where ¢ is the permittivity of free space.
The size of the fine PA is variable to optimize computational efficiency without sacrificing
accuracy. The boundary is defined to be approximately 3 spacecraft widths from the complex

geometry models because the electrostatic environment surrounding complex spacecraft shapes can

3 See SIMION field_emission example available with the software for further discussion of a fine PA nested
within a coarse PA.
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o

(a) Fine PA (b) Coarse PA (c) Initialization

Figure 2.1: SIMION spacecraft fine and coarse PAs, and an initialization of the fine PA in the
coarse PA.

be approximated with an effective sphere if the distance is larger than 2 to 3 craft radii [7, |. The
width of the spacecraft is defined using the longest end-to-end distance of the spacecraft (typically
tens of meters) to ensure changes in attitude do not decrease the distance from the spacecraft
surface to the fine PA boundary.

The target’s position and attitude in the fine PA is held constant to keep the target’s surfaces
aligned with the Cartesian PA elements. In SIMION, misalignment with the PA elements results
in jagged surfaces that may alter the SE and PE trajectories. To further improve accuracy, the
electrode surface enhancement feature is utilized in both the coarse and fine PA, which allows
electrode points to be defined in partial grid units and can improve the accuracy of the potential
field by at least an order of magnitude? .

The simulation is initialized with the fine PA positioned such that the spacecraft and their
effective spheres in the coarse PA are in the same position, as shown in Fig. . The potential
field surrounding the spherical, charged spacecraft is first solved throughout the entire coarse PA
to characterize the general potential field decay. The potential field values from the coarse PA at
the location of the fine PA boundary are then assigned as Dirichlet boundary conditions on the

individual fine PA boundary elements, and the potential field due to the spacecraft geometry in the

4 See SIMION surface_enhancement example available with the software.
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fine PA is resolved. In addition, the effective spheres are set to 0 V and moved such that they are
in contact with a corner of the coarse PA to prevent the spheres from influencing the final particle

trajectories. Now, the charged particles can be initialized and their trajectories simulated.

2.2.2 Mesh Independence Analysis

Analysis is conducted to ensure that the results are consistent independently of the resolution
of the mesh. In other words, the mesh size does not change the results of the simulation. In
this analysis, the servicer is based on the SSL-1300 spacecraft, and the target is based on the
GOES-R spacecraft. The SSL-1300 model consists of a 2.5 x 2.5 x 3 m cube main body and two
12.1 x 2.3 x 0.4 m solar panels. The GOES-R model consists of a 4 x 4 x 6 m main body, an
8.3 x 4 x 0.4 m solar panel, and an 8.3 x 0.4 x 0.4 m boom. These spacecraft are not intended to
exactly match the SSL-1300 and GOES-R spacecraft, only to serve as a general representation of
spacecraft that may be found in GEO and cislunar space. The radii of the spheres with equivalent
capacitance to the models are 4.80 m for SSL-1300 and 4.44 m for GOES-R.

The servicer can be equipped with an electron gun or VUV laser and are assumed to have
aluminum surfaces. For this setup, the Sanders and Inouye SE yield model is used to define the
secondary electron yield as a function of beam energy. The maximum yield dpnmax and energy at
maximum yield Epax are set at 0.97 and 300 eV, respectively, based on the values for aluminum
[[10]. A photoelectron emission effective yield of 0.058 and reflectance of 0.85 for the VUV laser
defined in Section ” ! are implemented [7, 150].

The element size is halved, or the resolution is doubled, until the solution is altered less
than 10% by increasing the resolution. This is done for a separation distance of 20 m between a
-4 kV servicer and -13 kV target with the servicer’s electron beam pointing directly at the target’s
body. An electron beam energy of 11 keV is utilized, and the number of secondaries impacting the
2.5 x 2.5 m side of the servicer’s body facing the target is recorded. Table shows the results of

the mesh independence analysis along with the final element and boundary sizes.
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Table 2.1: Mesh Independence Analysis

Detected SE

Parameter Initial Size Initial Run Time Final Size Final Run Time K
Percent Difference

Final PA element size 20 cm 20 s 40 cm 10 s 5%

Coarse PA element size 1 m 40 s 2 m 10 s 8%

Boundary distance 400 m 40 s 200 m 10 s 3%

2.2.3 Differentially Charged Spacecraft

Modeling spacecraft with differential potentials introduces another level of complexity to the
SIMION simulations because the singular sphere used to determine the coarse PA cannot be used
to represent multiple potentials. To resolve this, representative spheres of each component of the
spacecraft are generated and utilized for the coarse PA. The GOES-R model represents the target
in this project, so the solar panel and boom can charge independently of all other components.
The representative spheres have radii of 2.96 m, 2.49 m, and 1.21 m for the main body, solar
panel, and boom, respectively. The spheres are then placed at the center point of the component’s
location, and the coarse PA and fine PA are resolved as previously described. To ensure that this
is appropriate, a potential of -13 kV is set for all components of the target and -4 kV for the
servicer, and the simulation described in the previous section is repeated. It is found that the
detected secondaries remain the same, validating that discretizing the spheres in the coarse PA is

appropriate for modeling differential potentials.

2.2.4 Environmental Considerations

The spacecraft-plasma interactions are not included in SIMION; however, the interactions
with the ambient space environment in GEO and the cislunar plasmasheet or magnetotail lobes
show that this model is appropriate. As previously mentioned, the external boundaries are located
approximately a Debye length (=200 m) from the spacecraft. The separation distances investigated
in this project are less than 20 m, approximately an order of magnitude less than the Debye length.
Therefore, Debye shielding is considered a secondary effect and can be neglected.

The gyroradius, or the radius of the circular motion of a non-relativistic charged particle in
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a magnetic field, is

V1 Me

= 2.5
Tg qu ( )

where v, is the velocity perpendicular to the magnetic field, m. is the mass of an electron in

kilograms, ¢, is the elementary charge, and B is the magnetic field strength in Teslas. The thermal

2kpT,
V] = Ve =14/ Ti z, (2.6)
e

where kp is the Boltzmann’s constant and 7T¢ is the electron temperature. The geomagnetic field

velocity of an electron is

in GEO orbit is 100 nT, resulting in gyroradii of 100-3000 m for electron energies from 10 to 10%
eV assuming the electron velocity is entirely perpendicular to the magnetic field [|00]. The field in
the plasmasheet may be on the order of 20 nT [! 9], resulting in gyroradii of 355-11000 m for for
electron energies from 10 to 10* eV. This is again larger than the maximum separation distance
and is considered a secondary effect.

The distance at which particles travel between collisions is characterized by the mean free

path Amg,. The mean free path of particles in a Maxwellian plasma is [ 2]

48+/6/7NpAp o

)\m = )
fp In(9Np)

where Np is the Debye number, or the number of particles in a sphere with radius equal to the
Debye length
4

Np = gﬂ'ne)\?b, (2.8)

where n. is the electron number density. The mean free path in GEO is approximately 3.5E5 km
for worst case GEO data, and is approximately 2.7E9 km for mean plasma sheet characteristics

[l 17]. Therefore, assuming a collisionless, vacuum model is appropriate in these environments.
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2.3 Servicer Relative Position

2.3.1 Simulation Setup

The trajectories of electron emissions are highly dependent on the target’s geometry. In
general, there are regions about a target in which electron emissions can penetrate, while there
may be other regions the emissions are deflected from. This alters the fraction of positions around
the target in which the servicer can intercept electron emissions trajectories, which as a reminder
is referred to as the observability in this work. In general, the servicer must also detect enough
current to resolve the target’s potential. In plasma, the current must be distinguishable from
the plasma electrons. For more insight into the magnitude of current required, see Chapter .,
which investigates if currents in select sensing scenarios are large enough to distinguish from the
plasma environment. Regardless, the changes in measured electron emissions or methods to more
consistently detect electron emissions from a target is the focus of this chapter. The emission
trajectories around various spacecraft geometries have previously been investigated [! 7], and it has
been shown that the emission trajectories are independent of the target’s potential if the target
is uniformly charged [20°]. However, these simulations did not include a servicing spacecraft or
a differentially charged target. Therefore, the impact of varying servicer and target potentials or
differential potentials on the observability without the inclusion of an electron gun or VUV laser is
first characterized. In other words, positioning the servicer in a location around the target where it
is possible to intercept electron emissions is the first step to determine the target’s potential using
these emissions. Therefore, this sections investigates how changing the spacecraft potentials and
positions changes the measured electron emissions when electrons are generated uniformly from
the main body of the target. This creates results independent of the electron beam and VUV laser
parameters, and the ways in which the emission equipment should be altered is investigated in
Section

In this section, low energy electron emissions are generated uniformly over the main body

of a target spacecraft. SE emission energies can be modeled using the Chung-Everhart probability
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Figure 2.2: Vertical cut-view of electron emission trajectories (black) between the target (left) and
servicer (right), and the azimuth and elevation coordinates implemented in this work.

density function, with a peak at one third the work function of the material [!!], and PE emission
energies are typically between 1-3 eV [ 12]. Aluminum is assigned as the surface material of the
target with a work function of 4 eV [I71], so the representative electron emissions are initialized

with an energy of 1.3 eV. An example of a vertical cut-view of the electron emissions is shown in
Fig. . Because the electrons are generated across the entire body of the target, there is not a
direct correlation between the number of particles impacting the servicer and the detected current.
Therefore, the results are presented in this section with units the number of particles detected by
the servicer, not current.

The servicer and target are modeled at a constant center-to-center separation distance of
15 m. In each assigned servicer-and-target surface potential, the servicer is moved through all
possible azimuth and elevation angles, £180° and £90°, respectively, in 10° steps while facing
the center of the target for a total of 703 runs in SIMION for each setup. This is equivalent to
the targeting rotating through all positions near a stationary servicer. The target’s solar panel is
aligned with the 90° elevation axis, and the boom is aligned with the -90° azimuth axis, as shown
in Fig. 2.2, The number of electrons impacting the surface of the main body of the servicer facing
the target is recorded, and the servicer is considered to have detected electron emissions when at

least one particle impact is recorded.
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Figure 2.3: The fraction of locations particles are detected around the target (left) and average
number of particles detected (right).

2.3.2 Uniform Servicer and Target Potentials

To explore the effect of a charged servicer, the potential of the servicer and target are tested
at 1, 2.5, 5, 7.5, and 10 kV and -1, -2.5, -5, -7.5, and -10 kV, respectively, at all relative positions
for a total of 9,063 runs.

The observability, which is again the fraction of positions around the target in which the
servicer can intercept electron emissions trajectories, shown in Fig. , is generally higher for
a more positive servicer and lower for a more negative target, with the highest observability for a
-1 kV target and 10 kV servicer and the lowest observability for a -10 kV target and 1 kV servicer.
This occurs because the electron emissions are accelerated by the negatively charged target, making
them less susceptible to the electric field generated by the servicer’s more positive surface potential.
Despite this, the fraction of observable locations only varies between 0.67 and 0.75, a 12% change
between the worst and best case, which indicates that the spacecraft potentials do not significantly
change the emissions trajectories. This presents both pros and cons for touchless potential sensing.
Unfortunately, biasing a servicer more positively does not significantly increase the observability
of a target. However, the regions in which electron emissions should be expected from a uniformly

charged target can be determined for one set of servicer and target potentials and reliably utilized
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to set keep in and keep out zones for a servicer during touchless potential sensing operations. This
also means that if the spacecraft potentials change during electrostatic actuation operations the
location of the servicer about the target can be kept the same and it should continue to detect
electron emissions. The regions in which electron emissions can be detected varies for different
spacecraft geometry, so this must be determined for specific spacecraft missions.

Fig. shows the average number of particles detected when the target is observable.
This is representative of the average signal the servicer receives when it can detected emissions
from the target. This is determined summing the number of particles detected for a servicer-and-
target surface potential configuration and dividing by the number of times in which the servicer
detects current. As a reminder, the number of detected particles is recorded for 703 servicer
positions around the target for every servicer-and-target surface potential configuration. If the
servicer detects more than one particle emitted from the target in a setup, this is included in
the number of times the servicer can detect a current from the target. The average number of
detected particles increases nearly linearly with servicer and target potential. This combined with
the observability results indicates that the general zones in which the servicer can detect electron
emissions remains stable, but a more positive servicer can draw in nearby electron emissions to
increase the strength of the signal. This conclusion only holds when the emission current remains
the same, as would be expected when actively emitting electrons or detecting naturally emitted
PEs. When sensing passively emitted SEs, previous work has shown that increasing the servicer’s
potential can significantly decrease the SE emissions from a target [7]. This will also be discussed

more in depth in Chapter

2.3.3 Differential Target Potentials

It is shown that biasing the servicer more positive does not significantly change the target’s
observability. However, a differentially charged target is expected to alter the electron trajectories
and thus the observability. To explore this, the potential of the target’s solar panel and boom

are individually varied from -33 kV to 7 kV (£20 kV with respect to the main body) in 10 kV
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steps, for a total of 25 surface potential combinations. The target’s main body is held at -13 kV,
and the servicer is held at -4 kV for all simulations. These values are selected based on the
surface potentials expected when Lunar Gateway and Orion dock [/1]. This range of positions

and differential potentials results in a total of 17,575 simulations in SIMION.

AN\

(a) -23 kV components (b) -13 kV components (c) -3 kV components

Figure 2.4: Vertical cut-view of electron trajectories (black) between a target (left) with variable
component potentials and a servicer (right).

Nascap-2k simulations completed in Ref. [00)] predict maximum differential charging up to
20 kV in GEO substorm conditions. It is likely that if differential potentials of this magnitude occur,
arc discharges or dielectric breakdown would occur and work to resolve the potential difference.
Therefore, 20 kV differential potentials serves as a bounding case for what may be expected in
GEO-like plasma environments.

Figure shows vertical cut-views of electron emissions from the main body of the target
with varying component potentials. The electron emissions from the uniformly charged target (-
13 kV components) are deflected by the solar panel and boom. The negatively biased solar panel
(-23 kV components) exacerbates this effect by suppressing electron emissions such that they are
reflected back into the surface of the target. This effectively decreases the total emitted current
from the main body and further limits the regions in which electron emissions can reach a servicer.
Alternatively, if the components are biased more positively than the main body (-3 kV components),
the electrons are attracted towards the components. This widens the regions emissions pass through,

increasing observability. It should be emphasized that the target’s components only need to be
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biased positively with respect to the main body, not with respected to zero in order for the emissions

to be attracted towards the component.
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Figure 2.5: Number of electron emission particles detected by a -4 kV servicer at various locations
around a target with a -13 kV main body.

The detected particles for three of the twenty-five simulated target surface potentials are
shown in Fig. ».7. For the uniformly charged target (-13 kV components), it is best to be parallel
to the flat surfaces of the main body and maximize the distance from extruding components to
the servicer. When both components are negatively biased (-33 kV components), the electrons
are repelled at such a magnitude that it is no longer beneficial for the servicer to be parallel to
a flat surface of the target. In this case, the servicer should instead prioritize maximizing the
distance from the components to the servicer. Furthermore, the concentration of electron emissions
is largest for the most negative components, despite the fact that some of the electron emissions
are deflected back into the surface of the target. In other words, the negative components act
as a focusing mechanism, which can increase the detected electron emissions current. Conversely,
when both components are positively based (7 kV components), it again becomes beneficial for
the servicer to position itself parallel to the flat surface. However, the optimal positions are near
the components, not farther away, and the magnitude of particle impacts is lower in nearly all
detectable regions.

These results indicate that if a target is differentially charged, the regions in which electron

emissions can be detected is no longer consistent. Fortunately, there may be regions in which
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Figure 2.6: Number of times the servicer is able to detect electron emissions at each tested location,
noted as detectable instances on the colorbar, when varying potentials are set on the target’s solar
panel and boom. 25 differential target potentials are tested, so 25 instances indicates the servicer
detects electrons for all tested differential potentials at the defined position.

electron emissions are more likely to be detected despite differential potentials. Figure shows
the number of target surface potential combinations, referred to as instances in the color bar, in
which electron emissions can reach the servicer at each location. If 25 detectable instances occur
at a specified azimuth and elevation, then emissions can be detected for all target differential
potentials tested. There are 25 detectable instances in the locations surrounding ~130° azimuth
and -40° elevation. In this area, the servicer is near the corner of the target’s main body opposite of
the servicer and boom. This effectively shields the electron emissions from the target component’s
electric field, allowing the servicer to detect emissions regardless of differential potentials. Electron
emissions are also consistently detected around 180° azimuth with 0° elevation and -90° elevation,
when the servicer is parallel to faces of the target that are also shielded from the components.
This then leads to a relatively simple strategies to detect electron emissions from a spacecraft
that may have differential potentials; the servicer should increase the distance between the possibly
differentially charged components and itself. This may be feasible for scenarios in which the servicer
is free to move to all relative locations about a target, such as electrostatic actuation operations.
In other scenarios, such as docking, in which the servicer should remain near the docking port, the

servicer can approach the target in a region with a larger number of detectable instances.
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Table 2.2: Equipment parameters

Parameter Electron Beam VUV Laser
Energy (Ep) 1 to 30 keV 7.7 eV

Current (Ip) 1 pA N/A

Flux (fpn) N/A 9.7E14 photons/s
Deflection Angle (v) -2° to 2° -2° to 2°

Half Angle (¢) 0.2° to 2° 0.2° to 2°

The appropriate servicer locations about the target varies with target geometry and must be
evaluated for specific target geometry. It is also possible for unexpected differential potentials to
form on the target, which can deflect electrons away from a region previously considered reliable
for detecting electron emissions. To increase the reliability of sensing despite differential potentials,
the servicer can sweep through relative positions until electron emissions are detected, or x-ray
emissions can be used to determine the surface potential with a higher uncertainty until electron
emissions are detected. Preliminary results indicate that combining the x-ray method with SE or
PE emissions can decrease sensing time and increase observability [17, , |, and combining

multiple sensing strategies with guidance controls is recommended for future work.

2.4 Electron Emission Equipment Parameters

2.4.1 Simulation Setup

Positioning the servicer about the target so that electron emissions can be detected is the first
step to accurately determining the target’s potential; however, the electron beam or VUV laser is
not expected to fully envelop the target. As a result, even if the servicer is in the correct position,
it is possible for the beam or laser to miss the region where emitted electrons reach the servicer,
referred to as a source region. Previous experiments have not investigated how changing the electron
beam or VUV parameters can be manipulated to find a source region. Therefore, the impact of
equipment parameters, shown in Table 2.2, on detected electron emission current from a uniformly
charged target is investigated to determine how the equipment can be manipulated to impact a

source region. Once the best-case equipment parameters are define, the servicer is moved in the
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same manner as described in Section to quantify the change in observability with different
equipment parameters. Last, differential potentials are defined on the target to investigate how the

source region and emission equipment performance may change.

Koo &

———

Figure 2.7: Electron beam trajectory with no deflection.

In this section, the servicer is held at an azimuth and elevation of 0°. If there is no deflection,
the electron beam and VUV laser impact the center of the target’s body, as shown in Fig. 2.7. It
should be noted that the VUV laser itself likely cannot alter its deflection angle or half angle, and
it is assumed that an external setup, such as a movable platform or opaque cover, is capable of
changing these parameters. In Section it is shown that, in this location, electron emissions can
reach the servicer for nine of the twenty-five surface potential combinations: when the components
are equipotential with the main body or more positively charged.

The beam current, VUV laser photon flux, and VUV laser energy is held constant in this
section. For charging purposes, changing the beam current can change the potential of the space-
craft. The effect of the beam current on the charging process is discussed in Chapter 0, and it
is shown that a beam current of 1 pA is expected to minimally change the potential of a target
of a similar size to the target spacecraft used here in most average cislunar plasma environments.
For sensing purposes, increasing these values increases the electron emission current. Because the
focus of this section is evaluating how the equipment parameters changes the detected current, the

amount of current detected does not change the conclusions and the listed parameters are held
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constant. This also means that the currents presented are not representative of the entire range of
currents that can be expected during sensing operations. The current required to distinguish the

electron emission current from the plasma electrons is investigated in Chapter

2.4.2 Uniform Target Potential
2.4.2.1 Singular Position

Figures and show the detected SE current as a function of the electron beam param-
eters and detected PE current as a function of the VUV laser parameters, respectively. For both,
the maximum current is detected when the deflection angle is +2° in the x and y direction. The
x and y-axes are defined the same as previously shown in Fig. , so this deflection directs the
beam towards both the boom and solar panel. The SEs and PEs generated on this corner of the
target body are repelled by the boom and solar panel into the face of the servicer, making this the
source region for this uniformly charged servicer-target orientation. As the deflection angles strays
from the source region, the detected emission current decreases regardless of other parameters.
Therefore, an appropriate deflection angle must be achieved, or emissions will not be detected.

Increasing the half angle of the equipment increases the probability that at least part of the
beam impacts the source region, therefore increasing the observability. In fact, when the half angle
of the VUV laser’s beam is 2°, current is detected at every deflection angle except -2° in the x
and y direction. It should be considered that for a wider beam only part of the beam impacts the
source region, decreasing the detected current. In the range of half angles explored, the order of
magnitude of the maximum detected emission current remains the same, but the detected current
is expected to decrease as the half angle increases. This effect can be accounted for by increasing
the beam current, minimizing the landing energy to increase the SE current, or increasing the VUV
laser energy to increase PE current. Once the source region is determined with a wide beam, the
half angle could also be decreased to increase the detected current.

Minimizing the landing energy increases the number of deflection angles at which SE current
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Figure 2.8: Detected secondary electron current in nA for uniform spacecraft potentials.
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Figure 2.10: Secondary electron yields for common spacecraft surface materials.

is detected. This is surprising because higher energy beams are less deflected by the electric
field about the charged spacecraft and would be expected to more reliably impact the source
region. However, SE emissions favor low energy impacting electrons, with the energy at which
the maximum yield occurs Eyax typically around a few hundred electron volts. Figure shows
the Sanders and Inouye SE yield model as a function of landing energy for materials commonly
used on spacecraft [| 10, |. As shown, once the landing energy exceeds Eax the yield decreases,
and at approximately 5 keV the yield is minimal for most of the example materials. Raising the
beam energy a5 keV does not significantly change the trajectory in the electric field of these high
potential spacecraft, so the beam energy cannot be raised to decrease deflection within the energy
range that significant SEs are emitted. Therefore, the focus should be to minimize the beam
energy to increase SE yield. This could be achieved by first using x-ray emissions to obtain a
rough estimate of the target’s surface potential then determining an appropriate beam energy for
SE emission. Otherwise, the beam energies must be swept through until sufficient SEs are emitted.
Because the VUV laser is not deflected by the ambient electric field, changing the flux or photon
energy does not change where the VUV laser impacts, and these parameters are analogous to the

electron beam current.
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2.4.2.2 Variable Positions

The beam and VUV laser are maintained at a constant half angle of 2° and deflected until
at least 10 nA of current is detected or all deflection angles are tested at each servicer and target
location. The electron beam maintains an energy of 10 keV, and current of 1 pA. There are 25
possible deflection angles tested at 703 servicer positions, for another 17,575 SIMION simulations
for both the electron beam and VUV laser.

When using the electron beam, sufficient current is detected at 128 positions when the beam
is not deflected and 242 positions when the beam is deflected. When using the VUV laser, suffi-
cient current is detected at 133 positions without deflection and 241 positions with deflection. This
represents a 90% and 81% increase in observability with the electron beam and VUV laser, respec-
tively. In other words, the number of positions the servicer can determine the target’s potential
nearly doubles when the emission equipment is deflected.

The observability about the uniformly charged target is nearly the same with both the electron
gun and VUV laser, regardless of the deflection of the equipment. Therefore, both options are viable

for detecting the potential of a uniformly charged target.

2.4.3 Differential Target Potentials

Now, the electron beam and VUV laser maintain a half angle of 2°, the deflection angle is
varied, and energy of the electron beam is swept through while the servicer and target remain
at 0° azimuth and elevation and the target’s is prescribed the same differential potentials set in
Section . As a reminder, emissions can be detected for nine of the twenty-five differential
potential combinations at this location. SE emissions are detected for four of the possible nine
surface potential combinations, regardless of beam energy, again indicating that increasing the
beam energy does not increase the observability of electron emissions about a target. The four
surface potential combinations that allow electron emission detection only include a solar panel or

boom that are equipotential or 10 kV more positive than the main body. Outside of this range, the
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electron beam is deflected such that it does not impact the source region. Conversely, PE emissions
are detected for all nine of the possible potential combinations, meaning full observability has been
achieved. Because the VUV laser is not deflected by the ambient electric field, if there is a source
region, the laser is capable of hitting it. The VUYV laser is therefore more reliable than the electron

beam when detecting the potential of a differentially charged target.
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Figure 2.11: Detected secondary electron current in nA for differential spacecraft potentials.

The detected currents from a differentially charged target for a 10 keV beam and the VUV
laser are shown in Fig. and , respectively. When the components are biased positively with
respect to the main body, the source regions moves away from the components to counteract the
attractive force. Conversely, if the component is equal to or more negative than the main body, the
source region moves towards it to it to counteract the repulsive force. This means that the electron
beam and VUV laser cannot be repeatedly directed towards the same position on the target to
emit detectable electrons if differential potentials occur. Conversely, if the source region is different
than expected, it can be concluded that a nearby component is biased more positive if the source
region moves farther from it or more negative if the source regions moves closer to it. This simplifies
detection of differentially charged components, as the electron gun and VUV laser can be deflected
to search for the component based on the change in source region. In addition, insight into the
potential magnitude of a nearby component can be achieved without directly detecting it. Since a
VUV laser is not deflected by the ambient electric field and may create a spotlight on the target,

it is likely simpler to determine what component is differentially charged using the VUV laser.
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Figure 2.12: Detected photoelectron current in nA for differential spacecraft potentials.

2.5 Conclusion

Novel strategies to increase the observability of electron emissions for touchless spacecraft
potential sensing, particularly in the presence of differential charging, are investigated. It is found
that biasing the servicer more positive increases the strength of the signal, but not necessarily
the observability. About a uniform target, the electron emission trajectories are consistent in the
presence of changing servicer and target potentials, allowing the regions in which emissions are

detectable to be predetermined and integrated into spacecraft guidance controls, such as those
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developed in [20]. If differential potentials develop on a target, the electron emission trajectories
are no longer consistent. In this case, if there is prior knowledge about which component may be
electrically disconnected and charged differently than the rest of the spacecraft, the servicer can
increase the distance between the component and itself. The x-ray method can also be used to
determine the target’s potential with a lower resolution until electron emissions are detected.
Through extensive particle tracing simulations in SIMION, it is shown that observability
can be nearly doubled by widening the electron beam or VUV laser and varying their deflection
angle. In addition, the energy of the electron beam should be minimized to maximize the SE yield.
Notably, the electron beam and VUV laser achieve comparable improvements in observability about
a uniformly charged target, despite their different physical characteristics. Around a differentially
charged target, the electron beam cannot reliably be utilized to detect the target’s potential due
to beam deflection while the VUV laser continues to reliably impact source regions. Furthermore,
differentially charged components change the source region in predictable ways, allowing for the

relative potential of a nearby component to be determined without direct detection.



Chapter 3

Electrostatic Potential Shielding During Touchless Potential Sensing

3.1 Motivation

Following the investigation of touchless potential sensing of complex shapes and differential
surface charging, cislunar spacecraft-plasma interactions are considered. In this chapter, Debye
shielding of the spacecraft potential is examined. As mentioned in the previous chapter, the Debye
length is a measure of the distance over which a charge particle’s electrostatic effect reaches in a
plasma, and touchless potential sensing and electrostatic actuation operations are proposed for a
separation distance of 10 to 30 meters [/, |. Thus, a Debye length of less than approximately
30 meters is considered short. For touchless potential sensing applications, a short Debye length
limits the sphere of influence of a positive servicer, which limits the spacecraft’s ability to pull in
electron emissions from a target. This can decrease the separation distances possible for touchless
potential sensing. For electrostatic tractor operations, a short Debye length significantly reduces the
Coulomb force between two charged spacecraft, reducing the effectiveness of touchless re-orbiting or
servicing processes for spacecraft at the same potentials and separation distance. A lower electron
temperature and higher electron density can lead to a “short” Debye length, which is expected in
the solar wind and magnetosheath regions based on Table

Fortunately, it has been shown previously that an effective Debye length several times larger
than the natural Debye length can better represent the sphere of influence of a charged particle.
Effective Debye lengths have been investigated around asteroids in interplanetary space, quiet GEO,

and LEO environments but have not been investigated in cislunar space [ 17, |. Therefore, the
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effective Debye length is investigated for representative, dense cislunar plasma. An overview of the
effective Debye length theory is first presented, followed by the solution methods used to determine
the increase in the Debye length and the results in dayside solar wind plasma. Last, servicer and
target interactions are investigated to provide a first look into charging and touchless potential

sensing behavior at varying separation distances.

3.2 Cislunar Plasma Environment
As mentioned in Section , the Moon orbits through several plasma environments, and
the mean plasma parameters in some of these environments are shown in Table |.|. As indicated,

the Debye length is larger than the proposed separation distances in the plasma sheet, magnetotail
lobes, and the lower altitude lunar wake environments. In the solar wind, magnetosheath, and
higher altitude lunar wake environments the Debye length is 10-20 m, which is on the lower end
of separation distances proposed. It is in these regions that the investigation in this chapter is
relevant.

The Debye length in the last column of Table is computed from the relevant parameters

AD = GOTE’ (31)
v Nede

where ¢y is the permittivity of free space, T, is the undisturbed electron temperature in eV, g,

assuming a Maxwellian plasma as

is the elementary charge in Coulombs, and n. is the undisturbed electron density. A Maxwellian
distribution typically assumes the plasma is collisional and in thermal equilibrium, but the cislunar
plasma environment is non-collisional. Despite this, a Maxwellian distribution can be implemented
as an approximated of the majority of a non-collision plasma distribution and is commonly used to
represent cislunar plasma [17, &1, =7, ]. Recent work has also indicated that a Kappa distribu-
tion, which has a higher energy tail than the Maxwellian distribution, is appropriate to approximate
cislunar plasma distributions [75, 91, |. The inclusion of a Kappa distribution is not considered

in this work and is recommended for future studies. The environments are assumed to have an
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ion population of 100% protons (H). The solar wind is approximately 95% protons, 4% alpha
particles (Het™) and 1% other ions [7, 117], so simulating the ion population using protons is an
appropriate assumption.

In some of the environments shown in Table .1, the number of electrons n. does not equal
the number of ions n;. Plasma is defined as quasi-neutral (n. ~ n;) on a macroscopic scale, so the
data seemingly invalidates that assumption. In this case, the macroscopic scale can be defined by
the Debye length shown in the last column in Table |.1. Within a Debye length a charged particle
is expected to alter the plasma conditions and quasi-neutrality may not be achieved. Electrostatic
analyzer (ESA) instruments house on the main body of the ARTEMIS spacecraft were used to
measure the electron and ion properties that are presented, and the main body of the spacecraft
is 0.8x0.8x1 m [*7], smaller than the Debye length. Therefore, the plasma density measurements
are representative of those on a scale smaller than the Debye length presented in the last column,

resulting in unequal electron and ion densities.

3.3 Effective Debye Length

3.3.1 Potential Approximation

Several analytic approximations of potential and electric fields in plasma exist. The appropri-
ate representation depend on several variables, including the plasma properties, surface potential,
and geometry. Two approximations are presented in this research: vacuum (Laplace) and Debye-
Hickel. Both assume a spherical spacecraft, and their differing approximations provide a range of
potential and electric fields that may be present around a charged sphere in plasma.

The vacuum approximation does not account for space charge shielding that occurs in a

plasma. In a vacuum, the electric potential at a distance from the center of a sphere is

~ VscRsc
7" )

¢(r) (3.2)

where Vgc is the surface potential, Rgc is the radius of the sphere, and r is the distance from the

sphere’s center. This equation is only valid for 7 > Rgc. The electric field strength is the negative
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Figure 3.1: Potential and electric field strength estimated using the Debye-Hiickel and vacuum
approximation about a 30 kV, 1 m radius sphere (A\p=10.1 m).

gradient of the potential

B(r) = ~V,(r) = 295 (3.3)

In a plasma, the spacecraft potential is shielded, or approaches zero, closer to the spacecraft surface
than in a vacuum. If the plasma is assumed to be Maxwellian and the charged body is assumed to
be a sphere with a low surface potential compared to the plasma thermal energy (¢.Vsc < T¢) the

Debye-Hiickel approximation of the electric potential can be employed [!+]

VscRsc —lrfisc)
e e D .

3.4
olr) = =< (3.4
The electric field strength is again the negative gradient of the potential
—(r—Rsc)
E(r) = —Vy(r) = 200, =55 (1 T T) . (35)
r AD

The potential and electric field strength around a 30 kV, 1 m radius spacecraft in a plasma
with an electron energy of 11 eV a Debye length of 10.1 m is shown in Fig. . Note that the
electric field strength is plotted on a log scale for easier comparison. The Debye-Hiickel values
represent the minimum estimate of the fields because it assumes the charge is negligible compared
to the plasma energy. The vacuum approximation then represents the maximum estimate of the
field because no shielding is considered. It can be seen in Eqn. () that as the Debye length

increases the exponential term trends towards 1, causing the potential to converge to the vacuum
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Table 3.1: Mesh Independence Analysis

Parameter Final size = Comparison Percent Final size Comparison Percent
Nascap-2k size Nascap-2k difference SPIS size SPIS difference
Boundary distance 112 m 224 m 3.24 110 m 130 m 6.04
Boundary resolution N/A N/A N/A 20 m 10 m 4.28
Near-spacecraft resolution 0.5 m 0.25 m 0.04 N/A N/A N/A

solution in Eqn. (7.7). As the Debye length increases, the shielding due to the plasma becomes less
significant and the potential extends farther from the spacecraft. Therefore, as the Debye length
approaches infinity the shielding due to the plasma becomes negligible and the potential resembles
the vacuum approximation.

If the spacecraft potential is large compared to the ambient plasma, the potential is expected
to be somewhere in between the Debye-Hiickel and vacuum solution. In Fig. , from ~5 m to
15 m from the spacecraft surface there is a difference of ~3 kV in the potential. This represents
significant uncertainty, and a more accurate approximation of the fields should be implemented for
robust touchless potential sensing and electrostatic actuation investigations.

To approximate the potential about a highly charged spacecraft, the Debye length is simply

multiplied by a scalar « in the Debye-Hiickel approximation for the potential

—(r—Rsc)
¢(7«) — @e a)\DSC , (3.6)

r

and electric field strength

_ VscRge =—(=Fsc) r
E(r)= 5o¢ 1+ g ) (3.7)

The effective Debye length is then alp. To determine the scaling parameters «, the potential
about a spacecraft is determined using numerical or computational solvers. Once the potential is

found in the programs, Eqn. (7.0) is fit to the solution using nonlinear least squares (NLS).

3.3.2 Solution Methods

The turning point method [!77] and Poisson-Vlasov solvers [, | have previously been

implemented to determine the effective Debye length. The turning point method is most accurate
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when the spacecraft radius is larger than the Debye length, limiting the spacecraft radii to larger
than 10.1 m based on the smallest Debye length in Table . 1. To investigate smaller spacecraft
radii, Nascap-2k (version 4.4) and SPIS (version 6.1) are used to calculate the potentials in space.
SPIS is a spacecraft plasma interaction software created by the Spacecraft Plasma Interactions
Network in Europe (SPINE) [100], and Nascap-2k is a spacecraft charging and plasma interactions
code developed as a collaboration between NASA and the Air Force Research Lab [I7+]. Nascap-
2k is available to US citizens, and SPIS is open source. While both programs aim to solve similar
problems, their underlying processes and assumptions vary.

Both programs are controlled through a user interface. First, the geometry of the spacecraft,
surface materials, and size and resolution of the computational space is defined. SPIS imple-
ments a tetrahedral mesh generated and resolved in Gmsh to define the computational space, while
Nascap-2k implements a user-defined Cartesian mesh. The ambient plasma can be defined with a
Maxwellian or kappa distribution in both programs, with the energy, density, and other relevant
parameters inputted. The programs offer a variety of solution methods for the currents on the
spacecraft potential. SPIS is primarily a particle-in-cell (PIC) solver, which means that macro-
particles are used to represent the electrons and ions throughout the space. It is also possible to
define one or more of the particle species using the analytic Maxwell-Boltzmann approximation.
Nascap-2k focuses more heavily on analytic or hybrid (analytic with some particle tracking) solu-
tions. It is generally not possible to say which solution method is “correct”, so the inclusion of
both can be helpful for understanding the range of possible results.

To calculate the potentials in Nascap-2k, the analytic non-linear model in the “Space
Potentials” tab is selected because it is applicable to high and low potentials in a dense plasma and
is appropriate when the spacecraft velocity and the ambient magnetic field has minimal effect on
the charge density within the sheath. The spacecraft velocity with respect to the plasma is set to
zero in this chapter and will be investigated in the following chapter. While the plasma densities
in cislunar space are low compared to LEO plasma, strict limits are not placed on the density for

the non-linear model and high density plasma is interpreted to apply to environments in which the
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Figure 3.2: Nascap-2k cutview of grid (left) and SPIS 2D mesh (right) around a single spherical
spacecraft.

vacuum approximation is not applicable. The electrical boundary condition is set to DEBYE, which
estimates the potential on the boundary using the Debye-Hiickel approximation. In theory, this
should allow a smaller computational volume to be utilized compared to one in which the potential
is zero on the boundaries.

In SPIS, the ions and electrons are modeled as PIC. Open boundaries are defined for the
particles, which means particles can be injected and lost through the boundary surface. A Dirichlet
electric boundary condition is selected, and the potential on the boundary is determined using the
Debye-Hiickel approximation to match Nascap-2k’s boundary conditions.

The computational space is defined in Nascap-2k with cartesian elements, while SPIS utilizes
a tetrahedal mesh. In both cases, the elements must be sized such that they are small enough to
accurately determine the potential without using unnecessary computational power. The boundary
must also be far enough away to minimize interference with the potential. To determine the
appropriate mesh resolution and size, the mesh is refined about a 30 kV sphere until there is
smaller than a 10% difference between the computed scaling parameters. A summary of the results
is presented in Table .|, and a more detailed explanation of the analysis can be found in [7].

The boundary of the Nascap-2k simulation is defined 112 m from the spacecraft and the
elements around the spacecraft are 0.5 m. The parent grids are defined with double the element

size and the same number of elements as the smaller, child grid, making the resolution at the
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boundary 8 m. The SPIS boundary is defined 110 m from the spacecraft with a surface resolution
of 0.1 m and boundary resolution of 20 m. An intermediate mesh with an 8 m radius and 0.5 m
elements is also defined to slow the size of the mesh expansion near the spacecraft. The final
2D-meshes are shown in Fig.

When conducting PIC simulations, the time-steps must be small enough to ensure stability
and smooth convergence, and the ions should not travel more than one mesh tetrahedral in each
time-step [ U0]. In SPIS, a maximum timestep of 1E-6 s is implemented to satisfy this. In Nascap-
2k, the maximum timesteps are set such that the solution smoothly converges. At this resolution
and timestep, resolving the potential takes from 24 to 72 hours on a 16 GB RAM laptop, depending

on the spacecraft size and surface potential.

3.3.3 Effective Debye Length Results

The effective Debye lengths in the dayside solar wind region are investigated because this
region has the shortest electron Debye length in average conditions, and the Moon spends the
majority of its orbit in the solar wind [/ 17]. Regardless, the plasma parameters in the solar
wind region will vary, and this region is considered a representative dense cislunar environment.
From Table , the electron and ion density is 6E6 m~2, ion temperature is 7 eV, and electron
temperature is 11 eV. The bulk velocity of the plasma is not included in this chapter. Since
the electron temperature is only 11 eV, if the spacecraft is charged more than a few volts, the
Debye-Hiickel assumption is no longer valid and an effective Debye length is likely a more accurate
approximation.

To evaluate the effective Debye length scaling factor trends, computations are done for a
spherical spacecraft with 0.25 m to 2 m radii and 1 kV to 30 kV potentials. Figure shows the
scaling parameters values and 1o error bars associated with the NLS fit. The scaling parameter is
consistently larger in Nascap-2k, so the potential may be narrowed down to somewhere in between
the SPIS and Nascap-2k solutions. Both solution methods indicate that as the spacecraft become

larger and the potential increases the scaling parameter increases with the largest effective Debye
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Figure 3.3: Scaling parameter solutions

length approximately seven times larger than the electron Debye length. This may increase the
touchless potential sensing signal and electrostatic forces.

The error bars and difference between Nascap-2k and SPIS scaling parameters also increase
as the scaling parameter increases. To explain this, the potential solutions, fits, and confidence
bounds for a 30 kV, 1 m radius sphere are plotted over a gray-scale colormap of the potential
computed for a range of scaling parameters in Fig 3. As alpha increases, the difference between
potential values decreases, increasing the uncertainty in the fitted alpha value without actually
increasing the uncertainty in the potential solution. This, in addition to differences in the software,
explains why there is a difference in scaling parameter solutions, particularly for large spacecraft

sizes and potentials.

3.4 Servicer-Target Interactions

3.4.1 Setup

Now that the appropriate approximation for the potential about a highly charged spacecraft
has been determined, two aluminum, 1 m spherical spacecraft (a servicer and target) are modeled
together in dayside solar wind plasma in Nascap-2k and SPIS. The servicer is held at 1 kV and

10 kV, the separation distance is varied, and the target is allowed to float. Potential control of one’s



48

67w 10
Y ——NASCAP-2k Fit
\,\'\ —-—-NASCAP-2k 95% Confidence Bounds 9
54 W \\ SPIS Fit
L\ A SPIS 95% Confidence Bounds 8
AW NASCAP-2k Solution
44 W SPIS Solution 7

Potential (kV)
w
alpha

5 10 15 20 25 30
Distance From Spacecraft Surface (m)

Figure 3.4: SPIS and Nascap-2k potential solutions, fits, and confidence bounds for a 30 kV, 1 m
sphere. A background gray-scale colormap shows the potential calculated using Eqn. (7.0) for a
range of a.

own spacecraft could be achieved through technologies such as biasing of electric field sensors [27],
electron gun emissions [*”, 0, V1], and ion emissions [| 77, | ©7—=120]. The results provide insight into
target’s charging and electron emission behavior, and the detected current for touchless potential
sensing.

The mesh definition is based on the findings from Section . The external boundary is
defined at least 100 m from the edge of both spacecraft, Nascap-2k’s grid elements are smaller than
0.5 m near the spacecraft surfaces, and SPIS’s boundary resolution is smaller than 20 m. Figure
shows the meshes for a separation distance of 10 m.

In both tools, the target’s surface potential is determined by solving the current balance
equation

Li(1+6;) = Ie(1 = (n +6)) + Ipn = 0, (3.8)

where I; and I, are the incident ion and electron currents, respectively, and I, is the photoelectron
current. The variables 1, §, and §; are the backscattered electrons, secondary electrons from
electrons and secondary electrons from ions yields, respectively. The electron emission yields are

defined the same in both tools, while the incident current computations differ.
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(a) Nascap-2k (b) SPIS

Figure 3.5: Nascap-2k and SPIS mesh for 10 m separation distance.

The secondary electron yield ¢ is defined based on a four parameter fit|

, 186]
R(E) = biE°' + byE®, (3.9)

where b1 and by are in Angstroms per eV and e; and ey are unitless inputs used when defining the
material. The fitting parameters are 154, 220, 0.8, and 1.76 for by, bo, e1, and es, respectively, based
on the values for aluminum in SPIS and Nascap-2k. The maximum yield d,ax and electron energy
at which the maximum yield occurs Enax is 0.97 and 300 eV, respectively.For more information
on how the secondary electron yield is computed from the four parameter fit and maximum yield
and energy at which the maximum yield occurs, see Section (.2. The parameters presented here
are the ones defined in the Nascap-2k and SPIS user interfaces to set the secondary electron yield.
The photoelectron current density is defined as 4E-5A /m? in both programs.

The secondary electron from ions yield is

5E1/2

(3.10)

where 3 is a scaling parameter and Fpay ;i is the ion energy at which the maximum yield occurs.
Values of 0.244 and 230 keV for 8 and Epnax,; based on the values for aluminum in Nascap-2k and
SPIS.

SPIS is set up to compute the spacecraft charging and model the electron emissions in the

same simulation by modeling all particles as PIC. The electron emissions are initialized with an
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energy of 2 eV and a Maxwellian distribution. To avoid erroneously counting emissions from the
servicer as emissions detected from the target, all electron emissions from the servicer are disabled.

Nascap-2k version 4.4 does not include the ability to model electron emissions as PIC. Thus,
analysis requires two steps to investigate the servicer and target interactions: computation of
target potential and simulation of emitted particle trajectories. For the first step, surface charging
is computed using the “Tracked Ion & Analytic Electron Currents” option, which computes the
electron surface currents using analytic formulas and the ion currents from tracked macro-particles.
The potentials in space are once again found using the analytic non-linear option. Once the target
potential and emitted currents are computed, the electron emission trajectories are modeled in a
second simulation. To implement this, surfaces are assigned as “Emitters” in the Object Toolkit.
The emitted current density, range of angles, and range of energies are specified, and the particles
are generated from the surface. The range of both secondary electron and photoelectron emission
angles is defined from 0 to 7, the maximum range. Similar to the generation of secondary electron
emissions in SIMION in Section , the secondaries are generated with an energy of 1.333 eV
and the photoelectrons are generated from 1-3 eV. The secondaries are generated from all sides of

the target, while the photoelectrons are generated from the sunlit half of the sphere.

3.4.2 Charging and Emissions
3.4.2.1 Potential Solution Comparison

Nascap-2k has the unique ability to determine the potential using the Debye-Hiickel (Linear
Debye Shielding) and vacuum (Laplace) approximations using the Linear Debye Shielding or
Laplace options, respectively, available in the “Space Potentials” tab. Using these options, the
electron emission trajectories in varying potentials can be compared to emphasize the importance
of appropriately modeling the potential.

The photoelectron trajectories computed using the listed solution methods are shown in

Fig. . The non-linear solution, equivalent to the Debye-Hiickel assumption with an effective
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Figure 3.6: Photoelectron trajectories from a 5 V, 1 m radius target (right) to a 1 kV, 1 m radius
servicer (left) at 40 m separation using varying potential approximations.

Debye length, shows that the servicer’s potential is just positive enough near the target to attract
photoelectron emissions from the side of the target facing the servicer. The Laplace solution
overestimates the servicer’s sphere of influence, so photoelectrons are attracted to the servicer
across the entire solution space. Utilizing this assumption would vastly overestimate the servicer’s
influence and detected emissions, leading to unrealistic expectations when detecting a target’s
potential in cislunar orbit. Conversely, the Debye-Hiickel solution shows that all electron emissions
are attracted back into the target’s surface. This underestimates the servicer’s influence, leading
to overly conservative estimates of detected emissions. This could lead to decisions to not conduct
touchless potential sensing operations in cislunar conditions when sensing is actually possible,
missing out on the opportunity to gain insight into the target’s potential for safety, science, or

electrostatic actuation operations.

3.4.2.2 Sunlit Environment

The dayside solar wind environment is, as the name implies, a sunlit environment. Here,
the photoelectron current is expected to dominate, so the spacecraft typically charges a few volts
positive and photoelectron emissions are the main source of current for touchless potential sens-
ing. In these simulations, the sun illuminates both the servicer and target, so photoelectrons are
generated on the side of the target perpendicular to the servicer. The trends in this section can

be compared to expected behavior during active potential sensing because a consistent current is
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generated and sensed by the servicer. In this case, the initial photoelectron current is constant,
while for active potential sensing the initial secondary electron current from an electron beam or
photoelectron current from a VUV laser is relatively constant.

Figure shows the surface potential solutions in Nascap-2k and SPIS and the potential
calculated using Eqn. (7.0) using the SPIS scaling parameters found from Fig. . There are
significant differences between the solutions in the two codes. Nascap-2k indicates that the target
charges to =5 V in all simulations, while the target in SPIS charges highly positive near the
servicer then settles to ~8 V farther away. In SPIS, the emissions are modeled as PIC, and the
highly positive servicer is capable of pulling emissions away from the target. In fact, it is seen that
the surface potential of the target roughly follows the servicer’s potential values, again indicating
the importance of appropriately modeling the potential. Because the emissions are not modeled
as PIC in Nascap-2k when determining the target’s potential, the simulation does not take into
account that the highly positive servicer is capable of drawing electron emissions away from a
positive target, and once the target is a few volts positive it is assumed that the majority of the
emissions are recollected. This indicates that SPIS may be a more appropriate tool for touchless
potential sensing and charging simulations and the servicer drawing emissions away from a target
should be taken into account when investigating charging behavior. Quantify the charging behavior
is investigated more in depth in Chapter

The target charges highly positive, so the difference in potential is less than the potential
of the servicer. However, the minimum energy of electrons that may be detected is equal to the
servicer’s potential. This is often how the potential of a spacecraft is determined using an ESA
instrument like an RPA [10, 75, ]. In this case, the target’s potential would be detected as zero
in all cases, leading to hundreds of volts of error if taken at face value. Instead, if the servicer’s
potential is large, electron emissions are detected (indicating that the servicer is drawing emissions
from the target), and the energy of the electrons is equivalent is equal to the servicer’s potential,
an appropriate assumption is to assume the target potential is approximately equal to the value of

the potential generated by the servicer at that separation distance.
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Figure 3.7: Target potentials (left) and emitted and collected currents (right) for varying separation
distances from a constant potential servicer in a sunlit environment.

Figure displays the emitted secondary (SE) and photoelectron (PE) current from the
target and collected current by the servicer. The vertical lines again indicate the effective Debye
lengths. It is important to note that the emitted current is the initially generated current minus the
current recollected by the target, so this is only the current that leaves the target. Because Nascap-
2k does not take into account the servicer drawing emissions away from the target, the emitted
current is the same in all simulations. In SPIS, the emitted current is largest nearest to the servicer
because the emissions are pulled from the target and towards the servicer. In addition, the emitted
current density settles to ~1.6E-6 A/m? in SPIS at approximately twice the separation distance
about the 10 kV servicer than the 1 kV servicer. This again makes sense because the scaling
parameter is 1.7 times larger for the 10 kV servicer. In both simulations, the collected current
decreases as the separation distance increases, which follows expectations because the servicer has
more influence on the initial electron emissions trajectories when it is closer to the target.

The 10 kV servicer collects from 1.3 to 6.5 times the current the 1 kV servicer collects. This
corroborates the results in Fig. from the previous chapter, where a 10 kV servicer collected
up to double the current detected by a 1 kV servicer depending on the target’s potential. However,
a more positive servicer will also attract more ambient electrons. The electron emissions from

the target must be distinguishable from the ambient electrons in order to determine the target’s
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potential. This is comparable to achieving a sufficient signal to noise ratio. So, if the increase in
electron emission current is not larger than the increase in plasma electron current, the signal is
actually worse. The electron current to a positively charged spherical spacecraft increases by a
factor of 1+ Vso /T [1 1], so the 10 kV servicer collected ~9.9 times more electron current than
the 1 kV servicer. Since the rise in electron current is larger than the rise in detected electron
emissions, increasing the servicer’s potential leads to a worse measurement. Thus, it is better to
keep the servicer less positive for touchless potential sensing despite larger effective Debye lengths
around a more positive servicer. A more in depth analysis of the feasibility of distinguishing the

detected current from the environment is presented in the following chapter.

3.4.2.3 Eclipsed Environment

To gain insight into the behavior in an eclipsed environment, photoemissions are disabled and
the simulations are repeated. This is possible in the dayside environment if the target is shadowed
by the servicer or other object. Regardless, this environment serves as a representative cislunar
environment and can be extended to indicate how the spacecraft may behave in an eclipsed cislunar
region.

Figure shows the target potentials and emitted and collected secondary electron currents
as a function of separation distance. The vertical lines again indicate the effective Debye lengths.
When the target is closest to the servicer, it charges most negative and has the lowest secondary
electron emission. As the separation distance increases, the energy of the ambient electrons de-
creases and the secondary electron emission current increases. This is the consequence of several
factors. One, ions are repelled and electrons are attracted by the highly positive servicer, leading to
a more negative target. This negative target then repels electrons, leading to less electron impacts
to generate secondaries. In addition, it is possible that the highly positive servicer is accelerating
the ambient electrons which then impact the target at a higher energy and reduced secondary

electron yield.! Again, methods to quantify this charging behavior near a highly positive servicer

! See Fig. for examples of the secondary electron yield as a function of impact energy.
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are investigated in Chapter

The lower emission current when the target is near the servicer leads to a more complicated
relationship between detected current and separation distance than seen in the previous section.
The current collected by the servicer initially increases as the separation distance increases due to
the increase in emitted current. Then, once the target reaches its peak emission current the collected
secondaries decrease with further increasing separation. This peak occurs when the separation
distance is approximately twice the effective Debye length (2aAp). This places the target outside
the sphere of influence, allowing it to charge more positively, be impacted by more lower energy
electrons, and emit more secondaries while remaining close enough for the servicer to draw in

electron emissions.
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Figure 3.8: Target potentials (left) and emitted and collected currents (right) for varying separation
distances from a constant potential servicer in an eclipsed environment. Vertical lines indicate the
effective Debye lengths.

At 100 m of separation the 10 kV servicer collected 9.2 times and 14 times more current
than the 1 kV spacecraft in Nascap-2k and SPIS, respectively. This is near the increase in ambient
electron current that results due to increasing the servicer’s potential, indicating that at exceedingly
large separation distances the servicer’s potential can be increased to improve the detected electron
emission to ambient electron ratio. Within a separation 2aAp, the 1 kV servicer detects more than
the 10 kV servicer, and between 2aAp and 100 m the 10 kV servicer detects less than 9 times the

current of the 1 kV servicer. So, the lower potential servicer is again better for touchless potential
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sensing within 100 m of separation.

The maximum current density detected is about 1E-10 A /m? for both spacecraft potentials,
which is likely not large enough to determine the target’s potential. This indicates that at large
separation distances, sufficient current for passive potential sensing using secondary electron emis-
sions may be difficult. In this case, active potential sensing is a more reliable option. A more in
depth analysis of the conditions in which passive potential sensing can be conducted is presented

in the next chapter.

3.5 Conclusions

The effective Debye length in a representative solar wind environment is determined using
Nascap-2k and SPIS. It is found that the scaling parameter for the effective Debye length increases
with increasing surface potential and radius. Nascap-2k generates larger effective Debye lengths
with a maximum scaling parameter of ~7.0 while SPIS indicates a maximum scaling parameter
of ~5.4. The significance of utilizing the appropriate potential approximation is emphasized in
Nascap-2k simulations with varying potential approximations, where ignoring shielding led to a
significant overestimation of the current to the servicer while utilizing the electron Debye length
instead of the effective Debye length led to a significant underestimation of the servicer’s influence.

In a sunlit environment, when a target approaches a highly charged servicer the photoelectron
emissions are pulled away from the target and into the servicer, leading to an increase in detected
current and target surface potential. In fact, the target’s potential can be roughly approximated
using the the servicer’s potential magnitude at the location of the target. This again indicates the
importance of appropriately estimating the potential with an effective Debye length. In an eclipsed
environment, the target charges more negatively near the servicer and has a lower secondary electron
current. Therefore, a separation distance of 2a\p or low servicer potential is proposed to increase
the detected current during passive potential sensing operations in eclipse. Furthermore, a lower
servicer potential is found to generate a larger detected electron emission to ambient electron ratio,

so a lower servicer potential is better suited for passive touchless potential sensing despite having



o7

a lower effective Debye length. The results also provide a glimpse into the charging behavior of a
spacecraft in the vicinity of another highly charged spacecraft, which will be further investigated in
Chapter 0 and the importance of managing the servicer’s potential for touchless potential sensing,

which will be further investigated in the following Chapter



Chapter 4

Sensing Through Barriers

4.1 Motivation

The potential shielding around a charged spacecraft investigated in the previous chapter is
one of the spacecraft-plasma interactions that had previously not been explored in cislunar space.
It was shown that electron emissions are able to reach a servicer over separation distances larger
than a Debye length, but not all cislunar interactions were considered. In addition to short Debye
lengths, spacecraft wakes and nonmonotonic sheaths can form. These formations can generate
barriers that block electron emissions, limiting the signal for touchless potential sensing.

This work aims to determine the conditions in which spacecraft wakes and nonmonotonic
sheaths form around Moon-orbiting spacecraft and their impact on electron emissions used for
passive potential sensing. As explained in Section , the magnetotail lobes and plasma sheet
contain high-energy, low-density plasma, similar to the GEO environment, while the magnetosheath
and solar wind consist of lower-energy, denser plasma. It is in these latter environments that
spacecraft wakes and nonmonotonic sheaths are expected to form. The Moon spends most of its
orbit in the solar wind environment, so plasma parameters representative of solar wind plasma
are implemented in this study. The conclusions can be extended to other environments in which
spacecraft wake and nonmonotonic sheath formations can be expected.

An overview of spacecraft wakes and nonmonotonic sheaths are first presented. Then, the
spacecraft wake and nonmonotonic sheath formations are characterized for varying spacecraft sizes

and surface potentials. The impact of these formations on passive potential sensing and the feasi-
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bility of passive potential sensing is then investigated. Last, barrier formations and the feasibility

of active potential sensing is presented.

4.2 Cislunar Interactions

4.2.1 Spacecraft Wakes

As a spacecraft moves through plasma, the ambient electrons and ions are absorbed or moved
out of the way. In mesothermal environments the ion thermal velocity v; is less than the velocity
of the spacecraft with respect to the ambient plasma wvs. which is less than the electron thermal
velocity ve (v; < vse < ve). Under these conditions, electrons catch back up to the spacecraft
and impact on all sides, while the ions may take several spacecraft lengths to return to their
undisturbed conditions, creating a complex region devoid of ions referred to as the spacecraft wake.

Spacecraft wakes are investigated numerically to understand wake formations about spacecraft

with large potentials [, , |, their impact on surface charging [! (), |, and their effects
on scientific instruments [/, , |. Spacecrafts wakes have also been generated in vacuum
chamber experiments to determine their properties [, , , , |, characterize how wakes
alter space plasma measurements [0, 70], and even investigate the effects of lunar wakes on regolith
charging [ 1].

Around the Moon, spacecraft wakes are expected in the solar wind and magnetosheath regions
[70]. On the dayside of the Moon, the wake formation remains relatively consistent for varying
spacecraft altitudes. On the eclipse side, spacecraft wakes are smaller near the surface, but as
the craft’s altitude increases the wakes grow and eventually resemble the dayside wakes. In these
regions, the solar wind is flowing from the Sun at velocities of several hundred kilometers per second,
while the spacecraft orbits the Moon with velocities on the order of one kilometer per second.
Therefore, the wake always forms on the eclipse side of the Moon, regardless of the direction of the
spacecraft’s velocity, as demonstrated in Fig.

The shape and size of an ion wake depend upon several parameters, including the ion energy,
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Figure 4.1: Cislunar spacecraft ion wake formations

bulk velocity, spacecraft size, spacecraft potential, and Debye length. A narrow wake forms with
a width approximately equal to the spacecraft width Wgc when the ion bulk flow energy Fpyix is
greater than the magnitude of the spacecraft potential g.¢sc. The bulk flow energy in eV is

2
M Vhuk

4.1
o (4.)

Epux =

where m; is the ion mass and vy is the bulk velocity is the plasma (also approximately equal to vs.
in cislunar plasma). If the spacecraft potential becomes more positive than the ion flow energy and
the Debye length is larger than the spacecraft width (m;vZ ,, /2 < gedsc, Ap > W), an enhanced
wake formation can occur. In this formation, the ions are deflected around the points where the
potential ¢(r) is equal to the ion flow velocity instead of the spacecraft body, and a significantly
wider wake can form. Conversely, if the magnitude of a negative spacecraft’s potential is larger than
the ion flow velocity and the Debye length is comparatively large (mivfmlk /2 < -qepsc, Ap>Wse),
a focused wake can form with a width much smaller than the spacecraft width [0, 51, 55, 50].

In wake formations in which the Debye length is much larger than the spacecraft, the changes
in the potential are averaged out over the width of the wake. In other words, the wake size is
increased or decreased when the spacecraft becomes more positively or negatively charged, but
changes to the potential due to the absence of ions in the wake are averaged out and negligible. If
the spacecraft width is larger than the Debye length, the wake can create negative potentials due

to the absence of ions [/”]. This negative potential can create a barrier that low energy electron
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Figure 4.2: Schematic of monotonic and nonmonotonic sheath formation for a positively charged,
sunlit spacecraft.

emissions cannot get through, but the magnitude of this barrier as a function of spacecraft size and

potential has not been investigated.

4.2.2 Nonmonotonic Sheaths

In a typical spacecraft sheath, the potential decreases monotonically from the spacecraft
surface value to zero. In this scenario, low-energy electron emissions, such as secondary electron
and photoelectron emissions, can return to the surface if the spacecraft is positively charged, as
shown in Fig. . Conversely, if the spacecraft is charged negatively, the electron emissions
should be repelled from the spacecraft surface.

When electrons are emitted, their negative charge reduces the potential. Once the ratio of
emitted electrons to incoming electrons I' reaches some critical value I'., the electrical field above the
surface becomes zero and a space-charge-limited (SCL) sheath is formed. The electrons then are not
accelerated away from the spacecraft surface and settle a short distance away, typically characterized
by the photoelectron A,; or secondary electron Agg Debye length. This is the same concept that
was analyzed in Section . Further electron emissions then cause the potential to dip below the
spacecraft surface potential. Figure shows an example of a nonmonotonic potential sheath
above a positive spacecraft. This sheath formation can occur as a result of photoelectron and/or

secondary electron emissions, and the critical ratio I'. can be approximated as [*"]

T,=1-83,/2¢, (4.2)
m;
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where m, is the mass of an electron and m; is the ion mass. The nonmonotonic sheath is also a bar-
rier that can prevent low-energy electron emissions from leaving the spacecraft surface, effectively
reducing the emitted electron yield. If the ambient electron energy is greater than the electron
emission energy, as would be expected in the cislunar solar wind, the reduction of electron emission
current is greater than the reduction of incoming electron current and the spacecraft charges more
negatively than expected.

In addition to having a large emitted to incoming electron ratio, the spacecraft size must
be comparable to or larger than the photoelectron and electron Debye lengths for nonmonotonic
sheaths to form. The photoelectron Debye length is typically much smaller than the electron Debye
length and dominates near the spacecraft surface, while the electron Debye length dominates farther
from the spacecraft. If the spacecraft is comparable in size to the electron Debye length and much
larger than the photoelectron Debye length, the thin sheath approximation applies. In this regime,
a nonmonotonic sheath creates a potential barrier close to the spacecraft surface. If the spacecraft
is much smaller than the Debye length, the thick sheath approximation applies, and the barriers
effectively disappear. In this regime, recollection of electron emissions is driven by positive surface
potentials attracting emitted electrons instead of the nomonotonic sheath.

Nonmonotonic sheaths have been investigated both analytically and numerically to determine

their impact on spacecraft charging [0, 7, 7], scientific measurements [0, 21 7], and lunar surface
charging [, , |. Experimental results have validated their formation [/, |, and they
have been observed above the dayside lunar surface [/ 7] and about the HELIOS spacecraft [)-].

However, a complete characterization of nonmonotonic sheath formation as a result of the spacecraft

size to Debye length ratio and spacecraft surface potential has not been presented.
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Figure 4.3: Passive touchless potential sensing in cislunar space concept.

4.3 Passive Potential Sensing

4.3.1 Simulation Setup

Simulations are conducted in SPIS in two environments: solar wind dayside and solar wind
eclipse at an altitude greater than 12,000 km. The environment parameters are based on the mean
environments given in the DSNE and presented in Table [117]. In the solar wind eclipse environ-
ment, the ion density is not equal to the electron density. This creates a non-neutral plasma that
is incompatible with the Dirichlet boundary condition, and there is currently no accepted solution
to resolve this in spacecraft-plasma interaction codes with a defined computational boundary. It
is possible to determine the charging behavior without a grid in Nascap-2k, and it is found that
changing the ion density results in less than a 10% difference in the spacecraft potential, less than
the change in potential that occurs if a different solution method is chosen for the same environment
[0]. Therefore, the ion density is held equal to the electron density (n; = n. =2.5E6 m~3) in the
solar wind wake environment and the solutions are considered representative.

The current balance equation is again given by Eqn. (7.%), and the SPIS simulation setup is
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Table 4.1: Surface material parameters

Solar Solar Wind
Parameter Wind Eclipse

Dayside >12,000 km
Photoelectron Current Density (J,,) 4E-5 A/m® N/A

Max SE Yield (dmax) 0.97 1.25
Energy at Max SE Yield (Emax) 300 eV 135 eV
similar to that described in Section . The fitting parameters are again 154, 220, 0.8, and 1.76

for R1, Ro, e1, and eg, respectively, based on the values for aluminum-2k in SPIS. The maximum
yield dmax and electron energy at which the maximum yield occurs Fp,.x for each environment are
shown in Table . |. For all scenarios, the ions are assumed to be HT following the justification pro-
vided in Section .7, so the critical ratio at which a nonomonotonic sheath can form using Eqn. (.7)
is approximately 0.81. The dyax and Fpax parameters are selected such that § is less than ' in the
dayside plasma and greater than I'. in the eclipse plasma. This causes a nonmonotonic sheath due
to secondary electrons to form in the eclipse environment and a nonmonotonic sheath due to pho-
toelectrons to form in the dayside environment and allows the different types of sheath formations
to be evaluated independently of each other. The main difference between the photoelectron and
secondary electron sheaths is the density of the two emissions (photoelectron density is typically
larger) and the regions around the spacecraft in which the sheaths form. Photoelectrons are only
emitted on the sunlit side of the spacecraft, while secondaries may be emitted from all faces.

The photoelectron number density n,, is

(4.3)

where J,, is the photoelectron current density, vy, = \/W is the photoelectron velocity,
and Tpy, is the photoelectron temperature. Both photoelectron and secondary electron emissions
are assumed to have an energy of 2 eV and are given a Maxwellian distribution in SPIS. The
photoelectron number density is then approximately 1054 cm™3, and the photoelectron Debye
length \pp, using Eqn. (7.1) is 0.32 m.

A 0 V Dirichlet boundary condition is implemented, and the external boundary is set far
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enough from the spacecraft to allow the potential to naturally reach zero before reaching the
boundary (typically ~6Ap). On the spacecraft surface, the resolution is 0.15 m, about half the
photoelectron Debye length. A charging simulation with a 0.1 m mesh size on the spacecraft
surface showed negligible difference in results while significantly increasing the computational time.
The external boundary resolution is 5 m in the solar wind dayside and 10 m in the solar wind wake
environment, about half the respective Debye lengths.

Open boundaries are defined for the particles, which means particles can be injected and
lost through the surface. The ambient electrons and ions and electron emissions are modeled using
the particle-in-cell (PIC) option. The maximum integration time for all particles is set to 1E-6 s,
approximately the time it takes the ions to cross the smallest mesh tetrahedral. The total run
time is at least 2E-4 seconds, the time it takes the ions to cross the entire computational space.
If the simulation has not converged in this time, meaning the surface potentials and currents are
still changing, the computational time is extended. The steady state is typically achieve between
3E-4 and 5E-3 seconds, and the run time is between 3 to 48 hours using a 32 GB RAM desktop

depending on the scenario simulated.
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Figure 4.4: Potentials about spacecraft of varying widths in the dayside and eclipse environment.
Positive and negative x values indicate the ram and wake side of the spacecraft, respectively.
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4.3.2 Single Spacecraft Characterization

4.3.2.1 Floating Spacecraft

The solar wind cislunar environment is unique because it is possible for smaller spacecraft
to be in the thick sheath regime, while nearby larger spacecraft can be in the thin sheath regime.
Therefore, it is necessary to determine the spacecraft width to Debye length ratio at which the
regime transitions from thick to thin sheath and barriers due to spacecraft wakes and nonmonotonic
sheaths may be expected to form. This is first done using floating cubic spacecraft of varying widths
to provide insight into when the barriers form and how they impact the charging behavior of the

spacecraft.

(a) 0.2 Wge/Ap SC potential (b) 2 Wse/Ap SC potential
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.97
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=3.00.

(C) 0.2 WSC/)\D SC 1og10(nph) (d) 2 W.S'C/)\D SC loglo(nph)

Figure 4.5: The potential (top) and logio of the photoelectron density n,, (bottom) around a 0.2
Wse/Ap (left) and 2 Wge/Ap (right) spacecraft in solar wind dayside plasma

Figure .| shows the resulting potential about the floating spacecraft with varying width to
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Debye length ratios p. As p increases, barriers due to the wakes and nonmonotonic sheaths begin
to form. In the dayside environment, the nonmonotonic sheath begins to form due to photoelectron
emissions on the ram side of the spacecraft (positive x-values in Fig. | 1) when p is 0.8. On the
wake side, the ion wake begins to influence the potential and create a barrier when p is 0.6. As p
increases beyond these values, the size of the barrier increases, preventing more electron emissions
from leaving the spacecraft surface and driving the spacecraft more negative. This trend is also
seen for the spacecraft in the eclipse environment, but barriers begin to form on the ram and wake
side of the spacecraft when p is 0.4 and 0.2, respectively. The secondary electron emissions on
the wake side may increase the barrier size at lower p values. In addition, the spacecraft potential
magnitudes are lower in this region, and the relationship between the spacecraft potential and
barrier formation is explored in the next section.

The difference in potential and photoelectron trajectories for a spacecraft in a thick and
thin sheath regime in the dayside environment is demonstrated in Fig. 1.5. When the spacecraft is
much smaller than the Debye length (thick sheath), the potential decreases monotonically to zero as
the distance from the spacecraft surface increase, and the photoelectrons create a photoelectron
sheath around the body. When the spacecraft is larger barriers due to the spacecraft wake and
photoelectron nonmonotonic sheath are observed. The minimum potential in the nonmonotonic
sheath occurs approximately 5 meters from the spacecraft surface, about half a Debye length. This
allows some photoelectrons to escape around the sides of this barrier; however, the wake prevents
photoelectrons from entering the wake side of the spacecraft, creating an empty region in the

photoelectron sheath.

4.3.2.2 Constant Potential

In the previous section, barriers formed for smaller p values in the eclipse environment than
the dayside environment. However, the floating spacecraft potentials are smaller in eclipse, indi-
cating that there is likely a relationship between the spacecraft potential and barrier size. There is

precedence for this; Thiebault et al. [127] shows that if a spacecraft becomes more than a couple
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Figure 4.6: Barrier size on the wake and ram side of constant potential spacecraft on the dayside
(left) and eclipse side (right) of the Moon.

volts positive, the electron emissions are attracted back into the surface and the barrier disappears.
However, the relationship between negative spacecraft potentials and the barrier formation has not
been established, and varying spacecraft size in the same environment has not been considered.

The size of the barrier ¢pamrier for this evaluation is considered to be

bearrier = (z)min — Vsc for Vse < O, (44&)

¢barrier = _(bmin for ViSC > 0, (44b)

where ¢, is the minimum potential and Vg¢ is the surface potential of the spacecraft. Typically, a
positive spacecraft potential is considered as part of the barrier (¢parrier = Vs — ¢min for Vso > 0)
because a positive spacecraft also draws electron emissions back into the spacecraft. For this
study, barriers due to nonmonotonic sheaths and spacecraft wakes are isolated from the spacecraft
potential.
Figure shows the barrier sizes on the wake and ram side of spacecraft of varying widths
and surface potentials on the dayside and eclipse side of the Moon. As observed with floating
spacecraft, the larger the spacecraft become the larger the barriers become. For all spacecraft sizes,

once a spacecraft becomes a couple volts positive, the electron emissions are attracted back into the

spacecraft surface, and the nonmonotonic sheath and associated barriers disappear, matching the
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results from [1=7]. It is possible that a small barrier exists within one mesh element in the simulation
and not captured for more positive potentials than indicated. At this point, the size of the barrier is
likely smaller than 2 eV, the mean energy of the electron emissions, and the recollection of electron

emissions is driven by the positive spacecraft potential more than the barrier.
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Figure 4.7: logyp of the photoelectron density about a 0.5 Wge/Ap width spacecraft in the solar
wind dayside region at various surface potentials.

The nonmonotonic barriers on the ram side persist for larger negative spacecraft potentials.
The reason for this is two-fold. When the spacecraft becomes more negative, the electron emissions
are more effectively repelled, decreasing I'" near the surface of the craft. In addition, the electron
emissions are accelerated, increasing the T, value for the photoelectron or secondary electron Debye
length from Eq.(7 |). This causes the emissions to spread out and settle farther from the spacecraft,
decreasing the barrier size. Figure demonstrates this, as the red region of dense photoelectrons
spreads farther from the spacecraft as the surface potential gets more negative. In addition, the
dark blue region indicating an absence of photoelectrons becomes larger as the spacecraft gets
more negative. At smaller potential magnitudes, the photoelectron emissions can nearly surround
the spacecraft and generate the photoelectron sheath (see Fig. ). As the spacecraft becomes
more negative, it increasingly repels and accelerates the photoelectrons away from the surface
(towards the right in Fig. ), decreasing the photoelectron emissions’ ability to surround the
spacecraft. This further indicates that the electron emissions are more efficiently repelled as the

spacecraft becomes more negative. This process is not as efficient as recollecting the emissions with
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a positively charged spacecraft, so the barriers persist for more negative potentials. Larger barriers
around bigger spacecraft also require more negative potentials to dispel the electron emissions.
This causes the larger barriers from photoelectrons to persist for larger negative potentials than
the smaller barriers from secondary electrons. It is again possible that a barrier smaller than one
mesh element persists for more negative potentials than indicated, but the barrier size is most likely
smaller than the energy of the emitted electrons.

The barriers on the wake side of the spacecraft disappear for small negative potentials and
persist for larger positive potentials. This follows the trend for spacecraft wake formations, as
large negative spacecraft potentials create a focused wake while large positive potentials create an
enhanced wake. However, it is surprising that the barrier due to the wake disappears for negative
spacecraft potentials of less than ten volts because the ion flow energy is 919.1 eV and 833.6 eV
in the dayside and eclipse environment, respectively. This may be contributed to the process in
which the wake creates a barrier in contrast with the nonmonotonic sheath. The barrier size of the
wake when the spacecraft is uncharged is less than ten volts for the spacecraft sizes simulated, and
it is likely that the barrier size in the wake remains constant. Then, once the spacecraft is more
negative than the barrier there is no longer a noticeable dip in the potential. This also explains
the trend for the wake side barrier about positive spacecraft, as the barrier remains close to its
initial value as the spacecraft charge more positive. As a reminder, at highly positive potentials
the spacecraft’s surface potential attracts the majority of secondary electron and photoelectron
emissions back into its surface. So in this region, the electron emissions are already expected to the
repressed, but the wake may further prevent electrons from entering the wake-side region about
the craft, as demonstrated in Fig.

To review, as the spacecraft become larger the barrier size due to the spacecraft wake and
nonmonotonic sheath increases, reducing the floating spacecraft potential. When holding the space-
craft at a constant potential, the barriers are largest when the spacecraft potential is smaller and
width is larger, persist in the wake for more positive potential, and persist in the nomonotonic

sheath for more negative potentials. In general, the barrier only exceeds 2 eV (the electron emis-



Servicer

Servicer Servicer

(a) Servicer in wake (b) Target in wake (c) Parallel wakes

Figure 4.8: Spacecraft positions for touchless potential sensing simulations

sion temperature) when the spacecraft width to Debye length is at least 0.5. Therefore, when the
spacecraft width is smaller than this, barrier formations can largely be ignored, and barriers become

more consequential as the spacecraft width gets larger.

4.3.3 Passive Potential Sensing Simulations

Passive potential sensing simulations are conducted to determine how barriers impact sensing
and the conditions in which the servicer detects more emissions from the target. Based on the
previous section, there are four sensing environments defined: (1) sunlit with a barrier (Wgsc=1Ap),
(2) sunlit without a barrier (Wsc=0.2Ap), (3) eclipse with a barrier (Wsc=1Ap), and (4) eclipse
without a barrier (Wgc=0.2Ap). The servicer and target are the same size in all simulations and

have a separation distance of one spacecraft width.

4.3.3.1 Characterization Results

In each environment, three relative spacecraft positions are simulated: servicer in target’s
wake, target in servicer’s wake, and parallel wakes, as shown in Fig. . A constant potential
servicer and floating potential target are modeled to determine how the servicer’s potential changes

the target’s potential, emitted current, and detected current. In all environments and relative
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Table 4.2: Passive Sensing Results

Servicer SC width Target Frac. of emissions Detected
potential Position potential (V) recollected emissions (A/m?)
(V) (m/Ap) (Sun / Eclipse) (Sun / Eclipse) (Sun / Eclipse)
300 0.2 Servicer in wake 90 / 6.5 0.6 / 0.082 1.9E-6 / 2.2E-6
300 1 Servicer in wake 42.5 /7 0.73 / 0.13 3.6E-7 / 2.1E-6
300 0.2 Parallel wakes 33.75 /54 0.8 /0.13 1.1E-6 / 2.3E-6
300 1 Parallel wakes 18 / 5.0 0.85 / 0.12 3.6E-7 / 1.4E-6
300 0.2 Target in wake  -70 / -25 0/0 0/ 7.5E-8

300 1 Target in wake  -100 / -32.5 0/0 0/ 6E-8

50 0.2 Servicer in wake 32.5 /3.0 0.81 / 0.16 5.0E-6 / 9.4E-7
50 1 Servicer in wake 13 /1.3 0.87 / 0.18 2.1E-6 / 8.3E-7
50 0.2 Parallel wakes 31.5 /3.0 0.86 / 0.1 2.4E-6 / 6.3E-7
50 1 Parallel wakes 95/18 0.89 /0.1 6.1E-7 / 4.0E-7
50 0.2 Target in wake  -32.5 /3.3 0/0.14 5E-9 / 94E-7

50 1 Target in wake  -32.5 / -2.3 0/ 0.017 1E-8 / 6.5E-7

0 0.2 Target in wake  -23 /1 0/0.1 1.25E-8 / 1.5E-7
0 1 Target in wake — -14.25 / -2.75 0/ 0.036 3E-8 / 1.75E-7

positions, the servicer is held at 50 V and 300 V. A 50 V servicer is highly likely to be more
positive than the target, allowing it to attract emitted electrons. A 300 V servicer will attract and
accelerate the ambient electrons, which may then impact the target with energy closer to Eax
and increase the secondary electron yield. E.x is between commonly 280-800 eV for spacecraft
surface materials, so a servicer potential of several hundred Volts could increase the yield from a
variety of targets [171, ]. A more positive servicer is not used because increasing the ambient
electron energy significantly past Enax results in less detected current and a worse detected electron
emission to ambient electron ratio, as shown in Chapter 3. As a worst-case scenario, a 0 V servicer
is also modeled with the target in the servicer’s wake, as this is the only orientation where it is
likely that the target is charged negatively. The target’s electron emissions that impact the side of
the servicer facing the target are considered detected for touchless potential sensing, and emissions
from the servicer are set to zero to ensure that servicer’s own emissions are not falsely recorded as
current for touchless potential sensing.

Table and supporting Fig. shows the relevant passive potential sensing results. When
the target is not in the servicer’s wake, it charges more positively than the individual spacecrafts

charged in Section because the servicer is drawing electron emissions away from the target,
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Figure 4.9: Passive potential sensing results breakdown

effectively increasing its emissions current. In addition, when the target is larger it is seen that
generally its potential is more negative, more current is recollected, and less current density is
detected by the servicer. This follows expectations, as larger spacecraft are expected to have
larger barriers. However, several of the target potentials are greater than ten volts positive, so
nonmonotonic sheaths would not be expected to form. The difference in behavior can be explained
by the size of the spacecraft relative to the photoelectron, secondary electron, and electron Debye
lengths. For the larger spacecraft, the electron emissions settle closer to the target surface and the
positive servicer’s potential does not reach as far around the target. Both of these make it more
difficult for the servicer to pull electron emissions away from the target for sensing. Figure
demonstrates this, as a higher density of photoelectrons travel farther from the smaller target’s
surface.

Regardless of size, when the servicer is more positive and the target is not in the servicer’s
wake, the target charges more positively and less emissions are recollected. This occurs because
the more positive servicer may draw more electron emissions away from the target, which is further
investigated in Chapter 0. For the eclipsed spacecraft, this correspond to a higher detected sec-

ondary electron current density. For the sunlit spacecraft, the higher potential servicer detects less
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Figure 4.10: logjg of the photoelectron density about a target (left) and servicer (right) for the
servicer in the target’s wake.

current density. In this case, the photoelectron emissions is significantly larger than the secondary
electron emission and the initially generated photoelectron current density does not vary with the
target’s potential. So, the photoelectron trajectories due to the spacecraft potentials is the main
factor in the amount of detected current, not the secondary electron yield. Bengtson et al. [/ 7]
previously showed that a lower magnitude target potential is better for touchless potential sensing.
When a more positive servicer generates a more positive target, the electron emissions are more
influenced by the electric field about the target than the attractive force exerted by the servicer.
This is demonstrated in the top two images of Fig. , where the photoelectron emissions are
drawn nearly directly into the surface of the 50 servicer facing the target, while the emissions seem
to orbit the 300 V servicer. Therefore, when the target is not in the servicer’s wake a 50 V servicer

is better when detecting photoelectron emissions, and a 300 V servicer is better when detecting
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secondary electron emissions.

For both spacecraft sizes and in both the sunlit and eclipse environment, the servicer detects
the most current when it is in the wake of the target. This is interesting because the wake is expected
to serve as a barrier around a positively charged, larger target. Instead, the positive servicer is able
to “punch through” barriers around the target and draw electron emissions in. This can be seen
in Fig. , as the photoelectron emissions are drawn away from the target in all scenarios shown.
Furthermore, the photoelectrons are present even in the regions to the right of the spacecraft where
the wake barrier is expected, contrary to what is seen in Fig. where the photoelectrons are
repelled by the negative potential in the wake. Furthermore, the photoelectrons are present even
in the regions to the right of the spacecraft where the wake barrier is expected, contrary to what
is seen in Fig. where the photoelectrons are repelled by the negative potential in the wake.

The discussion so far has only addressed results when the target is not in the servicer’s wake.
When the target is in the servicer’s wake, the target generally charges negative, little to no electron
emissions are recollected, and the detected current is lower than the other two orientations. Notably,
no electron emission is detected when the servicer is 300 V positive. This occurs because the electron
flux to the target exceeds the ion flux in the wake and charges the target negatively. At the floating
potential, the negatively charged target repels the ambient electrons, as shown Fig. . It should
be noted that an intermediate 20x20x20 m meshing grid with a resolution of 0.5 m is utilized to
increase the resolution of the image. No changes are observed in the results when the intermediate
meshing grid is implemented. Because the electrons are repelled from the target, they cannot create
secondary electron emissions, so there is nothing to sense. While the wakes are classified as narrow
wakes for all tested servicer potentials, the 50 V and 0 V servicer have slightly smaller wakes than
the 300 V servicer, increasing the target’s ion current and final potential. Electrons can then reach
the more positive target and generate secondary electrons, albeit at a lower magnitude than in the
other tested positions. Therefore, it is best to avoid putting the target in the wake, both for sensing
and charging purposes, but if this configuration is unavoidable, a lower potential servicer is best

when the target is in the servicer’s wake. A conservative conclusion when no current is detected in



76

this configuration may be that the target has charged highly negative in the wake of the servicer.

(a) Electron density (b) Ion density

Figure 4.11: logio of the electron and ion densities about a 0.2Ap, 300 V servicer (right) and -70
V target (left) in the solar wind sunlit region.

4.3.3.2 Sensing Feasibility

Based on the previous section, the best case scenario for sensing is a 0.2Ap length 50 V
servicer in the target’s wake when in a sunlit environment and a 0.2Ap length 300 V servicer in
the target’s wake in an eclipse environment. In both environments, the worst case scenario is a
target in the wake of a 300 V servicer. In any scenario, the detected electron emission current must
be large enough to differentiate from the current due to the ambient electrons. An electrostatic
analyzer (ESA), such as a Retarding Potential Analyzer (RPA), is proposed to measure the energy
and flux of the electron emissions and ambient environment. The resulting measurements can be
modeled as discrete energy bins with a width equal to the error in measurements. This is typically
denoted as AE/FE for electrostatic analyzer type instruments, and the energy resolution AE/E is
assumed to be 4%, comparable to the resolution found by Bengtson et al. [1V] (AE/E of 2.1%
to 18%). The height of the bins is equal to the total detected current of electrons with energies
between the min and max values of the energy bin.

The total measured ambient electron current I io; can be taken from SPIS and multiplied
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Figure 4.12: Simulated ESA measurements for various sensing scenarios. The vertical line indicates
the expected arrival energy of electron emissions from the target.

by the Maxwellian energy distribution function fg(E) to model the measured electron distribution

(Ie(E) = Iegot fe(E)). The Maxwellian energy distribution function is [1 (]

VE exp (_E) (4.5)

() .

B 2

= —\/ETS/2
where E is the energy in eV. The detected electrons are accelerated by the potential of a positively
charged servicer, so the spectrum is shifted such that the minimum detected energy is equal to the
servicer’s surface potential.

Various models exist for the energy distribution of electron emissions fs/p,(£), including the
Chung-Everhart model [!!] (which is referenced in Chapter ), a Gaussian fit with a logarithmic
argument [| 7], and a Maxwellian distribution. As mentioned in Section , SPIS models the
electron emissions as a Maxwellian distribution with a temperature of 2 eV. To keep the feasibility
analysis consistent with the characterization results in SPIS, a Maxwellian distribution is used to
model both photoelectron and secondary electron emissions. As mentioned in Section , the
electron emissions are accelerated away from a negative target and towards a negative servicer such

that the energy of the secondary and photoelectron emissions Egp,/pj at detection is

ESE/Ph = Tse,phfse/ph(E) + Vier — Viars (4-6)

where Vgzor and Via, are the servicer and target’s potential, respectively. If the target is charged
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positively, it is assumed that the electron emissions leave the target with negligible initial energy,
or Viar &= 0 V. The detected ambient electron and electron emission currents are then superimposed
to model the complete detected spectrum.

Figure is an example of measurements in a scenario where the target is in the wake
of a 0 V servicer in the dayside environment. A shown, the bin with the secondary electron
emissions is over 200 A larger than the next tallest bin, indicating that the electron emissions can
be distinguished from the ambient environment. Figure is an example of a setup where
a 300 V servicer is in the wake of the target in the eclipse environment. The target is charged
positively, so the electron emissions are captured in the first energy bin, which is over twice as large
as the next bin. In addition, the horizontal line in the first bin indicates an initial measurement
of the environment without secondary electron emissions, which is approximately half the size
of the bin when the electron emissions are detected. Therefore, the electron emissions can be
differentiated from the environment in both tested cases, so long as the energy resolution of the

detection instrument is sufficient (not significantly larger than 4%).

4.4 Active Potential Sensing

In a similar manner in which secondary and photoelectron emissions generate nonmonotonic
sheaths, it is possible that electron emissions from an electron beam can generate a potential
barrier. If the electron beam current is large enough, the concentration of electrons can generate
a barrier that prevent further electrons from passing through. This concept was introduced in
Section during the computation of the SCL current. Therefore, the electron beam behavior
when emitted from an isolated spacecraft is tested to first investigate the barrier formations. Then,
active touchless potential sensing scenarios are simulated to determine if barriers can form and the
feasibility of detecting actively emitted secondary electrons.

The simulation setup is similar to that described in Section . Now, a 2 cm wide square
plane is defined in the center of the servicer face that is directed towards the target. This flat

plane is define as a source in SPIS such that electrons with a specified current density, initial half
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angle of spread, and energy are emitted. The current density is defined in the “Group Parameters”
tab, and the energy and half angle are defined using the AxisymTabulatedVelocitySurfDistrib
option in the “Global Parameters” tab! . The half angle is set to 2° for all simulations, and the
energy is held at 1 keV to excite secondary electron emissions, based on the results from Chapter

Secondary electrons due to the electron beam along with those emitted by the environment are

enabled in the “Global Parameters” tab by setting electronSecondaryEmission to 195.

4.4.1 Electron Beam Barriers

4.4.1.1 Single Spacecraft

(a) 0.1 mA (b) 1 mA (c) 10 mA

Figure 4.13: logyg of the electron beam density from a 0 V spacecraft.

The spacecraft potential is first held at 0 V and the beam current is varied to investigate
the worst-case barrier formation, as it was shown in Section that the largest barriers form
when the spacecraft is uncharged. The electron beam charge density from a 0 V, 1 Ap width
spacecraft for varying beam currents is shown in Fig. . The beam has an initial divergence,
so the radius of the beam becomes wider as the distance from the spacecraft increases. This may
also be exacerbated by the mesh size increasing as the resolution becomes more coarse between the

spacecraft surface and computational boundary. In Fig. , the 10 mA beam becomes wider

! For more information on formatting the AxisymTabulatedVelocitySurfDistrib input file in SPIS, see the
discussion in the SPIS forum at


https://forum.spis.org/t/secondary-electrons-from-electron-gun/1516
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closer to the spacecraft than the lower current beams. At this current, the density of the electrons
is large enough that space charge is no longer negligible and the electrons are repelling each other.
Fortunately, the SCL current has not been exceeded and the beam crosses the entire computational
space. The space charge repulsion can be positive for touchless potential sensing because a wider
beam is shown to increase the observability of a charged target in Chapter 2. Conversely, this
could decrease the fraction of the electron beam that impacts a target during electrostatic tractor
operations, decreasing the electron beam current to the target and the magnitude of the resulting

target potential.

(a) 0.1 mA potential (b) 1 mA potential (c) 10 mA potential
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(d) 0.1 mA photoelectron density (e) 1 mA photoelectron density (f) 10 mA photoelectron density

Figure 4.14: The potential (top) and logjp of the photoelectron density (bottom) around a 0 V
spacecraft with varying beam currents.

The potential and photoelectron density around an uncharged spacecraft with varying beam
current is shown in Fig. . In these images, the beam is emitted perpendicular to the flow of
the ions. It can be seen that the barrier formations become larger as the beam current increases,

following the trends seen for increased secondary electron and photoelectron emissions. In fact,
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when the beam current is 10 mA, the negative potential barrier due to the beam is ~32.1 V,
larger than any of the barriers presented in Fig. . This then creates a large region that the

photoelectrons cannot penetrate near the beam. Thus, it is possible for a high current beam to

repel electrons when the spacecraft potential is low.

1k

(a) 0.1 mA beam density

(d) 0.1 mA potential (e) 1 mA potential (f) 10 mA potential

Figure 4.15: The logjo of the electron beam density (top) and potential (bottom) about a floating
spacecraft with varying beam currents.

Figure shows that once the servicer is allowed to charge due the to electron emissions, the
barriers disappear. The most notable behavior occurs at the largest beam current. The spacecraft
charges to the same energy as the beam and begins to recollect the emitted electrons. The electron
beam surrounds the positive spacecraft and creates an electron sheath, similar to the concept of a
photoelectron sheath.

Overall, if a servicing spacecraft has a low surface potential and high beam current, it is
possible for barriers to form. Typically, a high beam current causes large surface potentials, which

then results in a negligible barrier. Technology such as pulsing can enable the use of higher currents
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while minimizing the change in surface potential [*7]. In this case, the electron gun current should
be restricted to avoid barrier formations. This work only models a continuous beam in SPIS, and

implementing pulsing into SPIS simulations is recommended for future work.
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Figure 4.16: logyg of particle densities and potential results for a 50 V servicer impacting a 1.8 V
target with a 1 keV, electron beam with various currents.

4.4.1.2 Sensing Simulations

A target spacecraft is now included in the simulations such that it is impacted by the servicing
spacecraft’s electron beam. First, a simulation is conducted while the spacecraft are held at a
constant potential to investigated a case in which high beam current, low potential spacecraft occur
and barriers may form. Then, the spacecraft are allowed to float to simulate the full interactions

expected when the servicer directs an electron beam at a target.
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A 1 Ap width servicer and target are held at 50 V and 1.8 V in the solar wind eclipse
environment with parallel wakes based on the passive sensing results from Table , and the
electron beam current is varied. Figure shows the particle densities and potential results for a
1 keV beam with various currents. Once again, as the beam current increases the width of the beam
increases due to space charge repulsion. The higher current electron beams also create a distinct
barrier seen in the secondary electron density and potential results. In fact, when the beam has a
current of 10 mA, a 10.7 V barrier is generated and no emitted secondaries from the target impact
the servicer. Therefore, if high beam current and low spacecraft potentials occur, it is possible for
barriers for form that prevent the servicer from collecting electron emission current for touchless

potential sensing.

lon flow

—

(b) SE density, 0.1 mA (c) Ton density, 0.1 mA (d) Potential, 0.1 mA

(i) Beam density, 10 mA (j) SE density, 10 mA (k) Ion density, 10 mA (1) Potential, 10 mA

Figure 4.17: logyo of particle densities and potential results for a servicer impacting a target with
a 1 keV, electron beam with various currents.
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Now, the spacecraft are allowed to float and the simulations are repeated. As seen from the
results in Fig. , barrier formations are not observed when the spacecraft are allowed to charge.
At 0.1 mA, the target only charges to -31 V, but the beam current is not large enough to generate
a barrier. At the larger beam currents, the difference in potential between the servicer and target is
equal to the beam energy and no barriers are detected within this higher surface potential system.
Therefore, in electrostatic tractor operations where a beam is utilized to create large potentials on
the servicer and target, it is unlikely for a barrier to form even with a high current electron beam.
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Figure 4.18: Simulated ESA measurements for various active potential sensing scenarios. The
vertical line indicates the expected arrival energy of electron emissions from the target.

4.4.2 Sensing Feasibility

The analysis conducted in Section is repeated for active potential sensing. Fig-
ure shows the results for a servicer with a 10 mA electron beam in solar wind eclipse
and parallel wakes. The difference in potential is 1 kV, as indicated by the vertical line. The
current in the bin containing the emissions from the target is orders of magnitude larger than the
surrounding bins, so this measurement is easily distinguishable from the ambient electron flux.
Figure shows the measurement to a servicer with a 0.1 mA beam directed at a target in
the servicer’s wake in the solar wind dayside environment. In this scenario, the target charges to

the beam energy and the servicer remains uncharged, so the difference in potential is again 1 kV.
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The bin with the target’s emissions is again orders of magnitude larger than the surrounding ones.

Thus, active potential sensing of charged spacecraft in dense cislunar plasma is feasible.

4.5 Conclusions

Barriers due to spacecraft wakes and nonmonotonic sheaths can prevent electron emissions
used for touchless potential sensing from being detected. The barriers are characterized about
spacecraft of varying widths and potentials in solar wind dayside and eclipse plasma. It is found
that barriers can form when the spacecraft width is at least half the Debye length and are largest
when the spacecraft is uncharged. Barriers due to nonmonotonic sheaths persist as the spacecraft
charges more negative, while barriers due to the spacecraft wake persist as the spacecraft charges
more positive.

Simulations of passive potential sensing when barriers are expected (Wgc = 1Ap) and not
expected (Wgeo = 0.2A\p) reveal that fewer electron emissions leave a target and the detected current
density is lower when barriers are expected. However, sensing is not fully prevented because a
positively charged servicer is able to draw electron emissions through anticipated barrier formations,
such as the target’s wake. When the target is not in the servicer’s wake, a 50 V servicer is best for
detecting photoelectrons, and a 300 V servicer is best for detecting secondary electrons. When the
target is in the servicer’s wake, a highly positive servicer can begin to enhance the wake formation,
leading to less ion current to the target and a highly negative surface potential. This then prevents
ambient electrons from impacting the target and generating electron emissions. Therefore, placing
the target in the servicer’s wake should be avoided for both charging and sensing purposes, and
the servicer’s potential should be minimized if this configuration is necessary. It is likely that other
constraints are present during proximity operations that can prevent the servicer from positioning
itself to detect the target’s potential. Regardless, these results can be utilized to position the
servicer to detect the target’s potential prior to docking, or to the inform operators why electron
emission measurements from the target may not be detected during proximity operations.

When an electron beam is utilized to generate emissions for touchless potential sensing, it is
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possible for the beam to create barriers if the beam current is large (>1 mA) and the spacecraft
potential is low. Fortunately, setting a large beam current generally results in a large spacecraft
potential, allowing barriers from the beam to be avoided for most scenarios.

In realistic environmental conditions, the electron emissions passively and actively generated
from a target can be differentiated from the environment, showing that touchless potential potential
sensing through barriers in cislunar space can be conducted to achieve both scientific and safety

goals.



Chapter 5

Vacuum Chamber Wake Development

5.1 Motivation

Numerical programs, such as Nascap-2k and SPIS, are excellent resources to provide insight
into spacecraft-plasma interactions; however, complex particle-in-cell simulations can also take
hours to days to converge for a single configuration, requiring significant computational power and
time to obtain results. Furthermore, these programs include assumptions about the space environ-
ment and interactions that may decrease the accuracy of the results. Therefore, it is desirable to
complement numerical simulations with experimental results to validate that the modeled behavior
acceptably represents realistic scenarios. As shown in Chapter /' and will be shown in Chapter 0,
spacecraft wakes can significantly alter the charging and sensing behavior, and the potential of
the spacecraft influences the size of the wake. Therefore, it is of particular interest to investigate
cislunar wake formation using both numerical and experimental techniques. This chapter focuses
on enabling spacecraft wake generation in the Electrostatic Charging Laboratory for Interactions
between Plasma and Spacecraft (ECLIPS) vacuum chamber located at the Autonomous Vehicles
Systems (AVS) Laboratory at the University of Colorado Boulder. Enabling wake experiments in
the ECLIPS chamber, as opposed to traveling to other facilities, increases experimental efficiency
by eliminating the need to travel and coordinate with external laboratories.

Ton wake experiments typically involve an ion or plasma source, an object to obstruct the
flow of plasma, and sensors such as Langmuir probes (LPs) and Faraday cups to determine the

properties of the plasma. It would be straightforward to implement a similar setup in the ECLIPS
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Figure 5.1: Proposed ion wake experimental implementation in the ECLIPS vacuum chamber

vacuum chamber; however, the 1402 Ion Gun from Non Sequitur Technologies installed in the
ECLIPS chamber emits a narrow ion beam that significantly limits the object size that can be
used to generate a wake and makes obtaining measurements of the wake difficult. For example, a
cube with a minimal width of 5 c¢m is required for touchless potential sensing experiments based
on previous experiments. This allows the entire electron gun to impact the face of the cube.
Furthermore, there should be at least 1 cm of ions surrounding the cube to ensure measurements
can be made of the fast-flowing ions and wake formation. Half of the diagonal of a 5 ¢cm cube
is approximately 3.55 c¢m, so the beam should have a radius of at least 4.55 c¢cm. In addition,
the beam expands radially outwards throughout the length of the chamber, which likely does not
represent the flow expected in cislunar plasma. Spacecraft wake experiments have been conducted
utilizing an expanding plasma source, so limiting the expansion of the ion flow is ideal but not a
strict requirement. To ameliorate this limitation, charged particle optics are utilized to expand and

refocus the beam such that the beam is large enough to fully envelop an object and flow parallel
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to the chamber walls. This is referred to as telescoping the beam, as shown in Fig.
Charged particle optics involves manipulating the trajectory of charged particles by altering

the ambient electric or magnetic field and has been a topic of study since the early 20th century,

with several publications outlining the general concepts [ 17, 77, , |. Altering charged particle
trajectories has been used to focus ion beams for mass spectrometry [/, |, radiotherapy for
cancer patients [! ”], sample etching and preparation [, |, investigating irradiation effects on
materials [ 21, 7 17], and more.

Electrostatic, magnetic, or a combination of the two types of lenses can be used to manipulate
the ion beam as desired. Low energy ion (5 eV to 50 keV) trajectories are generally altered
more by varying electrostatic fields versus magnetic fields [7”]. Furthermore, implementing simple
electrostatic lenses allows for for easy adaptability and implementation in other vacuum systems,
where the results could also be extended to any experiment in which it is beneficial to expand the
installed ion gun’s capability to manipulate the ion beam. Accordingly, electrostatic lenses held
at constant potentials are designed and utilized to manipulate the ion beam, and the resulting
lens configuration and characterization is the primary contribution to the current state of ion wake

experiments.

L‘angmuir /

Probe

Rotational *:
stepper

Figure 5.2: Sensor package and Langmuir probe circuit
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The materials and methods used to characterize the ion beam and the state of the unaltered
beam is first presented. Next, the electrostatic lens configuration results calculated in SIMION

results are discussed. Last, installation and experimental characterization of the lenses is presented.

5.2 Experimental Setup

5.2.1 Cislunar Plasma Experimental Representation

The wake experiment is limited by the experimental volume available in the ECLIPS chamber,
which has a height of ~86 cm and a diameter of ~60 cm. The ion lenses are restricted to the top
50 cm of the chamber to leave sufficient room for experiments. Despite the size of the ECLIPS
chamber, large scale phenomena can still be represented. A scaling law can be applied to relate the

spacecraft’s experimental radius Ry to the radius in the environment of interest Rgip, []

Rsim == ' R07 (51)

where n; is the experiment ion density and ngy, is the environment ion density. In other words,
if the density of the experimental ion beam is larger than the environmental plasma density, the
experimental object represents a larger spacecraft. This relationship was derived for LEO plasma-
body interactions, but it applies to processes governed by the Vlasov-Maxwell equations [*]. Thus,
this may be applied to cislunar plasma environments where spacecraft wakes form. The density of

the ions in the ECLIPS chamber is

nl- _ Ibeam — Ibealg &7 (52)
geAv  qemr? | 2F
where Ipeam is ion gun current, g is the elementary charge in Coulombs, A is the final area of the

2 v is the velocity of the ions, m; is the mass of the ions, and E is the energy of the

beam, or 7r
ions, found as F = 1/2m;v? assuming non-relativistic ions.

The argon ions (Ar') generated in the ECLIPS chamber are not representative of cislunar

plasma environments, which are comprised mostly of Hydrogen ions (H'). Fortunately, there is
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Figure 5.3: Ion wake formation (logjg of the ion density) about scaled spacecraft.

another scaling law from Ref. [7] that can be used to relate the velocity of two different ion species
me
Usim = v, (5.3)
Msim

where vgin, is the velocity of the environment being simulated and mygjy, is the mass of the ions
in the simulated environment. Spacecraft wakes form in the cislunar magnetosheath and solar
wind regions, which have H bulk velocities from 350 to 930 km/s [| |7]. Hydrogen ions with a
bulk velocity of 400 km/s reasonably represents solar wind or magnetosheath conditions, which
corresponds to ArT ions with a velocity of 63.6 km/s, or a beam energy Ep of approximately 835
eV. The beam is held at this energy in all simulations and experiments.

Figure 5. shows the ion wake formation around a 5 cm wide cube in 63.6 km/s, 1.04E11 m~—3
Ar* ions and a 6.6 m cube in 400 km /s, 6E6 m—3 H* ions with a thermal ion temperature of 7 eV
in both plasmas. The wake formations approximately match in both scenarios, validating that the

scaling laws are appropriate to correlate the experimental results to cislunar mesothermal plasma.

5.2.2 Ton Beam Characterization

A spherical Langmuir probe and Retarding Potential Analyzer (RPA) are used to take mea-
surements of the ion beam at different positions, shown in Fig. 5.2. The LP is constructed from a
2.5 mm radius aluminum sphere spot welded to nickel wire. The wire is electrically isolated and

held in place with a ceramic tube. Before each experiment, the LP is bombarded with 3 keV ions,
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the highest energy possible with the ion gun, and held at -1 kV to remove surface contamination.
A sweep outside the ion gun is then conducted to obtain measurements of the expected noise level,
or the load line. The load line is subtracted from the final measurements during analysis [!20)].
This noise is generally two orders of magnitude smaller than the measurements obtained in the ion
gun. The Langmuir probe is swept from 0 to -100 V in 10 V steps using a Matsusada AU-TR30
High Voltage Power Supply (HVPS), and the voltage change across a 100 k{2 resistor is measured
using a Keithley DMM6500 multimeter. The voltage change is then converted into collected current
using Ohm’s Law (V' = IR). It should be noted that the multimeter has an internal resistance of
20 M€, which is added to the circuit resistance when converting the measured change in potential
to collected current. These measurements generate a current versus potential (I-V) curve in the
ion saturation region [!(]. The Langmuir probe theory presented in [!27] is implemented in MAT-
LAB and utilized to obtain the ion current density results presented. The RPA was previously
constructed from a Faraday cup with a front grounding grid followed by a biasing grid [2(/]. An
aluminum sheet is placed in front of the RPA’s entrance to decrease the entrance aperture to a
circle with a radius of 2.4 mm. This makes the RPA entrance comparable to the size of the LP and
allows for measurements to be taken in 5 mm steps. The RPA is located approximately 460 mm
from the ion gun exit, and the LP is positioned approximately 101 mm higher than the RPA, or
359 mm from the ion gun. Both instruments are placed on a linear stepper motor capable of moving
the sensors £10 c¢m from the center of the chamber and a rotational stepper capable of rotating
360°. This allows the entire space to be characterized with a resolution of 5 mm.

To determine if the ion beam is symmetrical and characterize the initial spread of the beam,
a current density map of the ion beam is obtained, shown in Fig. . The beam is not perfectly
symmetric, but edge points can be used to determine an average beam radius. The average beam
radius is 3.84 cm as measured by the RPA and 3.15 cm as measured by the LP. Based on this, and
assuming an initial radius of 1 mm at the ion gun exit, the half angle of the beam is estimated to
be x4.9°.

It is surprising that the current density measured by the LP is smaller than that measured
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Figure 5.4: Current density map of the unaltered ion gun emissions measured by the Retarding
Potential Analyzer and Langmuir Probe

by the RPA because the LP is located in a region of the beam with a smaller radius and higher
current density. However, Langmuir probes are often stated to have accuracy of 20 to 50% of real
values [0, ], and contamination and secondary electrons emitted from the chamber and RPA
can alter the current magnitude. Regardless, the magnitude of the current density measured by the
LP does not change the results of this project because the edge points of the current measurements

are used to determine the size of the beam. This process is further described in Section

5.3 Particle Tracing and Optimization Approach

Three lens configurations are considered for installation in the ECLIPS vacuum chamber:
two thin lenses, three thin lenses, and three thick lenses, as shown in Fig. 5.5. The thin lenses are
flat, thin plates with openings of radius Rjens to allow the beam to pass through. The thick lenses
are thin cylindrical shells that again allow the ion beam to pass through the center. Each thin lens
has three parameters: location Xjens, €lectric potential Vigys, and inner radius Rjens. Each thick
lens has a variable thickness Ljons and potential. The thick lenses all have the same radius, and the
top of the first lens is in line with the ion gun opening. The final lens configuration can then have

anywhere from six to nine variables.
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Figure 5.5: Thin and thick lens schematics.

SIMION is used to design and investigate the electrostatic lenses. To efficiently optimize the
design of the lenses, a windows batch file is written to enable MATLAB to alter the lens parameters
and run a SIMION simulation. Then, a genetic algorithm and fminsearch in MATLAB are used
to minimize an associated cost function. A genetic algorithm is a method for solving constrained
or unconstrained optimization problems based on a natural selection process that mimics biolog-
ical evolution. The algorithm is proficient at finding the approximate absolute minimum for the
entire problem space, but the solution is not as accurate as MATLAB’s fminsearch. MATLAB’s
fminsearch is a nonlinear programming solver that finds the minimum of a specified function and
is proficient at determining local minimum near a defined starting point. Therefore, a genetic algo-
rithm is first implemented, and then the results are used as the initial guess for fminsearch, taking
advantage of the capabilities of both functions.

The goal of this study is to maximize the final radius of the beam and minimize the spread
of the beam in the direction parallel with the ground of the chamber, which is defined as the
y-direction. In addition, the lenses may accelerate the ions, so the difference between the final
velocity and 63.6 km/s should be minimized. The cost function is then

Cost = waL + wvysum(US) + wy, sum((v, — 63.6)%), (5.4)
max
where ymax is the maximum radius achieved by an ion particle, n is the number of particles flown, w,

is the weight applied the final radius, vy is the final velocity of each particle in the y-direction, w,,
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Table 5.1: Lens design constraints

Parameter Constraints

Ep 825 eV < Ep < 845 eV
Viens -30E3 V < Viens < 30E3 V
Riens 5 < Rjens < 250 mm

X3 > X9+100 mm > x1+100 mm;
x1 > 101 mm;
Flens x2 < 500 mm (2 thin lenses);
x3 < 500 mm (3 thin lenses)

Liens Li + Lo + L3y < 380 mm

is the weight applied to minimizing the spread of the particles in the y-direction, v, is the velocity
of each particle in the x-direction, and w,, is the weight applied to minimizing the variance of
the final velocity from the defined optimal velocity, 63.6 km/s. Only the maximum value of the
radius component is used ymax because particles that impact near the center of the chamber have
a minuscule final position in the y-direction, resulting in an uncharacteristically high cost function.
The velocity components of the cost function sum the final velocity of all the particles, which creates
higher values compared to the final position of a singular particle. So, the radius component is
multiplied by the number of particles to make the values of each component of the cost function
comparable. In addition, if the potential of the lens is too high, the particles will be attracted back
towards the lenses and impact them. To avoid this solution, the cost function is automatically
given a value of 1E10 if the final position of the particles are not at the floor of the chamber.

The constraints must be selected such that the final lens design fits inside the available
experimental area and is within the bounds of the technology available in the ECLIPS chamber.
The beam energy Ep is allowed to vary +10 eV from the optimal energy in order to account for
change in velocity due to the lenses, and the possible potential of the lenses Vigns is constrained
by the capabilities of the Matsusada AU-30R1 HVPS, £30 kV. The ion gun exit has a radius of 4

mm, so radius of the space in the center of the lenses Rjeng is set to a minimum of 5 mm to ensure
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the lens don’t block the opening. The maximum radius is 250 mm to allow space for stands to be
installed on the outside of the lenses. The ion gun is 100 mm long, and the lenses must be placed
in the top 500 mm of the chamber to leave space for wake experiments to be conducted. For the
thin lenses, this means the lens locations xjens must be greater than 100 mm and less than 500 mm.
The thick lenses have set separation distances of 100 mm, so the combined length of the lenses Ljens

must be less than 380 mm. These constraints are shown in Table

729,677V
23277V

-29,978 V -29,972V -29,889 V

! 249 mm 249 mm

151 mm 5mm 165 mm 153 mm

TSB mm

H T 1
500 mm 1mm 17 mm 500 mm

(a) Two thin lenses (b) Three thin lenses

Figure 5.6: Optimization results for two and three thin lenses. Lens radii values are shown in
orange, lens potential and placement values in black, and beam radii values in green.

Following the evaluation done in Section , the half angle is set to 4.9°. In the process of
performing the lens design optimization and modifying the weights of each component of the cost
function, it is found that the lenses negligibly change the energy of the ion beam. Therefore, w,,
is set to zero, as this component does not impact the results. Furthermore, determining the proper
wy and wy, weights to telescope the beam such that each component is evenly prioritized is found
to be non-intuitive, and it is inefficient to readjust the weights because each optimization process
takes approximately 16 hours. Instead, the cost function is set to solely maximize the final radius
of the beam (w,=1 and w,,=0), and adjustments are made post-optimization to minimize the final

particle velocities in the y-direction.
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5.3.1 Optimization Results
5.3.1.1 Thin Lens Results

The optimization results for two and three thin lenses are shown in Fig. . Interestingly,
there is negligible difference between using two or three thin lenses. Both designs create a beam
radius of 153 to 154 mm at the bottom of the chamber and a beam radius of 63 mm at 500 mm,
the maximum lens x-value. In fact, the result for three thin lenses places the middle lens 1.6 cm
from the first lens at a similar potential, and it is found that removing this lens does not change the
beam properties. Therefore, both solutions functionally use two thin lenses to expand the beam.
In both designs, the first lens is as close to the ion gun as possible with the smallest radius possible
and is held at nearly the maximum potential. The second lens is then placed at the maximum
distance from the ion gun, the lens radius is as large as possible, and the potential is again nearly
the maximum possible value. This process appears to provide an initial increase in beam radius as
the ions are exiting the ion gun and a final boost to the radius as far as possible from the beam’s

point of origin.

-29,000 V -500 vV

5mm
80 mm —‘V 81 mm
| | 1

500 mm

Figure 5.7: Telescoped beam with thin lenses. Lens radii values are shown in orange, lens potential
and placement values in black, and beam radii values in green.

Because the cost function is designed to simply maximize the beam radius, the resulting
beam is not telescoped. Therefore, the second lens is modified to telescope the beam. It is found

that with an initial lens at -29,000 V, a second lens at 500 mm at -500 V with an 8 c¢m radius
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telescopes the beam, as shown in Fig. 5.7. The final beam radius is then 81 mm, over twice as large
as the unaltered beam radius found in Section . For this lens design, the lens closest to the
ion gun expands the beam and is referred to as the expanding lens. The lens farthest from the ion

gun refocuses the beam and is referred to as the focusing lens.

45 59 46 mm

187 mm
43 47 55mm 142 mm
HIE 0 6 mmT

l-22,500V 146V 17V

-1,846V -691V -598 V

(a) Initial result (b) Restricted result

Figure 5.8: Optimization results for thick lens design. Initial results (top) utilize constraints shown
in Table and restricted (bottom) has the additional constraints V3 < 0, Vo < 0.1V}, and
V3 <0.1V7.

5.3.1.2 Thick Lenses Results

The optimization results for the thick lens design is shown in Fig. 5.5. Initially, the thick
lenses widen the beam by expanding it with a negative lens. Then, two positive lenses repel the
beam to such an extent that the ions cross through a point and the polarity of the velocity in the
y-direction v, is flipped. This generates a beam with a final radius of 142 mm, approximately a
centimeter smaller than the radius achieved by the thin lenses. The process of widening the beam is
more complex than previously found, which may create issues when characterizing spacecraft wake
formations. Therefore, the lens potentials are restricted such that the beam is widened without
the ion paths crossing each other. To do so, the first lens must be negative (V3 < 0), and the last
two lenses are also negative with potential magnitudes greater than one-tenth the magnitude of

the first lens potential (Vo < 0.1V4 and V3 < 0.1V7). The resulting lens design negligibly changes
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Figure 5.9: Ton beam expanded with magnetic field generated by a coil of wires. Coil radii is shown
in orange, distance from ion gun exit in black and final beam radius in green.

the radius of the beam, indicating that the thick lens design is not viable for increasing the radius
of the beam without the ion trajectories crossing. Because the thick lens design is not as effective
at increasing the beam radius as the thin lens design, the thin lens design with an expanding and

focusing lens is selected to alter the ion beam.

5.3.1.3 Magnetic Lens Comparison

It is mentioned in the introduction that the magnetic field can also be manipulated to expand
and focus the ion beam, so the current required to generate a similar beam expansion to that shown
in Section is determined. For this project, a thick coil with current running through can
be used to generate a magnetic field and expand the beam. SIMION is capable of modeling this

configuration,!

with the coil position, radius, wire thickness, current, and number of turns specified.
Helmholtz coils have previously been implemented in the ECLIPS chamber with 0.75 mm radius
wires, a maximum current of 5 A, 40 turns, and 298 mm radius [2()]. To theoretically modify this
configuration to expand the beam, a single coil could be taken, placed directly below the ion gun

exit (similar to the expanding lens), and tightened such that the radius is 10 mm. If the number

of turns is held at 40 mm, a current of 8,000 A is required to expand the beam to a radius of

! See SIMON thick_coil example available with the software.
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~150 mm at the base of the chamber, as shown in Fig. . This far exceeds the capabilities of
current sources available in the AVS or similar laboratories and validates that electrostatic lenses

are a more viable option for expanding the beam for ion wake experiments.

5.3.2 Arcing Analysis

A thin expanding lens placed as close as possible to the ion gun is optimal for increasing
the radius of the beam. However, the high voltage lens may arc with the nearby, grounded ion
gun. If arcing occurs, the HVPS will shut off and the ion gun may be damaged. To prevent
this, the maximum voltage that can be achieved before arcing is characterized at several separation
distances. This is accomplished using two conductive sheets of aluminum that are held at the desired
separation distance. One sheet is grounded, and the voltage on the second sheet is increased until
arcing occurs. The arcing potential is then recorded, the separation distance is increased, and
the experiment is repeated. The wake experiment is conducted in vacuum, but the arcing voltage
versus separation distance is recorded in atmosphere, which is approximately 630 Torr at room
temperature in Boulder, Colorado. This is done because the objects may arc through the flowing
argon, resulting in lower possible potentials at a set separation distance than expected in vacuum.
The arcing voltage versus separation distance is plotted as a white line over the expected final beam
radius versus lens distance from the ion gun and lens potential in Fig. . This line indicates where
the lens may be expected to arc with the ion gun, and safe lens voltage and distance combinations
are located below the white line. Fortunately, it is found that the beam radius plateaus after a
certain lens potential, which means lower expanding lens potentials than found in Section
can be used to achieve the maximum beam radius. It is evident from the figure that the largest
beam radius at the RPA is limited to 60 to 70 mm for a lens located 3 to 5 mm from the ion gun.
Once the lens is placed 6 mm or more from the ion gun exit, the radius of the beam is negligibly

increased.
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Figure 5.10: Expected beam radius at the RPA position (46 cm from ion gun exit) versus expand-
ing lens potential and distance from ion gun. The white line indicates the voltage and distance
combination at which arcing may occur.

5.4 Lens Characterization

The lenses are constructed from 6 mm thick sheets of aluminum and held at the desired
potentials using Matsusada AU-30R1 HVPS. PEEK rods are used to electrically isolate the lenses
from the chamber walls and hold them in place, as shown in Fig. . The lenses are sanded to
avoid any irregularities on the surface or edges, and a level is used to ensure they are as flat as
possible upon installation. As described in Section , the optimal lens design uses an expanding
lens near the ion gun exit and a focusing lens farther away to telescope the beam. Before combining
the entire setup, the expanding and focusing lenses are installed one at a time and measured to

test their individual effects.

5.4.1 Expanding Lens

The expanding lens is positioned 5 mm from the ion gun exit with an inner radius of 5 mm.
Creating a detailed map of the lens, as done in Section , takes approximately four hours. It is
desirable to test the entire range of lens potentials in the same sitting, as this minimizes changes
to the setup or ion beam properties. Therefore, a faster method of estimating the size of the beam

must be determined. The general shape of the beam is assumed to be approximately circular.
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Focusing
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Figure 5.11: Lens setup in the ECLIPS vacuum chamber

Then, at least three edge points of the beam are found and the positions are recorded as Cartesian
coordinates (z,y). These points are then used to find the center point of the beam (z.,y.) and

radius r by performing a linear least squares (LLS) fitting to the equation of a circle

= (‘T - xc)2 + (y - yC)Z' (55)

To find these edge points, the sensors measure a straight line along the entire length of the stepper
motor, then the rotational stepper motor is rotated 90°, and the process is repeated. This results
in three to four edge points being recorded and utilized to determine the position and size of the
circular projection of the beam. Examples of these circular projections of the beam are shown in
Fig. . Based on the RPA measurements, it is also found that the final ion energy remains at
approximately 835 eV. This validates the SIMION results, which indicated that the lenses are not
expected to significantly change the ion energy.

As shown in these projections, the beam is expanded and translated as the potential is
varied. This indicates that the lens is misaligned, meaning it is not perfectly flat or centered with
respect to the ion gun. Misalignment is expected within the system, particularly because this lens

design is intended to be installed by hand and adaptable to different vacuum chamber systems.
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Figure 5.12: Projections of the ion beam made from RPA measurements for varying expanding lens
potentials.

Therefore, the beam translations are characterized for various misalignment.

The expanding lens is modeled in SIMION at a distance of 5 mm from the ion gun to
match the experimental setup. The simulated lens is then shifted from the center of the simulation
and tilted to characterize how the misalignment may impact the ion beam radii and offset. The
translation, or offset, of the beam and final radius values for various lens misalignments is shown in
Fig. . The dashed lines display results for a perfectly centered, but tilted beam and the solid
lines represent an off-center but perfectly level lens. Tilting the lens has a significantly smaller effect
than shifting the lens with respect to the ion gun. Thus, any ion beam translations are contributed
to an off-center lens.

The expanding lens was set up and characterized in two separate trials. The translation of the
lenses is unknown, so the recorded results are compared to SIMION results to estimate how much
the lenses might have been offset. The experimental and corresponding SIMION results for the
two trials are shown in Fig. . The error bars indicate the 1o value from the LLS fitting and an
assumed measurement error of 2.5 mm. The beam translation is only shown at the RPA position
because the translation between the RPA and LP positions changes by millimeters. Therefore,
the SIMION results have significant overlap, and showing both results is redundant. The LP was

improperly connected to the multi-meter during trial 1, so there are no LP results for that test.



104

20
=— = :0deg 0 mm
2 deg 1 mm
4 deg 2mm
—_ 6 deg 3 mm
g 15 8 deg 4 mm
~ = = 10 deg
c
i)
E
210
o
[
5
o 5
m
fec=Z========== -
04
0 -2 -4 -6 -8 -10

Lens Potential (V)

Figure 5.13: SIMION simulations of ion beam translation at the RPA position versus expanding
lens potential for varying misalignments. Solid lines indicate an off-center lens and dashed indicate
a tilted lens.

It is estimated that trial 1 was offset approximately 0.9 mm and trial 2 was offset 0.5 mm. The
experimental and SIMION beam translation correspond well with each other. This validates that
the translation of the beam can be contributed to the lens being off-center with respect to the ion
gun by sub-millimeter magnitudes.

SIMION shows a quick jump in radius before a plateau, while the experimental results indicate
a more gradual increase in radius and then plateau. This may be due to inaccuracies in the chamber
model in SIMION, as some unmodeled components such as the chamber windows or wires may
slightly alter the potentials. However, it is shown that the radius of the beam is increasing with
lens potential, the majority of the SIMION results are within the error bounds of the experimental
results, and the maximum radius for both appears to be approximately the same. Thus, the

expanding lens is performing as designed and generating a wider beam as predicted.

5.4.2 Focusing Lens

In order for the focusing lens to “compress” the ions into a smaller radius beam, the lens
must be more positive than the preceding lens or ion source [ 2”]. In initial experiments using the
focusing lens, the lens is placed 36 cm down from the ion gun exit and has an opening of 50 mm.

The LP is then located 1.6 cm from the lens, and the RPA entrance is 11.6 cm from the lens.
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Figure 5.14: Ion beam translation (top) and radius (bottom) versus expanding lens potential.
SIMION results are shown in a purple gradient. Trial 1 is estimated to be shifted 0.9 mm and Trial
2 is estimated to be shifted 0.5 mm.

Experiments revealed that the proximity of the Langmuir Probe to the focusing lens significantly
alters the electric field and resulting measurements. This phenomenon was recreated in SIMION,
and comparisons between current density measurements modeled in SIMION and measured in
experiments show good agreement. This is described in further detail in Reference [’~]. However,
phenomena such as beam deflection may be missed if the current density is solely used to evaluate
the beam behavior. Therefore, the experiments are modified and repeated. The Langmuir probe
is shifted down so it is only 58 mm above the RPA entrance compared to 101 mm. The focusing
lens is widened to a 70 mm radius and moved to 31 cm below the ion gun exit. This creates a
separation distance of 10.5 cm between the lens and Langmuir probe.

The beam translation is characterized for this lens configuration, as shown in Fig. . Once
again, an off-center lens translates the beam more than a tilted lens. Since the lens is farther
from the ion source, lens translations on the order of centimeters are required to generate beam
translations comparable to those seen in Section . This is useful because the focusing lens is
farther from the ion gun, and the vacuum chamber walls prevent the focusing lens and ion gun from
being seen at the same time. As a result, the focusing lens is aligned to the bottom of the vacuum

chamber using a vertical laser level. The floor of the vacuum chamber is not connected to the top
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of the vacuum chamber, and shifts in the vacuum chamber floor cause additional misalignment

between the ion gun and focusing lens.
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Figure 5.15: SIMION simulations of ion beam translation at the RPA position versus lens potential
for varying focusing lens misalignments. Solid lines indicate an off-center lens and dashed indicate
a tilted lens.

The beam radius and offset versus lens potential is shown in Fig. , and the SIMION
results are shown in the background as a purple gradient. As with the expanding lens, the error
bars indicate the o value from the LLS fitting and an assumed measurement error of +2.5 mm.
The ion energy is also again measured at approximately 835 eV by the RPA. The SIMION results
are shown at the RPA location. The beam radius decreases as the lens potential increases, as
expected, and the beam is translated 4.25 cm for an 800 V lens. Based on this, it is estimated that
the beam is off-center by approximately 3.4 cm. SIMION simulations indicate that if the beam
is more off-center than this, at approximately 800 V the lens significantly repels the nearby beam
and begins to expand the beam radius. The experimental results indicate the beam is translated
approximately 1 cm more than indicated by the SIMION simulations for a lens offset of 3.4 cm.
However, the beam radius decreases as expected, so it is unlikely the lens is more off-center. It is
possible that the wires providing power to the focusing lens and stepper motors alter the electric
field and generate more beam translation than predicted. The beam radius versus lens potential
results show good agreement with the SIMION simulations, and the SIMION results are within the

1o error bars of the experimental results. This, in addition to the focusing lens results presented
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Figure 5.16: Ion beam translation (top) and radius (bottom) versus focusing lens potential.
SIMION simulation results are shown in a purple gradient, and it is estimated the lens is off-
set ~34 mm.

in Reference [17] validate that the beam is focused as predicted.

5.4.3 Both Lenses

Finally, both lenses are installed. The expanding lens is kept 5 mm from the ion gun exit
with a radius of 5 mm, and the focusing lens is kept 36 cm from the ion gun exit with a radius
of 7 cm. This should leave 3 cm of space between the ion beam edge and focusing lens opening.
The lens should be telescoped, similar to the beam shown in Fig. 5.7, with a final radius of 45 mm
when the expanding lens is held at -8 kV and focusing lens is held at -500 V. The current density
map measured by the Langmuir probe is shown in Fig. . Here, it appears the beam impacts
the edge of the focusing lens, as shown by the curvature on the left side of the plot. It is difficult
to determine if one or both lens misalignments causes this, but upon investigating with SIMION,
it is found that in this configuration if the expanding lens is off-center by 1 mm, the beam will
impact the focusing lens, as shown in Fig. . The focusing lens is also likely off-center, likely
increasing the percentage of the ion beam that is impacting the lens.

A larger focusing lens could be utilized to avoid the beam impacting the lens. However, the

lenses are not installed with sub-millimeter precision and misalignment will still be expected. A



108

3 2.5
: I
1 2
-500 vV <
0 £
. 15 =
e-1 =
70 mmL S &
e >-2 3
316 mm 1 £
-3 E
i —_
4 S
05 3
-5
-6 0
-6 -4 2 0 2
x (cm)
(a) SIMION (b) Experiment

Figure 5.17: Current density map measured by the Langmuir Probe with the expanding and focus-
ing lens in place (bottom), and a SIMION simulation of a possible corresponding lens setup (top).

SIMION simulation with a larger focusing lens and realistic lens placements, or the expanding lens
off-center by 0.5 mm and focusing lens off-center by 1 cm, is shown in Fig. . The larger focusing
lens does allow the beam to pass through without impact. However, the combined misalignments
of the lenses causes the beam to have a non-zero velocity parallel to the floor of the chamber.
In other words, the focusing lens does not cause the ions to flow parallel to the chamber walls,
which is the desired configuration for this test design. This could be useful if it is desirable to
simulate a spacecraft with a velocity comparable to the plasma bulk velocity (vse & vpy) traveling
in a direction that is not parallel to the bulk velocity, such as the conditions experienced by the
Parker Solar Probe [77]. For this project, the aim is to represent solar wind flow around cislunar
spacecraft, and the spacecraft velocity is not comparable to the bulk velocity, so ion flow should be

symmetrical around the spacecraft to best represents the ion wake around a cislunar spacecraft.

5.4.4 Wake Generation

The goal of this project is to generate a wake that can be used in future experiments. To
accomplish this, as previously mentioned, the beam must be large enough to fully envelop a repre-

sentative spacecraft and be measured, and ideally the ions would flow parallel to the chamber walls.
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Figure 5.18: SIMION simulation of both lenses installed with expanding lens off-center by 1 mm
and focusing lens off-center by 1 cm.

Since the focusing lens introduces additional deflections and does not generate ion velocities that
represent cislunar plasma flow, only the expanding lens is used to generate representative spacecraft
wakes. This also generates a larger beam around the representative spacecraft, making the wake
formation simpler to characterize. The expanding lens is again held 5 mm from the ion gun exit,
has an inner radius of 5 mm, and is held at a potential of -8 kV. Therefore, the beam radius at the
representative spacecraft location should be approximately 5.5 cm, which is large enough to fully
envelope a representative spacecraft. A cube with a width of 5 cm is used to represent a spacecraft.
Assuming a beam current of 10pA, representative solar wind plasma density of 6E6 m™, and using
Equations (©. 1) and (°.7), the 5 cm cube represents a spacecraft with a width of 6.6 m.

As described in Section , if the expanding lens is off-center by sub-millimeter distances,
the beam is deflected by several centimeters. Therefore, the expanding lens is first installed and
the position of the beam is determined without the cube in place. Then, the vacuum chamber is
opened, the cube is placed in the path of the beam, and the experiment is repeated with the cube
in the beam path. The RPA cannot fit underneath the cube in the vacuum chamber, so only the
Langmuir probe is used to determined the ion beam behavior. The expected ion beam behavior and
experimental results are shown in Fig. . It is expected that a -110 V cube creates an expanding
wake that is larger than the width of the cube. This is found experimentally, as the width of the

beam is larger with the -110 V cube in place versus without. When the cube potential is increased
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Figure 5.19: SIMION simulation of chamber wake generation (top) and current density maps of
experimentally generated wakes (bottom). A projection of the cube is shown in orange.

to -500 V, the ions are attracted toward the cube, and a closing wake is generated. This is again
found in experiments, as the width of the beam is smallest for this configuration. The ions seem
to disappear on the left side of the cube when the voltage is decreased from -110 V to -500 V. This
likely occurs because the ion beam is thinner on this side, and the ions are attracted into the side of
the cube when the voltage magnitude is increased. Overall, it is shown that the expanding lens can
be used to reliably expand and translate the beam, and the wake behavior matches in simulations

and experiments.

5.5 Conclusions

Electrostatic lenses are investigated and tested in the ECLIPS vacuum chamber system to
manipulate the ion beam behavior. It is shown that in an ideal system, two lenses are optimal for
this system for increasing the radius of the beam and telescoping the beam. When telescoping the

beam, the top lens is referred to as the expanding lens and the bottom is referred to as the focusing
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lens. If the expanding lens is off-center by sub-millimeter distances, the ion beam is deflected
several centimeters. For the focusing lens, offsets on the order of centimeters deflect the beam
several centimeters. Regardless, individually, both the expanding lens and focusing lens alter the
ion beam radius as expected, presenting a novel, adaptable method to manipulate a charged beam.

Spacecraft ion wakes are generated with only the expanding lens in place. It is shown that
wake formations around a cube with varying potential can be generated and measured, and the
measured results show good agreement with simulations. Thus, simple electrostatic lenses are
successfully designed, tested, and used to generate spacecraft ion wakes. This lens configuration
could be implemented in any scenario in which it is necessary to widen, focus, or translate a beam

with charged particles beyond the capabilities of its pre-existing configuration.



Chapter 6

Proximity Charging Interactions

6.1 Motivation

As shown in Chapters * and /, the presence of a charged servicer near a floating target can
change the target’s emissions and surface potential. Typically, electrostatic actuation or coulomb
formation flying studies prescribe surface potentials or utilize charging equations to determine the
potentials, which does not capture the phenomena seen in previous chapters. The changing target
potentials and emissions were captured through simulations in Nascap-2k and SPIS, which are
powerful but computational expensive tools that can take hours to days to run. Therefore, results
from SPIS are utilized to generate analytic approximations of the interactions between spacecraft,
increasing the efficiency and ease of future electrostatic actuation investigations.

The legacy charging equations are first presented, followed by the electrostatic force equation.
Then, charging behaviors that occur when a highly charged object is nearby are investigated,
including electron emissions being drawn away from a positively charged spacecraft, repulsion of
like charges in a plasma, and acceleration of ambient particles. Next, the servicer recollecting
electron emissions generated by electron beam impact on the target is characterized. The ion
current to a target within the wake of a servicer is then characterized and analyzed with simple
simulations and experiments. Finally, the resulting charges and forces in cislunar environments are

presented with the inclusion of the newfound proximity charging approximations.
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6.2 Charging and Forces Equations

In this study, all surface are assumed to be aluminum. The current charging equations
implemented for electrostatic tractor investigations assume orbit motion limited (OML) currents,
which are applicable when the Debye length is larger than the spacecraft. In this regime, the
potential of a servicer equipped with an electron gun is first determined using the current balance
equation

Ie(Vs)[1 — a(Vs)] = Lpn(Vs) — Li(Vs)[1 — 6s(Vs)] — I8(Vs) = 0, (6.1)

where I, is the incident electron current, I; is the incident ion current, « is the sum of the SE yield
0 and backscattered electron yield n, and 4; is the SE due to incident ions yield.

The incident electron current is || (]

1 [+
(V)= quneveA exp (;B¥e> for V < 0, (6.2a)
1 q.V
I = - All fi 2
(V) = Jgeneve ( - kBTe> or V > 0, (6.2b)

where A is the total surface area of the spacecraft and v, is the velocity of the electrons /2¢.T¢. /me..

The incident ion current in a non-mesothermal plasma is similarly

1 gV
L;(V) = —geniviA (1 — f , .
(V) 1 demniv < kBTz’> or V<0 (6.3a)
1 —Ye
L(V) = quniviA exp < kig) for V> 0. (6.3b)

When the plasma is mesothermal, the ion current is computed using the shifted orbit motion

limited (SOML) equations

2qe
L;(V) = geAramniVbulk (1 — q2V > for V <0, (6.4a)
MiVhuik
—2q.V
L;(V) = geAramniVbulk €Xp < q2 ) for V> 0. (6.4b)
M Vhulk

Essentially, the energy of the bulk velocity of the plasma is used to scale the current instead of the

thermal energy of the ions, and the ions are assumed to impact the projected area of the ram side
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of the spacecraft. These equations are applicable because the potentially field is negligibly altered
by the wake when the spacecraft is smaller than the Debye length, as shown in Chapter

The photoelectron current I, is

-V

Iph(V) = JpnAph exp (kB h> for V. > 0, (6.5a)
P

Iph(V) = JphAph for V < 0, (6.5b)

where Jp, is the photoelectron current density and A, is the sunlit area of the spacecraft. For a
spherical spacecraft, the sunlit area is 7R?, where R is the spacecraft radius. The photoelectron
current density is defined as 4E-5 A/m? in this work.

The SE yield § depends on the incidence energy of the primary particle and angle of incidence.
For this approximation, the incidence angle of the electrons is assumed to be zero, or perpendicular

to the surface of the spacecraft. The yield is implemented based on the Nascap-2k definition [!7]

I(E) :cl/OR

dE _ (dRNT' (AR (AR 6.7
dz ~ \dE, A2 ) \dg,) '

and R is a bi-exponential range law with a four parameter fit

dE

| P —coxdz, (6.6)

where

R = blEgl + bQESQ. (68)

For aluminum, the fitting parameters by, bs, €1, and es are 154 A/eV, 220 A/eV, 0.8, and 1.76,
respectively.

The backscattered electron yield 7 is again based on the Nascap-2k yield

H(1— E)H(E — 0.05)log(FE/0.05)
log20

mm:< +Hwn)

o—E/5 9 0-0372 (6.9)
1 _(z
( T 0 <e> ) ’

where Z is the atomic number, E is the energy in keV, and H(F) is the Heaviside step function.

The atomic number of aluminum is 13 [ 21].
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The SE yield due to incoming ions is based on the Nascap-2k implementation [!7]

0;(F —BEUQ for V<0 6.10
i )_1+E/Emax,i or V <0, (6.10a)
B(E)EY/? -V
J(E)= """ f , 1
0i(E) T+ B/ B exp T or V>0 (6.10b)

where Epay i is the ion energy at which the maximum yield occurs and S(E) is a scaling parameter

0.25 for F < 0.476 keV
B(E) = {2—1/E-0~1 for 0.476 keV < E < 10 keV (6.11)

1 for10keV < F

Enax,i is assumed to be 230 keV, based on the values for aluminum implemented in Nascap-2k.
The yield models and material properties for aluminum are the same in Nascap-2k and SPIS.

SE emissions escape from the surface with energies on the order of a few volts, while backscat-
tered electrons are emitted with their approximate impact energy. Therefore, if the spacecraft is
more than a few volts positive, the SE emissions will be attracted back towards the servicer. In
order to find « in a Maxwellian plasma, the yield is integrated over the distribution function of the
ambient electrons

a= /oo[n(E) +0(BE)|fe(E)dE for V <0, (6.12a)
0

a= /Ooo [n(E) +8(B) exp (k;ﬂ fe(E)dE for V > 0, (6.12b)

where T, is the emission energy of SEs (assumed to be 2 €V), and fg(FE) is the Maxwellian energy

distribution function

2E1/2 -E
E)= : 1
fE( ) 71.1/2(]{:BT6)3/2 exp <kBTe> (6 3)
Similarly, the secondary electron from ion yield is
5@' = / (Sz(E)fE(E)dE for V < O, (6.14a)

0
> -V
0; = / 0i(F) exp < > fe(E)dE for V >0, (6.14b)
0 kBTse
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where T, is again assumed to be 2 eV.
The current balance equation of a target impacted by an electron beam, assuming the entirety

of the beam impacts the target, is
Le(Vr)[L — a(Vp)] + Lpn (V) — Li(Vr)[L = 6:(Vr)] + Ip(Vr, Vs)[1 — ap(Vr, Vs)] =0, (6.15)

where ap is the sum of the SE and backscattered electron emissions due to the beam. The landing

energy of the electron beam is
Flana = EB + QBV% - QeVs for Qev:s - Qevt < Ep, (6163‘)

Eiang =0 for qeVs —q.Vi > Ep. (616b)

If the difference in potentials between the servicer and the target is greater than the energy of
the electron beam (¢.Vs — ¢.V; > Ep), the beam will be deflected by both objects and will not
impact the target. The landing energy of the electron beam then serves as the impact energy when
calculating ap using Eqns. (0.7) and (0.2).

The electrostatic force between two charges in a vacuum is found with Coulomb’s law

F. =k (6.17)

r2’
where k. is Coulomb’s constant (~8.99E6 Nm?/C?), r is the center-to-center separation distance
of the spheres, and ¢ 2 are the charges. The charge of a single sphere is a function of the potential

and capacitance C

q=CV. (6.18)

When two charged spheres are in the vicinity of each other, mutual capacitance effects occur, which

must be accounted for. The approximation for the charge on two spheres is

@l r Rir  —RiRy| |V (6.19)
=—— ) )
q2 Fe(r® = Ba Rs) —RiRy  Ror Va

As was discussed in Chapter 2, Debye lengths shorter than the separation distance can exist in the

solar wind and magnetosheath cislunar environments, but the effective Debye length can extend
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the sphere’s influence significantly farther than the separation distances proposed. Therefore, this
approximation for the force is appropriate when there are large potentials on the spacecraft, as is

expected during electrostatic tractor operations.

6.3 Sheath Overlap

6.3.1 Electron Emission Collection

When a highly positive spacecraft, such as one equipped with an electron gun, is located near
another floating spacecraft, it is possible for the electron emissions from the floating spacecraft to be
drawn away into the highly positive spacecraft. This phenomena, referred to as sheath engulfment,
has been observed on the SCATHA satellite. SCATHA was equipped with an electron beam and
had booms that were electrically isolated from the main body. As SCATHA rotated, oscillations
in the main body potential were recorded that corresponded to the frequency of the rotations.
Analysis indicated that as the main body charged highly positive due to electron beam emissions,
photoelectrons were drawn away from the boom when they became sunlit and collected by the main
body. This then decreased the main body’s potential, leading to the observed surface potential
oscillations [109—111].

A simple model was proposed to estimate the photoelectron current collected by the main
body of the SCATHA satellite. In essence, the potential at a position on the boom is estimated,
and the fraction of the emissions below the energy of the potential at that point are assumed to be
collected by the main body instead of recollected by the boom. In this study, the charging of the
body that electron emissions are pulled away from are also considered. Typically, once spacecraft
charge to a few volts positive, the low energy secondary electron and photoelectron emissions are
recollected, and the spacecraft potential ceases to charge more positive. If these emissions are
drawn away, the spacecraft could continue to charge positively.

The fraction of emissions that are drawn away from the target p[¢(r)] are estimated using
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ST Bexp(—E/kpTiespn)dE

r _ 6.20
plo(r)] = Bexp(—E JhuTy ) dE (6.20)
The updated electron emissions yields from the target are then
o= / (1(E) + 8(E)) fu(E)AE for V < 0, (6.212)
0
o= [ (E) + (B0 So(BNE for o) =V =0, (6.210)
0
o -V
a= / {U(E) + d(E)exp <l<: T )] fe(E)dE for V > ¢(r) > 0, (6.21c)
0 Blse
and the photoelectron current is
Iph(V) = JphAph for V < 0, (622&)
(V) = Iy Apupld(r)] for 6(x) = V > 0, (6.22b)
Ln(V) = Jpn Ay exp ( - > for V.> ¢(r) > 0. (6.22c)
kBTph

The potential is modeled using the Debye-Hiickel approximation in Eqn. with the scaling
parameters found in SPIS. It is assumed that the secondary electron and photoelectron currents

drawn away from the target are collected by the servicer, so the updated charging equations are
Le(Vr)[1=a(Vp, V)| = Ipn(Vr, Vs) = Li(Vr)[1=06i(Vr, V)| + 15 (Vr, Vs)[1 —ap(Vr, Vs)] = 0, (6.23)

for the target and

I (Vs)[1 — a(Vs)] = Ipn(Vs) — Li(Vs)[1 = 6:(Vs)] — 15(Vs) + Iph,r(Vs, Vr)... (624
+1e7(Vr)or(Vs, Vi) + Lir(Vr)ds 7 (Vr, Vs) = 0,
for the servicer, where the subscript T represents the current from the target. Because the spacecraft
potentials depend on each other, the solution must be iterated until both spacecraft potentials
stabilize to some solution. In this study, the surface potential solution is iterated until the servicer
and target potential each change by less than 1%.

To validate the electron emission collection approximation, the SPIS results from Section

are utilized. In these simulations, a floating target spacecraft is simulated at varying separation
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distances from a 1 kV and 10 kV servicer. Both spacecraft are 1 m aluminum spheres, and the

target has a 4E-5 A/m? photoelectron current density. The spacecraft wake formations are not

included.
7007 1KV SPIS 300 —SPIS Emitted SE & PE 1 KV servicer
\ — = Analytic ——Emitted SE & PE 10 kV servicer
600 _ 10k\}(,VAﬁ:|'ySﬁc 250 Y Collected SE & PE 1 kV servicer
500 - - 10 KV Analytic \ ——Collected SE & PE 10 kV servicer
n
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Figure 6.1: Floating spacecraft potentials (left) and emitted and collected currents (right) in a
sunlit environment.

Figure shows the floating spacecraft potentials and emitted and collected secondary elec-
tron and photoelectron current for varying separation distances. The emitted and collected current
is slightly overestimated in the analytic solution, but in both solutions the fraction of current col-
lected by the servicer is larger when the separation distance is smaller and drops once the target’s
potential exceeds the potential generated by the servicer (¢(r) < V). All emitted current is as-
sumed to be collected by the servicer when ¢(r) > Vp, so these lines overlap in Fig. . This
assumption is validated in SPIS, as 80% to 95% of the electron emissions are recollected when
the servicer is drawing emissions away from the target. The target’s potential in SPIS is slightly
higher than the calculated potential, which indicates that the potential about the servicer might
be slightly underestimated in the analytic solution. Despite this, the floating potential solutions
show good correlation, validating that the electron collection assumption is appropriate.

These results are only applied to positively charged targets. Bengtson et al. showed that once
a target becomes a few kiloVolts negative, the electron emission current collected by the servicer

remains below 10% regardless of servicer potential [! 7]. In addition, in Fig. it is shown that
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less than 10% of electron emissions from the negative target are collected by the servicer. Therefore,
if the target is negatively charged it is assumed the the electron emission current collected by the

servicer is negligible.

6.3.2 Repulsion of Charges

In addition to a positive servicer drawing electron emissions away from a floating target,
a highly charged spacecraft can influence the ambient plasma population, changing the charging
behavior of a nearby electrically disconnected object. This has been observed on the SPEAR-1
mission, where two 10 cm radius spheres were attached to a rocket body on the end of a 3 m boom.
The spheres could be biased up to 46 kV, which incidentally caused highly negative potentials on
the rocket body [!(7]. The sheath generated by the larger rocket body is theorized to partially
or entirely engulf the small sheath generated by the positive sphere, reducing the electron current
to the sphere despite its large positive potential. This concept can also be demonstrated in SPIS,
as shown in Fig. , where a highly charged spacecraft repels like charges, reducing the relevant

current to a nearby uncharged object.

Servicer Target Servicer Target

-10kvV 0V ’ . 10kV ov

(a) logio of electron density (b) logio of ion density

Figure 6.2: Repulsion of electrons around a negative charged spacecraft (left) and ions around
positively charged spacecraft (right).

If a nearby object is charged highly negative (|¢g.V'| > T.), the electron current to the body
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of interest is reduced and determined using

I.(V,¢(r)) = 1qeneveA exp <M> for V 4+ ¢(r) < 0 and ¢(r) <0, (6.25a)
4 kT,

L(V,6(r) = ~genev.A (1 + M) for V + ¢(r) > 0 and ¢(r) <0. (6.25D)
4 kT,

where ¢(r) is the potential generated by the positive spacecraft (Eq. (7.1)) at distance r. Similarly,
if a nearby object is charged highly positive (¢.V > T;), the ion density in the region may be

depleted, and the ion current is determined as

LV, 6(r)) = ~quniviA (1 _ %V +4(r) W))) for V + ¢(r) < 0 and ¢(r) >0, (6.26a)
4 kgT;

L(V,¢(r)) = 1qeniviAexp <—qe(V—i—¢(r))> for V. 4+ ¢(r) > 0 and ¢(r) >0, (6.26b)
4 kpT;

These equations are only applied to ion currents in non-mesothermal plasma environments. If the
conditions are not satisfied for these current equations to be implemented, the ion and electron
currents are computed using Eqns. (0.2) and (0.7), respectively.

This assumption can be validated using the results presented in Section . In this in-
vestigation, a floating target is held at several distances from a 1 kV and 10 kV servicer in an
eclipsed solar wind environment. As shown in Fig. 0.3, the analytic and SPIS solutions show good
correlation. The analytic target potential is more negative than the SPIS potential at 10 m separa-
tion, which may be due to differences in the electron emission computations. In both solutions, the
target’s potential changes at a similar rate and settles to approximately -20 V once the target is
outside the sphere of influence of the servicer. Therefore, the provided approximation for repulsion

of like charges is appropriate.

6.3.3 Acceleration of Ambient Particles

It is theorized in Chapters & and ‘| that a highly positive servicer may accelerate the ambient
electrons, which may then impact the target at a higher energy and increase the secondary electron
yield. To test this, a target is held at 0 V and the separation distance is varied near a 10 kV servicer.

The target’s electron emission current is then divided by the collected electron current found in SPIS
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Figure 6.3: Floating spacecraft potentials for a spacecraft with varying separation distance from a
1 kV and 10 kV spacecraft.

to determine the yield. Figure shows that the yield negligibly varies as the separation distance
increases outside of noise. Therefore, it is unlikely that the highly positive servicer generates
noticeable changes in the electron emission yield. Instead, the variation in emission currents seen
in previous chapters is a result of the spacecraft surface potentials changing due to the repulsion
of like charges. The different target potentials then repels or attracts electrons and changes their
landing energy. Thus, only the energy of the one’s own spacecraft need to be taken into account

when determining the yield, and these equations remain unchanged from Section

6.4 Beam Electron Emission Recollection

When the target is impacted by the electron beam, secondary and backscattered electrons
are generated. This is accounted for when determining the target’s potential using the ap term.
These emissions can be collected by the servicer, which is not included in the charging equations
presented in Section 0.2. This may result in significantly more negative servicer potentials than
expected, changing the efficiency of electrostatic actuation operations. Fortunately, the electron

emissions from the target can be included in the servicer’s current balance equation using pre-
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Figure 6.4: Yield from a 0 V spacecraft near a 10 kV spacecraft.

existing parameters dp and np

I.(Vs, V)1 — (V)] — Ipn(Vs) — Li(Vs, V) [1 — 6;(Vs)]...
—Ig(Vs)(1 = ksedB(Vs, V1) — kens(Vs, V1)) + Ipn1(Vs, Vr)... (6.27)
+1e7(Vr,Vs)or(Vs, V) + Li v (Vr, Vs)di 7 (Vr, Vs) = 0,
where ks and kg are the fraction of emitted secondary and backscattered electrons that are
recollected by the servicer. To implement this additional source of current, the solver must again
be iterated as described in Section , but before this, the proper values for ks and kp. must
be investigated. Different spacecraft geometries will also change the amount of electron emission
collected, as shown in Chapter 2, but this must be computed for the specific target geometry of
interest. In this work, a general characterization using spherical spacecraft is completed.

SIMION is employed to characterize the fraction of emissions that are recollected. Because
the spacecraft are held at 2 m radii, which is smaller than the Debye length, changes to the
potential due to nonmonotonic sheaths and spacecraft wakes are not expected, and the beam
current is assumed to be low enough to avoid generating barriers. Therefore, SIMION is assumed
to appropriately model the recollection behavior. Spherical spacecraft are generated following the
fine and coarse potential array (PA) generation described in Chapter 2. The spheres are generated
with a resolution of 0.25 mm in the fine PA and 1 m in the coarse PA. When the fine PA elements

are decreased to 0.125 mm, negligible change is recorded in the results and the computational time
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Figure 6.5: Fraction of secondaries generated by electron beam impact on the target collected by
the servicer for varying center-to-center separation distances.

increases by ~4 times.

6.4.1 Secondary Electrons

Previous work presents detailed descriptions of the emission process for secondary electrons in
SIMION [!00], which is implemented here. To generate secondary electron emissions, the electron
beam energy is set to land on the target’s surface with 10 keV of energy the ensure it impacts
the center of the target, and one electron is generated for every impacting electron beam electron.
This makes the results independent of yields. Figure shows the fraction of emitted secondaries
recollected for varying separation distances. When the spacecraft are 10 m apart, the servicer
consistently collects all emitted secondaries. As the separation distance increases, the servicer
collects less of the emissions. This effect is expected to be exacerbated if a short Debye length is
present around the spacecraft, such as in low earth orbit or the solar wind when the spacecraft
potentials are small.

Figure shows that when the half angle of the electron beam is increased, the fraction of
secondaries recollected decreases. In this case, more secondaries are generated on the edge of the
target, which can then escape the servicer’s sphere of influence. This also helps explain why few

secondary electron emissions generated by ambient electrons are captured by the service because
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Figure 6.6: Fraction of secondaries generated by electron beam impact on the target collected by
the servicer for varying half angle.

natrually emitted secondaries are genreated from all sides of the target. As an exception, the
servicer consistently recollects the majority of the electron emissions when the target potential is
low and the servicer potential is large. It should be kept in mind that this is only applicable for
spherical spacecraft. For a more complex geometry, a larger half angle can actually enable more

efficient recollection of secondary electron emissions, as shown in Chapter .

6.4.2 Backscattered Electrons

Backscattered electrons may lose some energy as they traverse through the material, and
their peak in energy is near the energy of the incident electron. The peak energy for backscattered
electrons from aluminum is ~2/3 the energy of the incident electrons [(~], and legacy versions of
SPIS have initialized backscattered electrons with 2/3 the energy of incident electrons.! Therefore,
the backscattered electrons are initialized with 2/3 the energy of incident electrons. The electron
beam is assumed to hit the target perpendicular to the surface, so the angular distribution is
defined following a cosine law with respect to the surface normal vector [(~]. The simulation is
again initialized such that one backscattered electron is emitted for every incident electron, making

these results independent of the yield.

1 See presentation outlining SPIS software tool at 51’15 presentation
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Figure 6.7: Fraction of backscattered electrons recollected by the servicer for varying beam landing
energies, 0° half angle, and 10 m separation distance.

Figure shows the fraction of emitted backscattered electrons recollected by the servicer
at a 10 m center-to-center separation distance and 0° half angle for varying landing energies. At a
landing energy of 1 keV, the servicer recollected a maximum of 0.32 times the emitted backscattered
electrons. When the landing energy increases, thereby increasing the emission energy, the number of
backscattered electrons recollected decreases. This occurs because the more energetic backscattered
emissions are able to escape the sphere of influence more efficiently than the lower energy secondary

electron emissions.

6.4.3 Impact on Charging

The importance of electron emission recollection is investigated by determining the resulting
potentials with and without recollection included in the computation. The repulsion of like charges
is also included in the computations. The calculations are completed in the mean plasma sheet
from Table with electron and ion temperatures of 150 eV and 780 eV, respectively, and electron
and ion densities of 2.2E5 m~2 and 2E5 m™3, respectively. The spacecraft both have a 2 m radius
and a center-to-center separation distance of 10 m.

Figure shows that with no recollection, the servicer charges to approximately match the

beam energy of 30 keV and the target minimally charges. With 30% of backscattered emissions
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Figure 6.8: Charging and forces with different recollections of 2 m spacecraft with a 10 m separation
distance and a 30 keV beam.

recollected, approximately the maximum amount seen in the characterization, the servicer charges
a few kilovolts more negative. When secondary electron emissions are recollected, the servicer
charges significantly more negative, only charging to approximately 11 keV. With both emissions
recollected, the servicer charges to approximately 10 keV. Therefore, secondary electron recollection
is more significant than backscattered recollection, and the backscattered current can likely excluded
in most cases. Because a collimated beam and close separation distance are typically assumed for
electrostatic actuation computations, it is also reasonable to assume that all emitted secondaries are
recollected by the servicer during charging operations (kse = 1). For a more accurate computation,
the characterization results can be interpolated to determine the x values.

The same charging scenario is also simulated in SPIS. The spacecraft have a 0.15 m resolution
on the surface, the boundary is 1000 m from the spacecraft with a resolution of 50 m, approximately
1/3 the Debye length. A 0 V Dirichlet boundary is set for the electric field boundary, and an open
boundary is defined for the particles. The simulation is run for 500, 1000, and 2000 @A beam
currents, and the results are scattered in Fig. . As shown, the results with recollection and
sheath overlap included closely align with the results with only secondaries and both secondaries
and backscattered electrons recollected, indicating that recollection is properly included in the

analytic approximation.
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Figure 6.9: Servicer and target potentials in Solar Wind. Dashed lines indicate the SPIS solutions
and solid lines indicate analytic solutions.

6.5 Ton current within a wake

As was shown in Chapter /., if an object is in the wake of a spacecraft, the ion current collection
is reduced and the object charges more negatively. Simulations of the electrostatic tractor in SPIS
also indicate that this behavior is expected during electrostatic tractor operations. Figure
shows the servicer and target potentials for varying spacecraft positions. The spacecraft are in
the mean solar wind environment, both have a 2 m radius, a 10 m center-to-center separation
distance, and a 30 keV beam is equipped on the servicer .The spacecraft have a surface resolution
of 0.15 m, boundary resolution of 5 m, and the boundary is 80 m from the spacecraft. The dashed
lines indicate the SPIS solutions and the solid lines indicate analytic solutions. For additional
visualization, Fig. shows the steady state ion density about the spacecraft for a beam current
of 1000 puA. When the target is in the servicer’s wake, it charges more negatively at lower beam
currents than the other two positions in SPIS. Upon evaluation, it is seen that there is no ion
current to the target when it is in the servicer’s wake in the tested scenarios, so the ion current
to the target is set to zero to determine the analytic solution for the target in the wake. This
is a simplified assumption because there are conditions when the target is expected to collect ion
current even when it is in the servicer’s wake. Therefore, the ion current to a target in a positive
servicer’s wake is characterized.

Several studies have numerically and experimentally investigated the change in ion current
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Figure 6.10: Wake formation (logjo of the ion density) around spacecraft in varying relative posi-
tions during electrostatic tractor operations.

to an object in a wake and the structure of the spacecraft wake. Biasca and Wang [ ] characterize
the ion current to a highly negative object in the wake of a larger unbiased body in representative
LEO plasma using PIC simulations. Histograms of the particle collections are presented to provide
insight into the potential at which the probe begins to collect ion current, but the complicated ion
trajectories prevent an approximation of the initial collection point from being developed. Wang et
al. [19%] shows that severe charging can occur when an object in is the wake of a body in the LEO
auroral region. Enloe et al. [7(] experimentally investigate the ion current to instruments within
an expanding ion wake and show that results in SIMION for the initial collection point correlate
reasonably well to the experimental solutions. Albarran and Barjatya [!] use SPIS to simulate the
wake behind a cubesat in LEO space and implement a simple Matlab particle tracking code to
roughly simulate the wake formation.

These works emphasize the difficulty of characterizing the wake formation and change in
current. Wake characterization work has generally been completed with representative LEO pa-
rameters, since the majority of spacecraft missions with wake formations have taken place in this
region. LEO is a thin sheath regime, while the wake formations around lunar spacecraft are possible

in the thin and thick sheath regime.?

Since lunar spacecraft may often be in the thick sheath
regime, this work focuses on characterizing the ion current and wake formation for spacecraft in

the thick sheath regime in cislunar space.

2 An overview of the thin and thick sheath regimes is presented in Chapter .
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6.5.1 SPIS Setup

It is proposed that the ion current to a negative target in the wake of a positive servicer can
be approximated by implementing a current reduction factor f and the initial potential at which

current is collected Vj into the SOML equation as

2Qe(v B VO)

I’L(V) = erAramnivbulk (1 - 2
M Vhyik

> for V< 0. (6.28)

To determine these parameters, a constant potential servicer and target are simulated in SPIS, and

the ion current to the target is recorded. By simulating a range of target potentials, the current
versus potential curve is generated and can be fit to Eqn. determine f and V. Simulations
are conducted in SPIS in the solar wind dayside environment.

A 0 V Dirichlet boundary condition is implemented, and the external boundary is set far
enough from the spacecraft to allow the potential to naturally reach zero before reaching the
boundary (again typically ~6-10Ap).The spacecraft surface resolution is 0.1 m, and the external
boundary resolution is 5 m, about half the Debye length. Open boundaries are defined for the
particles. The ambient electrons and ions are modeled as PIC. The maximum integration time for
all particles is set to H5E-7 s, approximately the time it takes the ions to cross the smallest mesh
tetrahedral. The total run time is at least 2E-4 s, the time it takes the ions to cross the entire

computational space. The simulations take from 5 to 45 minutes on a 32 GB desktop.

6.5.2 Results and Discussion

Figure shows the ion current density versus target potential for varying separation dis-
tances, servicer potentials, and spacecraft size ratios. The solid orange line indicates the SOML
current, and the dotted-and-dashed orange line indicates the SPIS results when no servicer is
present. These lines show good correlation, indicating that the SPIS results are representative of
the cislunar solar wind environment. As expected, the ion current to the target when a servicer is

generating a wake is a fraction of the SOML current.
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Figure 6.11: Ion current collected by targets of varying servicer-to-target radius ratios in the wake
of a servicer. Orange lines indicate current collected without a servicer present.

Initial Collection Potential The target potentials at which ion current begins to be
collected V are shown in Fig. , with varying separation distances shown with different line
styles and different servicer-to-target radii ratios shown with different colors. As the separation
distance increases for the same ratio of servicer-to-target radii, the target potential required to
begin ion current collected decreases in magnitude. In this case, the flowing ions have more time to
be deflected into the surface of the target, requiring a smaller deflection angle and target potential.
Similarly, a smaller target potential is required to begin collecting ion current when the radii ratio
is larger. The potential generated by a spherical spacecraft is proportional to the craft radius
(Eqn. (7.1) and (7.7)), so a larger target generates a farther reaching potential than a smaller
target at the same surface potential.

Reduction Factor Nn Fig. , the ion current to the target does not appear to increase
linearly with the target potential. This is verified when the collected ion current in SPIS is divided
by the expected SOML ion current to show the reduction factor in Fig. . In fact, the
reduction factor appears to increase linearly with the target’s potential. Since the reduction factor
f is linearly proportional to Vr, the target’s ion current is proportional to V:,Z instead of V. Under
these conditions, the ion current to the target in the wake will catch up to the ion current without the
servicer present if the target becomes negative enough. In this case, the target essentially collapse
the wake about the servicer entirely, and the ion current to the target is negligibly impacted by the

presence of the leading servicer. As seen in Fig. , this does not happen in the range of potentials
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Figure 6.12: Target potential at which ion current begins to be collected (Vp)

tested, so it is likely the target would have to become exceedingly negative to reach this point in
cislunar plasma. The ion current to the target with the linear reduction factor f and characterized
Vb is shown over some of the ion current results in Fig. . The fit shows good correlation to
the results from SPIS, indicating that this is a good approximation for the ion current to a target
in the wake of a servicer in solar wind plasma.

The slopes and y-intercepts of the linear reduction factor fits are shown in Fig. . In
general, the slope is smaller for a more positive servicer, which makes sense because a more positive
servicer generates a larger wake, which then limits the rate at which a target can collect ion current.
In addition, the slope is larger for a larger separation distance, which corresponds to the initial
current collection results because a larger separation distance allows the target to more easily
change the ion trajectory and increase the ion current. In general, the y-intercept appears to be
larger in magnitude for a larger separation distance, but there is not a clear relationship between

the intercept and servicer potential or spacecraft size.

6.5.3 Analysis of Wake Behavior
6.5.3.1 Single Spacecraft Wake Modeling

The characterization results can be included within the charging equations and interpolated

to determine the appropriate current when the target is in the servicer’s wake. It would be ideal
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Figure 6.13: The reduction factor and current for a 2:1 servicer-to-target radii ratio and 8 m
separation distance for varying servicer potentials.

to also have the capability to determine if the target is collecting ion current outside the range
of parameters tested without conducting a significant number of SPIS simulations. Therefore, the
wake behavior is investigated to determine if it is possible to predict the initial collection point
using a simplified particle trajectory integrator in Matlab. As previously mentioned, the initial ion
collection point has been investigated in previous studies, but a conclusive solution has not been
found [, 50, 101].

Matlab Simulation To gain a better understanding of the wake behavior, the ion trajec-
tories around a single spacecraft are modeled in Matlab. When evaluating the charging behavior
of an object in a spacecraft wake, an approximation commonly implemented is that the wake size
about an uncharged spacecraft is a ratio between the ion thermal velocity and bulk velocity. The
ion thermal velocity is assumed to contribute to the closure of the wake, while the bulk velocity con-
tributes to the length of the wake. Figure shows a simplified wake shape about an uncharged
with the two velocity components.

Once the spacecraft begins to charge, the trajectories of the ions change accordingly. As
explained in Section , & more positive spacecraft can expand the size of the wake while a more
negative spacecraft can decrease the size of the wake. To investigate this, flowing H' ions are

propagated using an ode4b5 integrator in Matlab. The ions are initialized with velocities of vy
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Figure 6.14: The reduction factor linear fit slope and intercept.

in the x-direction, and +wv; and 4+2v; in the y-direction. It is possible for twice the velocity of the
thermal ions to contribute to the closure of the wake by assuming the ions are isotropic and cannot
originate from inside the wake. In Fig. , this would mean that thermal ions in the +% region
at the edge of the wake can travel in the +£2 and —g direction, but not the +¢ direction. In this
case, the velocities in the Z direction cancel out, and the sum of all the velocity components in the

—1 direction can be computed with the integral
s
—vy = —vi/ sin(0)df = —2v;. (6.29)
0

Once the particles have been initialized, the acceleration of the ions due to the electric field

generated by a spherical spacecraft is computed as

&=

o = L2 (6.30)

my

where E is the electric field found using Eqn. (7.7) in vector notation as

. —(r—Rsc) P
_ VSCRSC6 arp <1 + " > , (6.31)

E(r) 72 a\p

where 7 is the vector from the center of the sphere to the particle location. The scaling parameters
found using SPIS in Chapter  are implemented for a.
As mentioned, the ion wakes generated around the spacecraft do not expand indefinitely due

to the movement of the thermal velocity component. To account for the closure of the wake, the
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Figure 6.15: Ion trajectory at edge of wake formation about an uncharged spacecraft

thermal velocity of ions is assumed to be directed into the center of the wake, and the magnitude

of the thermal velocity component about a charged sphere at each propagation step is

v; = / Eifg,(E;)dE; for ¢(r) > 0, (6.32a)
o(r)
vi= [ Bfm(B)AE = [ tor o) <0, (6.32b)
0 mp

where E; is the ion energies and fg, is the maxwellian energy distribution found using Eqn. (0.2).
Essentially, if the potential at the particle location is positive, only the fraction of the distribution
of the ion thermal velocity that is more energetic than the potential value at that point is assumed
to contribute to closing the wake. If the potential at that point is negative, the entire thermal
velocity distribution contributes to the wake closure.

The resulting trajectories for spacecraft at varying potentials is shown in Fig. . As shown
in SPIS, the wake can be divided into different regions. The “deep wake” has no ion density and
is shown in blue, the “outer wake” is the outermost region of the wake with some ion density is
shown in light yellow, and the “transitional wake” region between the two is shown in green. In
Matlab, the ions initialized with thermal velocity 2v; going into the wake trace the blue deep wake
region, those initialized with v; directed away from the wake outline the light yellow outer wake,
and those initialized with v; into the wake outline the green transition region. In the Matlab legend,
a negative value indicates the velocity going into the wake while a positive value indicates velocity
going away from the wake. This indicates that the initial trajectory of the ions determines shape

and size of the different regions of the wake.
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Figure 6.16: SPIS wake results (logjo of the ion density) and corresponding Matlab wake propaga-
tion.

The wake formations in SPIS also show undulations on the edge of the wake formation that
are not captured in the Matlab code. This could be a result of the mesh sizing in SPIS because the
ion density is resolved within one mesh element, physical turbulence in the fully PIC plasma, or a
combination of the two.

Experimental Representation The different regions of the wake can be recreated in
the ECLIPS chamber using the focusing lens developed in Chapter © to validate that the changing
initial conditions results in the different wake regions. In this experiment, a 2.5 cm radius aluminum
sphere is placed in the path of the ion gun to generate a wake, and the focusing lens is using the
change the initial trajectory of the ions to simulate the varying initial conditions.

Figure shows the wake experiment setup and expected beam trajectory around an un-
charged spacecraft in SIMION. The initial divergence angle of the beam is assumed to be approxi-
mately 4.9° based on the characterization done in Section . This represents the conditions in
which the ion thermal velocity is initialized in the direction facing out of the wake formation (+uv;)
and the outer wake region is outlined. A 450 V focusing lens potential generates a beam with a
convergence angle of 4.9°, representing the condition in which the thermal velocity is initialized
going into the wake (-v;) and the transitional region is outlined. Converging the beam more to

simulate when twice the value of the ion thermal velocity is initialized going into the wake (-2v;)



137

Spherical
Spacecraft

Focusing
Lens . — 0oV — — 450V

Spherical A |4 9°

" 4 spacecraft ' ke
Rotational % .
@ = RPA

Stepper

(b)yov (c) -100 V

Figure 6.17: Setup of wake experiments

results to outline the deep wake causes all the ions to impact the ram side of the sphere. Future
work is recommended to implement both the expanding and focusing lens to enable an experiment
with the deep wake simulated.

Assuming a bulk flow of 400 km/s and a thermal ion flow perpendicular to the bulk flow
(similar to Fig. ), an ion temperature of ~5.2 eV would generate a 4.9° angle between the ion
trajectory and bulk flow direction vectors. These values are similar to solar wind conditions. These
conditions are modeled in SPIS and compared to the experimental results. Figure shows the
SPIS and experimental results for a 0 V and 200 V spacecraft. The red vertical line in the SPIS
results indicate the representative location in the wake where RPA measurements are conducted.
The orange circle in the experimental results show the expected size of the wake region based on
the SPIS results.

The experimental results indicate a larger wake than expected from SPIS. It is assumed that
the experimental ion beam has a negligible thermal velocity component, so there is not a velocity
component closing the wake. Future work is recommended to quantify the thermal velocity com-

ponent. Because the experimental thermal velocity is assumed to be negligible, the wake formation
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Figure 6.18: Wake experiment representative SPIS simulations (top) and RPA measurements of
the current density (bottom)

is larger than the SPIS simulations which do have a thermal ion velocity component; however, the
general behavior of the experimental and SPIS wakes is comparable. The 0 V spacecraft shows
a completely closed transitional section of the wake at the RPA location in both SPIS and ex-
periments, but the outer region of the wake persists to the RPA. Both the transitional and outer
region of the wake are measured by the RPA behind the 200 V spacecraft. The outer region of the
wake around the 200 V spacecraft is ~1.75 times the transition region in SPIS and 1.6 times in
the experiment. Therefore, the relative size of the regions of the wake correlates well between the
experiment and SPIS solutions. This indicates that the difference in initial velocity does lead to
the different wake regions. This also emphasizes that if the goal of a wake experiment is to capture
the size of the wake or initial collection point of a target in the wake, it is important to generate

representative initial conditions.
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6.5.3.2 Target within Servicer’s Wake Modeling

Now that the wake formation around a single spacecraft has been investigated and validated
with experiments, the target sphere is modeled in the wake of the servicing sphere. Without a
plasma present, the potential and electric fields can be superimposed to determine the potential.
In a plasma, the changes to the plasma due to the sheath overlap complicates the potential solu-
tion, typically requiring a Poisson-Vlasov solution to determine the fields throughout the region of
interest. As was shown in Chapter , as the spacecraft become more charged the effective Debye
length increases and the potential solution approaches the vacuum solution. Therefore, the vacuum
approximation for the fields around the highly charged servicer and target is implemented in this
section, and the potential and electric field are superimposed.

The electric field around the two spacecraft is

E(,73) = ke (j{%ﬂ %7«3) : (6.33)
where the charges ¢; 2 are found using Eqn. (0.7), and 7} 2 are the vectors from the center of spheres
to the particle location. With the electric field updated, the acceleration equation is again found
using Eqn. (0.20).

The propagated trajectories and corresponding SPIS results about a servicer and target are
shown in Fig. . There is good correlation between the Matlab solution and the outline of the
wake regions in SPIS wake for varying spacecraft potentials, sizes, and separation distance. This
indicates that the vacuum approximation is a reasonable assumption to make when propagating the
ion trajectories about the charged spheres. A Matlab solution with Debye shielding is recommended
for future work.

Now that the wake propagation model has been validated against SPIS wake simulations, the
target potentials are swept through until ions impact the target to predict the initial collection point.
Figure shows the predicted initial collection potentials compared to the SPIS results. When
the servicer is uncharged, the simulation underestimates the target potential required to collect

ion current. With the vacuum assumption, the target’s influence on the ion’s trajectories may be
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Figure 6.19: SPIS wake results (logyo of the ion density) and corresponding Matlab wake propaga-
tion about a servicer and target.

overestimated, resulting in early current collection. At larger servicer potentials, the propagator
overestimates the target potential required to collect ion current. This is because in SPIS the wake
begins to break up for large target potentials, as is seen in Fig. . When this simulation is
run with higher resolution (the element sizes on the surface and boundary are halved), the wake
breakup still occurs. Therefore, it is likely that this is physical, but future work is recommended
to recreate this phenomena in experimental investigations. Because the Matlab propagator does
not account for wake breakup, it overestimates the target potential required to collect ion current.
Therefore, while the propagator is a new method that can provide fast insight into the general
wake shape, particularly around a single spacecraft, SPIS should still be used to determine if wake

breakdown has occurred and ions can reach an object in the wake.

6.5.4 Supercharging Feasibility

In general, it is not considered possible for the difference in potential between two spacecraft

to exceed the beam energy if another source of energy is not present; however, a simulation in SPIS
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Figure 6.20: Initial collection target potentials predicted by Matlab propagator (solid lines) com-
pared to results from SPIS (scatter points)

indicates that if the target is within the spacecraft wake it may be possible for the difference in
potential to exceed the beam energy under certain conditions.

Figure shows the electron beam density, ion density, and potential in a scenario in which
the potential difference between the 10 m wide servicer and target is ~1.3 keV when a 1 keV beam
is used to charge the spacecraft. In this scenario, the target first charges to approximately the beam
energy while remaining fully enveloped in the wake. Once the difference in potential matches the
beam energy, the electron beam no longer impacts the target, the target is sufficiently negative to
repel ambient electrons and is fully in the deep wake. Therefore, the sum of currents remains zero
and the target remains at -1 kV. Because the electron beam is given an initial divergence angle
of 2°, once it is repelled by the target some of the emissions also miss the servicer. This allows
the servicer to continue charging more positive until current balance is achieved at 297 V. In this
scenario, the target acts as an external source of energy that repels electrons from the sphere of
influence of the servicer. This is also validated in a SIMION simulation with the same size and
potential spacecraft and same separation distance, where a 1 keV electron beam is repelled by a
-1 kV target and not fully recollected by a 297 V servicer.

For supercharging to occur, it is theorized that the beam must be wide enough that when

it is repelled by the target not all of the emissions are recollected by the servicer, and the target
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Figure 6.21: SPIS supercharging results for a 1 keV beam and SIMION beam trajectory validation.

must fully inside the deep wake such that it remains at the beam energy when it is no longer being
impacted. Under these conditions, it may be possible to increase the potentials of the spacecraft
without increasing the energy of the beam, which can lead to larger forces without requiring excess
power. In addition, the target could be charged using the electron beam, and then the beam could
be turned off or moved while keeping the target fully in the wake and charged. Future work is

recommended to characterize this phenomena in cislunar mesothermal plasma.

6.6 Charging and Forces

Now that the charging equations have been expanded to account for sheath overlap, electron
emission recollection, and wakes, the resulting charging and forces when using an electron beam to

charge the spacecraft in various cislunar environments is investigated.

6.6.1 Beam Impacting Target
6.6.1.1 Initial Charging Currents

The current at which the target’s potential begins to change is first investigated in the various
cislunar environments. This can provide insight into the current that should be selected when
conducting touchless potential sensing if it is undesirable to charge the target spacecraft. This has
previously been studied in [*”] and shown that the beam current at which the target’s potential

changes by more than 100 V is typically on the order of 1 pA in sunlight and 0.1 pA in eclipse
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cislunar environments. The change in the target’s potential for beam currents on the order of yA
and a 30 keV beam is presented in Fig. for 2 m and 4.5 m radius spacecraft. The 2 m spacecraft
allows for comparison with the following charging investigation, and the 4.5 m spacecraft are of a
similar size to the spacecraft used for the touchless potential sensing investigation in Chapter 2. In
addition, testing two different size spacecraft provides insight into the impact of spacecraft size on

change in potential.
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Figure 6.22: Change in target potentials for various sunlight and eclipse cislunar environments with
a 30 keV beam.

In the sunlit environments when the target is not in the servicer’s wake, the target’s potential
is negligibly changed up to a beam current of 10 uA. When the target is in the servicer’s wake, the
target appears to charge once any amount of beam current is defined due to the lack of photoelectron
and ion current. In eclipse, the target’s potential is minimally changed in the comparatively lower

energy and higher density environments. In the higher energy environments, such as the magnetotail
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lobes and plasma sheet, the target begins to charge for beam currents on the order of 0.1 pA for
the 2 m spacecraft and 1 pA for the 4 m spacecraft. A larger target will have a larger magnitude
of current from the plasma and radiation environment, assuming consistent fluxes, so the beam
current will be lower compared to the ambient environment currents. Therefore, a larger current

is necessary to begin charging a larger target.

6.6.2 Electrostatic Actuation Charging

The floating potentials, beam landing energy, and forces are computed in several of the
cislunar environments for a 30 keV beam energy, 250 pA to 2000 A current, 10 m separation
distance, 1 m target, and 2 m servicer. Figure shows the results as a function of the beam
current. In the sunlit environments, the plasma sheet and magnetotail lobes show similar trends,
with the servicer charging to ~10 kV, the target charging to ~20 kV, and forces near 0.5 mN. The
solar wind and magnetosheath environments have lower servicer potentials near 1 kV and target

potentials closer to the beam energy, resulting in forces near 0.1 mN.
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Figure 6.23: Charging and forces solutions for various sunlight and eclipse cislunar environments
with a 30 keV beam.

In the eclipsed environment, the plasma sheet, magnetotail lobes, and magnetosheath wake

from 100-500 km behave similarly with servicer potentials near 5 kV and target potentials near -
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25 kV. In these environments, the particles densities are all near 2E5 m ™3, the electron temperature
is ~5 times the ion temperature, and the environment is not mesothermal, leading to similar
charging behavior. In the higher altitude wake regions, the lunar wake has begun to close and
charging behavior resembles the sunlit solar wind and magnetosheath environments. The standout
environment in this case is the solar wind wake region from 100-500 km. In this region, the
plasma density is near 8E4 m~3, lower than the other environments. As a result, the beam is
a more prominent current, and the servicer and target both charge to a magnitude near 15 kV,
creating the largest forces in the eclipse environments at 0.65 mN. In general, the electrostatic
tractor performance in the sunlit and eclipse regions in the same environment is similar, but the
performance varies significantly between environments.

In all environments, the beam landing energy settles at hundreds of volts at larger currents,
which indicates that secondary electron emissions should be generated during electrostatic tractor
interactions. This indicates that the beam energy would not need to be swept through for touchless

potential sensing, simplifying the process to emit observable SE emission outlined in Chapter

6.6.3 No Beam Impact

Now that an approximation for the charging behavior near another highly charged object is
implemented in the charging equations, the charging behavior for a servicer and target when the
beam is not impacting the target is investigated. This could be useful if impacting an active target
may endanger sensitive instruments or components, or if debris is predicted to be nearby but the
exact location is not known. In this scenario, the servicer is emitting a 2 mA, 30 keV beam, and
the behavior is characterized for a 1 m target and 2 m servicer from 10 to 30 m of separation.

Figure shows the resulting potentials and forces. In the sunlit environment, the servicer
charges to approximately the beam energy in the plasma sheet and magnetotail lobes, which then
charges the target positive as the servicer draws away electron emissions through the process de-
scribed in Section . This creates a repulsive force instead of the attractive force proposed for

electrostatic tractor operations. In the solar wind and magnetosheath regions, the servicer charges
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Figure 6.24: Charging and forces solutions for various sunlight and eclipse cislunar environments
when the beam does not impact the target.

to =1 kV and the target charges a up to few hundred volts positive when the wakes are parallel
and up to a few hundred volts negative in the wake, similar to the results shown in Figs.

and 0.3, resulting in forces on the order of 0.01 mN. In eclipse, the target charges negatively due
to the repulsion of ions by the positively charged servicer, and forces up to 0.5 mN occur at 10 m
separation in the plasma sheet, magnetotail lobes, and low altitude solar wind and magnetosheath
lunar wake, similar to the forces generated when the beam impacts the target in Fig. . In
the high altitude lunar wake, the servicer charges to ~1 kV, similar to the dayside results, cre-
ating smaller target potentials and forces than the more energetic regions. Therefore, in eclipsed
energetic environments, electrostatic tractor operations could be conducted without impacting the

target with the electron beam.

6.7 Conclusions

In this chapter, the charging equations for active charging scenarios are adapted to account
for proximity interactions between multiple bodies. It is shown that a highly positive servicer
can draw electron emissions away from a slightly positive object, charging it highly positive. In

addition, the repulsion of ions by a highly positive body can charge a nearby object negative, and
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a highly negative body can charge a nearby object positive due to the repulsion of electrons. If a
target is impacted by an electron beam, the positive servicer can recollect the electron emissions
from the target, resulting in servicer potentials several kilovolts lower than expected.

If the target is in the wake of the servicer, it can charge more negative due to the absence of
ions, so the ion current to a target in a servicer’s wake is characterized and analyzed. It is shown
that a larger target farther from the servicer requires will collect more ion current at lower potentials
compared to smaller targets or smaller separation distances from the servicer. In addition, a Matlab
particle trajectory propagator is presented that splits the ion velocity components into the bulk flow
and thermal velocity and shows excellent agreement with SPIS solutions. It is found that changing
the initial trajectory of ions in Matlab simulations leads to different regions of the wake being
outlined, which is validated in experiments with the focusing lens in the ECLIPS chamber. This
presents a new method of generating the outline of a wake formation in a simple propagation code.
The general shape of the wake about two spacecraft is also recreated in the Matlab propagator,
but wake break up that occurs for large target potentials is not captued. As a result, the Matlab
solutions underestimate the ion current to the target in the wake. The propagation results therefore
provide a first look at the general wake formation about two spacecraft, but SPIS results are required
to spot-check the ion current to a body in a wake.

Utilizing the proximity charging approximations, it is shown that the largest electrostatic
forces are generated in energetic plasma environments. When the beam impacts the target, the
force magnitudes are comparable in both sunlight and eclipse. When the beam does not impact
the target, repulsive forces are generated in sunlit environments. In energetic eclipse environments,
attractive electrostatic forces of similar magnitudes are generated when the beam does and does
not impact the target. This enables electrostatic tractor operations even if impacting the target is

undesirable or difficult.



Chapter 7

Conclusions and Future Work

7.1 Overview and contributions of this work

While the amount of debris is lower in cislunar space compared to regions such as LEO
and GEQO, the consequences of debris accumulation around the moon require methods to safely
manage spacecraft at their end of life to be implemented now. To maneuver debris, decrease the
risk of arcing during docking, and investigate lunar dust behavior for missions around the moon,
electrostatic actuation and touchless potential sensing technology is proposed for application in
cislunar space. This technology has been investigated for application in GEO space, but spacecraft-
plasma interactions around the moon present new phenomena that have not been considered in
previous studies. Therefore, outstanding questions related to this technology are addressed, and
the impact of cislunar plasma is determined.

Touchless potential sensing using electron emissions has previously been validated in vacuum
chamber experiments and complementary charged particle tracing simulations. It has been shown
that these emissions are difficult to detect, particularly when the target has multiple components
or is differentially charged. In Chapter 2, it is shown that around a uniform target, the electron
emission trajectories are consistent regardless of changes in the servicer’s and target’s potentials,
which allows the trajectories to be predetermined and implemented in guidance controls. If differ-
ential potentials develop on the target, the electron emission trajectories can vary significantly. In
this case, it is best to increase the servicer’s distance from components that can be biased posi-

tively, or the x-ray method can be implemented until finer resolution measurements of the target’s
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potential can be achieved with the electron emission method. When an electron beam or VUV
laser is used to generate electron emissions, it is best to increase the half angle of the instrument
and deflect the equipment until electron emissions are detected. If the target is uniformly charged,
similar observability of electron emissions is achieved with an electron beam or VUV laser, but if
the target is differentially charged the VUV laser can more reliable emit detectable emissions.

Once the observability of electron emissions is addressed, the cislunar plasma environment
impact on sensing is investigated. First, Debye shielding of potentials around a servicing spacecraft
is characterized in Chapter . It is shown that large servicer potentials or spacecraft radii can
increase the sphere of influence of a charged spacecraft, allowing it to pull in emitted electrons more
efficiently; however, the more positive servicer also draws in ambient electrons more efficiently. As
a result, minimizing the potential of the servicer is better for passive potential sensing operations
despite the smaller sphere of influence. In a sunlit environment, a highly positive servicer can
draw electron emissions away from a target, causing it to charge approximately to the value of
the potential field generated by the servicer at the target’s location. In an eclipsed environment, a
highly positive servicer causes the target to charge more negative, which leads to decreased electron
current and electron emissions. As a result, the separation distance proposed for passive sensing
using a highly positive servicer in eclipse is approximately twice the effective Debye length.

The impacts of flowing plasma and barriers are then included in simulation studies in Chap-
ter 1. It is shown that nonmonotonic sheath and spacecraft wake barriers can form around low
potential spacecraft if their width is at least half the Debye length. In addition, barriers from
electron beam emissions can form if the spacecraft potential is low and the beam current is high.
Fortunately, a large beam current typically generates large spacecraft potentials, avoiding the forma-
tion of barriers due to electron beam emissions. It is shown in passive potential sensing simulations
that less current is detected from a separation distance of one spacecraft width if the spacecraft are
larger and barrier formations are expected. Despite the lower signal, passive potential sensing is
still feasible, and the electron emissions can be differentiated from the ambient plasma environment

when a low potential (< 300 V') servicer is used. The largest limitation for passive potential sensing
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occurs when the target is in the wake of a positive servicer because the target charges negative
enough to repel ambient electrons. Without the ambient electrons impacting the target, no elec-
tron emissions are generated for sensing. In this case, the servicer’s potential can be decreased to
decrease the size of the wake or active potential sensing methods can be deployed. Active poten-
tial sensing simulations also indicate that the detected electron emission current can be orders of
magnitude larger than the ambient electron current, showing that active potential sensing is also
feasible.

To complement simulation results, Chapter 5 shows the development of wake experiments
for the ECLIPS vacuum chamber. Thin electrostatic lenses are designed and characterized in the
chamber to expand the ion beam and stop the expansion of the ions as they pass a representative
spacecraft. It is found that if the expanding lens is off-center by sub-millimeter distances, the ion
beam is significantly translated, complicating wake experiments. Fortunately, both the expanding
and focusing lenses change the radius of the ion beam as expected, despite beam translations. The
beam is then expanded wide enough to generate spacecraft wakes about a cube in the ECLIPS
chamber. This work presents a novel analysis of simple electrostatic lenses installed externally
from a charged beam. The lenses are used to generate spacecraft wakes for this investigation but
could be applied to any environment where a beam needs to be widened, focused, or translated
beyond its pre-existing capabilities.

Finally, Chapter 0 characterizes the proximity currents and charging behaviors using particle-
in-cell simulations and experiments in the ECLIPS chamber. It is shown that a highly positive
servicer can draw electron emissions away from a sunlit object, charging it significantly more
positive than it would without the presence of the servicer nearby. Similarly, a highly charged
object can repel ambient particles of the same charge, causing nearby objects to charge in the
opposite direction to counteract this repulsion. These interactions can be used to charge a target
without impacting it with an electron beam, and in energetic eclipsed environments the resulting
electrostatic forces is similar regardless of if the beam impacts a target. In addition, the ion current

to a target in the wake of the servicer is characterized for cislunar plasma. It is shown that smaller
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targets closer to the servicer must charge more negative to begin collecting ion current. A novel
Matlab ion trajectory simulation shows that different regions of the wake form depending on the
initial trajectories of the ions. This result is validated in wake experiments in ECLIPS when the

focusing lens is used to change the initial ion trajectory.

7.2 Directions for future work

Significant strides have been made to enable electrostatic actuation and touchless potential
sensing in varying plasma environment, but further work is recommended to continue to generalize
this technology to different regions, expand upon the results, and raise the TRL level of the proposed
technology. To raise the TRL, vacuum chamber demonstrations should be conducted with floating
spacecraft in a generated plasma. Furthermore, dielectric materials and solar cells have not been
included in the analysis and their impact should be studied. The sensing strategies should also be
integrated with guidance controls to manipulate the beam and servicer position to emit and detects
electrons and x-rays for touchless potential sensing.

These investigations are presented assuming Maxwellian plasma distributions. It would be of
interest to apply a kappa distribution to the plasma and determine the difference in performance in
this higher energy distribution. In a similar manner, the wake formation investigation is completed
assuming the spacecraft are smaller than the Debye length. If the spacecraft are larger, negative
potential fields can develop in the wake, particularly in the enhanced wakes around highly posi-
tive servicers. This may have interesting impacts on the electrostatic forces and wake formation.
Furthermore, the supercharging phenomena when the target is in the servicer’s wake should be
characterized more in depth.

The investigations on proximity operations relaxed several assumptions implemented in pre-
vious work. Future work could expand on the wake investigation and determine the change in ion
current in mesothermal plasma when a highly charged spacecraft is nearby but is not generating a
wake around the object of interest. Charging methods such as pulsed electron beams could also be

implemented to determine how the charging behavior responds to oscillating plasma and electron
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beam parameters. In general, robust charging controls should be developed to manipulate the
servicer and target potentials despite variations in the ambient plasma or emission properties.

It would be exciting to apply the touchless potential sensing methods to determine the charg-
ing of the lunar surface itself. The lunar surface is expected to develop a charge, and because the
regolith is assumed to be dielectric, negative surface potential can arise in shaded regions. This,
combined with triboelectric charging, poses a danger for humans and rovers moving on the lunar
surface. Touchless potential sensing could be used to determine the potential of a region of the
moon before making contact, minimizing the danger of electrostatic discharges between the surface

and astronaut or vehicle.
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