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Abstract

This thesis investigates plasma sheath formation over the Moon. The sheath on the sun-
lit side of the Moon is identified as very different from the nightside. Photoelectrons are
an integral part of the plasma sheath at sunlit locations, which is referred to as the lunar
photoelectron sheath. This thesis formulates the characteristic velocity distribution of the
emitted photoelectrons over the sunlit Moon. As an advancement, Fowler’s photoemis-
sion theory has been coupled with observed solar spectra, photoelectric quantum yield,
and latitude-dependent surface temperature in deriving the velocity distribution function
(VDF) of the photoelectrons. It is noticed that the dominant contribution in the photoelec-
tron VDF comes from extreme ultraviolet photons of the solar spectra, and it significantly
deviates from the Maxwellian nature. Moreover, within a photoelectron sheath, which
refers to a finite surface potential, the velocity distributions significantly differ from that
of the uncharged surface — VDF has been evaluated in terms of free and trapped pho-
toelectron population densities. The derived VDF is found in close agreement with the

measured photoelectron velocity distribution.

This VDF has been further used in analytical investigations of the sheath forma-
tion on the sunlit moon, influenced by observed solar UV /EUV radiation as well as solar
wind plasma. Poisson’s equation is coupled with the duly derived novel characteristics of
photoelectrons, non-Maxwellian solar wind electrons, and cold ions to derive the electric
potential, electric field, and population density profiles within the photoelectron sheath.
Results show that a traditional Debye (Type C) sheath forms around the terminator due
to dominant plasma electron accretion and marginal photoemission. While moving to-
wards the equator, the photoelectron contribution increases, yielding monotonic (Type B)
and non-monotonic (Type A) sheath solutions over sunlit locations. The calculations show
that the non-monotonic potential structures are more stable near the terminator region,
while both types of potential structures are probable near the equator region for the nom-
inal solar wind plasma. A vertical sheath extension of ~ 60 m and ~ 12 m is predicted for
typical solar wind plasma at the equator corresponding to Type A and Type B sheath, re-
spectively. Under exotic plasma conditions (e.g. Earth’s magnetospheric tail lobe, plasma
sheet), non-monotonic solutions become stable for the photoemission-dominated region,
and the entire sunlit lunar surface may acquire negative potential.

The capability of this comprehensive model has been showcased by predicting the

sheath structure around the Chandrayaan-3 landing site during a 14-day sunlit passage.
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As input parameters, the observed solar UV spectrum and realistic plasma parameters
measured by THEMIS-ARTEMIS have been used in this case study. A dynamic variation
of the potential structure around the sunlit landing site has been observed through the
analysis. Exotic non-monotonic (Type A) potential structures are found to prevail during
most of the sunlit passage. Model predicts a photoelectron density range between 10 and
40 cm 3 and a very dynamic variety of photoelectron populations with differing mean

energies near the surface of the landing site.

Continuing to the lunar nightside, this thesis assesses the plasma sheath forma-
tion on the night side of the Moon when exposed to highly energetic ambient plasma.
The calculations indicate that the secondary electron emission (SEE) due to highly ener-
getic plasma electrons leads to the formation of the inverse sheath around the positively
charged lunar surface on the night side, where a traditional Debye sheath with a high
negative surface potential is anticipated. This thesis provides an analytical formulation
of Debye sheath and inverse sheath formation, considering Maxwellian primary and sec-
ondary electrons and cold ions. For a given SEE yield, a temperature regime is predicted

where the inverse sheath is possible.

Under the dynamic influence of these plasma sheath structures, intricate dynam-
ics of lunar dust have been observed during the Surveyors and Apollo missions in the
form of the Lunar horizontal glow. These dynamics are primarily driven by electrostatic
forces generated by the continuous bombardment of solar wind and highly energetic UV
photons on the lunar surface and dust particles. This thesis further investigates the phe-
nomenon of dust charging within the lunar photoelectron sheath and subsequent dynam-
ics using the duly derived comprehensive model of the lunar photoelectron sheath. A test
dust particle is introduced into the sheath, and equilibrium charge and static levitation
conditions are derived. The result of dynamical evolution suggests the existence of a
narrow parametric regime corresponding to the periodic hopping trajectory of the dust
particle over the lunar surface. In other cases, the dust particles are found to re-impact
the surface after a single ballistic hop. We further identify that the discrete charging of
the dust could be crucial in determining the dust dynamics, particularly in the tenuous
plasmas. The analysis of the discrete dust charging model reveals significant discrepan-
cies with the continuous dust charging model and suggests a lower likelihood of static
dust levitation in the lunar environment. The present study is important for unraveling
the fundamental processes governing surface evolution on the Moon and other airless

bodies throughout the Solar System.
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Further, going deeper into the microphysics of lunar dust detachment, a solution
to the fundamental problem and physical mechanism of dust detachment from the lu-
nar surface has been proposed in this thesis. It has been conceptualized that the electro-
static charge fluctuation at the microscopic scale could create a sufficient electric field and
Coulomb force to overcome the dust-surface adhesive force and detach the dust particles.
A Markovian process is manifested with a Monte Carlo scheme to simulate the concept.
The simulation establishes the random generation and annihilation of fluctuating charged
microscopic spots. The results demonstrate the existence of microscopic charged spots,
capable of inducing sufficient electric field and Coulomb force of the order of a few MV
m~! and 10s of pN, respectively, which creates favorable conditions for lunar dust de-
tachment. This concept fits the gap and puts forward a consistent mechanism describing
dust dynamics and the generation of a dusty plasma scenario over the Moon.

Finally, this thesis addresses the influence of local surface topography on the
plasma sheath structure, going beyond idealized flat-surface analyses. Analytically and
using open-source Spacecraft Plasma Interaction Software, the effect of the simplest sur-
face topography (a simple crater) in modifying the lunar photoelectron sheath has been
investigated. Results highlighted the importance of local solar illumination angle varies
around the crater’s floor, and derived 3D electric potential and density profiles of various
sheath populations.

Keywords: Moon, Plasma sheath, Photoelectrons, Secondary electrons, Solar

wind, Lunar dust, Charge fluctuations
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Chapter 1

Introduction

Moon, an airless planetary body, due to its small size and low gravity, exhibits a tenu-
ous atmosphere (Urey and Korff, 1952; Hoffman et al., 1973; Vaniman et al., 1991; Heiken
et al., 1991; Stern, 1999). The lunar surface is directly exposed to solar radiation, solar
wind plasma, and other local plasma populations. Exposed to the flux of photons, solar
wind ions, and electrons, solar energetic particles (SEP), Earth’s magnetospheric plas-
mas, a complex electrical environment is produced near the surface of the Moon (Halekas
et al., 2011b). The environment on the sunlit side of the Moon is very different from the
dark side (Stubbs et al., 2007; Halekas et al., 2011b; Stubbs et al., 2014). Photons in the
extreme ultraviolet (EUV) range primarily generate photoelectrons over the sunlit loca-
tions. In addition to that, solar wind and local plasma particles also accumulate on the
lunar surface. The cumulative effect of these processes creates a positively charged lunar
surface on the dayside — emitted photoelectrons near the surface form a photoelectron
sheath over the lunar surface (Walbridge, 1973; Manka, 1973). Though the solar wind
plasma is obstructed in the dayside, there are space plasma currents in the lunar night-
side (currents from solar wind plasma expansion or currents from plasma of the Earth’s
magnetotail). Since electrons travel 42 times faster than ions, the faster rate of electron
collection results in a negatively charged surface on the nightside. Plasma ions and elec-
trons near the surface of the night side form a Debye sheath. The simple picture of the
plasma sheath around the Moon is schematically shown in Figure 1.1. Moreover, highly
energetic plasma electrons impacting the surface may produce secondary electron emis-
sion (Horadnyi, 1996). These emitted secondary electrons can also affect the characteristics
of the lunar near-surface plasma environment (Vaverka et al., 2016). As the surface poten-

tial changes from dayside-positive to nightside-negative, it creates complex electrostatic

1
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Figure 1.1: Simple picture of the Lunar plasma sheath. Various charging processes acting
on the lunar surface are shown in this Figure. Photoelectrons are emitted from the lunar
surface by solar UV and EUV-rays. Incident thermal plasma electrons and ions, and sec-
ondary emission of electrons are also shown. On the lunar dayside, the curled arrows
represent photoelectrons that are unable to escape the positively charged surface. On the
lunar nightside, the curled arrows represent plasma electrons that are reflected due to the
negative surface potential. Modified from Stubbs et al. (2007).

features in the vicinity of the terminator (i.e., defined as the day and nightside boundary)
(Farrell et al., 2007). Dust particles on the lunar surface, or just above it, undergo electro-
static charging through a similar mechanism. Their dynamical behavior is shaped by this
electrostatically active plasma environment, leading to phenomena such as dust lofting
and static levitation (Nitter et al., 1998; Colwell et al., 2007, 2009).

On a larger scale, the nightside of the Moon also produces an interesting plasma
environment. As the solar wind plasma is absorbed in the dayside hemisphere of the
Moon, a plasma void is created in the anti-sunward directions of the Moon. This trailing
disturbance is called the lunar wake (Halekas et al., 2011b). This disturbance may propa-
gate up to 25 lunar radius (~ 43000 km) (Clack et al., 2004). While filling this void, solar
wind in the downstream region expands and gives rise to exciting plasma phenomena
(Halekas et al., 2015). Non-trivial surface topography near the terminator and poles, es-
pecially (permanently) shadowed areas, also creates an electrically complex environment.
The local solar wind flows tangentially to the surface near the terminator. While interact-
ing with large-scale topographic features like mountains and big deep craters, the solar
wind plasma is absorbed in the upstream surface, creating a plasma void on the leeward
side, which may generate ‘mini-wakes’ like structures (Farrell et al., 2010). The expansion
of solar wind plasma into such a void creates an ambipolar potential, which diverts ion
flow into the void region. The solar wind plasma deviates from quasi-neutrality during
expansion and creates an electron-rich (ion-free) region just behind the obstacle, followed

by the ion front under the influence of the ambipolar field (Mishra and Bhardwaj, 2020).
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Apart from that, the interaction of the lunar crustal magnetic anomalies with the solar
wind and subsequent development of the plasma environment is also a potential prob-
lem (Bhardwaj et al., 2015). On the Moon, there are regions with strong surface remnant
magnetic fields associated with high-albedo (bright) surface features called "lunar swirls"
(Hood and Williams, 1989). This area appears to be relatively younger than the nearby
non-swirl areas. This has been anticipated to be due to the shielding of incoming solar
wind protons by the strong magnetic field in the swirl region.

The Moon, being the closest airless body to the Earth, exhibits a unique environ-
ment that allows us to explore its near-surface plasma environment (Halekas et al., 2011b).
To effectively measure different characteristics of this environment, a solid theoretical
foundation is essential. This foundation is also important for conceptualizing and de-
signing experiments for future lunar missions. Additionally, the operation of instruments
during lunar campaigns is significantly affected by the near-surface plasma environment.
Therefore, it is important to conduct thorough assessments of these effects prior to the
missions. This can be accurately achieved only with a better understanding of the near-
surface plasma environment around the Moon (Farrell et al., 2008; Rhodes et al., 2020;
Mishra and Sana, 2022). This thesis explores various aspects of the near-surface lunar
plasma environment, highlights intriguing physics of plasma sheath formation over the
Moon under different plasma conditions. The understanding developed can be further
expanded to other airless planetary bodies like Mercury and asteroids.

This thesis primarily focuses on lunar surface charging, sheath formation, and the
subsequent charging and dynamics of dust. The following sections review existing re-
search on this topic, highlighting the gaps and unresolved issues that are addressed in

this thesis.

1.1 Literature review

The notion of lunar surface charging and sheath formation is schematically shown in Fig-
ure 1.2: High-energy UV photons generate photoelectrons. Solar wind ions and electrons
are collected on the surface. fpy, is the outgoing photoemission flux, whereas f;; and f;;
are the solar wind/ ambient plasma electron and ion fluxes, respectively. UV-induced
photoelectron emission and solar wind/ ambient plasma ion collection yield the surface
positively charged, while the electron collection from the solar wind/ ambient plasma

makes the surface negatively charged. As a result, at steady state, a finite amount of
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Plasma

Charged Lunar Surface

Figure 1.2: A schematic of the plasma sheath around the lunar surface.

electric potential is connected with the surface. This surface potential is screened by the
emitted photoelectron and ambient plasma constituent, forming a sheath in the vicinity
of the lunar surface. Depending on the surface potential and sheath structure, some of the
incoming solar wind / ambient plasma electrons are reflected back to space, while photo-
electrons get trapped near the surface. As a result, there will be incoming photoelectron
flux to the surface ( f,;) and outgoing solar wind electron flux ( fs. ). The sheath possesses
inherent electric potential and field structures that can influence the behavior of dust par-
ticles, which are electrostatically charged, within the sheath through the combined effects

of electrostatic forces and gravity.

1.1.1 20th Century (between 1955-2000)

Gold (1955) for the first time discussed lunar surface charging and suggested that electro-
static forces may be responsible for the dust mobilization around the Moon. Though qual-
itative, he conceptualized the existence of photoelectron sheath in his later works (Gold,
1959, 1962). Thereafter, Singer and Walker (1962b) presented an approximate theoretical
solution of the sheath electric field profile for the bodies in space exposed to solar UV
flux using monoenergetic photoelectrons. They solved the Poisson equation with a con-
stant photoelectron density. They have demonstrated photoelectron screening around flat
space (Moon) and small spherical bodies. Although they have presented their calculations
with some simplifying assumptions, this is one of the first theoretical attempts to explain
this exciting photoelectronic screening phenomenon. Thereafter, they have argued that

the sunlit lunar surface electric field is not sufficient to levitate dust, but if other mech-
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anisms eject the dust, the electric field may determine its trajectory (Singer and Walker,
1962a). Grobman and Blank (1969) conducted analytical investigations to determine the
steady-state electrostatic potential of the sunlit lunar surface by setting the net current
to a small area on the lunar surface to zero. They considered the Moon as an electron-
emitting body exposed to plasma and applied the probe theory to determine the surface
potential. They emphasized the significance of work functions, quantum yield of the lu-
nar surface, along with the illumination angle and solar activity. Along with that, they
have incorporated the properties of solar wind plasma parameters in their calculations.
Their calculations provided the prerequisite for theoretical studies of the electric potential
and field determination at the lunar surface.

Grard and Tunaley (1971) presented photoelectron sheath formation around a pho-
toemitting plate. Three different distributions of photoelectrons had been considered by
them e.g.: i) monokinetic (f(u) o« 6(ug)), ii) rectangular (f(u) « 1 for u < up), and
iii) Maxwellian distribution (f(u) « exp(—u?/u?)). They have solved Poisson’s equa-
tion considering energy conservation and continuity. They have analytically derived the
electric potential, electric field, and photoelectron density above the surface in normalized

form shown in Table 1.1.

VDF Monokinetic Rectangular Maxwellian
V() -V R V3 _x
e (-d) T o (-a) 3 am(1 \/iAf)

E() sy \1/3 3
v (a), o Oeww), ()
N(x) _ ) _ -
W0-E) - (oss) ()

Table 1.1: Analytical form of electric potential, field and photoelectron density profiles

for different photoelectron velocity distribution function (VDF) obtained by Grard and

Tunaley (1971). Here, V(x), E(x), N(x) are electric potential, field and density at altitude

x. The subscript "0" means at the surface. As and V, are the sheath thickness and mean
photoelectron kinetic energy.

The monokinetic aspect of their study is unlikely to be relevant in realistic scenar-
ios. This study, for the first time, highlighted the importance of different photoelectron
velocity distribution functions in deriving the sheath features. Some studies have exten-
sively utilized the Maxwellian part of their solution, which will be briefly discussed later.
However, this work doesn’t consider the contribution of the effect of ambient plasma in
their analysis. Till then, within the photoelectron sheath, the electric potential profile is
characterized by a monotonically decreasing trend from the positive surface potential to

zero at the sheath edge.
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m—

Fig. 1. Non-monotonic potential distribution.

Figure 1.3: Non-monotonic potential distribution. Taken from Guernsey and Fu (1970)

Figure 1.4: An expected potential and field distribution when the Moon is in the solar
wind derived by Manka (1973). Taken from Manka (1973).
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Figure 1.5: An Apollo 14 CPLEE instrument measurement of electron count rate during a
solar eclipse. Taken from Reasoner and Burke (1972a).

The works of Guernsey and Fu (1969, 1970); Fu (1971) suggested the possibility
of another potential profile as shown in Figure 1.3 for which the surface potential de-
creases to a negative maximum and then increases to zero. They have given an analytical
formulation considering contributions from photoelectrons, plasma electrons, and ions
(Guernsey and Fu, 1969, 1970). For Maxwellian photoelectrons, their calculation argued
that this non-monotonic potential profile is more stable than the traditional monotonic

potential profile.

Manka (1973) carried out a global study of lunar surface potential and electric field
variation. Surface potential was determined using probe theory by setting the net current
to zero, i.e.,

L+L+I,+1=0, (1.1)

nonenen o n

where "¢","i","p", and "s" correspond to electron, ion, photoelectron, and secondary elec-
tron current, respectively. Manka (1973) solved Eq. 1.1 for different location on Moon
under different plasma parameters. Subsequently, the electric potential was divided by
the local Debye length, which was determined using the local density and temperature,
to calculate the surface electric field under the assumption of exponential decay of elec-
tric potential above the surface. Although Manka (1973) sketched a typical global picture

of the sheath structure (shown in Figure 1.4), the model is simplistic, and the use of the
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Maxwellian nature of the charging constituent limits the applicability in a realistic sce-
nario.

Another independent work by Walbridge (1973) tried to draw an analytical pic-
ture of the lunar photoelectron layer. He also suggested a different distribution of lunar
photoelectrons. Walbridge (1973) reported a spectral variation of quantum yield, which
increases linearly with photon energy up to 9 eV and takes a constant value (0.2) for high-
energy photon radiation.

During the theoretical development of the photoelectron sheath, several instru-
ments from the Apollo missions—including Apollo 12, 14, 15, and 17—provided impor-
tant data. Specifically, the Suprathermal Ion Detector (SIDE) on Apollo 14 and 15 (Free-
man Jretal., 1970, 1972), the Charged Particle Lunar Environment Experiment (CPLEE) on
Apollo 14 (O’Brien and Reasoner, 1971), the Solar Wind Spectrometer (SWS) on Apollo
12 and 15 (Neugebauer et al., 1972), and the Lunar Ejecta and Meteorites Experiment
(LEAM) on Apollo 17 (Berg et al., 1973, 1974) all confirmed that the lunar surface plasma
environment, when exposed to sunlight, is primarily dominated by the UV-generated
photoelectron sheath. These references are cited from Poppe (2011).

One specific instance of the CPLEE instrument demonstrated a total loss of elec-
trons during a total lunar eclipse, as illustrated in Figure 1.5. This observation confirms
that the plasma environment on the lunar surface during the day is primarily influenced
by photoelectrons (Reasoner and Burke, 1972a,b).

Numerous lunar samples were collected and brought back to Earth by various
Apollo missions during this time. The experimental works by Feuerbacher et al. (1972)
were one of the most significant studies in advancing the understanding of the lunar pho-
toelectron sheath. They have showcased different photoelectric properties of lunar surface
fines 14259,116. They measured the work function of the lunar sample to be 5 eV using the
Fowler method. Also, they bombarded the sample with photons of wavelengths ranging
from 50 nm to 250 nm, and measured the photoelectric yield of the lunar sample as shown
in Figure 1.6. The yield value was noticed to peak at 90 nm. Combining this yield value
with the relevant solar spectrum, they have reported typical photoemission flux from the
lunar surface to be 4.5 x 10~® A m 2 (Feuerbacher et al., 1972). This value has been widely
used in subsequent literature. Their experiments also suggested a different photoelectron
distribution from the Maxwellian.

Micron and sub-micron-sized dust particles lying on the lunar surface experience

electrostatic charging through similar surface charging mechanisms. These particles can
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Figure 1.6: Photoelectric yield of the lunar sample.
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Taken from Feuerbacher et al. (1972).

Figure 1.7: Unprocessed images of the Lunar Horizon Glow (LHG) from Surveyors 5, 6,
and 7. Taken from Colwell et al. (2007).
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Figure 1.8: Sketches by Apollo 17 Commander E. Cernan. Different features are marked
as (i) Red: coronal-zodiacal light, (ii) Green: streamers, and (iii) Blue: Lunar horizontal
glow. Taken from Zook and McCoy (1991).

be lifted off the surface through various processes. Their charge and trajectory evolve
over time due to the combined effects of the sheath electric field and gravity. These kinds
of features have been observed during several Surveyor missions (5, 6, 7) in the form of a
strange glow that was observed on the horizon of the Moon following the local sunset, as
shown in Figure 1.7. This was named as "Lunar Horizontal Glow" (LHG), where sunlight
was scattered by charged dust particles floating near the lunar surface (Criswell, 1972;
Rennilson and Criswell, 1974). Optimal fits derived from scattering theory indicated that
the average sizes of dust grains are roughly 5 ym at altitudes of around 30 cm (Criswell,
1972). Additional evidence of lunar dust dynamics comes from Apollo 17 Commander E.
Cernan’s series of sketches (shown in Figure 1.8). While carrying out their photographic
campaign, astronauts E. Cernan sketched a number of unexpected visual phenomena.
Among the most prominent were: (i) coronal-zodiacal light, (ii) time-varying ‘streamers’,
and (iii) a faint horizontal glow. These observations offer qualitative insights into the

plasma-driven behavior of dust near the lunar terminator (Zook and McCoy, 1991).

Near the end of the 20th century, three significant review works by Whipple (1981);
Mendis and Rosenberg (1994); Hordnyi (1996), reviewed early works and provided a
deep understanding of how surfaces and dust particles interact with their plasma en-
vironments and how these interactions influence a wide range of space and planetary
phenomena throughout the solar system. Additionally, Hordnyi et al. (1998) studied the
electrostatic properties of Apollo samples and lunar simulants. Nitter and Havnes (1992)
have theoretically analyzed dust dynamics within a plasma sheath above the Moon and
other asteroidal surfaces. Their work, however, is limited to the night side sheath struc-

ture of the airless bodies with zero photoemission.
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Electric potential V

Figure 1.9: Shapes of the electric potential as a function of the distance from the surface
suggested by Nitter et al. (1998).

A significant analysis of the photoelectron sheath formation considering incoming
and outgoing photoelectrons was presented by Nitter et al. (1998). They suggested the
possibility of three kinds of potential structures within the sheath. Two monotonic (Type B
& C) and one non-monotonic (Type A) similar to Guernsey and Fu (1969, 1970); Fu (1971)
— a schematic is illustrated in Figure 1.9, which is discussed in detail in the upcoming

sections.

These studies, especially Nitter et al. (1998)’s works, have established a founda-
tional understanding of the plasma environment surrounding airless planetary bodies,
and they continue to influence research well into the 21st century. By outlining the basic
principles of surface charging, sheath formation, dust charging, plasma-dust interactions,
and the dynamics of charged dust in space, they have created the way for a diverse av-
enue of subsequent investigations. This includes theoretical calculations, computer sim-

ulations, laboratory experiments, space-based instrumentation, and mission design.

1.1.2 21st Century (between 2001-present)

The formation of the photoelectron sheath on the lunar surface and subsequent dust
charging and dynamics has been vastly discussed in the 21st century via analyt-
ical/numerical/computational modeling, space observations, and laboratory experi-

ments.
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1.1.2.1 Theoretical works

In order to address the phenomenon of LHG, Stubbs et al. (2006) presented a dust fountain
model where charged dust particles are accelerated upward by the surface electric field
and follow a ballistic trajectory after crossing the sheath region. However, their model is
oversimplified, as they consider the sheath field to be uniform up to one Debye length,
and the dust charge is kept constant during its flight. Note, in a realistic scenario, the
electric potential and field vary altitudinally within the sheath, and also, the dust particles
collect the charges (sheath plasma) and emit photoelectrons as they move through the
sheath. Since the population density varies within the sheath, the dust charge varies as
its trajectory dynamically (temporally) evolves within the sheath. The study by Stubbs
et al. (2007) examines how the latitudinal variation of plasma parameters, specifically
density and temperature, measured by the Lunar Prospector, can be used to understand
the global variation of lunar surface potential. It also emphasizes how changes in the
surrounding plasma environment dynamically impact the charging of the lunar surface.
In the later years, they conducted a comprehensive investigation of surface charging on
the lunar dayside and near-terminator region, offering a detailed parametric analysis of
various plasma, solar radiation, and lunar parameters (Stubbs et al., 2014). However, this
was a simplistic study restricted only to the surface potential determination, considering

Maxwellian photoelectrons as given by Manka (1973).

Sternovsky et al. (2008) highlighted the variation of lunar surface charging due to
solar activity. They estimated various near-surface plasma parameters for solar Maxima,
Minima, and X28 class solar flare data derived from the Flare Irradiance Spectral Model
(FISM) (Chamberlin et al., 2008). However, their study restricted only to the determina-
tion of surface potential and surface electric field (dividing the surface potential by the

local Debye length).

A series of papers authored by J. E. Colwell (Colwell et al., 2005, 2007; Hughes
et al., 2008; Colwell et al., 2009) highlighted electrostatic dust transport over the Moon
and asteroid 433 Eros. Colwell et al. (2005) had derived the surface potential of 433 Eros
by balancing the outgoing photoemission flux with incoming solar wind electron flux.
They used the electric potential, field, and density profiles derived by Grard and Tuna-
ley (1971) for Maxwellian photoelectrons. Thereafter, they have carried out numerical
estimation of dust transport within the sheath. They had discussed the results in the

context of dust pond formation on Eros. Hughes et al. (2008) extended this work in the
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3-dimensional scenario. Colwell et al. (2007) gave an extensive review on the mechani-
cal properties of lunar dust and electrostatic charging. Colwell et al. (2009) extends their
previous 433 Eros work in the lunar dusty plasma scenarios. Here, they have also used
Maxwellian photoelectrons and used the work of Grard and Tunaley (1971). Additionally,
they used the sheath profiles derived from commercial two-dimensional OOPIC Pro soft-
ware but did not change the photoemission current from dust particles, which assumes
Maxwellian photoelectrons. Popel’s group (Golub” et al., 2012; Popel et al., 2013, 2018,
2022) modifies the expression of the sheath electric field derived by Grard and Tunaley

(1971) (Maxwellian part shown in Table 1.1) for different solar illumination angles as

2Tpe  +/cosf/2
e Ap+hy/cos0/2’

where / is the altitude, 0 is the subsolar angle, Ty, photoelectron temperature and Ap is

E(h,0) = (1.2)

the local Debye length. Moreover, they also modify the expression of the sheath’s photo-
electron density by accounting for the photoelectron contribution from the floating dust

in addition to the lunar surface-generated photoelectrons, which can be written as

P
N(h,0) = Ny cos® S+ Ne <h> , (1.3)
[1+ (h/Ap)V/cos6/2] h

where hy = 1cm, Ap = \/m, and p and N, depend on the work function and
subsolar angle. They argued that the 2nd term of the above equation becomes signifi-
cant for the lunar dusty plasma scenario, where photoemission from the dust particles
contributes to the sheath population. However, the model presumes a half-Maxwellian

distribution of the sheath photoelectrons.

The theoretical analysis of Nitter et al. (1998) has been widely used in several stud-
ies. The most relevant studies are discussed in this thesis. Hartzell and Scheeres (2013)
used this analytical model to study the dust dynamics near asteroids and the Moon. They
used the non-monotonic potential profile of Nitter et al. (1998) and studied the dust charg-
ing and dynamics. They included a height-dependent gravity term to address the re-
duction of gravitational attraction with increasing altitude. They checked the stability
and time scales of the dust particle motion about the static equilibrium position and con-
strained the velocity limit where a dust particle achieves levitation. Hartzell has exten-
sively used Nitter et al. (1998)’s work in her subsequent studies related to the dust dynam-

ics around asteroids and conceptualizing various payloads of lunar missions (Hartzell,
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2019; Hartzell et al., 2022, 2023).

Burinskaya (2014, 2015) also used Nitter et al. (1998)’s model to study the effect
of solar wind electron distribution on the sheath structure. These studies considered the
shifted Maxwellian distribution of solar wind electrons and highlighted its importance
in the parametric variation of solar wind plasma parameters in terms of density, temper-
ature, and drift. Using Nitter et al. (1998)’s model, Li et al. (2016) carried out a global
investigation of the sheath’s potential and electric field structure and subsequent dust
dynamics and transport around the Moon. They also commented about horizontal dust
transport near the terminator. However, they all assumed a simplified Maxwellian veloc-
ity distribution for the emitted photoelectrons in deriving sheath characteristics and dust
charging currents.

The works of Grard and Tunaley (1971) and Nitter et al. (1998) have been used to
validate various results of particle-in-cell (PIC) simulation. In the analysis of Wang et al.
(2008), a full-particle particle-in-cell (PIC) simulation model is used to derive the photo-
electron sheath profiles. Their simulation produced a non-monotonic potential profile in
the photoelectron-dominated region. But while addressing the dust dynamics, they have
taken constant dust charge through the dynamical evolution of dust within the sheath,
which limits its applicability in a realistic scenario. In the later studies, Zhao et al. (2021)
improved the photoelectron sheath model via the Finite Difference (FD) Particle-in-Cell
(PIC) scheme, but with a constant dust charge while addressing the dust dynamics (Zhao
etal., 2022).

Lisin et al. (2014, 2015) investigated the importance of solar wind in shaping the
photoelectron sheath profile. They have used a KARAT relativistic electromagnetic code
based on the PIC method. They highlighted that in the absence of solar wind plasma, the
solution is similar to Grard and Tunaley (1971), and when solar wind plasma was taken
into account, non-monotonic features were observed in their simulation results similar to
the results of Nitter et al. (1998). Another 1D PIC code of the lunar photoelectron sheath
was developed by Poppe and Horanyi (2010). In their work, they took the photoelectron
distribution experimentally measured by Feuerbacher et al. (1972) and derived the sheath
profiles as shown in Figure 1.10. Their PIC results showed a significant difference from
Maxwellian photoelectrons. One significant effort of Poppe and Horadnyi (2010) was to
incorporate the quantized and discrete nature of dust charging while deriving the dust
dynamics within the sheath. They have used a Monte Carlo approach to tackle random

dust charging, but they did not detail the specific protocol for assigning the random dust
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Figure 1.10: Top: Different velocity distributions of photoelectrons. The solid line rep-
resents the distribution obtained from lunar soil samples brought back by Apollo 17
(Feuerbacher et al., 1972), the diamonds denote the function fitted by Poppe and Horanyi
(2010), and the dashed line illustrates the corresponding Maxwellian distribution. Bot-
tom: Non-monotonic potential structure above the lunar surface for the fitted (dashed)
and Maxwellian (solid) photoelectron sheaths. Taken from Poppe and Horédnyi (2010);
Poppe (2011).
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charge. Additionally, while including the photoelectron contribution, they have assumed
a photoelectron temperature without any proper justification. They have validated 1D
PIC results with Nitter et al. (1998) model under the consideration of Maxwellian photo-
electrons (Poppe, 2011). The 1D PIC results of Poppe and Horadnyi (2010) cannot explore
the role of surface topography in modifying the spatial structure of the lunar photoelec-
tron sheath, so they have used the commercial three-dimensional PIC simulation code
VORPAL in their further study related to the sheath formation within a simple crater-like
structure (Poppe et al., 2012b). On this note, Dyadechkin et al. (2015) developed a fully
kinetic PIC model named HYBes aimed at studying the plasma environment above the
surface of the Moon and other airless bodies in 1D, 2D, and 3D. They have validated their
1D results with the non-monotonic profiles of Nitter et al. (1998). However, they have
assumed a Maxwellian distribution of emitted photoelectrons. As mentioned previously,
Feuerbacher et al. (1972) showed that lunar photoelectrons exhibit a distribution that dif-
fers from the simplistic Maxwellian distribution. For the sake of simplicity, many stud-
ies have adopted the Maxwellian assumption. However, analytical attempts have been
made by Senshu et al. (2015) to derive the photoelectron velocity distribution function.
They have developed an angle-resolved velocity distribution function of photoelectrons
from the laboratory-measured data of Feuerbacher et al. (1972) and used this distribution
function in the model of Grard and Tunaley (1971) to derive the sheath potential struc-
ture. This model, however, considers the quasi-neutrality of the solar wind within the
non-neutral sheath - this limits its utility to the real scenario.

From the above discussion, it is understood that a significant number of theoreti-
cal works have already been carried out specifically related to the lunar surface charging,
sheath formation, subsequent dust charging, dynamics, and levitation. However, certain
simplifications are noticed in the previous analyses, which limit their applicability to the
realistic scenario, and need to be overcome in refining the understanding of the photo-
electron sheath formation and a more precise estimate of the sheath features and their
further implications. This is discussed in detail in section 1.2. Before that, let’s review the

relevant experimental and observational studies conducted in the 21st century.

1.1.2.2 Space observations

Theoretical attempts provided some estimates on the properties of the lunar photoelectron
sheath. Halekas et al. (2008) reported the most relevant space observation utilizing the

measurement of the Lunar Prospector Electron Reflectometer (ER) instrument. Figure
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Figure 1.11: Lunar Prospector data in April 1999 while passing through the terrestrial
plasma sheet. The panels show the spacecraft’s potential, ambient electron density, elec-
tron temperature, electron current to the lunar surface, inferred lunar surface potential,
and a sunlight/shadow indicator. Taken from Halekas et al. (2008)

1.11 shows time series data in April 1991, while Lunar Prospector passed through the
geomagnetic tail and the terrestrial plasma sheet. They have measured the lunar surface
potential with the method discussed in Halekas et al. (2008) using spacecraft potential,
ambient plasma density, temperature, and the downward-going electron current to the
surface. The Moon enters the plasma sheet around 20:00 as shown in the third panel
of Figure 1.11 with increased electron temperature (> 500 eV). Around —500 V electric
potentials were seen in the photoemission-dominated locations of the sunlit lunar surface.
These results contradicted the standard method of the surface charging model using the
flux balance (Manka, 1973). Becasue the down going electron current towards the lunar
surface (~ 0.1 A m~?) was much smaller than the measured photoemission current (~
4.5uA m~?). They suggested the presence of non-monotonic potential structures above
the sunlit lunar surface could explain these results, as theoretically predicted by Guernsey

and Fu (1969, 1970); Fu (1971); Nitter et al. (1998).

As discussed by Fu (1971), for non-monotonic potential profiles, between the sur-
face and potential minima, photoelectrons are getting trapped, and the negative poten-
tial minima reflect the incoming plasma electrons towards the surface. So the potential
minima would be similar to the order of magnitude of the plasma electron temperature.

And Lunar Prospector ER measured this potential minimum instead of the actual surface
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Figure 1.12: Non-monotonic potential structure above the lunar surface for different
plasma sheet electron temperatures. Taken from Poppe (2011); Poppe et al. (2011).

potential. Nonetheless, the surface should not vary significantly from the potential min-
imum value, as the difference between the two potentials only needs to be adequate to
capture most of the low-energy photoelectrons below the potential minima. Later, Poppe
et al. (2011) compared Lunar Prospector ER measurements with their 1D PIC simulation
(Poppe and Horanyi, 2010) and derived stable non-monotonic potential structures around
the Moon with high negative potential minima for the plasma parameter similar to Lunar

Prospector measurements as shown in Figure 1.12.

The existence of non-monotonic potential structure has also been detected by
ARTEMIS and reported in Halekas et al. (2011a); Poppe et al. (2012a). These space ob-
servations indicate that non-monotonic potentials are likely to be widespread through-
out the solar system in various manifestations. It is crucial to incorporate these potential
structures when modeling or interpreting observations of near-surface plasma environ-
ments, as they may significantly influence our understanding of these complex planetary

plasma systems.

The direct implication of these potential structures around airless bodies is electro-
static dust transport. Significant computational and experimental studies of electrostatic
dust dynamics have been carried out in the previous literature; however, observational
evidence for electrostatic dust transport is perhaps the weakest of these investigations
(Hartzell, 2012). After the observations of LHG during the Surveyor or Apollo Missions,

there are no significant observations of electrostatic dust transport. The Lunar Dust Ex-
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Figure 1.13: Lunar sunset captured by the Blue ghost lander. Taken from Firefly Aerospace
(2025a,b).

periment (LDEX), which is part of NASA’s Lunar Atmosphere and Dust Environment Ex-
plorer (LADEE), was created to assess the relative strengths of two distinct dust sources:
a) dust generated from ejecta produced by the ongoing impact of interplanetary microm-
eteoroids on the lunar surface, and b) dust lifted due to its interactions with electric fields
near the surface (Horanyi et al., 2015). These in-situ observations were unable to detect
any electrostatically lifted particles above the lunar terminator within the altitude range
of 3-250 km (Szalay and Hordnyi, 2015). Yan et al. (2019) reported fine dust deposits on
lunar rocks up to a height of ~ 30 cm from the distinct reflectance features of the rocks and
regolith photographed by the Yutu rover of the Chang’E-3 mission. This height is similar
to the height of LHG (Hordnyi et al., 2024). They argued that the electrostatic dust levita-
tion process could explain this observation. In 2025, the Blue Ghost lunar lander, part of
Firefly Aerospace’s NASA-funded mission, successfully captured the image and video of
sunset from the lunar surface (Firefly Aerospace, 2025c,a,b). As the Sun approached the
lunar horizon on March 16, they captured high-resolution images of the lunar horizon
glow as shown in Figure 1.13. Although analysis of these images is still going on, these
can be regarded as the most recent (although indirect) evidence of electrostatic dust trans-
port around the Moon (Wilcox, 2025). The relevant experimental works related to sheath

formation and dust transport have been discussed in the next section.

1.1.2.3 Experimental works

Several laboratory experiments have been conducted to assess micron-sized dust charg-

ing exposed to a plasma environment. At the beginning of the 21st century, Sickafoose
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Figure 1.15: Images of dust mobilization under exposure to a) plasma and electron beam,
b) electron beam, and c¢) UV irradiation. Taken from Wang et al. (2016b).
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et al. (2001) experimentally analyzed the various charging properties (e.g., photoemis-
sion, plasma electron and ion collection, secondary emission, and triboelectric charging).
Thereafter, they have assessed the possibility of electrostatic levitation of charged dust
grains in a low-density plasma (Sickafoose et al., 2002). Flanagan and Goree (2006) car-
ried out an experimental investigation on the dust lifting from the plasma-exposed sur-
face. They assumed that the charges on a plasma-exposed dusty surface are uniformly
distributed over the surface and the dust particle, as described by Gauss’s law, and termed
this the "shared charge model". Based on this assumption, each dust particle has charges
of

Q = 4mega’E;s, (1.4)

where a is the radius of the spherical dust particles and E; is the surface electric field sur-
rounding the dust. €y is the permittivity in free space. Now, due to the random nature of
the dust charging current, the dust charge fluctuates from this value. This creates a fluctu-
ating electric force that can occasionally release dust particles, overcoming the adhesive
van der Waals force. This model may be applicable for laboratory plasmas with high
density, but in a typical lunar plasma scenario, a surface electric field typically around
5Vm~! (Poppe and Horanyi, 2010). Considering this field, the charge on micron-sized
dust calculated from the above equation becomes less than unity. This suggests that most
of the micron-sized and sub-micron-sized dust remains uncharged. However, dust re-
leased from the surface exposed to plasma and radiation has been observed in various
experiments (Wang et al., 2009, 2010, 2011). Wang et al. (2016b) came up with "Patched
Charged Model" and experimentally showed that within micro-cavities between adja-
cent dust particles below the surface, the emission and subsequent re-absorption of pho-
toelectron and/or secondary electrons can generate significantly large negative charges
and intense particle-particle repulsive forces that can launch the dust particles from the
surface as shown in Figure 1.14. Here, these charge patches are created due to the di-
electric nature of the material. As a result, deposited charges are concentrated within
small patches rather than distributed uniformly. Figure 1.15 demonstrates the mobiliza-
tion of dust particles under exposure to a) plasma and electron beam, b) electron beam,
and c) UV irradiation. They have derived the maximum lofting height and initial vertical
speed of the lofted dust from the combined frame photographs taken from the high-speed
video camera. Based on that, they have determined the charge of the lofted dust. In their

later experiments, they have demonstrated that under different illumination and plasma
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conditions, the lofted dust was noticed to acquire negative charges Schwan et al. (2017).
Hood et al. (2018), using the same experimental setup (Wang et al., 2016b), derived the
rate of electrostatic dust lofting. Their measurement indicated that the electrostatic dust
lofting rate is time-dependent, initially increasing before decreasing. The decrease is at-
tributed to fewer microcavities and the removal of loose upper layers, while deeper layers
are denser and exhibit stronger van der Waals forces. Additionally, Carroll et al. (2020)
established a relationship between dust size and its initial lofting velocity using PCM re-
sults. In their experiments, the dust particles are observed to accumulate a significant
net negative charge. Consequently, detached charged dust particles have less likelihood
of undergoing periodic hopping trajectories within the photoelectron sheath (Yeo et al.,
2021). However, the periodic hopping dust trajectories were widely predicted in vari-
ous studies (Nitter et al., 1998; Wang et al., 2008; Poppe and Horanyi, 2010; Li et al., 2016;
Popel et al., 2022). They also examined how a magnetic field influences dust mobilization.
They found that the magnetic field affects the movement of electrons and the processes of
emission and reabsorption within micro-cavities and on dusty surfaces. This interaction
leads to the formation of both active and inactive regions of dust mobilization (Yeo et al.,
2022). Using the same experimental setup, Opp et al. (2024) demonstrated electrostatic
dust sorting, which can alter the reflectance spectra of dusty surfaces. This effect may
facilitate the global and local resurfacing of both small and large airless bodies. Further,
using the concept of PCM, they have introduced dust mitigation technology and demon-
strated that electron bombardment can remove dust particles from various surfaces Farr
etal. (2020, 2021, 2022). Additionally, this concept was utilized to develop the Electrostatic
Dust Analyzer (EDA) for upcoming lunar missions. The EDA will measure the charge,
velocity, mass (size), and flux of dust that is electrostatically lofted on the lunar surface

(Wang et al., 2024).

In their recent work (Pagan Mufoz et al., 2024), they extended PCM for single par-
ticles (PCM-SP) and conducted a comparative experimental investigation of electrostatic
dust lofting for piled dust and isolated dust, focusing on spherical and jagged-shaped
dust structures (Pagan Mufioz et al., 2025). This series of experiments has been carried out
in the laboratory plasma environment. The plasma conditions in the lunar environment
are considerably tenuous compared to those in a typical laboratory framework. Therefore,
accumulating enough charge to detach dust particles may require a prolonged duration
in space conditions. Moreover, under photo-illumination, the experiment suggests the re-

quirement of significantly high-energy photoelectrons to accumulate enough charge for



1.1. Literature review 23

dust detachment. Although solar soft X-ray radiation may create such photoelectrons un-
der lunar conditions (Rennilson and Criswell, 1974), significant photon flux and quantum
yield in the UV region yield UV-induced photoemission as the dominant source for the
lunar surface charging over sunlit locations. Furthermore, as mentioned previously, all
experiments conducted by Wang et al.’s group show that dust particles accumulate a sig-
nificant net negative charge during detachment. In contrast, the most recent experiment
by Pacaud et al. (2025) reported that the charges on the dust lying on the surface can be
both positive and negative under direct exposure to VUV photons. These facts emphasize

a critical need for further investigation into electrostatic dust detachment.

Apart from the investigation related to dust transport, Dove et al. (2012) carried
out an experimental investigation of photoelectron sheath formation above a large Zr
surface illuminated by a 172 nm photon lamp. They have used a Langmuir probe to de-
termine the density profiles and compared their results with a 1D PIC code of Poppe and
Horanyi (2010). Thereafter, Wang et al. (2016a) experimentally demonstrated the sheath
formation in the presence of Secondary Electron Emission (SEE). Experimentally, they
have shown the possibility of three kinds of sheaths, viz., (i) Classical Debye type sheath
with negative surface potential, (ii) Inverse sheath with positive surface potential, and
(iif) Non-monotonic sheath with potential minima away from the solid surface. These ex-
perimental studies of sheath formation hold significant importance from both a scientific
and a mission perspective. Furthermore, Dove et al. (2018) experimentally demonstrated
that photoemission current above the lunar surface may reduce as the surface becomes
rougher, which is likely due to the re-absorption of emitted photoelectrons at other lo-
cations on the surface. This study highlighted that the regional nature of the porosity/
roughness properties of the regolith layer is a significant factor affecting the span and
characteristics of the lunar photoelectron sheath. Wang et al. (2019) presented laboratory
results showing that the plasma sheath structure inside a crater strongly depends on the
ratio of the crater radius to the ambient plasma Debye length. Via this experiment, they
have highlighted the complexity in the analytical formulation of crater charging exposed

to plasma and radiation.

The experimental results strongly indicate the presence of a non-neutral space
charge region (sheath) surrounding airless planetary bodies that are exposed to plasma
and radiation. This intricate structure is influenced not only by plasma parameters but
also by a variety of surface characteristics. Therefore, it is essential to establish a compre-

hensive theoretical, analytical, and computational framework to deepen our understand-
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ing of the plasma environments around airless planetary bodies.

1.2 Research Gap and Thesis Objectives

As mentioned earlier, this thesis primarily focuses on lunar surface charging, sheath for-
mation, and the subsequent charging and dynamics of dust. After an extensive review
of the existing research on this topic, the research gaps and unresolved issues have been

addressed in this section.

As discussed, the sheath is a non-neutral space charge region above the charged
surface, which screens the effect of the surface potential. The sheath possesses inher-
ent electric potential and field structures that are physically characterized by Poisson’s
equation. It influences the behavior of electrostatically charged dust particles within the
sheath through the combined effects of electrostatic forces and gravity. Accounting for the
large curvature of the Moon, any given location may be considered as of planar geometry,
hence, Poisson’s equation can be written as

6;2;2/ = —e% [1si — Nse — Tpe] , (1.5)
where ¢ is the electronic charge, €y is the permittivity in free space, V is the electric po-
tential at altitude x. ng;, 115, and npe are the population densities of solar wind ions, solar
wind electrons, and photoelectrons within the sheath, respectively. Poisson’s equations
connect the electric potential with the charge density. One needs to solve this equation
with the boundary conditions V(x = 0) = Vp and V'(x — o0) = 0 to quantitatively
estimate the characteristics of the plasma sheath. To solve Poisson’s equation, realistic
estimates of number densities are essential. In the dayside of the Moon, photoelectrons
dominantly contribute to the sheath formation along with solar wind plasma. As a result,
the dayside plasma sheath around the Moon is often regarded as the lunar photoelectron
sheath. On the nightside, one has to set the photoelectron density term () to zero in Eq.
1.5, and sheath formation is governed by the plasma ions and electrons. While deriving
the mathematical expressions of the n’s in Eq. 1.5, for the photoelectron contribution, one
has to incorporate accurate solar spectra and relevant lunar parameters like work function
and photoelectric efficiency. For solar wind, it’s necessary to include plasma parameters

and velocity distribution functions that are consistent with the lunar plasma scenario.

The photoelectron sheath formation is widely discussed in the literature (Singer
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and Walker, 1962b,a; Grard and Tunaley, 1971; Guernsey and Fu, 1970; Fu, 1971; Manka,
1973; Walbridge, 1973; Nitter et al., 1998; Stubbs et al., 2007, Wang et al., 2008; Poppe and
Horanyi, 2010; Poppe, 2011; Popel et al., 2013, 2014; Burinskaya, 2014, 2015; Dyadechkin
et al., 2015; Sodha and Mishra, 2014; Li et al., 2016; Mishra and Bhardwaj, 2019; Mishra,
2020b; Zhao et al., 2021). One of the significant analysis of the lunar sheath formation
considering incoming and outgoing photoelectrons was presented by Nitter et al. (1998).
They suggested the possibility of three kinds of potential structures within the sheath
— a schematic is illustrated in Figure 1.9. On the locations with negligible photoemis-
sion, the surface exhibits a negative surface potential due to dominant plasma electron
collection that altitudinally increases to zero, forming a Type C sheath. This is a normal
Debye-type potential structure. For significant photoemission, the surface potential takes
positive values and monotonically decreases to zero to form a Type B sheath. The bound-
ary conditions lead to another sheath solution where the surface potential decreases to a
negative minimum and then increases to zero, giving rise to a non-monotonic potential
structure (Type A sheath). However, their study’s applicability is restricted by the inclu-
sion of an isotropic Maxwellian distribution of emitted photoelectrons with an assumed

photoelectron temperature.

Nitter et al. (1998)’s work has established a foundational understanding of the
plasma sheath surrounding airless planetary bodies. Most studies based on Nitter et al.
(1998)’s work, however, assume a preexisting photoelectron cloud above the surface, fol-
lowing a Maxwellian distribution with an arbitrary photoelectron temperature. Though
this consideration simplifies the analytical formulation, it ignores the inherent physics
and self-consistent mechanism of photoelectron generation from the surface and subse-
quent sheath formation. In order to find out the realistic estimate of photoelectrons, it
is essential to consider significant mechanisms and parameters. First, the photoelectron
population is sensitive to the photon flux, and hence, one must incorporate the incoming
Solar UV radiation spectra adequately in the analysis. This spectrum significantly differs
from Planck’s distribution primarily because of strong emission lines, such as H-Lyman
alpha (Bauer, 1973). The emitted photoelectron retains information about strong emission
lines that cannot be identified in the Maxwellian distribution, which averages out these
effects. The regolith work function is another significant parameter determining the effec-
tive solar spectra that give rise to photoemission. The photoelectric efficiency or quantum
yield x is another important parameter in determining the photoelectron characteristics.

This x for the lunar surface significantly depends on the energy of the incident photons
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and the regolith work function. Feuerbacher et al. (1972) measured the photoelectric yield
of the lunar samples and combined this yield value with the relevant solar spectrum; they
reported typical photoemission flux from the lunar surface to be 4.5 x 107 Am 2.

The considerable shortcomings of earlier studies are that they were restricted to
using this photoemission flux measured by Feuerbacher et al. (1972). Because the fluxes
of incoming high-energy photons undergo significant variation with solar activity, which
might vary the near-surface lunar photoelectron flux and population (Sternovsky et al.,
2008; Poppe and Horanyi, 2010; Popel et al., 2014). Additionally, with the Maxwellian
assumption, previous studies have assigned a photoelectron temperature without proper
justification. The photoelectron temperature should be derived self-consistently from the
inherent physics of photoelectron emission. In this aspect, the regolith temperature and the
velocity distribution of the electrons inside the surface lattice are significant parameters in char-
acterizing the photoelectron distribution within the sheath. The emitted photoelectrons
carry information about these electrons inside the lunar surface lattice. The electrons in-
side the surface lattice follow Fermi-Dirac (FD) statistics, and the regolith temperature de-
fines the number of electrons available for the emission inside the surface lattice (Fowler,
1967). Lunar Reconnaissance Orbiter (LRO) based Diviner observations suggest the tem-
perature of the surface varies with the lunar latitude within the range 400—150 K over the
equator to the terminator (Williams et al., 2017). The latitudinally varying regolith tem-
perature must be considered when estimating the photoemission flux, which has often
been overlooked in previous studies. As the lunar surface loses electrons in the process
of photoemission, the surface acquires a finite positive charge and potential. It should be
noted that the effective photoemission flux strongly depends on the surface potential, as it
apparently affects the barrier height required for overcoming by the electrons for its emis-
sion from the surface (Fowler, 1929; Sodha, 2014), and hence, the effective photoemission
flux.

For solar wind electrons, the Maxwellian nature has been considered in many pre-
vious studies; however, a non-Maxwellian Kappa distribution is a more consistent de-
scription of solar wind and ambient plasma electrons (Halekas et al., 2008, 2009b; Pierrard
and Lazar, 2010), whereas due to low ion thermal speed compared to the solar wind drift
speed, the ions population can be consider to be cold (Nitter et al., 1998; Lisin et al., 2014;
Dyadechkin et al., 2015).

As discussed earlier, in the absence of photoemission, the nightside lunar surface

acquires a negative potential due to dominant plasma electron collection and forms a
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Debye sheath. However, high-energy primary electrons impacting the lunar surface can
generate secondary electrons (Horédnyi et al., 1998). These secondary electrons may sig-
nificantly contribute to the sheath formation around the Moon. Wang et al. (2016a) experi-
mentally demonstrated that significant secondary electron emission can alter the potential
structure from a typical Debye sheath. While the effect of secondary electron emission on
lunar surface charging has been discussed in the literature (Vaverka et al., 2016), there is
a notable lack of analytical investigation regarding secondary electron contributions to
sheath formation around the Moon.

From the above discussion, it is evident that the simplified Maxwellian assumption
may underestimate or overestimate several features of the lunar photoelectron sheath. It
may lead to inconsistent predictions of electric potential and field structures within the
photoelectron sheath, which limits their applicability to realistic situations. This concept
needs to be refined to enrich the understanding of the photoelectron sheath formation
and a more precise estimation of the sheath features. Thus, as the first objective, the thesis

focuses on
% Improving the understanding of the near-surface plasma environment via

e Refinement and development of a new sheath model.

e Applying the findings to the exploration schemes.

One direct implication of this sheath structure is the dust dynamics above the lunar
surface. Dust particles are ejected in the region just above the lunar surface via various
mechanisms, including micrometeorite bombardment and electrostatic ejections. These
floating dust particles undergo electrostatic charging under local plasma and solar illu-
mination. These charged particles dynamically evolve within the electrostatically active
plasma environment due to the electric field within the sheath and gravity. The charging
equation of a dust exposed to the plasma sheath under solar illumination can be written
as (Bouchoule, 1999; Shukla and Mamun, 2002; Vladimirov et al., 2005; Tsytovich et al.,

2008; Sodha, 2014)
4Qu

dat = ph+1pe+lse+lsi/ (1.6)

where Qy is the dust charge. Iy, Ise, and I; are the respective charge collection currents
associated with sheath photoelectrons, solar wind electrons, and ions to the dust particle.
Ly, refers to the photoemission current from the dust exposed to solar UV radiation - in

dark regions, this term becomes 0. This equation illustrates the time evolution of charge on
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the dust particle. As the dust particles migrate within the sheath, the equation of motion

of the dust particle can be written as

d2x

Man = Qu(t, x)E(x) — magm, (1.7)

where my is the mass of the dust particle, g, is the lunar gravity, E(x) is electric field
within the sheath at altitude x. One has to simultaneously solve Eqs. 1.6 and 1.7 to derive
the dynamical evolution of the charged dust particles. These equations form a system of
coupled differential equations that require three initial conditions for a solution. Since the
particle is initially at the surface, one initial condition is at t = 0, xo = 0. Initial speed and
initial dust charge, just after the detachment of the dust from the surface, are the other
two important initial conditions, and their manifestation with the sheath features deter-
mines the dynamics of the detached dust particle over the lunar surface. Based on the
initial conditions, the particles may exhibit three possible dynamical features: (i) the dust
escapes from the Moon, (ii) the dust returns to the surface, and (iii) the dust floats within
the sheath. The characteristics of the sheath, i.e., field strength (E(x)) and dust charging
currents, play a crucial role in determining these dynamical features. It is clear from the
discussion that quantitative estimates of dust dynamics depend on sheath features. The
consideration of a simplified Maxwellian distribution may overestimate or underestimate
dust dynamical characteristics, which limit the applicability of the earlier studies carried
out (Nitter et al., 1998; Colwell et al., 2005, 2007, 2009; Stubbs et al., 2007; Wang et al., 2008;
Popel et al., 2013, 2014; Li et al., 2016; Zhao et al., 2021). However, the precise determi-
nation of the dynamical evolution of the electrostatically active dust is important in the
context of the lunar complex dusty plasma environment. These moving charged dusts
pose significant challenges to space missions due to their adhesive tendency, which con-
taminates the instrument and causes problems in their mechanical functions (Zakharov
et al., 2020). Additionally, this electrostatic dust transport may contribute to local surface
evolution around the Moon and other airless planetary bodies (Colwell et al., 2005, 2007,
2009). Precise estimates are needed in order to have a better understanding of surface-
dust-plasma interaction, which is crucial for dust mitigation and conceptualization of

space missions.

To quantitatively estimate dust dynamics, previous studies conducted a numerical
investigation by varying the initial charge and velocity as independent variables (Nitter

and Havnes, 1992; Nitter et al., 1998; Poppe and Hordnyi, 2010; Li et al., 2016). Currently,
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there is no established theoretical basis or experimental measurement that can constrain
the initial charge on the dust lying on the lunar surface. On the other hand, the initial
velocity of the dust particle depends on the launching mechanism. The dust particles
may be launched by several means, viz., micro-meteoroid impact, impact/ tidal shak-
ing, (Richardson et al., 2004; Senshu et al., 2015), and large electrostatic repulsion (Wang
etal., 2016b; Rosenfeld and Zakharov, 2020; Mishra, 2020a). The dust particle lying on the
charged lunar surface is subjected to gravity, cohesion, and electrostatic forces. In order
to detach the dust particles, an upward force is required, which should be greater than
the combined forces of cohesion and gravity. Mechanical action created by fast meteoroid
impacts can separate dust particles from the lunar surface in the form of impact ejecta
(Popel et al., 2016). Meteoroid impact is considered an externally induced source of the
dust detachment. Apart from this mechanical effect, the electrostatic effects could be a

significant intrinsic source leading to the dust detachment from the lunar surface.

For this, the electrostatic force should exceed the combined forces of cohesion and
gravity, so that the dust particle detaches from the surface and lifts above. If one considers
the charge on the dusty surface to be uniformly distributed, based on Gauss’s law, we may

write the dust particle charge at the surface as
Qus = 4mega” Es, (1.8)

where E; is the electric field of the lunar surface at the surrounding of the dust parti-
cle. Taking E; ~ 3.5 V/m for the nominal photoelectron sheath, for a < 20 um, Eq. 1.8
gives that the charge on the dust particle is smaller than one electronic charge. It sug-
gests that no dust particle could rise off the lunar surface for such a low charge density.
Laboratory experiments (Wang et al., 2016b) and space observation (Zook and McCoy,
1991), however, have demonstrated that dust can be lofted under the action of electro-
static processes induced by surface interaction with ambient plasma and solar irradiation.
Wang et al. (2016b) explains these observations with a patched-charged model. They sug-
gested the presence of micro-cavities between the dust particles and adjacent surfaces,
which could yield a large negative charge and intense particle-particle repulsive forces
due to the emission/re-absorption of the photoelectrons and/or secondary electrons. In
their experiments, the dust particles are observed to accumulate a significant net nega-
tive charge. Consequently, detached charged dust particles have less likelihood to sustain

within the sheath with upward-directed near-surface electric field, which is widely pre-
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dicted in various studies (Nitter et al., 1998; Wang et al., 2008; Poppe and Horanyi, 2010;
Li et al., 2016; Popel et al., 2022). The plasma conditions in the lunar environment are
considerably tenuous compared to those in a typical laboratory framework. Therefore,
accumulating enough charge to detach dust particles may require a prolonged duration
in space conditions. Hence, the above discussion warrants a critical need for further in-
vestigation into dust dynamics and electrostatic dust detachment. So the next objective
of the dissertation is to revise this concept with the modified understanding of the sheath

formation and investigate,
% The dust dynamics in the near-surface plasma environment on the lunar dust particles via

e Studying the dynamical evolution of dust particles within the sheath.

e Developing a new conceptual basis of electrostatic dust detachment to con-

strain the initial conditions.

The studies so far in this thesis provide significant insight into the plasma sheath on the
Moon through analytical and numerical simulation tools. This comprehensive under-
standing encouraged us to investigate the significance of local surface reliefs / topography,
which might significantly affect the local plasma environment and dynamical processes,
resulting in complex structures of electric potential and fields both on the surface and
within the sheath (Poppe et al., 2012b). In view of the refined understanding of the sheath

formation and plasma processes, the last objective of the thesis is to
% Study the influence of local reliefs in modifying the local plasma environment.

In summary, this thesis presents a comprehensive investigation into the structure
of the plasma sheath surrounding the Moon, highlighting its significant implications
through applying fundamental physics principles and advanced analytical and numeri-
cal calculations. The findings are pivotal for enhancing our understanding of lunar en-
vironments and serve as a critical foundation for conceptualizing laboratory test experi-
ments and designing innovative experiments with lunar modules for future missions to

the Moon.

1.3 Thesis outline

In this thesis,
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Chapter 1 introduces the subject and discusses the previous studies starting from

1955, highlighting the gaps and unresolved issues that are addressed in this thesis work.

Chapter 2 presented an analytical formulation of the photoelectron Velocity Distri-
bution Function (VDF) above the sunlit lunar surface. This formulation includes the fol-
lowing particulars: (i) Flare Irradiance Spectral Model 2 (FISM2) data (Chamberlin et al.,
2020): It provides high accuracy (0.1 nm) UV/EUYV solar spectrum - this, in turn, gives
a refined spectral behaviour of the photoelectrons, and that subsequently affects the fi-
nal VDF. (ii) Photoelectron yield: The measured spectral data of the photoelectric yield
of the lunar samples from Willis et al. (1973) is manifested with FISM2 spectral data to
characterize the emitted photoelectrons. The spectral data suggests that the significant
contribution to the VDF comes from two distinct wavelengths, i.e. from Lyman a (121.57
nm), and near 100 nm spectral spike. (iii) Latitude dependent solar spectrum and (iv) re-
golith temperature (Mishra and Bhardwaj, 2019): to include effective component of pho-
ton flux giving rise to photoemission and defines the number of electrons available for the
emission inside the surface lattice (Fowler, 1967) and characterizing the photoelectron dis-
tribution. (iv) FD-statistics of the electrons within surface lattice: it is used to derive the
photoelectron flux using Fowler’s theory of photoelectron emission (Fowler, 1929). The
photoelectron VDF has been characterized for both uncharged and charged surfaces in
terms of population density - subsequently, the VDF corresponding to free and captured
photoelectrons have been derived distinctly. Detailed characterization of allowed veloc-
ity regimes of “free" and “captured" photoelectron populations have been performed in
terms of surface charge, and solar zenith angle. Photoelectron temperature and mean en-
ergies for different photoelectron (free and captured) populations have been derived. A
comparison of analytically derived VDF with the experimentally measured distribution
(Feuerbacher et al., 1972) has been made. Accounting for these facts, the numerical results

demonstrate new findings and have been extensively discussed.

Chapter 3 presented the development of a comprehensive photoelectron sheath
model, which includes the following novel aspects discussed in Chapter 2 related to lunar
photoelectrons and considers solar wind comprising of cold ions (Nitter et al., 1998; Lisin
etal., 2014; Dyadechkin et al., 2015), and Kappa distributed electrons (Pierrard and Lazar,
2010; Kureshi et al., 2020). This model describes the photoelectron sheath and plasma con-
figuration over the sunlit locations on the Moon in terms of altitude and latitude profiles
of the inherent electric potential, electric field, and plasma density. In the location with

zero/insignificant photoemission close to the terminator or pole, this model shows the ex-
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istence of a classical Type C Debye-type potential structure with a negative surface poten-
tial that monotonically goes to zero. This model quantifies a Type B sheath with a positive
surface potential that monotonically decreases to zero in the photoemission-dominated
region. Under certain boundary conditions, the model also gives another solution for the
same locations, along with the Type B solution. Here, the surface potential (irrespective
of positive or negative) decreases to a negative minimum at some altitude and then in-
creases to zero, giving rise to a non-monotonic Type A potential structure (as shown in
Figure 1.9). In this chapter, a comprehensive parametric study has been conducted to ex-
amine the dynamic changes in the lunar photoelectron sheath resulting from variations
in solar irradiation and surrounding plasma conditions.

Chapter 4 highlights the capability of this model to predict the plasma environ-
ment around the Moon. As a case study, the investigation of the electric potential devel-
opment over the Chandrayaan-3 landing site (Ch3 LS) under the influence of observed
solar ultraviolet/extreme-ultraviolet radiation and real plasma parameters measured by
THEMIS has been carried out. A dynamic variation of the potential structure around the
sunlit landing site has been observed through the analysis. The non-monotonic features
around Ch3 LS derived from Earth’s Plasma Sheet plasma parameter are in good agree-
ment with the Lunar Prospector measurements (Halekas et al., 2008).

Chapter 5 highlights the possibility of secondary electron-dominated inverse
sheath formation in the nightside of the Moon. In the lunar nightside, with significant
Secondary Electron Emission (SEE) yield, highly energetic primary plasma electrons can
generate significant SEE, which can invert the surface potential from negative to positive
and can create an inverse sheath in the vicinity of the nightside lunar surface. In this chap-
ter, we assessed the plasma temperature regime for the feasibility of the inverse sheath.

Chapter 6 revisits the dust dynamics over lunar regolith using the model devel-
oped, which is extensively discussed in the previous chapters. The investigation reveals
that the presumption of Maxwellian photoelectrons in previous analyses underestimates
and overestimates various results. The estimates of dynamical evolution from this study
suggest the existence of a narrow parametric regime corresponding to the periodic hop-
ping trajectory of the dust particle over the lunar surface. In other cases, the dust particles
are shown to re-impact the surface after a single ballistic hop. This study further identifies
that the discrete charging of the dust could be crucial in determining the dust dynamics,
particularly in the tenuous plasmas. The analysis of the discrete dust charging model re-

veals significant discrepancies with the continuous dust charging model and suggests a
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lower likelihood of static dust levitation in the lunar environment. The present study is
important for unraveling the fundamental processes governing surface evolution on the
Moon and other airless bodies throughout the Solar System.

Chapter 7 addressed and proposed a solution to the fundamental problem and
physical mechanism of dust detachment from the lunar surface. The electrostatic charge
fluctuation at the microscopic scale has been conceptualized, which could create a suffi-
cient electric field and Coulomb force to overcome the dust-surface adhesive force and
detach the dust particles. A Markovian process is manifested with a Monte Carlo scheme
to simulate the concept. The simulation establishes the random generation and annihi-
lation of fluctuating charged microscopic spots. The results demonstrate the existence of
microscopic charged spots, capable of inducing sufficient electric field and Coulomb force
of the order of a few MV /m and 10s of pN, respectively, which creates favorable condi-
tions for lunar dust detachment. This concept fits the gap and puts forward a consistent
mechanism describing dust dynamics and the generation of a dusty plasma scenario over
the Moon.

Chapter 8 briefly discusses the effect of surface topography on the plasma sheath
around the Moon. The potential structure of a simple crater-like depression is derived
by varying local illumination angles within the crater floor. The geometrical calculations
suggest that the results should remain intact for any size of the simple crater with the same
depth-to-diameter /1/D ratio. The results are expected to be valid for surface features
larger than the lunar photoelectron sheath thickness. For features equal to or larger than
the local plasma Debye length, horizontal effects may arise, making it impossible to solve
Poisson’s equation in one dimension. For this case, further investigation was carried out
using an open-source 3D modeling tool named Spacecraft Plasma Interaction Software
(SPIS). Preliminary SPIS results highlighted the importance of the local illumination angle
and derived various features of the non-monotonic sheath as predicted by the analytical
results. Also, SPIS considers vertical and horizontal variations in the simulations and 3D
variation of potential and density profiles of various sheath populations. Although SPIS
presumes Maxwellian photoelectrons, the capability of SPIS to study the lunar plasma
environment can be extensively explored and will be taken up in the future.

Finally, Chapter 9 summarizes, concludes the thesis, and discusses the future

scopes.






Chapter 2

Photoelectrons

2.1 Introduction

Photoelectrons are an integral part of the near-surface space charge region and play a
significant role in determining the complex plasma environment around the sunlit Moon
(Nitter et al., 1998; Stubbs et al., 2007; Poppe and Horanyi, 2010; Popel et al., 2013, 2014;
Sodha and Mishra, 2014; Mishra and Bhardwaj, 2019; Zhao et al., 2021). This region is
called the Lunar photoelectron sheath, as it is dominated by photoelectrons. The pho-
toelectron sheath exhibits an inherent electric field that can levitate electrically charged
small dust particles (Nitter et al., 1998; Poppe and Horanyi, 2010; Popel et al., 2013; Mishra
and Bhardwaj, 2019). To realistically quantify the plasma environment, accurate estima-
tion of photoelectron characteristics is essential. Hence, the determination of the velocity

distribution function (VDF) of the lunar photoelectrons is most important.

The cloud formation and photoelectron distribution from the lunar fines returned
during the Apollo missions have been experimentally studied by Feuerbacher et al. (1972);
Willis et al. (1973). To explain the experimental results and gain physics insight, several
theoretical investigations were performed. In this context, the majority of the previous
analyses describing photoelectron cloud (sheath) assume a predefined velocity distribu-
tion of the constituent photoelectrons as of Maxwellian nature (Manka, 1973; Nitter et al.,
1998; Stubbs et al., 2007; Sternovsky et al., 2008; Popel et al., 2013; Burinskaya, 2014, 2015;
Dyadechkin et al., 2015; Li et al., 2016; Zhao et al., 2021). Moreover, while assuming the
Maxwellian distribution, they also assumed photoelectron temperature without any ju-
dicious justification. Though Walbridge (1973) used different photoelectron distributions

but did not give a mathematical derivation of the algebraic form of the distribution func-
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tion - the same expression was later used by Popel et al. (2014) to derive the sheath fea-
tures. Apart from that, Senshu et al. (2015) has developed an angle-resolved velocity dis-
tribution function of photoelectrons by scanning and digitizing the laboratory-measured
VDF of Feuerbacher et al. (1972). However, in all the discussed cases, the self-consistent

nature of the photoelectron generation from the lunar surface has been ignored.

To get an adequate estimate of photoelectrons, it is necessary to include all nec-
essary parameters. First, the photoelectron population is sensitive to photon flux. Thus,
the incoming Solar UV radiation spectrum must be effectively incorporated. This spec-
trum departs greatly from Planck’s distribution, owing to strong emission lines such as
H-Lyman alpha (Bauer, 1973). The emitted photoelectron contains information on strong
emission lines that cannot be recognised in the Maxwellian distribution, which averages
these effects. The regolith work function is another important factor in defining the effec-
tive solar spectra that produce photoemission. The photoelectric efficiency x is also a key
parameter in defining photoelectron properties. The x significantly depends on the en-
ergy of the incident photons and the regolith work function as experimentally measured
by Feuerbacher et al. (1972) from lunar samples. So, it is noticed that a set of simplifi-
cations is used in these earlier analyses, which not only limits their applicability to real

scenarios but also constrains the physics insight of the problem.

Mishra and co-workers (Sodha and Mishra, 2014; Mishra and Misra, 2018; Mishra
and Bhardwaj, 2019; Mishra, 2020b) attempted to overcome these simplifications by in-
cluding Fowler’s theory of photoemission. It is important to note that Feuerbacher et al.
(1972) measured the work function of the lunar sample using the Fowler method (Fowler,
1931). Their study highlighted the applicability of Fowler’s theory of photoemission for
the Moon as early as the 1970s. Fowler’s theory of photoemission gives a self-consistent
generation of photoemission from the solid body exposed to photons, considering the
FD-statistics of the lattice electrons. Mishra and co-workers adapted this approach to the
lunar condition and incorporated adequate regolith temperature in their study. Adapting
Fowler’s theory, there is considerable scope to integrate all relevant parameters related
to photoemission, which could significantly improve the characteristics and understand-
ing of the photoelectron cloud compared to estimates derived from the earlier simplified
approaches. This chapter discusses the new velocity distribution function of lunar pho-

toelectrons.
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Figure 2.1: Typical EUV emission spectrum with at 1 AU from the Flare Irradiance Spectral
Model 2 (FISM2) (Chamberlin et al., 2020).

2.2 Significant parameters characterizing photoelectrons

The photoemission occurs as the solar radiation interacts with the lunar surface - the high-
energy photons overcoming the regolith work function generate photoelectrons. The pho-
toemission flux depends on the radiation spectrum and material properties (photoelectric
yield, work function), along with the surface temperature. This section discusses the re-

quired parameters for characterizing the lunar photoelectrons.

2.2.1 Work function

The work function (W) is the minimum energy photon required to remove an electron
from the material. It is an important parameter that defines the energy range of photons
capable of emitting photoelectrons. The work function of the regolith ranges from 4 to 6
eV. (Grobman and Blank, 1969). The lower values are considered for hydrogen-rich areas
of the lunar surface, and the higher values are considered to be for lunar regolith areas
(Popel et al., 2013). In this thesis, following the measurement of Feuerbacher et al. (1972),

W =5 eV is used throughout the calculations.

2.2.2 Solar spectrum

In order to address the photoelectron population, one needs to have information about

solar radiation spectra falling on the given location. Theoretically, it can be estimated by
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Figure 2.2: Schematic illustration showing lunar surface illuminated by solar radiation.

considering the sun as a black body, radiating at a temperature of 5800 K, and follow-
ing Planck’s law of electromagnetic radiation (Bauer, 1973). The observed solar spectra
match quite well for the visible and infrared regions; however, they differ significantly
from Planck’s distribution in the UV/EUV region. This divergence arises primarily be-
cause of strong emission lines, such as H-Lyman alpha (Bauer, 1973). Note, due to high
regolith work function (between 4 - 6 eV, (Grobman and Blank, 1969)), mainly high energy
UV/EUV photons give rise to significant photoemission from the lunar surface. Hence,
throughout this thesis, the solar radiation spectra obtained from the Flare Irradiance Spec-
tral Model 2 (FISM2), i.e., illustrated in Fig. 2.1, are used. FISM2 is an empirical Solar
Spectral Irradiance model that provides solar spectra from 0.01—190 nm at 0.1 nm spec-
tral bins. It is based on the measurements of various space-based instrument datasets
(e.g., SORCE XPS L4, SDO EVE, and SORCE SOLSTICE). Plenty of high-energy spikes
with significant photon flux are noticed in the observed spectrum. Considering the high
work function of regolith, these high-energy photons might significantly contribute to the
photoelectron generation/ population over the lunar surface. As shown in Fig. 2.1, the
fluxes of incoming high-energy photons undergo significant variation with solar activity,

which might vary the near-surface lunar photoelectron population.

Due to the unidirectional (parallel beam) nature of the incoming solar photon flux,
only one hemisphere is illuminated by the sunlight. Since the perpendicular component of
the incoming photon flux is responsible for photoemission, the maximum effective photon
flux causes a photoemission incident at the equator (6 = 0°) (see Fig. 2.2). Due to the
curvature of the Moon, the effective photon flux at any latitude 6 is reduced by a factor
of cos 0 from the same at the equator. At the terminator (the day-night boundary) where

8 = 90°, the effective photon flux responsible for photoemission becomes zero.
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Figure 2.3: The photoelectric yield measured by Willis et al. (1973).

2.2.3 Photoelectric efficiency

The photoelectric efficiency or quantum yield ) is another important parameter in deter-
mining the photoelectron characteristics. It is the ratio of the number of emitted electrons
to the number of incident photons. This x for the lunar surface significantly depends
on the energy of the incident photons and the regolith work function. x may also vary
over an order of magnitude at a given photon energy, depending on the surface material
(Feuerbacher et al., 1972), the roughness of the surface (Feuerbacher et al., 1972; Grard,
1997; Dove et al., 2018), etc. Dove et al. (2018) experimentally show that photoemission
current above the lunar surface may reduce as the surface becomes rougher, which is
likely due to the re-absorption of emitted photoelectrons to the other locations on the
surface. So, increasing surface roughness reduces the photoelectric efficiency of the mate-
rial. However, the degree of reduction should be different for different photon energies.
Therefore, the regional nature of the porosity/ roughness properties of the regolith layer
is a significant factor affecting the photoelectron efficiency, and hence, the distribution of
photoelectrons. The theoretical formulation of Sodha and Mishra (2014) suggests that x
might also depend on regolith temperature. There are two widely used spectral variations
of x(A) available in the literature. One is reported by Walbridge (1973), which increases
linearly with photon energy up to 9 eV and takes a constant value (0.2) for high-energy
photon radiation. This has been used by Popel’s group (Popel et al., 2013, 2014) in deter-

mining the lunar plasma environment. Another variant of x(A) is based on the spectral
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Figure 2.4: Spectral dependence of function () f)) representing effective solar spectrum
causing photoemission.

measurements from the lunar soil samples returned by the Apollo 14 and 15 missions
(Feuerbacher et al., 1972; Willis et al., 1973). Here, they obtained the regolith work func-
tion to be 5 eV and ) takes an optimum value of around 14 eV (90 nm) photon radiation.
So, the yield provided by Willis et al. (1973) carries information about the surface mate-
rial properties, surface roughness properties, etc, of the lunar surface. Considering this
experimental validation, we have based our calculation corresponding to the quantum
yield given by Willis et al. (1973). This x(A) and corresponding photoemission current
(4.5 uAm~2) have been widely used in the earlier literature (Nitter et al., 1998; Sternovsky
etal., 2008; Poppe and Horanyi, 2010). Mishra (2020b) has given an approximated empir-
ical fit of Willis et al. (1973)’s x(A) as

x(A) =107 exp [138.207 — 3.072A + 2.906 x 107%)?
—1.361 x 107#A% +3.092 x 10 7A* — 2.751 x 107 7°] (2.1)

(for A >120nm),

85.114
 1n-3
x(A) =10 [0202 + <1 1191 x 10312 +5.93 x 10712 + 1.69 x 108151” 2.2)
(for 50nm < A < 120nm)

where [,, = A —85.172. These equations have been used throughout the thesis, which

reproduces several features of the quantum yield measured by Willis et al. (1973) (see
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Figure 2.5: The cumulative photoelectron current from the lunar surface.

Fig. 2.3). The observed spectral dependence of x (Willis et al., 1973) is coupled with
the observed solar photon flux and graphically presented in Figure 2.4 - essentially, it
depicts the spectral variation of the photoemission flux from the uncharged lunar surface.
The figure indicates that not only Lyman - «, but also other high-energy photons might

significantly contribute to the photoemission from the lunar surface.
The expression of photoemission current from the uncharged lunar surface is given

by

Joh —COSG/ f/\d)L—COSG/ i EA)fAd—AdEA, (2.3)

Amin /\max

where E, is the energy of the photons with wavelength A and f, is the photon flux as-
sociated with the observed solar spectrum. 0 is the subsolar angle, 6 = 0 refers to the
subsolar point while 6 = 71/2 corresponds to the pole/terminator. A, is the minimum
wavelength available in the FISM2 data and Amax is the wavelength corresponding to the
regolith work function. Any photon with energy less than the regolith work function is
ineffective for photoemission.

Fig. 2.5 shows cumulative photoelectron flux from the uncharged lunar surface at
6 = 0 calculated using Eq. 2.3. The regolith work function is taken to be 5 eV, and x(A)
reported by Willis et al. (1973) has been used for calculations. The total photoemission
flux using FISM2 data is found to be 53.2 uAm~2, 9.7 uAm~2, and 6.1 yAm~? for Solar

flare, maxima and minima respectively which are different than 4.5 yAm~2 measured by
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Willis et al. (1973). This signifies that the photoemission current significantly varies with
the solar activity, as concluded by Sternovsky et al. (2008). From Fig. 2.5, it is observed
that the significant photoemission comes from the photon energy ranges between 10—15
eV. Therefore, since the lunar surface is illuminated by photons spanning a broad spec-
tral range, it is expected that the energy or velocity of the emitted photoelectrons should

exhibit a distribution.

2.2.4 Regolith temperature

The temperature of the lunar surface is another important factor determining the electron
population available for photoemission within the lattice (Fowler, 1967). This is primarily
determined by a dynamic balance between the power loss from thermal radiation and
emission cooling, as well as the absorbed solar radiation. Lunar Reconnaissance Orbiter
based Diviner Lunar Radiometer Experiment lunar surface temperature varies within the
range 400—150 K over the equator (6 = 0°) to the terminator (f = 90°) (Williams et al.,
2017). The surface temperature’s latitude dependence has also been taken into account in
this analysis - for simplicity, an empirical relation given by Mishra and Bhardwaj (2019)
is used. Mathematically it may be expressed as Ty(6) = To(6 = 0) [1 — () 6] . Here 0 is
in radian.

Coupling these parameters, the detailed characterization of lunar photoelectrons
has been undertaken in further sections. Next, the photoelectron velocity distribution

derivation over the sunlit lunar surface is discussed.

2.3 Photoelectron Distribution Function

2.3.1 Uncharged Lunar Surface

Following free electron theory, the number of electrons per unit volume having momenta

between p and p + dp within a solid is given by (Seitz (1940); Sodha and Mishra (2014))

Pro= 2\ E ’ﬁ’z—ﬁddd (2.4)
¢ =\ ) P 2mkT, kT, | “PxoPyaP= ‘

where Fp(17) = (1 + expn)~! is the Fermi Dirac distribution function and Er is the Fermi
energy. h, k, and m, are Planck’s constant, Boltzmann’s constant, and the electronic mass,

respectively. The number of electrons per unit area, hitting the surface (x = 0) from inside
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per unit time

3, — (2 (Px [P Er
dn1—<h3 e Fp 2mkTo  kTo dpyx dpy,dp: . (2.5)

Now Fowler’s theory says that if A(E,) photons with wavelength A per unit area per unit
time incident on the surface, the probability of absorbing the photon by the electron hitting
the surface is (E) ) A(E,). Here i(E, ) is the probability of absorbing a photon of energy
E, by an electron. After that, crossing the surface barrier height, W,, the momentum 3’

of the photoelectrons will be given by the relation

p? _ opx he

o, om, A e 26)
Py = Py, (2.7)
p. = p:. (2.8)

Substituting g by 7’ in Eq. (2.5) we get the number of photoelectrons emitted per unit
area, per unit time, just outside the surface

3 2 P; | ﬁ/ |2 ! ! !
d’ny = Y(Ex)A(E)) )\ Fp 2makTy — G| dpxdp,dp;, (2.9)

e

where §) = (hc/A — Wy)/kTy, and Wy = (W, — Er). Now, after the following sub-
12 12 2
Px e = Py e, — Pz
2mkTy” Y 2mkTy’ T 2m.kTy

stitutions e, = ,and ¢ = gy +¢;, Eq. (2.9) will

become

Artm k> TG
d*np, = <he3°> Y(EX)A(EA)Fp [ex + & — o] dex dey . (2.10)

Now integrating Eq. (2.10) over &; from 0 to oo, we get

dny, = (W) P(EA)A(E)) In [1 4 exp(Er — ex)]dex . (2.11)

Integrating Eq. (2.11) over &, from 0 to oo, we get the outward flux of electrons from the

particle surface (x = 0):

k2
Joh = (W) P(EA)A(EL)D(Er) = X(Ex)A(EN), (2.12)

where  x(E)) is the photoelectric efficiency —of the surface and
expéi

D(¢y) :/0 [In(1+7)/y]dy. Utilizing Eq. (2.12), Eq. (2.10) can be written

- <X(EA)A(EA)

() ) Fp [ex + &t — Cp] dex dey . (2.13)
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From this, the photoelectron density above the lunar surface between €, and ¢, + de, and

¢; and ¢; + de; can be written as

1/2
dz”Pe:<zT:ero> <W> & 2Ep [ex+ e — Caldexder. (214)

The following equations are derived for a material with work function Wy and tempera-
ture Tp, exposed to a monochromatic photon flux A(E, ). Extending it to the lunar surface
exposed to solar radiation, the number density of the emitted photoelectrons within an
elementary energy space lying between e, and €, + dey, and ¢; and ¢; + de;, respectively,

near the surface at latitude 6, can be written as

1/2 max fAdA
dz”pe:<2kTo> cos 0 / [ ]€?1/2F0[8x+st—€ddsxd8t, (2.15)

Amin 1S the minimum wavelength available in the FISM2 data and Amax = hc/ Wy, In

cartesian coordinates Eq. 2.15 can be written as

1 M, max dA mMeu
d3npezﬁ (m) COSG/ [ fA ]FD [Z;T —gA} dPu, (2.16)

where u refers to the photoelectron velocity. The total number density of photoelectrons

near the uncharged lunar surface can be written as

n,,oz/o /_ /_ d*11pe. (2.17)

In spherical polar coordinates with azimuthal symmetry,

d*u = 2’ sinp du dg, (2.18)

where ¢ is the angle between the electron velocity vector and the x axis (axis perpendicular

to the surface). Eq. 2.16 thus can be re-written as

2, = [ e = )‘fAd/\ 2p | Mell
A" npe = (kT()) cosG/ [ u®Fp KT, —C)| du singdg. (2.19)

Integrating Eq. 2.19 with ¢ from 0 to 77/2, we get
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Figure 2.6: The variability of the photoelectron velocity distribution function (VDF) in the
proximity of the lunar surface corresponds to the observed solar activity from FISM2.

_(me 2 Amax [x(A)fadA] 5 meu?
dnpe = <kTO> COSQ/}\mm [CD@A)] u” Fp [ZkTo —Q‘A] du. (2.20)

The photoelectron velocity distribution (VDF) function near the uncharged surface can

be expressed as

L dnpe
npo du

fo(u) = (2.21)

The expression of photoelectron distribution near the uncharged surface is given
in Eq. 2.21, which suggests its dependence on incident solar flux, quantum yield, regolith
work function, and regolith temperature. Note, that this expression is normalized to unity.
As a result, the distribution function doesn’t depend explicitly on 8. However, based on
LRO observation, Williams et al. (2017) reports, regolith temperature (Tp) varies between
400 — 150 K from subsolar point to the terminator, which makes fy implicitly depend on

6.

The black, red, and blue curves in Fig. 2.6 show the photoelectron distribution
for the uncharged surface for solar flare, maxima, and minima, respectively. For solar
maxima and minima, the distributions show two distinct peaks around 1.33 x 10° m/s
and 1.56 x 10° m/s with corresponding energy around 5 eV and 7 eV, respectively. These
are the excess energy of the photoelectron after overcoming the barrier height, i.e., (Ey —

W¢), which suggests the dominant contribution comes from Lyman & (121.57 nm), and
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10 [cm™3] < E, > [eV]

Solar Flare 533.66 4.75
Solar Maxima 101.28 4.46
Solar Minima 63.86 4.42

Table 2.1: Number densities and mean energy of photoemitted electrons for solar flare,
maxima, and minima.

then from the photons near 100 nm spectral spikes. But for solar flares, the contribution
from Lyman « (121.57 nm) is relatively small compared to other peaks near 7 and 7.6 eV.
This is due to the significantly increased photon flux observed in the 90 — 100 nm range
(refer to Figs. 2.1 and 2.4), which results in a enhance contribution of photoemission flux
at the point where the quantum yield of Willis et al. (1973) (shown in Fig. 2.3) attains its
peak.

The mean energy associated with the photoemitted electron can be calculated using

the derived VDF (Eq. 2.21). Mathematically, it can be expressed as

1
<Em>:§me<u2>. (2.22)

Manifesting this expression with Eqs. 2.21, the expressions of < u? > of various

population can be expressed as

Jo~ u? fo(u)du
fooo fo(u)du

<u?>= (2.23)
Table 2.1 shows that the number of photoemitted electrons increases with an increase
in photon flux in solar spectra. The mean energy of emitted photoelectrons is slightly
higher (E;ax — Epnin = 0.04 eV) for solar maxima compared to solar minima. But for flare,
the mean energy increases (Efjqre — Emax = 0.29 €V) toward higher energy due to larger

photon fluxes in the higher energies (> 7 eV).

2.3.2 Charged Lunar Surface

In the photoelectron-dominated region of the Moon, the surface acquires a finite elec-
tric potential and creates a photoelectron sheath in its vicinity. In the photoemission-
dominated region, the literature suggests two types of sheath structures characterized by
monotonic (Type B) and non-monotonic (Type A) electric potentials (Nitter et al., 1998;
Zhao et al., 2021). In the case of a monotonic sheath structure, the surface acquires a

finite positive potential Vj 51 and monotonically decreases to zero with altitude. For non-
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monotonic sheath structures, the surface potential V) decreases to negative potential
minimum V;, < 0 at an altitude x,, and then increases to zero with Vo y — V;;, > 0. In both
cases, an upward-directed electric field exists near the surface, which acts as a potential
well with altitude and captures the emitted photoelectrons. Hence, the emitted photo-
electrons have to overcome a potential barrier V; to escape to infinity. Here, Vi = Vo m
for monotonic and Vyn — V;, for non-monotic potential structure. These sheath struc-
tures suggest two kinds of electron populations within the sheath, viz., (i) the emitted
photoelectrons that escape to infinity, those are referred to as "free photoelectrons,” (11pef),
and (ii) the photoelectrons which do not have sufficient energy to overcome the Coulomb
potential well and hence captured within the sheath, are referred as "captured photoelec-

trons" (71pec). From Nitter et al. (1998) their population density can be written as

npef :/ / / d3npe/ (2.24)
Uy J—00 J—o0

and

Uy 0O 00
Mpec = 2 /O L [ P, (2.25)

where u,, = [2eVs/me]1/2 ie. u, = [ZeVO,M/mE}l/2 for monotonic (Type B) and
[2e(Von — Vi) /m] "2 for non-monotonic (Type A) case. u;, is minimum speed in the
x direction to overcome the potential barrier V; and escape to infinity. Factor 2 in Eq. 2.25
appears because the incoming and outgoing photoelectrons contribute to the captured

term at any layer. This is discussed in detail in Chapter 3. So we can write,

Npo = Npef + Npec/2. (2.26)

The expressions for d°n,, in Eqs. 2.24 and 2.25 can easily be transformed into spherical po-
lar coordinate by applying appropriate limits over u and ¢. For instance, free photoelectrons
have velocities between u,, and co. However, the photoelectrons with 1, = ucos¢ < uy,
do not contribute to the free photoelectron term. Hence, the limit of ¢ can be given by
from 0 to ¢, = cos ! (u,,/u). Integrating Eq. 2.19 with ¢ from 0 to ¢, = cos™ (1, /1),

one gets



48 Chapter 2. Photoelectrons

1 5) 3

After overcoming the potential barrier, these free electrons escape from the system. For

(2.27)

captured photoelectrons, two electron populations contribute. The electrons with u < u,,
has the effective velocity range (0, u,,) and (0, 71/2). Another population with u cos¢$ <
Uy has the effective velocity range (i, o) and (¢, 1/2). Hence, in case of captured

photoelectron, we have

= () ) ot

(2.28)
2 mett?
X u® Fp KT, — x| du for u<uy,,
and
2
dNpecr = e cosé)/ /\)f)‘d/\
kTo P(Cx)
“‘“‘2 (2.29)
X u? <u7m) Fp [TZIST —CA] du for u > uy.
Therefore, the VDFs for free and captured photoelectrons can be expressed as
1 dnpey
frep(u) = o du (2.30)
1 d”pecl
= — 2.31
fpecl(”) 1,0 du ' ( 3)
1 d”pecz
= — 2.32
fpecZ(u) 0 du (2.32)

Note that we have normalized the distribution with 1,9. Therefore, the distributions pre-
sented above indicate the fraction of photoelectrons contributing to different populations.
The mean energy associated with the photoemitted electron from the charged surface can
be found from Eq. 2.22 using the expressions of < u? > of various populations, which

can be expressed as
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Figure 2.7: (a) The photoelectron velocity distribution function in the proximity of the lu-
nar surface corresponds to the observed solar spectra. Red line: fo(u) for ‘non-captured’
photoelectrons from the uncharged surface, Magenta line: f,..1(u) for captured photo-
electrons with u < u,,, Black line: fPeCQ(u) for captured photoelectrons with u > u,, and
ucos¢ < uy, Blue line: For free photoelectrons with u > u,, and ucos¢ > u,. Here
Vs = 4 V. (b) Velocity distribution of function ‘free” photoelectrons. (c) Velocity distribu-
tion function of ‘captured” photoelectrons. The different colour curves in (b) and (c) cor-
respond to the photoelectron distribution at different values of V;. The red dashed lines
in (b) and (c) are the ‘non-captured” photoelectron distributions ( fo(u)) from uncharged
surfaces. This is given to illustrate how much fraction of photoelectrons becomes ‘free’
and ‘captured” when the surface acquires a finite potential V;. Parameter used: Wy = 5
eV, 0 =0°.

L2 u? fer(u)du
< U >y “f"’mf P 8( y (2.33)
U pef u) u
t g2 e (1) du
<Ur>pa = J Jpeer (1) , (2.34)
o frect(u)du
“u? w)du
U Spep = f“moo fpeca(#) . (2.35)
fum fpecZ(”)du

To numerically visualize the VDFs for the charged lunar surface, let us first briefly

discuss the charging of the lunar surface. Initially, the surface starts with zero electric po-
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6 ViV
0° 66
60° 55
80° 33

Table 2.2: Surface potential and dip potential for Type A and Type B sheath for different
locations of Moon. Other parameters used: Wy =5 eV, nse =5 cm 3, T, = 15eV.

tential (uncharged). As solar radiation incident on the lunar surface, photoelectron emis-
sion might take place and charge the surface positively. Additionally, the solar wind/
ambient plasma electrons and ions collection also contribute to the negative and posi-
tive surface charging, respectively. In the photoemission-dominated region, initially, the
photoemission flux dominates over the solar wind/ ambient plasma electron collection
flux, and the surface starts acquiring a positive charge, which increases with time. Sub-
sequently, the photoemission current reduces with time and balances incoming plasma
collection current in the steady state - here, the surface acquires a steady-state electric po-
tential Vs > 0. The Red curve in Fig. 2.7a shows the photoelectron VDF for the uncharged
surface. As the surface acquires finite potential, a finite proportion of the photoelectrons
get trapped by this potential well (V; > 0). This results in a different photoelectron dis-
tribution in the steady state compared to the uncharged lunar surface. The blue line in
Fig. 2.7a refers to the free photoelectron distribution with # > u,,. For Vs = 4V, only 10%
emitted photoelectrons near the surface escape to infinity. The potential barrier (well) cap-
tures the rest. As discussed in the section 2.3.2, there are two populations corresponding
to captured photoelectrons. The magenta line in Fig. 2.7a, refers to the captured photo-
electrons with u < u,, it shares 46% of emitted photoelectrons for V; = 4 V. Remaining
44% of emitted photoelectrons with u cos 8 < u,, isillustrated as the black line in Fig. 2.7a.
As V; increases, the photoelectrons have to overcome a higher potential barrier, and u,,
shifts towards higher values. As a result, photoemission due to low-energy photons be-
comes less significant in the free photoelectron population. Since, Egs. 2.30, 2.31, and 2.32
have been normalized with 7,9, Fig. 2.7b shows that the area under the curve decreases
with increasing V;, while opposite has been observed for Fig. 2.7c. This can be attributed
to the fact that the free photoelectrons population decreases with increasing V;, which re-
sults in increasing captured photoelectron population and indicates that the majority of
the photoelectrons (=~ 90% for Vs = 4 V) gets trapped if the lunar surface acquires a finite

electric potential with Vi > 0.

Since the lunar surface potential V; varies with 6 (Stubbs et al., 2007), it is important
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Figure 2.8: The photoelectron velocity distribution function in the proximity of the lu-
nar surface corresponds to the observed solar spectra. Red line: fo(u) for ‘non-captured’
photoelectrons from the uncharged surface, Magenta line: f.(u) for captured photo-
electrons with u < u,,, Black line: fpecz(u) for captured photoelectrons with u > u,, and
u cos ¢ < uy, Blue line: For free photoelectrons with u > u,, and u cos ¢ > u,,. Solid line:
Type B monotonic solution, Dashed line: Type A non-monotonic solution. (a) 6 = 0°, (b)
8 = 60°, (c) & = 80°. Here, the V; values are taken from Table 2.2. Parameter used: Wy =5
eV.

0 nyo [cm 3] Npef [cm 3] Tpec/2 [cm 3]

0° 101.28 1.91 99.37
60° 50.64 2.04 48.60
80° 17.58 2.52 15.06

Table 2.3: Number densities corresponding to "uncharged surface", "free", and "captured"
photoemitted electrons for different values of 0.
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to discuss the latitudinal variation of photoelectron distribution near the lunar surface.
For simplicity, the lunar surface potential V; can be found balancing photoemission flux

and incoming solar wind flux, which is

Jon = Jse (2.36)
where the flux of incoming electrons
Jse = Nse ( 21:;;616)1/2 , (2.37)
and the photoemission flux
Joh = / oo Uy P1ipe, (2.38)

where the expression d3npe is taken from Eq. 2.16. For typical solar wind plasma with
density 1, = 5 cm ™2 and electron temperature T, = 15eV, steady state potential V; for
different values of 6 have been tabulated in Table 2.2. Fig. 2.8 illustrates the latitudinal
variation of photoelectron distribution near the lunar surface. The red curves in Fig. 2.8
show that the distribution for uncharged lunar surface changes marginally with varying
6. However, as indicated in Table 2.2, V; decreases with increasing 6, and a latitudinal vari-
ation in distribution function has been observed in the case of charged lunar surface. Due
to decreased effective photon flux and surface temperature for higher 6 values, the num-
ber density near the uncharged surface decreases (see Table 2.3). As the surface acquires
finite steady-state potential with Vi > 0, some emitted photoelectrons get trapped within
the sheath. Table 2.3 shows that nearly 98.1% photoelectrons are captured by the poten-
tial barrier at 0 = 0°. While for 8 = 80°, the fraction of captured photoelectrons reduces
to 85.7%. It is also observed that n.f slightly increases with 6. These can be attributed
to the fact that increasing 0 gives rise to the reduction of V;, which results in relatively
weaker trapping of the emitted photoelectrons. Fig. 2.8a shows that u,, > 1.52 x 10° m/s
or E, > 6.6 eV - note, E,, is the minimum energy required to escape to infinity from the
surface after overcoming the lunar surface work function Wy = 5 eV. That means near the
equator, a significant contribution of photoemission comes from the high-energy spikes
with A < 100 nm or E, > 12 eV in the observed solar spectrum (see Fig. 2.1). Whereas
Fig. 2.8b, c shows from the mid-latitude to the terminator, other photon spikes also start
to contribute to the n,.¢. This fact illustrates that the Lyman a spike becomes ineffective

in determining the "free photoelectron” contribution near the equator. Since in determin-
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Figure 2.9: Variation of free (solid line) and captured (dashed line) photoelectron density
in the proximity of lunar surface with V; for different values of 6. Blue line: 6§ = 0°, Red
line: 6 = 60°, Black line: 6§ = 80°.

ing V;, the Eq. 2.36 is used requires only "free photoelectrons”, along with the Lyman
«, other low energy spike becomes ineffective in defining steady state Vs. Nonetheless,
the photoelectrons emitted due to these low-energy photons contribute to the screening
of surface potential via trapping within the sheath. However, as 0 increases, V; reduces,
and as a result, low-energy spikes start contributing to the "free photoelectrons" and sur-
face charging as one goes towards the terminator. Hence, the results suggest, most of the
emitted photoelectrons get trapped within a photoelectron sheath, and a small number

of photoelectrons can escape to infinity.

The variation of various photoelectron population densities with V; has been il-
lustrated in Fig. 2.9. For uncharged surfaces, all the photoelectrons escape to infinity, so
Npes = Npo and npec = 0 for Vs = 0. As the surface acquires finite potential with Vs > 0,
low-energy photoelectrons, which cannot overcome the potential barrier, get trapped.
Hence, n.¢ reduces and 7, increases with increasing V;. Due to higher photoemission
near 0 = 0°, 0 is high (see Table 2.3). As a result, a higher potential barrier is required
to trap most of the photoelectrons compared to higher values of 0. In earlier literature
by Mishra (2020b), it has been quantitatively shown that under nominal solar wind con-
ditions, approximately 0.1 s is required to achieve a steady-state photoelectron sheath.
Initially, the surface remains uncharged (Vs = 0V,t = 0s), then the surface gradually
acquires finite potential and achieves the steady state. So, Figs. 2.7 and 2.9 may also be

regarded as a temporal variation of photoelectron distribution and densities.
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0 < Em >0 < Em >pef < Em >pec1 < Em >p€C2

0° 4.46 9.17 3.50 8.04
60° 4.46 8.34 3.09 7.29
80° 4.45 6.83 1.89 5.59

Table 2.4: Mean energies of photoelectrons in eV of various populations for different val-
ues of 0.
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Figure 2.10: The photoelectron velocity distribution function in the proximity of the lunar
surface corresponds to the observed solar spectra. Red line: Distribution from current
formulation, Blue line: Maxwellian distribution, Black line: Distribution measured by
Feuerbacher et al. (1972).

The mean energies of photoelectrons of various populations for different values of
6 are given in Table 2.4. No significant variation of mean energy is observed for uncharged
surfaces with 6 variation. Near the equator, photoelectrons have to overcome higher po-
tential barriers to escape to infinity. As a result, at 6 = 0°, the mean energy of "free pho-
toelectrons" is maximum, and it decreases with increasing 6. Similarly, a higher potential
barrier traps more energetic photoemitted electrons, which results in higher mean en-
ergy of captured photoelectrons near the equator and decreases towards the terminator.
Table 2.4 shows that, within a steady-state photoelectron sheath, three different photo-
electron populations have different mean energies. The overall mean energy of the pho-
toemitted electrons is the weighted sum of the average energies in each population i.e.,
< Ew>=pf <En >pef +P1 < Em >pect +P2 < Em >pec2, where p’s are the fraction of
number density with respect to ny for different populations. The mean energy of photo-
electrons from the uncharged surface (< E,; >¢) is the same as the overall mean energy

of the photoelectron sheath with finite V.
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Earlier investigations have demonstrated the significance of photoelectron distri-
bution in determining the photoelectron sheath characteristics (Walbridge, 1973). How-
ever, previous studies have assumed simplified Maxwellian distribution (o 12 e/ ”?h)
for photoemitted electrons (Nitter et al., 1998; Burinskaya, 2014; Zhao et al., 2021). The
photoelectron energy distribution was experimentally measured from lunar fines re-
turned during the Apollo missions by Feuerbacher et al. (1972). Poppe and Horédnyi (2010)
ut/

4 . .
4 “re which replicates several char-

fitted the distribution in the functional form o« u*e™
acteristics of the measured distribution with a peak at 1, and rapid decrease thereafter.
To compare these distributions with the present estimates, we consider the same < E,, >,
i.e. same < u? > for all the cases. This gives uy, = 1.02 x 10° m/s and upe = 1.05 X 106
m/s. Fig. 2.10 shows these distributions along with present estimates. The distribution of
Feuerbacher et al. (1972) closely matches the derived distribution. The presence of more
high-energy photoelectrons in the Maxwellian distribution causes a significant departure
from the measured and calculated distribution. Since the photoemission current from the
uncharged surface is cos 6 [ A):::x X(A) fadA, the ny for the case of Maxwellian and Feuer-
bacher’s distribution are found to 104.9 cm 2 and 99.6 cm 2 respectively at § = 0°. This
indicates that the consideration of simplified Maxwellian distribution results in slightly

different 1,0 and significantly different velocity distribution.

Note that the present study aims at the photoelectron VDF in the proximity of
the lunar surface, and the discussion on altitudinal variation has not been emphasized.
However, it would be interesting to comment on the nature of the altitudinal dependence
of VDF as follows: We know that a photoelectron sheath is created in the vicinity of the
lunar surface. The sheath is characterized by electric potential and electric field, which
varies with altitude. So, at a finite altitude x with potential V' (x), if the photoelectron has

velocity u’ then from the energy conservation, we can write

1 1
5 Me uw —eVy = 5 e w?(x) —eV(x), (2.39)

where V) is the lunar surface potential. From Eq. 2.39 replacing u in Eq. 2.16, one gets the

following equation
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1 (m, max [ X (A) fpdA
B, —— [ =<
d 1pe = <kTo> Cose/ [ (&)

mm

meu 2 ( (x))
2kT, Gt kTo

(2.40)

XFD d3 ,

that represents VDF at a particular altitude. And in the expression of u,,, Vy will be re-
placed by V(x). This expression is extensively used in the upcoming chapters.

This chapter highlights physics phenomena concerning photoemission from the
lunar surface, showcasing various effects connected to solar radiation and lunar surface
parameters. However, surface irregularity, like craters and other topographic features, is
not addressed in the analysis. These features locally change the angle of sunlight, i.e. 6
changes locally within the crater floor. We have shown the fo(u) for uncharged surface
marginally varies with 6. But, for the charged lunar surface, Vs changes with 6, and the
“free” and “captured” velocity distribution function will change according to the change
in V;. Due to the variation of 6, we see a spatial change of V; which creates a horizontal
electric field. For large spatial scales, this horizontal electric field is so small in compar-
ison to the vertical field the velocity distribution function is only defined by V; and 6.
However, for small spatial scales, topographic features may create a significant horizon-
tal electric field, which can influence the velocity distribution function, and the effect of

this horizontal electric field should be included in the analysis.

2.4 Summary

This chapter presents a formulation describing the velocity distribution function (VDEF)
of photoelectrons over the sunlit Moon. In this course, this study includes the following
aspects, (i) observed EUV /UV spectrum of the solar radiation (Chamberlin et al., 2020),
(ii) measured photoelectric efficiency of the lunar regolith (Willis et al., 1973), (iii) latitude-
dependent solar spectrum and regolith temperature (Mishra and Bhardwaj, 2019), (iv) re-
alistic regolith temperature regimes from LRO-based Diviner instrument (Williams et al.,
2017), (v) FD-statistics of the electrons within surface lattice — these are used to derive the
photoelectron flux using Fowler’s approach of photoemission (Fowler, 1929). Individu-
ally, these aspects have been undertaken in earlier literature, but combining them together
features a more realistic scenario and puts forward a rather comprehensive approach in

deriving the photoelectron distribution over the Moon. A significant difference in the
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derived photoelectron distribution function is noticed for the uncharged and charged lu-
nar surface. The charged surface with an upward-directed electric field traps some of
the emitted photoelectrons and characterize various charge population and their distri-
butions.

The photoelectron distribution is found to be a significant function of lunar sur-
face potential. The results suggest that the photoelectron sheath in the steady-state traps
nearly 90% of the emitted photoelectrons under the surface charge-induced Coulomb po-
tential barrier. The calculations also suggest that different populations of photoelectrons
within the photoelectron sheath are characterized by different mean energies. However,
the overall weighted sum of the mean energy of various populations matches the mean
energy of the photoelectrons from the uncharged surface. Moreover, the calculated photo-
electron distribution is found in reasonable agreement with Feuerbacher’s measurements
(Feuerbacher et al., 1972) while it widely differs from the Maxwellian nature.

The derived photoelectron VDF is used in the next chapter, where in detail sheath
formation of various types above the sunlit lunar surface will be discussed. Further, this
analysis is essential for understanding the electrostatic charging lunar dust and subse-
quent dynamics. The calculation presented here may have practical implications in de-
signing test experiments for future lunar investigations. Although these calculations are
based on the typical lunar parameters, the underlying physics, and formulation are well
applicable for the other airless bodies with the resembling physical conditions and pa-

rameters.






Chapter 3

Photoelectron sheath model

3.1 Introduction

The lunar photoelectron sheath is a non-neutral space charge region above the charged
sunlit lunar surface dominated by photoelectrons. This sheath possesses inherent electric
potential and field structures that are physically characterized by Poisson’s equation. The
degree of surface charging varies across different locations on the Moon, leading to the
formation of different potential / field structures within the sheath. As discussed in section
1.2, the Poisson’s equation can be written as

v e

dx2 _?0 [nsi — Nge — 7’lpe] ’ (31)

where ¢ is the electronic charge, €y is the permittivity in free space, V is the electric po-
tential at altitude x. ngj, 115, and 1, are the population densities of solar wind ions, solar
wind electrons, and photoelectrons within the sheath, respectively. Poisson’s equations
connect the electric potential with the charge density. One needs to solve this equation
with the boundary conditions V(x = 0) = Vp and V'(x — o) = 0 to quantitatively esti-
mate the characteristics of the plasma sheath. Starting from the first conceptualization by
Gold (1955), many attempts have been carried out in the literature to estimate the charac-
teristics of the lunar photoelectron sheath, which have been discussed in detail in Chapter
1. Based on the works of Guernsey and Fu (1970); Fu (1971), Nitter et al. (1998) came up
with the most elegant model of photoelectron sheath, which suggests the possibility of
three kinds of potential structures within the sheath — a schematic is illustrated in Figure
3.1. On the locations with negligible photoemission, the surface has a negative surface

potential due to dominant plasma electron collection that altitudinally increases to zero,
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Emitted
Photoelectrons

Figure 3.1: Different types of sheaths on the Lunar surface. Here, x refers the altitude and
V is the electric potential.

forming a Type C sheath. This is a normal Debye-type potential structure. For significant
photoemission, the potential is positive and monotonically decreases to zero to form a
Type B sheath. The boundary conditions lead to another sheath solution where the sur-
face potential will decrease to a negative minimum and then increase to zero, giving rise
to a non-monotonic potential structure (Type A sheath). These potential structures are the
solutions of Poisson’s equation that can be written as

d?v e

dx2 = _ZO(nSi — Ngef — Nsec — Mpef — 7’lpec) . (3.2)

Eq. 3.2 establishes the relationship between the electric potential and the charge popula-
tion within the photoelectron sheath. Depending on the type of plasma sheath (as shown
in Figure 3.1), there can be up to four different populations of electrons within the sheath.
The first two populations are the plasma electrons that interact with the lunar surface
and the photoelectrons that escape to infinity. These are referred to as "free plasma elec-
trons” (115e¢) and "free photoelectrons," (11pef) respectively. The other two populations are
the plasma electrons and photoelectrons, which are reflected by a potential barrier within
the sheath. These are known as "captured plasma electrons” (71se) and "captured photo-
electrons" (7pec), respectively. Other than electrons, positively charged plasma ions (1;)
also contribute to the photoelectron sheath. The surface and dip potential (potential min-
ima) are used as boundary conditions to solve Poisson’s equation (Eq. 3.2). Note that
the surface and dip potential depend on the charging currents connected with the lunar

surface, which depends on the characteristics of the charge populations. Also, realistic es-
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timates of number densities are essential. This requires the inclusion of several lunar and
solar parameters in their mathematical expression. That means one has to incorporate
accurate solar spectra and relevant lunar parameters like work function and photoelec-
tric efficiency. For solar wind, it’s necessary to include plasma parameters and velocity

distribution functions that are consistent with the lunar plasma scenario.

From the discussion given in Chapter 1, we noticed certain simplifications in the
previous analyses related to the lunar photoelectron sheath, which limits their applica-
bility to the realistic scenario. Because most of the studies assumed a preexisting photo-
electron cloud above the charged sunlit lunar surface, and assumed these photoelectrons
follow a Maxwellian distribution, and assigned a photoelectron temperature without any
proper justification. However, experimental measurements from the lunar samples high-
lighted that the velocity distribution of photoelectrons is significantly different from the
simplified Maxwellian nature (Feuerbacher et al., 1972; Willis et al., 1973). This suggests
previous studies ignored the self-consistent mechanism of photoelectron generation and
subsequent sheath formation. In Chapter 2, highlighting these limitations, a realistic ve-
locity distribution function (VDF) of photoelectrons has been derived which includes the
following novel aspects in the analysis of lunar photoelectrons, i.e., (i) observed EUV/UV
spectrum of the solar radiation (Chamberlin et al., 2020), (ii) measured photoelectric ef-
ficiency of the lunar regolith (Willis et al., 1973), (iii) latitude dependent solar spectrum
and regolith temperature (Mishra and Bhardwaj, 2019), (iv) FD-statistics of the electrons
within surface lattice - it is used to derive the photoelectron flux using Fowler’s theory
of photoelectron emission (Fowler, 1929). This VDF is going to be used in this chapter to

estimate the photoelectron contribution in the lunar photoelectron sheath.

Apart from photoelectrons, solar wind (SW)/ambient plasma electrons signifi-
cantly contribute to the sheath formation. For simplicity in calculations, many studies
assumed these electrons to follow a simplified Maxwellian distribution. However, there
exist good space observations which suggest these electrons are consistent with a non-
Maxwellian kappa distribution (Halekas et al., 2008, 2009b; Pierrard and Lazar, 2010).
Hence, the non-Maxwellian kappa distribution for solar wind /ambient plasma electrons
is going to be used in this chapter to estimate the solar wind /ambient plasma electrons
contribution in the lunar photoelectron sheath. On the other hand, ions, due to their
higher mass, have a thermal speed that is much less than the drift speed. As a result,
ions can be considered cold and enter the sheath with a drift speed at the same angle

as the photons, which vary temporally with the orbital motion of the Moon, i.e., 6 (Nitter



62 Chapter 3. Photoelectron sheath model

etal., 1998; Lisin et al., 2014; Dyadechkin et al., 2015). 6 is the angle of incidence of photons
with the normal to the surface. This can also be regarded as the sub-solar angle/ latitude.
Inclusion of these aspects significantly improves the inherent physics understanding of
photoelectron generation and subsequent sheath formation, with more accurate quanti-

tative estimation.

For the analysis simplification, Eq. 3.2 can be normalized by the following replace-

ments: v = —eV /kTy and x = zA;. The equation Eq. 3.2 can be rewritten as
v 1
dz2 - 7’170 [nSi — Ngef — Nsec — Hpef — npec] ’ (3.3)

where A; = (eokTo/ner)l/z, and 719 = fpe(V0) 4 Meoo/ . For Type A sheath nge. = 0 for
z < zy and npec = 0 for z > zy,. For Type B, vy, = 0, 15ec = 0 and for Type C, vp = vy, and
npec = 0. Here vg = —eVy/kTy is the normalized surface potential and v, = —eVy,,/kTo
is the normalized dip potential. Next, the mathematical expressions of different charge

densities are derived, and computational schemes are discussed.

3.2 Photoelectron population

The emitted photoelectrons traverse normal to the surface and distribute themselves ac-
cording to the potential structure over the space in the vicinity of the lunar surface and
form a photoelectron sheath. Accounting the large curvature of the Moon, for all practical
purposes, we consider the planar geometry of the surface at a given location. To evaluate
the potential structure, consider a virtual plane parallel to the horizontal lunar surface (at
finite x) at potential V. Following Eq. 2.40 and integrating Eq. 2.15 from &; = 0 to co, the
number density of photoelectrons between normalized energy ¢, and e, + de, at distance

x can be written as

1/2
dnpe (2kT0> cos 6

(3.4)

The description of each term is given in section 2.3. The photoelectron sheath may be
characterized by two kinds of photoelectron populations, viz., (i) the photoelectrons that
escape to infinity, i.e., "free photoelectrons” and are denoted as "n,,¢¢", (ii) those photoelec-

trons which are reflected by the potential barrier, i.e., "captured photoelectrons" and is
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Figure 3.2: Comparison between Maxweillan and x-distribution for various values of .

presented as "n1pe.". Using Eq. 3.4, these density populations can be expressed as

Mpef (X) :/ dnpe(x), (3.5)
Exm(x)
and
5xm(x)
Npec (X) = 2/0 dnpe(x) . (3.6)

Factor 2 in Eq. 3.6 appears due to the fact that the incoming and outgoing photoelectrons
at any layer contribute to the captured term. Here ¢, (x) = vy, — v(x) is the minimum
energy of the photoelectron at x to overcome the potential confinement v,, = —eV,,/kTp

at x,,.

3.3 Contribution from solar wind/ambient plasma

Solar wind is another integral part of the lunar plasma environment and plays a signif-
icant role in establishing the lunar surface charge and sheath. The constituent charging
current depends on the energy distribution of the solar wind plasma particles (i.e., elec-
trons/ ions). In a typical geophysical scenario, solar wind /ambient plasma electrons are

assumed to follow Maxwellian distribution, which can be expressed as

3/2 2
m meu

fn (1) Pu = 1o (27‘[k€T> exp (— 2liT > du. (3.7)
e e
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However, according to Lunar Prospector and other in-situ measurements of a variety of
space plasmas observations, the energy distribution of the electrons accreting on the lu-
nar regolith is characterized by a non-Maxwellian Kappa distribution (Halekas et al., 2008,

2009b; Pierrard and Lazar, 2010). The distribution of the solar wind electrons can be ex-

> —x—1
1+ [ Pu, (3.8)
TWhih

where 1.0, /2 is the density of the plasma electrons at infinity approaching to the surface,

pressed as

-3/2

fr(u) du = nmﬁ(n'yufh)

u refers to the electron velocity, ug, = (2kT,/m,)'/? corresponds to the thermal speed
of the electrons, m, and T, are electron mass and temperature, v = x —3/2, = I'(k +
1)/T(x —1/2) and « is the spectral index of distribution. Figure 3.2 shows the increased
tail and decreased core population in k-distribution with respect to the Maxwellian distri-
bution. x-distribution more effectively mimics the observed high-energy electron popula-
tions, offering a more accurate framework for understanding solar wind / ambient plasma
electron dynamics in the lunar plasma environment. So, in this chapter, the solar wind/
ambient plasma electrons follow k-distribution. Note that Eqs. 3.7 and 3.8 are the distri-
butions for the electrons far away from the sheath. As the electrons enter the sheath at x

with sheath potential V(x), the velocity component within the sheath can be written as

L T S
Slellzy = SiMeu (x) —eV(x), (3.9)
or
u = u?(x) + (v(ax)) uz, (3.10)

where u., is the total electron velocity at infinity (outside the sheath), and « = T,/ Tp.
Then, the velocity distribution function of the solar wind/plasma electrons within the

sheath can be written as

)*3/2

fre(x, 1) dPu = 1,008 (nyu%h

—x—1
1+ ( o + M)] du. (3.11)

TG, TR

Depending on the sheath profile, the population density corresponding to "free"

and "captured" solar wind electrons within the sheath can be given by

malx)= [ [ [ pew (3.12)
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and

Msee (%) = 2 /O ) /_ 0; /_ 0; fo(x,u) du, (3.13)

where 1, (x) = (2e(V(x) — Vi) /me)l/2 =t ((vm — v(x)) /0()1/2 is the minimum speed
of the solar wind electron at x to overcome the potential minimum v, at x;,.

In a typical solar wind /ambient space plasma condition, ions (primarily protons)
have a high drift velocity (around 400 km s™! near the Moon), which greatly exceeds
their thermal velocity. As a result, their thermal motion is negligible in comparison. In
this thesis, the ions are considered cold and are characterized by a drift velocity u;, and
density 7;.. The ion energy conservation and continuity yield the ion density as (Nitter

and Havnes, 1992; Nitter et al., 1998)

2 —-1/2
v ] , (3.14)

nsi (V) = ico [1 + M2

where M, = Mcos@, M = u;,/up is the Mach number, ug = (kT,/m;)'/? is the Bohm
speed, 6 is the angle of incidence of ions with normal (similar to photon incidence) and

m; is the ion mass.

3.4 Numerical Result and Discussions

3.4.1 Boundary conditions

The plausible solution of the Poisson equation should be aided with suitable boundary
conditions. At least two boundary conditions are required to solve the Poisson equation.
These are: i) at the surface V(x = 0) = V{ and ii) at infinity, the sheath electric field is zero

—V'(x = o0) — 0. To determine these:

1. We consider that charge neutrality is maintained at the sheath edge. i.e., at x — oo,
v — 0, the quasi-neutrality is maintained by the solar wind electrons/ions and
photoelectrons, i.e.,

Npe(00) + Mge(00) — ngi(00) = 0. (3.15)

2. We consider the sheath to be in a steady state with zero net current. The photoemis-
sion and solar wind ion collection charge surface positively while the solar wind

electrons result in negative charging. In the steady state, these charging currents
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should be balanced within the sheath. Mathematically, it can be presented as
Lnh—le+1Ii=0. (3.16)

At the sheath edge

- 1/2
[0 () &imo
exm(0)

xm e
—Up(00) poo )
+ / / Uy fc(00,u) d®u (3.17)

KT\ /2
+ Moo (") M, =0.
m

i

3. For Type A sheath, as depicted, a potential minimum exists at x = x;,. At this point,
dv/dz = 0. Multiplying both sides of Eq. 3.3 by 2dv/dz and using dv/dz = 0 and
v = 0 as z — oo, one obtains another boundary condition specifically for Type A

sheath as

dv\? Um ]
=) = 2/0 o (115 — Mgef — Msec — Mpef|dU = 0. (3.18)

So, for Type A sheaths, additional conditions will be at x = x;,: V(x,,,) = V,,, and
—V'(xp) = 0.

The simultaneous solution of these equations provides the necessary boundary conditions

for Poission’s equation.

3.4.2 Computations scheme and data

At any given location on Moon, the necessary input parameters are
To, Wy, X(A), fa, 0, niso, T, and M. For solar wind ions M, = max [1, M cos 9] is
assumed (Nitter et al., 1998). Following Nitter et al. (1998), M = 10 is taken in this study.
The minimum value of unity is taken to satisfy the Bohm sheath criterion (Bohm, 1949;
Nitter et al., 1998), that is applicable for Type C sheath. The unknown parameters are vy
and 71¢0. One additional unknown parameter is v,,, i.e., applicable for Type A sheath. To
determine these unknowns for Type B and Type C sheaths, one has to solve Egs. 3.15
and 3.17 simultaneously. For Type A, Egs. 3.15, 3.17 and 3.18 simultaneously describe
the desired unknowns, i.e. surface potential, minimum potential, and 7... After getting
these sheath features, vy, v, and 1.« are used to solve the Poisson’s equation (Eq. 3.3).

The attitudinal variation of normalized electric potential v(z) within the sheath can
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be obtained by solving Eq. 3.3 numerically with given boundary conditions. For Type A
and B sheath, there exist zero fields at the potential minimum. Integrating Eq. 3.3 from

v = vy, to an arbitrary v, using the condition (dv/dz) =0atz = zy = xp /Ay, We get

dv\? v
(dz) =2 ‘/vm 1’170 [nsi — Ngef — Nsec — Mpef — npec}dv = F(v). (3.19)

For Type B sheath, ns. = 0 and the positive square root of Eq. 3.19 is physically tenable.

The above equation reduces to

(%) = [Fato) ", (5.20)

For Type A sheath, 1. = 0 for z < z,, the positive square root is physically acceptable

and for z > zy;, npec = 0 negative square root is considered. In this case, one has

(%) = ()" 2z,

= —[FR(U)]UZ Z>Zpy.

(3.21)

The distance z,, can be determined by

Um
Zm = / v (3.22)
U

For Type C, at the potential minimum v,, = vg, but the field is not zero. So, inte-
grating Eq. 3.3 from v = 0 to an arbitrary v, using the condition (dv/dz) = 0 atz — oo,

one gets

dv 2_2 v1 dv=F 3.23
=) = /Ono[nsi—”sef_”sec_”pef] v=Fc(v). (3.23)

The negative square root gives the physically tenable solution. So,

<;hz’> — —[Fe(0)]"?. (3.24)

Depending on the different plasma populations, Poisson’s equation gives two pos-
sible solutions (i.e, Type A and Type B sheath) for a given value of 6 < 64_,c. The system
tends to seek a stable solution for the state with the lower potential energy (Guernsey

and Fu, 1969, 1970); Following Guernsey and Fu (1969), the total potential energy can be
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expressed as

- € [ av 2
u=-> (dx> dx. (3.25)

Replacing v = —eV /kTy, and z = x/ A4, Eq. 3.25 becomes

. €0 kTo 2 oo dv 2
U= <e>/0 <dz> dz. (3.26)

For sheath A, dv/dz is a double-valued function of v, this can be written as

o3 (Y[ e
_ /UO [pR(U)]”zdu} .

(3.27)

For sheath B

kTo\? [0
Up = —2% <e°> /UO [Fs(v)]"* dv. (3.28)

For calculations, a typical solar spectrum (the red curve of Figure 2.1), estimated
from FISM2 (Chamberlin et al., 2020), is used. Grobman and Blank (1969) reported the
regolith work function to vary in the range Wy ~ 4 — 6 eV for the region across the sub-
solar point and limb. For this analysis, Wy = 5 eV is taken. As discussed in Section 2.2.3,
the spectral dependence of the photoelectric yield of the lunar surface reported in Willis
et al. (1973) is used in the calculation. The temperature of the lunar surface is another
important factor determining the electron population available for photoemission within
the lattice. This is primarily determined by a dynamic balance between the power loss
from thermal radiation and emission cooling, as well as the absorbed solar radiation. Lu-
nar Reconnaissance Orbiter based Diviner Lunar Radiometer Experiment lunar surface
temperature varies within the range 400-150 K over the equator (6 = 0°) to the termi-
nator (0 = 90°) (Williams et al., 2017). The surface temperature’s latitude dependence
has also been taken into account in this analysis - for simplicity, an empirical relation
given by Mishra and Bhardwaj (2019) is used. Mathematically it may be expressed as
To(0) = To(6 = 0) [1 — () 6] . Here 6 is in radian.

Depending on the position of the Moon in its orbit, the ambient plasma param-
eter varies. Based on the LP measurements, Halekas et al. (2008) report the plasma pa-
rameters in terms of number density 7;,,, mean thermal temperature T, as follows: Solar
wind (0.5 — 10 cm 3,5 —30 eV); Plasma Wake (0.001 — 0.1 cm 3, 50 — 150 eV); SEP event
(0.001 —0.1cm ™3, 1keV); for Terrestrial magnetosphere: Tail lobe (0.001 — 0.5 cm 3, 0.1 <
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Figure 3.3: Surface (V) and dip (V},) potential variation with subsolar angle 6. For three
different photoelectron sheaths.

keV); Plasma sheet (0.01 — 1cm ™3, 0.1 — 2keV). The range of plasma density that covers
all solar activities lies in the range 1 — 100 cm 3 (Gosling et al., 1977; Shodhan et al., 1999)
is used for the present calculations. For solar wind electrons, terrestrial magnetosphere,
the terrestrial plasma sheet, Pierrard and Lazar (2010) report 2 < x¥ < 6. ¥ = 3 is consid-

ered for the present set of calculations study. Next, we illustrate the numerical results.

3.4.3 Surface and dip potential

The latitude () dependence of the surface (Vp) and dip (V},) potential is illustrated in
Figure 3.3 - all the three possible sheath profiles (i.e., Type A, B, and C) are discussed for
different values of n;,, and T,. The blue line illustrates the surface potential (Vp) varia-
tion for Type B sheath. Due to the significant photoemission current, it attains maximum
positive value at the subsolar point (6 = 0°, equator). The reduction in effective pho-
toemission flux with increasing 6, results in decrease in the positive value of the surface
potential. A marginal decrease in (1)) is observed for small 6 values, however, a sharp
drop is noticed for large 6 (> 80°). At a particular angle 6, i.e., Zero Potential Angle
(6zpa, B), the surface potential becomes zero, and Type B sheath diminishes beyond the
value of (0zpa, B)-

The red curve represents the 6 variation in the surface potential (negative) for the
Type C sheath that exists close to the terminator. Due to dominant solar wind electron

collection and reduced contribution of photoemission, the surface acquires a negative po-
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tential. At the terminator (6 = 90°), the photoemission flux becomes zero, and the surface
attains maximum negative potential. For smaller latitudes, the increase in photoemission
reduces the negative surface potential, and at latitude 6 4, ¢, the sheath changes from Type
C to Type A - here, the red curve joins orange and the green lines of Figure 3.3. For lower
values of 0 than 64_,¢ surface (Vp) and dip (V},) potential exists due to the presence of
a significant number of electron population near the surface. At 04_,c, Vo = V. As @
decreases from 04_, ¢, the values of Vj and V,, increases. The V,, always remains negative.
At a particular latitude, where the orange curve touches zero potential in Figure 3.3, V}
becomes zero and can be denoted as (6zpa, 4). For 0zpa a4 < 0 < 04_¢c, Vo takes nega-
tive values while for 6 < 6zps 4, V) is positive. The difference between the surface and
the dip potentials Vj — V;, approximately matches with the surface potential of Type B
monotonic sheath, and V — V},, decreases with 6. These potential structures are sensitive
to solar wind/ ambient plasma density (#,) and plasma temperature (T,). Due to in-
creasing accretion current, the lunar surface potential decreases with increasing 7;., and
Te. For Type A, V;;, develops to trap photoelectrons between the x = 0 and x = x;,, and
for x > xy,, it reflects incoming plasma electrons from infinity. So, the magnitude of V,,, in-
creases with increases T, to reflect plasma electrons with larger energy. But increasing 7o,
results in increasing positive ion flux along with electron flux. As a result, for the same
T., the magnitude of V, slightly decreases. For Type C sheaths, the surface might acquire
a more negative potential within increasing #;,, and T,. However, for 8 = 90°, photoe-
mission is zero, and the surface potential becomes independent of 7., and becomes more
negative for larger T,.

The potential structure (latitude profile) suggests the existence of an electric field
parallel to the surface directed toward the terminator. The electric field magnitude is weak
near the equator because of a small decrease in surface potential. However, in the Type
B potential structure, the field intensity increases near  ~ 80° due to a sharp decrease
in surface potential. A similar effect might be observed at lower 6 for Type A potential
structure. The field intensity increases up to the terminator due to the presence of sharp
potential structures of Type A and Type C sheaths. The strong horizontal field structure
may force the positively charged dust particles near the surface to go toward the termi-
nator.

The variation of 84_,c, 0zpa, o, and 8zpa, g with plasma density and electron tem-

perature are shown in Figures 3.4 and 3.5, respectively. The results can be understood

in terms of the increasing influence of solar wind electron collection current. It is also
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noticed that all the characteristic angles decrease with increasing plasma density Figure
3.4. The difference between 67p4 4 and 67p4 p arises due to the presence of V,, for Type A
sheath which increases the effective barrier height for the photoemission. It lowers photo-
electron population density for a smaller value of 8 for Type A sheath whereas, at 0zpa, g,
Type B sheath diminishes. As the plasma density increases, a sharp decrease in these
three angles are noticed. A slight difference between 64_,c and 6zp4, g have been noticed
for higher values of 71;o, (>~ 20cm™~3). This finite difference may be attributed to the fact
that in this regime, the ions enter into the sheath with a drift speed of up cos 9, i.e., greater
than the Bohm speed and M, takes values > 1. As a result, Eqs.(3.15), (3.17), and (3.18)
derives slightly different 04_,c than 8zps . The effect of My > 1 on 6zps, 4 can also be

seen by the black curve in Figure 3.4.

Figure 3.5 shows that due to the higher electron temperature and subsequent elec-
tron collection flux decreases the values of 0 4_.c, 0zpa, 4, and 8zpa, . For the smaller value
of T, it is noticed that the three angle matches corresponding to V};, = 0 - it indicates Type
A and Type B sheaths coincide and only Type B and C sheaths exist for smaller values of
T.. The angle 0zpa, 4 sharply falls with increasing T.. The black curve in Figure 3.5 also
indicates that for some value of T,, 0zp4, 4 may reach to zero and the entire surface of the
Moon may acquire negative potential. This scenario may exist during the Moon’s surface

interaction with CMEs, or Earth’s magnetospheric plasma.

Figure 3.6 illustrates the surface (V) and minimum (V,,) potentials, respectively
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Figure 3.7: The variation of Vy, V},, with M. Other parameter used: n;., = 5 cm 3, T, =15
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for Type A & B, as a function of x. Vj and V;, noticed to be decreases with increasing
k. Because as x increases, the contribution of the thermal electrons in the incoming solar
wind flux increases, which makes V;, more negative and reduces V. As «k reaches higher
values, the solutions reach the Maxwellian solar wind derivation.

Figure 3.7 shows the surface (V) and minimum (V,,) potentials, respectively for
Type A & B, as a function of M. Since ions are massive, increasing M slightly increases
positive ion flux; as a result, Vj for Type B slightly increases. For Type A, Vj and V,, were
noticed to increase with increasing M. The increase was rapid between the M values of 1

to 2.

3.4.4 Sheath structure

The sheath features in terms of altitudinal /latitudinal dependence of the electric potential
and electric field within the lunar sheath are explored - these parameters are effectively

considered responsible for the plasma and dust transport over the lunar surface.

3.4.4.1 Type C sheath

Figure 3.8 illustrates the Type C sheath. The black line represents the altitude profiles of
the electric potential and field corresponding to 6 = 90°, i.e., at the terminator, where
the photoemission from the surface is absent and solar wind plasma solely dominates the

charging. For a typical solar wind plasma, viz., i = 5 cm 3, T, = 15 eV, the surface
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Figure 3.8: Altitude profiles of the (top) electric potential and (bottom) field intensity
within Type C sheath over the lunar surface for different values of solar latitude 6 near
the terminator. SW parameter used: 11/, = 5 cm 3, T, = 15eV.
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parameter used: 1, = 5 cm 3, T, = 15eV.

acquires ~ — 67 V. This negative potential is screened out by the solar wind positive ions
and a usual Debye sheath forms in the vicinity of the terminator. The sheath terminates
(i.e. surface potential becomes zero) at an altitude around ~ 100 m. As 6 decreases be-
low 90°, due to an increase in surface temperature and effective photon flux, the positive
nature of the surface potential increases. Figure 3.8 shows that the screening length de-
creases with decreasing . Amonotonically decreasing electric field (in magnitude) profile
is also noticed in the bottom panel of the Figure 3.8 near the terminator. Qualitatively, the
top panel of Figure 3.8 suggests the horizontal electric field is directed towards the termi-
nator when 6 approaches to 90°. The transition of Type C to Type A sheath is illustrated
in Figure 3.9. The top panel of Figure 3.9 shows the screening length increases as 6 ap-
proaches ~ 88.18°, i.e., (64_c). The bottom panel of Figure 3.9 illustrates the altitude
profile of the electric field near the C to A transition. At 6 ~ 88.18°, the surface electric
field becomes zero. This is the point where Type C sheath transforms into a Type A sheath,
and non-monotonic electric field structures are noticed to form near this transition angle.
The top panel of Figure 3.9 suggests as 6 approaches near C to A transition, the horizon-
tal electric field remains directed towards the terminator nearby surface. But after, at an
altitude (where the blue line intersects the red line, and the red line intersects the black
line in the top panel of Figure 3.9), the field direction switches towards the equator. These
oppositely directed field structures may give rise to complex dust/ plasma dynamics.

The nature of electric potential and field structure of Type C sheath can be under-
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stood from the altitude profiles of space charge densities given in Figure 3.10. The green
and red dashed lines represent the altitudinal variation of ion and electron densities for
8 = 90°. The ion density decreases towards the surface because of constant ion flux (see
Eq. 3.14). The electron density also decreases near the surface because of larger repulsion
due to higher negative potential. For the Debye sheath, the ion density remains greater
than the electron density throughout the sheath. For 6 = 89° (dotted line in Figure 3.10),
photoelectrons also contribute to the space charge density within the sheath. Since the
photoelectron flux is constant throughout the sheath, the photoelectron density is higher
near the surface and decreases with increasing height. Despite the presence of photo-
electrons within the sheath, the total electrons within the sheath remain smaller than ion
density for 0 = 89°. As a result, the electric potential and field structures follow the De-
bye trend. But for 6 = 88.18°, photoelectron density increases, which leads to a negative
net space charge close to the surface (see the red and green solid line in Figure 3.10). Due
to this double-layer structure, the electric field first decreases in the net negative space
charge region. Thereafter, ion density dominates, and the electric potential and field in-
crease and screen out to zero. As a result, the screening length increases as one approaches

towards 64 _,c.

3.4.4.2 Type A and B sheath

For the typical solar wind parameters 11;o, = 5cm 2, T, = 15 eV, Figure 3.11 shows that for
6 < 88.18°, the sheath structure depicts Type A sheath. A potential minimum develops
within the sheath (top panel of Figure 3.11). At the location of the potential minimum, the
electric field becomes zero (middle panel). This can be understood from the electron and
ion population within the sheath, which has been illustrated in the bottom panel of Figure
3.11. In the region between the surface and the location of the dip potential x,,, a negative
space charge region exists. This results in decreasing trend of electric potential from Vj at
the surface to V;, at x,,,. Thereafter in the positive space charge region x > x,,, ions screens
out the negative potential and the Type A sheath terminates. It suggests a double-layer
structure within the Type A photoelectron sheath. Near 6 ~ 88.18° the surface potential
remains negative. However, for 6 < 83.77°, the surface becomes positively charged. The
location of the x;, differs slightly for different values of . The screening length is noticed
to be higher near 64_,c, and decreases while decreasing 0. This can be attributed to the
lower ion density available for the screening V,, for higher values of 6, which suggests

sheath termination at larger altitudes. Overall, we note that Type A sheath is extended
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up to ~ 80 — 100 m. The ion density is noticed unchanged from 7., for lower values of 0,

whereas a marginal variation is noticed near the surface for higher 6 values.

Figure 3.12 represents Type B sheath solution for different 6 values, i.e., monoton-
ically decreasing sheath for the positively charged lunar surface. Type B sheath is ob-
served to sustain within 12 m altitude from the surface - note, it is significantly smaller
than Type A sheath. This can be understood from the space charge density within the
sheath. The bottom panel of Figure 3.12 depicts that the photoelectron density is higher
than solar wind electron density contribution throughout the sheath. Moreover, the net
electron density is larger than the solar wind ion density throughout the sheath and sat-
isfies the boundary condition, i.e., it matches the ion density at the sheath edge. Hence,
the photoelectron-dominated negative space charge region exists for the Type B sheath,
which screens out the positive electric potential at a much faster rate than that in the
case of Type A. The corresponding latitudinal/ altitudinal variation of Type B sheath’s
electric potential and field structures have been shown in the top and middle panels of
Figure 3.12, respectively. The screening length is noticed to slightly varies with increasing
6 from the subsolar point (§ = 0°). The value of the positive surface potential is observed
maximum at the subsolar point - it corresponds to the maximum photoemission flux at
(8 = 0°). As the analysis suggests, the effective barrier height (i.e., Wy + eVj) describes
(corresponds to free photoemission flux) the relevant photon spectrum for surface charg-
ing. For instance, for typical solar wind plasma and observed photon distribution, the
surface at 8 = 0° acquires Vp ~ 8.1 V in the steady state, and hence the photons with
energy Ey > Wy +eVp ~ 13.1eVie. A < 95 nm contributes to the free photoemission
flux and are effective radiation for the surface charging. This indicates that high energy
spikes of the solar spectrum are eventually responsible for developing a steady-state elec-
trostatic environment over the lunar surface. This potential screens out over an altitude

of 12 m.

For higher values of 6, the effective photoemission flux and population density de-
creases as the photon flux available for electron emission decreases by a factor of cos 6.
Additionally, the decrease in the regolith temperature with 6 determines the electron pop-
ulation available for emission within the lattice, which also assists this effect. As a result,
the surface potential decreases with increasing 6. Lower surface potential introduces a
smaller potential barrier for photoemission. For instance, for 6 = 80°, Vj ~ 4.6 V and
photons with energy E, > 9.6 eV (i.e.,, A < 129 nm) contributes for free photoemission

flux. The bottom panel of the Figure 3.12 represents that the photoelectron population
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Figure 3.13: Latitudinal variation of the vertical electric field at different altitudes.

density is distributed to a larger altitudinal extent at higher 6 values which corresponds
to lower surface potential. For instance, the photoelectron density at the sheath edge is
higher for § = 80° (dashed line) with respect to 6 = 0° (solid line). The net electron density
(photoelectron plus solar wind plasma contribution), which causes the surface potential
screening, however, shows the monotonic altitudinal/ latitudinal decrease and suggests
the reduced screening length with 0 for Type B sheath. The sharper decay in the potential
in the vicinity of the surface (lower altitudes) can majorly be attributed to the photoelec-
tron population. The middle panel of Figure 3.12 suggests that positively charged parti-
cles/ ions always exhibit a vertical push due to decaying positive field structures in Type
B sheath. On the contrary, this push might differ for Type A sheath around x > x,, due
to field reversal (see Figure 3.11). Considering the field structures, a significant difference
in the particle/ plasma transport is anticipated for the two kinds of sheaths (i.e., Type A

and Type B).

Figure 3.13 shows the latitudinal variation of the electric field at different altitudes
for Type A and Type B sheaths - this information is extracted from the Figures 3.11 and
3.12. For njeo = 5cm ™3, T, = 15 eV the field is noticed to vary with a slower rate between
the subsolar point and mid-latitudes, while as it approaches 04_,¢c observable variations
have been noted. We see, the field remains positive for the Type B sheath - it suggests
that a positively charged particle/ plasma population is always pushed latitudinally to-
wards the terminator (upward) for all 6 values up to 6zp4 g. Due to varying decay rates,

the bunch is pushed with a higher force near the equator, and its magnitude decreases
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Figure 3.14: Altitude profiles of electric potential and field at different values of 6. For
different sets of plasma parameters.

as one moves toward the terminator. We realized the field intensity takes negative val-
ues at higher latitudes and altitudes (i.e., near 0zpa 4) - it suggests that the electrostatic
push reverses its direction on these locations and decelerates the particle/ plasma move-
ment latitudinally. This push might reverse the direction of the plasma/ particle trans-
port (towards the equator) if this effectively neutralizes the forward movement through
a positive electric field. This latitudinal field reversal in the case of a stable Type A sheath
might again be a source of complex dust/plasma dynamics within the sheath on the lunar

surface.
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Figure 3.15: Altitude profiles of electric potential and field at & = 80°. For different sets of
plasma parameters.

3.4.4.3 Effect of plasma density and temperature variation

The effect of varying solar wind plasma parameters is shown in Figures 3.14 and 3.15.
The blue and red lines refer to variations in solar wind ion density, while the red and
black lines highlight the effect of solar wind electron temperature variation on the sheath
structures. A usual Debye sheath forms at the terminator, i.e.,, 8 = 90°. At 0 = 90°, the
quasineutrality condition (Eq. 3.15) at infinity gives 7. (c0) = n4(o0). With this, the cur-
rent balance equation (Eq. 3.17) becomes independent of the plasma density, and hence,
the surface potential becomes independent of the plasma density (Red and Blue lines in
Figure 3.14a). With the increase in the electron temperature, higher electron accretion flux
leads to a more negative surface potential - it is illustrated by the black and red lines in
Figure 3.14a. Moreover, since the screening length of the Debye sheath is proportional
to the square root of electron temperature and inversely proportional to the square root
of plasma density. Hence, for high temperatures, the screening length increases (red and
black lines in Figure 3.14a) while the same negative potential is screened out at lower al-
titudes for higher plasma density (red and blue lines in Figure 3.14a). Due to this sharp
change in sheath electric potential, the electric field profile is shown in Figure 3.14b - it

becomes more negative with increasing plasma density. The variation of 64_.c, 0zpa, 4
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on plasma parameter has illustrated in Figures 3.4 and 3.5. Figures 3.14c and 3.14d show
the electric potential and field structures of the sheath at 64_,c. The trend for the sur-
face potential variation remains approximately the same for the varying plasma density.
The electric potential, however, is noticed to screen out at a lower altitude for the higher
plasma density - it may be attributed to the higher contribution from the solar wind ions
within the sheath, which screens the potential faster. An increase in electron temperature
makes the surface potential more negative and requires a higher altitude to screen out the
potential effect. Figure 3.14d shows that due to higher plasma density, the electric field
(blue line) falls sharply and then rapidly increases to zero (at the sheath edge). It implies
the negative space charge region decreases with increasing ion density. On the contrary,
increasing the electron temperature increases the thickness of the negative space charge
region due to the large repulsion by the negatively charged surface. The magnitude of
the negative optimum electric field depends on the net electron (photoelectron and solar
wind electron) density and its latitude dependence (i.e., cos 0 4_,¢c). Figures 3.14e and 3.14f
illustrates the sheath characteristics corresponding to zero surface potential. The sheath
features for x > x;, are similar to the sheath formed at the transition angle 64_,c. For
x < X, the presence of a negative space charge decreases the potential as the altitude in-
creases. It is noticed that V;, becomes more negative while decreasing the number density
or increasing electron temperature. This can be understood from the location of 67p4, 4 for
a particular set of parameters. Since 67p4 4 decreases with increasing plasma density, the
increasing photoemission flux results in a less negative value of V,, at lower 68zpa, 4. More-
over, the increasing electron temperature increases the electron accretion flux; this results

in a more negative V,, in order to balance the flux by repelling the incoming electrons.

Figure 3.15 represents the Type A, and Type B sheath features at 8 = 80°. An in-
crease in the plasma density and temperature increases the electron accretion flux, which
results in a decrease in surface potential for both the Type A and B sheaths. For Type A
sheath, the parametric dependence of V;, and other features can be understood as follows:
For Type A, V;, develops to trap photoelectrons between the x = 0 and x = x,, creating
a potential well of Vy — V;, > 0, and for x > x,,, V), reflects incoming plasma electrons
from infinity. So, the magnitude of V,, increases with increases T, to reflect plasma elec-
trons with larger energy (see the black curve in Figure 3.15a). But increasing e, results
in increasing positive ion flux and density along with electron flux within the sheath. As
a result, for the same T,, the magnitude of V,, slightly decreases to accommodate addi-

tional electrons within the sheath and to maintain the quasi-neutrality at the sheath edge.
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Due to higher ion density, V;, is screened out to a relatively lower altitude (see the blue
curve in Figure 3.15a). The dependence of the screening length of the Type B sheath and
length x;, of the Type A sheath on plasma parameters can be understood as follows: higher
plasma density refers to the availability of a larger electron population near the surface,
which reduces the potential faster with the altitude. The higher temperature of electrons
decreases the positive surface potential with higher electron accretion, and the smaller

positive surface potential screens out at a relatively lower altitude.

3.4.4.4 Electrostatic Energy for Sheaths A and B

We note from the analysis that for certain 6 values, solutions for both Type A and Type B
sheath exist - it is essential to comment on the stability of the sheath. Note that, having
net negative potential energy, both the solutions of Poisson’s equation are valid. How-
ever, the solution with higher potential energy is a short-lived metastable solution which
ultimately transforms into the low energy stable state (Guernsey and Fu, 1970). Table 3.1
gives the parametric variation of the ratio of the total potential energy of Type B and Type
A sheath (Up/U,) at different latitudes derived using Egs. 3.27 and 3.28. Note, both U,
and Up have negative values and refer to stable solutions. The condition Ug/Uy < 1
suggests a more stable Type A sheath, whereas Up/U, > 1 suggests that Type B sheath
is more stable. Our calculations suggest that for nominal solar wind, the potential energy
of non-monotonic sheath (Type A) near 6 4_,¢ is less than the monotonic (Type B) solution
- it suggests, Type A sheath is more probable over these locations. However, the numer-
ical results show for smaller values of the plasma parameter (e.g., 1st column, Table 3.1),
both Type A & Type B solutions are equally probable near the equator. For higher values
of plasma density and temperature (i.e., typical solar wind plasma), the ratio becomes
slightly less than unity near the equator (e.g., 2nd column, Table 3.1), which illustrates
that Type A sheath becomes more stable while a more stable Type B sheath is noticed
over mid-latitudes. The possibility of Type B sheath decreases further with increasing

plasma density and temperature (3rd column, Table 3.1).

3.4.4.5 Comparison with Maxwellian photoelectrons

In Chapter 2, the importance of photoelectron VDF has been highlighted. Figure 3.16 illus-
trates the comparison between the Type A sheath characteristics considering Maxwellian

and Fermionic photoelectrons. Following Nitter et al. (1998), the Maxwellian VDF for
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Angle (0) nj =5cm > 1 = 10cm ™3 7j = 5cm

(degree) T, =15eV T, =15eV T, =30eV

0° 1.00 0.97 0.92
20° 1.00 0.94 0.92
40° 1.00 1.01 0.97
60° 1.01 1.02 1.01
80° 1.01 1.02 0.94

82.5° 0.96 0.92 0.82
85° 0.77 0.43 0.51

Table 3.1: Ratio of the total potential energy of Type B and Type A sheath (Up/Uy,) for
different values of 6.

photoelectrons can be written as

3/2 _
m } exp[ e e(V(x) VO) Pu, (3.29)

3., e _
fylw) du = po [ZHkTp o*T, T KT,

where T), is the photoelectron temperature, and np0/2 is the photoelectron density es-
caping from the surface at x = 0. Using the above distribution, the potential structure
corresponding to Maxwellian photoelectrons can be derived for a certain set of input
parameters. However, since there is no constraint on the choice of photoelectron tem-
perature, different choices of T, give rise to different numerical estimates of the sheath
structure as shown in Figure 3.16. The assumption of a higher photoelectron temperature
leads to overestimation of the lunar surface potential and underestimation of the photo-
electron density in the vicinity of the lunar surface. In contrast, the present study does not
assume any photoelectron temperature. Rather, it derives the mean energies of emitted lu-
nar photoelectrons using the self-consistent mechanism of photoelectron generation and
subsequent sheath formation. Hence, this model provides a more accurate prediction of
the potential structure around the Moon. The comparison shows a significant difference
in potential structure, but the field strength within the sheath varies slightly around 0.1
V/m. However, this value is important as it significantly affects the behavior of charged
dust dynamics within the sheath. Furthermore, the range of the upward-directed electric
field and the altitude where the field reverses differ by several meters, which results in
significant variations regarding the lofting and subsequent levitation of lunar dust. The

dust charging and dynamics are discussed in detail in Chapter 6.
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Lyman « FISM?2
Type B
6 =0° Vo =23V Vo=73V
0zpA,B 60.7° 86.3°
Type A

6 =0° Vo =147V Vo=642V
Vm=-059V V,, =-064V

GZPA,A 48.6° 82.2°
Viu=—077V V,=—-227V
Oasc 58° 86.3°

Ww=-081V Vy=-313V

Table 3.2: Comparision between the photoelectron sheaths derived using only Lyman a
radiation and FISM2 spectra. SW parameter used: 1o, = 10 cm 3, T, = 15eV.

3.4.4.6 Lyman « vs other EUV photons

It is interesting to point out that though Lyman a radiation (121.57 nm) dominates the
EUV photons in the typical solar spectrum (~ 80%, Bauer (1973)), the other high energy
spikes (other than Lyman «) also significantly contribute to the lunar surface charging
(Figure 2.1). To illustrate this fact, we compare the sheath parameters derived using only
Lyman « radiation and the complete EUV spectrum from FISM2 spectra in Table 3.2 -
a significant difference in the two cases due to varying photoemission flux is observed.
For instance, the Lyman « photoemission flux is one order of magnitude smaller than the
total FISM2 photoemission flux. As depicted in the analysis, for the positively charged
surfaces, the effective potential barrier for the free photoemission flux is Wy + V. In the
case of full FISM2 spectra (for 8 = 0°), the steady-state surface potential is larger, and
due to a larger potential barrier, the particular Lyman a spike becomes ineffective, and
contribution primarily comes from high energy photons for the photoemission. Due to
the small photoemission flux for Lyman « radiation, the critical 6 values shift towards the
equator (i.e., lower 6 values). The smaller magnitude of V,, can be attributed to less num-
ber of photoelectrons available near the surface for only Lyman & consideration. Table 3.2

summarize the sheath parameters and demonstrate the effect.

3.4.4.7 Some exotic cases

In each lunar orbit, the Moon passes through the Earth’s magnetosphere tail lobe and
plasma sheet for a short duration. Following Halekas et al. (2008) for ambient plasma pa-
rameters, the sheath features have been derived and are shown in Table 3.3. Due to high

electron temperature, a sufficiently high negative charge (~ kV) development is noticed at



3.4. Numerical Result and Discussions

89

Tail lobe Plasma sheet
Niw =05cm ™3 fj=1cm™3
T, =100 eV T, = 1keV
Type B
0 =0° Vo =109V Vo=98V
0zpa,B 89.8° 89.5°
Type A

6 =0° Vo=-065V Vy=-1472V
Vi =-1064V V,, = -1549V

0zpa,a - -

04 .c 89.6° 87.9°
Vo=-439V Vo= -5709V

Type C

0 =90° Vp=—4468V Vy= —44682V

Table 3.3: Typical Lunar photoelectron sheath properties for Earth’s magnetospheric tail
lobe and plasma sheet parameters.

the terminator (6 = 90°). This negative nature of the surface potential decreases sharply
by one order magnitude at Type C to Type A sheath transition angle. Moreover, 04_,c is
very close to the terminator, which illustrates the existence of a large electric field paral-
lel to the surface. This large horizontal electric field may lead to complex dust/plasma
dynamics near the terminator. Intuitively, this strong electric field may drive positively
charged dust particles towards the terminator. In a recent article, Popel et al. (2022) have
suggested the Lorentz force connected with the magnetic field of the Earth’s magnetotail
can drive the charged (positive) dust towards the equator. We suggest that this motion
may be affected by such a high electrostatic Coulomb repulsion. In certain conditions,
it might overcome the u x B effect of the Earth’s magnetotail and may divert the mo-
tion towards the terminator. As the Moon passes through the magnetotail, the surface
potential at the equator for the Type A sheath becomes negative. Note that though the
photoelectron-dominated Type B sheath solution also exists with positive surface poten-
tial over the sunlit locations for this plasma conditions, Type A sheath (negative surface
potential) is found to be a more stable solution at the equator and double layer solution
exists throughout the region. It suggests that under certain conditions, the entire surface
of the Moon acquires negative potential. Under highly exotic plasma environments with
high negative surface potential (especially when the Moon passes through the plasma
sheet), in situ instrument operation and roving activities become challenging even over

the sunlit Moon.
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The present study brings out some intriguing physics effects on the photoelectron
sheath structure over Moon under different plasma conditions. The analysis, however, is
based on certain simplified assumptions, and here we brief these limitations and discuss
their possible effects. The surface irregularity is neglected in the analysis, which might
lead an inhomogeneous photoelectron sheath over the lunar surface. Moreover, the effect
of levitated dust particles has been ignored in the lunar photoelectron sheath formation -
it is justified by considering very low dust density within the lunar sheath (~ 1073 cm~3,
Popel et al. (2013)). However, the levitated dust may marginally affect the electron density
population within sheath due to photoemission from dust. Intuitively, in turn, it may
decrease the sheath expansion of the monotonic Type B sheath and reduce the value of
X, for the Type A sheath. On the contrary, the Type C sheath thickness may increase due
to the increase in photoemitted electrons. The role of magnetic anomalies and Earth’s
magnetic field is not considered in this formulation. The presence of a magnetic field
may affect the charging currents and limits the applicability of the present theory in the
magnetic anomaly region. Despite these limitations, this analysis gives a rational solution

and enriches the understanding of sheath physics.

3.5 Summary

A theoretical model describing the photoelectron sheath structure on the Moon'’s sunlit re-
golith has been developed. The formulation includes observed solar EUV/UV spectrum
(FISM2), solar wind plasma, measured photoelectric yield, and Fermionic nature of the
photoelectrons as novel features which are consistently accounted for solving the Pois-
son’s equation to determine the photoelectron sheath properties. The quasineutrality and
flux balance at the sheath edge are used as boundary conditions to derive the intermediate
parameters, viz., surface potential and optimum (minimum) potential, which are further
integrated as a basis to derive altitudinal and latitudinal profile of the sheath electric po-
tential/ field by solving Poisson’s equation. The analysis brings out the possibility of
monotonic (Type B & C) and non-monotonic (Type A) sheaths (shown in Figure 3.1) over
the sunlit Moon - their occurrence is found sensitive to the solar radiation (spectrum),
solar wind (ambient plasma density) and surface (photo-efficiency) parameters.

A finite region near the terminator where the photoemission contribution is
marginal, the surface acquires a negative charge due to dominant solar wind/ ambient

plasma interaction. In this condition, a typical Debye sheath (Type C) forms that can
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stretch up to ~ 100 m vertical altitude depending on ambient plasma conditions. As
one moves away from the terminator latitudinally, the contribution from photoemission
increases, transforming the sheath structure to a non-monotonic type (Type A) where po-
tential minima exist close to the surface. The potential minimum always takes negative
values, and it forms just on the surface (x,, = 0) when the sheath transits from Type A
to Type C. In the case of Type A sheath, the surface potential takes positive magnitude
near the equator and negative values near the terminator, whereas a ~ 60 m and ~ 120 m
vertical extension of the sheath, respectively, are observed for nominal solar wind plasma
condition. Along with Type A sheath, Poisson’s equation also gives a monotonically de-
creasing sheath (Type B) solution. Type B sheath solution predicts a photoelectron sheath
with smaller thickness, for instance, ~ 12 m, compared to Type A sheath. For normal
solar wind conditions, the non-monotonic (Type A) sheath is noticed to be stable near the
terminator region, while both types of the sheath are equally probable near the equator
region. We also noticed that under exotic plasma conditions, for instance, when the Moon
passes through Earth’s magnetotail/ magneto sheet, Type A sheath becomes more stable,
and under certain conditions entire sunlit Moon be at negative potential. Moreover, in
contrary to the preconceived notion, we also conclude that the high energy photons of
the solar spectra other than the Lyman- « spike also contribute significantly in determin-

ing the surface charge and subsequent sheath structure.

A few specific physical scenarios are considered for the illustrations of the concept
presented herein; however, the analysis is self-consistent and is very well applicable for
resembling physical conditions. The passage of the Moon through different plasma condi-
tions (like solar wind, Earth’s tail lobe, Earth’s plasma sheath, and SEP /CME event) yields
exotic electrostatic configuration on Moon - a specific case of the Moon transit through
Earth’s magnetosphere is undertaken in this analysis. It suggests complex surface charg-
ing and sheath structure over the sunlit lunar globe, and its understanding could be help-
ful for the mitigation of electrostatic challenges for efficient instrument operation on lunar
modules under such conditions. The landing sites candidates of the ARTEMIS are clus-
tered near the Moon’s south pole. According to this analysis, the surface of these locations
acquires around negative 50 — 60 V for the nominal solar wind conditions. However, as
the Moon passes through Earth’s magnetosphere, the negative potential may reach to
a few hundred to thousand volts at these locations - the subsequent plasma behaviour
and charging effects could be detrimental for the instrument/electronics operation, and

it needs to be equipped with essential rectification scheme for such campaigns. The in-
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vestigation carried out herein is of practical implications in conceptualizing the test ex-
periments in labs and designing the possible experiments with lunar modules for future

lunar missions.



Chapter 4

Sheath structure around
Chandrayaan 3 landing site: A case

study

4.1 Introduction

The successful landing of Chandrayaan-3 (Ch3) showcased India’s end-to-end capabili-
ties of safe lunar landing and rover exploration. This mission intends to advance our un-
derstanding of the Moon and nourish the path for future interplanetary missions. With
many advanced scientific payloads, Ch3 contributed to lunar exploration by (i) demon-
strating a safe and soft landing on the lunar surface, (ii) demonstrating the rover’s mobil-
ity and capability for in-situ exploration, and (iii) conducting in-situ science experiments.
This mission’s success is a significant step forward in India’s lunar exploration program.
Being an airless body, Moon is exposed to the harsh space plasma conditions, which gen-
erates a complex plasma/ electrical environment in the vicinity of the lunar surface locally
— depending on plasma conditions and solar activities, this electrical environment could
be intense and deleterious to the onboard instrument operation and electronics (Farrell
et al., 2008; Halekas et al., 2011¢; Jackson et al., 2011, 2015; Zakharov et al., 2020). Dur-
ing the expedition, Ch3 resides within this complex plasma environment on the lunar
surface. The knowledge of the environment might be helpful for the risk assessment, rec-
tification, test-bed experiments, and interpretation of upcoming Ch3 data connected with
the plasma environment.

As discussed in previous chapters, the Moon passes through various plasma pop-
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ulations. In Chapter 3, it was established that for nominal solar irradiation conditions,
the photoelectron sheath could stretch up to 10 to 100 m from the equator to the termina-
tor, respectively. Any object residing within this non-neutral space region interacts with
the local plasma environment and charged particles within the sheath, which eventually
results in a charge development on the object (Farrell et al., 2008). Moreover, the objects
roaming on the charged lunar dusty surface (regolith-wheel interaction) might acquire
huge charge acquisition due to frictional (triboelectric) charging — due to the lack of a
significant dissipation mechanism, particularly around terminator where photoemission
is marginal/ absent, it may be as large as millions of volts (Rhodes et al., 2020; Mishra and
Sana, 2022). It could be disastrous for instrument operations (Jackson et al., 2011, 2015;
Rhodes et al., 2020; Mishra and Sana, 2022). In fact, the local plasma environment has a
major impact on excessive charge dissipation, and its understanding is warranted to op-
timize the rover movement and onboard experiments. (Farrell et al., 2008; Jackson et al.,
2011, 2015).

Ch3 launched on 14th July 2023 and successfully landed on 23rd August 2023 with
a mission life of 14 Earth days. The landing site (LS) is located at the nearside, close to
the south pole (69.367621° S, 32.348126° E (Indian Space Research Organisation (ISRO),
2023a)). This chapter aims to investigate the plasma environment over the lunar surface
around the Ch3 LS. Note, during the operation time of two weeks, the solar illumination
and plasma parameters change at the Ch3 LS, which leads to a temporal variation of the
surface potential and subsequent altitudinal profile of the plasma environment (i.e., char-
acterized by the electric field and potential). This dynamic temporal variation could be
crucial in shaping the outcomes of the measurements of onboard scientific experiments
(for instance, Langmuir probe), which are the key to providing valuable insights into the
lunar plasma environment. This analysis brings out an assessment of the local plasma
environment over LS, which will be faced during Lander/rover operations, and it could

be utilized further in interpreting the Ch3 measurements.

4.2 Illumination condition on the Ch3 LS

The Ch3 LS is located at 69.367621° S, 32.348126° E (Indian Space Research Organisation
(ISRO), 2023a). As discussed, the charging and electrostatic environment critically depend
on the degree of photoemission, which varies with the solar zenith angle (sza) (Mishra

and Bhardwaj, 2019) and the local plasma conditions, the time variation of the sza is one
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South Pole

Figure 4.1: Geometrical representation of Solar Zenith Angle (6;;, = ZAOB). A: Subso-
lar Point, B: Landing Site (LS, red dot), C: (Latitude, Longitude) = (0°,0°), D: Intersect-
ing point of the LS’s meridian with the equator. The angles, h = ZAOC: hour angle,
A = ZDOB: latitude, ¢ = ZDOC: longitude, and w = ZAOD: the angle between the
meridians of subsolar point and LS. The black arrow near point B represents the direction
of LS shift over time due to the Moon’s rotation about its axis in due course of its orbital
motion around Earth.
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Figure 4.2: South polar orthographic projection of orbital motion of Moon around Earth

(point E). Ty: Time of the full Moon. Att = Ty, point C reaches A. The yellow bullet
point is the location of the Ch3 LS. The hour angle h = n%. The LS remains under

solar illumination for approximately half-day before (T — 9) Days (local dawn) to half-
day after (T + 4) Days (local dusk). (Not to scale)
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Figure 4.3: Variation of 6s,, of Ch3 LS with time. Sunshine will be available for this du-
ration only to operate the solar panels. T is the time of the Full Moon. The vertical lines
separate different regions, SW: Solar Wind, MSH: Magnetosheath, MS: Inner magneto-
sphere.

of the key parameters defining the plasma environment over Ch3 LS. We first discuss and
derive the solar zenith angle at Ch3 LS using the lunar orbital parameters. The Moon
possesses an elliptical (nearly circular) orbit around the Earth with a revolution period of
27.3 days and a synodic period of 29.5 days. The orbital plane of the Earth-Moon system
is slightly different from the Sun-Earth plane and has a small axial tilt. For simplicity in
the calculation, we neglect the axial tilt and axial shift, and assume the circular orbit is
of the Moon with the revolution and synodic period of mean 28 days. Based on these
presumptions, Figure 4.1 illustrates the solar zenith angle 0,,, of a given location on the
Moon that is described by latitude (A) of the site and the angle w. Following geometry

in Figure 4.1, the unit vector along OB can be written as
1 =cos Acosw X +cosAsinwy+sinAZ. (4.1)

The direction of unidirectional solar illumination is along 1@ in the x axis, thus one has

A

X - ﬁ = COS Gsza , (4.2)

or,

cos 0s,; = cos A cosw, 4.3)

where w depends on the hour angle & and longitude ¢ of the given LS; & is the angle
between the meridian (point A) and the prime meridian (longitude 0°, point C). Note, h
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depends on time, e.g., 0° for full Moon, and from Figure 4.2, h = £90° are the locations of
the first and last quarters. Based on Figure 4.2, we set reference time Ty for a full Moon,

and thus one has

w = h—¢ for T <Ty, (4.4)
w = ¢ for T =Ty, (4.5)
w = h+¢ for T > Ty. (4.6)

Figure 4.2 suggests that the Ch3 LS will be illuminated by solar radiation from the half
day before Tr—9to half day after Tr+4. The variation of 6,,, in this due course is shown
in Figure 4.3 for different time frames with respect the full moon. As evident from Figure
4.3 that when Moon enters the tail lobe, 0, is nearly 70°, within the plasma sheet, the 6;,,
varies approximately between 70° and 80° and when Moon leaves the tail lobe 6., varies

approximately between 80° and 85°.

4.3 Plasma parameters around Ch3 LS

As the Moon orbits around the Earth, it passes through various plasma populations. In
the operation time of Ch3, the LS passes through solar wind plasma as well as through the
Earth’s magnetospheric plasma. The plasma conditions at the Ch3 LS is highly dynamic
and subject to significant variability. As a result, it is expected that a complex electric
potential structure develops in the vicinity of the LS. Understanding the nature and char-
acteristics of this plasma population and potential structure is important for interpreting
Ch3 data connected with the plasma environment, as the potential structure determines
how does the plasma and the charged dust particles interact with the rover/lander sur-
faces and onboard instruments.

To simulate the realistic scenario, data from the ARTEMIS P2 spacecraft (former
THEMIS-C probe) is used as an input plasma parameter (Angelopoulos, 2011). The data
of the THEMIS mission is available on http://cdaweb.gsfc.nasa.gov/cdaweb/istp_
public/. We choose a long time pass between 17th January 2013 and 31st January 2013,
covering typical plasma parameters near the Ch3 LS based on (Vaverka et al., 2016). The
data have been resampled to 1-hour equidistant intervals with a reference time Ty = 27th
January 2013 04:30UTC (date and time of full Moon). Figures 4.4 and 4.5 illustrate a typ-

ical plasma density and temperature variation near the illuminated Ch3 LS. Due to the


http://cdaweb.gsfc.nasa.gov/cdaweb/istp_public/
http://cdaweb.gsfc.nasa.gov/cdaweb/istp_public/

98 Chapter 4. Sheath structure around Chandrayaan 3 landing site: A case study

MSH

10°

Electron Density [cm™3)

107"

™

/

; f f £, / ) ; £ * * * *
AN AN AN AN AN AN AN AN AN AN AN AN AN

Time [Days]

Figure 4.4: Sample electron density around Ch3 LS during the passage measured by
THEMIS-C probe (Angelopoulos, 2011). Ty is the time of the Full Moon. The vertical
lines separate different regions, SW: Solar Wind, MSH: Magnetosheath, MS: Inner mag-
netosphere.
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Figure 4.5: Sample electron temperature around Ch3 LS during the passage measured
by THEMIS-C probe (Angelopoulos, 2011). T refers to the time of the Full Moon. The
vertical lines separate different regions, SW: Solar Wind, MSH: Magnetosheath, MS: Inner
magnetosphere.
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Figure 4.6: Temporal variation of the lunar surface (V) and dip (V;,) potential around
Ch3 LS during the passage. Ty is the time of the Full Moon. The vertical lines separate
different regions, SW: Solar Wind, MSH: Magnetosheath, MS: Inner magnetosphere.
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Figure 4.7: Temporal variation of the lunar surface (V}) potential around Ch3 LS during
the passage through Earth’s magnetosphere for different u;., /5.

large computation time, we use 1-hour averaged data. This, however, results in missing

significant high energy spikes (> 100 eV) in the THEMIS-C data.

4.4 Numerical results and discussions

44.1 Surface and dip potential

In order to describe the plasma environment nearby LS, we need to identify the follow-
ing input parameters: To, Wy, X(A), fa, 0sza, 1, Te, x and uje,. Here we use Wy = 5 eV
throughout our calculation. Following Nitter et al. (1998), u;/up = 10 is taken for the

calculations in analysis — it is also considered as a variant to illustrate its significance
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Figure 4.8: Temporal variation of the dip (V) potential around Ch3 LS during the passage
through Earth’s magnetosphere for different u;., /up.

on local plasma environment and surface charging. ¥ = 3 is considered for the present
calculation (Pierrard and Lazar, 2010). We use an empirical relation of surface tempera-
ture’s 65, dependence given by Mishra and Bhardwaj (2019); it may be approximated as
To(0sza) = To(0sza = 0) [1 - (%) Gszﬂ] . Here 0, is in radian. The temporal variation of
0524 illustrated in Figure 4.3 in due course of 14 days of LS illumination. Other significant
parameters, viz., the photon flux, and ambient plasma density/ temperature have been
taken from FISM2 (Figures 2.1 and 2.4) and THEMIS-C (Figures 4.4 and 4.5) descriptions

as discussed in the earlier sections.

Figure 4.6 illustrates the temporal variation of the surface and dip potential around
Ch3 LS during the passage. A very dynamic variation in the potential values has been ob-
served throughout the passage. Near the local dawn (half day before Ty — 9) and local
dusk (half day past T + 4), due to marginal photoemission, the surface acquires a nega-
tive potential which might result in a classical Type C sheath structure. Here we expect
the formation of an ion-dominated positive space charge region within the sheath. Within
(Tf —9,Tf + 4) the photoemission from the surface becomes significant and the model
predicts the possible existence of two types of potential structures, viz., Type A and B
sheaths. When Moon passes through solar wind, the surface primarily acquires a finite
positive surface potential and a small negative dip potential corresponding to Type A
sheath. In addition to that Type B sheath also predicts a finite but slightly higher positive
surface potential. As the Moon enters the Earth’s magnetosphere, the surface majorly ac-
quires a negative surface potential corresponding to Type A sheath which represents a

more stable solution. Based on the THEMIS-C 1-hour average data, it is observed that the
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surface potential corresponding to Type A sheath may reach around —48 V and dip po-
tential around —55 V near (T — 1). Arapid variation of Type A surface and dip potential
have been observed during the magnetosphere passage due to rapid variation of inter-
acting plasma parameters. This change of plasma parameters and potential structures
may cause complex charging of the object operating at the Ch3 LS. Our analysis suggests
that during the Ch3 LS passage, i.e., (Tf -9, Tr + 4), both Type A and Type B potential
structures can exist for each 6, values, and thus it is essential to comment on the stabil-
ity of these solutions. In the case of a plasma sheath around a photoemitting object, the
total potential energy of the system for a particular solution decides whether the solution
is stable or not. According to Guernsey and Fu (1970), the total potential energy can be

expressed as

oo 2
U= —%0 0 <‘2‘;> dx. 4.7)
From this equation, we can see that the total potential energy is negative for both Type A
and B. So both solutions are stable. However, the solution with higher potential energy isa
short-lived metastable solution that ultimately transforms into a low-energy, more stable
state. For typical solar wind conditions, in Chapter 3, we quantitatively show that for
higher values of 0s,,, non-monotonic Type A potential structure is a more stable solution.
This is in good agreement with the measurements of Halekas et al. (2008) (see Figure
7 and paragraphs [46] and [49] in Halekas et al. (2008)), which favors the existence of
stable non-monotonic potential structure with a large negative surface and dip potential.

Hence, in this case study, the focus is on Type A sheath which represents a more stable

sheath configuration.

For calculations, we have considered u;,,/ug = 10 for the solar wind/ ambient
plasma. However, the solar wind plasma’s bulk speed significantly lowers near the bow
shock (Ma et al., 2020). Moreover, u;, for Earth’s magnetosphere plasma may differ due
to different originating sources. Figures 4.7 and 4.8 illustrates the variation of Vj and V,
for different u;., /up. We notice that the surface and dip potential values decrease with
decreasing u;, / up. It may be understood in terms of decreasing ion current available for
the charging. The figures also illustrate that for the plasma ions with a smaller u;,, the
LS surface potential might reach around —100 V and dip potential around —115 V near
(Tf — 1). Hence, the variation in u;, may also be significant in determining the altitudinal

potential/ field profile within the photoelectron sheath.
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4.4.2 Sheath structure

After acquiring a notion of the lunar surface potential, we next illustrate the sheath struc-
ture using these known Vj and V;, values as boundary conditions. Note, determining the
sheath structures for the entire THEMIS-C data requires a large computation time and
hence we chose the typical 0;,, values which cover the solar illuminated span of Ch3 LS
(i.e., from dawn to dusk) while its passage through Earth’s magnetospheric plasma (see
Figure 4.3). We illustrate the altitudinal sheath potential profile for 6,,, = 70°, 75°, 80°,

and 85° using THEMIS-C plasma parameters at given 6s,.

Figure 4.9 illustrates typical sheath structures during the LS passage through the
Earth’s magnetosphere. The surface acquires negative potential for 6;,, = 70°, 75°, due
to the accretion of high-temperature plasma electrons. This surface potential decrease
to a more negative potential value, i.e., a minimum, altitudinally above the surface. A
negative space-charge region develops between the surface and the location of V,,,. The
effect of V;, screens out within the positively charged region spanning up to 600 m. For
05 = 80°, 85° the surface acquires small positive potential due to a competing effect in
charging currents connected with increasing ion number density and decreasing electron
temperature. The sheath span in this case is screened out within 100 m altitude. This
variation in the polarity of the surface potential might cause large differential charging
of the object altitudinally operating at Ch3 LS — it may drive local electric fields on the

operating surface and might alter any plasma measurements.

In dealing with computational constraints, we have taken 1-hour averaged
THEMIS-C data. However, in this approach, transient high-temperature spikes are
missed from the data that may hold significance locally. These high-temperature spikes
result in more negative surface charge due to the enhanced plasma electron collection
current. In order to illustrate its significance, we use Lunar Prospector-based Electron Re-
flectometer data reported by Halekas et al. (2008). They report terrestrial magnetosphere
plasma parameter as follows: 1 ranges from 0.001 to 0.5cm ™3, T, < 0.1 keV for tail lobe
and n ranges from 0.01 to 1 cm 3, T, from 0.1 to 2 keV for plasma sheet. These parameters
are exotic in terms of plasma density and temperature, which can be used to visualize the
effect of the high-temperature spikes. We use n,o, = 0.25cm~3, T, = 100 eV to derive a
typical sheath structure for the tail lobe with 6,,, = 70°,80°, 85° based on Figure 4.3. More-
over, for the plasma sheet, we use 7, = 0.5 cm 3, T, = 1 keV and 6,,, = 70°,75°,80° in

calculations.
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Figure 4.9: Non-monotonic (Type A) potential structure for different values of 6, using
THEMIS-C data. Parameter Used: For 8 = 70°: nj, = 0.3cm 3, T, = 60.6 V. For § = 75°:
fiew = 02 cm ™3, T, = 824 eV. For 6 = 80°: njo = 1.3 cm ™3, T, = 25.3 eV. For § = 85°:
Niso = 5.5cm™3, T, = 10.7 V.
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Figure 4.10: Non-monotonic potential structure for different values of 6, using the typi-
cal tail lobe parameter n;,, = 0.25 cm 3, T, = 100 eV (Halekas et al., 2008).
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Figure 4.11: Altitude profiles of ion density ng (Green), plasma electron density g
(Blue), photoelectron density 7. (Black), and total electron density 7 (Red) within Non-
monotonic potential structure using the typical tail lobe parameter 7, = 0.25cm™3,

T, = 100 eV (Halekas et al., 2008). Solid Line: 6,, = 70°, Dashed Line: 6,,, = 85°.
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Figure 4.12: Non-monotonic potential structure for different values of 6;, using the typi-
cal plasma sheet parameter ;. = 0.5 cm 3, T, = 1 keV (Halekas et al., 2008).
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Figure 4.13: Altitude profiles of ion density ng (Green), plasma electron density 7ge

ue), photoelectron density n, (Black), and total electron density 7. (Red) within Non-
(Blue), ph 1 d 'yp(Bl k), and lel density (Red) within N

monotonic potential structure using the typical plasma sheet parameter 71,o, = 0.5cm 3,

T, = 1 keV (Halekas et al., 2008). Solid Line: 65,, = 70°, Dashed Line: 6;,, = 80°.

Figure 4.10 illustrates the sheath (electric potential) profile for the LS passage
through the tail lobe. The surface acquires negative potential ranges from —15 to —42
V and a potential minimum ranges —23 to —49 V from 6, = 70° to 85° respectively.
The sheath spans altitudinally up to 800 m. Figure 4.11 shows the density profiles within
the sheath. Within this double-layer structure, a photoelectron-dominated dense nega-
tive space charge region exists near the surface for x < x,,. For x > x,,, a low-density
plasma ion-dominated space charge region exists. For the tail lobe parameter, electron
density at the surface is around 20 cm 3. A significantly high negative potential and ex-
tended sheath have been observed for the LS passage through the plasma sheet — this
is illustrated in Figure 4.12. For different values of 6;,,, the surface potential varies from
—297 to —386 V and a potential minimum ranges from —304 to —392 V from 0,,, = 70°
to 80° respectively, and the sheath extends up to 2 km. The density profile for the plasma
sheet parameters has been shown in Figure 4.13. For the plasma sheet parameter, the
electron density at the surface is around 40 cm 3. The simplest means of measuring the
local plasma parameters is by the Langmuir probe (LP) (Hartzell et al., 2023). The key
plasma parameters are the electron (ion) density and their temperature. The LP might de-
tect these parameters nearby the surface — the photo-illuminated regions are dominated
by the photoelectrons. As discussed in Chapter 2.3.2, there exist three distinct populations

of photoelectrons; their mean energies in the vicinity of the surface are given in Table 4.1.
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Osza Vo—Viu <Ew>0 <Ep >pef < En >pec1 < Ep >pecZ

70° 8.9 4.46 11.71 4.19 10.15
75° 8.8 4.45 11.62 4.18 10.07
80° 6.5 4.45 9.10 3.46 7.97
85° 3.1 4.46 6.72 1.80 5.48

Table 4.1: Mean energies of photoelectrons in eV of various populations for different val-
ues of 0s;,. The other parameters used are the same as in Figure 4.9.

This suggests that LP will encounter different photoelectron populations however,
as discussed in Chapter 2.3.2, the weighted sum of the average energies in each population
equals with the mean energy of photoelectrons from the uncharged surface < E, >y,
the photoelectron temperature for the above-discussed cases has been found to be T, =
(2/3) < Ejy >0~ 3eV.

The results illustrated in this study correspond to the most stable Type A non-
monotonic sheath solution with a surface potential ;) y and a negative minimum (V,,, <
0) such that (Vov — Viu) > 0. These solutions are prominent at higher lunar latitudes,
where the local plasma flux contribution becomes significant compared to the photoe-
mission current. The local minima might trap the low-energy photoemitted electrons and
reflect incoming plasma electrons of insufficient energy (< |Vy|). Vi, takes the magnitude
equivalent to the energy of the incoming plasma electron temperature, and the difference
(Vov — Vi) takes a positive value of a magnitude comparable to the trapped photoelec-
tron temperature (i.e., of a few volts) (Guernsey and Fu, 1970; Fu, 1971; Halekas et al.,
2008). The significant negative magnitude of V;, yields a negative surface potential as
an acceptable solution. For instance, in the case of Earth’s magnetospheric tail lobe/
plasma sheet, though the plasma density is very low, the electron temperature is quite
large (around 100’s V). It results in a large negative value of V,,, i.e., significantly higher
than the trapped photoelectron temperature (few V), and the surface acquires a large neg-
ative potential — this is shown in Figures 4.10 and 4.12. At this point, it would be appro-
priate to comment on the monotonic sheath solutions of Poisson’s equation. These so-
lutions represent the most stable structures at lower latitudes (nearby the subsolar point,
8524 near 0°) under normal solar wind conditions where photoemission significantly dom-
inates over local plasma currents — this leads to stable Type B (monotonically decreasing
sheath) with a positive surface potential (Vp 1) of a few volts (Guernsey and Fu, 1970; Fu,
1971; Nitter et al., 1998).

From these results illustrated in Figures 4.10, and 4.12, we note that the potential

structures can significantly differ under real conditions from the average value-based re-
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sults obtained using THEMIS-C data. As discussed, this variability is attributed to the
complex and dynamic plasma environment surrounding the Moon. The variation of the
plasma density and temperature significantly affects the charging currents and, therefore,
the sheath structure in the vicinity of the lunar surface. It suggests the necessity of accu-
rate determination of the local plasma conditions, i.e., one of the major contributions from
LP measurements during Ch3 campaign.

In this study, we examine the effects of various plasma conditions (Solar wind and
Earth’s magnetospheric plasma) on the potential structure over Ch3 LS, predicting a dy-
namic variation of the plasma environment properties. In the low photoemission region
near the local dawn (half day before Ty — 9) and local dusk (half day past Ty + 4), our
model predicts a typical Type C classical sheath with a negative surface potential and
positive space charge region with low electron density. Between (Ty — 9, Ty + 4) Type
A non-monotonic potential structures exists with surface potential ranges from 8 to —48
V and potential minimum ranges from —0.5 to —55 V (at an altitude of 15 to 20 m). In
addition, the existence of Type B monotonic sheaths with surface potential ranges from 1
to 12 Vis also predicted. Since 0, varies between 69.36° and 90°, as discussed in Chapter
3, Type A sheath is likely to be more stable. However, in both cases, a photoelectron-
dominated negative space charge region is created near the vicinity of the surface with

3 around 1 m above the sur-

a typical photoelectron density ranging from 10 to 40 cm™
face. The plasma (solar wind) electron density decreases by 20 to 30% near the surface
within Type A and B sheaths. The Langmuir probe (LP) (RAMBHA payload) on board
Ch3 lander may have encountered these estimated sheath populations.

In a press release, plots of several LP voltage sweeps were shared in a single image,
along with a comment suggesting that these LP IV curves indicates an electron density
of approximately 5 to 30 cm 3 in the early morning hours of the lunar day (Indian Space
Research Organisation (ISRO), 2023b). As of now, detailed results from the RAMBHA
Langmuir probe measurements taken on the Moon are still awaited. Since the sheath
population density varies with altitude, measurements of Ch3 are very local at a single
altitude. In contrast, the Rashid-1 rover of the Emirates Lunar Mission (ELM) carried four
Langmuir Probes mounted at different vertical locations on the rover, to measure the alti-
tudinal variation of plasma parameters (Clausen et al., 2025). Unfortunately, the landing
of ELM in the Atlas crater was unsuccessful, and no measurements were conducted.

Although the Langmuir probe is one of the simplest instruments to measure

plasma parameters (Hartzell et al., 2023), in a rarefied lunar plasma medium, measure-
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ments of photoelectron-dominated electron cloud may be challenging. In this case, the
illuminated part of the probe and the spacecraft emit a significant amount of photoelec-
trons, which may dominate the actual constituents of the plasma environment. This will
give a significantly different IV curve (Eriksson et al., 2007) and plasma estimates. In such
cases, it is necessary to extract the photocurrent from the probe and develop a photoe-
mission removal protocol to obtain an accurate measurement of the unperturbed plasma

environment (Johansson et al., 2017).

Any stationary object (lander) within the sheath also undergoes electrostatic effects
due to the presence of ambient plasma electrons/ ions and photoelectrons within the non-
neutral space charge region and subsequent photoemission from the operating surface.
Since a negative space charge region exists near the surface for a Type A potential structure
which typically extends nearly up to 20 m, the lander/ rover is supposed to reside in the
negative space charge region (Figure 4.13). Within this negatively charged region sheath,
the ambient electrons might act as a source of negative charging of the object — in the ab-
sence of any electron emitting mechanism, the object might acquire a negative potential.
However, as the object is also exposed to the energetic UV radiation in illuminated re-
gions, the photoemission from the object might counter the electron collection as a source
of positive charging current, and the competing effect of the two currents with dominant
photoemission might yield the surface at a finite positive potential (Jackson et al., 2015).
Physically, the effective charge/potential on the object is determined by the flux balance
on the surface. Hence, the environment developed around the spacecraft may signifi-
cantly influence the surrounding sheath by creating its own potential structure around
the object. In that aspect, comprehensive numerical modeling of the interaction between

the rover and plasma in a lunar environment should be conducted (Clausen et al., 2025).

Another significant mechanism leading to electrostatic charging of the operating
surfaces is frictional charging, particularly applicable to the movement on the charged lu-
nar surface. For instance, due to triboelectrification, the objects roving over lunar regolith
may accumulate the charge of the order of ~ MV, and the dissipation of these charges
becomes crucial for the long-term operation of instruments (Rhodes et al., 2020; Mishra
and Sana, 2022). Dissipation of charges highly depends on the local plasma environment
(Farrell et al., 2008; Jackson et al., 2011, 2015). Although, Jackson et al. (2015) suggests
within the photoelectron sheath any objects reach equilibrium with small electric poten-
tial very quickly, however, objects within a high negative surface potential acquire a sim-

ilar amount of initial charges, which may take longer dissipation time and may affect any
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measurements of the instrument near the wheel. Considering this, the rover/ instrument
operation may be challenging on the locations exhibiting insufficient photoemission, for

instance, LS passage near dawn/ dusk.

Our results indicate that the plasma environment obtained from THEMIS data,
which represents a moderate sheath profile (i.e., electric potential/ field), is anticipated
not to pose any significant threat to the instrument’s operation during the Ch3 campaign
— the possible implications due to this could easily be maneuvered with established rec-
tification techniques. However, it is essential to note that a significant concern could be
high negative potential development within the sheath on Ch3 LS, which is caused by
intense transient high energy spikes in the plasma electron population connected with
various solar activities and Earth’s magnetospheric effects. In this case, the sheath may
comprise the electrical environment at a few 100’s volts. In such a scenario, the efficient
operation of the instruments could be challenging as it could obstruct precise measure-
ments and be detrimental to operating electronics. So, precautionary measures to deal

with these conditions should be taken care of during the campaign.

The present study brings out some intriguing physics effects on the photoelectron
sheath structure around Ch3 LS under different plasma conditions (solar wind and Earth’s
magnetospheric plasma). However, the analysis is based on certain simplified assump-
tions. The analysis ignores the effect of the magnetic field considering its nominal magni-
tude and marginal effects on the charging currents. For instance, note that Ch3 LS is not
near the magnetic anomaly region, but the Moon encounters the Earth’s magnetic field
of the order of 1072 to 1078 T as it passes through the magnetotail (Hones, 1985; Harada,
2015; Popel et al., 2022). However, due to the large gyro-radius around 1.5 and hundreds
of km of the plasma electrons and ions, respectively, and the significantly smaller region
of our interest, the effect of the magnetic field on charging currents and hence on the sur-
face charge may safely be ignored (Mishra and Bhardwaj, 2020). To avoid the complexity
in the analysis and numerical computations, the contribution of secondary electron emis-
sion (SEE) from the lunar surface, which is marginal compared to the photoemission in
the present context, is also ignored. The effect of levitated dust particles on the sheath for-
mation has also been ignored in this analysis considering very low dust density within the
lunar sheath (= 10~3cm~3; (Popel et al., 2013)). However, photoemission from levitated
dust may slightly increase the electron population density within the sheath. Intuitively, it
may result in decreasing the sheath expansion of the monotonic Type B sheath and reduc-

ing the value of x,, for the Type A sheath. On the other hand, the increase in photoemitted
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electrons may increase the Type C sheath thickness. As noted, for the parameter space of
our interest in the present context, these simplifications contribute insignificantly, and the
analysis is very well applicable for this case study, i.e., in accessing the plasma environ-

ment at the LS of Ch3.

4.5 Summary

As a case study, the plasma environment around Ch3 LS has been studied utilizing the
analytical photoelectron sheath model discussed in Chapter 3. Numerical simulations
of sheath formation near the lunar surface have been carried out during the passage of
sunlit Ch3 LS through the solar wind and Earth’s magnetospheric plasma. Our study
suggests all three kinds of potential structures (Type A, B, & C) exist at the Ch3 LS at
different times of its exposure to solar illumination. When Ch3 LS passes through solar
wind plasma, 0,,, varies approximately between 70° and 90°. For 6, close to 90°, due to
marginal photoemission, the surface acquires a finite negative potential, and a classical
Type C sheath exists around Ch3 LS. The temporal existence of Type C sheath is noticed
to be small only for approximately one day (half day each during local dusk and dawn).
Between T — 9 to Ty + 4, based on 6;, and the plasma parameters, we have shown that
both Type A and Type B potential structure exists over sunlit Ch3 LS. Between Type A &
B, the solution with higher potential energy represents a short-lived metastable solution
that ultimately transforms into a low-energy, more stable state. Our calculations suggest
the non-monotonic Type A sheath represents a more stable potential structure around Ch3
LS. Halekas et al. (2008) measurements also favors the possibility of stable non-monotonic
structures in such physical conditions. The electric potential variation is very dynamic
throughout the passage of Ch3 LS, and the surface potential varies between 8 to —48 V
and the potential minimum between —0.5 to —55 V (at an altitude of 15 to 20 m). For
exotic conditions, for instance, within Earth’s magnetospheric plasma sheet, the surface
potential varies from —297 to —386 V and a potential minimum ranges from —304 to —392
V from 6., = 70° to 80° respectively. This study predicts the photoelectron density ranges
from 10 to 40 cm 3 and the temperature of photoelectrons around 3 eV near the surface
of Ch3 LS, which could be verified by the in situ measurements.

The implications of these results have been discussed in the analysis that may be
useful in interpreting the data connected with the plasma environment obtained through

the Chandrayaan 3 campaign.



Chapter 5

Plasma sheath around lunar

nightside

5.1 Introduction

The characteristics of the plasma sheath around the Moon significantly differ from dayside
to nightside. As discussed in previous chapters, on the dayside, the primary mechanism
driving surface charging is UV-induced photoelectrons, resulting in the acquisition of a
finite surface potential. The surface potential is screened by the emitted photoelectrons
and the surrounding plasma constituents, giving rise to a lunar photoelectron sheath (Nit-
ter et al., 1998; Poppe and Horanyi, 2010; Sodha and Mishra, 2014; Mishra and Bhardwaj,
2019). However, the surface charging on the lunar night side is dominantly created by am-
bient plasma electrons. Surface acquires a finite negative potential, and classical Debye
sheath forms around the nightside lunar surface (Nitter and Havnes, 1992; Nitter et al.,
1998; Halekas et al., 2002, 2005; Colwell et al., 2007). Typically, the lunar surface poten-
tial spans from +10 V to —4 kV in relation to the surrounding plasma from dayside to
nightside (Halekas et al., 2008; Saito et al., 2014). While numerous studies have exten-
sively investigated surface charging of the lunar nightside, there has been a notable lack
of attention directed towards understanding the formation of the plasma sheath in the
lunar nightside (Halekas et al., 2002, 2005; Stubbs et al., 2007; Halekas et al., 2008, 2009a;
Chandran et al., 2013; Saito et al., 2014; Kureshi et al., 2020). The work by Nitter and
Havnes (1992) provided a theoretical analysis of the formation of a plasma sheath above
the surfaces of solid bodies exposed to space plasma, specifically the electron and ion cur-

rents are considered in their analysis. Their formulation, however, might not apply to the
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realistic nightside scenario as the Moon faces various plasma populations in its orbit.

Based on Lunar Prospector measurements of electrons in the ambient
plasma population, Halekas et al. (2008) has reported the various plasma pa-
rameters around the Moon as follows: Terrestrial magnetosphere: Tail lobe
(0.001—05cm™3, < 0.1keV); Plasma sheet (0.01—1.0cm3,0.1—2keV); Solar
wind (0.5—10cm~3,5—30eV); Plasma wake (0.001—0.1cm3,50—150eV); SEP
event (0.001—0.1 cm3,0.05—1 keV). These hot electrons within the Earth’s magne-
tospheric plasma may give rise to Secondary Electron Emission (SEE) from the lunar
surface. This may alter the potential structure of the nightside lunar surface, and the
plasma sheath structure may differ from the Classical Debye sheath. The importance of
SEE on dust and surface charging in space has been highlighted in the early literature
(Chow et al., 1993; Horanyi, 1996; Horadnyi et al., 1998; Abbas et al., 2010; Richterova
et al., 2012; Dukes and Baragiola, 2013; Vaverka et al., 2013, 2016; Némecek et al., 2018).
However, none of these studies have explored the SEE effect on the sheath formation.
The study of Wang et al. (2016a) experimentally demonstrated the sheath formation
in the presence of SEE. Experimentally, they have shown the possibility of three kinds
of sheaths, viz., (i) Classical Debye type sheath with negative surface potential, (ii)
Inverse sheath with positive surface potential, and (iii) Non-monotonic sheath with
potential minima away from the solid surface. The study of sheath formation due to
SEE around the lunar surface holds significant importance from both a scientific and a
mission perspective. Due to SEE, the potential and field structure differ from the Debye
sheath, which could lead to different dust charging and dynamics around the dark side
of the Moon. Understanding the characteristics of the near-surface space charge region
is essential for the design of instruments intended for in situ plasma measurement. SEE
in the nightside could add significant spatial and temporal variability to the near-surface
plasma environment. Inspired by the work of Wang et al. (2016a), we have assessed the
possibility of these three types of sheath formation considering Maxwellian primary and
secondary electrons and cold ions. Our analysis didn’t find a non-monotonic sheath
in the presence of SEE, but it shows the possibility of the inverse sheath in the high
plasma electron temperature regimes. This chapter presented an analytical formulation
of the inverse sheath in the lunar nightside (without photoemission) and the possible
lunar and plasma parameter regimes. For simplicity in calculation and to establish
the conceptual basis, both primary and secondary electrons are assumed to follow a

simplified Maxwellian distribution.



5.2. Debye sheath 113

5.2 Debye sheath

In the absence of photoemission and SEE, a classical Debye sheath is anticipated when
the lunar surface is exposed to ambient plasma Nitter and Havnes (1992); Nitter et al.
(1998). Due to dominant electron accretion, the surface acquires a finite negative potential
(Vo < 0), which has been screened by positively charged ions. So, a positive space charge
region is created between the negatively charged surface and quasineutral plasma, and
this region is called the Debye sheath. In the context of the Moon, the potential profile of
the Debye sheath can mathematically be derived by considering the incoming Maxwellian
plasma electrons and cold ions that enter the sheath with a Bohm speed (Bohm, 1949). The

potential structure can be found by solving the following Poisson’s equation

2
ilx‘z/ = —é(rzi — Mo free — Me,capt) (5.1)
where 1;(,) is the ion (electron) density. V is the potential at altitude x. e and ¢y are the
electronic charge and permittivity in free space. Since the surface acquires a finite negative
potential, which monotonically increases to zero, there will be two populations of elec-
trons within the Debye sheath: (i) Plasma electrons that hit the surface are "free plasma
electrons (1, fyee)”, and (ii) Plasma electrons that have been reflected by negative potential

barrier in the sheath are called "captured plasma electrons (ne,mpt)”.

At the sheath edge (x — o0), the distribution function of plasma electrons is given

[ 1 E
fe(00, E) = Meoo IAkT.E exp [_kTe] , (5.2)

where 1.0, /2 is the density of the plasma electrons that travel toward the uncharged sur-

by

face at infinity. E and T, are the energy and temperature. k is the Boltzmann constant.

From the conservation of energy, at an altitude x we can write

E(x) —eV(x) = Eo.. (5.3)

So, the distribution function of plasma electrons at an altitude x

B 1 E eV(x)
fe(x, E) = nem\/meXP [_kTe + KT, ] . (5.4)

Using Eq. 5.4, we can write the plasma electron densities as
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nelfm(x) = /EOO fe(x, E) dE = n;w exp [e‘;§§):| |:l —erf E(V(Jli)Te_VO) , (5.5
and
L ) v (x) (V(x)— Vo)
Me,capt (X) = 2/0 fe(x, E) dE = neco €XP KT, erf — | (5.6)

where erf(u) = 2/+/7 [, exp (—1?) dt, Vj is the lunar surface potential. E,, = e(V(x) —
Vo) is the minimum energy in the x direction at x to overcome V. Factor 2 in Eq. 5.6
comes from the fact that captured electrons consist of two equal parts, moving in opposite

directions. From the ion energy conservation and continuity, we can write (Nitter et al.,

1998)

ni(x) = ——2 (5.7)

where 1, is ion density at infinity.

5.2.1 Lunar surface potential

To determine the lunar surface potential, following Nitter et al. (1998), we assume the

charge neutrality and flux balance at the sheath edge. So, quasineutrality gives

ne(o0) = ni(e), (5.8)
or
Vi
Meco | 1 + erf —27(: = Mjeo - (5.9)

In steady state, balancing plasma electron and ion current gives

/oo ifﬂ@mE)ﬂ&:mwﬂi?, (5.10)

or
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Figure 5.1: Potential and electric field structure within Debye sheath. Other parameter

used 7jeo = 0.5 cm 3.
| kTg eVO . kTe
Neco 27'[me exp |:k'TE:| = Njoo Wl . (511)

Here, m;,) is the ion (electron) mass. Simultaneous solution of Egs. 5.9 and 5.11 gives nec

and V). Solving Eq. 5.1 with the boundary conditions: V (x = 0) = Vpand V (x — c0) =0
gives the potential structure of the Debye sheath.

Based on the Lunar Prospector measurements reported by Halekas et al. (2008), we
choose the plasma electron temperature to vary between 100 to 2000 eV, and the density
between 0.25 to 0.5 cm 3. The plasma parameter regimes cover the extreme scenarios
of Earth’s magnetospheric plasma. Figure 5.1 illustrates the potential and electric field
structure within Debye sheath. Due to high-temperature plasma electrons, the surface
may acquire very high negative potential (in the order of kVs). However, the magnitude
of the downward-directed surface electric field within this low-density plasma may reach
up to a few volts per meter. The magnitude of the negative potential increases with an
increase in T, because electron flux for higher T, requires a large negative potential to
balance with the ion flux. As the Debye length is proportional to the square root of T,, the
sheath edge increases with increasing T,. The bottom panel of Figure 5.2 shows the density
profiles within the sheath. A positive space charge region is created to screen out the high
negative potential. From Eq. 5.9, we can see that 17,0, o 71,4, the magnitude of Vj for Debye
sheath does not depend on the plasma density. The plasma density becomes important in

determining screening length because the Debye length is inversely proportional to the
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Figure 5.2: Potential (top) and density (bottom) profiles within Debye sheath for different
Nico-

square root of the plasma density. Figure 5.2 shows that variation of 1., does not affect
the surface potential, but the screening length decreases as 7., increases.

The Debye sheath solution is an ideal scenario where the lunar surface is exposed
to plasma and electron emission is insignificant. However, these high-temperature plas-
mas can result in the emission of secondary electrons and might alter the sheath structure.
Next, we will address the sheath formation in the presence of significant Secondary Elec-

tron Emission (SEE).

5.3 Inverse sheath in presence of SEE

As the surface is bombarded by high-energy plasma electrons (e.g. Earth’s magneto-
spheric plasma), it knocks out the low-energy electrons from the surface in the form of
Secondary Electron Emission (SEE). Due to significant SEE, the lunar surface may acquire
positive potential (Vp > 0) (Wang et al., 2016a). Here, we assess the possibility of inverse
sheath formation in the presence of SEE. Assuming the emitted secondary electrons fol-
low Maxwellian distribution, the secondary electron flux from the lunar surface can be

written as (Prokopenko and Laframboise, 1980; Wang et al., 2016a)

eVo ] ) (5.12)

Jse = Jse0 exp [_kT
se

where T, is the temperature of the emitted secondary electrons. Goertz (1989) reported

that the mean energy of emitted secondary electron lies in the range from 1 to 5 eV. We
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Figure 5.3: Depandance of §,, with V and T,. Other parameter used: T, = 2.5 eV.

will use Ts, = 2.5 eV in our further calculation. From Prokopenko and Laframboise (1980);

Wang et al. (2016a) we can write

Jseo = /OOO 5(E+eVp) \/gfe(oo, E)dE, (5.13)

or,
kT,
]seO - 5eff Neoo 27ng ’ (5-14)
where
1 eV 00 E
Oeff = [kTe exp [kTg] /EVO O(E) exp [_kTe] dE] . (5.15)
And

. (:‘V() kTe . kTe
Jse = 6, Fexp |:_kTse:| Meoo | / Fme =0y Meoo | / 2o (5.16)

Here, 6(E) is the SEE yield. From Sternglass (1954) we can write

O(E) = 746 <§> exp [—2\/]5?] , (5.17)
0 0

where ¢y is the optimum value of the SEE yield peaking at the primary electron

energy Eyg. We will use 6y = 3.4 at Eg = 350 eV and Jy = 1.55 at Ey = 400 eV. The first
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one is derived from the laboratory measurements of the Apollo 17 lunar samples, and
the second one is the best value for the lunar samples returned by the Apollo 14 and 15
astronauts (Horanyi et al., 1998; Poppe, 2011). We can see from Eqs. 5.15 and 5.16 that &,
is a significant function of T, and V > 0. Figure 5.3 illustrates the variation of J,, with V}
varying T, as a parameter. We can see that at Vj = 0, &, is higher near Eq and decreases as
T, increases or decreases from Ey. Since the positive surface potential will act as a barrier
to the emitted secondary electrons, é,, decreases with increasing Vj.

Considering Maxwellian secondary electrons, we can write the distribution func-

tion of secondary electrons at finite x as

1 E e(V(x)—W)
,E) = — - 5.18
feelo B) = nseo\ | e E P | 7k, KTw 5.18)
From this, we can easily show that
kT.
Jse0 = Mse0 27_[:’; , (5.19)

where 14,0 /2 is the density of secondary electrons travel away from the uncharged surface

at x = 0. Equating this equation with Eq. 5.14 we get

[T
Mse0 = Neco 5eff Te . (5.20)
se

For inverse sheath, the Poisson equation becomes

d>v e
2 = _;0 (”i — Nse,free — Msecapt — ne,frez) . (5.21)

Here, we only have "free plasma electrons". But two secondary electron populations: (i)
secondary electrons that escape to infinity are "free secondary electrons (71 fr..)", and (ii)
secondary electrons that have been reflected by the positive potential barrier in the sheath
are called "captured secondary electrons (s cqpt)". Here, free electrons (both plasma and
secondary electrons) at x have available energy range (E,,, o) where E,, = eV (x). How-
ever, secondary electrons within (0, E,,) contributes to Mse,capt- Following a similar oper-

ation as in Egs. 5.5 and 5.6 we get

ne,free(x) = 7/l%GXp [EV(X)] 1 —erf w , (522)

and
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n e(V(x) =V eV (x
Mo, free(X) = 5280 exp ( T )] {1 —erf [ k,} ) , (5.23)
se se
and
e(V(x) — Vo) eV(x)
”se,cupt(x) = Nse0 €XP —kTse erf KT | (5.24)
Therefore, from quasi-neutrality at the sheath edge we can write
Nge (00) + 11, (00) = n;(00), (5.25)
or,
oo exp | — 20| 4 s = 2114 (5.26)
kT,

And the flux balance equation becomes

kT, kTse EVO kT,
= Moot | — . 27
\/ 2mm, V kTse = m; (5.27)

From Eq. 5.20 we can see that 1,0 depends on 7., so replacing n, in Eqs. 5.26

and 5.27 and solving simultaneously we can determine 7., and V. Thereafter, we can
solve Eq. 5.21 with the boundary conditions: V(x = 0) = Vpand V(x — o) = 0 to get
the potential structure of the inverse sheath.

Figure 5.4 shows the dependence of surface potential (V) on T,, &y, and Eo.
For a particular set of &y, and Ey, there is a temperature regime of T, where inverse
sheath can sustain. Our calculation shows that for (dy, Eg) = (1.55, 400eV) within
T ~ (94eV, 7.1keV) and for (&, Eg) = (3.4, 350eV) within T, ~ (24 eV, 25keV) inverse
sheath is possible with maximum surface potential at T, ~ 775 and 653 eV respectively.
The peak surface potential and the corresponding value of T, are noticed to increase with
increasing dp and Ep due to an increase in effective SEE current. Figure 5.5 shows the
potential and electric field profiles of inverse sheath created due to significant SEE from
the lunar surface. For the nominal SEE yield parameter, the surface acquires a few volts
of positive potential. An upward-directed electric field exists within the inverse sheath.
However, the magnitude of the field is found to be less than 1 V m~1, an order of mag-

nitude smaller compared to Debye sheath (Figure 5.1). This field could be a significant
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Figure 5.4: Surface potential variation with T,. Other parameter used n;, = 0.5 cm 3,
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Figure 5.5: Potential and electric field structure within inverse sheath due to SEE. Other
parameter used 7,0 = 0.5cm 3, Ty, = 2.5 eV.
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Figure 5.6: Potential (top) and density (bottom) profiles within inverse sheath due to SEE
for different n;,,. Other parameter used: éyp = 3.4, Ey = 350 eV, T;, = 2.5eV.

source of local plasma and dust dynamics and transport. The sheath thickness varies be-
tween 10 to 40 m. Since the larger surface potential requires a higher altitude to screen
out, sheath thickness increases with increasing Vy. However, the sheath thickness also
depends on the density of the space charge region. The 1, is an important parameter
in determining the sheath thickness as the degree of screening increases with increasing
Nico; this results in a decrease in sheath thickness. This has been illustrated in Figure 5.6.
It also depicts that the inverse sheath is a negative space charge region that is dominated
by secondary electrons. Plasma electron density is noticed to be one order of magnitude
smaller. The total electron density equals the ion density at the sheath edge to maintain
the quasineutrality.

In case where SEE is absent or negligible, the nightside surface acquires a negative
potential and forms a Debye sheath (Halekas et al., 2002, 2005; Colwell et al., 2007). In
the present study, we found that under extreme plasma conditions, due to significant SEE
yield, an inverse sheath develops around the positively charged surface. The dust parti-
cles within the sheath also undergo electrostatic charging. The charge on the dust particles
depends on the charging currents. One expects the dust grains to have the same mate-
rial properties as the surface and are similarly exposed to the energetic primary plasma
electrons - it could lead to significant SEE flux from the dust, and the dominant SEE effect
could charge dust positively. Note that the degree of SEE flux may differ from that of
planar surfaces as SEE yield differs slightly for spherical dust particles (Prokopenko and
Laframboise, 1980). Vaverka et al. (2016), theoretically, have demonstrated that SEE leads
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to a positive charging of the dust grains to the plasma scenarios where a high negative
potential was expected. Depending on the degree of charging, the existence of positively
charged dust particles is possible within the inverse sheath created due to SEE. Since we
have presented the case of high SEE yields, the upward-directed electric field within the
inverse sheath can support such positively charged dust particles above the lunar surface.
It may create a dusty plasma scenario at high latitudes (polar regions) and the nightside
of the Moon.

From previous laboratory analysis and satellite measurements, it is evident that
the SEE yield varies in a wide range (Willis et al., 1973; Horanyi et al., 1998; Halekas et al.,
2009a). Various satellite observations also have shown that the spatiotemporal variation
of plasma conditions around the Moon is very dynamic (Halekas et al., 2008; Angelopou-
los, 2011). So, depending on these parameters, locally on the lunar nightside, there might
be a possibility that the Debye sheath and inverse sheath may exist in very close prox-
imity. Therefore, the surface may experience a significant shift in the potential (charge)
and may create a sufficiently large horizontal electric field. Due to significant temporal
variability of plasma parameters, frequent alteration of local electric potential and field
structure is possible. Overall, these variations may render the nightside of the Moon an

electrically complex region.

54 Summary and future work

The possibility of inverse sheath formation on the night side of the lunar surface has been
analytically assessed when the Moon is exposed to highly energetic ambient plasma. Cal-
culation shows that the dominant SEE-induced positively charged lunar surface forms an
inverse sheath, where a Debye sheath is expected to have a high negative potential. For
a particular SEE yield, a temperature regime exists where the inverse sheath is possible.
Secondary electrons dominate the sheath with a number density one order of magnitude
greater than that of primary plasma electrons. Like the Debye sheath, the surface potential
is found to be independent of the density of the quasi-neutral plasma. It only determines
the degree of screening. For nominal SEE yield and ambient plasma parameter, the in-
verse sheath is found to be extended in the range of 10 to 40 m.

In the present study, a simplified model with Maxwellian plasma assumption is
presented to illustrate the conceptual basis, which simplifies the solution of the Poisson

equation. However, the observations of various space plasma environments suggest «-
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distribution as a more accurate fit to describe the velocity distribution of the plasma par-
ticles instead of the usual Maxwellian nature. This x-distribution exhibits a higher pro-
portion of the particles in its tail region and a lower population in its core compared to a
Maxwellian distribution. Mishra et al. (2013) have shown higher secondary electron emis-
sion (SEE) yield and SEE flux for the k-distributed electrons compared to the Maxwellian
case. Intuitively, higher SEE flux corresponding to the x-distributed plasma might yield
a higher surface charge (positive) compared to the Maxwellian case, and larger screening
might lead to a shorter sheath. The consideration of realistic plasma distributions is the

next step to the problem and will be taken up in the near future.






Chapter 6

Dust dynamics

6.1 Introduction

Previous chapters presented the analytical formulation of plasma sheath formation
around the Moon and quantitatively estimated several features of the sheath in terms
of electric potential, field, and density profiles of various sheath populations. One of the
direct implications of this structure is that dust particles can be mobilized in this electro-
statically active medium. From the dusty regolith, the dust particles get detached through
various mechanisms. These floating micron- and sub-micron-sized particles within the
sheath acquire a finite amount of charge via collecting sheath constituents and photoe-
mission (if the dust is illuminated with photons). These detached particles may then un-
dergo dynamic evolution within the sheath, influenced by electrostatic and gravitational
forces. Lunar horizontal glow is one of the evidence of these lunar dust dynamics (Ren-
nilson and Criswell, 1974; Zook and McCoy, 1991; Wilcox, 2025). Laboratory studies also
demonstrated the mobilization of micron-sized dust under exposure to the plasma envi-
ronment (Wang et al., 2009, 2016b) - it suggests that electrostatic effects could be significant
in dust lifting and transporting the dust locally. These experiments also demonstrated
the variation in reflectance spectra as a result of local surface evolution via electrostatic
transport (Opp et al., 2024). Although these observational and experimental studies ef-
ficiently highlighted the importance of electrostatic dust mobilization in terms of local
space weathering, the complete insight into this phenomenon can be extracted through
the theoretical formulation. As discussed in Chapter 1, many studies have analytically ad-
dressed the dust charging and subsequent dynamics around the Moon. However, their

study over-/under-estimated several features of electric potential and field structures due
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to some simplified assumptions in the analysis. As a result, subsequent dust dynamics
are anticipated to be less likely applicable in the realistic scenario. Overcoming these sim-
plifications, previous chapters derived more realistic estimates of sheath characteristics.
Using these estimates, the dust charging and subsequent dynamics can be revisited. To
consolidate it, in this chapter, a test dust particle is introduced within the sheath, and its

charging, dynamics, and possibility of levitation have been examined.

6.2 Dust in the sheath

The floating dust particle undergoes electrostatic charging while traversing through the
sheath. As it passes through different sheath layers, it collects constituent sheath pop-
ulations. Since the dust is also exposed to solar radiation, it also emits photoelectrons.
Accounting for the inherent charging effects, the equation representing the particle mo-
tion and dust charging can be written as (Bouchoule, 1999; Shukla and Mamun, 2002;
Vladimirov et al., 2005; Tsytovich et al., 2008; Sodha, 2014)

d’x av
— 0O, — Nl
and
dQu -
dt - Ip,dust + Ii + Ie,free + Ie,capt + Ip,free + Ip,capt - Itot . (6-2)

where m, is the dust particle mass and g is the acceleration due to lunar gravity. V is
the sheath potential at the altitude x. I, 4, is the photoemission current from the dust
particle. Other charging currents correspond to the sheath constituent discussed in section
3.1. Qg is the dust particle charge and I, is dust charging current. In the next section, the

mathematical expressions of the charging currents used in Eq. 6.2 are derived.

6.3 Charging currents

Here we derive the mathematical expressions of the charging currents used in Eq. 6.2.

6.3.1 Electron collection currents within the sheath

The sheath primarily comprises the photoelectrons (those are released from the lunar sur-

face) and the solar wind plasma (electrons/ ions). The general expression of electron col-
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lection current is (Nitter et al., 1998)

Ii(x) = —e///ui uoi(u) fi(x, u) d°u, (6.3)

where u; is the three-dimensions velocity space to be integrated over and f; is the three

dimensional velocity distribution function, and ¢;(u) is the cross-section

2eV,
2 d
aj(u) =7a <1 + ; 2) , (6.4)

where 7 is the particle radius, Vj is the dust potential with respect to the local sheath
potential, V is the local sheath potential, e and m, are electric charges and mass respec-
tively. The relation between Q; and V;; can be written as Q; = 47epa V;, where ¢ is the

permittivity in free space. j = e (p) means solar wind (photo-) electrons.

Following Eq. 2.40 for photoelectrons we can write

2

o (6.5)
Fp | = -G — *u.
x Fp [21{,[0 ér—vo+ v(x)] d°u
The description of each term is given in section 2.3. vy = —eV/kTp and v(x) =

—eV(x)/kTy are normalized lunar surface potential and normalized sheath potential at x

respectively. V) is the lunar surface potential.
The non-Maxwellian x distribution of solar wind electrons can be written as,

felx, WdPu = e (ryid) 2

—x-1 6.6)
1+< w +U(x)>] Bu.

yui oy

X

The description of each term is given in section 3.3.

Now, in spherical polar coordinates with azimuthal symmetry,
d*u = 2’ sinp du dg, (6.7)

where ¢ is the angle between the electron velocity vector and the x axis (axis perpendicular
to the surface). Now, one needs the available velocity space to integrate (Eq. 6.5 and 6.6)

and evaluate currents (Eq. 6.3). Consider two cases,



128

Chapter 6. Dust dynamics

1. When V; >0

Free electrons at a layer with potential V within the sheath have velocities between
Uy = [2e(V(x) — Vi) /m.] 1/2 (minimum speed in the x direction at x to overcome
the potential minimum V,, at x,,) and co. Any electron with u, = ucos¢ < u,y, is
not contribute to the free electron collection current. So the free electron collection

current is given by
Pm
]free = / / 0’] A du d(P (6.8)
Um

where A; = 2711 fj(x, u) sing and ¢ = cos™ ! (u /).

For captured electrons, we have two populations. In one population with u < u,, has
the effective velocity range (0, u,,) and (0, 71/2). Another with u cos ¢ < u,, has the
effective velocity range (i, c0) and (¢, 71/2). So the captured electron collection

current is given by

7'[/2
]capt— —2e |:/ / Adud(p
Um m
7r/2
+ / / u) A;dudgp|

where factor two comes from the outgoing and incoming electrons within the

sheath.

(6.9)

When V; < 0

. o . 2
Electrons with velocities with u < ug = [ —2eVy,/ me] 1 are excluded. So for Free
electrons, the velocity range becomes (11 = max|[u,,, us], o). Hence, the free electron

collection current is given by

S Pm
L free = —e/ /0 oj(u) Ajdudg. (6.10)
U

And the captured electrons have the velocity ranges (1p = min[uy, us], ). So, the

captured electron collection current is given by

/2

Licapt = Ze[/ / u) Ajdu dg
71/2

+/ / u) Ajdudp| .

(6.11)
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Expressions of Tj, Um, Us, Aj

For photoelectrons

42
op(u) = ma® (1 — vy ug) , (6.12)
Uy = Up|vm —0(x)] 1/2 , (6.13)
us = uplug vz (6.14)

A, = (,Tﬁ))zcose/;:ax [W]

) 1 (6.15)
u .
X |14 exp (L%—CA—00+U(X)>] u sing,
where up = (2kT0 / me)l/z, and vy = —eV;/kTj refers the normalized dust potential.
For solar wind electrons
_ 2 vy U,
oe(u) = ma”(1-— K (6.16)
1/2
U = up|[(vm—v(x))/a] ", (6.17)
s = uglvg/a]"?, (6.18)
A, =21 neooﬁ(n'yufh)_3/2
5 —x—1 (6.19)
x [1+ uz +M ud sing,
YUy, Yo

where uy, = (2kT,/m,) 172 s the solar wind electron thermal speed and a = T,/ Tp.

6.3.2 Photoemission current from the dust particle

1. WhenV; > 0oruv; <0

X [—vgIn{1+exp (Er+va)} +P(Er+va)]-

min

(6.20)
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2. WhenV; <0Qoruv; >0

/\max
Ly dust = eta> / "X fdA. 6.21)
6.3.3 Ion current
The ion current is given by
I; = enioUino0i, (6.22)
where
2v
2 d
0; = 1a [1 + PRV 20] . (6.23)

Here, M = u;o,/up is the Mach number. ug = (kT,/m;)'/? is Bohm speed.

6.4 Sheath structures used for calculations

The motion of dust particles is influenced by the sheath electric field (as shown in Eq. 6.1).
Additionally, the previous section demonstrated that dust charging currents significantly
depend on the local potential structure within the sheath. In Chapter 3, the possibility
of three types of potential structures within the lunar photoelectron sheath was quantita-
tively demonstrated. In the region where photoemission is insignificant, the surface ex-
hibits a negative surface potential due to the collection of electrons from the plasma. This
negative potential increases (decreases in magnitude) with altitude until reaching zero,
forming a Type C sheath, which follows a typical Debye-type potential structure. Con-
versely, in regions with significant photoemission, the surface potential is positive and
gradually decreases to zero, creating a monotonically decreasing Type B sheath. However,
under certain specific physical conditions, the formation of a non-monotonic potential
structure (Type A sheath) is demonstrated, where the surface potential initially decreases
to a negative minimum before rising back to zero. In this chapter, the dust dynamics will
be investigated within all three types of sheath structures illustrated in Figures 6.1, 6.2,
and 6.3. The set of input parameters used are discussed in Section 3.4.2. And a detailed

discussions of these potential and field structures are given in Chapter 3.
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Figure 6.1: Altitude profiles of the (a) electric potential, (b) field intensity within Type A
sheath over the lunar surface for different values of solar latitude 0 for different solar wind
plasma parameters.
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Figure 6.2: Altitude profiles of the (a) electric potential, (b) field intensity within Type B
sheath over the lunar surface for different values of solar latitude 0 for different solar wind
plasma parameters.
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6.5 Static equilibrium

In the steady state within the sheath, an isolated dust particle acquires a finite amount
of charge or electric potential with respect to the ambient plasma. The steady-state dust
charge (and potential) may be evaluated by balancing the charging current on the dust

particle. In this case, setting dQ;/dt = 0 in Eq. 6.2 one gets
Lt = 0. (6.24)

Using the expressions of the charging currents discussed in the Section 6.3, Eq. 6.24 has
been numerically solved to derive V... We can see that the charging current depends
on the local sheath potential V, which itself is a function of altitude. We know V as a
function of altitude from the sheath profile (illustrated in Figures 6.1, 6.2, and 6.3). Using
this information V; .4 has been calculated at each altitude within the sheath. Note that
Vii,eq doesn’t depend on the particle size, while the particle charge varies linearly with the
particle radius.

From Eq. 6.1, the net force on a dust particle can be written as
dv
Foet = Fo — Fg = —4meoa Vdﬂ —myg, (6.25)

where F, is electrostatic force and F, is gravitational force. The mass of the spherical dust
particle can be written as m; = %npdlﬁ, where p; is the material density of the dust parti-
cle. Here, we have used p; = 3 g cm 2. In the steady state, at a finite x, if the electrostatic

force F, equals with F, and hence Fpet = 0. We can write

1/2
3¢y V, av/d
fpal = [— €0 Vieq (dV/ x)] . (6.26)

8Pd

6.5.1 For Type A & B sheath

Figure 6.4 illustrates the altitude profiles of the steady-state dust potential Vo4 for dif-
ferent solar illumination and solar wind plasma conditions within Type A and B sheath
structures. In both cases, the dust acquires a finite negative potential (charge) near the
lunar surface for lower values of 6. This can be attributed to the fact that for low 6 val-
ues near the subsolar point and mid-latitude (see the blue and red lines in Figure 6.4),

the photoelectron density is higher near the surface, leading to the negative charging of
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Figure 6.4: The equilibrium dust potential as a function of altitude within Type A (top
panel) and Type B (bottom panel) potential structure. The right axis shows the corre-
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the dust particle. As the altitude increases, the population density of the sheath photo-
electrons decreases, and the charging is dominated by the photoemission from the dust
particle, which results in positive charging. However, for higher values of 0, (the black
line in Figure 6.4), the photoemission from the dust becomes dominant, and the dust ac-
quires a positive potential everywhere within the less dense photoelectron sheath. The
effect of solar wind plasma parameters, i.e., 1, and T, can be explained as follows. The
solar wind electron and ion accretion flux increases with increasing plasma density and
temperature. However, near the surface, due to the presence of the dominant photoelec-
tron population, no significant deviation in V; o4 is noticed. As altitude increases, the solar
wind electron density increases, giving rise to more negative charging, which reduces the
positive dust potential. However, a significant reduction is observed in increasing ;e
than T,. We notice a slight increase in V; oq within the range 12 to 40 m while increasing
T, for Type A solutions. Within a non-monotonic sheath, this region is dominated by pos-
itively charged ions, which gives rise to a slightly higher ion accretion current, resulting
in higher positive charging. But as we reach the sheath edge, due to quasineutrality, a
significant number of electrons give rise to further negative charging, slightly reducing
the positive potential. These kinds of features within altitudes 12 to 40 m have not been
observed for Type B. Because Type B sheaths terminate within around 12 m, and above
this region, the dust is exposed to UV radiation and quasi-neutral solar wind plasma. As
a result, the dust charge attains a constant positive value above the sheath edge of the
Type B potential structure due to dominant UV-induced photoemission. However, the
values and trends of Vjeq for Types A and B are noticed to vary only slightly for vari-
ous plasma parameters. The figure suggests that a 20 nm dust particle may acquire —47e
to 95e charges within the steady-state Type A sheath configuration, whereas for Type B,

charges are found to vary from —47e to 91e for the same set of input parameters.

Figure 6.5 shows the electric and gravitational force ratio for 20 nm dust particle -
the results of Figure 6.1 (for Type A) and Figure 6.2 (for Type B) are combined with Figure
6.4 to derive the electrostatic force on the dust particle within the Type A and B sheaths. We
see that for lower values of 6, there exist two balancing points or static levitation points
(the blue and red curves), while for higher values of 6 (the black curves), there exists
only one static levitation point. The lower balancing point is unstable because dFnet/dx
is positive (Nitter and Havnes, 1992). The height of the balancing point decreases with
increasing 6. Because of higher electric field strength at the low 6 values results in a higher

static levitation point. The height of the lower balancing/levitation point increases, and
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Figure 6.5: The ratio of the electric to gravitational force for 20 nm dust particle within
Type A (top panel) and Type B (bottom panel) potential structure.
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the upper balancing point decreases with increasing plasma density and temperature.
From Figure 6.4, it is noticed that the equilibrium dust charge reversal from near-surface
negative to positive happens at relatively higher altitudes with increasing n;,, and T.
With increasing n;., and T, the sheath electric field reaches zero at lower altitudes (field
reversal from positive to negative occurs for Type A, see Figure 6.1b). Hence, the lower
altitude for Q4 E > 0 increases, and the upper altitude for Q4 E > 0 decreases and reduces
the altitudinal span where Q,4E remains positive, which results in a rise in altitude of the
lower levitation point and a fall in the upper levitation point. The F, / F; ratio for Type A
falls sharply with altitude above the upper levitation point due to the field reversal from
positive to negative near potential minima. And the F./F; becomes negative due to the
downward-directed sheath electric field. On the other hand, for Type B, F./F; remains
positive above the upper levitation point and its magnitude gradually decreases with

altitude due to a decrease in the upward-directed sheath electric field.

Figure 6.6 shows the static levitation height as a function of dust particle radius.
Due to the increase in dust potential near the static levitation point with 0, larger dust
particles may levitate at higher latitudes. The maximum particle radius exhibiting levita-
tion decreases with increasing plasma density and temperature as the sheath electric field
and dust charge near the levitation point decrease. It is also noticed that very small-sized
dust particles (~ 125 nm) can be stably levitated above the lunar surface in nominal solar
wind conditions. For the Type A sheath, the maximum levitation height for the smaller
dust particles is noticed to be smaller than Type B sheath. This can be attributed to the
existence of negative minima and downward-directed electric fields above the minima,
which obscure the possibility of stable levitation beyond the field reversal point. This can
not be observed in the Type B sheath, where the upward-directed electric field monoton-
ically decreases to zero with altitude. The static equilibrium behavior of a dust particle
with Type A and Type B sheaths exhibits nearly similar trends. Additionally, the presence
of a double-layer space-charge region within the Type A sheath gives rise to some extra
features which can not be observed in the photoelectron-dominated monotonic Type B
sheath. Further analysis of dust dynamics in the photoelectron-dominated region is car-
ried out only for Type A sheath, and it is anticipated that a nearly similar trend will be
observed for the case of Type B potential structure.

The present study uses a self-consistently derived Velocity Distribution Function
(VDF) of lunar photoelectrons rather than simplified Maxwellian statistics discussed in

Chapter 2. As a result, this study yields results that, while supporting some of the gen-
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eral trends reported in the literature, show significant numerical differences, corroborat-
ing with more realistic scenarios in the context of lunar dust dynamics. From Figure 6.7
we note the significant departure in the results at higher latitudes - the Maxwellian as-
sumption overestimates the static levitation height for smaller dust particles and under-

estimates the maximum size of the dust particle that can achieve static levitation.

6.5.2 For Type C sheath

Near the terminator region with higher values of 8, photoemission is marginal due to
the grazing incidence of the incoming photon flux. Here, the surface acquires a finite
negative potential due to dominant solar wind/ plasma electron collection and forms an
ion-dominated Type C Debye-type sheath in the vicinity. Figure 6.3 illustrates the poten-
tial and field structures within the Type C sheath near the terminator. The electric field is
directed downward within the sheath. Although the surface is not receiving significant
illumination, the dust particle above the surface can receive full illumination. Figure 6.8
illustrates for = 89°, the dust acquires a finite positive potential within the entire Type C
sheath region. The trend can be explained using Figure 3.10 shown in Chapter 3. Near the
surface, photoelectrons (although a small amount) are collected on the dust along with
solar wind/plasma ions and electrons collection. As the dust is also illuminated, addi-
tional positive charging occurs due to photoemission. Near the surface, ion collection
dominates, and positive dust charge increases up to a certain altitude due to a decrease in
photoelectrons with increasing altitude. As electron density increases with altitude, after
a certain height, the negative charging due to higher electron flux increases, but overall
positive charging due to the cumulative effect of ion collection and photoemission dom-
inates. As a result, the positive magnitude of the dust charge/potential decreases. Near
the sheath edge, the electron flux dominates over the ion flux, but due to higher values of
UV-induced photoemission, the dust achieves a constant surface potential near the sheath
edge.

For 6 = 90°, Figure 6.3 illustrates exotic results here, the dust charge near the sur-
face acquires a significantly high positive value due to significant ion collection. Whereas,
near the sheath edge, the dust acquires a negative charge/potential due to dominant elec-
tron collection. For 8 = 90°, there is no photoemission from the surface. The lofted dust
will be illuminated by photons and develop a positive charge near the edge of the sheath
due to the dominant photoemission occurring in that region. However, near the surface,

photoemission from the dust becomes negligible. This is because the higher positive po-
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tential due to dominant ion collection creates a larger potential barrier, which traps nearly
all of the emitted photoelectrons, resulting in an insignificant contribution from photoe-
mission close to the surface. Stable levitation of lunar dust within the Type C sheath is
not feasible near § = 90° because positively charged dust does not experience an up-
ward vertical force due to the downward-directed electric field. For 6 = 90°, neglecting
photoemission from the dust particle, the analysis of the static levitation points and levi-
tation heights for different dust particle sizes has been illustrated in Figures 6.9 and 6.10.
These results illustrate similar trends as predicted by Nitter et al. (1998) for 8 = 90°. In
the present analysis, the non-Maxwellian kappa distribution of electrons has been used
instead of the Maxwellian, which has been used by Nitter et al. (1998). Similar to Type A
and B sheaths, for Type C, there exist two stable levitation points. Here, the downward-
directed electric field creates an upward-directed electric force on the negatively charged
dust particle. As a result, the levitation point increases with increasing electron tempera-
ture, which gives rise to larger negative dust charge and larger field strength. In contrast,
increasing density screens the effect of the potential structure to a lower altitude and in-
creases ion density and flux, which results in lower values of static levitation points as
shown in Figure 6.9. Due to similar reasons, Figure 6.10 illustrates an increase in levita-
tion height and maximum dust size for levitation with an increase in plasma temperature
and with a decrease in plasma density. These results, however, are not applicable for
6 = 90°. Because at the terminator, any lofted dust we get full illumination within the
sheath and acquires a positive charge. So, this result can only be regarded as valid for
locations with zero photoemission, which means for the case of the lunar nightside. Li
et al. (2016), adapting the model of Nitter et al. (1998), predicted the dust levitation height
and the maximum size of the levitated dust over the entire lunar surface. However, con-
sidering the spherical Moon, the concept of the shadow line has not been included in their
analysis. In the lunar nightside (6 > 90°), if the dust is lifted beyond a certain height H;,
the dust will be illuminated by sunlight. The H; can be given for the spherical Moon as

1—sinf
Hs = Ry, (Sll’l@) , (6.27)

where R, is the radius of the Moon, and 6 should be greater than or equal to 77/2 in radian.
Hence, to determine the dust dynamics in night side near the terminator, the concept of

the shadow line should be incorporated in the analysis.

It should be noted that the particles undergo dynamical evolution and require a
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finite time to reach the aforementioned static levitation. When a dust particle (of any
size) is ejected from the surface, its charge undergoes dynamic variation due to various
charging effects. The trajectory of the dust particle thus is shaped by electrostatic and
gravity forces. Although larger dust particles do not achieve static levitation within the
sheath, they can remain suspended and float within the sheath for a finite time during
dust dynamics and create an observable dust cloud. The particle dynamics is a significant
function of the initial conditions, and the larger size particles can lift to a meter-scale

altitude for the appropriate set of parameters.

6.6 Dust levitation dynamics

In the last section, we discussed the static levitation conditions, which primarily refer to
the steady-state configuration of the dust dynamics. In this section, we derive and feature
the motion of dust particles detached from the surface with a finite speed into the sheath.
The detailed dynamical evolution of the dust particle is presented only for the Type A
sheath structure. The dynamics for Type B are expected to be similar to those of Type A
and will not be addressed separately. For Type C, the static equilibrium analysis indicates
that dust particles cannot stably levitate within the Type C sheath structure; therefore, the
dynamics of Type C are not considered in this study. Note, the fate of the injected dust

particle strongly depends on the initial conditions, that is discussed next.

6.6.1 Initial conditions

Initial speed and initial dust charge, just after the detachment of the dust from the surface,
are two important parameters and their manifestation with the sheath features determine
the dynamics of the detached dust particle over the lunar surface. Based on the initial
conditions, the particles intuitively may exhibit three possible dynamical features: (i) The
dust escapes from the Moon, (ii) the dust returns back to the surface, and (iii) the dust
floats within the sheath.

The initial charge on the detached dust particle is quite crucial in deriving dust dy-
namics. In the absence of any established theoretical basis or experimental measurement,
intuitively, one may consider the following feasible estimates for the initial dust charge to
utilize them as simulation input. Note that the aim of this chapter is to discuss the dust
dynamics after lifting, and the in-depth analysis of the electrostatic dust detachment is

discussed in the next chapter.
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(i) If one considers the charge on the dusty surface to be uniformly distributed,
based on Gauss’s law, we may write the dust particle charge at the surface as (Wang et al.,
2016b)

Qus = 4mega® Es, (6.28)

where E; is the electric field of the lunar surface at the surrounding of the dust particle.
Taking E; ~ 3.5 V/m for the nominal photoelectron sheath, for 2 < 20 um, Eq. 6.28 gives
that the charge on the dust particle is smaller than one electronic charge. This estimate
suggests that the net electrostatic repulsive force is too small to overcome the gravity force

in this case.

Due to the dielectric nature of the lunar surface and dust particles (that exhibit
extremely poor electrical conductivity), charge patches are created on a dusty surface due
to its exposure to UV radiation and/or plasma (Wang et al., 2016b). Moreover, due to
the random nature of charging currents, charges on the lunar surface and dust particles
fluctuate and vary significantly from those derived from the Gauss law (Rosenfeld and

Zakharov, 2020; Mishra, 2020a).

(ii) In this view, following Farrell et al. (2007), we have taken a possibility that the
dust potential possesses an identical potential to that of the lunar surface. Based on this
assumption, one can write

Qus = 4mega Vs, (6.29)

where V; is the local lunar surface potential surrounding the dust particle.

(iii) Following the work of Wang et al. (2008), the dust particle should acquire suf-
ficient charge to overcome the lunar gravity during its flight through the sheath. In this

case, an estimate for the initial charge can be represented as

Qus = (14 5)% . (6.30)

Here, 6 < 1is taken such that Qg takes an integral value and gives initial acceleration.

The initial velocity of the dust particle, i.e., another significant parameter, depends
on the launching mechanism. The dust particles may be launched by several means, viz.,
micro-meteoroid impact, impact/ tidal shaking, (Richardson et al., 2004; Senshu et al.,
2015) and large electrostatic repulsion (Wang et al., 2016b; Mishra, 2020a). Wang et al.
(2016b) experimentally showed that within micro-cavities between adjacent dust particles

below the surface, the emission and subsequent re-absorption of photoelectron and/or
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secondary electrons can generate significantly large negative charges and intense particle-
particle repulsive forces that can launch the dust particles from the surface. Mishra (2020a)
proposed that sufficient electric field and Coulomb repulsion can be created between the
dust and surface due to random charge fluctuations at the microscopic scale, which could
detach the dust particle from the lunar surface, overcoming dust-surface adhesive force
and gravity. Using this model, Mishra and Bhatt (2023) derived the optimum launch ve-
locity of the electrostatically detached dust particle. They show that the smaller particles
are estimated to obtain larger velocity (i.e., ~ 30 m/s for 20 nm) after detachment, and its
magnitude decreases with increasing particle size (~ 5m/s for 100 nm).

We have carried out the simulation by varying the initial velocity, considering it
as a free parameter from 0 to 10 m/s, and using all three types of initial charge estimates
discussed above. Note, after launch, i.e., described in terms of initial charge and initial ve-
locity, from the surface, the dust particle undergoes electrostatic charging via photoemis-
sion and collection of the sheath constituents - the continued charging effects complicate
the dynamic evolution of the dust particles. The expressions/ estimates of the charging

currents are presented in the section 6.3.

6.6.2 Solution of the equation of motion

For Moon, ¢ = 1.63 m/s?, the escape velocity is 2.38 km/s. For nominal solar radia-
tion and wind plasma conditions, the net repulsive force acting on the dust is not strong
enough to allow it to escape from the lunar gravity. Based on initial conditions, the dust
particle majorly returned to the surface after a single ballistic trajectory. In our simulation,
only a few cases are found where the dust particle remained suspended within the sheath
for a longer duration.

The left panel of Figure 6.11 shows the position, velocity, and charge of the dust
particles as a function of time for the particles of different sizes launched (detached) from
the surface with an initial velocity uo = 0 and initial charge Qo = (1 + ) "% within the
sheath at 8 = 80°. For a = 20 nm, Qp = le (Red); a = 50 nm, Qy = 11e (Green); a = 100
nm, Qp = 85e (Blue). As the dust particle leaves the surface and travels within the sheath,
the particle accelerates upward if the electric force exceeds gravity. At higher altitudes, it
decelerates when the sheath electric field decreases, and the subsequent charge variation
results in a rise to a periodic hopping trajectory. Small dust particles with lower masses
get larger upward acceleration and reach higher altitudes (see the top panel of Figure

6.11, 20 nm dust particle has a higher altitudinal span than 100 nm). It is noticed that a
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Figure 6.11: Time evolution of position, velocity, and charge of dust particles of different
sizes launched from the surface with initial velocity 1y = 0 and initial charge Qy = ( 1+
(5) 748 within the sheath at § = 80°. For a = 20 nm, Qy = le (Red); a = 50 nm, Qp =
11e (Green) a = 100 nm, Qo = 85e¢ (Blue). The left panel shows the trajectories up to
200 seconds, and the right panel shows the same for 2000 seconds to show the steady
state feature. The dashed lines correspond to the static levitation altitude (top panel) and
corresponding equilibrium charge (bottom panel) of the dust particles of a particular size.
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Figure 6.12: Time evolution of amplitude and normalized amplitude of periodic hopping
trajectory of the dust particles. The normalized amplitude is defined as the ratio between
the amplitude at a particular time and the amplitude of the first period. The same param-

eters are used, as in Figure 6.11.
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20 nm (Red) dust particle has a higher hopping amplitude than that of 50 nm (Green),
followed by a 100 nm (Blue) dust particle. Due to the higher acceleration, the velocity
of the smaller particle increases, giving rise to a rapid increase in altitude and a rapid
decrease in the corresponding electric field at that altitude. Due to the decreasing sheath
field, it faces a larger deceleration at the point of maximum altitude, resulting in higher
altitudinal coverage during a hop. For instance, a 20 nm dust particle shows an altitudinal
coverage of ~ 7.5—9.5 m after two hundred seconds, while it is literally constant for a
100 nm particle. Since the altitudinal coverage decreases with increasing particle size, the
variation in electric force and velocity within this altitudinal range is small, leading to a

longer hopping period for larger particles.

While travelling within the sheath, the dust charge varies due to photoemission
and collection of sheath constituents. We notice that the positive dust charge increases
over time due to dominant photoemission from the dust surface. As a result, the electric
force on the dust particle increases, increasing upward acceleration, which increases the
dust particle’s altitude over time. As the positive dust charge increases, it will decrease the
photoemission current by creating a positive potential barrier toward the emitted photo-
electrons. So, the degree of increase in electric force gets reduced, and the particle hopping
starts to saturate about a finite altitude. The left panel of Figure 6.11 shows the variation up
to 200s. From this, we can see that the dust particle is approaching the static levitation alti-
tude. The equilibrium dust charge Q q and corresponding static levitation height /s have
been illustrated in Figures 6.4 and 6.6. For a = 20 nm, (s, Qgeq) = (10.8m, 85.4¢), for
a =50 nm, (s, Qieq) = (8.5m, 199.4¢) and for a = 100 nm, (I, Qd,eq) = (4.1m, 318.6e).

The right panel of Figure 6.11 illustrates the trajectory of the dust particles up to
two thousand seconds. We notice that 100 nm dust (blue) achieves the steady state within
the 1250s, while the 50 nm (green) converges to I; = 8.5m and its charge reaches very
close to Qgeq = 199.4¢ at 2000s. However, we see that the 20 nm dust (red) hops around
ls = 10.8m, and its charge is yet to reach Q,.q = 85.4e. Larger particles take less time
to reach the steady state as the photoemission and plasma collection current is higher,
which results in a shorter charging time. On the other hand, the charging is slower for
smaller grains, and it takes longer to achieve a steady state. In simulations, the trajec-
tory of 20 nm has been computed for 6000s; the particle could not attain the steady state
even in this time scale and hops around I; = 10.8 m. Although the altitudinal coverage
of the periodic hopping trajectory increases, Figure 6.12 shows that the amplitude (the

difference between the maximum and minimum altitude attained by the dust particle in
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a given period) decreases with time. This is consistent with the general entropy princi-
ples as dusty plasma mimics a dissipative system - the dissipation in this present scenario
is associated with the dust charge variations during its dynamics (trajectory). The non-
linear variation of the amplitude of the periodic hopping trajectory can be explained as

follows: Integrating Eq. 6.1 with u = dx/dt, we get the energy equation as

+gx2 +gx1+ dt. (6.31)

u3  QnVs _ud QaW 2 Tt V
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In this equation, the energy created by the charging currents is represented by the fourth
term on the right side (Li et al., 2016). This term gives rise to this nonlinear effect in the
system. For 100 nm dust, I, takes a large value, and their dynamics are restricted within
very small altitudes where sheath potential strength V is large. In this case, the fourth term
introduces significant nonlinearity into the system. In the case of 20 nm dust particles,
which lift at higher altitudes within the sheath, show a weaker nonlinear effect due to
small I;;; and small V at higher altitudes. As shown in the bottom panel of Figure 6.12,
the variation in normalized amplitude changes at a higher rate for larger-size particles. It
means that the charge on the larger grains varies faster rate during its dynamics, which
leads to rapid energy dissipation. This variation is due to the fourth term on the right side
of Eq. 6.31. Should be noted that the previous results of Wang et al. (2008) and Zhao et al.
(2022) do not show these nonlinear behaviors because they use a constant dust charge
while addressing the dust dynamics. With the inclusion of varying dust charge during its
dynamics (trajectory), this study points out the significance of the dissipation mechanism

in the realistic dusty plasma scenario over the Moon.

As noticed in Figure 6.1, the photoelectron sheath’s potential and electric field
structure significantly vary with 6. Figure 6.13 shows the dynamics of a 20 nm dust at
three different latitudes (i.e., §). From the vertical profiles of electric potential and field
(shown in Figure 6.1), we see that their strength decreases with increasing 6. Therefore, the
electrostatic repulsion force on a positively charged dust is higher at the equator (6 = 0°)
and reduces towards the higher latitudes (e.g., 6 = 80°). As a result, the dust particle
reaches a higher altitude near the equator due to a higher upward electrostatic push, and
the upward push and altitude decrease towards higher 6 (see the top panel of Figure
6.13). The bottom panel of Figure 6.13 shows that initially, the dust charge shows a pat-
tern of reduction and enhancement for a finite time duration - this is more visible in the

in-set picture. This pattern is a consequence of charging fluxes on dust during the hops
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Figure 6.13: Time evolution of position, velocity and charge of 20 nm dust particle for
different 6 values launched from the surface with initial velocity #o = 0 and initial charge

Qo= (1+9) mE—dsg ~ le within the sheath.

(altitudinal oscillations). As the dust passes through a dense photoelectron cloud near
the surface where the photoelectron collection dominates, making the particle negatively
charged, whereas the photoemission dominates at higher altitudes and makes dust pos-
itively charged. Note that due to photoemission, overall positive charging is effectively
higher, and the dust charge increases over time. Moreover, as the photoelectron density
reduces with altitude and increasing 0, the degree of charge variation reduces (the red and
green curves in the bottom panel of Figure 6.13). For higher 6 values, e.g., 80°, the sheath’s
photoelectron density becomes smaller, and the photoemission from the dust dominates
as the particle traversing the sheath (the blue curve in the bottom panel of Figure 6.13).
For the same reasons, the degree of positive charging is slightly faster for higher values

of 6.

At any given latitude 6, the variation of u( exhibits variation in the hopping tra-
jectory of the ejected particle; that is quite self-explanatory. Figure 6.14 illustrates the dy-
namical evolution of a dust particle launched from the surface with different velocities.
In the case of a higher initial velocity, the altitudinal coverage (amplitude of the hopping)
is larger. Higher 1 also increases the magnitude of the maximum and minimum velocity.

Due to higher u, the dust quickly passes through the near-surface photoelectron layers.
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Figure 6.14: Time evolution of position, velocity and charge of 20 nm dust particle for
different values of 1y, launched from the surface at § = 0° and initial charge Qp = (1 +
6)"£8 ~ le within the sheath.

S

As a result, photoelectron collection from the sheath reduces, which causes less reduction
of dust charge in the beginning phase (in time) when the dust is near the surface (see
the inset of the bottom panel of Figure 6.14). However, as the dust reaches a higher al-
titude due to dominant photoemission, the dust charge shows marginal variation for all

the three values of 1 at a larger time scale.

As discussed earlier (in section 6.6.1), the initial charge of a dust particle can sub-
stantially alter its dynamical evolution. This effect has been illustrated in Figure 6.15. It
shows the dynamics of the dust particles with xg = 0, up = 0m/sand Qo = 47ega Vs. The
following dynamical evolution significantly differs from the dynamics discussed earlier
considering Qg corresponding to Eq. 6.30. In case when the dust charge is taken equiv-
alent to the lunar surface potential (Eq. 6.29), the electrostatic force on the dust becomes
very high compared to earlier cases. For example, a 20 nm dust feels 32 times higher elec-
trostatic force than Qg = (1 + (5) mE—ig ~ le. For 50 and 100 nm dust, the force increases by
a factor of 7.3 and 1.9, respectively. Due to this, smaller dust particles experience signifi-
cant vertical push, which significantly increases its velocity. This quick increase in velocity

might lead the dust particle to cross the potential minima at x,, within the sheath. Above

the potential minima, the electric field is directed downward - this will attract the dust
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Figure 6.15: Time evolution of position, velocity and charge of dust particles of different
sizes, launched from the surface at 6 = 80° with uyp = 0 m/s and initial charge Qp =
47teg a Vs within the sheath. For a = 20 nm, Qg = 32¢ (Red); 2 = 50 nm, Qg = 80e (Green);
a = 100 nm, Qg = 159¢ (Blue).

particle towards the surface and a rapid decrease in velocity takes place. As soon the dust
reaches below the x;,, the field again apply as an upward force, reducing the degree of
deceleration. In this course the dust might reach very close to the surface. However, in
this traverse, the dust becomes more positively charged due to significant photoemission
- this leads to a relatively higher electrostatic push in the upward direction, and give rise
to a periodic hopping trajectory over time. The dynamical evolution (Figure 6.15), how-
ever, does not show significant non-linear effects. This can be understood using Eq. 6.31.
In the region of significant V (low altitude), along with kinetic energy, the electrostatic po-
tential energy is higher than the non-linear fourth term in the right-hand side of Eq. 6.31.
At higher altitudes, the term again becomes small due to lower V and overall reduces the

non-linear effects.

The calculations, results, and discussions made so far have focused solely on the
cases resulting in periodic hopping trajectories. In the following section, we will quanti-
tatively discuss the fate of the injected dust particle from the surface with a set of initial

conditions, i.e., in terms of initial velocity, and initial charge at different latitudes.
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Table 6.1: Fate of a test dust particle injected from the surface with various initial charges
and velocities. "Y" indicates the possibility of periodic hopping dynamics, and "-" indi-
cates a single ballistic trajectory.

ainnm 6 =0° 60° 80°

20 1 1 1
50 4 6 11
100 29 43 85

Table 6.2: Dust charge at the lunar surface to overcome lunar gravity at different 6 calcu-
lated from Eq. 6.30. The charges are in terms of e.

6.6.3 Fate of an injected dust particle

Here, we consider the dust particle is launched from the surface with a given initial charge
and vertical velocity and analyze the motion of the dust particles to constrain the set of
initial conditions that lead to a single ballistic hop or periodic hopping trajectory of the
particles. Following Eq. 6.28, first, we assigned zero initial charges for 20, 50, and 100
nm dust and launched them with initial velocities of 1, 2, 5, and 10 m/s from the three
locations at 0°, 60°, 80° latitudes over the Moon. Calculations suggest that in every pos-
sible combination, the dust particle returns to the surface after a single hop and does not
undergo periodic hopping. This happens because the dust particle cannot accumulate the
required charge to overcome gravity during its flight. There may be many reasons why

the dust particles could not acquire sufficient charge: (i) If the dust is launched with a

ainnm 6=0° 60° 80°
20 102 73 32
50 253 181 80
100 506 362 159

Table 6.3: Dust charge equivalent of lunar surface potential at different 6 calculated from
Eq. 6.29. The charges are in terms of e.
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relatively small velocity, its motion should be confined very close to the surface. For in-
stance, with ug = 1 m/s and Qg = 0, its traverse remains within 30 cm above the surface.
Here, the neutral dust primarily accumulates negative charges due to the higher number
density of the photoelectrons (particularly for the lower values of 0). The electrostatic
force due to the upward-directed electric field added to the gravity pulls the dust toward
the surface. (ii) For lower 6, at higher altitudes, the photoelectron density reduces. Due
to dominant photoemission, in this case, the dust might acquire, though not sufficient
enough to counter gravity against the electrostatic force and the particle falls on the sur-
face at the end of its return flight. For example, consider a neutral dust particle is launched
with 1y = 10 m/s. Under gravity, the particle takes a single ballistic hop for about 12.3
seconds. From Table 6.2, to overcome downward deceleration and rise again above the
surface, a 20 nm dust particle needs to accumulate at least 1le positive charge within this
timescale. The photoemission current on the 20 nm neutral dust is around 0.08e/s, and
thus, it should acquire one positive electronic charge in 12.5 seconds. The dust also accu-
mulates negative charges from the sheath’s plasma and photoelectrons, which results in
an increase in the positive charging time (> 12.5 s). In this case, the dust fails to achieve
sufficient charge to overcome the downward deceleration and falls on the surface after

the ballistic hop.

Based on simulation carried out, Table 6.1 shows the possibility of periodic hop-
ping trajectory with initial charges Qo = (1 + 9) mE—"Sg and Qo = 4mega Vs. The conditions
where the periodic hopping (oscillation) is possible are marked with "Y," and the trajec-
tories that end with a single hop are represented by an empty cell. We see that the dust
does not undergo any periodic hopping trajectory for major choices of initial conditions.
In the case of Qy = (1+6) mE—”’sg, with lower velocity, where we get only a single hop, the
reasons are in line with the first explanation in the last paragraph. In this scenario, be-
cause of higher photoelectron accretion, the positive charge on the dust decreases below
the charge required to counter gravity force, and the electrostatic force becomes insuf-
ficient to lift the dust again. For higher values of ug, the dust reaches higher altitudes,
and a larger time of flight might give it an ample chance to accumulate sufficient positive
charge such that it counters gravity but also pushes its motion to a periodic hop trajectory.
However, in most cases, the dust is unable to gather sufficient charge to overcome down-
ward deceleration during its motion and return back to the surface after a single hop, as
discussed (explanation ii) in the last paragraph. For Qp = 4mepa Vs, from Table 6.3, we

see that dust acquires a significantly large initial charge, which makes the dust particle
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Figure 6.16: Comparison of discrete and continuous charging model in the time evolution
of position, velocity and charge of 50 nm dust particle, launched from the surface at 6 =
80° with ug = 0m/s and Qg = 1e (for 20 nm) and Qp = 11e (for 50 nm) within the sheath.
The left panel shows the trajectories up to 200 seconds, and the right panel shows the
same for 2000 seconds to show the steady state feature. The dashed lines correspond to
the static levitation altitude (top panel) and corresponding equilibrium charge (bottom
panel) of the dust particles of a particular size.

reach a higher altitude. Thereafter, while returning back, the downward velocity becomes
very high, and for the same reason as discussed, it cannot flip the direction of the velocity.
Therefore, in the case of the Moon, under nominal solar irradiation parameters, there are
only a few initial conditions that induce the periodic hopping of the dust particle. This set
of calculations gives the impression that periodic hopping is more probable for smaller

grains, higher latitudes and lower velocity of dust injection.

6.7 Discrete charging

In the discussion so far, mean charge theory has been applied to describe dust dynam-
ics, which is based on the continuous nature of the charging currents - it reciprocates
in the dust charging and yields continuous variation of the dust charge with time. The
approach is well applicable to physical systems comprised of dense plasma and a large
number density of dust particles. However, in dealing with low particle densities, the dis-

crete nature of the charge carriers may be important. For example, take a 20 nm dust in a
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nominal solar wind plasma with 7, = 5 cm~2 and T, = 15 eV. Considering Maxwellian
electrons and protons, their accretion rates are I, ~ —0.02¢/s and I; ~ 0.0003e/s. Based
on the "continuous charging model", the charge on the dust particle after one second is
Q ~ —0.0197e. But if we consider the discreteness, the dust charge can be anything after
one second. It can be 0 (if neither electron nor proton gets collected or dust collects both
of them), 1e (proton collection), or —1e (electron collection) etc. However, the possibility
for different discrete charges is different, and it depends on the charging currents. In this
case, the possibility of dust charge to be —1e is higher because I. > I;. However, since
both I, and I; are much less than one, there is a much higher possibility that the dust
may not collect any charge. Therefore, the discrete nature of the dust charge is crucial
because it might influence the trajectories of particles, especially for smaller dust parti-
cles. We apply a Monte Carlo approach to address the discreteness and quantized charge
capture/emission. The probability per unit of time for absorbing a (photo)electron or ion

and emitting a photoelectron can be expressed as (Cui and Goree, 1994)

where j denotes a particular charge species. j = (p)e, Q(,). = —e for (photo)electron,
j =1i,Q; = eforion, and j = ph, Q,;, = e for single photoemission. Since I; depends
on sheath potential V, the probabilities also are the function of V. To implement this in
the numerical simulation, we start solving Eq. 6.1, with an initial condition (Qy, uo) at
to = 0. We define a small time step At. In this time step, the particle moves to a different
position. At this position, we define the probability of collection sheath constituent or

emitting photoelectron as (Cui and Goree, 1994)
Pj =1+exp (— Atwj). (6.33)

To address the randomness of the charging currents, we generate random numbers 0 <
Rj <1.If Pj > Rj, dust collects particular plasma species or emits a single photoelectron,
and the dust charge changes discretely. Next, the same process is performed with updated
dust, plasma, and dynamical parameters - the multiple cycles of this algorithm yield the

time evolution of the dust particle trajectory.

Figure 6.16 illustrates the comparison of discrete and continuous charging on the

dynamical evolution of the dust. The altitudinal variation is significantly different and
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Figure 6.17: The time evolution of relative variation of charges in % between discrete and
continuous charging model for 20 (Blue) 50 (Green) nm dust particle, launched from the
surface with same initial conditions as in Figure 6.16.

random for the case of discrete charging. For smaller dust, the altitudinal coverage is no-
ticed to be larger. This can be explained as follows: for 20 nm dust at the surface, le dust
charge is sufficient to overcome the gravity. Now, near the surface, due to photoemission,
if it emits a photoelectron, its charge becomes 2¢, which doubles the electrostatic repul-
sive force. As a result, the dust experiences a significantly large vertical push and covers
a larger altitude. On the other hand, 50 nm dust, with an initial charge of 11e, will feel a
nearly 1.1 times larger electrostatic force upon emitting a single photoelectron. Figure 6.17
illustrates the relative variation of charges (|Q; — Qc|/|Qc|) in % between the discrete
and continuous charging models. This shows that during the transient evolution within
the sheath, smaller dust particles experience a higher variation of relative charges, which
increases the variation in electrostatic force compared to larger particles. However, upon
reaching close to the steady state, the relative variation of charges for both 20 nm and 50
nm particles reaches below 10 %. Hence, for smaller dust particles, the discrete charging
may give significantly different dynamical evolution. It is noticed that the smaller dust
particles take longer time to collect electrons/ions and emit photoelectrons than larger
particles. This can be attributed to the fact that due to the larger area, the charging cur-
rent and charging probability are higher for larger particles, giving rise to rapid variation
of charge. The dust particles start with a small positive charge at t = 0. Due to the dom-

inant photoemission current at § = 80°, the positive dust charge rapidly increases, and
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the charge variation significantly diverges from continuous charging. After some time, as
the dust collects sufficient positive charge, photoemission current and probability of pho-
toemission decreases, and electron collection increases. The dust charge after a sufficient
time is noticed to fluctuate around the charge value that is derived from the continuous
charging (see the right bottom panel of Figure 6.16).

Note that due to the probabilistic nature of the approach, the repetitive simulations
with the same initial condition for a particular dust size provide different outcomes in
each run. For instance, in the case of 20 nm dust (shown on Figure 6.16) calculations, the
"oscillating” and "falling down" ratio is 0.61 if we run the simulation 50 times while 0.59
for 100 runs (keeping the initial condition the same). Here, we have shown the simulation
results representing the periodic hopping nature of the dust dynamics. However, we have
also analyzed the motion with various initial conditions, as discussed in section 6.6.3. The
simulation suggests that if the dust particles do not gain enough charge during the first
pass through the photoelectron sheath, they can not overcome gravity and re-impact to
the surface. If they gain sufficient charge, there is also a possibility of charge reduction
due to the collection of opposite charges during subsequent passages, which again results
in re-impact to the surface. From the discussion of 6.6.3, we get the periodic hopping
motion of the dust particles using continuous charging that is limited by a parameter
space in initial charge and velocity. The discrete charging model reduces the likelihood

of periodic hopping motion and subsequent levitation, even further.

6.8 Summary and future work

A numerical simulation of dust charging and dynamics within the lunar photoelectron
sheath has been carried out using the comprehensive sheath model discussed in Chapter
3. Atest dust particle has been introduced within the sheath, and using the sheath electric
potential and field profiles, the equation of motion and the equation of dust charging have
been solved. The static levitation conditions have been derived for various solar wind
plasma parameters at various locations of the Moon and discussed for all Type A, B,and C
sheaths. Thereafter, the dynamical evolution of dust particle charge and trajectory within
Type A sheath have been derived under various initial conditions in different locations
on the Moon. A self-consistent and more realistic approach to photoemission and sheath
formation is adopted in this work - while supporting some of the general trends reported

in the literature, the results illustrate a significant difference in their numerical estimates
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which effectively reflects in the dust dynamics.

The results of static equilibrium suggest: (i) The equilibrium dust potential (or
charge) Vd,eq(Qd,eq) varies altitudinally and latitudinally within the lunar photoelectron
sheath. At lower 6, the dust particles acquire negative charge near the surface, whereas
at higher latitudes, the dust charge remains positive within the entire sheath region.
For instance, for 20 nm particle, the charge varies between —47¢ to 95e within the non-
monotonic Type A sheath and between —47e to 91e within the monotonic Type B sheath
over the sunlit Moon. (ii) The equilibrium dust potential within the Type C sheath near
the terminator is found to be positive throughout the sheath region, which hinders the
possibility of stable levitation within a downward-directed electric field structure. (iii)
For Type A and B sheaths, static levitation point(s) exist for certain-sized dust particles,
where electrostatic force balances gravity. For lower 0, two such points exist - the point
corresponding to the higher altitude is considered stable. For higher 6 values, only one
(stable) static levitation point exists. At each 6, a cutoff radius exists beyond which static
levitation could not be obtained. For instance, for 6 = 80°, static levitation of dust par-
ticles larger than ~ 125 nm is not possible. The results of static equilibrium suggest the
possibility of a dust layer stably suspended above the sunlit Moon within Type A and
Type B sheaths. However, it has been found that the dynamic condition does not always
favor the formation of a stable dust layer. To form a dust layer, the particles must be lifted
from the surface and reach the balancing point to get settled. However, depending on
the launching mechanisms, the dust particles detach from the surface with a finite initial
velocity and charge and get settled with time. The results for the dynamic evolution of
the dust particle based on the continuous charge model show : (i) A small regime of ini-
tial conditions exists where the dust particle undergoes a periodic hopping trajectory and
proceeds towards the static levitation point. In other cases, the dust particles re-impact
the surface after a single ballistic hop. (ii) Larger dust particles take less time to reach the
static levitation point. (iii) The altitudinal variation of the dust charge during its dynam-
ics yields nonlinear variation of the hopping amplitude - the effect is more pronounced
for the larger size particles.

The inclusion of the discrete nature of dust charging, however, illustrates a signifi-
cant difference compared to continuous charging. The discrete charging model shows: (i)
The randomness of charging currents induces discreteness of the dust charging, and dust
particle exhibits significantly different dynamical evolution compared to that obtained

from continuous charging. (ii) The effect of discreteness is noticed to be significant for
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smaller dust particles. (iii) In most cases, the dust particles are not able to accumulate
sufficient charges. Thus cannot sustain themselves within the sheath and re-impact the
surface, which reduces the likelihood of stable dust levitation. A detailed demonstration
and comparison of the discrete and traditional continuous dust charging models reveal
new findings and advance the understanding of dust behavior in the lunar plasma envi-
ronment. We anticipate that detecting this kind of motion of very fine dust particles on
the Moon would be very challenging. However, a lab experiment similar to Wang et al.
(2016b) can be proposed where this situation can be mimicked, and the trajectory of the
particles can be tracked. Moreover, the conceptual basis of the charge discreteness can also
be tested using the dust sample of uniform-size grains, which, as per notion, will perform
different dynamical evolution for each particle due to randomization of the charging flux

and discrete charging effects.

Although the possibility of stable levitation is very small, transient events of dust
layer formation are possible due to electrostatically detached dust particles with a single
ballistic hop. Since the electric potential profiles within the sheath vary from the equator to
the terminator, the horizontal electric field is created, which can give rise to the horizontal
transport of the electrostatically lofted dust particles. Though the horizontal field is six
orders of magnitude weaker than the vertical field near the mid-latitude, significant dust
transport is possible in this region. To qualitatively assess this, we may consider a lofted
dust particle with zero horizontal speed under a horizontal electronic field E;, ~ 107°

V/m. The horizontal displacement can be written as

QiEn »
h=Z=—1 .34
2y (6.34)

For a 20 nm dust with Q; = 1le, sustaining within the sheath over t = 2000 s can be
horizontally transported up to 3.2 m - a considerable amount of dust might be transported

considering the geological time scale.

This chapter did not analyze the detailed dust dynamics near the terminator region
and on the nightside of the Moon. Near the terminator region, due to the grazing angle,
and on the nightside, the surface doesn’t get full illumination, which results in insignif-
icant/zero photoemission; the surface acquires a negative potential and forms a Type C
Debye-type sheath. Here, the electric field is directed towards the surface. However, a
lofted dust particle might get full solar illumination (if the dust is above the shadow line

on the nightside), and due to significant photoemission, the equilibrium dust charge be-
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comes positive. As a result, static levitation is not expected in the terminator region. The
sheath structure near the terminator is dominantly characterized by plasma ions and elec-
trons; the plasma parameters (e.g., 1, and T;) are important in determining the potential
and field structure. In the dayside of the terminator, the horizontal electric field is cre-
ated due to decreasing effective solar radiation with increasing 6, whereas, on the other
hand, the difference in plasma populations on the nightside creates a horizontal electric
field. Since near the terminator, the potential profiles undergo rapid horizontal variation,
which creates a relatively strong horizontal field, giving rise to large transient horizontal
transport. In the nightside, away from the terminator region, a Type C Debye-type sheath
forms. Results from static equilibrium indicate the possibility of stable dust levitation in
this area. Mathematical analyses similar to those used for Type A can be applied to study
dust dynamics. However, Chapter 5 demonstrated that secondary electron emission upon
the bombardment of highly energetic primary electrons on the lunar nightside can signif-
icantly alter the structure of the local plasma sheath. Dust particles may also emit sig-
nificant secondary electrons and may be levitated in the secondary electron-dominated
inverse sheath discussed in Chapter 5. The detailed formulation using the accurate veloc-
ity distribution function of the primary and secondary electrons could be taken up in the
near future. Additionally, the presence of surface topography further complicates the pic-
ture of the plasma environment around the terminator or polar region of the Moon. Any
positive topography can obstruct the incoming solar wind plasma upstream and create a
wake-like structure on the leeward side - a better understanding of the plasma population
is required to describe the field structure and subsequent dust transport in such regions.
The present study has discussed the particular cases of dust charging and dynamics over
the Moon and is the basis for future studies that could be undertaken by including the
aforementioned aspects. Moreover, though the theory and analysis have been applied
to the lunar perspective, they are equally applicable to any situation resembling similar

physical systems.






Chapter 7

Electrostatic dust detachment

7.1 Introduction

Previous chapters demonstrated that solar irradiation (i.e., radiation and wind plasma)
electrostatically alters the lunar surface and overlying dust particles that undergo electro-
static charging, and a near-surface space charge region, i.e., photoelectron sheath Manka
(1973), is created in the vicinity of the sunlit surface. The sheath is characterized by in-
herent electric potential/ field structure, with a typical electric field ~ 5 to 10 V m~! at
the surface as estimated in the earlier chapters and previous studies (Nitter et al., 1998;
Stubbs et al., 2006, 2007; Farrell et al., 2007; Poppe and Horanyi, 2010; Sodha and Mishra,
2014; Mishra and Bhardwaj, 2019; Zhao et al., 2021). This field is anticipated to levitate
submicrometer- and micrometer-sized dust particles above the lunar surface, allowing
them to evolve dynamically with space and time as shown in Chapter 6. This complex
dust dynamics is believed to be the main cause of the Lunar Horizontal Glow that is pro-
posed by light scattering through floating charged dust particles (Rennilson and Criswell,
1974; Zook and McCoy, 1991). Early studies and Chapter 6 in this thesis investigated dust
dynamics and subsequent levitation to a significant extent; however, the dust detachment
from the lunar surface is one of the crucial aspects of understanding the electrostatic pro-
cesses governing the lunar dusty plasma environment (Hartzell and Scheeres, 2011; Wang
et al., 2016b; Zakharov et al., 2020; Mishra, 2020a; Mishra and Bhatt, 2023). The dust par-
ticles may be launched by several means. Mechanical action created by fast meteoroid
impacts can separate dust particles from the lunar surface in the form of impact ejecta
(Popel et al., 2016). Apart from this, the electrostatic effects could be a significant intrinsic

source leading to the dust detachment from the lunar surface (Sheridan and Hayes, 2011;
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Figure 7.1: The constituent forces corresponding to the dust particle.

Wang et al., 2016b; Rosenfeld and Zakharov, 2020; Mishra, 2020a).

The dust particle lying on the charged lunar surface is subjected to gravity, co-
hesion, and electrostatic forces. If the electrostatic force exceeds the combined forces of
cohesion and gravity, the dust particle detaches from the surface and lifts above. The

gravitational and cohesive forces operating on spherical grains can be written as

Fo="Tapg, 71)

b ksS%a
vw — Ks 2 =2 7.2
E kSa[bJra] T+’ (7.2)

where a and b are the radius of the dust particle and roughness, respectively, p = a/b
(Mishra, 2020a), ks = H /2402, H is the Hamakar constant (~ 4.3 x 1072 J), O = 0.132
nm characterizes the diameter of an oxygen ion, S is the cleanliness parameter (Popel
etal., 2016), p = 3g cm? is the mass density of lunar dust and ¢ = 1.63m s~2 is the lunar
gravity.

Figure 7.1 illustrates the magnitude of the cohesive and gravitational forces that
bind dust particles with the lunar surface - note that the electrostatic repulsion should
prevail over this cumulative effect to detach particles from the surface. For instance, a
dust of 20 nm requires ~ 0.1 pN force to detach it from the lunar surface (for given S and

B). Applying Gauss law of electrostatics (Nitter et al., 1998; Stubbs et al., 2006, 2007; Farrell



7.1. Introduction 167

et al., 2007; Poppe and Horényi, 2010; Sodha and Mishra, 2014; Mishra and Bhardwaj,
2019; Zhao et al., 2021) to the sunlit lunar conditions, the surface electric field (~ 5V m™1)
yields the mean surface charge density ~ 5 x 108¢ m~2. Presuming the overlying dust
particles acquire the same charge density, a 20 nm dust barely acquires a single electronic
charge. It suggests that no dust particle could rise off the lunar surface for such a low
charge density. In fact, the electrostatic lifting requires ~ 5 orders of magnitude higher

charge density and/ or dust charge.

Laboratory experiments (Flanagan and Goree, 2006; Wang et al., 2009, 2016b) and
space observation (Zook and McCoy, 1991), however, have demonstrated dust flights
under the action of electrostatic processes induced by surface interaction with ambi-
ent plasma and solar irradiation. Wang et al. (2016b) explain these observations with a
patched-charged model. They suggested the presence of micro-cavities between the dust
particles and adjacent surfaces, which could yield a large negative charge and intense
particle-particle repulsive forces due to the emission/re-absorption of the photoelectrons
and/or secondary electrons. In their experiments, the dust particles are observed to accu-
mulate a significant net negative charge. Consequently, detached charged dust particles
have less likelihood of undergoing periodic hopping trajectories within the photoelec-
tron sheath, which is widely predicted in Chapter 6 and in various studies (Nitter et al.,
1998; Wang et al., 2008; Poppe and Horanyi, 2010; Li et al., 2016; Popel et al., 2022). The
plasma conditions in the lunar environment are considerably tenuous compared to those
in typical laboratory framework. Therefore, accumulating enough charge to detach dust
particles may require a prolonged duration in space conditions. Moreover, Wang et al.
(2016b) discussed the requirement of significantly high-energy photoelectrons to accumu-
late enough charge for the detachment of ~ 10 ym diameter dust inferred for the lunar
horizon glow (Rennilson and Criswell, 1974). Although solar soft X-ray radiation may
create such photoelectrons under lunar conditions (Rennilson and Criswell, 1974), signif-
icant photon flux and quantum yield in the UV region yield UV-induced photoemission
as the dominant source for the lunar surface charging over sunlit locations. These facts

emphasize a critical need for further investigation into electrostatic dust detachment.

Charge fluctuation is another significant mechanism that could provide an addi-
tional explanation for dust release (Cui and Goree, 1994; Sheridan and Hayes, 2011; Sheri-
dan, 2013; Rosenfeld and Zakharov, 2020; Mishra, 2020a). Sheridan and Hayes (2011)
highlighted that the charge fluctuation on a dust particle resting on a surface exposed to

a bulk plasma could lead to dust detachment. Considering Maxwellian plasma electrons
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Figure 7.2: Physical scenario of the dust particles and charged microscopic spots.

and cold ions, they derive a simple empirical relation determining fluctuating charge
magnitude, showing a dependence as square root of T, (electron temperature). Later, this
model was further developed to depict the charge fluctuation on dust particles in terms of
physical quantities, viz., mean charge and charge variance (Sheridan, 2013). These models
however consider bulk plasma, and accounts for electron and ion collection as dominant
charging processes, while the electron emission from dust/ surface has not been empha-
sized. Rosenfeld and Zakharov (2020) used the concept of charge fluctuation in the context
of a sunlit lunar plasma scenario. They suggested that the charge fluctuations at localized
microscopic areas can generate a charge, on average, an order of magnitude higher than
the mean charge. Natural randomization associated with incident solar/plasma irradia-
tion is the key to inducing this mechanism, and sufficient charge development could lead
to dust detachment from the lunar surface. Taking up this concept, Mishra (2020a) de-
veloped an analytical model in the context of the dusty lunar surface utilizing the theory
of statistical variables. This model suggests that sufficient charge development at mi-
croscopic spots enables Coulomb ejection of dust particles from the surface. The given
understanding of the spot generation and charging mechanisms is, however, quite quali-

tative and warrants a rigorous investigation.

To consolidate the concept, a Monte Carlo approach has been applied to the prob-

lem in refining the physics insight of the mechanisms and temporal behavior of the spots
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and charges on the dusty lunar surface. The sunlit location persists the mean surface
charge density of 0, ~ 5 x 10% ¢ m~2 in the nominal solar irradiation condition (Poppe
and Horanyi, 2010), i.e., 2000 ymz area possesses one unit of electronic charge, and thus
a microscopically small region (< 1um?) can be considered uncharged for all practical
purposes. Under dynamic equilibrium, the regolith surface beneath the photoelectron
cloud is exposed to randomized fluxes of emitted photoelectrons, solar wind plasma, and
sheath photoelectrons, which eventually are random charging events causing charge de-
velopment on the surface. Due to the dielectric nature of the lunar surface (with extremely
low conductivity), any incident charge spreads to a very small region around the point
of incidence and creates a charged spot (Rosenfeld and Zakharov, 2020). Such charged
spots remain intact until a charge of the opposite nature develops to delineate it. Due to
random charging events, the charges fluctuate throughout the surface instead of uniform
charging, creating randomly charged microscopic spots over the dusty regolith. A phys-
ical picture of this is shown in Figure 7.2. Manifesting the Markovian process with the
Monte Carlo treatment, this work addresses the random nature of the spot charging and
their dynamic (temporal) variation within microscopic regions.

Results show that submicroscopic non-overlapping circular charged spots are ran-
domly created/annihilated over time in a given microscopic region of the lunar sur-
face. Consequently, a finite number of charge spots are always present. These randomly
charged spots can provide significant repulsive vertical electrostatic force and create fa-
vorable conditions for dust detachment from the lunar surface, overcoming the gravity

and cohesive force.

7.2 Microscopic charge fluctuation

In demonstrating the charge fluctuation on a microscopic scale, we consider a steady-
state photoelectron sheath superimposing the dusty regolith beneath it. The photoelec-
tron sheath is created due to the cumulative effect of UV-induced photoemission and sub-
sequent collection of the cloud photoelectrons and solar wind plasma. The macroscopic
characteristics of the sheath are considered as input to simulate microscopic processes in
the vicinity of the lunar surface. Any microscopic surface region can only see an electron-
dominated cloud just above it. In the close vicinity of the microscopic region, the electron
cloud is dominated by photoelectrons (more than 90%) (e.g. as shown in Figure 3 in Lisin

et al. (2014), and in the bottom panel of Figure 3.11 in Chapter 3). The solar wind electron
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flux from the electron cloud in the vicinity is approximately two orders of magnitude
smaller than the photoelectron collection flux. Whereas, due to the higher mass of the
proton, the solar wind ion flux is three orders of magnitude smaller. So, for simplicity in
calculation and following the works of Rosenfeld and Zakharov (2020); Mishra (2020a),

the effect of solar wind fluxes in the present analysis is ignored.

The works carried out in Chapters 2 and 3 are followed to derive the photoelectron
sheath accounting for observed solar and regolith parameters. Based on the estimates,
the photoelectron density just above the surface is taken 202 cm =2 and of Maxwellian
nature with temperature 3 eV, and considered as input to the simulation. The cloud pho-
toelectrons randomly collect in the microscopic region along with random photoemission.
These charging events randomly generate/annihilate non-overlapping sub-microscopic

circular charged spots within the microscopic region.

7.2.1 Monte Carlo protocol

The simulation setup starts with an uncharged microscopic region (for all practical pur-
poses), which is superimposed by a nearby steady-state photoelectron cloud with density
202 cm 3 and mean temperature 3 eV. The cloud photoelectrons randomly collect in the
microscopic region along with random photoemission. These charging events randomly
generate/annihilate non-overlapping sub-microscopic circular charged spots within the
microscopic region.

Charging currents: Due to random charging events, the charges fluctuate through-
out the surface instead of uniform charging, creating randomly charged microscopic spots
over the dusty regolith. In analysis, the random nature of the surface charging can be
addressed using a Monte Carlo-type approach by assigning a finite probability of pho-
toemission and electron collection. The probabilities depend on the expressions for the

currents associated with the photoemission, and electron accretion can be represented as

Jon(q) = cos@/max A)fadA [W] for q>0, (7.3)
— cosf / " YA fadA for g <0, (7.4)

mm

where, g is the charge on the surface, 0 is the latitude, i.e., 6 = 0° is the equator, and 6§ = 90°

is the terminator. x(A) is the photoelectric yield of the lunar surface, f, is the photon flux
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Figure 7.3: Schematic for illustrating charge spot (of radius r) generation in a square region
of length I.

associated with observed solar spectra, &y = (Ex — Wy)/kTo, ®()) = [5°F bt In(1+
0)dQ), and E) is the photon energy in eV for wavelength A. k is the Boltzmann constant.

Wy and T are the regolith work function and temperature. Here

e2

_ 7.
2megrkTy (7.5)

1 =

e is the electronic charge. Considering the Maxwellian electron cloud in the vicinity of the

lunar surface, the electron collection flux can be written as

kT, \'/?
Jec(q) = no (an ) for >0, (7.6)
_ kT, 172 gci
= ng (ane> exp <_Dée> for 4<0, (7.7)

where 1y and T, are the electron density and temperature, respectively and a, = T,/ Tp.
m, is the electronic mass.

Computational Space and Scheme: Consider a square region of length I (as shown in
Figure 7.3). If | < 1 um, initially, this area is uncharged. As the photoemission and elec-
tron collection event occurs, circular microscopic spots start to develop. It is assumed that

charged spots can not be generated outside the region and do not overlap. So, charging
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events can occur either in the old charged spots or in the Valid Uncharged Region (VUR).
Hence, spot centers must lie within the regionr < x <1 —r,r <y <[ —r. Initially, the
area of the valid uncharged region is A,.;iq = (I — r)?. As time progresses, spots of dif-
ferent charges are randomly generated and annihilated. For every existing circular spot,
the distance between its center and the newly generated spot center should be greater
than 2r to avoid overlapping. So, each spot of radius r creates a circular region of radius
2r, where no spot center can exist. Then the area of the valid uncharged region becomes
Aqalia = (I —7)? — Aje. Here, Ay is the area of the influence zone occupied by the spots.
Figure 7.3 shows the uncharged valid region as the region bounded within the blue lines.
At a certain time t, N number of charged spots are created. After a random time interval
At, the charging event can randomly occur either on the valid uncharged region or on the
old charged spot, depending on the probability connected with them. The total rate of

charging events on VUR can be written as

PVUR = Avatid [Jpn (9 = 0) + Jee(qg = 0)] . (7.8)

For charged spots, the rate can be written as

Pc = 7-[72 Z Nk Uph(’ik) + ]ec(Qk)] ’ (79)
k=1

where Ny is the number of spots with charge gx. And N = Y}, Ni. The total rate of

charging events in the entire region is

Ptot = PVUR T Pc - (7.10)

By generating random number R; with 0 < R; < 1, the random time interval can be

determined by(Cui and Goree, 1994)

In(1—R
par— (=R (7.11)
Ptot
And
biq =t + At (7.12)

Another random number R, with 0 < R, < 1 is generated and compared with the prob-

abilities of choosing the valid or charged region. If
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Pyur = ————— > Ry, (7.13)

the charging event will occur in the VUR, and a spot center will be randomly chosen.
Otherwise, it will occur on the old charge spots. Since there are multiple charge spots
with different charges, the probability of choosing a spot with a particular charge type is

required, which is given by

_ Nelpn(qn) + Jee(q)]
i ):Z:1 N Uph (Qk) + ]ec(ﬂlk)] -

A particular charged type is randomly selected using the probability P, . After selecting

(7.14)

charge type g, an old spot center can be randomly chosen out of Nj spots, each of equal
probability 1/ Nj. Thereafter, the type of charging event that occurred needs to be derived.
For that, a random number R, with 0 < R, < 1 is generated and compared with the

probability P, of a single photoemission or electron collection.

]ph(qk)
If P — RC/
Ph ]ph(ﬂlk) + ]ec(ﬂk) ~
Ny (F41) = Ny (8) +1, (7.15)

Ny (tiv1) = Ny (t) — 1,

photoemission occurred .

Jpn(4k)
If P - RC/
ph ]ph(’]k) + ]ec(Qk) =
Ny (tjs1) = Ng_, (8) +1, (7.16)

N, (t+1) = Ny, (t) — 1,
electron collection occurred .

gx = 0 should be used to determine charging events on the uncharged surface. Repeating
the same for subsequent times gives a physical picture of the generation and annihilation

of spots in a microscopic area.

The computations presented herein are carried out using several packages of
MATHEMATICA, a product of Wolfram Research, Inc. For example, RandomReal is used
to generate random numbers between 0 to 1 (Wolfram Research, 2007b). RegionUnion

is used to find the union of the influence zone occupied by the spots (Wolfram Research,
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2014b). RegionDifference is used to find the uncharged valid region after subtracting the
influence zone from the square region (Wolfram Research, 2017). RegionMeasure is used
to find the area of the VUR (A, iq) (Wolfram Research, 2014a). RandomPoint is used to
randomly choose a new spot center within the VUR (Wolfram Research, 2015). Random-
Choice is used to choose the existing charged spots randomly (Wolfram Research, 2007a).
We have presented the result only for I> = 0.01 um? with r values are taken to be 10 and
20 nm. The computation schemes are valid for other / and r values but are limited to the
computation capability of the computer. For example, if we take /> = 1 um? and r = 10
nm, approximately 2/4r?> = 2500 spots are possible. But RegionMeasure takes a long
computation time while deriving A4, and when the number of spots exceeds around
50 in our current computation facility, the Karnel is noticed to stop. So, we have limited

our computation only to 2 = 0.01 um?.

7.2.2 Microscopic charge fluctuation

For simulation, let’s consider the microscopic region of area /> = 0.01 ym?2. The random
charging events create random non-overlapping circular charged spots of radius r. Fol-
lowing Rosenfeld and Zakharov (2020); Mishra (2020a), we have taken r = 10 nm. Apply-
ing the computational algorithm discussed in the previous section (Section 7.2.1), Figure
7.4 illustrates the temporal evolution of randomly generated charged spots - the snap-
shots at four different times are shown. The generation of ten randomly charged spots
at different locations is observed at 500 s - these spots are characterized by a maximum
and minimum charge of 3¢ and —4e, respectively, while the microscopic region attains 1le
charge. At 1000 s, the simulation shows the annihilation of some existing spots and the
creation of a few new random spots. The process continues to evolve with time.

A similar snapshots for » = 20 nm spot radius are shown in Figure 7.5. With the
increase in charging currents for a larger spot, they can accumulate higher charges but
exhibitlower surface charge density. Apart from the charge accumulation, the timescale of
fluctuation (7), which refers to the first change in spot charge by one unit electronic charge,
is another significant parameter. Figure 7.6 shows the fluctuation time corresponding to
ten thousand different runs for two different size spots. Figure 7.6 demonstrates that T for
r = 20 nm is smaller than the same for r = 10 nm for larger numbers of random runs.

Moreover, it shows a typical time scale of ~ 10 s for 20 nm spots while suggesting
~ 40 s for 10 nm spots. Figure 7.7 shows the time evolution of total charge Q. and the

number of spots in this region of area /> = 0.01 yum?. The total charge oscillates between
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Figure 7.4: Snapshots of > = 0.01 yum? area at different times. Spots (of radius r = 10
nm) of different charges (denoted by the number written in the center of the spots) are
generated randomly. The gray area represents the region where spot centers cannot occur.
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Figure 7.5: Snapshots of > = 0.01 yum? area at different times. Spots (of radius r = 20
nm) of different charges (denoted by the number written in the center of the spots) are
generated randomly. The gray area represents the region where spot centers cannot occur.
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Figure 7.6: Fluctuation timescale of the spots of different sizes.
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Figure 7.7: Time evolution of (top panel) total charge Q;,; and (bottom panel) number of
spots in the [? = 0.01 um? area.
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positive and negative values several times, and the region remains positive or negative
for a significant time during the evolution. The middle panel shows the variation of max-
imum and minimum spot charges with time, and the discrete spots are noticed to acquire
around 10e charges in several instances. For larger spots, the maximum and minimum
spot charges become zero more frequently than smaller spots. The bottom panel repre-
sents the spot generation with time - it shows about 10 charged spots for r = 10 nm,
while for » = 20 nm, the region becomes spotless and chargeless multiple times. The re-
sults demonstrate significant randomness, with dynamic charge density fluctuation, i.e.,
of the order of ~ 10°¢ m~2 in a given region, with both positive and negative values
at the submicroscopic scale. It illustrates the fact that significant charge fluctuations can
create large local vertical electric fields at microscopic scales.

Note, here the snapshots for microscopic region > = 0.01 ym? are illustrated. Mul-
tiple such coexisting regions could be considered on the lunar regolith, and the random
10000 events (Figure 7.6) may correspond to simultaneous simulations performed over
10000 2 regions. The simulation suggests that the overall effect of these random charge
variations over a larger region tends to average out, effectively aligning with the mean
charge density at the macroscopic scale (0, ~ 10% e m~2) above the surface.

The degree of charge fluctuations above the lunar surface depends on two main
factors, e.g., photoemission and photoelectron collection currents. Now, these two factors
depend on several other factors, e.g., incoming solar irradiation (radiation and plasma),
lunar surface parameters (regolith work function, quantum yield, and regolith tempera-
ture), and latitude 6. We have shown results only for a region of area /> = 0.01 yum? located
at 0 = 0° (equator). It is interesting to note that the probabilities Pyyr, Py, and Py, de-
pend on the ratio of charging currents. Considering J,;, and ng varies approximately as
cos 0, these probabilities are expected to remain the same with latitude (0) - it suggests a
similar degree of charge fluctuations with varying 6. Due to a reduction in photoemission
and photoelectron density within the sheath, the frequency of charging events decreases
with increasing 6. Therefore, charge spots are anticipated to sustain for longer at higher

0 values.

7.2.3 Vertical electrostatic force

The electric field induced at the local charge spots may exert electrostatic force on nearby
charged dust particles lying on the surface. Referring to Figure 7.8, the electric field at

the center of the spherical dust due to a neighboring circular spot (radius r) carrying a
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Figure 7.8: A dust particle of radius a, lying near a circular spot of radius r.

uniform surface charge density ¢ can be written as (Griffiths, 2017)

1 dq
E, = 4n€0/¢zcoszx, (7.17)

where € is the permittivity of free space. And

dq = osdsdf, (7.18)
and
2* =5%cos? 0 + (y — ssin0)? +a?, (7.19)
and
a
=—. 7.2
cos ” (7.20)

Substituting this in Eq. 7.17 the electric field at the center of the spherical dust due to a
neighboring circular spot (radius r) carrying a uniform surface charge density ¢ can be

written as

1 2 v oasds do
E. = 4711€ / / 2 a2 V2 4 21327 (721)
00 J0 [s2c0s26 + (y —ssinf)? + a?]

If the dust particle has Q, charge, then the vertical electrostatic force at the center of the

dust particle can be written as

FE=QiE:. (7.22)
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Figure 7.9: Vertical electric field at the center of a dust particle of radius a due to a circular
spot of radius r as a function of the horizontal distance y. The right vertical axis represents
the force on a dust particle with a single positive charge. Note: The values of a + r’s are
different for each panel.

The vertical electric field at the center of the charged dust particle (given in Eq.
7.21) depends on g; (spot charge), r, a4, and y. Here, y represents the horizontal distance
from the center of the spot to the point of contact of the spherical dust particle with the
surface (see Figure 7.8). The minimum value of y is a + r, corresponding to the first nearest

neighbor.

Figure 7.9 illustrates the vertical electric field at the center of a dust particle of ra-
dius a due to a circular spot of radius r as a function of y. For given g;, , and 4, the
closest spot (at y = a + r) exhibits maximum electric field and decreases with increasing
y. Moreover, E, increases with increasing gs while it decreases with increasing a. The
smaller spots in the vicinity of dust particles (i.e., smaller r) induce a large electric field,
as shown in the vertical dashed line in Figure 7.9. Due to extended charge distribution,
20 nm spots show a slightly higher electric field compared to 10 nm spots (centered at the
same location). The right vertical axis in Figure 7.9 represents the force on a dust particle

with a single positive dust charge. As discussed, the charges on spots vary due to fluc-
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Figure 7.10: Vertical electric field at the center of a dust particle of radius a due to a circular
multiple charged spots of radius r and different charges surrounded around the dust.

tuation (Figure 7.7), and thus, a 20 nm particle with a unit positive charge in the vicinity
of a 10 nm spot with charges 1e, 5¢, and 10e experiences a maximum electrostatic force of
~ 0.1, 0.5, and 1.0 pN, respectively. Note that the dust particles are an inherent part of
the surface, and undergo charging events similar to the charged spots. Thus, it is reason-
able to assume that the instant charge on the dust particle also might vary similarly to the
spots (Figure 7.7). Recently, Pacaud et al. (2025) conducted a series of experiments, taking
JSC-1A lunar dust simulant and bombarding it with VUV, and measured the charge state
of the dust. They reported that charges on the dust lying on the surface can be both pos-
itive and negative. These experimental observations may confirm the charge fluctuation
on a microscopic scale, where, on a microscopic scale, photoemission and photoelectron
collection randomly occur, and sub-microscopic dust can get both positive and negative
charges. Hence, they may experience large Coulomb repulsion. For instance, if a 20 nm
particle attains 10e charges, it experiences a force of ~ 10 pN near the 10 nm spot. This
force is greater than the force required to detach the dust particle from the surface with
S = 0.1, B = 10 (the yellow line in Figure 7.1). Larger particles depict lower electrostatic
repulsion; however, depending on varying dust and spot charges, it could be significant
in detaching it from the regolith for a certain set of surface parameters viz., S, g (Figure
7.1). For instance, during temporal evolution, a 100 nm dust may acquire 25¢ and may
feel an electrostatic force of ~ 1.75 pN due to the nearest spot with charge 10e.

As depicted (Figures 7.2, 7.4, and 7.5), multiple spots may coexist surrounding dust
particles during random charging events. Such a random arrangement may cumulatively
induce significantly high electrostatic repulsion and overcome the required force for dust

detachment from the surface. An approximate scenario where dust is surrounded by cir-
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cular charged spots is illustrated in Figure 7.10. The left panel shows a snapshot of fluc-
tuating charged spots at ten thousand seconds, where randomly spread spots of different
charges coexist with a total charge of Qs = 17¢, and the black spot refers to positively
charged dust. The top right panel displays the temporal evolution of total charge (Qy,) in

this region, which is noticed to oscillate between positive and negative values over time.

The cumulative electric field (and force) at the center of the dust particle are illus-
trated in the bottom panel. Though anticipated, they do not directly depend on Qy; in-
stead, the electric field depends on individual spot charge and their distribution discretely.
It is customary to think that only nearby spots significantly contribute to the cumulative
field, but the results suggest that the contribution from other spots residing relatively far
from the dust cannot be ignored. For example, the snapshot of the ten thousand seconds
gives o ~ 1.4 x 101 e m~2 and corresponding vertical electric field E, = 0 /2¢y ~ 12.7 MV
m~!. However, when the vertical electric fields produced by each individual charged spot
at the center of the dust are combined, the overall effect results in a considerably weaker
cumulative vertical electric field E, = 1.36 MV m~!. The maximum spot charge for this
case is 5e, and four such spots exist. The nearest 5e charged spot creates an electric field of
1.5MV m~!. On the other hand, the minimum spot charge is —11e, and it creates only —0.3
MV m~! of the electric field because it resides significantly far from the dust. However, a
nearby spot of —6e charge creates an electric field of —1.2 MV m~!. The total electric field
created by positively and negatively charged spots is 452 MV m~! and —3.16 MV m~},
respectively. Consequently, when dust particles are surrounded by charged spots of the
same sign, the strength of the repulsive vertical electric field and the resulting force are
greatly amplified. For example, at time 840 seconds, the total charge of the area is —1e,
but the charged dust particle experiences a vertical electric field of 5.45 MV m~! due to

the presence of similarly charged spots in its close proximity.

Over a larger area, the total effect of these random charge fluctuations tends to
average out. So, the large fluctuating electric field is effective within a few scale lengths
(vertical extent) of the microscopic region. As the areas become larger and larger, the
random contributions are averaged out, and the effective field aligns with the macroscopic

electric fields (~ 5 V m~!) above the surface.
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7.3 Summary

The dust detachment under electrostatic effects has been a long-standing quest, and the
inherent mechanism is still unclear. The sunlit lunar regolith is characterized by a mean
surface charge density of 0;;, ~ 5 x 108¢ m~2, and a photoelectron-dominated electron
cloud resides in its vicinity as a photoelectron sheath. The electric field induced by the
mean charge density is not strong enough to provide the necessary electrostatic force to
lift dust particles off the lunar surface. We conceptualize that the surface charge density
fluctuates locally on a microscopic scale due to the natural randomization connected with
the charging events. Such natural fluctuations enhance the local electric field on the mi-
croscopic scale, possibly causing the detachment of sub-micron dust particles from the
lunar surface. Monte-Carlo-type simulation based on the Markovian approach of statis-
tical charge fluctuations and the discrete nature of the charging events is developed to

demonstrate the conceptual basis. It reveals the following important findings

- The random creation/ annihilation of submicroscopic non-overlapping circular
charged spots over time in a given microscopic region. As a result, a finite num-

ber of charge spots always exist at any point in time.

- The total charge of the microscopic region oscillates between positive and negative
values several times and gives rise to reasonably large surface charge density ~
10'° e m 2. This leads to the creation of a local electric field that is several orders of

magnitude stronger than the average surface field.

- The distribution of charge spots determines the strength of the local electric field

and the electrostatic force on adjacent dust particles

- Being an integral part of the regolith, the dust particles also might accumulate sig-
nificant charge due to random fluctuations, and under the favorable arrangement of
charge spots and dust particles randomly, a sufficient electrostatic repulsion could
be induced leading to the dust detachment from the surface. The simulation sug-
gests the possibility of electrostatic detachment of larger dust particles from the lu-

nar surface.

Recent experimental measurements of Pacaud et al. (2025) reported that the charges on
the dust lying on the surface can be both positive and negative under direct exposure to

VUV photons. This may confirm the charge fluctuation on a microscopic scale, where,
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on a microscopic scale, photoemission and photoelectron collection randomly occur, and
sub-microscopic dust can get both positive and negative charges.

This study provides an accurate and compelling foundation for understanding the
critical role that statistical charge fluctuations play in the detachment of dust particles

from the lunar surface and other airless planetary bodies.



Chapter 8

Effect of surface topography

8.1 Introduction

Previous chapters presented significant insight into the plasma sheath around the Moon
and advanced our understanding of its structure and variability using one-dimensional
(1D) analytical and numerical simulations. The presence of surface relief results in non-
trivial effects on surface charging and gives rise to complex electric potential and field
structures on the surface and within the sheath (Poppe et al., 2012b). This chapter briefly
discusses the influence of surface topography on the lunar plasma environment. In this
context, let us first discuss the surface charging within a simple surface relief (a simple

crater or a simple spherical depression) in the next section.

8.2 Physical scenario

Consider a simple crater of radius r and depth h over the Moon irradiated by sunlight as
illustrated in the schematic (Figure 8.1). Following the schematic, the crater arc is a part

of a virtual circle (in 2D) of radius R. It can easily be shown

_ [1+(/r)?*] D [1+4(h/D)?
k=[S | =2 [ Sawor | oD
where D = 2r is the diameter of the simple crater. And
o [1=(/n* _ i [1-4(h/D)
&g = COS |:1—|—(h/7")2 = COS m P (82)

185
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Figure 8.1: An schematic of 2D crater geometry.

Here, ag is the angle between the straight lines drawn from the center of the virtual circle

(Figure 8.1). The solar illumination angle changes within the crater between (—ag, ap).

8.3 Determination of crater’s surface potential

The general concept of lunar surface charging is as follows: photoemission from the
surface and accretion of ions to the surface take the surface at positive potential. On
the contrary, due to the accretion of solar wind electrons, the surface acquires negative
charges. These competing charging processes lead to the net charge buildup on the sur-
face. The steady-state surface potential can be obtained by balancing the incoming solar
wind plasma and photoemission fluxes. Mathematically, it can be presented as (Manka,

1973)
Jon(Vo) = Jse(Vo) + Jsi(Vo) =0, (8.3)

Jphsesi are fluxes of photoemission, solar wind electron, and ion collections. This is the
same flux balance equation given in Chapter 3 (Eq. 3.17); where V} is the surface poten-
tial. However, the mathematical expressions are different for different potential structures
developed above it. Due to the lower mass of electrons, their accretion and photoemis-
sion dominantly decide the nature of the surface charge. The mathematical expressions

considering Fermionic photoelectrons, kappa electrons, and cold ions are given by
max )fA d/\:| < e VO >
Vo) —cos@/ [ d — =] for Vp>0,
Vo oy |\ T :
)\max
_cose/ Afrdd for Vo <0.

mm

mln

(8.4)
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Figure 8.2: Effective photon flux on the crater’s surface for (a) normal photon incidence
and (b) oblique photon incidence.

Tee (Vo) :/OOO/O;/O:OfK(u)d% for Vp>0,

/\/W/_Oo/_oof(u) u for Vy

kT,
Jsi(Vo) = Nicolhico COS 0 = Njco | | #Mx. (8.6)
1

A detailed explanation of various terms of these equations is given in Chapter 3. For lower
values of 6, photoemission flux dominates, and the surface acquires positive potential. For
higher values of 0, the solar wind electron flux dominates—the surface acquires negative
potential. The critical angle 6, for which the surface remains uncharged, and transition

occurs using Eq. 8.3 can be given by

]se(VO - 0)
f;\max X(A)f/\ AA + NjgoUjco

min

cosf, = (8.7)

We now apply this understanding to a simple crater under various illumination condi-

tions.

8.3.1 Fully illuminated crater

For the normal photon incidence (6 = 0°), the effective photon flux depends on the in-
clination a (as shown in Figure 8.2a). It causes varying photoemission flux depending on

inclination. Intuitively, the surface potential should be symmetric about the crater center
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Figure 8.3: Illumination conditions on the crater’s surface for (a) less than half-shadowed,
(b) half-shadowed, and (c) more than half-shadowed crater.

for the normal photon incidence. In case ag < 6, the crater acquires a positive charge for
normal photon incidence. The surface potential can be determined using the flux balance
equation (Eq. 8.3). The constituent charging currents connected with photoemission and
solar wind plasma are given by Eqs 8.4, 8.5, and 8.6. Here, 6 in Eq. 8.3 will be replaced by
« and varying « within the range (—ao, &) gives the surface potential within the crater.

In the case of oblique photon incidence, Figure 8.2b demonstrates that the light
rays coming at an angle of inclination equal to or less than 6; i.e., 8 < 8y, fully illuminates
the crater. Here, 6; is the angle of inclination of the incoming photons for which the rays
are parallel to the tangent at the crater’s flank edge (Figure 8.2b). It can be easily shown
that

s

Qt = E — |0€0| . (88)

Here, 6 in Eqs. 8.4 and 8.6 is to be replaced by B. Note, for B < 0, the surface acquires
positive potential, while for § > 6., the surface acquires negative potential. In case = 6.,
the surface remains uncharged. In this case, the crater surface potential can be derived
by solving the flux balance equation (Eq. 8.3) for each value of B varying in the range
(6 + |ao|, 6 — |ao|). Here, 6 + |ag| and 6 — |ag| refer to the angles of solar inclination of the

crater’s left and right edges, respectively (Figure 8.2b).

8.3.2 Partially illuminated crater

For the illumination condition with 6 > 6;, some region on the leeward side of the crater
floor is shadowed. The incoming plasma electrons and ions carry out the charging in
the shadowed region and acquire a finite negative potential. Three kinds of scenarios are
possible in the partially illuminated crater, as shown in Figure 8.3. Figure 8.3b illustrates

that for a certain illumination angle 6y = (71 — |ag|)/2 the crater is half-shadowed. For
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Figure 8.4: Surface potential structures within a simple crater with /D = 0.2 under var-
ious illumination conditions. The red color points are derived from the flux balance (Eq.
8.3) and blue points are derived using the boundary conditions for Type A sheath dis-
cussed in section 3.4.1 of Chapter 3. Parameter Used: ]ph(O) =97uA m=2, Wr =5¢eV,
Nieo = 10cm ™3, T, = 15 eV, and #jo = 380 km s .

6o > 6 > 6; (Figure 8.3a), the more than half of the crater is illuminated. On the other
hand, for & > 6y (Figure 8.3c), less than half of the crater is illuminated. For a partially
illuminated scenario, there is an angle amin = || + 26 — 77 such that the region (&min, o)
is illuminated. For illumination condition 6y > 6 > 6;, 6 in Eq. 8.3 will be replaced by
(0 + amin, 0 — ap) between (amin, ®o) and 90° between (—wp, &min). On the other hand,

for 6 > 6, this will be (6 — amin, 6 — ap) for the illuminated part.

8.3.3 Numerical results and discussions

In order to have a quantitative assessment of the effect of the simplest surface topography
on the electrical environment around the moon, we need the value of «y, which depends
on the ratio of depth 1 and diameter D of the simple crater. Robbins et al. (2018) reported
for simple craters the 11/ D varies between 0.1 to 0.2, so /D = 0.2 is taken in this study
to derive ag. a9 = 43.6° is used to derive the illumination angles at various locations on
the crater floor; these illumination angles have been used as an input parameter on the
charging currents, and using other plasma and solar radiation parameters, the surface
potential profiles have been derived. The method of deriving surface potential presented

herein only considers flux balance on the surface (Eq. 8.3). However, in section 3.4.1, the
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surface potential for Type B and C sheaths has been determined considering flux balance
and quasineutrality at infinity; additionally, for Type A, another condition comes from
the zero electric field at potential minima and at infinity. Figure 8.4 illustrates the electric
potential on the crater surface as a function of «. Different values of « indicate the locations
on the crater floor, e.g., corresponds to the centre of the crater while & = ag refers to
the crater’s right side flank edge (Figure 8.1). Figure 8.4 shows slightly different surface
potential values within the crater under various illumination conditions derived from flux
balance and the same for Type A non-monotonic sheath due to the presence of a potential
minimum within the Type A sheath.

In both cases, for normal photon incidence, the top panel of Figure 8.4 illustrates
that the electric potential depicts symmetry about the crater center, where it takes maxi-
mum value at the center due to dominant photoemission. The surface potential reduces
as we go towards the edge of the crater (i.e., @ increase from zero to «g). It can be under-
stood as a decrease in effective photon flux, which reduces photoemission flux and surface
potential. This change in surface potential indicates a tangential surface field directed to-
ward the crater edge. In the case of normal incidence, the nature of the surface potential
charge remains the same; however, the numerical values are expected to be changed for
different parametric values.

For g = 43.6°, 0; = 46.4°. An oblique incidence with 6 = 45° fully illuminates
the crater. The second panel from the top of Figure 8.4 shows the electric potential on
the crater surface as a function of « for 6 = 45° solar illumination. Here, the effective
photon flux is reduced by a factor of cos B. It is noticed that a finite portion (f > 6.) of
the crater acquires negative potential. At (B = 6), the surface remains at zero potential.
The positive potential is found maximum on the right edge of the crater at = 6 — |ao| -
this location corresponds to the maximum photon and photoemission flux. The negative
potential is maximum on the left edge of the crater-here, the contribution from photoe-
mission is marginal. The figure suggests as we move from the left to the right edge of
the crater, for B > 0., the solar wind electron accretion flux dominates, and the surface
acquires a negative charge. The photoemission dominates for < 6;, and the surface
acquires a positive charge. It is anticipated that the negatively and positively charged
regions within the fully illuminated crater are sensitive to the surface, solar, and plasma
parameters, i.e., on 6.

The third panel from the top of Figure 8.4 shows the crater’s surface potential struc-

ture for illumination angle & = 80°. As discussed in the section 8.3.2, the current angle is
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greater than 6y = 68.2°. Less than half of the crater surface is illuminated, and the ma-
jority of the crater’s surface is shadowed, as marked in the gray region in the figure. Due
to dominant photoemission, the sunlit surface acquires positive potential; however, the
darker region becomes negatively charged because of electron accretion from the solar
wind/ambient plasma. So, the crater’s surface experiences a significant shift in potential,
transitioning from the illuminated to the darker side of this location. This potential shift
due to topographic shielding within a very small region creates a sufficiently large elec-
tric field, which may have important implications for the electrostatic dust and volatile
transport around this topographic region, especially in the polar region of the Moon.

The analytical model discussed so far can determine the charging of the fully and
partially illuminated cater surface. For a fully illuminated crater two specific scenarios,
viz., (i) normal and (ii) oblique photon incidences, have been discussed. On the other
hand, for the partially illuminated crater, there exists (i) more than half, (ii) half, and (iii)
less than half illuminated scenarios. For normal photon incidence, the craters acquire
positive potential. The variation is found to be symmetric about the crater center. A sym-
metric photoelectron sheath is expected to form by trapping the photoelectrons in the
vicinity. Due to the tangential variation in surface potential, the screening is likely to vary
at different locations within the sheath. It could give rise to complex radial and tangential
electric field structures within the sheath.

For fully illuminated oblique photon incidence, it has been found that in a finite
region within the crater, due to the marginal photoemission flux depending on incident
angle, the solar wind electron collection dominates, and the surface acquires negative
potential /charge. It leads to an asymmetric potential distribution over the crater surface.
In the illuminated region, a photoelectron sheath is anticipated (Type A & B), while in
the negatively charged region, the screening is done by the solar wind ions, and a Debye
type Type C sheath forms. The extent of this region depends on crater geometry, solar
inclination, surface properties, and solar wind plasma parameters.

For partially illuminated cases, a photoelectron-free negatively charged region ex-
ists in the shadowed portion of the crater where the classical Debye sheath (Type C for
8 = 90°) is anticipated. In the case of a partially illuminated crater, the asymmetric and
discontinuous surface potential distribution results in the existence of a complex electric
field structure, which might lead to complex dust/plasma transport within the crater.

The results presented herein are based on one-dimensional simulations used for

different values of . And a in Eq. 8.2 depends on h/D ratio. So, the results are an-
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ticipated to remain intact for small to large values of 1 and D, keeping /D the same.
However, three-dimensional effects are not taken into account while deriving those re-
sults. These effects, especially the horizontal variation of space charge densities within the
sheath, become important when the topographic features are comparable to the sheath’s
Debye length. Under a typical plasma and solar irradiation condition, the considerable
sheath thickness (few Debye lengths) of Type A, B, and C sheaths are typically around 12,
60 — 100, and 100 — 120 m. Our results are anticipated to be applicable when the crater
sizes are much larger than the sheath thickness. As the sizes of the topographic features
become comparable, the 1D solution has limited applicability in the exploration of the role
of surface features on the sheath characteristics. Because due to the presence of surface to-
pography, the horizontal components of potential structure become significant, and V2V
cannot be replaced by d>V /dx? as in Eq. 3.2. Along with that, in the terminator and polar
region of the Moon, the craters and mountain-like surface features can obstruct the incom-
ing plasma and radiation and create a “‘mini-wake’ like structure (Farrell et al., 2007, 2010;
Mishra and Bhardwaj, 2020). These facts warrant further investigation into the influences

of local reliefs in modifying the structure of the plasma sheath around the Moon.

8.4 Ongoing and future work

8.4.1 Spacecraft Plasma Interaction Software (SPIS)

Spacecraft Plasma Interaction Software (SPIS), an open-source 3D modeling tool, can be
used to investigate the role of surface topography in the lunar plasma environment (Rous-
sel et al., 2008; Hess et al., 2015). The simulation domain is a box composed of an open
face through which solar wind plasma is injected, four lateral boundaries, and a lunar
surface that can absorb plasma and emit photoelectrons. In SPIS, photoelectrons are con-
sidered to be Maxwellian Hess et al. (2015). Earlier chapters highlighted the importance
of FD statistics in the distribution of lunar photoelectrons and the self-consistent mech-
anism of photoelectron generation. However, due to the complexity of the 3D scenario,
SPIS was used for the initial study, which employed the particle-in-cell (PIC) method.
3D unstructured mesh representing lunar surface topography has been fed to SPIS with

suitable input plasma and solar parameters to model the charging process.
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Figure 8.5: Altitude profile of electric potential (top) and charge density (bottom) profiles
above the surface for normal illumination derived from SPIS. Solid Line: 6 m away from
the crater center. Dashed Line: At the crater center. Different colors in the bottom panel
indicate different sheath populations.

8.4.2 Preliminary results

For initial simulation purposes, a simple crater geometry with 2 m depth and 10 m diame-
ter, located at the center of a flat surface with area 16 x 16 m? with unstructured meshing,
has been taken into account. The surface has Lunar Mare properties and emits photoelec-
trons with J,;, = 4.5 uA m 2 similar to Feuerbacher et al. (1972) and photoelectron temper-
ature T, = 2.2 eV. Above the surface exists an open face through which Maxwellian solar
wind plasma with 1, ~ n; = 10 cm 3 and T, ~ T; = 15 eV is injected with drift speed of
400 km s~!. The sun’s direction has been changed to create different illumination condi-
tions above the crater. Figure 8.5 shows the potential and density profiles derived using
SPIS using the input parameter discussed above and following the method discussed in
Hess et al. (2021). The trends of these profiles are similar to Figure 3.11 discussed in Chap-
ter 3. One discrepancy is that the potential is not smoothly going to zero, as was the case
with the analytical results. This may be due to the force fully making the potential zero
at the open boundary. Within 20 m above this surface, SPIS is giving desirable results. It
is noticed that, at the center of the crater, the potential is slightly higher than the surface
potential 6 m far from the crater center. This is due to the presence of a relatively dense

photoelectron cloud within the spherical depression, creating higher potential minima,
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Figure 8.6: (a) The potential (b) photoelectron density (7, ) (c) solar wind electron density
(nse), and (d) solar wind ion density (1) above a fully illuminated lunar crater with
normal photon incidence derived from SPIS.

which reflect the incoming solar wind electrons and slightly reduce the incoming elec-
tron flux. Figure 8.6 illustrates the topographic effect on the photoelectron sheath due to
a 10 m diameter and 2 m depth simple crater. The crater is located at the subsolar point,
i.e., 8 = 0°. Photons are coming normal to the flat surface. The potential profile within
the sheath is shown in Figure 8.6a. The maximum surface potential value is found at
the crater center. The potential gradually decreases as we go above altitudinally upward
from the surface of the crater. Above some altitude, the potential started to take a nega-
tive value, indicating the existence of potential minima at some height above the crater.
The depression in equipotential contours near the surface is anticipated due to the lower
elevation of the crater surface than the surrounding flat surface and due to the lower pho-
toemission from inside the crater. But above the surface, this contour depression reduces,
indicating nearly uniform horizontal screening after a certain altitude. Photoelectrons
primarily screen the effect of surface potential and are trapped due to potential minima.
As a result, the equi-density contours of photoelectrons shown in Figure 8.6b closely re-

semble the equipotential contours in the potential profiles. Figure 8.6c shows the solar
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Figure 8.7: (a) The potential (b) photoelectron density (7,,) (c) solar wind electron density
(nse), and (d) solar wind ion density (1) above a lunar crater with 8 = 40° derived from
SPIS.
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Figure 8.8: (a) The potential (b) photoelectron density (7.) (c) solar wind electron density
(ns¢), and (d) solar wind ion density (n,;) above a lunar crater with 6 = 80° derived from
SPIS.
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wind electron density profile above the crater. The potential minima created significantly
above the crate reflect the majority of the electrons. As a result, the solar wind electron
density decreases near the crater surface, and variation in equi-density contours is not
much seen. Due to higher inertia, the ion’s motion experiences minimal variation within
the sheath, resulting in a lack of significant ion density variation above the surface, as

shown in Figure 8.6d.

The situation becomes complex for the 40° case as the local illumination angle be-
comes asymmetric around the crater floor. Figure 8.7a shows that the maximum surface
potential shifted towards the right side in the location of larger photoemission. Here, the
depression of equipotential contours becomes asymmetric near the surface. Above the
crater, as altitude increases, this depression reduces, and some negative potential con-
tours nearly parallel to the flat surface. The negative potential suggests the existence of
potential minima. However, this potential minimum region is expected to develop due to
the combined effects of the entire crater, highlighting the importance of 3D variations in
the sheath parameter, which cannot be emphasized by 1D simulations. As discussed ear-
lier, the photoelectrons shown in Figure 8.7b follow nearly the same trends of the potential
structure near the surface. And ions density doesn’t undergo much variation above the
surface as shown in Figure 8.7d. Figure 8.7c shows the electron density profiles; due to

similar reasons discussed earlier, variation in equi-density contours is not much seen.

A significantly different and more complex situation is illustrated in Figure 8.8
where the photon comes in 80°. This situation mimics terminator or polar region of the
moon, where a small topographic feature can cast a long shadow due to the grazing so-
lar illumination. The illuminated part of the crater with significant photoemission flux
acquires a positive potential. The positive potential rapidly decreases and becomes zero
towards the crater center as shown in Figure 8.8a. The positive region is dominated by
photoelectrons as shown in Figure 8.8b. In the analytical study, it was assumed that the
shadowed region would get uniform exposure to plasma and have a high negative po-
tential. However, in the current scenario, the SPIS results suggest that plasma has been
obstructed near the left edge of the crater. Solar wind electrons are noticed to be entered
in the leeward side of the crater (see Figure 8.8c the electron density is around ~ 3 cm~3)
where the ion density is noticed to be very low ~ 0.25 cm~2 as shown in Figure 8.8d.
This creates a nearly ion-free electron region similar to a ‘'mini-wake’ like structure as
discussed by Farrell et al. (2007, 2010); Mishra and Bhardwaj (2020). In the scenarios dis-

cussed in Figures 8.6 and 8.7, clear existence of potential minima at some altitude have
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been observed. However, for 80° case, the complex potential structure above the crater
doesn’t show any clear existence of potential minima. This may be due to the complex
interplay between the vertical and horizontal distribution of sheath populations, as well
as due mixed screening of Type A (photoelectron-dominated positively charged region)
and Type C (solar wind electric rich region in the leeward side) sheath features.

The SPIS results are deemed to be in a steady state when the net current on the
surface reaches zero. In the cases presented for 0° and 40°, a steady state is achieved
within 100 seconds. The results shown here are for a time of 450 seconds. However, for
80°, the system didn’t achieve zero net current after 2000 s. Although the photoemission-
dominated illuminated region achieved a steady state quite early, the shadowed region
on the leeward side of the crater didn’t achieve a steady state. Because in the solar wind
electron-rich region, no return current has been turned on in the simulation, which can
balance with the negative solar wind electron current. In reality, this kind of scenario
creates a more electrically complex picture. Because highly energetic electrons enter the
leeward side of the crater and impact the crater surface. This leads to secondary electron
emission, which has not yet been included in the current simulation. Negatively charged
dust plays a crucial role in balancing the negative electron current in this region. Accord-
ing to Farrell et al. (2010), these negatively charged particles get accelerated by large local
electric fields, potentially acting as a current source by removing excess negative charge.
Additionally, Mishra and Bhardwaj (2020) argued that these charged dust particles act as
tield emission centers, generating electrons through quantum field emission. This process
may provide a return current sufficient to establish a steady state in the electron-rich re-
gion. The significance of these findings highlights the critical need for further exploration
into how surface topography influences the lunar plasma environment. A diverse range
of mechanisms, interactions, and geometrical complexities may be incorporated into the
simulation to provide a more comprehensive understanding of these phenomena, which
could be taken up in future work. An improved understanding in this area could lead to

significant advancements in the understanding of the lunar plasma environment.

8.5 Summary

This chapter investigates the effect of the simplest surface topography (a simple crater) in
modifying the lunar photoelectron sheath. The presence of any surface relief modifies the

local solar illumination angle around its vicinity. For example, the solar illumination angle
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varies around the crater’s floor, which changes the effective photoemission and positive
surface charging. As a result, the potential structure is modified within the crater. Under
normal photon incidence, a horizontally symmetric sheath structure around the crater
center is anticipated. For oblique photon incidence, within a fully illuminated crater,
the sheath structure becomes asymmetric, and some locations acquire negative potential
due to higher local illumination and marginal photoemission. For a partially illuminated
crater, the shadowed region acquires negative potential due to the dominant electron col-
lection, and the illuminated region remains positive. A complex potential structure is
anticipated in the sunlit-shadowed boundary. These analyses are carried out using 1D
calculations by varying local illumination angles within the crater floor. The geometri-
cal calculations suggest that the results should remain intact from any size of the simple
crater with the same depth-to-diameter &/ D ratio. However, the results are anticipated
to be valid for the surface features with sizes larger than the sheath thickness of the lunar
photoelectron sheath. For surface features that are equal to or larger than the local plasma,
Debye length can generate horizontal effects where Poisson’s equation can not be solved
in one dimension. For those cases, the investigation of topographic effects on the lunar
plasma environment has been initiated using an open-source 3D modeling tool named
Spacecraft Plasma Interaction Software (SPIS). Some preliminary results have been pre-
sented. Although SPIS presumes Maxwellian photoelectrons, the modeling results can
predict various features of the non-monotonic sheath. The results highlighted the impor-
tance of local illumination angle as predicted by the analytical results. Along with that,
the adaption of PIC simulation within unstructured meshing of crater geometry, SPIS pro-
vides 3D potential and density profiles of various sheath populations, which takes care of
both vertical and horizontal variations in the simulations. As a result, a ‘'mini wake’ type

of feature has been observed in the leeward side of the crater for 80° solar illumination.

SPIS can simulate various scenarios involving the lunar lander and its interactions
with plasma and solar radiation. The study by Kuznetsov et al. (2018) examined the elec-
trostatic charging of the Luna-Glob lander on the lunar surface using SPIS-DUST, consid-
ering various plasma and solar illumination conditions. This type of research is crucial for
evaluating how the spacecraft may impact measurements from various instruments. The
ability of SPIS to investigate this type of environment can be explored in greater depth
and will be addressed in future studies. One of the main emphases of this thesis is to
highlight the importance of FD statistics in deriving the photoelectron contribution and

a self-consistent mechanism of their generation. The Maxwellian consideration of photo-
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electrons in SPIS may limit the directed comparison of the results derived from the com-
prehensive analytical model presented in this thesis. While the current analytical model
and SPIS photoelectron properties serve their purpose, implementing certain modifica-
tions could enhance their compatibility, allowing for a more direct and impactful com-

parison. This could be taken up as a future work.



Chapter 9

Summary, conclusion and future

work

This thesis investigated the plasma sheath formation around the Moon and its impli-
cations. Plasma sheath is a non-neutral space charge region created in the vicinity of
the lunar surface under dynamic interaction with high energetic UV radiation and Solar

wind /ambient plasma collection.

In the dayside of the Moon, due to dominant UV-induced photoemission and
subsequent solar wind/plasma collection, the surface acquires a finite amount of
potential(primarily positive). The effect of the surface potential has been screened
by a photoelectron-dominated non-neutral space charge region called the photoelec-
tron sheath. On the nightside, photoemission is absent, a larger collection of solar
wind/plasma electrons makes the surface negatively charged, and the effect of this neg-
ative charge and potential has been screened by an ion-dominated non-neutral space
charge region called the Debye sheath. The sheath region exhibits an inherent poten-
tial structure that can be quantitatively estimated by solving the Poisson equation, which
connects the potential structures with the population densities within the sheath. This
potential structure exhibits an electric field structure that can mobilize the dust particle
within this electrostatically active medium. Several analytical attempts have been car-
ried out in order to characterize the plasma sheath structure around the Moon. However,
several simplifications in the previous analysis have been noticed, which limit their ap-
plicability in the realistic lunar plasma scenario.

Lunar photoelectrons are a significant component characterizing the potential

structures around sunlit Moon. Previous literature assumed a preexisting photoelectron
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cloud in the vicinity of the sunlit lunar surface and assigned a simplified Maxwellian
distribution to it. This simplified assumption ignores the self-consistent mechanism of
photoelectron generation from the lunar surface and subsequent sheath formation. As a
result, Maxwellian photoelectrons significantly differed from the photoelectron distribu-

tion experimentally measured from the lunar sample by Feuerbacher et al. (1972).

Chapter 2 of this thesis derived the characteristics of lunar photoelectrons consider-
ing the self-consistent generation of photoelectrons from the lunar surface using Fowler’s
photoemission theory (Fowler, 1929). In this course, observed EUV/UYV solar spectrum
(Chamberlin et al., 2020) is coupled with measured photoelectric efficiency of the lunar
regolith (Feuerbacher et al., 1972; Willis et al., 1973). Latitude-dependent regolith tem-
perature (Mishra and Bhardwaj, 2019) consistent with LRO-based Diviner instrument
(Williams et al., 2017) is incorporated with FD-statistics of the electrons, to determine the
availability of electrons within the surface lattice for absorption of photons and their sub-
sequent emission. These aspects are used to derive the photoelectron flux from the lunar
surface and their population densities. Combinations of these aspects feature a more re-
alistic scenario and put forward a rather comprehensive approach in deriving the photo-
electron distribution over the Moon. As the surface loses electrons via the photoemission
process, the surface may acquire a finite positive potential. This positive potential creates
a potential barrier that traps some part of the emitted photoelectrons in the close vicinity
of the lunar surface. As a result, a significant difference in the derived photoelectron dis-
tribution function is noticed for the uncharged and charged lunar surface. The charged
surface with an upward-directed electric field traps some of the emitted photoelectrons
and characterizes three distinct charge populations (one free, two captured) and their dis-

tributions.

The derived photoelectron distribution function distinctly highlighted the effect of
various high-energy spectral peaks of the observed solar spectrum. Hence, the effect of
solar activity on the lunar photoelectron can be effectively characterized from this derived
distribution. For typical solar flare, maxima, and minima conditions, the number densi-
ties and mean energy of photoemitted electrons are found to be (533.66 cm ™2, 4.75¢eV),
(101.28cm~3, 4.46eV), and (63.86cm 3, 4.42 eV) respectively from uncharged lunar sut-
face. The distribution of photoelectrons is significantly influenced by the potential of the
lunar surface. The findings indicate that the steady-state photoelectron sheath captures
almost 90% of the emitted photoelectrons due to the barrier created by the surface po-

tential. Furthermore, the analysis indicates that different populations of photoelectrons
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within the sheath exhibit distinct mean energies. However, when averaged, the mean en-
ergy of these different groups matches the mean energy of photoelectrons emitted from
an uncharged surface. Additionally, the derived photoelectron distribution is reasonably
consistent with the measurements made by Feuerbacher et al. (1972), although it shows

considerable deviation from a Maxwellian distribution.

The derived photoelectron VDF is used in Chapter 3, where, in detail, sheath for-
mation above the sunlit lunar surface has been discussed. A theoretical model describ-
ing the photoelectron sheath structure on the Moon’s sunlit regolith has been developed.
The model solves Poisson’s equation within the sheath, accounting for the self-consistent
nature of photoelectron generation from the lunar surface and the contribution of so-
lar wind/plasma with kappa distributed electrons and cold ions. In steady-state, the
quasineutrality at the sheath edge and flux balance are maintained, and these have been
used to derive boundary conditions for Poisson’s equation, viz., surface potential and po-
tential minima. The analysis indicated that monotonic (Type B & C) and non-monotonic
(Type A) sheaths prevails over the illuminated Moon (illustrated in Figure 3.1), with their
occurrence being sensitive to parameters such as solar spectrum, solar wind/ambient

plasma parameter, and lunar surface parameters.

Near the terminator with grazing photon incidence, the photoemission is marginal,
and the surface acquires a negative charge due to dominant solar wind/ ambient plasma
electron collection. The negative surface potential monotonically increases to zero at a ver-
tical altitude of ~ 100 m for a typical ambient plasma condition, forming a Debye-type
Type C sheath. As one moves latitudinally away from the terminator, the photoemission
flux increases, which transforms the Type C sheath structure to a non-monotonic Type A
sheath where potential minima exist close to the surface. The potential minimum always
yields negative values and occurs specifically at the surface (x,, = 0) during the transi-
tion of the sheath from Type C to Type A. In the equatorial region within Type A sheath,
the surface potential is noticed to be positive with sheath thickness typically around ~ 60
m, whereas near the terminator, the vertical extent of the sheath can reach around ~ 120
m for nominal solar wind plasma conditions. In addition to the Type A sheath, Poisson’s
equation also yields a monotonically decreasing sheath (Type B) solution. The Type B
sheath solution is a photoelectron-dominated sheath with a smaller thickness, approxi-
mately ~ 12 m, in contrast to the Type A sheath, where a double-layer structure is identi-
fied. Under typical solar wind conditions, the non-monotonic (Type A) sheath is observed

to be stable in the terminator region, whereas both sheath types have equal likelihood of
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occurrence near the equator region. It has also been observed that in exotic plasma condi-
tions, when the Moon traverses Earth’s magnetotail/magnetosheath, the Type A sheath
becomes more stable, leading to situations where the entire sunlit Moon could have a neg-
ative potential. Furthermore, contrary to previous assumptions, this chapter concludes
that high-energy photons from the solar spectrum, apart from the Lyman- « spike, also
play a significant role in influencing the sunlit surface charge and the resulting sheath
structure. Conclusively, Chapter 3 presented the formulation of a comprehensive photo-
electron sheath model based on the self-consistent physics of photoelectron generation,
realistic distribution of solar wind/plasma electrons, and ions. This model predicts the

potential structure around the sunlit Moon and their possibility of occurrence.

The capability of this comprehensive model derived in Chapter 3 has been show-
cased in Chapter 4 by predicting the potential structure around Chandrayaan 3 landing
site (Ch3 LS) as a case study during the 14-day sunlit passage. During the sunlit passage,
Ch3 LS passes through the solar wind and Earth’s magnetospheric plasma. The realis-
tic scenario has been simulated using the plasma parameter data from the ARTEMIS P2
spacecraft (former THEMIS-C probe) (Angelopoulos, 2011). During the sunlit passage,
the local zenith angle 6;,, varies approximately between 70° and 90°. The model predicts
Type C sheath with a negative surface potential for 0,, close to 90°. The temporal exis-
tence of the Type C sheath around Ch3 LS is observed to last approximately one day, with
half a day during local dusk and half a day during dawn. For other 6s,, values, the model
predicted both Type A & B solutions. In comparison between Type A and Type B, the
solution that has greater potential energy indicates a transient metastable solution that
eventually converts into a lower energy, more stable configuration. Calculations from
this model imply that the non-monotonic Type A sheath is a more stable potential that
prevails over Ch3 LS during the sunlit passage. The calculations presented herein are in
agreement with the space measurements of Halekas et al. (2008) in such physical condi-
tions. The potential structure observed to be very dynamic throughout the passage of
Ch3 LS, and the surface potential varies between 8 to —48 V, and the potential minimum
between —0.5 to —55 V (at an altitude of 15 to 20 m). For exotic conditions, for instance,
within Earth’s magnetospheric plasma sheet, the surface potential varies from —297 to
—386 V, and a potential minimum ranges from —304 to —392 V from 6,,, = 70° to 80°
respectively. The implications of these findings have been thoroughly analyzed, offering
valuable insights for interpreting the data related to the plasma environment acquired

during the Chandrayaan 3 campaign or planning test trial for future lunar missions.
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After giving a comprehensive discussion on the sunlit near-surface sheath plasma
environment, Chapter 5 highlighted the plasma sheath formation around the lunar night-
side. Solar radiation and streaming solar wind are obstructed on the dayside of the lunar
surface. Space plasma currents from solar wind plasma expansion or currents from the
Earth’s magnetotail charge the lunar night side. Hence, the nightside plasma is very ex-
otic, with typical plasma electron temperature varying between 100 to 2000 eV, and the
density between 0.25 to 0.5 cm 3 (Stubbs et al., 2007; Halekas et al., 2008). As a result, the
nightside surface acquires a negative potential due to the dominant plasma electron col-
lection. This negative potential is screened by plasma ions, creating a Debye sheath in the
vicinity. Due to higher electron temperature, the negative surface temperature achieves
several kilovolts in magnitude. And lower plasma density takes a significantly large alti-
tude, around a few kilometers, to screen the effect of this large negative potential. How-
ever, in reality, these high-energy primary electrons impacting the lunar surface gener-
ate electrons via secondary electron emission (SEE). The SEE experiments with the lunar
sample indicated that for specific primary electron energies, the SEE yield exceeded unity
(Horanyi, 1996; Horanyi et al., 1998). This fact highlighted that upon the bombardment
of a single high-energy primary electron, the surface may lose more than one electron,
effectively making the surface positively charged. And emitted secondary electrons may
contribute to the screening of this positive potential, forming a sheath which is signifi-
cantly different from the Debye sheath. This has been experimentally demonstrated by
Wang et al. (2016a). Motivated by this experimental study, Chapter 5 provided an analyti-
cal formulation of an inverse sheath structure on the lunar nightside that is dominated by
secondary electrons, under the assumption of Maxwellian primary and secondary elec-
trons along with cold ions. For specific SEE yield values, there exists a temperature regime
that allows the formation of an inverse sheath. In this sheath, secondary electrons dom-
inate over primary plasma electrons by a factor of ten. Similar to the Debye sheath, the
surface potential is shown to be unaffected by the density of the quasi-neutral plasma, as it
solely influences the extent of screening. Under typical plasma conditions, in the presence
of significant SEE, the surface of the lunar nightside develops a few positive potentials. In
this scenario, an inverse sheath is observed, extending between 10 and 40 meters, rather
than the Debye sheath, which typically has a large negative potential (measured in kilo-

volts) and can extend for kilometers vertically.

One of the direct implications of this potential structure is, the electric field within

the sheaths can mobilize the dust particle above the lunar surface within this electrostat-
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ically active medium. Dust particle undergoes electrostatic charging within the sheath
by collecting the sheath constituents. Additionally, the dust is exposed to solar radiation,
which causes photoemission. As a result, the charge on the dust changes over time while
it moves within the sheath. The charged dust then experiences the influence of the in-
herent electric field, and its behavior is affected by the combined effects of gravity and
electrostatic forces. Chapter 6 presented a detailed simulation of dust charging and dy-
namics within the lunar photoelectron sheath. In the estimation of dust charging currents
and the electrostatic force, the sheath model discussed in Chapter 3 has been used. The
steady-state charge of the dust has been estimated by setting the net current on the dust
to zero. Results highlighted that the equilibrium dust charge varies altitudinally and lat-
itudinally within the sheaths for all the Type A, B, and C potential structures. Estimates
indicate that close to the surface, dust develops a finite negative potential primarily be-
cause of the collection of photoelectrons within the photoelectron-dominated Type A and
B sheath structures. In contrast, at higher altitudes, dust acquires a finite positive poten-
tial due to the dominant photoemission induced by UV radiation. As a result, for Type
A and B sheaths, certain-sized dust (below radius ~ 125 nm) particles can be stably lev-
itated at some altitudes where the upward-directed electrostatic force balances gravity.
For the ion-dominated Type C sheath, due to grazing photon incidence, the surface ac-
quires a finite negative potential, and the electric field is directed downward towards the
surface. However, dust particles in this location get full solar illumination. Hence, dust
particles in those locations acquire positive charges due to dominant ion collection and
photoemission. The results suggested that dust cannot be stably levitated in the Type C
sheath around the Moon. Although the steady-state results suggest the possibility of sta-
ble lunar dust levitation, a finite amount of time is required to achieve this condition. For
this, the dust charge and trajectory of the dust particle is analyze over time by simulta-
neously solving the dust charging equation and equation of motion. It has been found
that the dynamic condition does not always favor stable levitation. Results highlighted
the existence of a small regime of initial conditions for which the dust particle proceeds
towards the static levitation point by undergoing a periodic hopping trajectory. In other
cases, the dust particles re-impact the surface after a single ballistic hop. In studying the
dynamical evolution of the dust, the discrete nature of dust charging becomes important.
In a rarefied lunar plasma scenario, the discrete, quantized, and random nature of charg-
ing yields significantly different dust dynamics compared to that obtained from continu-

ous charging. To demonstrate this effect, a Monte Carlo protocol has been developed in
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Chapter 6, revealing new findings and advancing the understanding of dust behavior in

the lunar plasma environment.

In Chapter 6, the dust particles are launched from the lunar surface with the ini-
tial charge and velocity. But did not comment on how the dust particle gets detached
from the surface in the first place. The dust particle lying on the charged lunar surface
is subjected to gravity, cohesion, and electrostatic forces. If the electrostatic force exceeds
the combined forces of cohesion and gravity, the dust particle detaches from the surface
and lifts above. Previous chapters highlighted that the sunlit lunar surface has a typical
electric field ~ 5 to 10 V. m~!, which yields the mean surface charge density ~ 5 x 10%¢
m~2. Presuming the overlying dust particles acquire the same charge density, a 20 nm
dust barely acquires a single electronic charge. It suggests that no dust particle could rise
off the lunar surface for such a low charge density. In fact, the electrostatic lifting requires
~ 5 orders of magnitude higher charge density and/ or dust charge. Laboratory experi-
ments (Wang et al., 2016b) and space observation (Zook and McCoy, 1991), however, have
demonstrated the possibility of electrostatic dust detachment induced by surface interac-
tion with ambient plasma and solar irradiation. In Chapter 7, a possible mechanism of
electrostatic dust detachment has been conceptualized. This chapter highlighted that the
theory of charge fluctuation is a key to inducing this mechanism. It suggests that due
to natural randomization associated with incident solar/plasma irradiation, the charge
fluctuations at localized microscopic areas, which can generate a charge, on average, an
order of magnitude higher than the mean charge. To consolidate the concept, a Markovian
Monte Carlo protocol has been developed to simulate the random creation/ annihilation
of sub-microscopic charged spots. These spots generate local electric fields and Coulom-
bic repulsion, which can detach lunar dust particles from surfaces by overcoming gravity
and Van der Waals adhesive forces. Signifying the role of electrostatic effects, this formu-

lation explains the dust detachment from the lunar surface in the first place.

The thesis provided a comprehensive global structure of plasma sheath formation
around the Moon and subsequent dust charging and dynamics. In Chapter 8, the effect of
the surface topography on the lunar photoelectron sheath is briefly addressed. The pres-
ence of any surface relief modifies the local solar illumination angle around its vicinity,
which can significantly modify the local plasma structures. For this, an analytical inves-
tigation was conducted to study the effect of the simplest surface topography (a simple
crater) in modifying the lunar photoelectron sheath. These analyses are carried out using

1D calculations by varying local illumination angles within the crater floor. The 1D cal-
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culations can provide some insight into the modification of the local potential structure.
Like, for normal photon incidence, a symmetric sheath structure is expected around the
crater center; for oblique incidence, the sheath becomes asymmetric, and certain areas
may have negative potential due to higher local illumination and marginal photoemis-
sion. In a partially illuminated crater, the shadowed region can attain negative potential
from dominant electron collection, while the illuminated region stays positive, creating a
complex potential structure at the sunlit-shadowed boundary. However, 1D calculations
cannot be performed when the topographic features become comparable to the local De-
bye length. For those cases, the investigation has been initiated using an open-source 3D
modeling tool named Spacecraft Plasma Interaction Software (SPIS). Some preliminary
results have been presented in this thesis. Although SPIS presumes Maxwellian photo-
electrons, the modeling results can predict various features of the non-monotonic sheath.
The SPIS results highlighted the importance of local illumination angle, as predicted by
the analytical results, also providing 3D potential and density profiles of various sheath
populations, which take care of both vertical and horizontal variations in the simulations.
The capability of SPIS to study this kind of environment can be extensively explored and
will be taken up in the future.

The work presented in this thesis significantly advances the understanding and
improves the estimates of plasma sheath formation around the Moon and subsequent
dust dynamics. However, there is a significant scope of future research in the following

aspects:

e Application of the comprehensive model in the other airless planetary bodies: The
Moon serves as a key reference for studying other planetary bodies without an atmo-
sphere, because similar processes are expected to occur around other airless bodies

exposed to similar space environments (Halekas et al., 2011b).

e Combining the analytical study with spacecraft data: Literature highlighted that
ARTEMIS measurements can observe several signatures of the near-surface plasma
sheath, especially some signatures of the non-monotonic sheath (Halekas et al.,
2011a; Poppe et al., 2011). Apart from that, Xu et al. (2021), using ARTEMIS mea-
surements, tried to constrain the photoemission yield of the lunar surface. However,
their measurements of yields have uncertainty over four orders of magnitude. They
expected that this may be due to the inadequately defined probability function for

photoelectron energy. The analytical distribution of photoelectrons derived in this
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thesis may be used to re-examine these ARTEMIS measurements, which might pro-

vide more adequate results.

e Conceptualizing test bed in-situ instrument for future lunar missions: The analyti-
cal studies have developed a significant understanding of the lunar plasma environ-
ment. But the quantitative estimates are sensitive to the input parameters. For exam-
ple, the photoelectric yield of lunar regolith and the regolith work function are two
significant parameters in characterizing the lunar photoelectrons. However, due to
the possibility of contamination due to Earth’s atmosphere, measurements from the
lunar samples may not provide the actual values. Popel et al. (2014) conceptualized
an experiment to measure the photoelectric properties of the lunar surface directly
on the Moon for the future Luna 27 mission. The findings of this thesis related to lu-
nar photoelectrons may be helpful in this aspect. The Langmuir probe is one of the
adequate methods for measuring the in-situ local plasma parameters. The Rashid-1
rover and Chandrayaan 2/3 lander carried Langmuir probes to measure the local
plasma environment (Clausen et al., 2025; Manju et al., 2020; Indian Space Research
Organisation (ISRO), 2023a). Measurements were not performed on the probes of
the Rashid-1 rover or Chandrayaan 2, and, as of now, detailed results from the mea-
surements obtained on the Moon by Chandrayaan 3 are awaited. There is a strong
possibility that Langmuir probes will be utilized in future lunar missions, and this
thesis may help to define the specifications required for Langmuir probes (Hartzell

etal., 2023).

e Lunar dust is an important component of the lunar complex plasma environment,
posing significant challenges to space missions (Zakharov et al., 2020). The analyt-
ical studies carried out so far considered dust to be non-perturbing. That dust has
been considered to be isolated, and its charge and emitted photoelectrons from it do
not perturb the sheath. It would be interesting to derive the lunar plasma scenario

when dust strongly perturbs the near-surface space plasma environment.

In conclusion, the findings of this thesis significantly enhance our understanding
of plasma sheath formation around the Moon. The research provides accurate and real-
istic quantitative estimates of the sheaths and the subsequent dynamics of dust. It also
provides deeper insight into the "microphysics” of electrostatic dust detachment. This
study not only addresses critical gaps in the existing knowledge but also paves the way

for future explorations in lunar studies.
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