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On the surfaces of small, airless planetary bodies, forces other than gravity, such as cohesive,
magnetic and electrostatic forces, may dominate the behavior of regolith. Yet, the magnitude of
these forces remains uncertain, as well as the link between grain-scale and bulk-scale physics. In
this work, techniques for measuring and modeling electromagnetic forces that influence granular
behavior are developed. We discuss an experimental method for measuring interparticle cohesion
by breaking cohesive bonds between grains with electrostatic forces. The centroid positions of
the lofted grains at the moment of detachment are imaged in order to numerically calculate initial
accelerations to solve for cohesion.

We propose the design of a payload that would be deployed on the Moon or an asteroid
and use an electrically biased plate to induce electrostatic dust lofting and measure interparticle
cohesion in situ. We would call the system Small-FORCES because it would be able to image

Small Forces Optically Resolved for Cohesion Estimation via Electrostatic Separation. We



numerically integrate Poisson’s equation and develop a model for the potential distribution of a
photoelectron sheath as a function of distance from surfaces. We use this model to gauge the
extent to which the solar wind will perturb the Small-FORCES electric field that is used to loft
charged regolith inside the sheath and obtain suitable trajectories for imaging lofted regolith that
will be used to measure cohesion. We then derive a formula to quantify the maximum region of
our system’s electric field that we predict can be shielded from the ambient solar wind, which
depends on system dimensions and applied voltage.

In another experiment, we investigated the affect of magnetic cohesion on the avalanching
behavior of magnetic grains. We will introduce an instrument and novel method for characterizing
the bulk magnetic susceptibility of granular mixtures by submerging an inductor coil in a bed
of metallic beads. In prior works, the magnetic force on grains was calculated based on the
magnetic susceptibility of a single grain, but our coil uniquely quantifies effects from void spaces
and demagnetization in the bulk. Compared to both a commercial Terraplus Inc. KT-10 meter
and theoretical approximations, we report similar trends in susceptibility values measured as a
function of mass of ferromagnetic material per volume.

We conclude the talk with a discussion on a conductive model we developed to simulate
surfaces other than dielectrics in the solar wind. We use a 2D grid-free treecode to enable complex
surface geometries that would be computationally intensive for traditional PIC codes. Instead
of using the capacitance matrix method to calculate the induced surface charge magnitudes, we
discretized the conductor surface into point charges and allow them to have Coulomb interactions
with the external plasma particles. The linear system used to explicitly solve for the induced
surface charge magnitudes couples the interaction between surface charges and plasma particles

self-consistently via the conductive boundary condition. The model has been validated thus far



with image charge theory.
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Chapter 1: Introduction

1.1 Contributions

This thesis deals with measurement techniques and a simulation method for probing the
electrostatic, magnetic, and cohesive forces that in uence granular behavior. The main contributions

from this work are as follows:

* A new method to measure interparticle cohesion via an electrostatic detachment force and

high speed imagery.

» Anovel method for characterizing the bulk magnetic susceptibility of magnetically inhomogeneous

granular mixtures with an inductor coil.

* A 2D simulation method for modeling the interaction of the solar wind with complex

conductive boundaries near small, airless bodies.

1.2 Publications

These contributions have been disseminated to the scientic community in the form of

journal publications and conference presentations.



1.2.1 Journal Articles

» Charles T. Pettand Christine M. Hartzell. Experimental Method for Measuring Cohesion
of Regolith via Electrostatic Lofting. Planetary Science Journal 5, 202 (Submiktiol:

//doi.org/10.3847/PSJ/ad6c36

» Cecily SundayCharles T. Pett, Adam Ben Youssef, Daisy Achiriloaie, Connor Churko,
Daniel P. Lathrop, and Christine M. Hartzell. The Avalanching Behavior of Magnetic

Granular Mixtures. Physical Review E (2024yd_doi

» Charles T. Pett, Alexandra Pick-Aluas, Meyer Taffel, Cecily Sunday, Daniel P. Lathrop,
and Christine M. Hartzell. Magnetic Susceptibility Instrument for Magnetically Inhomogeneous

Granular Mixtures. Measurement Science and Technology (Submitted).

1.2.2 Conferences

» Charles T. Pett and collaborators (2024). Magnetic Susceptibility Instrument for Magnetically
Inhomogeneous Granular Mixtures. Lunar Surface Innovation Consortium (LSIC) Spring

Meeting. Abstract #81. Technology Demonstration.

» Charles T. Pett and Christine Hartzell (2023). Experimental Demonstration and Quanti cation
of Electrostatic Lofting of Dust Clumps. Asteroids, Comets, Meteors Conference. Abstract

#2021. Poster.

» Charles T. Pett and Christine Hartzell (2022). Experimental Demonstration and Quanti cation
of Electrostatic Lofting of Dust Clumps. AAS Division of Planetary Science Meeting,

Abstract #115.01. Talk.



» Charles T. Pett, Thomas JG Leps, Christine M. Hartzell (2021). Regolith Cohesion Measurement
via Induced Electrostatic Lofting. 2021 IEEE Aerospace Conference (50100) (pp. 1-11).

Conference Paper.

The remainder of this chapter will provide the setting for these contributions: (1) electrostatic
lofting on small bodies, (2) cohesion in regolith, and (3) solar wind charging. The literature

review and motivation behind this thesis begins in Chapter 2.

1.3 Electrostatic Lofting

Electrostatic lofting has long been hypothesized to occur on airless planetary bodies. Gold
(1955) was among the rst to suggest that electrostatic forces may be responsible for the ow
of lunar surface nes in his inspection of the observed geological features and erosion processes
on the lunar surface [2]. Observations from the Surveyor and Apollo missions of scattered light
emanating from the horizon to hundreds of meters into the lunar exosphere during local sunset
have been associated with the electrostatic lofting and levitation of micron sized particulates
charged via photoemission [3, 4]. Numerical computations [5] predicted the build up of large
negative charge densities on dielectric lunar surface features adjacent to photoelectron-emitting
sunlit areas. De & Criswell (1977) also speculated that these large potential differences generated
across the lunar terminator produced electric elds that could transport charged dust [6]. Photoelectric
charging of dust has been demonstrated experimentally in vacuum [7, 8] and dust levitation and
transport within photoelectron sheaths has been modeled in numerical simulations [9, 10, 11].
Charging of dust exposed to laboratory plasmas was also found to be suf cient to electrostatically

loft dust from surfaces [12], as well as transport and levitate dust in the plasma sheath [13, 14].



If electrostatic lofting of regolith is feasible on the Moon and on Earth (in vacuum), then
it may occur over the surfaces of less massive airless bodies such as asteroids [15]. Relatively
smooth and spectrally blue regions observed by the NEAR-Shoemaker mission were attributed
to ne dust deposited in the equatorial craters on Asteroid 433 Eros [16]. The transport and
deposition of ne regolith to form these dust ponds were postulated by [17] to be from an
inhomogeneous electric force eld near the surface at the boundary between sunlit and shadowed
regions near the crater. Higher delity dynamical modeling that included solar radiation pressure
also supported the levitation and transport of dust over asteroid surfaces exposed to a spatially
inhomogeneous plasma [18]. Moreover, combined with solar radiation pressure, electrostatic
lofting could serve as a loss mechanism for 100 micron-scale (and smaller) particles on small
bodies [19, 20, 21], which may explain the absence of ne particulates from images taken by
OSIRIS-REX of Bennu. Thus, the loss of micron sized grains may be an electrostatic process that
contributes to the replenishment of the Geminids meteorites by Phaethon [22] and the gossamer
rings by siblings Thebe and Amalthea [23]. Electrostatic lofting may lead to the gradual erosion
of surface regolith, exposing fresh material and in uencing the re ectance spectra of airless
bodies over time [24, 25]. This process may contribute to the “space weathering” of asteroid
surfaces, where the continual bombardment by solar wind and micrometeoroids alters the composition
and structure of surface grains [26]. Moreover, electrostatic lofting can create regolith migration
patterns, leading to the accumulation of ne dust in craters or other low—lying areas, while larger
particles may remain more stable on high ridges or steep slopes [16, 17, 27].

Despite the signi cant advances in our understanding of electrostatic lofting, several open
guestions remain. One of the key challenges is determining the precise conditions under which
electrostatic lofting occurs on different small bodies. The variability in surface composition,

4



grain size distribution, and local plasma environment across bodies such as the Moon, Phobos and

Deimos, and asteroids introduces complexity into the modeling of dust dynamics [28, 29, 30, 31].

1.4 Cohesion

It is possible that cohesion is a dominant force on asteroids, exceeding electrostatic forces
and particle weight in the low gravitational elds [19]. Hartzell and collaborators (2011) further
investigated the role of cohesive forces on electrostatic lofting of particles on the Moon and
asteroids and found that cohesion dominated the electrostatic lofting of micron-sized particles
[32]. It was later demonstrated experimentally that intermediate sized grains were preferentially
lofted rather than smaller and larger grains due to the scaling of cohesion and electric eld
strength with particle radius [31]. Itis also hypothesized that ne grains on asteroids may serve to
increase the cohesive strength between larger constituents to permit asteroids to spin faster than
their cohesionless disruption limit [33]. Simulations of top-shaped asteroids using the Discrete
Element Method (DEM) further support this phenomenon [34]. Additionally, there is in situ
evidence by Surveyor of the clumpy nature of lunar soil, which can be attributed to enhanced
shear strength in the thin adsorbed gas layer between particulates [35].

However, the electric force imposed on charged dust with a uniform charge distribution
approximated by the shared charge model [36] subject to the sheath electric eld is not suf cient
to loft dust when considering best estimates of cohesion, despite observations of electrostatic
lofting of individual grains in experiments [37]. Recent experiments have demonstrated the role
of photoemission from UV radiated grains as a source for large negative charge accumulation

within microcavities between adjacent grains [37, 38, 39]. Wang and collaborators (2016) developed



the patched charge model to account for large repulsive forces that act over the grain radius
rather than the Debye length, producing electrostatic forces large enough to overcome particle
weight and cohesion [37]. Simulations have predicted that sustained patched surface charging in
electrically resistive dielectric grains can cause these large intergranular electric elds to surge to

dielectric breakdown levels [40].

The aforementioned experiments have demonstrated the electrostatic lofting of individual
grains (not clumps), but common terrestrial cohesive powders (e.g. baking our) move as clumps.
[41] found that cohesion has a signi cant affect on the intensity and ow of avalanches in dry
cohesive powders, contributing to a substantial dilation in the bulk media compared to less
cohesive materials. Experiments conducted by [42] observed that charged powders subject to
electrostatic forces preferentially fracture into clumps rather than individual grains. The authors
postulate that the electrical environment on the Moon is more conducive for lofting lunar aggregates
into low altitudes than individual submicron sized particulates into high altitudes. Similarly, [43]
modeled the possible detachment of aggregates near the lunar terminators, where hydroxylated
grains may enhance their susceptibility to large electric elds. Laboratory studies also observed
the formation and detachment of dust aggregates in electric elds, drop tower, and micro-gravity
experiments [44, 45, 46, 47, 48]. Cohesion as well as electrostatic van der Waals forces may even
be responsible for the aggregation of grains on Mars and on Earth [49].

The interplay between cohesion and disruption is another critical factor in the evolution of
dust clumps on small bodies. As dust clumps grow, they become more susceptible to fragmentation
from subsequent collisions or tidal forces. Experiments conducted by Weidling and collaborators
(2012) indicate that while small dust aggregates are robust under gentle collisions, larger aggregates

tend to fragment when subjected to higher-velocity impacts [50]. These ndings are consistent
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with observations of regolith and dust dynamics on cometary nuclei, where the balance between
clump formation and disruption governs surface morphology [51].

Prior analytical work conducted by [52] has also identi ed that it is easier to detach clumps
of small, cohesive particles rather than individual grains on airless bodies of various surface
gravitational accelerations. On comets, dust particles to stick together upon collision, leading to
the formation of aggregates [53]. Laboratory experiments, such as those conductéttlby G
and collaborators (2010), demonstrate that dust grains aggregate through low-energy collisions,
forming increasingly larger clumps that retain a porous structure [54]. The composition of
dust grains is also a factor in clump formation. Dust on small bodies is often composed of
silicates, organics, and ices, with each material having different sticking thresholds and cohesive
properties. For example, Kataoka and collaborators (2013) found that static compression of uffy
dust aggregates may explain the formation of icy comets [55].

Cohesion manifests on different scales, impacting both the macroscopic bulk properties
and the microscopic interactions between individual grains. While cohesion is traditionally
characterized by investigating bulk scale properties and features in granular shear ows [56],

we present a new method for measuring interparticle cohesion in Chapter 3.

1.5 Spacecraft Charging

Space missions to small, airless bodies have surged in recent years, driven by scienti c
curiosity and the potential for resource utilization. NASA missions such as OSIRIS-REx and
Artemis have underscored the need to understand the plasma environments surrounding Bennu

and the Moon [20]. Unlike Earth, which has a substantial atmosphere and magnetosphere, small,



airless bodies lack these protective layers, resulting in direct exposure of their surfaces to solar
radiation and the solar wind. This exposure leads to complex interactions that can signi cantly
affect spacecraft operations, particularly through plasma charging phenomena.

The study of spacecraft charging near small, airless bodies, such as asteroids, comets,
and moons, presents complex challenges due to the unique plasma environments encountered
in these regions. These environments are characterized by direct exposure to the solar wind,
solar ultraviolet (UV) radiation, and secondary electron emissions resulting from charged particle
impacts [57, 58] with no protection from atmospheres or magnetospheres, as is the case on Earth
[59]. As a result, the electrostatic potential near the surface of these bodies can uctuate widely
depending on factors such as solar activity, the composition of the body, and the spacecraft's
position relative to the surface [9]. Spacecraft that operate near these small, airless bodies,
become susceptible to charging phenomena, where electric charges accumulate on the spacecraft
due to the same mechanisms. This charging process can lead to operational issues such as
electrostatic discharge, which may damage sensitive electronic systems and compromise the
spacecraft's mission objectives [60].

Spacecraft charging is a multifaceted problem that has been the focus of intensive research
across the aerospace engineering, planetary sciences, and physics research communities. Simulation
techniques, informed by observational data, laboratory experiments, theoretical models, and
numerical simulations, have evolved signi cantly over the past few decades to address the complexities
of plasma interactions near small, airless bodies [17, 61].

The interaction between the spacecraft and the plasma near these small bodies is governed
by several key mechanisms. One important mechanism is the collection of plasma particles
by the spacecraft. Electrons and ions from the solar wind can accumulate on the spacecraft's
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surface, leading to a net negative or positive charge, depending on the balance of incoming
particle currents [9]. This charging process is further in uenced by secondary electron emission,
where high-energy particles strike the spacecraft surface and cause the ejection of secondary
electrons. The yield of these secondary electrons depends on the energy of the incident particles
and the material properties of the spacecraft [62].

In addition to plasma collection and secondary electron emission, photoelectron emission
plays a signi cant role in the charging process [37, 38, 39]. Solar UV radiation strikes the
spacecraft surfaces on the sunlit side causing electrons to be emitted. This leads to a positive
surface charge, which competes with the negative charge accumulation due to plasma collection.
The overall surface potential of the spacecratft is determined by the balance between these charging
currents, which are in uenced by the material properties of the spacecraft and the local plasma
conditions [9, 59].

Dust charging is another important aspect to consider when simulating spacecraft charging
near small, airless bodies. Many small bodies bodies have dusty surfaces, and charged dust
particles interact with the spacecraft. The dynamics of these dust grains are in uenced by the
local electric elds on the surface, as well as induced electric elds from conductive payloads.
Charged dust particles may adhere to the spacecraft, altering its surface properties and contributing
to additional charging effects [63].

To understand and predict spacecraft charging near small, airless bodies, various simulation
techniques have been developed. Particle-in-cell (PIC) simulations are one of the most widely
used methods for studying spacecraft-plasma interactions [64, 65, 66, 67, 68, 69, 70, 71]. PIC
simulations discretize the plasma into particles that move through a computational grid under the
in uence of electromagnetic elds [72]. This approach allows researchers to simulate the kinetic
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behavior of plasma particles and their interactions with the spacecraft and the nearby surface. PIC
simulations have been used to study phenomena such as plasma sheaths, the formation of double
layers, and differential charging on spacecraft surfaces. One study by Rigby and collaborators
(2018) employed PIC methods to simulate the plasma environment near comet 67P/Churyumov-
Gerasimenko, providing insights into the complex plasma interactions observed during ESAs
Rosetta mission [73].

Finite element method (FEM) simulations are another important tool in the study of spacecraft
charging [70, 74]. FEM simulations solve the electrostatic potential and electric eld distributions
around the spacecraft by discretizing the spacecraft and its surrounding environment into nite
elements [75, 76, 77, 78]. FEM simulations have been used to study the charging behavior of
spacecraft near irregularly shaped bodies, such as asteroids, where surface features like craters
and ridges can create non-uniform electric elds [74, 79, 80].

Monte Carlo simulations are often employed to model stochastic processes such as secondary
electron emission and photoelectron production. These simulations use probabilistic models to
track the interactions of individual particles with the spacecraft surfaces, allowing researchers
to calculate the yields and energy distributions of emitted electrons [81, 82, 83]. Monte Carlo
techniques are commonly integrated into larger simulation frameworks, such as PIC and FEM
models, to provide accurate input parameters for spacecraft charging simulations. The use of
Monte Carlo simulations has been instrumental in re ning our understanding of how material
properties in uence charging behavior, particularly in environments with high levels of solar UV
radiation [84, 85, 86, 87].

Hybrid simulation approaches have also been developed to combine the strengths of different

modeling techniques. For example, hybrid models may use PIC simulations to capture the kinetic
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behavior of plasma particles, while using uid models to describe the bulk behavior of the plasma

[75, 88]. Such approaches have been applied to the study of spacecraft charging near cometary
nuclei, where the plasma environment is in uenced by both the solar wind and the outgassing of
volatile materials from the comet surface. Hybrid models allow for the simulation of complex
multi-scale interactions, providing a more comprehensive understanding of the charging environment
[89].

In addition to numerical simulations, laboratory experiments play a crucial role in validating
models and providing empirical data on spacecraft charging. Facilities equipped with vacuum
chambers, plasma sources, and solar simulators allow researchers to replicate space conditions
and study the interactions between spacecraft materials and plasma [90]. Experiments have
been conducted to measure the secondary electron yields and photoelectron emission rates from
various spacecraft materials, providing important data for simulation models [58, 91, 92, 93].

Observational data from past and ongoing space missions have also been critical in advancing
our understanding of spacecraft charging near small, airless bodies. Missions such as Lunar
Prospector and the Lunar Atmosphere and Dust Environment Explorer (LADEE) have provided
valuable data on the plasma environment near the Moon, including measurements of surface
potentials and plasma densities [94, 95]. Similarly, data from missions to asteroids and comets,
such as Rosetta and NEAR Shoemaker, have provided insights into the unique plasma conditions
encountered near these bodies and the implications for spacecraft charging [96, 97].

One of the key challenges in simulating spacecraft charging near small, airless bodies is
accounting for the in uence of surface topography and composition. Irregular features such as
craters, boulders, and ridges can create complex electric eld distributions and affect the local
plasma environment [37]. Simulations that incorporate detailed surface models are necessary to
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accurately predict the charging behavior of spacecraft in these environments. Studies have shown
that sharp edges and protrusions on the surface of small bodies can lead to enhanced electric
elds [98], increasing the risk of ESDs. Additionally, the composition of the body's surface
material affects the rates of secondary electron emission and photoelectron production, further
complicating the charging dynamics [99].

The in uence of solar wind variations and space weather events on spacecraft charging
must also be considered in simulations. The solar wind is a dynamic plasma environment that
uctuates in density, velocity, and magnetic eld strength with diurnal cycles [100]. These
variations can signi cantly alter the plasma conditions near small, airless bodies [101], generating
temporal uctuations in spacecraft charging. Time-dependent simulations that incorporate space
weather data are essential for understanding the transient effects of solar wind variations on
spacecraft charging and for developing operational strategies to mitigate these risks [10].

Dusty plasma effects are another important consideration in spacecraft charging simula-
tions. Many small, airless bodies have dusty surfaces, and the interaction of charged dust grains
with the spacecraft and plasma can introduce additional complexities to the charging process [17].
Simulations that include dust dynamics model the charging of dust particles, their trajectories, and
their interactions with the spacecraft. Charged dust particles can adhere to spacecraft surfaces,
altering the surface properties and contributing to additional charging effects. Understanding
the behavior of dust in plasma environments is particularly important for missions that involve
proximity operations or landings on the surface of these bodies [102, 103].

To mitigate the risks associated with spacecraft charging, several design strategies have
been developed based on insights gained from simulations. Material selection is a key consideration,
as different materials have varying secondary electron emission yields and photoelectron emission
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rates [104]. Spacecraft designers can choose materials with favorable charging properties to
minimize the accumulation of charge on the spacecraft surfaces [90]. Surface coatings and
treatments can also be applied to control emission yields and reduce the risk of differential
charging [105]. In addition, spacecraft structures can be designed to minimize sharp edges and
protrusions that may lead to localized regions of high electric eld strength [106].

Operational strategies for mitigating spacecraft charging include adjusting spacecraft orientations
to minimize exposure to plasma ows and scheduling critical operations to avoid periods of
heightened solar activity [107]. Active charge control systems can also be used to neutralize the
spacecraft's charge and prevent the buildup of potentially hazardous potentials [60, 108, 109].
Simulations help evaluate the effectiveness of these strategies by modeling various scenarios and
assessing the potential outcomes [59].

Despite the progress made in simulating spacecraft charging near small, airless bodies,
several challenges remain. One of the main challenges is the limited availability of in situ data
for many small bodies. Without direct measurements of the plasma environment and surface
conditions, simulations must rely on extrapolated data, which introduces uncertainties [90]. Additionally
the computational demands of high- delity simulations, particularly those involving PIC methods
and hybrid approaches, can be signi cant, requiring access to advanced computing resources

[110].
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Chapter 2: Literature Review

2.1 Measuring Cohesive Strength on Asteroids

Cohesion plays a crucial role in understanding the surface dynamics of asteroids and airless
planetary satellites, as well as in interpreting observations and experimental results from planetary
science and geophysical research. Cohesion in uences a variety of processes, from regolith
formation and particle aggregation to crater mechanics and slopes on such bodies. Given the
limitations of direct measurements on small airless bodies, planetary scientists and geophysicists
have developed a variety of techniques to indirectly measure and infer the strength of asteroids
from high-resolution images and spacecraft contact with the surface.

Digital images of speci ¢ surface features on asteroid Bennu acquired from the OSIRIS-
REX (Origins, Spectral Interpretation, Resource Identi cation, and Security—Regolith Explorer)
mission have been used to assess the cohesive strength of the surface. From these images,
Barnouin and collaborators (2022) observed terraces, or a series of step-like formations, near
areas of maximum slope on the surface, indicating regions of structural failure [111]. The
onboard laser altimeter was used to measure elevation and slope of the surface and overlay
these contours onto digital terrain maps of the terraces. A cohesive strength of le86tRan
computed from slope stability concluded that the terraces are unstable and failing under creep,
an indication that Bennu's surface is virtually cohesionless. Surface maps from in-situ images
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and Earth-based radar measurements have been curated to generate high- delity shape models of
global features that also indicate low internal friction and stiffness on Bennu [112].

Another method for inferring the strength of small-body surfaces is based on images of
impact craters. For example, Perry and collaborators (2022) analyzed images of a crater on
Bennu to resolve the size of the crater along with the size and terminal coordinates of the ejected
regolith surrounding the crater. Given these constraints, the authors computed a distribution of
ejection velocities that landed the simulated particles at locations consistent with the landing
sites in the images. The surface strength can be inferred from the velocity and size of the ejected
regolith since particle ejection is suppressed by cohesion. As a result, regolith restrained by large
cohesive forces are ejected at high velocities [113]. Based on images of Bralgah Crater on Bennu,
velocities estimates of ejected particles that re-impacted the surface were in réxgeofs *,
corresponding to surface strengths fr@—2 Pa [114]. These estimates are consistent with
velocities numerically calculated for ejected particle trajectories imaged at Bennu [115].

Once a reference frame has been established from high-resolution surface mapping and
proximal sensing of surface features, spacecraft can navigate reliably to the surface to make
contact measurements. For instance, the Hyabusa2 mission estimated the surface strength on
Ryugu based on the ejecta from the crater formed by arti cial impact of the surface [116].
Strength estimates derived from natural cratering processes on Bennu were very similar to the
structural properties measured from arti cial cratering on Ryugu [114]. Walsh and collaborators
(2022) estimated a near-zero cohesion of Bennu's subsurface from accelerometer data during
surface contact with the Touch-and-Go Sample Acquisition Mechanism (TAGSAM) [117], which
agrees well with remote measurements in [111]. Spacecraft contact with small-body surfaces has

also been a valuable technique for constraining the compressive strength of the surface of comet
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Philae from the analysis of onboard instrument and telemetry data during touchdown [118, 119].

Measurements of an asteroid's rotation states in combination with topographical shape
models of the surface provide valuable inputs to simulations for assessing interior structure and
strength. Roberts and collaborators (2021) leverage a spherical harmonic model of top-shaped
asteroids Bennu and Ryugu to evaluate their rotation states and internal structure [120]. The
model also incorporates the effects of YORP spin-up, long-wavelength topography, and surface
roughness on the rotational histories of the asteroids studied. The analysis reveals that both
asteroids exhibit rotation rates that surpass the stability threshold of a Maclaurin spheroid shape,
suggesting that a nonzero level of internal friction or cohesive force is essential to preserve their
present structural forms [120].

So far, only bulk cohesive properties of asteroids can be evaluated from ground-based
and in-situ observations. Thus, laboratory investigations measure the bulk strength of granular
materials, and plethora of techniques exist. In the lab, grains are poured, compressed, avalanched,
and tumbled in order to measure the resulting angle of repose, mass shifting, shear stresses
and rates, compressibility, dilation, and bulk density to determine the bulk strength of granular
materials [41, 121, 122, 123, 124]. Many simulations input estimates for intergranular cohesive
forces to test the resulting macroscopic behavior of granular ows [33, 34, 56]. Yet, the magnitude

of interparticle cohesion remains uncertain on small bodies.

2.2 Measuring Van der Waals Cohesion

Historically, the cohesive forces at contact points, also known as “pull-off forces”, between

two particles have typically been described by estimating the Van der Waals (VdW) forces
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between two ideally smooth spheres made of a known material in a vacuum. Prior experimental
have produced theoretical models for predicting cohesion as a function of surface cleanliness
(i.e. smoothness) and particle size for spherical particles [35, 56, 125]. Numerous engineering
studies have attempted, with limited success, to address the complexities posed by the fact that
most natural particles are irregular and inherently rough. The roughness of these particles,
particularly in the contact area, often has an amplitude comparable to the scale of the VdW forces
[126, 127, 128]. Additionally, surface chemistry, particularly the presence of physisorbed water
molecules, plays a signi cant but frequently overlooked role [129, 130, 131]. These molecules
tend to form capillary bridges, increasing cohesion by a factor of 20 to 100 [132].

In the last two decades, signi cant progress has been made in understanding and modeling
the roughness of natural surfaces. These advancements, which have been largely focused on
engineering applications—such as friction, contact mechanics, and electrical and thermal contact
resistance—are less well-known in planetary sciences but have recently been applied to the study
of cohesion and heat transfer between naturally rough (silicate) stone fragments [126, 132, 133].

Many are hydrophilic, and even in dry conditions, exposure to humid laboratory air results
in the rapid adsorption of water molecules on the surface, forming multiple layers that cannot
simply be removed by evacuating the chamber. It is crucial to eliminate these adsorbed water
Ims, which inevitably form under ambient conditions, by heating the particles in vacuum at
temperatures 0105 150deg Cfor a suf cient duration, particularly if diffusion kinetics are
limiting. Subsequent exposure to ambient humidity levels greater than 1% relative humidity
will rapidly re-establish water Ims on hydrophilic silicate particles, often within seconds. To
simulate truly dry conditions, such as those on asteroids or the Moon, vacuum level0d?a
or the use of an extremely dry purge gas are necessary after the removal of adhesion water. These
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considerations are referenced from Parsegian (2005) [134].

Some studies suggest that heat treatment increases the pull-off force, which is likely due
to the formation of covalent bonds, such as siloxane bonds, a process referred to as “qualitative
aging” [127, 131]. This effect is more pronounced at elevated temperatures and on cleaner,
freshly exposed surfaces. Furthermore, sintering processes may also occur. Therefore, when
studying dry granular media, it is recommended that heat treatment in a vacuum be followed by
agitation of the sample to break any newly formed chemical bonds [132].

Any signi cant level of humidity leads to the development of water Ims on particle
surfaces, resulting in the formation of capillary bridges at the contact points. These capillary
forces become dominant over the van der Waals forces. Consequently, the forces measured by the
authors represent the capillary pull-off force between individual particles or particle aggregates
and the bulk material. As predicted by the theoretical framework in Persson (2022b), this force
is largely independent of the size of the particles or aggregates [132].

There are two primary methods for calculating the VdW attraction between particles as a
function of their separation distance. The rst approach, largely attributed to Hamaker, involves
deriving the interaction between macroscopic bodies through a pairwise summation of all relevant
intermolecular forces [135]. However, this method has been shown to be physically inaccurate.
The second, more rigorous approach is based on Lifshitz theory, which relies entirely on the
macroscopic electrodynamic properties of the interacting media [136]. Despite the limitations of
the Hamaker approach, it remains widely used due to its convenience and the fact that, in many
practical applications, it yields reasonably accurate results when empirical Hamaker constants
are applied [134, 137]. Given the electromagnetic nature of VdW interactions, the nite time
of propagation between bodies introduces retardation, leading to a reduced interaction at larger
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separations[127]. This effect becomes particularly signi cant, such as in particle deposition,
when the separation exceeds a few nanometers.

While the full Lifshitz theory inherently accounts for retardation, the Hamaker approach
can be modi ed to include this effect, though it is not part of the original formulation. Parsegian
(2006) offers a modern and practical reference for calculating dispersive VdW forces, particularly
for rigid bodies [134]. These forces can be calculated precisely for any shape and intervening
medium (e.g., vacuum, air, liquid, or solid coatings) and at any distance, though bEyond
retardation must be considered. Since we are concerned with contact distanceslatoub#l,
retardation effects can be ignored, allowing the simpli ed Hamaker hybrid formulation to be
used in the close approach limit. This formulation is used to validate interparticle cohesive forces
measured in an experiment carried out by Pett & Hartzell (2024), appearing in Chapter 3 [138].

The Lifshitz quantum-mechanical approach can be simpli ed in terms of Hamaker constants
[139, 140]. These constants, which depend on distance due to retardation, offer a more reliable
method than the surface energy approach. The latter is highly dependent on the contact mechanics
theory employed, and surface energies, in the physical chemistry sense, are notoriously dif cult
to measure accurately for solids. In contrast, Hamaker constants can be calculated with greater
precision if the bulk optical properties of the materials, such as the complex refractive index, are
known [134].

The framework, as presented in [35, 141], takes a mechanistic approach that primarily
focuses on the increase in equilibrium (“contacting”) distance, without adequately considering
VdW forces arising from adsorbed molecules. Perko and colleagues (2001) [35] assume that
adsorbed molecules always reduce cohesive forces by acting as passive distance holders, particularly

in the case of water molecules. However, this assumption overlooks the fact that adsorbed
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molecules, especially water, actively contribute to cohesive forces, such as through hydrogen
bonding.

The “Surface Cleanliness Reduction Factor” proposed by Perko and collaborators (2001)
may be a misleading term for what essentially functions as an empirical correction factor, applicable
to the case of ideally smooth spheres in vacuum without capillary bridges, where the equilibrium
distance d) is approximately0:3 nm, not zero [35]. Furthermore, the derivation of the VdwW
force by Perko and collaborators (2001) is based on the interaction of crossed cylinders, rather
than spheres, which is a departure from standard models.

In practical terms, the key parameters that in uence cohesive forces are the natural roughness
of particle surfaces and the relative humidity, or the corresponding number of water layers that
remain physisorbed on particle surfaces. According to [126, 133], the most critical information
regarding the topography of a rough surface is captured by its surface roughness power spectrum.
For randomly rough surfaces, the power spectrum, denot€ @s contains all the ensemble-
averaged information about the surface. As a result, in contact mechanics theories, whether
considering adhesion or not, the surface roughness is characterized solely by the fGiigfion
Consequently, key properties such as the ensemble-averaged real contact area, the distribution of
interfacial stress, and the separation between interfaces are all determi@¢d) by

Additionally, it is important to note that certain standard quantities derived from the power
spectrum are commonly reported as the output of most stylus-based measurement instruments
[126, 133]. For instance, the mean square roughness amp{itdland the mean square slope
<dh=dx)?>can be expressed in terms®fq) and are in uenced by the lower cutoff wave vector,
which is given by2 =L (where L represents the scan length). A self-af ne fractal surface is
characterized by a two-dimensional (2D) power spect@m) g%, where H is the Hurst

20



exponent, related to the fractal dimensioh =3 H. This relationship appears as a straight line
with a slope of 2(1+ H) when plotted on a log-log scale. Most solids exhibit surface roughness
with Hurst exponents in the range @7 < H < 1, with most minerals havingl =0:9 0:1.

Experimental studies have shown that adsorbed water Ims begin to form even at very
low relative humidity levels [128]. The rst approximately three layers of these Ims exhibit an
“ice-like” structure due to their high degree of order, as they are strongly bound to the surface
bonds of the mineral. The subsequent layer represents a transitional phase, while additional
layers formed at higher humidity levels display a liquid-like behavior. Despite these distinctions,
all layers possess suf cient mobility to form capillary bridges, as noted by Asay & Kim (2005,

2006) [129, 130].

2.3 Measuring Magnetic Cohesion

2.3.1 Magnetic Cohesion in Granular Materials

The Psyche spacecraft will be the pioneering mission to explore an M-type asteroid, speci cally
targeting the asteroid Psyche. Expected to arrive in 2029, the spacecraft will conduct comprehensive
mapping of the asteroid's surface, assess its magnetic eld, and investigate whether Psyche
represents the exposed core of a disrupted planetesimal [142]. Remote sensing data suggests
that Psyche is predominantly composed of iron and nickel, with prior models estimating its
magnetic eld strength to range betwe@nand 500 nT [143]. The development of surface
features on asteroids—such as craters, slopes, and regolith ponds—is closely associated with
the physical characteristics of the asteroid's regolith layer [16, 116]. Attributes such as grain

size, morphology, and density signi cantly affect regolith behavior, with interparticle cohesion
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playing a particularly critical role in granular interactions under conditions of low gravity [19].
On the surfaces of small celestial bodies, interparticle cohesion primarily results from Van der
Waals forces. However, if M-type asteroids possess residual magnetic elds, magnetic forces may
also contribute to cohesive interactions. While the speci ¢ physical characteristics of Psyche and
other M-type asteroids remain uncertain, the distinctive conditions present on these bodies are
expected to signi cantly impact the evolution of their surface morphology.

Magnetic cohesion arises from the magnetic interactions between ferromagnetic, paramagnetic,
or diamagnetic particles, which can become magnetized in the presence of a magnetic eld or
possess inherent magnetic properties. The degree of magnetic cohesion depends on factors such
as particle size, magnetic susceptibility, and the strength of the external magnetic eld [144].
Magnetic cohesion has been demonstrated to impact various granular phenomena, including
packing density [145], segregation induced by vibration [146], ow dynamics through ori ces
[147, 148], and the stability of granular piles [149, 150, 151]. Avalanching experiments have
indicated that the angle of repose tends to increase with the magnetic Bond nurfib&d,

150]; however, this increase progresses slowly, even when magnetic cohesion surpasses the
gravitational force on individual particles. Numerical simulations corroborate this trend and
further suggest that surface roughness also rises with increasing magnetic cohesion [152, 153]. In
experiments conducted by [149] using a rotating drum 88 m iron spheres and a maximum
magnetic eld ofB = 8 mT, both static and dynamic angles of repose increased by approximately
0:4 and0:8 degper unit off , respectively. Another study by [150], involving a rotating magnetic

eld, 1 mm steel spheres, and a maximum eld Bf = 1:5mT, demonstrated a sublinear
relationship between the angle of repose and interparticle force under weaker magnetic elds.

Studies examining angle of repose with liquid-induced cohesion, such as those by [154]
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and [155], have shown that granular materials undergo three distinct ow regimes as cohesion
intensi es. At low cohesion, grains ow independently, characteristic of the granular regime.
With increased cohesion, the material enters the correlated regime, where grains aggregate in
clusters. At the highest cohesion levels, the material transitions to the plastic regime, moving as a
uni ed mass. Notably, only simulations by [152] among the aforementioned avalanching studies
re ect the shift from granular to correlated regimes. These studies were limited to single-material
systems with uniform grain sizes, and f was calculated based on the magnetic susceptibility of
individual grains rather than the collective sample. Consequently, it remains uncertain whether
the observed patterns extend across multiple ow regimes or to granular mixtures (i.e., samples

comprising various material types).

2.3.2 Measuring Magnetic Susceptibility

Most naturally-occurring terrestrial and extraterrestrial granular samples are polydisperse
mixtures composed of elements with different magnetic properties. Variations in magnetic permeability
across granular mixtures make it challenging to measure their bulk magnetic properties. The
range of magnetic susceptibility values for such mixtures are poorly constrained. Characterizing
the magnetic susceptibility of samples aids in sorting meteorites of different origins [156, 157,

158, 159, 160, 161], as well as understanding space weathering effects and proximate ages of
planetary regolith [162, 163, 164].

Measuring susceptibility is also crucial to experiments that aim to quantify magnetic cohesion

in grains to understand how granular heaps subject to magnetic elds pack, move, and fail

[145, 146, 147, 148, 149, 150, 151, 152, 153]. In prior works, the magnetic force on grains
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was calculated based on the magnetic susceptibility of an individual grain. For granular or
inhomogeneous mixtures, the magnetic susceptibility of a single grain does not accurately represent
the bulk susceptibility. Speci cally, single grain susceptibility does not capture the effects from
void spaces and demagnetization in magnetically inhomogeneous granular mixtures [165].

The Gouy, Thorpe-Senftle, Faraday, and Evans balance techniques have long been used
to measure the absolute magnetic susceptibility of paramagnetic and ferromagnetic samples.
These methods are very accurate, but preparation requires tedious and time consuming alterations
to the once pristine samples. For instance, the Gouy balance requires rod-shaped samples of
uniform density to measure accurately [166]. The Thorpe-Senftle balance is sensitive enough to
measure low-mass powders, but an accurate sample area determination prevents measurements
of irregularly shaped objects [167]. The Faraday method accepts nonuniform densities, but
ferromagnetic impurities produce measurement errors [168].

The Evan's balance saves sample loading time, but cumbersome external magnetic eld
measurements produce errors, especially with nonuniform sample densities [169]. Even with the
advent of strong neodymium magnets coupled with a common electronic laboratory balance, an
accurate mapping of the magnetic eld is still a challenge [170] because models have shown that
sample shape affects the external eld structure [171]. Balance measurements are not suitable
to accurately characterize mixtures of nonuniform density and magnetic permeability and cannot
accommodate the substantial weight of the samples we were able to investigate with our coil.

Another method for determining susceptibility is measuring changes in the impedance
of inductors near samples. Frequency—dependent devices, such as mutually inducting coils
and AC bridges, are compact and handle diverse geophysical characteristics with accuracy, but
the measurable sample volume is too small for our applications [172, 173, 174, 175, 176].
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Commercial meters that use coils, such as the Terraplus Inc. KT-10/20 series, are sensitive to
conductive materials and can handle uneven solid surfaces, but their at sensor heads are best
suited for probing the surfaces of smooth, monolithic cores, not porous beds of spherically or
irregularly shaped grains. High operating frequencies restrict their accuracy to a penetration
depth of2 cmin solids [177], which is insuf cient for bulk measurements of mm-sized granular
materials. Furthermore, the high cost of these meters makes them inaccessible to some researchers.
Others have proposed instruments based on inductor-capacitor (LRC) oscillators for measuring
susceptibility of regolith at the surfaces of planetary bodies, but an original prototype has yet to
be built and validated [178, 179]. Another study actually built a susceptibility sensor for contact
measurements of surface susceptibility of planetary regolith based on an LRC oscillator, and
developed it to Technology Readiness Level (TRL) 4 [180]. However, the design is in essence a
space-quali ed version of a ZH Instruments SM-30 and even uses the same control electronics

circuit board [180].

2.4 Modeling Conductors in Space Plasma Codes

2.4.1 Conductive Boundaries

The interactions between plasma and conductive surfaces are of particular interest in planetary
science, where such boundaries may represent planetary ionospheres, moons with subsurface
oceans, or spacecraft instruments. For example, modeling the interaction between Jupiter's
magnetospheric plasma and its moons requires simulation of conductive surfaces that mimic
planetary ionospheres and conducting magnetospheres [181]. The inclusion of conductive boundaries

allows for the proper treatment of surface charging, induced currents, and electromagnetic shielding,
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all of which are essential for accurate representations of plasma dynamics [182].

Similarly, the interaction between Jupiter's magnetosphere and its moons, particularly
Europa and Ganymede, is profoundly in uenced by the conductivity of their subsurface oceans.
Simulations incorporating conductive boundaries have enabled researchers to model the electromagne
induction effects that occur when these moons pass through Jupiter's magnetic eld, leading to
observable auroral emissions and revealing the internal conductivity of their icy shells [183, 184,
185, 186].

The inclusion of conductive boundaries in simulations has proven critical for understanding
laboratory plasmas, including those found in fusion devices and space plasma experiments.
Conductive boundaries are especially important in devices such as tokamaks and stellarators,
where the plasma is con ned by magnetic elds but interacts with conducting walls and divertor
plates. These boundaries affect plasma stability, con nement ef ciency, and energy loss mechanisms,
necessitating accurate modeling to optimize fusion performance [187].

Particle-in-cell (PIC) codes are well-established for simulating charged particle dynamics
in the context of plasma physics. These codes work by tracing particles as they move under the
in uence of self-consistent electromagnetic elds, which are typically solved on a spatial grid,
and advancing particles in time according to Newton's laws [188]. In most cases, the potential
is known at the grid points, meaning Poison's equation needs to be integrated every time step
to obtain the electric eld force that will advance the particles, which has a cost for large-scale
simulations. An essential challenge in PIC simulations is the treatment of conductive boundaries,
especially in scenarios such as spacecraft-plasma interactions or high-energy laboratory plasmas.
The proper modeling of these boundaries is crucial, as they signi cantly affect the simulation

outcomes, particularly by in uencing particle re ection, absorption, and secondary electron emission
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processes [72].

Conductive boundaries are complex because they represent regions where the elds must
adhere to boundary conditions dictated by the surface properties. In PIC simulations, this is
typically handled using various methods to apply these boundary conditions, with one of the most
sophisticated approaches being the capacitive matrix method. This method provides a robust and
scalable way to account for the in uence of conductive surfaces without requiring excessively
ne grid resolution near the boundary, which is computationally costly [189].

The capacitive matrix method is based on the concept of solving for the potential distribution
on conductive surfaces by utilizing a matrix of capacitances that describe the mutual coupling
between discrete surface elements. This technique is well-suited for situations where the induced
surface charge density plays a key role in the interaction of the boundary with the plasma [190].
In this method, the surface is discretized into segments that collect charge from external plasma
sources. The local potential on each segment is computed based on the charge deposited on
that segment by solving Poisson's equation. A capacitance matrix is constructed to represent
the mutual interaction between the segments that dictates the redistribution of charge on the
conductor. By solving the resulting system of equations, the surface potentials can be updated
consistently with the boundary conditions [191, 192, 193].

In the aerospace community, spacecraft charging is a critical issue because differential
charging between different surfaces can lead to electrostatic discharges, which may damage
onboard electronics or affect mission operations [61]. When coupled with multi-grid solvers
and fast Fourier transforms (FFTs), the capacitive matrix method enables enforcement of the
boundary conditions without excessively ne mesh near the boundary [194] as well as accounting
for both local surface charge accumulation and long-range coupling effects, which are critical for
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simulating the electrostatic environment around a spacecraft [70].

The capacitive matrix method has been widely applied to study spacecraft charging in
the presence of ionospheric and magnetospheric plasmas [59]. The capacitive matrix method
allows for a detailed analysis of surface potentials, which is essential for predicting the dynamic
instability of spacecraft subject to electrostatic torques between non-uniformly charged conductive
parts and mitigating these effects [76, 195]. This method has been applied in several other
spacecraft charging studies [72, 196, 197, 198, 199].

In plasma physics research, the capacitive matrix method has been used to model laboratory
plasmas, particularly in the context of plasma-material interactions. For example, in tokamak
experiments, where plasma con nement relies on interactions with conducting walls, accurate
boundary modeling is critical to understanding plasma behavior near the wall, including plasma
sheath formation and recycling phenomena [187]. The method has been employed to simulate
the effects of conducting boundaries in tokamak edge plasma regions, where surface charge
accumulation and sheath dynamics can signi cantly in uence con nement and stability [200].

While the capacitive matrix method provides several advantages, it also has limitations.
One of the primary challenges is the method's sensitivity to grid resolution and the complexity
of solving large systems of equations, particularly when applied to highly irregular geometries or
large-scale simulations [201].

The inclusion of conductive boundaries in grid-free plasma treecodes has demonstrated
substantial bene ts across a range of applications, particularly in the context of planetary science
and plasma physics research. Grid-free techniques are advantageous in scenarios where spatial
resolution and scalability are critical, particularly in regions where plasma density varies signi cantly

over large distances [202, 203].
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2.4.2 Complex Geometries

Modeling complex geometries in Particle-In-Cell (PIC) codes has become an increasingly
pivotal area of study in planetary science and plasma physics. However, the delity of PIC si-
mulations, which are essential for resolving the behavior of plasmas interacting with nontrivial
structures such as planetary surfaces, spacecraft, and irregular natural bodies, can be negatively
impacted by the inherent challenges of incorporating detailed geometric representations. In
planetary science, for example, capturing the intricate topographies of asteroids, moons, and
comets in plasma simulations is critical for understanding dust levitation and charged particle
dynamics in tenuous plasma environments [11]. Plasma environments are also characterized by
intricate structures, often shaped by the interaction of the solar wind with planetary magnetospheres
and airless bodies. Complex geometries also arise in the magnetospheres of planets like Earth
and Jupiter, where the spatial and temporal dynamics of plasma particles must be modeled across
multiple scales, from the global magnetospheric structure down to small-scale features such as
boundary layers and plasma waves [204]. Traditional grid-based methods, while effective for
simpler, well-structured environments, struggle with the resolution of ne-scale features and
dynamically evolving geometries [188, 189].

A primary dif culty in PIC codes lies in the accurate generation of computational meshes
that represent irregular and highly complex geometries, such as those found in planetary surfaces
(e.g., the rough topographies of asteroids or moons) and spacecraft (e.g., antennas, thrusters).
Standard PIC models typically rely on Cartesian or cylindrical coordinate systems, which are
inadequate for handling such complexities without signi cant mesh algorithms. This can lead

to severe computational expense as ne meshes increase the number of grid cells exponentially.

29



Studies have shown that alternative mesh strategies, such as adaptive mesh re nement (AMR)
or unstructured grids, offer some promise but present their own computational and algorithmic

challenges in terms of stability and accuracy, particularly when resolving multiscale phenomena

in plasmas [205, 206, 207].

Another approach for modeling complex, conductive geometries is the Multi-Sphere Method
(MSM). Schaub and collaborators (2013) assemble an arbitrary geometry from multiple spheres,
thereby creating a free-form outer surface partitioned into nite elements [76]. In compliance
with conductive boundary conditions, the total charge on each sphere is determined from their
mutual and self capacitance (as described in Section 2.4.1) due to the electric pptestiabed
on each sphere. Now that the total charge on the spheres are known, the Coulomb interactions
between the spheres inside the partitioned outer surface and external sources can be resolved.
This formalism is able to treat complex, conductive geometries faster than current AMR solvers,
but is not suitable for our Chapter 6 investigation of conductive surface interactions with the solar
wind, primarily because its inability to capture induced charge effects [76]. Additionally, the use
of the Coulomb potential equation for spheres bars the model from being able to resolve near-
surface Coulomb interactions with large geometries [208]. Some accuracy can be recovered if
smaller spheres are used to Il geometry, but at the cost of decreased computation ef ciency.

Modeling complex geometries in grid-free plasma treecodes has emerged as a powerful
approach for advancing planetary science and plasma physics research since geometric boundaries
do not have to conform to a grid. Without a grid, the physics is more accurate because electrostatic
interactions occur between the charges themselves instead of between charges and extrapolated

elds at grid nodes. Another major advantages of grid-free plasma treecodes is their ability

to ef ciently handle multi-scale interactions, which are particularly important in collisionless
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plasma systems [202, 203]. In grid-based methods, accurately capturing these interactions typically
requires ne grid resolutions, leading to substantial computational overhead. Treecodes, by
contrast, organize particles hierarchically, allowing them to approximate distant particle interactions
with multipole expansions, thus reducing the computational complexity ®0?) to O(NlogN)

[202]. This reduction in computational effort is particularly crucial for simulating large-scale
plasma systems where particle numbers can easily exceed billions, as is the case in planetary
magnetospheres and astrophysical environments [209], and where interactions occur over a wide
range of spatial and temporal scales [40, 203]. From the limitations of mesh generation and
boundary conditions to the complexities of multiscale and multiphysics modeling, these challenges

are deeply intertwined with the computational and algorithmic constraints of PIC methods [210].
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Chapter 3: Experimental Method for Measuring Cohesion of Regolith via Electrostati

Lofting

In the vacuum of space, dust grains on an airless body's surface are subjected to charging
by a variety of processes. Solar UV photons eject electrons from sunlit surfaces of the grains,

a process known as photoemission, which results in a net positive charge on the dust particles
[17]. Additionally, the interaction of the surface with the solar wind and plasma environment
leads to electron and ion currents that further modify the electrostatic charge distribution on
the grains [98]. Depending on the size of the particles and local environmental conditions, the
charge accumulated can be substantial enough to initiate electrostatic repulsion between particles,
ultimately leading to lofting.

Experimental studies in laboratory conditions have been central to understanding the conditions
under which lofting occurs. For instance, tests in vacuum chambers that replicate lunar surface
conditions have demonstrated that micron-sized particles can be levitated and ejected from surfaces
when subjected to electric elds of the appropriate magnitude [14]. These experiments have also
shown that dust lofting is highly sensitive to particle size, shape, and composition, with smaller
particles typically requiring lower electric elds to loft than larger ones [11]. Furthermore,
surface roughness and cohesion between particles, in uenced by Van der Waals forces, also play

critical roles in determining the threshold for particle mobilization [9].
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The electric eld at the surface of an airless body is a key factor in uencing dust lofting.
Surface electric elds are primarily generated by the differential charging of particles due to
photoemission and plasma interactions, creating complex local electric eld structures that can
reach magnitudes suf cient to mobilize dust. According to experimental observations, Sickafoose
and collaborators (2001) have suggested that the presence of surface irregularities or “micro-
topographies” can enhance localized electric elds, increasing the likelihood of lofting in regions
with higher surface roughness [8]. Another example of enhanced electric elds occurs when
particle—particle repulsive forces occur over the scale of a grain diameter due to patched charging
instead of over the thickness of the Debye sheath [37, 38, 40].

Replicating the environmental conditions of airless planetary bodies in laboratory settings
presents signi cant challenges. Vacuum chambers must be used to simulate the near-vacuum
conditions of space, and researchers must carefully control factors such as temperature, UV
illumination, plasma density, and humidity to match extraterrestrial environments. Several experimental
setups have been developed to explore electrostatic lofting under these controlled conditions. For
instance, researchers have used parallel plate capacitors to generate electric elds in vacuum
chambers, while also introducing simulated solar UV radiation and plasma to induce charging on
dust grains [39]. These experiments have con rmed that lofting is a dynamic process in uenced
by the interplay of multiple factors, including dust particle size distribution, surface composition,
and plasma characteristics [38].

Another experimental approach involves using electron beams to charge dust. This technique
allows for precise control over the energy and ux of electrons impinging on the surface, which
in turn affects the charging and lofting behavior of dust particles [22]. While these experiments
have provided valuable insights into the fundamental processes underlying dust lofting, the highly
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idealized conditions in laboratory settings still present challenges when extrapolating the results
to small-body surfaces in space.

In our experiment, the plasma environment on the Moon or asteroids was not replicated.
We employed the practice of electrostatic lofting to induce the detach of grains and measure
the cohesive forces that had bound them to the surface. The content of this chapter is based on

material presented in Pett & Hartzell (2024) [138].

3.1 Experimental Setup

Our clump lofting experiments were conducted in a cylindrical vacuum chaBthemin
diameter by26 cmtall at 10 2 Pa pressure so that object motion was not perturbed by aeolian
and particle collision effects. A diagram of the experimental setup within the chamber is shown
in Figure 3.1(A). Zirconia-silica microspheres from Glen Mills In200 300um in diameter,
were used. Spherical, nearly monodisperse particles were selected to simplify analysis, although
regolith is aspherical, rough, and polydisperse. The mass density of the spha@g=sm®
with an average surface areadf 10 " m?. The average diameter and density of the grains were
used to calculate the mass of the lofted clumps, where the average mass of an individual grain
is3 10 ®kg. Compared to other cohesive powders such as baking our, the zirconia-silica
microspheres were not as cohesive and they were not prone to move as clumps when loaded onto
the graphite substrate, most likely due to their large size as the granular Bond number in a 1-g
environment is near 1. However, the microspheres were cohesive enough to form the dunes seen
in Figure 3.1(A) by pouring them onto the substrate with a metal spooch above the surface.

The microspheres were loaded ontd@cmx 10 cmx 0:6 cm graphite substrate in the
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vacuum chamber at ambient pressure. Once the chamber reldtRdh, electrons were thermionically
liberated from a hot tungsten lament biased ta20 V and positioned 2 cmabove the graphite

for 5 minutes before 85.4 cmx 6:4 cmx 0:2 cmaluminum plate was rotated into positi@rem

above the graphite. The aluminum plate was then electrically biasetit&\#to produce the
electric eld modeled using COMSOL Multiphysics in Figure 3.1(B). The emissive lament
was kept on during the entire experiment, but the electric eld was turned off in between runs.
Vacuum was not broken in between runs because the lofting of objects had a negligible effect on
the topography of the dunes as seen from observations (discussed in Section 2.4).

Electrons emitted from the lament were accelerated by the biased aluminum plate toward
the graphite substrate below and charged the microspheres negatively. The negative charge that
accumulated on the microspheres generated an electrostatic force large enough to overcome
gravity, break the cohesive bonds between neighboring grains, and accelerate individual grains
and clumps upward toward the positively biased plate. Thus, the biased plate (1) attracts electrons
and accelerates them down onto the grains, (2) de nes a macro-scale electric eld, and (3)
attracts the negatively charged grains up away from the surface. The upward acceleration of
grains and clumps in the eld was indicative of their negative charge. Negative charge on lofted
particles agrees with previous experiments [37, 38]. Note that we use electrostatic lofting only
as a means to detach clumps to measure cohesion— we do not seek to replicate the lunar plasma
environment. A PCO Dimax high-speed camera imaged the clump trajecto9ds fis We
calculated the initial acceleration of the clumps from their displacements over the rst three
image frames after detachment and solved for cohesion (described in Section 4). We did not use
additional frames beyond the three required to compute acceleration because we wanted to isolate

the acceleration due to the cohesive bonds broken during detachment. Subsequent frames might
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capture acceleration due to the spatially varying electric eld or time variation in the charge of the
grains. The process was repeated for each experimental run at approximately the same chamber
pressure and laboratory conditions.

Uncertainty in our measurements of tracked objects was calculated based on the camera
resolution. In an image, a clump is composed of some number of square pixels and so the clump
centroid was calculated based on the total pixel area. Since the smallest discrete element of a
clump was one pixel, the clump centroid may be uncertain up to the length of a pixel diagonal.
The camera resolution wdd um by 11um per pixel with diagonal 01.5.6 pm=pixel, which was
a suf cient resolution to resolve single particles2ii0 300um in diameter. For an erroneously
included pixel counted in a clump area, the clump centroid will deviate by half a pixel diagonal
compared to the true centroid. Thus, we assumed that the uncertainty in the clump centroid was
7:8um in the initial detachment frame. This is true for any clump size and so the uncertainty
is the same for all analyzed clumps and individual grains. The location of lofting does not
matter for the uncertainty analysis because the motion of the lofted objects selected for analysis
remained in the focal plane. Moving to the velocity frame aftérthe uncertainty in the velocity
was 0:0074 n¥s. Propagating the uncertainty through to the acceleration frame, we obtain an

uncertainty of 6:97 n=s? for the initial accelerations of clumps and individual grains.

3.2 Electron Source

We employed an electrostatic detachment force to isolate the interparticle tensile strength
between individual grains since electrostatic lofting of charged dust has been reliably demonstrated

in the lab [12, 13, 14, 30, 36, 37, 38, 39, 211, 212]. In order to charge the zirconia-silica
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Figure 3.1: (A) Experiments were conducted in an electrically grounded cylindrical vacuum
chamber. A tungsten lament thermionically emitted electrons. An electrically biased plate
accelerated electrons toward the zirconia-silica microspheres and forced negatively charged
individual grains and clumps upward. A high-speed camera viewing into the page (looking along
the shorter side of the biased plate) captured the trajectory of lofted clumps. Figure is not to scale.
(B) Steady-state electric eld magnitude generated fronthemwide biased plate shown here.

The viewing plane is perpendicular to the camera plane of view in (A), looking along the longer
side of the biased plate. TH® cmwide graphite substrate (white)2xmbelow and electrically

oating

microspheres, we designed an emissive lament to emit electrons. A 99.95% pure Tungsten
lament was selected due to its relatively low work function,j of 4.54 eV, which must be
exceeded by the difference in the electron energy in the metal and the Fermi energy in order for
electrons to boil off the lament. Energy is transferred to the electrons thermally, thus the lament
needed to operate at a high enough temperature in order to produce an appreciable current
density for charging in a reasonable amount of time (less than hours). The Richardson-Dushman
Equation 3.1 provided a relationship between temperaityarnd the theoretical current density

(Cs 'cm 2) emitted from the lament, wheré is a theoretical constant of 125 cm 2K 2,

e is the fundamental electron charge, dagdis the Boltzmann constant [213]. We used the
temperature corrected work function for tungstep,+ T , where is 0:54=eV, because the

work functions of metals are temperature dependent when heated. The product of current density
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and emissive area of the lament yielded an emitted current. The emissive area of the lament
(Asurf ) Was approximated to be the surface area of an open-ended cylinder eglighidhered
andl are the lament diameter and length, respectively. Thus, the temperature and the emissive

area of the lament was tuned to obtain a desired emission current for charging.

e(wt T)

J = AoT?exp T
B

(3.1)

The operating temperature depended on the poRgrradiated off the surface area of
the lament, the emissivity of tungsteri{ = 0:23 at 1500deg O, and the Stefan-Boltzmann
constant () as seen in Equation 3.2. The power radiated by the lament was equivalent to the
power supplied to the lament by a transformer and was the product of the electromagnetically
induced voltage\(s) and current output on the secondary winding of the transformer. Because
power was conserved across the transformer isolation, the ratio of the primary input velfage (
to the secondary output voltage determined the induced current. Running high current through a
high resistance lament radiates power in the form of heat due to Joule heating.

1=4
Py

Po="yAT %) T= (3.2)

"W A surf

However, for the lament to dissipate the full power of the transformer, the resist&ge (
through the lament needed to be large enough such that the power seen by the |&giRnt,
did not exceed the power of the transformer. The dimensions of the lament must satisfy the

inequality in Equation 3.3, Wherég is the transformer turns ratio, aij = |_ which is a

w A cross

function of the resistivity of tungsten (), the lamentlength[), and the lament cross-sectional

area Across)-
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Vp Vp
= > - 3.3
V. PRE (3:3)

Therefore, we wanted to maximize the resistance through the lament and minimize the
lament area in order to get the lament hot enough to produce an emission current that would
charge the grains in a reasonable amount of time while not exceeding the power limit of the
transformer. Our lament was designed based on the charge magnitude measured on lofted
microspheres in experiments I8chwan and collaborator@017) [38]. The authors indicated
a charge magnitude on the orderl@P electrons per 40 m diameter microsphere measured by
a Faraday cup. The total number of grains in the sample was on the oriiét, ahlculated by
lling a 1.9 cm diameter by 0.2 cm deep cylindrical volume wit#0 micron grains. To charge
all grains in the volume on the order of seconds, the lament needs to emit atli@dsCs 1,
assuming all electrons hit the sample the instant they are evacuated from the lament. This is
an overestimate of the current to the grains because most of the electrons will impinge on the
top most layer of the sample. Commercial off-the-shelf (COTS) manufactured and lab tested
tungsten laments have a diameter as small as 0.03 inches and a nominal lengBi25fin.
Suitable COTS transformers have a peak power of\1B0with a turns ratio\\f—z = 38:3, which
must be greater than the ratio of the primary voltage to the square root of the product of the
lament resistance and transformer power in order to dissipate the full power of the transformer.

Emission currents for 0.03 (COTS), 0.02, and Ou@1diameter tungsten laments were
investigated. An emissive surface area was calculated for each diameter and input into Equation
3.2 toreturn lament operating temperatures. The theoretical current density was then calculated

based on these temperatures in Equation 3.1. Filament temperature increased as emissive area
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decreased to produce an increased emission current. At the same time, lament resistance
increased as lament diameter decreased, eventually satisfying the inequality in Equation 3.3
for smaller diameter laments. As a result, a 0.0l diameter lament was selected for this
experiment because a resistance off®0 would dissipate the full power of the transformer.

The lament operated at a temperature of 1#Q0 produce an emission currenttd > Cs 1,

which was capable of chargirig’ grains with at least® electrons per grain in 16 milliseconds.

3.3 Electric eld structure

A 10in by 2.5in by 1/16in aluminum plate was held dm above the graphite substrate
and is biased to +1KV to generate an 874KV =melectric eld. The primary purpose of the eld
was to apply an upward attractive force on negatively charged clumps that was strong enough to
overcome the downward cohesive and gravitational forces that bound the clumps to the surface.
Once the cohesive bond was severed, the clumps were lofted and their subsequent motion was
driven by electric and gravitational forces only. COMSOL Multiphysics was used to model the
2D electric eld structure from the side viewpoint where the highest density charging can be
visualized. The chamber itself was grounded, thus the eld is forced to drop off to zero at the
chamber walls. The second purpose of the electric eld was to de ect electrons around the
fringing elds at the plate edges and corners toward the grains below in order to increase the rate
of charging. The trajectories of these electrons under the in uence of the steady-state electric
eld solution was modeled in Figure 2.

Note that in the simulation setup, the inlet of the electrons was the top edge of the vacuum

chamber. However, in our physical experiment electrons entered the chamber from the emissive
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Figure 3.2: The electric eld is shown here in white and drops off to black as the eld strength
decreases away from the chamber walls, held at ground. Electron trajectory paths are plotted in
teal. Upon entering the domain, electrons accelerated toward the plate almost instantaneously
and de ected toward the graphite surface by the fringing elds at the plate corners, charging the
microspheres negatively.

lament, which was lower but still above the attractor plate. Furthermore, electrons entered the
simulation domain along the length of the chamber diameter rather than along the shorter lament
length in the experiment. We approximated the electrons to enter along the top of the chamber
in the model because in the experiment we run the lament for some time before activating
the attractor plate. Thus, we assumed that electrons were everywhere in the chamber before
we activated the electric eld which forced them toward the microspheres. The lament was
run for tens of minutes to ensure that electrons lled the chamber. Additionally, the electrons
were attracted to the regions of higher potential than an electron volt once liberated from the
lament, and they made their way to those regions. However, the electron supply was constantly

replenished at a higher rate than the rate of recombination with grounded surfaces.
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Figure 3.3: Electrons were emitted from a line in the simulation domain at the same position as
the emissive lament in the experiment. Electron trajectories are traced in rainbow and the color
varies by velocity.

3.4 Prevalence of Clumps

We captured the electrostatic detachment and lofting of 2- to 6-particle chain-like clumps
forthe rsttime. Figure 3.4(A) shows an example of clumps lofting from one of the six experimental
runs. Most of the lofted objects in this image originated from the center dune in the frame likely
due to the concentration of electron trajectories there, as modeled in Figure 3.1(B). Generally,
lofted objects emerged from the center dune or from the valleys on adjacent to the center dune in
Figure 3.4(A). In the image, 4 clumps and 7 individual grains were in the midst of lofting. The
number of individual grains in a clump and the clump orientation can be seen clearly in the image
sequence without any image analysis to determine their sizes. A cropped region from the same
image sequence shown in Figure 3.4(A) was created to display a zoomed—in time—series of three
lofted clumps, displayed in Figure 3.4(B). The spatial evolution of the trajectories of the three

lofted clumps, outlined by three circles, is highlighted in this time—series.
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We quanti ed the percentage of clumps lofted in Figure 3.4(C). Over the six experimental
runs, 52 clumps and 272 individual grains were lofted. 2-grain clumps were preferentially lofted
over larger clumps sizes, comprising up to 62% of the total lofted clumps observed. A side-by-
side comparison of the quantity of clumps lofted versus the quantity of grains lofted in each run
is presented in Figure 3.4(C). The number of clumps lofted tended to increase as the number of
individual grains lofted increased for a given run. However, the percentage of lofted objects that
were clumps varied, possibly due to random packing and stochastic distribution of cohesive bonds
throughout the sample dunes. Certainly, the lofting of clumps was a non-negligible percentage
of the lofted object population comprising at least 8% of the lofted objects in Run 6 and as much

as 35% in Run 1.

3.5 Derived Cohesion

The Van der Waals interaction force between two spheres ofrraaliidr , has been derived
in Equation 3.4 according to the simpli ed Hamaker hybrid formulation in the close approach

limit [134]:

A rqro
6z3r1+ 1,

(3.4)

whereA is the Hamaker coef cient and, is the contact distance between the spheres (refer

to Chapter 2 Section 2.2 for a detailed description). In this work we describe a new method
for measuring particle cohesion by taking high-speed images of the electrostatic separation of
charged individual grains and clumps from the bulk.

From our observations of six experimental runs, we identi ed 14 clump trajectories (of
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Figure 3.4: (A) An example of clumps and individual grains lofting captured by the high-speed
camera. The ¥0kV plate runs horizontally through the middle of the image, producing an
electric eld that accelerates negatively charged clumps upward. (B) Time—series image (evolved
left to right) of a cropped region from the middle granular dune of the image in Figure 3.4(A).
The times between panels 1-2 and 2-3 2t msand27.5 ms respectively. The orange and
yellow circles highlight two 2-grain clumps, while the blue circle denotes an individual grain that
appears in frame 2. All objects detach and climb in altitude over the three frames in the direction
denoted by the arrows. The blue individual grain has a greater acceleration after detachment than
the orange and yellow clumps. (C) Comparing the number of clumps lofted versus the number of
grains lofted in six experimental runs. The percentage of clumps lofted out of the total number
of lofted objects in each run is given in parentheses. Clumps account for at least 8% of the lofted

objects.
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the 52 total) and 12 individual grain trajectories (of the 272 total) that clearly detached in the
focal plane of the camera view and had no background noise that interfered with the tracking
algorithm. We measured the cohesive force normal to the plane of contact between the grains
and the bulk, which was in the direction of initial acceleration by virtue of the way grains were
observed to detach. We note that the cohesion measured is likely the capillary pull-off force
caused by humidity-generated water bridges between the particles because the particles were
not baked out or exposed to vacuum long enough to remove the majority of the bda@ed
molecules, and may possess some micro-roughness [132, 133]. {Thetween images was
1.1 milliseconds. We numerically calculated the velocity of clumps from the displacement of
its centroid in the second and third image frames after detachment in the rst frame. Then we
numerically calculated the initial acceleration of a clump from these velocities.

Prior to lofting, the total forceR;. 1) acting on a clump attached to the bulk was the sum of
the electrostatic forces, ), gravity (F4), and cohesionR,), presented in Equation 3.5. Before
detachment, the electrostatic force was less than the gravitational and cohesive forces on the
clump. As the clump accumulated negative charge, eventually the electrostatic force became
in nitesimally larger (Fes, + ) than gravity and cohesion and the cohesive bonds were broken.
With the cohesive bond broken, the electrostatic force on a lofted clump was greater than gravity
in the amount equal to the cohesive force, accelerating the clump away from the bulk. The
net force Fit.2) On a detached clump is described by Equation 3.6. Equations 3.6 minus 3.5
gives the difference in the total force on a clump at the moment of detachment; approximately
equivalent to cohesion. Thus, the initial acceleration of the clump is equal to the cohesive force
divided by the clump mass. We assumed that the cohesive force between the clump and the bulk

was acting purely in the normal direction between adjacent grain surfaces, along the direction in
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which the electrostatic force accelerated the clumps away from the bulk. Thus, by the nature of
the observed dynamics of detached clumps we assumed that the electrostatic detachment force,
initial acceleration, and cohesive force were all aligned. In reality, the micro-scale cohesive
forces between contact points may not be perfectly aligned with the direction in which the clumps
accelerated. Furthermore, repulsion forces between patches of charge on adjacent grain surfaces
may enhance in Equation 3.6, which means our cohesion measurements may be an upper limit.
Incomplete knowledge of the initial grain packing, true grain shape, and grain-scale electric elds

produced from patched charging are sources of uncertainty in the analysis.

At t = tO, FtOtl = Fesl Fg FCO = O (3.5)

At t=t; Fot, = (Fes, + ) Fg (3.6)

Figures 3.5(A) and 3.5(B) present the initial velocities and initial accelerations, respectively,
for the 14 tracked clumps. Figures 3.5(D) and 3.5(E) compare the initial velocities and accelerations
for 12 tracked individual grains. The initial velocities of clumps and individual grains were
similar and there was no dependence on clump size. The initial accelerations of clumps averaged
142 m=s* (STD =9:0 m=s?), not including accelerations for Clumps 9, 10, and 13 which were
more than3 away from the mean. If only 2-grain clumps are considered (removing Clumps 2
and 4), accelerations average?9 m=s* (STD =9:5m=s%). We see that the average is similar
and the standard deviation remains large, indicating that 3- and 4-grain clumps do not affect
the STD. The STD is large because accelerations varied for9 m=s?>, which indicates a

random variation in cohesive bonds for clumps. Similarly, initial accelerations of individual
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grains averaged6:6 m=s?> (STD =6:5m=s?), not including Grains 1 and 8. This large STD is

also a product of a wide spread in acceleratiohs 25 m=s?). The average initial accelerations

and standard deviations of clumps and grains are comparable. This makes sense in the context
of how clumps were observed to detach one grain at a time (“peeling off” the dune), similar to
individual grain detachment. Once the initial acceleration was acquired for a clump composed
of n grains of average grain diamet@r, and density, , we solved for the cohesive force on the

clump in Equation 3.7.

Feo = gn D 3acIump;t3 (3.7)

As mentioned, it was clear from the images that the trailing grain of a clump detached from
a singular grain in the bulk. Accordingly, we obtained the cohesive force that acted between
two individual grains and assumed cohesion was distributed over half of a grain surface area,
EDZ. Note that this assumption may overestimate the contact area between grains and therefore
underestimate the inter-particle tensile strength. We divided the cohesive force in Equation 3.7
by this area to obtain the inter-granular tensile strength that was bonding the clump to the surface
before detachment.

Figure 3.5(C) presents the cohesive force (left y-axis) and tensile strength (right y-axis)
obtained for the 14 lofted clumps. Cohesion ranged betvigen 10 ®N with uncertainty
of 49 10 ’N for clumps, which is of the magnitude measured for cohesion dominated
by capillary bridges in experiments by Persson and collaborators (2022) [132]. Figure 3.5(C)
suggests there may be no correlation between clump size and cohesive force, but the clump charge

along with more data on clumps larger than two grains is required to assert this claim. Figure
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3.5(F) presents the cohesion and tensile strength of 12 lofted individual grains. Cohesion values
clustered more tightly arountl 10 ® N for individual grains than clumps, but like clumps,
individual grain cohesion spanndd 7 10 ®N with uncertainty of 222 10 ’N. We do

not draw statistical conclusions on multi-grain clumps composed of more than two grains due to
limited data. More lofted multi-grain clumps were observed but their trajectories could not be

accurately resolved for cohesion measurements.

3.6 Discussion

3.6.1 Validation of Measurements

Based on the initial accelerations at the moment of detachment, the cohesive force on 14
lofted clumps and 12 lofted individual grains were calculated. For 2- to 4-grain clumps, the
cohesive forces ranged betwekh /10 ® N, which corresponded to tensile strengths between
1 70Pa For individual grains, the cohesive forces ranged betwk@r 10 °N, which
corresponded to tensile strengths betwéer22 Pa We compared these measured values to
two independent methods for calculating cohesion to validate our results.

The rstindependent method examined to corroborate our cohesion measurements was the
simpli ed Hamaker hybrid formulation in the close approach limit in Equation 3.4 [134]. In
Equation 3.4, the radii term reducesrte?2 whenr; = r, = r. We takeA to be on the order
of 10 2°J for the non-retarded Hamaker constant across vacuum for zirconia-silica [214]. At
contact, the distance, between two spheres is usually taken &3 nm. Thus, we predict a
Van der Waals force o1:2 10 ®N and interparticle tensile strength &2 Pa between two

zirconia-silica microspheres, which agrees well with our measurements.
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Figure 3.5: (A)&(D) The initial velocities for 14 clumps and 12 individual grains, including
uncertainty of 0:0074n¥s. Clumps of the same size were grouped by color and shape.
(B)&(E) The initial accelerations milliseconds after detachment for clumps and individual grains,
including uncertainty of 6:97 m=s>. Outlier clumps 9, 10, and 13 were not included in the
average shown in (B) because they were greater 3haaway from the mean. Similarly, outlier
Individual Grains 1 and 8 were not included in the average shown in (E). (C)&(F) The cohesive
force on clumps and individuals, derived from the initial acceleration, on the left y-axis. The
cohesive force between two grain surfaces was distributed over half of the surface area of a grain.
Thus, dividing the cohesive force by this contact area produced the corresponding tensile strength
between a clump or individual and the bulk on the right y-axis.
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Second, we considered the tensile strength required to keep a lofted clump together. The
tensile strength between two grains that comprise a clump must be greater than or equal to the
gravitational force acting to disaggregate the clump. The weight of a gragnthat must be
balanced by cohesion so that a clump remains inta8t is10 ' N. The corresponding tensile
strength is3:1 Pa. This agrees well with the tensile strengths calculated in our experiments and
explains how clumps were able to form and stay intact during lofting.

Additionally, we calculated a non-dimensional bond numBgg£mg) to extend our predictions
to low gravity environments. An average bond number of 2.8 and 2.4 was obtained for lofted
clumps and individual grains, respectively. Thus, cohesion is a non-negligible force, comparable
to gravity, for zirconia-silica microspheres in this experiment. Using a different formalism than
ours, Scheeres and collaborators (2010) calculated a bond number d330fen radius grains
in Earth's gravity [19]. Working within this formalism, but using the grain sizes used in our
experiment, Scheeres and collaborators (2010) would predict a bond number of 6.4, which is the
same order of magnitude as our ndings [19].

Many experiments have shown that grains with bond numbers greater than 100 preferentially
stick and move as clumps while grains with bond numbers less than 100 do not [56, 125, 215].
In our experiments, we observed clumps lofted, but individual grains dominated the lofted object
population (Fig. 2C), which agrees with calculated bond numbers of less than 100. Prior work
suggests that, on the Moon and asteroids, grains of a certain size may preferentially move as
clumps [52]. We cannot directly extrapolate the cohesion measured in this work to asteroids
because we have not used an asteroid regolith simulant and do not match the environmental
conditions of an asteroid. However, we hypothesize that cohesion would become more dominant

between zirconia-silica microspheres in lower gravity environments, increasing the number of
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clumps formed. Assuming regolith (with its varying chemistry, grain shape, and size distribution)
is at least as cohesive as t&aQ , : SiO;) grains used here, clumps may be a signi cant, if not

dominant, fraction oL00um sized particles in granular ows on the Moon and asteroids.

3.6.2 Bulk Cohesion Estimate

The matrix of interparticle cohesive bonds in the bulk is random, but the interparticle
tensile strength measured for clumps can be used to estimate the bulk cohesive nature of the
zirconia-silica microspheres. Zhang and collaborators (2021) derived the maximum possible
tensile strength of a rubble pile as a function of the normal cohesive force distributed over the
contact area between equal-sized partictgs(d the angle of friction () [216]. Equation 3.8

Aeit

is also a function of a shape factor 2 = ﬁz , the coordination numbeN(), and packing
I eff

fraction ().

c 2N tan ()

Chax = 4

(3.8)

For( % N;; ) weused (1.57,6.25, 0.88), whereN was referenced from the random
close packing (RCP) of monodisperse hard spheres [217] as opposed to the coordination number
for face-centered cubic (FCC) packed spheresias based on 40% bulk porosity [52], and
was based on the estimated friction angle for rounded materials [111]. Assuming a friction angle
of 28 for spherical grains and the average interparticle tensile strength of clumps lofted in this
experiment, we calculated the average bulk cohesive strength of zirconia-silica microspheres to
be 5:2Pa. The zirconia-silica dunes were subject to large electrostatic forces and the removal

and re-impact of clumps and individual grains, yet the bulk structure of the dunes remained intact
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(known from observations taken before and after lofting). This implies that the magnitude of
bulk cohesion in zirconia-silica dunes was suf cient to maintain bulk structure despite signi cant
lofting events.
Furthermore, we used Equation 3.9 to quantify a failure criterion, or factor of s&f&ty; (

for the dunes imaged in Figure 3.6 to substantiate the previous implication. Barnouin and
collaborators (2022) derived Equation 3.9 as a method to assess the formation of terraces on
Asteroid (101955) Bennu, whereis friction angle, is angle of reposeC is bulk cohesion,

¢ is the product of bulk density and local gravitational acceleration,Largithe thickness of a
surface layer that could fail (i.e. the peak height of a dune) [111]. A slope is vulnerable to failure
for values ofF S < 1.

_ tan( ) C

FS= an) T sin() (3.9)

Image analysis in MATLAB was used to trace the boundary between white pixels (grains)
and the background to calculate the the average angle of repose between the horizontal and the
dune slope, and the average thickness (i.e. height) of the dunes as seen in Figure 3.6. The average
angle of repose and thickness of the dunes in Figure 3.64@egand2 mm, respectively. Based
on our image analysis and assuming a friction ang@8adegfor spherical grains, we calculated

F S values inthe range at6 9:2. Thus, the dunes were also not prone to failure by this metric.

Figure 3.6: Angle of repose ) and thickness of surface layér)(for intact zirconia-silica dunes.
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3.6.3 Qualitative Observations

We observed that all clumps emerged from the bulk with the long axis of the clump
oriented upward along the electric eld vector. There are two possible causes for the near-vertical
orientation of the lofted clumps: (1) assuming a uniform number of cohesive bonds between
constituent grains and the bulk, a variation in surface charge density or local electric eld across
each constituent grain produced a variation in the electrostatic force on each constituent grain
causing a clump to peel off from the surface one grain at a time; (2) assuming equal surface charge
densities and local electric eld strengths across constituent grains, a variation in the number of
cohesive bonds (i.e. contact surface area) caused a clump to peel off from the bulk one constituent
grain at a time. However, for the latter to occur the dipoles of equal charge density within each
constituent grain would realign the clump with the electric eld vector, causing the long axis
of the clump to be rotated along the horizontal at some point in the trajectory, which was not
observed. Thus, we speculate that a lofted clump has a variation in surface charge density across
each constituent grain. Additionally, we observed that the frequency of lofted objects decreased
over time after the electric eld was applied in each run, which is consistent with experiments by

Hood and collaborators (2018) [218].

3.7 Conclusions

We have demonstrated a new method for measuring interparticle cohesion by eliminating
aeolian and patrticle collision effects in vacuum and using electrostatic forces to break cohesive
bonds. This experiment also quanti ed the electrostatic lofting of dust clumps formed from
200 300um spherical particles in vacuum for the rst time. Clumps comprised at least 8% and
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as much as 35% of the lofted objects, which included individual grains, in our six experimental
runs. Within the lofted clump population, we observed that 2-grain clumps form most frequently.
The average cohesive force and tensile strength for individual grain8:&paN (STD =0:2uN)

and5:3 Pa(STD =2:1 Pa). Similarly, cohesion and tensile strength for clumps WdgN (STD

= 0:8uN) and10:7 Pa(STD =8:1Pa), respectively. The analysis of two independent methods
for calculating cohesion based on cleanliness and particle weight yielded similar cohesion values.
If electrostatic lofting does in fact occur in the low gravity elds on small, airless bodies and if
cohesion is indeed a non-negligible force, then clumps may likely be a non-negligible component
of the lofted object population. If clump lofting does in fact occur in situ, it could have signi cant
implications for the evolution of small body surfaces. Should clump lofting occur, then electrostatic
lofting events may remove more material than previously estimated. If clumps loft from asteroids,
it could give insight into how cohesion scales with other forces on rubble pile asteroids. Moreover,
guantifying cohesion may inform the conditions required for preferential formation and lofting
of clumps rather than individual grains on asteroids. We have shown that a bulk structure will
remain intact despite active surface movement, which agrees with current assessments of granular
ows on asteroids. For future missions that may observe clump lofting in situ, we have shown
that if the trajectory of these lofted objects can be resolved, then we can solve for interparticle

cohesion as well as estimate the bulk cohesive properties of the parent body.
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Chapter 4. Small ForcesOptically Resolved foICohesiorEstimation viaElectrostatic

Separation $mall-FORCES

Since electrostatic lofting of charged dust has been reliably demonstrated in the lab [12, 13,
14, 30, 36, 37, 38, 39, 211, 212], we want to exploit this phenomenon to electrostatically separate
regolith from small, airless bodies in situ and measure cohesion. Building off of the experimental
setup in Chapter 3 Section 3.1, we propose the design of the Small-FORCES system, a payload
that induces electrostatic dust lofting to measure interparticle cohesion and estimate the bulk
cohesion of the body by the methods outlined in Chapter 3. There are key differences between the
operation of Small-FORCES in the lab versus in space that making operation in space easier in
some ways and more challenging in others. The most favorable conditions for Small-FORCES in
space are the natural vacuum (no aeolian effects to perturb lofting motion) and operation without
an electron source since the regolith is already charged. However, there are many challenges to
address, such as having enough power to maintain an electrically biased attractor plate potential
in the solar wind and having proper camera lighting to capture high-resolution images of regolith
detachment from the surface.

We assess the near-surface plasma environment and simulate a technique for grain characterizati
and position tracking to understand the parameters that will drive the design of the attractor

plate and camera system, respectively. To model the plasma environment within which Small-

55



FORCES will operate, we follow the prescription in Nitter and collaborators (1998) to numerically
model a non-monotonic photoelectron sheath as a proxy for the near surface plasma environment
on an airless body like the Moon [9]. From this model we determine that it will be dif cult to
maintain a uniform and constant electric eld between the Small-FORCES attractor plate and
the surface. Kinetic plasma simulations would be better suited to model the induced electric
elds near high-voltage conductors in the solar wind (such a code will be discussed in Ch. 6).
Key design parameters, such as attractor plate potential, size, and operating height above the
surface, are traded to evaluate their abilities in generating a region of unperturbed electric eld.
It is desirable to design a system that can generate a constant eld above the surface in order to
attract, image, and collect charged samples effectively. The content of this chapter is based on

material presented in Pett and collaborators (2021) [219].

Figure 4.1: Small-FORCES produces a voltage difference) (with the surface via a biased
attractor plate, which induces electrostatic lofting of charged regolith grains. A camera
simultaneously images the size and trajectory of the regolith grains. Since the local gravity
is known and the electrostatic force on the regolith grains is controlled by the attractor plate
potential, it is possible to solve for the cohesive force on the grains. The height of both the
attractor plate and the camera is variable. The electric potential of the plate can also be adjusted.
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4.1 Photoelectron Sheath Structure

Airless bodies such as the Moon and asteroids do not have atmospheres or magnetic elds
to shield their surfaces from space weather such as the solar wind. The surfaces of airless bodies
are bombarded by plasma electrons and ions that build up charge gradients in the regolith. Plasma
charge carriers mobilize to adjust these gradients in order to establish an equilibrium potential
state based on parameters such as species density and temperature. Therefore, if any surface
immersed in a plasma is connected to a power supply and is held at a potential other than the
equilibrium plasma potential, the surrounding plasma species will mobilize to shield out that
potential surface and restore equilibrium. Once shielded, an observer a Debye length away from
the surface will “see” charge neutrality. Small-FORCES deploys a biased attractor plate on the
surface of airless bodies exposed to plasma. Hence, understanding the plasma sheath structure
on these surfaces is important for the operation of Small-FORCES.

A surface immersed in solar wind plasma, such as an asteroid, is bombarded with charged
plasma electrons and ions, which contribute to negative and positive charge accumulations, respectively
on that surface. For solar incidence angles close to high n@ded, photons from the Sun
can suf ciently excite electrons on the incident surface such that they escape and contribute to
the discharge of negative current from the surface. The densities of plasma eleotrons (
photoelectronsi(,,0), and plasma ions; ) are numerically integrated from Poisson's equation
and the currents are obtained from Equations 4.1-4.4, wiere, and M, are normalized
potential, temperature, and velocity [9]. These currents will adjust themselves and shield out
electrons until the ows of positive and negative charge, or the summation of the plasma electron

(Ie), ion (1;), and photoelectron §) currents in Equation 4.4, are in balance such that the total
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net current,l o , IS zero. Density and current values are calculated as a function of distance
from the surface. Table 4.1 presents the species densities and currents at the surfdk (
where the photoelectron sheath originates. Zero net current establishes the equilibrium potential
of the surface, suirace ,» Which was found to b&:22 V for a photoelectron sheath. The inclusion
of secondary electron emission in the sheath model produces a potential minigym,

We integrate Poisson's equation once from that potential minimum to some arbitrary potential,
subject to the neutrality and zero net current conditions to get an expression for the sheath electric
eld. We then enforce zero potential gradient at in nity and integrate integrate once more to
obtain the undisturbed plasma sheath potential modeled as a function of distance away from the
surface modeled in Figure 4.2. Figure 4.3 also represents both the oating potential of the asteroid
surface and the oating potential of the Small-FORCES attractor plate surface as a function of
altitude before activation. These surface potentials will be considered in the following analysis

of Small-FORCES operation.

le= €Ny ;E;r-:-i - exp(Ym=) (4.1)
lp = enyo ;E:Jpe B exp(Ym Yo) (4.2)
li = en.y kBiTe l_ZMX (4.3)
Lot = 1p let | (4.4)
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Table 4.1: Equilibrium species densities and currents at the surface given the potential structure
of a non-monotonic photoelectron sheath.

Potentials Species Densities | Species Currents
suface =322V | Ng=1:46 10°m 3| 1,=960 10 8Cs 'm 2
min = 1:28V ni=499 1fm 3 |1;=567 108Cs 'm 2

np=138 1m % |1,=392 10 8Cs 'm 2
ot =366 10 ¥Cs 1m 2

Figure 4.2: Potential as a function of Altitude for a photoelectron sheath. The asteroid surface,
positioned az = 0, acquires a steady-state equilibrium potentiaB@2 V. The potential on

the vertical axis is hormalized by charge of an elect@®nBoltzmann's constankg ), and the
plasma electron temperaturg.).

4.2 Small-FORCES Electric Field

4.2.1 \olume of Constant and Uniform Electric Field

Once activated, the Small-FORCES electric eld will modify the undisturbed plasma
sheath. Thus, the plasma electron, plasma ion, and photoelectron currents will equilibrate at a new
steady-state potential. In this section, we develop a numerical model to asses the uniformity of

the Small-FORCES electric eld, but future work will simulate the plasma environment between
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Figure 4.3: The species densities are normalized by the ion density. Although the photoelectron
density is much greater than the plasma electron density at the surface, the velocity of the
photoelectrons is much lower, reducing the photoelectron current below the plasma electron and
ion currents.

the attractor plate and surface. Ideally, Small-FORCES will operate such that it clears the volume
between the attractor plate and the surface of all plasma and thereby sustains a column of constant
and uniform electric eld. The Small-FORCES electric eld will accelerate electrons toward the
attractor plate and repel plasma ions. Selecting the appropriate combination of attractor plate
potential, height, and length forces the electrons to impact the plate close to the edges, creating a
central columnar region with effectively no plasma. The width of this region at the center of the
plate is de ned as the “gap width.” Figure 4.4 illustrates the concept of the gap width, where the
multicolored paths to the left and right of the gap region show the simulated electron paths to the
plate.

We de ne the volume between the square Small-FORCES attractor plate and the surface as
the test section, with dimensions delineated by the attractor plate ldngthi¢ith (W = L), and

operating height above the surfad¢)( Before the Small-FORCES attractor plate is activated,
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Figure 4.4: Visual representation of the plasma electron paths perturbed by an electrically biased
plate, creating a Gap region emanating from the center of the plate.

the test section will be completely lled with plasma. When Small-FORCES is turned on, an
electric eld will be generated between the plate and the surface, the strength of which can be
tuned by the potential of the plate over the operating height. The electrons and ions initially
present in the test section will be attracted to the plate and the asteroid surface, respectively,
clearing the test section of all the plasma that initially lled the region. Subsequently, plasma will
continue to ow into the test section and the trajectories of these particles will then be affected
by the electric eld. Energetic electrons in the test section will be attracted to the plate, which is
biased positive with respect to the oating potential of the surface. The plate potenjial)(
plate height, plate length, electron temperaturg,(and initial position Xo, Yo) of an electron
determine how far that electron travels before impacting the plate xddieection is parallel to
both the surface and the attractor plate whileythdirection is normal to both surfaces.

Beginning with Equations 4.8 and 4.5, tkeandy-component equations of motion of a

particle accelerated by the attractor plate electric eld, an expression for the gap Wigth (
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derived in Equation 4.12. The acceleration imposed on a particle of mmgssijth charge,q,

by an electric eld de ned by the potential difference between the plate and the surface over
the distance between those two surfa¢esjs given by Equation 4.6. By substituting Equation

4.6 into Equation 4.5, the time it takes for an electron or ion to impact the plate or surface,
respectively, from an initial positiony, is solved for in Equation 4.7. The time depends on

the mass of the particlen), the potential difference ( ), andH. Figure 4.5 shows that for

a xed H, the time for each particle species to impact their respective surfaces decreases as
the plate potential increases, as expected. Furthermore, Figure 4.6 shows that for a xed plate
potential, increasing the plate height increases the travel time for a particle. In both gures,
all else constant, it always takes more time for an ion to travel the same distance as a plasma
electron or a photoelectron because an ion is much more massive, and so the same electric eld
force has less of an impact on it. We conclude that the test section volume will be clear of plasma

instantaneously based on these times.

1
Vi = Yo+ Wyt + éayt2 (4.5)
q
= —— 4.6
ay mH ( )
q 2 q ( )
Vy, + V. 4;—(Yo H
t = Yo Yo 2mH (4.7)
24
2mH

The nal x-position that a particle reaches alyaosition of impact, wherg; = H, is

de ned in Equation 4.8, and is used to determine the width of the gap. The particles experience
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Figure 4.5: At a constant plate heigtit Y above the surface, the time at which photoelectrons,

ions, and electrons segregate to their respective surfaces varies with the commanded plate
potential. Increasing the potential energy of the particles decreases the surface arrival time.
The photoelectron curve is identical to that of the electrons because they have the same mass.
The ions take longer to travel the same distance as the other species because Hydrogen ions are

approximately 1836 times more massive.

Figure 4.6: The plate potential is xed 400V, and the species arrival times are plotted as a
function of plate heightH ). As the distance a particle has to travel increases, so does the travel
time for a given plate potential. Again, the ions have longer travel times in general due to their

large mass.
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no electric eld force in thex-direction, as the electric eld is assumed to be only in the
direction. Thus, a particle is not subject to accelerations inkthd@ection, so the last term in
Equation 4.8 drops out. Equation 4.9, the initial velocity of a particle inxtuirection, vy, is
determined by the temperature of that particle. Substituting Equation 4.7 and Equation 4.9 into
Equation 4.8 yields Equation 4.10. Finally, the gap width is de ned in Equation 4.11 as twice
the difference between the plate length and the fartkgsdsition a particle is able to reach.
Equation 4.10 is substituted into Equation 4.11 to obtain Equation 4.12, which calculates the gap
width based on the following design parametdrs:H, and potential difference relative to the
surface (), which is controlled by the plate potentialxe) in Equation 4.13. To extract the
“worst case scenario” from Equation 4.12 for this study, the initial position of an electron is taken
to be at the surface at the corner of the test section, where, = 0, with zero initial y-velocity,

Vy,. Thus, all the particle's energy is in tixedirection.

1
Xt = Xo+ Vy,t+ iaxt2 (4.8)
" 2T
_ q
r 2 T! qVZ Ao (Yo H) vy,
Xi = Xo + d o (4.10)
m 2omi

For a xed H andL, Figure 4.7 shows thab increases with increasing plate potential,
because electrons experience accelerations toward the plate, increasing the denominator more

than the numerator in the second term of Equation 4.10, thereby decreasing the nal position of
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electrons. As a result, decreasixgincrease$s. Figure 4.8 shows that for a xed attractor plate
potential and plate length, the gap width decreases with increasing plate height. In this instance,
the electric eld strength reduces with increasing separation distance between the two potential
surfaces, which decreases the upward acceleration on an electron and allows an electron to move
farther in thex-direction before impacting the plate. If; andH are held constant, which
effectively holdsx; constant, the gap widths) widens wherL is increased, as presented in

Equation 4.11 and Figure 4.9.

G=2(L xf) (4.11)

o ¥ 2500 f) v,
G=2 L xo+ AT —eomp (4.12)
=  plate surface (4.13)

4.2.2 Plasma Mobilization to Attractor Plate and Surface Regolith

A constant and uniform electric eld between the Small-FORCES attractor plate and the
surface is ideal for electrostatically lofting and tracking charged regolith grains. Initially, the
test section (the volume of space between the attractor plate and the surface delineated by the
plate area and height) is occupied by solar wind plasma and photoelectrons. Upon activation,
the Small-FORCES electric eld accelerates plasma electrons and photoelectrons toward the

attractor plate and ions toward the surface, instantaneously clearing the test section volume of
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Figure 4.7: As the attractor plate potential increases over a constant operating height, so does the
magnitude of the electric eld. A stronger electric eld imparts a larger upward acceleration on
electrons such that they impact the plate a shorter distance from the edge. Thus, the gap width
increases as the plate potential increases.

Figure 4.8: For a xed attractor plate potential and length, gap width increases as the plate height
decreases. An increased electric eld strength accelerates electrons to the plate, allowing less
lateral motion towards the plate's center.

these charges. Thus, the rst purpose of this subsection is to approximate the number of electrons

and photoelectrons carried to the attractor plate and the number of ions carried to the surface
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Figure 4.9: Gap width for varying plate lengths with a xed plate height and potential. Fixing
the plate potential and height xes the lateral distance electrons can travel from the edge before
impacting the plate.

regolith the instant Small-FORCES is activated. This gives insight into how the initial attractor
plate charge will be impacted by negative charges once it's turned on and how the equilibrium
charge of individual grains on the surface may change due to ion collisions with the regolith.
Since the approximate number densities of electrons, photoelectons, and ions as a function of
altitude are known, we can calculate the number of electrons and photoelectrons incident on a
plate of arealpae, and the number of ions incident on surface regolith of various grain areas.
First, a polynomial t is used to obtain an nth-order equation for the species number densities
(m 3) as a function of altitude. We then integrate these equations with respect to altitude and
evaluate the integrals at the attractor plate operating heightKor a given test section volume,
this effectively collapses the test section number densities)into a sheet of particlesr( 2).

The integrals in Equations 4.14 and 4.15 are then multiplied fy. to obtain the number
of plasma electrons\) and photoelectrond\(,) that are accelerated to the positively biased
attractor plate upon activation. Because the ions accelerate away from the positively biased plate,
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they collide with the surface regolith. The nominal spatial units of Equation 4.16, number per
m?, are converted for a range of regolith grain cross sectional areas that may be present on the
Moon or asteroids in order to quantify the number of ions incident on those various grain sizes
(n;), as shown in Figure 4.10. For instance, for a plate heiglt®im, approximately250 ions

are carried tacm?=sized grains on the surface, whereas tens of ions are carrimthtesized

grains. Naturally, more ions accumulate on larger grain areas than on smaller ones.

Z
Ne(to plate) = Apjae ne(H) dH (4.14)
0
Z
0
Z
n;(to surface regolith) = ni(H)dH (4.16)

0

After activation of the Small-FORCES electric eld and once the test section volume is
cleared of the initial plasma, the attractor plate will henceforth be subject to charged particles
from the solar wind and UV-radiated photoelectrons, which will perturb the electric eld and
attempt to shield out the potential of the attractor plate. Next, we approximate the rate of positive
and negative charge to the attractor plate from the surrounding plasma while Small-FORCES is
operating. This gives insight into how much current needs to be negated from the attractor plate
in order to maintain the commanded potential.

The currents of external plasma electrons and ions, based on the electron and ion densities

(ne(H) andn;(H) evaluated atHH, are calculated in Equations 4.17 and 4.18. Note that the
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Figure 4.10: For a xed plate height, the number of ions that are carried to the surface is on the
order of1(? percm?. High- delity modeling is required to assess whether this charge carrier will
signi cantly perturb the local electric eld.

Boltzmann factor appears in the ion current in Equation 4.18 for plates biased positively relative
to the bulk plasma because only ions with enough kinetic energy to overcome the potential bias of
the attractor plate contribute to the net ion current to these plates. Furtheiimofig,based on

Helios 1 and 2 measurements of the solar wind plasma bet/8&uU and1 AU [220], which is

why T, rather tharT; shows up in the exponential term in Equation 4.18. The Boltzmann factor is
absent from the electron current in Equation 4.17 because all electrons, regardless of their energy,
contribute current to an attractor plate with a positive potential relative to the bulk plasma.

Figure 4.11 shows the ion and plasma electron currents to the attractor plate from the
surrounding solar wind plasma as a function of the attractor plate potential. This incoming
solar wind plasma does not contain photoelectrons. The density of the surrounding plasma is
calculated at a plate height bf = 0:5m. The electron current is constant because all electrons
from the surrounding plasma are attracted to the plate. However, the ion current decreases as the
attractor plate is held at more positive potentials because the minimum kinetic energy required
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for the ions to hit the plate increases. Thus, there is a net negative current to the plate from the
surrounding plasma at all positive attractor plate potentials.

These currents in Figure 4.11 are calculated based on Equations 4.17 and 4.18, but do not
assume plate area. Equations 4.17 and 4.18 include plate area in the electron and ion currents
plotted in Figure 4.12. For both species currents, smaller areas yield smaller currents because
there is less area for charge to accumulate. In any case, the net negative current to the plate that
needs to be negated in order to maintain a constant plate potential is easily managed with ion
thruster neutralizer technologies of the day, which dispel electrons on the order of a few amps
[221]. However, we cannot guarantee that plasma electrons and ions will not enter the test section
during operation nor can we guarantee that this incoming plasma will not perturb the electric eld
in the test section. Future plasma simulations are required to evaluate the electric eld structure
between the Small-FORCES attractor plate and the surface during operation.

r

kg T,
l(to plate) = qApiae Ne(H) 2|3me
e

(4.17)

r

ke T 9 plate
I (to plate) = gAyaeni(H) —2 e e (4.18)

4.3 Example Small-FORCES con gurations

Figures 4.7-4.12 were generated to demonstrate the performance trends of the Small—
FORCES attractor plate based on the variancep,gf, H, andL. In this section, all operating

parameters of the attractor plate are de ned and point solutions are obtained to quantify the
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Figure 4.11: Solar wind plasma electron and ion currents (no photoemission) to a range of
attractor plate potentials. The electron current to the plate is constant because all electrons will
be attracted to a positively biased plate. However, the ion current decreases in the presence of
more positive plate potentials.

Figure 4.12: The exterior plasma electron and ion currents to the attractor plate after test section
particle densities have been cleared. Larger plate areas collect more current.

operational effectiveness of the plate based on achievable gap width. It should be noted that in
this section in each of the following con gurations, the electron and ion currents to the plate are

manageable enough that the plate width)(can be chosen arbitrarily to be the same dimension
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as the plate length to make a simple square plate. Tables 4.2—4.4 show the numbers of plasma
electrons Kl¢) and photoelectrons\(,) from the test section to the plate during the instant the
electric eld is activated.

Plate A is1 min length and is deploye@5 m above the surface & V. Plate B isO:5m
in length and functions at @3 m altitude at550V. Plate C is &:7 m plate held0:3 m above
the surface and biased 100 V. Plate A relies heavily on length to increase the gap width while
Plate B relies on height and voltage. Plate C is tuned to take advantage of length and the Plate
B operating height, but is not as long as Plate A and saves on power requirements with a lower
voltage than Plate B. In Table 4.2, the length of Plate Ansin order to facilitate modest levels
of operating potential and height. It is clear thats not the most logistical nor effective knob
to turn as storing and deployinglam? plate will not only be dif cult in situ, but maintaining
a constant and uniform electric eld may be impractical witl®:42 m gap width amid space
weather. Another weakness of the Plate A con guration compared to Plates B and C is the
greater number of ions wm?-sized grainsr(;) due to a taller operating height, which allows for
a larger test section volume and thus a greater ion density in the region. Bulz4%8ions=cm?
should be a small enough to leave the electric eld in the test section unperturbed. Future plasma

simulations are required to verify this.

Table 4.2: Plate A: Operation of & V plate of lengthL. m held0:5 m above the surface.

Operating Quantity of Test-Section SpeciesExterior Plasma Currents
Parameters

plate = 80V N to plate =7:42 1 electrons| | to plate =7:77 10 8C=s
H=05m Np to plate =5:49 10’ photos | I; to plate =7:32 10 ' C=s
L=10m n; to surface 2495 ions=cn?
Apiate = 1:0m? tpe to plate =1:92 10 ’s
G=012m tion, to surface 8:25 10 s
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Table 4.3 presents the operation of Plate B with a more practical plate len§b wf
and operation height d#:3 m from the surface. But this comes at the expense of a possibly
infeasible plate potential &50 V. These operating parameters produce the largest gap width of
all plate con gurationsG = 0:3 m. The lower height means that less positive charge accumulates
on cn?=sized surface grains, as well, which is good for the integrity of the electric eld. A
noteworthy detail is the practically negligible ion currehj to the plate1:35 10 2°C=s, but
the largest electron current] to the plate of all con gurations, which means that Plate B needs
to get rid of a substantial amount of negative charge to maintain its commanded potential during

operation.

Table 4.3: Plate B: Operation o0 V plate of length0:5 m held0:3 m above the surface. Note
the increase in performance, measuredd)ycompared to Plate A. This is achieved by a much
higher voltage and lower plate height.

Operating Quantity of Test-Section SpecigsExterior Plasma Currents
Parameters

plate = 550V Neto plate =1:10 1 electrons| | to plate =1:16 10 8C=s
H=03m N to plate =8:86 1C° photos | |; to plate =271 10 ®C=s
L=05m n; to surface =503 ions=cn?
Apiate = 0:25 7 tpe to plate =4:33 10 ®s
G=03m ti,, to surface =1:85 10 s

Table 4.4 presents the most viable and effective plate con guration. 360tY just0:3m
above the surface with a length @f7 m, Plate C yields a reasonable gap widthOd#3m The
ion ux to surface regolith remains small and less power is required to alleviate the net negative
current to the plate and maintaip.e . The plate length is still longer than desired for operation
on a compact spacecraft with a low mass and stowage budget. Future simulations need to be

conducted to obtain optimal attractor plate con gurations.
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Table 4.4: Plate C: A00V plate of length0:7 m held at a height 00:3 m above the surface. A
moderate con guration that does not require the high voltage of Plate B while also producing a
larger gap width compared to Plate A due to a lower operating height.

Operating Quantity of Test-Section SpecigsExterior Plasma Currents
Parameters

plate = 100V N, to plate =2:16 10° electrons| | to plate =2.26 10 8C=s
H=03m Np to plate =1:74 10’ photos | |; to plate =5:67 10 ?C=s
L=0:7m n; to surface =1503 ions=cn?
Apiate = 0:49 7 tpe to plate =1:03 10 ’s
G=023m tion to surface =41 10 s

4.4 Conclusions

Small-FORCES is a technology that induces electrostatic dust lofting to measure regolith
cohesion, inspired by successful measurement techniques carried out by Pett & Hartzell (2024)
[138]. The Small-FORCES attractor plate needs to remain electrically biased in the presence
of the solar wind in order to apply a large electrostatic detachment force to charge regolith.
Thus, we have modeled the near—surface photoelectron sheath to calculate the amount of negative
charge the Small-FORCES system would need to reject in order to maintain the electric eld.
Additionally, we assessed the width of a region within which no plasma particles would be
present, based on plate voltage, length, and operation height from the surface. The most effective
attractor plate design for creating a central columnar region with effectively no plasma was
achieved by maximizing attractor plate potential and length while minimizing operation height.
Our model predicts that there does exist an optimal con guration that achieves a suitable gap
width such that lofted object trajectories are not perturbed by the solar wind. Additional plasma
simulation modeling and experimental demonstration should be conducted in order to mature this

technology. An example of a higher delity model suitable for simulating the interaction of the
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solar wind with conductors is discussed in Chapter 6.
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Chapter 5: Magnetic Susceptibility Instrument for Magnetically Innomogeneous

Granular Mixtures

In Chapters 3 and 4 we showed that interparticle Van der Waals cohesion may have a
nonnegligible in uence on granular behavior on small body surfaces, and is thus a force worth
measuring in-situ. However, if M-type asteroids, such as Psyche, retain a residual magnetic
eld [142], magneticforces may contribute an additional mechanism of cohesion. Magnetism
is caused by the motion of electric charges in a material. Weakly magnetic materials have equal
numbers of electrons that spin in opposite directions. Therefore, it's not surprising that most of
the electrons in iron spin in the same direction. So when an external magnetis p&tmeates
a piece of matter with volum¥ suf ciently such that the electrons in the atoms are torqued
until they spin in the same direction, a magnetic monmmnis induced in the matter. How
susceptible the electrons in the matter are to the applied magnetic eld determines how large the
magnetic moment on the matter will be. The magnitude of that magnetic moment then dictates
the magnitude of the magnetic force exerted on the piece of matter, which is proportional to the
square of the moment, and thus, also proportional to the square of the magnetic susceptibility
Equations 5.1 and 5.2 represent this relationship, whgis the permeability of free space and

d is the diameter of our spherical volume of matter [222].
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(5.1)

o

w

2
Fn= 220 (5.2)

From these equations, we see that the magnetic susceptibility is just a measure of how
susceptible a piece of matter is to becoming magnetized, which can then tell us the magnitude at
which a material would accelerate in a magnetic eld and in what direction it would be forced. It
is standard practice to calculate the magnetic force on grains based on the magnetic susceptibility
of a single grain [146, 147, 148, 149, 150, 151, 152, 153], and this does in fact make sense to
some extent because this is a challenging measurement to resolve at bulk-scale with porous or
granular media. Many methods were discussed in Chapter 2 and each one had its own sources
of error and de ciency when taking measurements of grains. Recent studies have established
that single grain susceptibility is not the same as bulk susceptibility because the effects from
void spaces and demagnetization in magnetically inhomogeneous granular mixtures cannot be
rendered in a single grain measurement [149, 153, 165, 223]. Thus, we were motivated to devise
a measurement technique speci cally tailored to obtaining a bulk susceptibility measurement of
granular mixtures. The measurement technique described in this chapter is based on material in
Pett and collaborators that was submitted for publication in 2024. The measurements themselves
have been used to quantify properties of magnetic avalanching of granular mixtures in experiments
carried out by Sunday, Pett, and collaborators (2024), and such content appearing in this chapter

is based on material presented in [223].
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Figure 5.1: (A) Side view of an inductor coil in air with gray magnetic eld lines along the coil
axis. (B) As the inductor coil is submerged in ferrous material (blue-shaded), the gray magnetic
eld lines are more concentrated than they were in air.

5.1 Theoretical Background

Inductors resist changes in current. From Faraday's law, it is well known that this generates
a changing magnetic ux that induces a backwards electromotive force (EMF) in the inductor
that works to oppose the change in ux (i.e., change in current). The presence of magnetically
permeable material within and around an inductor increases its magnetic ux as in Figure 5.1,
which induces a larger EMF to oppose that change in ux. Therefore, the relative magnetic
permeability of a sample affects the inductance of a coil.

We calculate the relative inductance of our samples by measuring the resonance frequency
of an LRC circuit. Resonance occurs for a frequency at which the inductive and capacitive
reactances are equal and opposite, leading to an overall minimum impedance. The measured
angular frequency s = 2 f at which resonance occurs is a feature of the inductanaad

capacitanc€ in the circuit as shown in Equation 5.3.
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L= (5.3)

We know from Equation 5.4 that the inductaricef a solenoid coil of mean radiuslength
[, thicknesg, and composed dfl turns is directly proportional to the magnetic permeability of

the medium in which the coil is immersed [224]:

8r 2N?2

= 6r+9l+ 10t (5.4)

The ratio of the permeability of a sample relative to that of an airless one gives the magnetic
susceptibility. Because the permeability is directly proportional to the inductance by Equation
5.4, we can calculate the susceptibility; in Equation 5.5 from the relative inductance measured

with our coil in Equation 5.3.

coil = mixture 1= I—mixture 1 (5.5)

air L air
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5.2 Design and Operation

5.2.1 Coil Dimensions & Capacitance

To make the coil, we woun®:254 mm diameter motor winding wire on a lathe into a
4:6 cm diameter andL:2 cm long cylinder resulting in @:5 cm thick layer of400turns We
wanted the coil diameter to be several bead diameters so that a reasonable number of beads could
accumulate within the coil core where the magnetic ux was largest and most uniform. The coil
was wrapped in Kapton tape for extra electrical insulation and protection against abrasion.

We leveraged a short coil length relative to radius and hundreds of turns to increase the
inductance. Increased induction is desirable in order to produce a larger magnetic ux that will be
more responsive and sensitive to magnetically permeable material in the eld. A lower resonance
frequency is also desirable because the magnetic eld will penetrate farther into the mixture
(many bead diameters down) to provide a more representative bulk measurement. We selected
a 220 F capacitor (known to an accuracy ob%) to produce a resonant frequency in air of
approximatelyl0O8 Hz In the presence of any ferromagnetic material, the resonance frequency
was reduced belod00 Hz We assumed any error in our measurements due to stray capacitance
or inductance to be negligible at such frequencies.

Using the inductance measured in Equation 5.3 to solve for the permeability in Equation
5.4, we consistently measured a valueli®1 10 ® H=m for the permeability of air, landing
within 2:73 %of the theoretical value,o = 4 10 "H=m = 1:2566 10 8 H=m. This error
exists in the absolute measurement gf , but gets divided out in Equation 5.5 for the relative

measurement of the susceptibility.
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Figure 5.2: Circuit diagram of LRC resonance circuit used to measure inductance in different
granular mixtures, including 50internal resistance, 226 capacitor, sinewave generator, and
oscilloscope.

5.2.2 Measuring LRC Resonance

The inductor coil was wired in series with220 F capacitor as shown in Figure 5.2. The
measured internal resistance of the circuit B8s as denoted by a resistor. We estimate an
LRC Q-factor of 0.13 in air up to 0.38 in our most ferromagnetic sample. We acknowledge that
an over damped system will lead to uncertainty in our measurements, which was shown to be on
the order ofl:0273 4 . The Q-factor of our circuit and accuracy of our measurements improves
with increasingly ferromagnetic samples.

A Digilent Analogue Discovery 2 (AD2) was used to nd the resonance frequency of
our circuit. We drove &V sinewave through the LRC circuit at frequencies ranging from
20Hz 2kHz The minimum voltage measured by the AD2 oscilloscope occurred at the LRC
resonance frequency. All runs in Table 5.3 began with the inductor coil in air, placed on a at

surface away from electrical equipment, metal, and magnetic materials. The coil inductance in
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