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Dust grains are a key source of impact bombardment which is a critical component of space

weathering, a ubiquitous process occurring on all airless bodies in the solar system governing how the

surfaces of airless bodies are physically and chemically altered over time. Additionally, these dust

grains interact with a broad range of celestial bodies within our solar system resulting in changes

to their size distribution and trajectories. Thus characterizing the dynamics and distribution of

dust provides key insight into the evolution of our solar system and airless bodies in particular.

When impacting solid surfaces, secondary dust ejecta can be produced. These ejecta, following

ballistic trajectories, form an exosphere observable to in situ instruments such as the Lunar Dust

Experiment (LDEX) aboard the Lunar Dust and Environment Explorer (LADEE ) spacecraft. The

primary dust grains can also be observed directly through in situ instruments such as the Venetia

Burney Student Dust Counter (SDC) aboard the New Horizons spacecraft which to date has

produced measurements up to 50 AU.

In this thesis, we will constrain the meteoroid environment at 1 AU using a forward modeling

approach fitted to LDEX data. First, we expand a prior 2D plume simulation to 3D with additional

considerations to derive impact ejecta cone angles relevant for the altitudes observed by LDEX.

From these results, we construct a global lunar ejecta model fitted to LDEX observations to produce

the product of impactor mass flux and mass yields for each of the primary sporadic background

sources: helion, anti-helion, and apex. The potential for additional sources such as β-meteoroids

is also explored. From this we consider the integrated current signal measurements from LDEX

presumably produced from smaller ejecta dust grains. The potential for energetic neutral atoms

(ENAs) produced from backscattered solar wind is discussed along with the apparent lack of small

ejecta on the lunar night-side. Additionally, we implement a simply trajectory tracing model of the
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solar wind to determine if there exists significant electrostatic lofting enhancement from twilight

craters. From this, we find no evidence for such an enhancement. Finally, updated meteoroid

flux and densities are reported for several grain size cutoffs using recent SDC measurements under

updated methodology.
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Chapter 1

Introduction

1.1 Meteoroid Environment

Dust from a variety of sources permeates our entire solar system. Their trajectories are

influenced by gravity due to the Sun and the planets, trapping in mean-motion resonances [69,

73, 74, 90], radiation pressure, Poynting-Robertson drag, and electromagnetic forces, and their size

distribution is altered by sublimation, sputtering, and mutual collisions [120, 90]. As dust grains

interact with a broad range of celestial bodies, understanding the dynamics and distribution of

dust provides key insight into the evolution of our solar system.

Dust grains sourced by comets, asteroids, or Edgeworth-Kuiper Belt Objects within our solar

system are known as interplanetary dust particles (IDP) while those originating from outside our

solar system are known as interstellar dust particles (ISD). Comets in particular are the primary

source of IDPs in the inner solar system. Comets are bodies formed in the outer solar system and

ejected from their place of origin through the formation of planets [68]. These fall into two general

source groups of Oort Cloud Comets and the Scattered Disk shown in Figure 1.1 characterized

by high eccentricities and a broad range of inclinations for the former and low eccentricities and

inclinations for the latter [79, 28, 68]. The Scattered Disk sources Jupiter Family Comets (JFC)

produce the majority of IDPs in the inner solar system [77]. IDP production in the outer solar

system, in contrast, is dominated by Edgeworth-Kuiper Belt Object (EKBO) via mutual collisions

and bombardment by ISDs and IDPs [101, 127]. Grains produced in this manner tend to flow

toward the Sun as they become slowed by Poynting-Robertson drag; after which Neptune tends to
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prolong the lifetime of these IDPs while Jupiter blocks inward flowing IDPs by ejecting most that

cross its orbit. Asteroids, also sourced from the formation of planets, produce IDPs via mutual

collision and bombardment located primarily between Mars and Jupiter [105].

Figure 1.1: Illustration of the relative positions of the Oort Cloud, Kuiper belt, and Scattered Disk
taken from [100].

IDPs that interact with the Earth-Moon system are classified either as meteoroid showers or

sporadic background. When initially produced, IDPs follow similar trajectories to their parent body

before becoming modified and consequently decoupled by radiation pressure, Poynting-Robertson

drag, grain-grain collisions, and electromagnetic forces. As each of these forces are size dependent,

smaller grains (radii < 100 µm) become entirely decoupled from their source while larger grains

(radii > 100 µm) gradually disperse along a similar orbit to their parent body [45, 46]. The former

makes up the sporadic background while the latter produces meteoroid showers. Meteoroid showers

are characterized by highly collimated beams of particles originating from a localized region in the

sky while the sporadic background is comprised of dust particles with trajectories decoupled from

their parent bodies though can still be characterized by “source” classified by concentrations at a

fixed radiant with respect to the apex of the Earth’s motion [45]. The sporadic background is the



3

largest contributor to the total meteoroid flux at 1 AU.

Sporadic background meteoroids are generally grouped with respect to their source radiant

relative to the apex of the Earth’s motion, shown in Figure 1.2, as helion (HE), antihelion (AH),

apex (AP), antiapex (AA), northern toroidal (NT), and southern toroidal (ST). The two toroidal

sources are characterized by steep inclination toward the Earth’s equator while the first four sources

are near equatorial sources. HE and AH meteoroids follow prograde low inclination orbits where

the AH portion encounters 1 AU before their closest approach to the Sun while the HE portion is

the same population on its way back after closest approach. In contrast, AP and AA meteoroids

orbit in retrograde motion and encounter 1 AU on the outbound portion and inbound portion of

their trajectories respectively. HE, AH, NT, and ST meteoroids are thought to be produced from

JFCs while AP and AA meteoroids are thought to be produced from Halley-type and long-period

comets from the Oort Cloud. The general radiants of each source are skewed toward the Earth’s

orbital ram direction when observed at the Earth and Moon due to the Earth’s orbital velocity

[114, 117, 20, 70].

Figure 1.2: Activity contours for the combined Harvard I and Harvard II radio surveys depicting
helion, antihelion, and apex sporadic background sources taken from [56, 55].
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1.2 Scientific Motivation

Recent efforts analyzing the cosmic dust accretion rate to the Earth’s surface and the injection

rate of Na and Fe atoms to the Earth’s atmosphere have led to an estimate of 43 ± 13 t d−1 for

the total meteoroid mass input to the Earth [22]. However, estimates using a variety of observation

methods from Earth-based radar to satellite-based dust detectors differ by as much as two orders

of magnitude [85]. This uncertainty is due in part to the limited mass range of each of these

techniques. None can observe particles over the entire mass range of 10−12 g to 1 g which covers

the majority of meteoroids at 1 AU [85]. In situ instruments in particular suffer from a low

detection rates due to smaller collection areas compared to ground based methods such as radar [40].

These methods, however, must contend with the additional complexity of the Earth’s atmosphere.

Another means of constraining the total meteoroid flux at 1 AU is by measuring the production

rate of the ejecta produced via continuous meteoroid bombardment of the lunar surface effectively

treating the Moon as one large detector. Constraining the total meteoroid flux at 1 AU through

this additional detection method is key to further understanding of the evolution and dynamics of

our solar system.

Additionally, dust grains are a key source of impact bombardment which is a critical compo-

nent of space weathering, an ubiquitous process occurring on all airless bodies in the solar system

governing how the surfaces of airless bodies are physically and chemically altered over time [81].

Characterizing space weathering processes is essential for understanding the origin and evolution

of airless bodies in our solar system [18, 26]. High-speed impactors modify the surfaces of air-

less bodies by uncovering and redistributing surface material in a process called impact gardening

[7, 24]. For bodies with diverse surface materials and mineralogy, impact bombardment can serve

to redistribute mineralogically distinct material to other regions of the surface, with an efficacy

that depends on the impactor distribution and specific properties of the impact plumes they create

[110]. Additionally, surface based instruments that rely on utilizing optical surfaces exposed to

space, such as lunar laser reflectors [75, 76], may accumulate layers of surface regolith over time,
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affecting their operation and efficiency. Thus, constraining the properties of both the primary im-

pactors as well as the characteristics of the impact plumes they generate is key to understanding

the continual evolution of airless surfaces as well as the solar system as a whole.

1.3 Lunar Dust Experiment

Observations of the lunar ejecta environment by the Lunar Dust Experiment (LDEX) on-

board the Lunar Atmosphere and Dust Environment Explorer (LADEE ) mission discovered a

permanently present dust cloud produced by continual meteoroid bombardment [50]. Measuring

from October 16, 2013 to April 18, 2014, LDEX observed a total of ∼ 140000 dust impacts. This

dust cloud is highly sensitive to meteoroid showers and changes in impactor flux rates [118, 117].

Of the sporadic meteoroid sources, impact ejecta were correlated with the HE, AH, and AP sources

as primary contributors with a small contribution from the AA source and possible contributions

from NT and ST sources, each oscillating with lunar phase [114, 117, 112]. The fluxes of these four

sporadic sources can be constrained by LDEX observations through a forward modeling approach.

For grains with radii > 0.3 µm, LDEX records individual dust via impact ionization plasma

charge produced from dust grain impact with a grounded hemispherical target to establish an

impact rate and size distribution under certain assumptions. These larger grains are produced as

ejecta from continual meteoroid bombardment of the lunar surface and follow ballistic trajectories

[50]. It is from this data set that we will be constraining the IDP flux at 1 AU per sporadic

background sources. For the purpose of characterization of smaller lunar ejecta, LDEX also records

an integrated current measurement. These smaller ejecta are of particular interest as mechanisms

other than meteoroid bombardment, such as electrostatic lofting, may be the dominant driver for

their dynamics, particularly over the lunar terminators [25, 39, 12]. This data set provides the first

dedicated dust instrument detections of the lunar environment up to altitudes as high as 250 km

[49].



6

1.4 IDP Distribution in the Outer Solar System

Several in-situ dust detectors on various spacecraft have covered a broad range of the solar

system. HEOS 2 and HELIOS observed the IDP environment near 1 AU [27] while both Galileo

and Ulysses measured from Earth to Jupiter, including measurements above/below the ecliptic

plane [62]. Cassini observed IDP between Jupiter and Saturn [1] while Pioneer 10 and 11 covered

up to 9 and 18 AU, respectively [52]. In addition to dedicated in-situ dust detectors, Voyager

measurements of dust particles approximately a micron in size were reported up to 100 AU through

the detection by radio and plasma wave instruments of the plasma clouds produced via impact with

the spacecraft [43].

The Venetia Burney Student Dust Counter (SDC) is an in-situ dust detector aboard the New

Horizons spacecraft with IDP measurements spanning past 50 AU to date for grains with mass

m > 10−12 g. Collisions between EKB objects are suggested by numerical models to be a dominant

source of IDP [90, 89]. As such, measurements up to and beyond this range are key for resolving

the validity of this prediction which directly relates to the large-scale structure of our solar system

and debris disks around other stars [125]. It is from this data set that we will estimate the total

IDP flux in the outer solar system with considerations taken for potential ISD contributions.

1.5 Thesis Outline

With the goal of constraining the meteoroid flux at 1 AU and beyond as well as the charac-

terizing the lunar dust environment, we focus on connecting the LDEX data set to these quantities

as well as report on recent SDC values under updated methodology. To accomplish this, we follow

three primary modelling thrusts which constitute the four main sections of this thesis:

Ejecta Plume Characterization Using individual LDEX plume detections produced from me-

teoroid streams, we fit inner and outer cone ejecta angles using a self-consistent 3D Monte

Carlo simulation. This section expands upon prior 2D plume simulation fits which produced

surprisingly narrow outer cone angles of < 10◦ compared to the anticipated 30◦ [17].
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Global Lunar Ejecta Model Using the constrained ejecta distributions from the previous sec-

tion, we construct a global ejecta model to connect LDEX impact rates to meteoroid

impactor flux and mass yields per source. Assuming equal rates and yield for HE and AH

sources, we then consider the potential for additional sources, namely β-meteoroids [14].

Integrated Current As the global ejecta model indicated a potentially significant contribution

from smaller impactors (and consequently smaller ejecta), We explore the integrated current

signal of LDEX designed for detecting dust grains with radii < 0.3 µm. As the integrated

signal is sensitive to more than just dust impacts, we start by characterizing the dominant

enhancements on the lunar day and night-sides. For the day-side, we explore the poten-

tial for energetic neutral atoms (ENAs) produced from solar wind ions backscattered and

neutralized from the lunar surface. Following this, a simple model for electrostatic lofting

enhancement by twilight craters is constructed and compared to integrated current values

near 6 local time [15].

IDPs Beyond 1 AU Using SDC measurements recently covering up to 50 AU, we produce IDP

flux and density values for several grain size cutoffs. Updated methodology is used to

correct the implementation of reference channels used in prior studies. Values follow current

prediction models though the potential contribution from ISDs to cause a deviation in future

measurements is also considered [16].



Chapter 2

Ejecta Plume Characterization

2.1 Introduction

To connect ejecta detection rates from LDEX to meteoroid fluxes, the structure and dynamics

of lunar ejecta plumes must first be characterized. To this end, numerous laboratory experiments

have been performed [23, 6, 10, 51]. These experiments focused on the cratering effects on glass and

sand targets produced by impactors with sizes on the order of 5 mm and impact speeds ranging

from 0.085-1.9 km s−1 [23, 6, 10, 51]. Additionally, spacecraft missions such as Deep Impact [95, 94]

and the Lunar Crater Observation and Sensing Satellite (LCROSS) [47] along with complimentary

laboratory and theoretical work provide direct observations of impact ejecta dynamics on airless

bodies, though on a much larger scale than the plumes discussed in this paper. Impact experiments

into ice-silicate mixtures [58] were used successfully to describe the impact ejecta measurements

near Jupiter’s large icy moons [61, 60, e.g.]. However, the ejecta response of a fluffy regolith surface

may be characteristically different than that of a hard, icy surface. While these experiments and

others provide key insight into a broad range of ejecta parameters, interplanetary dust impactors

into regolith surfaces are difficult to reproduce in the lab and may have different characteristics than

much larger, slower impactors. Thus, constraining existing models to the lunar dust environment

can bolster our understanding of interplanetary dust impactors into regolith surfaces and is also a

necessary first step in providing a meteoroid flux estimate via lunar ejecta measurements.

Each impact LDEX detected came from an individual particle within an impact ejecta plume.

Typically, separate impacts were assumed to originate from separate plumes. However, throughout
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Figure 2.1: Illustration of the simulated plume and flight path. The blue ring represents the
generated plume while the dotted line represents the a simulated flight path. (a) shows the top
view of the plume model labeled with the starting point of the simulated flight path (t1, x1, y1) as
well as grid steps dx and dy used for binning the simulated impact rates. (b) shows the side view
of the plume model labeled with inner and outer cone angles ϕ1 and ϕ0 respectively. Note that the
grid shown in (a) is actually curved at a fixed altitude of (r−Rm). dx and dy are fixed to 1.67 km
for all altitudes considered to allow for direct comparison between plume fits.

the mission, LDEX observed ‘bursts’ of particles, which were interpreted to all originate from the

same impact ejecta plume. It is these ‘bursts’ we focus on in this chapter. As these observations

were the first in-situ dust measurements of dense lunar ejecta plumes, analysis of the results provides

unique insight into the physics of in-situ hypervelocity dust impacts. Previous work implemented a

two-dimensional model matched to LDEX data to derive the initial ejecta speed, mass, and angular

distributions [107]. This approach derived ejecta cone angles that were much narrower than those

used in previous literature with an interior region void of ejecta as shown in Figure 2.1 [50, 60].

The two-dimensional model, however, assumes that the detector flew through the center of the

plume. Additionally, the speed distribution used was later improved to account for the correlation

between local time and altitude of the sampling [117]. More specifically, the speed distribution is

derived from energy conservation and an exponential fit to the average dust density profile as a



10

function of altitude. Figure 2.2 shows the calculated density as a function of latitude in LT bins

excluding meteoroid shower activity and normalized to the 6 LT [117]. The dashed line indicates

the best exponential fit to the average in the form of n(h) = n0e
−h/λ corresponding to a altitude

distribution of f(h) = 1
λe

−h/λ where h is the altitude in kilometers, n0 is the density at the lunar

surface, and λ = 200 km is the scale height from the fit. From energy conservation, we have the

relation h(v) = Rm
(ve/v)2−1

where ve = 2.4 km s−1 is the lunar escape speed and Rm = 1737 km is

the Moon’s radius. Therefore, the one-dimensional initial ejecta velocity distribution is derived as

[117],

f(v) = f(h(v))
dh

dv
=

2Rmv

λv2e(1 − (v/ve)2)2
e
− Rm/λ

(ve/v)2−1 . (2.1)

Figure 2.2: Dust density as a function of altitude per local time bin indicated by color normalized
to the 6 LT values. The dashed line shows the exponential with a scale height of λ = 200 km
derived as the best fit to the average over all local times indicated in the last panel [117].
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A lack of altitude dependence in the detected impact charge distribution of, as shown in

Figure 2.3, suggests that the initial ejecta mass and speed distributions can be decoupled [50].

However, we note that to some extent these distributions will be correlated [92]. Additionally, the

measured impact charge closely follows a power law of the form pq(q) ∝ q(1(1+α)) with power of

α = 0.910 ± 0.003 indicated by the inset of Figure 2.3. Therefore the rate of ejecta produced from

the lunar surface with masses greater than m has the form of the power law N+( m) ∝ m−α and

an ejecta mass distribution of of the form f(m) ∝ m−(1+α) [50].

Figure 2.3: Exponent of the form pq(q) ∝ q(1(1+α)) fitted to LDEX charge measurements binned
by altitude and time in 15 km and 10 day bins respectively. Color indicates the values of −(1 +α)
while size is inversely proportional to uncertainty from ±0.1 to ±0.5. The inset plots the impact
charge distribution for the entire mission with a fitted power of α = 0.91 ± 0.003 [50].

For simplicity, and driven by the previously mentioned absence of altitude and impact charge

correlation, we assume the initial ejecta distribution is represented as the product of speed, mass,
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and angular distributions,

f(v) =
2Rmv

λv2e(1 − (v/ve)2)2
e
− Rm/λ

(ve/v)2−1 , (2.2)

f(m) =
α

m−α
min −m−α

max
m−(1+α),

f(ϕ) =
sinϕ

cosϕ1 − cosϕ0
,

where ve = 2.4 km s−1 is the lunar escape speed, Rm = 1737 km is the Moon’s radius, and λ = 200

km is the characteristic scale height derived from the dust density distribution measurements [117].

The mass exponent (α = 0.91±0.003) was measured by LDEX consistent across all local times [50],

and the mass bounds (mmin = 10−17 kg and mmax = 10−8 kg) were determined by the detection

limits of LDEX at the spacecraft’s apex velocity. While f(v) and f(m) are empirically derived

from from averaged LDEX measurements assuming purely vertical motion, f(ϕ) is assumed to be

a uniform distribution of the form presented in [50] with an inner cone angle. Note that as a

consequence of the vertical motion assumptions in the derivation of f(v), a large ϕ0 would indicate

an inconsistency in the model. An assumed initial ejecta speed distribution, however, is a necessary

component of expanding this fit to including an offset from the center of the plume as without the

general impact rate profile of a simulated fly through, the fitted solution becomes degenerate with

arbitrarily large outer cone angles with increasing offset. By implementing the distributions in Eq.

2.2 into a Monte Carlo 3D simulation with ϕ0 and ϕ1 as fit parameters ranging from 0◦ to 45◦,

we will constrain these values relevant to the lunar ejecta environment for use in the global ejecta

model in Chapter 3.

2.2 Plume Identification

LDEX received impacts above its detection threshold of a > 0.3 µm at an average rate

of µ = 2.3 × 10−2 s−1 during commissioning and µ = 3.1 × 10−2 s−1 during the nominal science

mission (21-Nov-2013/18-Apr-2014) [50]. We must determine if a given set of impacts is statistically

anomalous with respect to the average background impact rate LDEX observed. To do this, we

note that the impact rate can be described as a Poisson process. The probability of detecting n
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impacts within a time ∆t is,

P (n,∆t) = 1 − e−µ∆t
n−2∑
n′=0

(µ∆t)n
′
/n′! (2.3)

where n is the number of impacts, ∆t is the total elapsed time, and µ is the average impact rate

[116, 78]. The n−2 in the upper limit of the summation follows from the assumption that ∆t begins

and ends at individual particle detections. For example, the probability of detecting 2 particles

separated by time ∆t is P (2,∆t) = 1 − e−µ∆t. Using Eq. 2.3, we can quantify the probability of

a set of impacts occurring by employ a sliding window throughout the data of either a fixed time

range ∆t or a fixed number particles n. Since the temporal structure of the impact rate time series

is highly variable, we elected to fix the number of particles. Measurements referred to as ‘bursts’

are impact rates with probability of detection P < 10−3 containing at least n = 5 particles as

shown in Figure 2.4 (b).

In this analysis, we are concerned with the total number of impacts in a given plume. There-

fore, consecutive bursts are grouped together in the following manner. We search for bursts within

a sliding window of 30 seconds and group these together as a ‘plume’ measurement as shown in

Figure 2.4 (c). The total number of particles contained in each plume measurement are estimated

as Nplume = nNb, where Nb is the number of consecutive bursts. Since we group consecutive bursts

together, plume identification is not very sensitive to n for sufficiently small values. Additionally,

as long as P is small enough to exclude unrelated groupings but not too small to exclude most

events, the results are not highly sensitive to P .

For the following analysis, we only consider the very largest plume detections which contain

75 or more individual impacts. Figure 2.4 (a) shows all identified plumes with the threshold of 75

particles indicated by a dotted line. Table 2.1 lists each plume’s detection time, duration, number

of impacts, altitude, and spacecraft speed. Note that for this analysis we treat all plumes equally

regardless of temporal coincidence with meteoroid showers. These 18 plumes, detected at altitudes

spanning from 24 km to 89 km, represent the most statistically significant detections of lunar

impact ejecta plumes by LDEX. An impact rate time series for three such detections are shown in
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Figure 2.4: (a) all plumes detected with consecutive bursts identified by Eq. 2.3. The selection
threshold of 75 particles is indicated by a horizontal dotted line. (b) time series showing impact rate
(top), size (middle) and probability for each 5 impact grouping (bottom) for the burst indicated
with the red arrow in (a) on 12-Nov-2013. (c) zoomed in version of (b) showing the detailed
structure of the plume detection [17].
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Figure 2.5 (b). These impact rates were calculated using a sliding window of 3 seconds and have

been normalized by their peak values. The structure in any given plume detection is dependent on

the time and location of LDEX relative to the lunar impact site. There is no a priori method to

extract this temporal and geometric information from the LDEX data, therefore, a model must be

used to interpret these impact rates in a meaningful way.

2.3 Method

To produce new fits for ϕ0 and ϕ1, a Monte Carlo approach was implemented to simulate

impact rates on LDEX from a single plume with the restriction that ϕ0 − ϕ1 ≥ 0.5◦. Roughly a

billion simulated ejecta particles were produced through initial sampling of the speed and angular

distributions in Eq. 2.2 from which the Kepler equations of motion are calculated for each as

described in Section 2.3.1. Section 2.3.2 describes the impact rates calculations for which the

velocity dependence of the minimum detectable mass by LDEX plays a key role. A χ2 minimization

was then performed using LDEX data with bursts containing more than 75 particles as discussed

in Section 2.3.3.

Aside from ϕ0 and ϕ1, the other tunable parameters of this minimization were the time of the

first detected impact, t1, and starting position of the spacecraft relative to plume origin, (x1, y1),

as shown in Figure 2.1. The inclusion of a second spatial parameter, correction to the ejecta speed

distribution in Eq. 2.2, and the removal of the apex velocity assumption in the implementation

of the impact rate (described in Section 2.3.2) are the three notable changes from previous two-

dimensional fit [107].

2.3.1 Plume Generation

First, a set of initial particle speeds and angles were generated via random sampling of the

distributions in Eq. 2.2. Since ejecta-ejecta interactions are assumed to be negligible and initial

ejecta speeds are restricted to be less than ve, trajectories can be modeled as elliptical orbits. The

assumption of bound ejecta particles is based on the previous estimates for the speed distribution.
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Table 2.1: LDEX plume detections with more than 75 impacts.Columns correspond to Time (UTC),
duration (s), number of impacts Nplume, Altitude (km) and LADEE ram speed vram km s−1.
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While there may be a small fraction of unbound ejecta at the Moon, LDEX was unable to quantify

this minor constituent. For mathematical simplicity, we proceed under the assumption of bound

ejecta. For a given initial ejecta speed, vi, and angle from surface normal, ϕi, the parameters

defining an elliptical orbit (eccentricity: e, semimajor axis: a, frequency of revolution: ω∗, total

energy: E, and angular momentum: l) are calculated as follows:

k

m
= GMm,

E
m = 1

2v
2
i − k

mRm
,

l

m
= Rmvi sinϕi, (2.4)

a = − k

2E
, e =

√
1 − l2

mka , ω∗ =

√
k

ma3
,

where Mm = 7.3476 × 1022 kg is the mass of the moon, m is the mass of the ejecta in kg, G =

6.67408×10−11 m3 kg−1 s−2 is the gravitational constant, and k is the gravitational force coefficient

calculated as the product of the two masses and G. Using these parameters, the equations of motion

in polar coordinates (radius: r, angle: θ, time: t) can be written using the eccentric anomaly, ψ:

t =
1

ω∗ (ψ − e sinψ) , r = a (1 − e cosψ) , cos θ =
a
(
1 − e2

)
er

− 1

e
, (2.5)

vθ = vi sinϕi
Rm

r
, vr = vi cosϕi

sin θ
sin θ(r=Rm) .

Note that Eq. 2.5 are independent of m. Taking advantage of this for a later consideration, we

initially only sample the speed and angular distributions in Eq. 2.2.

Using Eq. 2.5, ejecta trajectories were sampled over a fixed time step of dt = 1 s and

duplicated at fixed azimuthal angle steps about surface normal dΦ = π
272 . Positions were then

compared to a spatial grid binned by altitude steps of dr = 1 km and horizontal steps dy = dx ≡

rdθ = vscdt = 1.67 km as illustrated in Figure 2.1 (a). vsc = 1.67 km s−1 is the spacecraft’s

speed with x̂ chosen to correspond to the spacecraft’s velocity. We note that the spacecraft ram

speed varies about 1.67 km s−1 by up to 2%, from 1.64 to 1.69 km s−1 for the 18 plume detections

as shown in Table 2.1. We employ a fixed value of 1.67 km s−1 to reduce model complexity by

keeping the grid size identical throughout all runs. Contributions are recorded in each relevant

spatial-temporal bin as an impact rate as described in the next section.

It is important to note that dx and dy are fixed to 1.67 km for all altitudes and correspond to
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arc-lengths at each altitude bin. This allows for a more direct comparison between fits at varying

altitudes without having to account for changing bin sizes associated with fixed angular bins in a

spherical coordinate system. Additionally, when implementing the duplication of trajectories, we

are assuming azimuthal symmetry of the plume. This is equivalent to assuming that the obliqueness

of an impact, along with impactor speed and mass, only affects the ejecta yield of the subsequent

plume (an assumption we also use for the global ejecta model in Chapter 3). As we will be compar-

ing normalized impact rates between measured and simulated results, contributions associated only

with ejecta yield have no effect on the fitted results. We assume azimuthal plume symmetry pri-

marily to avoid introducing additional tunable parameters as well as the degeneracy associated with

allowing the simulation to fit to only half of the plume. However, there exists compelling laboratory

evidence for significant asymmetry in ejecta flow resulting from oblique impacts [6]. Extrapolating

these results to relevant impactor parameters and introducing assumptions on the impact angle

would allow for the implementation of asymmetry in the plume model. As this approach would

require additional assumptions on the mass and speed of the impactors, we will proceed under the

simplified model of azimuthal symmetry with the justification at plume asymmetry decreases with

time and thus altitude [6].

2.3.2 Impact Rate

LDEX measures impact rates, not densities. Therefore, to compare modeled plumes to LDEX

measurements, local impact rates must be calculated. In the previous two-dimensional fit [107, 116],

ejecta were assumed to be at their orbital apex when calculating impact rate. With the addition

of a third dimension, this assumption was dropped as the impact angle must now be calculated

regardless. Consequently, the velocity dependence of the lower mass threshold mmin also needs to

be evaluated as [107, 116],

mmin = Cmv
−4.76
rel , v⃗rel = (vθ cos Φ − vsc)x̂+ vθ sin Φŷ + vrr̂, (2.6)
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where v⃗rel is the ejecta’s velocity relative to the spacecraft at the point of detection and Cm = 0.91

is a constant. Using Eq. 2.6 and the initial mass distribution of Eq. 2.2, the impact rate, R, for a

given ejecta is,

R(vrel) ∝ A(ω)
(
m−α

min −m−α
max

)
vrel, cosω = − v⃗rel·x̂

vrel
, (2.7)

where ω is the angle between the detector’s bore-sight and the ejecta’s relative velocity vector. A

is the detectors effective area which is maximal at ω = 0 and zero for ω ≥ 68◦ [50]. The mass

portion of Eq. 2.7 comes from integrating Eq. 2.2 from the minimum to maximum detectable

mass. This treatment utilizes the separability of the distributions in Equation 2.2 to treat each

simulated ejecta as macro particles representing all masses following the given trajectory. The mass

distribution can then be implemented as the fraction of ejecta masses that can be detected by LDEX

for the corresponding relative velocity incorporating the velocity dependence of the detectable mass

minimum. As we will be comparing the normalized impact rate to the measured impact rate and

all other contributions to the impact rate are proportionally constants between ejecta, Eq. 2.6 and

Eq. 2.7 are sufficient for calculating the impact rate contributions to the spatial-temporal bins per

ejecta.

2.3.3 Comparison to LDEX Data

After the plume data cube is generated, consecutive temporal bins are averaged to match

the binning of 3 s used by the impact rate calculation from LDEX data. The error, σRi , for each

measured impact rate, Ri, was calculated as,

σRi =
1

τ
√
Riτ

, (2.8)

where τ = 3 s is the sample rate. For each point on the data cube (t1, x1, y1) and point in the

discretized (ϕ0, ϕ1) parameter space, the value of χ2 was calculated as,

χ2(t1, x1, y1, ϕ0, ϕ1) =
∑
i

(Ri − Ii)
2

σ2Ri

, (2.9)
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where Ii is the simulated impact rate at position (t1+i, x1+i, y1). The minimum value of χ2 corre-

sponds to the most probable value of ϕ0 and ϕ1 found by sampling over the entire (t1, x1, y1, ϕ0, ϕ1)

grid. In addition, marginalized probability distributions were produced by summing e−χ2/2 over

the other four parameters.

t1, x1, and y1 were limited to all possible flight paths that would intersect at least one nonzero

element of the simulated plume. t1 and x1 were further restricted in the following way. An outline

of the plume was created by sampling to the largest and smallest nonzero x1 values for each t1.

The start and end points of each simulated flight path were then required to lie outside of this

region. This restriction prevents the simulation from fitting the flight path to only half of the

plume. y1 was also truncated to a maximum of 16.7 km as the minimal χ2 value increases by

several orders of magnitude well before this limit for all plumes. Finally, ϕ0 and ϕ1 were initially

restricted over a range of 0◦ to 45◦ with a coarser grid containing fewer simulated ejecta than the

presented results. As the χ2 values became several orders of magnitude greater beyond 20◦, the

maximum simulated cone angle was then restricted to 25◦ for the higher resolution runs presented

in the following section.

Note when considering the marginalized probability distributions that the measurement errors

given by Eq. 2.8 are actually non-Gaussian despite the probability χ dependence assumed above.

Multiple impact rates of zero were also added to the beginning and end of each burst measurement

window to minimize the effect of fits to gaps in the simulated impact rate. While these zero

measurements are physical, such additions may cause the system to become over-constrained. In

addition, restrictions were implemented in the parameter sweep to suppress simulated flight paths

where the spacecraft arrives directly above the impact site just before the first ejecta particle

reaches that altitude. Such a case would result in a burst measurement of only half the plume.

While possible, including these cases results in high degeneracy for the fit. We proceed under this

restriction with the justification that majority of the plume detections are unlikely to fit this specific

circumstance.
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2.4 Results

Considering only LDEX burst measurements containing more than 75 particles, 18 data sets

were compared to the simulated plume collected at altitudes spanning from 24 km to 89 km. Figure

2.5 (a) and (b) shows simulated flight paths of minimal χ2 for three such data sets. Note that one

of the burst measurements consists of a single spike in impact rate instead of the usual two. It is for

these plumes, primarily, that the restrictions mentioned in the previous section are implemented.

Such measurements are expected to coincide with large values of y1.

To provide an initial guess at the global optimal value for ϕ0, we first consider the histogram,

shown in Figure 2.6 (a), of ϕ0 values corresponding to minimal χ2 for each plume. The bin size

was chosen as twice the angle parameter step size, dϕ0 = dϕ1, used in the χ2 minimization. Note

that a similar histogram for ϕ1 would mean very little as it becomes degenerate with increasing y1.

While this would appear to indicate a ϕ0 value of 7◦ or 11◦, comparing only the minimal χ2 values

between plumes is susceptible to bias produced from unphysical spikes in the simulated impact

rate. Additionally, deviations in fitted ϕ0 values between plumes have no correlation with altitude,

local time, or impact site topography. A clearer picture can instead be derived via the marginalized

probability distributions.

Figure 2.5 (c) and (d) shows the marginalized probability distributions of ϕ0 and ϕ1 respec-

tively of the three example plumes discussed previously. To produce a global estimate of ϕ0 and

ϕ1, we summed the marginalized probability distributions over all plumes with equal weight. The

result is shown in Figure 2.6 (b) and (c) where the most probable values are ϕ0 ≈ 8◦ and ϕ1 ≈ 0◦.

To compare how these values of ϕ0 and ϕ1 coincide, consider Figure 2.6 (d) which shows the contour

plot of the marginalization of t1, x1, and y1 summed over all plumes.

2.5 Discussion

We presented a particle-based model of impact ejecta plumes generated on the surfaces of

airless bodies. Detections of these plumes with in-situ dust detectors yield rich data sets. Unraveling
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Figure 2.5: Optimal path fits produced from the χ2 minimization for three burst measurements.
(a) shows the simulated flight path, represented by a dotted red line, plotted over the simulated
impact rates, represented by orange contours, through the plume at optimal y1 (5.01 km, 11.69 km,
and 8.35 km from top to bottom respectively). (b) shows the normalized impact rate profile of the
simulated path (orange) compared to the corresponding LDEX measurement (blue) with error bars
calculated using Eq. 2.8. (c) and (d) show the marginalized probability distribution functions of
the fits for ϕ0 and ϕ1. Note that while the ϕ0 values of least χ2 for these plumes are 6◦, 12◦, and
10◦ from top to bottom, the most probable ϕ0 values, shown in (c), are more closely aligned at
around 7◦ [17].

Figure 2.6: (a) histogram of the fitted ϕ0 values for LDEX burst measurements containing more
than 75 particles. The bin size was chosen as twice the step size dϕ0 used in the minimization. (d)
shows the sum over all burst measurement marginalizations with only t1, x1, and y1 marginalized.
(b) and (c) represent the additional marginalization of ϕ1 and ϕ0 respectively [17].
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the structure of detected plumes requires comparison with model results.

The model presented in this work will allow for future lines of study using the rich

LADEE/LDEX dataset. For example, comparing the absolute magnitude of each plume detection

gives an estimate of the relative densities of each plume, however, estimating the actual density of

a detected plume is a complex matter and is suggested as a future topic of study. In addition, in-

corporating impact ejecta plumes which generated less impacts than the 18 large plumes discussed

in this work would further our understanding of lunar ejecta plumes. Furthermore, the bursts in

the LDEX data may not all represent the nominal plumes generated by sporadic meteoroids and

may instead be generated by unusually energetic primary impactors. Comparing plumes which

may be generated by impactors from a known meteoroid stream such as the Geminids, whose

plumes were determined to be from primary impactor particles in the 2 mm to 2 cm size range

[113], to plumes which are more likely from the sporadic background and from smaller particles in

the 100’s of µm size range would better constrain the properties of the primary impactors. We

have, however, proceeded with the current fitted initial ejecta distrubtions when constructing the

global ejecta model in Chapter 3.

By expanding the Monte Carlo approach used in previous work to three spatial dimensions,

updating the ejecta speed distribution, and removing the apex velocity assumption, we have further

examined the narrow inner and outer ejecta cone angles, ϕ0 and ϕ1, found in [107]. Contrary to the

canonically used value of 30◦ [50, 60] for the impact ejecta curtain angle, we find lunar ejecta plumes

to be significantly narrower, with an exterior angle derived from Figure 2.6 (b) of approximately 8

± 3◦.

The assumption of 30◦, however, is not unwarranted as laboratory experiments [23, 6, 10]

support similar values. These experiments consisted of different impactors and targets than those

generating the lunar impact ejecta plumes and the discrepancy between those experiments and

the results of this work could be due to these differences. There is also the concern that as the

speed distribution from Equation 2.2 was derived from assuming purely vertical trajectories and

perhaps the fitted cone angles are artificially narrow. As a simple check to this, we consider the
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peak to peak and edge to edge distance of each plume and derive the initial ejecta angle required to

defuse that far from the plume’s center assuming the particle is at the apex of its trajectory. The

reasoning being that ejecta at their apex should make up the densest part of the measured plume

due to their increased flight time at that altitude for the peak to peak comparison while the edge

to edge comparison gives an upper limit on the outer ejecta cone angle. From the 18 plumes, we

derive average initial ejecta angles of 5 ± 2◦ for the peak to peak case and 12 ± 4◦ for the edge to

edge case. Therefore, the fitted 8 ± 3◦ is within expectation while an outer cone angle of 30◦ is not

representative of the plumes observed by LDEX.

Another possible explanation for the narrow ejecta outer cone angles is that the plumes

observed by LDEX are ‘reverse’ plumes. Reverse plumes are narrow high velocity plumes produced

shortly after the initial plume cone is generated due to swift collapse of the crater or impactor

breakdown. Such reverse plumes have been observed during both the Deep Impact [94] and LCROSS

[47] missions as well as their complimentary laboratory experiments. While those observed during

the Deep Impact and LCROSS missions are due to impactor breakdown, reverse plumes are also

produced from highly porous, low density targets with high speed impactors, criteria which the

lunar meteoroid environment fulfills [95, 94, 47].

Further work is necessary to determine if this is indeed the case. However, preliminary results

suggest that, in the case of a reverse plume, we do not observe a 30◦ additional outer cone of the

same speed distribution. If such a broad plume component exists, it must be ejected at speeds

less than ∼ 300 m s−1 else LDEX would have detected it at the lowest altitude plume considered

here of 24 km. Thus, the reverse plume component would dominate the lunar dust environment

at the altitudes observed by LDEX. Regardless of whether the observed LDEX bursts are the

result of reverse plumes or a single 8 ± 3◦ cone, this finding allows us to better understand the

structure of the lunar impact ejecta cloud, the extent to which lunar material is redistributed due

to meteoroid impacts, and has refined our understanding of the physics of high-speed impactors

into regolith targets. While this chapter focused on the impact ejecta processes occuring at the

Moon, its results may be applicable to the broad class of regolith dominated bodies throughout the
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solar system such as asteroids, Jupiter trojans, and Edgeworth-Kuiper Belt Objects.



Chapter 3

Global Lunar Ejecta Model

3.1 Introduction

Constraints on mass yields, the ratio of the total mass of the produced dust ejecta over the

mass of the initial impacting particle, are necessary for deriving impactor fluxes from modeled ejecta

clouds. While the relationship between impactor mass, speed, and mass yield has been measured

in a variety of experiments [58, 57, e.g.], these do not cover the relevant impactor compositions,

sizes, speeds, nor characteristics of the surface regolith for the lunar environment. As such, this

chapter focuses on constraining the product of impactor flux and mass yield per source via a

forward modeling approach expanding the single plume model from Chapter 2 to a global one.

β-meteoroids, dust grains on hyperbolic orbits moving away from the Sun, have been suggested

to be an additional source of impact ejecta at the Moon due to the persistent dust ejecta density

enhancement on the Moon’s sunward side [109]. Because of this, we also explore the possibility of

β-meteoroids producing observable impact ejecta [109].

3.2 Particle Discretization

Ejecta for each impact plume were modeled discretely similar to Chapter 2, describing the

initial ejecta velocity (v), mass (m), and angle from surface normal (ϕ) distributions as Equation

2.2 with the outer and inner ejecta cone angles, ϕ0 and ϕ1 (see Figure 3.1), fixed to 8◦ and 0◦

respectively [118, 117, 50, 17]. While [92] suggests coupled speed and size ejecta distributions, the

ejecta distributions used here are treated as separable as there is a lack of altitude dependence
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in the detected impact charge distribution of LDEX [17, 50]. For simulating the contribution of

a single plume’s ejecta to LDEX’s measured ejecta impact rate, we sampled 200,000 simulated

ejecta particle trajectories based on f(ϕ) and f(v). Positions and velocities for each simulated

particle trajectory were calculated at fixed time steps of dt = 1 s using elliptical orbit equations

from Equation 2.4 and 2.5. As LDEX’s lowest detectable mass threshold is velocity dependent,

f(m) was again implemented as a weight for the simulated impact rate. Now, however, we are not

comparing normalized impact rates and the goal is to derive physical quantities from this model.

As a more explicit version of Equation 2.7, the impact rate from ejecta into LDEX, Ii, for impact

i becomes [118],

Ii =
Ri

dV
=
A(ωi)

dV
cos(ωi)

(Cmv
−4.76
rel )−α −m−α

max

m−α
min −m−α

max
vrel, (3.1)

cosωi = − v⃗rel · x̂
vrel

,

v⃗rel = (vθ cosϕi − vsc)x̂+ vθ sinϕiŷ + vrr̂,

where vsc is the spacecraft speed with x̂ chosen in the direction of the spacecraft velocity vector,

ω is the angle between the detector’s boresight and the ejecta’s relative velocity vector, vrel, dV

is the simulated volume element, and A is the detectors effective area which is maximal at ω = 0

and zero for ω ≥ 68◦ [50]. Each plume in this model is assumed to have the same initial ejecta

distributions. Effects of impactor mass, speed, and obliquity of the impact are contained entirely

within the mass yield (total mass of ejecta per plume divided by the mass of the impactor) and

the impactor flux (number of plumes per spatial-temporal bin). This is done for simplicity as such

effects are not sufficiently constrained over the relevant impact parameters. Formulating these

additional effects, particularly asymmetric plumes produced from oblique impacts, could lead to a

possible improvement of this model.
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Figure 3.1: Illustration of a simulated dust plume (a) side-view and (b) top-view for the param-
eters relevant to the global ejecta model. Discretized impacts are characterized by (ti, θi, ϕi) with
velocity components vr and vθ determined from initial ejecta speeds and angles. Note that r̂ is the
direction normal to the lunar surface while x̂ is the direction of the spacecraft velocity vector also
demonstrated by the rocket (to indicate LADEE) in (b) [14].

3.3 Multiple Plume Model

3.3.1 One Bin

For simulating the contribution of multiple plumes to the detected impact rate, we first

consider the simplified case of a single volume element, dV , with constant impactor flux, Φimp. For

a single simulated particle at time ti and azimuthal angle ϕi with respect to the plume’s origin

and spacecrafts velocity (Figure 3.1), the contribution to the simulated impact rate, Ii, is given by

Equation 3.1. Thus the measured average impact rate of LDEX, ILDEX , is

ILDEX = Np
Mp

Ms

∑
i

Ii, (3.2)

where Np is the total number of plumes produced per simulated time step within the lunar surface

element (dA), Mp is the average total mass of one plume, and Ms is the simulated mass of one plume.

The simulated mass of one plume consists of the sum of all particles in the simulation multiplied

by the average mass, based on the distribution from Equation 2.2, while we treat the total mass of
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an actual plume as an unknown quantity. Note that there are some additional complications to the

total simulated mass, as the azimuthal component is treated as continuous while the initial ejecta

distributions are sampled discretely. Since the impactor mass flux for characteristic impactor mass

mimp can be written as Φimp = mimpNp/dA, we rewrite Equation 3.2 as

ILDEX =
Np

dV

Mp

Ms

∑
i

Ri (3.3)

=
Np

dA

R2
m∫ Rm+h+dz

Rm+h r2dr

Mp

Ms

∑
i

Ri

= Y Φimp
3R2

m

(Rm + h+ dz)3 − (Rm + h)3
1

Ms

∑
i

Ri,

where h is the altitude of the spacecraft, Y = Mp/mimp is the mass yield of a plume, and dz is the

altitude bin size (Figure 3.1). Matching the simulation to LDEX data is then a matter of scaling

Y Φimp.

3.3.2 Multiple Bins

The previous case holds true for a constant impactor flux within the lunar surface patch con-

sidered. As the lunar impactor flux varies with local time, we expand this approach by considering

local time bins assuming that each bin encompasses a constant impactor flux. To standardize the

notation of the following sections, i denotes a simulated impact sampled from ejecta particle trajec-

tories as described in Section 3.2. A subscript of k denotes the observing surface-altitude bin (i.e.,

the bin which contains the measured impact rate) while j denotes the surface bin being observed

(i.e., surface patch possibly containing the plume origin, corresponding to simulated impact i).

Thus the subscript of dAijk is read as ‘for simulated ejecta measurement i originating from surface

bin j as measured within surface-altitude bin k.’

One subtlety that was glossed over in the one bin case was the location of dA relative to dV ,

as dA is only located directly beneath dV in the case where the angular distance of the simulated

impact from the center of the plume, θi = 0. For a single simulated impact at time ti and position

(θi, ϕi) relative to the center of the plume, dA is shifted from surface patch corresponding to dV .
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Figure 3.2: Illustration of the possible plume impact location for a given simulated ejecta mea-
surement i relative to the surface patch dA directly below the simulated volume element dV . This
possible plume location is characterized by the projection of surface element dA given that the
simulated measurement traveled a great circle distance of θi at an angle ϕi with respect to the
spacecrafts velocity. Dashed lines represent local time-latitude bins each with a constant flux. For
the illustrated case, simulated impact i has contributes from bins j1 and j2 weighted by the area
ratio in Equation 3.4. Note that k is also binned by altitude with the corresponding bin determined
by the height of simulated ejecta impact i [14].
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Thus, for a particular (θi, ϕi), the corresponding dA can overlap multiple local time bins (up to

four in the case of an equal area square grid as shown in Figure 3.2).

For the illustrated case in Figure 3.2, dA projected from bin k overlaps fixed surface bins j1,

j2, j3, and j4 with surface areas dAij1k, dAij2k, dAij3k, and dAij4k, respectively. This simulated

impact contribution to the measured impact rate is

Iik =
Mp

Ms
Ri

(
Nij1k

dV
+
Nij2k

dV
+
Nij3k

dV
+
Nij4k

dV

)
(3.4)

=
Mp

Ms
Ri

3R2
m

(Rm + h+ dz)3 − (Rm + h)3

(
Nij1k

dA
+
Nij2k

dA
+
Nij3k

dA
+
Nij4k

dA

)
=

1

Ms
Ri

3R2
m

(Rm + h+ dz)3 − (Rm + h)3
Y

(
Φj1

dAij1k

dA
+ Φj2

dAij2k

dA
+ Φj3

dAij3k

dA
+ Φj4

dAij4k

dA

)
,

where Φj1 , Φj2 , Φj3 , and Φj4 are the impactor fluxes for surface bins j1, j2, j3, and j4, respectively.

Note, it is with the assumed constant flux that Φj = mimpNijk/dAijk for each i and k. Expanding

this to all j bins and summing over all simulated impacts i gives the generalized form of Equation

3.3,

ILDEX,k =
3R2

m

(Rm + h+ dz)3 − (Rm + h)3
1

Ms

∑
ij

Y ΦjRi
dAijk

dA
(3.5)

≡
∑
j

Y ΦjSjk.

Matching all surface and altitude bins of data becomes a minimization with Y Φj as parameters.

In this formulation, the values of Sjk contain all of the geometric information from the numerical

simulation separated from the desired parameters to be estimated. Specifically, Ri contains the

geometry of the instrument while the rest of Sjk contains the geometry of the system.

3.3.3 Latitude Variation

3.3.3.1 Grid Motivation

While the latitude coverage of the LDEX data set is limited (Figure 3.3), expanding this model

to a full three dimensional sphere may prove useful for future data sets, as well as to minimize errors

introduced by assuming a purely equatorial orbit. In the case of a grid covering the entire surface of
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Figure 3.3: Histogram of LDEX data used in the fit binned by the surface grid described in Sec-
tion 3.3.3.1. Note that this grid is in local time with the transition from white to dark regions
corresponding to sunset and sunrise. Impact rate measurements were selected for periods when
LDEX’s boresight was along the spacecraft’s velocity vector and the Sun was not within the instru-
ment’s field of view [49]. Additionally, measurements within 5 days of the identified Geminids and
Quadrantids meteor shower times [116] were removed. As indicated, LADEE was moving across
this map from left to right on its retrograde orbit about the Moon. The radiants of the sporadic
meteoroid sources bombarding the Moon are also indicated [112, 14].

a sphere, Equation 3.5 still holds true with different values for dAijk. However, complications arise

with the increasing number of parameters and computation time. For example, surface grid cells

defined by equal latitude and longitude steps are no longer of equal area, as was the case in Figure

3.2, and whose overlap with arbitrary θi and ϕi proves computationally expensive to perform for

each simulated impact.

Polygonal grids, even when approximately equal in area and shape, also introduce an addi-

tional parameter in relative orientation of the projected cell to the considered cell. For example, In

the case of Figure 3.2, dAij1k would have a different value from the one illustrated if the projected

square was tilted by an arbitrary angle.

Here we use overlapping spherical caps as surface grid cells with grid points defined as the

center of these spherical caps (Figure 3.4). As this will introduce error in the form of surface
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Figure 3.4: Illustration of an exaggerated spherical cap used to discretize the surface area of a
sphere. Each surface grid cell is defined by it’s center point latitude and longitude (γ, λ) as well as
angular radius rc [14].

patches not covered or double counted, we construct the grid cell size such that the sum of all

surface grid cell areas equals the surface area of the sphere. This represents our best estimate, as

the double counted regions should come close to accounting for the regions not covered by the cells.

Additionally, surface grid cells are positioned to meet the following criteria:

• Maximize the smallest distance between any two grid points.

• Minimize the number of unique grid point to grid point distances within an effective range.

The first criteria is imposed to achieve a close to uniform covering of the sphere while the second

criteria is imposed to reduce the computation time of the simulation. As the distance between

grid points will become a parameter in determining Sjk (Equation 3.7-3.8), reducing the number of

unique grid point to grid point distances significantly increases the performance of the simulation.

The ‘effective range’ mentioned in the criteria (and Appendix Figure 3.6) refers to surface grid
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cells within the maximum θi of all simulated impacts plus two times the radius of the surface grid

cells as any cell beyond this range does not contribute to the simulated impact rate. We used the

HEALPix framework [38] to generate the locations of these grid cells as it has reasonable agreement

with our criteria with the flexibility to scale the resolution as needed. To balance accuracy with

computation time, we chose a resolutions of Nside = 25 resulting in 12288 surface grid cells.

3.3.3.2 Grid Derivation

Figure 3.5: Illustration of the area overlap dAijk of impact i projected from cell k with cell j.
Spherical cap k represents the surface bin below the surface-altitude bin where simulated ejecta
measurement i is collected. The dotted circle indicates where on the surface ejecta i could have
come from given that it traveled a great circle distance θi at an angle ϕi with respect to the
spacecraft’s velocity vsc. To determine the contribution of surface grid cell k on the simulated
ejecta measurement i, dAijk must be calculated from dijk using Equation 3.7. dijk is calculated
from sjk, bjk, and ϕi using Equation 3.8. The blue shaded region indicates the change in the
overlapping area as ϕi is integrated [14].

To achieve the area described in Section 3.3.3.1, the angular radius (rc) of the spherical caps
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is given as

cos rc = 1 − 2

Ngrid
, (3.6)

where Ngrid = 12288 is the number of grid cells on the surface. To calculate dAijk in Equation 3.5,

we use the following equation for the overlap between two spherical caps of radius rc separated by

a great circle distance between their centers of dijk [119],

dAijk

dA
=
π − arccos

(
− cot2 rc + cos dijk csc2 rc

)
− 2 arccos

(
cot rc tan

dijk
2

)
cos rc

π(1 − cos rc)
. (3.7)

Note that for this section, k denotes the surface bin directly below the surface-altitude bin under

consideration. Additionally, the great circle distance between the projected area of a simulated

impact (θi, ϕi) and surface grid cell j is given by the spherical law of cosines

cos dijk = cos θi cos sjk + sin θi sin sjk cos (ϕi − bjk), (3.8)

where sjk is the great circle distance between surface grid cells j and k, and bjk is the bearing of

surface grid cell j with respect to the latitude line of cell k (Figure 3.5). sjk and bjk are given in

terms of latitude, γ, and longitude, λ, as,

sjk = 2 arctan

√√√√ sin2 γj−γk
2 + cos γj cos γk sin2 λj−λk

2

1 − sin2 γj−γk
2 − cos γj cos γk sin2 λj−λk

2

, (3.9)

bjk = arctan

(
cos γk sin γj − sin γk cos γj cos (λj − λk)

sin (λj − λk) cos γj

)
.

Using Equation 3.7-3.9, dAijk becomes a function of (θi, ϕi, sjk, bjk) where sjk and bjk need only be

calculated once when the grid is generated. Combining this with Equation 3.1 and Equation 3.5,

results in the equation for simulated impact rate Sjk as a function of (vθ, vr, θi, ϕi, sjk, bjk) summed

over simulated impacts i.

3.3.3.3 Minimization

With the Sjk values simulated for Equation 3.5 over all relevant surface-altitude bins, we can

fit the measured LDEX data ILDEX,k using the parameters Y Φj . Starting with a least-squares
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approach, we minimize

ϵtot(Y Φj) =
∑
k

(ILDEX,k −
n∑

j=1

Y ΦjSjk)2 =
∑
k

(ILDEX,k − Ifit,k)2. (3.10)

With no additional constraints, n is the number of surface grid cells. To directly connect to

physical quantities, we will use the four dominant impactor sources: helion (HE), antihelion (AH),

apex (AP), and anti-apex (AA). HE, AH, AP, and AA are equatorial sources at local times of 10.3

LT, 1.7 LT, 6 LT, and 18 LT respectively [112]. Each bins Y Φj is broken up by source α

Y Φj =

4∑
α=1

Y Φα cos3(sjα)Θ(sjα − π/2), (3.11)

where cos2(sjα) comes from how Y scales with impact angle and cos(sjα)Θ(sjα − π/2) from the

surface area projection of Φα using the Heaviside function Θ [114]. Equation 3.9 is used for sjα

with the (γ, λ) of the impactor source radiant used for one of the entries. With this substitution,

Ifit,k takes the form of a linear sum

Ifit,k =
4∑

α=1

Y Φα

n∑
j=1

Sjk cos3(sjα)Θ(sjα − π/2) =
4∑

α=1

Y Φαxαk. (3.12)

In this form, the minimization is now a linear regression without a constant bias, Y Φα are the

regression coefficients, and xαk are the independent variables. Since the dependence of Y on

obliqueness of an impact is described by xαk, Y now represents the mass yield for impacts with

normal incidence to the surface.

3.3.3.4 Optimization

With the addition of latitude variation in the form of Equation 3.7-3.9, the production of

Sjk in Equation 3.5 becomes computationally expensive. To increase efficiency, the structure of

the simulation follows that of Figure 3.6. We note that steps G1-3 rely only on the number and

radius of the surface grid cells with G4 containing the additional information of the geometry of the

instrument while S1-2 contain all of the ejecta particle dynamics of a plume. Thus G1-4 does not

need to be recalculated with additional ejecta dynamical information, such as collisions or different

initial ejecta distributions to be possibly evaluated in the future. As the dependence of Sjk on bjk
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closely follows that of A cos(bjk) + B, we chose to only evaluate at bjk ∈ {0, π2 , π} and use this

fitted function to calculate all other bjk. This results in increased performance with the additional

benefit of allowing for changes in spacecraft bearing. Any such variation in bearing need only

require repeating the last part of S3 which can be done in a matter of seconds. This performance

gain is one of the benefits of the circular symmetry of the spherical caps used for the surface grid

cells.

3.4 Results

Using the LDEX impact rate measurements with coverage shown in Figure 3.3, fitted values

for Y Φ were calculated for the three equatorial source radiants 10.3 LT, 1.7 LT, and 6 LT corre-

sponding to HE, AH, and AP respectively. These sources are labeled by their radients in Figure

3.7 as these values represent all possible sources originating from that direction, not just HE, AH,

and AP. We excluded data within 5 days of the Geminid and Quadrantid meteor showers to isolate

the contribution from sporadic background sources [116]. The segment of data coverage in Figure

3.3 from 12 LT to 22 LT was excluded from the fit as the Sun was within LDEX’s field of view

generating elevated noise levels in the instrument. As this excluded range covers the majority of

the 18 LT (AA) source’s contribution to the lunar ejecta environment, the AA source was not

included in this fit. Similarly, non-equatorial sources such as the northern and southern toroidal

(NT/ST) that may also contribute to ejecta production [112] were not included as the latitude

coverage of Figure 3.3 is not sufficient to isolate their contribution from that of the AP source.

Using the ejecta mass production weights from this latitude coverage for AP and NT/ST sources,

wAP = 0.303 and wNT/ST = 0.303 respectively [112], we estimate the possible contribution to 6 LT

from these sources. Assuming a latitude of 60◦ for the NT source, the relative expected contribution

is derived as,

wNT cos3(60◦ − 18◦)

wAP cos3(18◦ − 0◦)
= 0.22, (3.13)
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Multiple Plume Impactor Flux Simulation
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Figure 3.6: Schematic of the simulation’s order of operations for the multiple plume model with
latitude variation. G1-3 depends only on the number and size of the surface grid cells while
G4 contains information on the geometry of the instrument. Separate from these factors, S1-2
contains all of the dynamics of the plume. Thus, G1-4 need not be recalculated with additional
ejecta dynamics such as introducing collisionality or changes in the initial ejecta distributions. The
fit for the second part of S3 means that changes in bearing of the instrument need only require
recalculation of the last part of S3 [14].
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where 18◦ is the average latitude of all LDEX measurements taken near 6 LT (see Figure 3.3).

While we assume that the entirety of the 6 LT source is from AP meteoroids for the following

discussion, note that up to 22% may be from toroidal sources.

Note that the fitted values for Y Φ are highly dependent upon mmax, partially from the weight

in Equation 3.1, but primarily from Ms in Eqs. 3.2-3.5. For this reason, we include estimates for

mmax = 10−8 kg (opaque points in Figure 3.7) corresponding to 100 µm ejecta taken as the peak in

the sporadic background mass distribution and for mmax = 10−11 kg (transparent points in Figure

3.7) corresponding to 10 µm ejecta and the largest ejecta particle detected by LDEX. The error

bars for Figure 3.7 represent the standard error of that parameter for the linear regression. As

shown in Figure 3.7, 6 LT (AP) is the dominant contributing source to the lunar dust environment

for both cases with a mission averaged impact ejecta mass production (mass yield times impactor

mass flux) of (1.62 ± 0.02) × 10−14 kg m−2 s−1 for mmax = 10−8 kg and (7.29 ± 0.07) × 10−15 kg

m−2 s−1 for mmax = 10−8 kg at normal incidence or 14.6 ± 0.1 t day−1 and 6.6 ± 0.1 t day−1,

respectively, averaged over the entire lunar surface. However, the asymmetry between HE and

AH sources observed in prior studies [114, 54] remains despite considerations for the spacecraft’s

trajectory with mission averaged values of 10.5±0.1 t day−1 and 4.7±0.1 t day−1 for the HE source

and 4.9 ± 0.1 t day−1 and 2.2 ± 0.1 t day−1 for the AH source. This asymmetry runs counter to

expectation as models of the sporadic background do not indicate a significant asymmetry between

the HE and AH impactor fluxes and impactors for the two sources should be of similar size and

speed, and thus mass yield [86]. The ground based radar observations are somewhat less clear

as there are observations suggesting symmetry [54] and others suggesting an asymmetry between

the influx from the HE and AH sources throughout the year [21]. As the total meteoroid flux

measured at Earth is 43 t day−1, we expect a total impactor flux of a few tons per day for the lunar

environment [112, 22]. Thus these fitted values for the three primary impactor sources suggest

yields on the order of 10 consistent with [112].

As to whether the HE/AH asymmetry is an enhancement on the dayside of the moon or a

deficit on the nightside is unclear. However, as we only have possible physical explanations for
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Figure 3.7: Values for the mass yield times impactor mass flux averaged over the entire lunar surface
(total lunar ejecta mass flux) per sporadic background source radiant fitted to LDEX measurements
binned in synodic day increments. These values are produced from scaling (Y Φα) in Equation
3.12 to the Moon’s cross section using mmax = 10−8 kg (opaque points) and mmax = 10−11 kg
(transparent points). The opaque and transparent points are staggered for clarity. Measurements
only include those with quality flags of 3 or greater excluding data within 5 days of the identified
Geminid and Quadrantid meteor showers and values between 12 and 22 LT. Error bars for each fit
represent the standard error for each parameter in the linear regression [14].
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an enhancement on the dayside, we will proceed under that assumption. For comparison, the

following section introduces the empirical formula fit from [86] into our model. It should be noted

that while a thermal dependence on the soil’s mass yield has been suggested as a potential cause

for this enhancement, no physical mechanism has been proposed to link the temperature of the

lunar surface to its impact ejecta yield nor has there been any experimental evidence to suggest

that this is the case. As a possible physical explanation, we discuss the potential contribution from

β-meteoroids as an additional impactor source in the proceeding section [109].

3.4.1 Yield Variance

Our understanding of how the lunar regolith responds to meteoroid bombardment is limited.

Effects such as surface temperature, UV radiation, or solar wind have been suggested as possible

drivers that may enhance ejecta mass production on the lunar dayside [54, 86]. An emperical rela-

tion for the “excess” dayside lunar ejecta was found by comparing to expectations from dynamical

models [86]. To incorporate this effect within our model, we introduce the following term into Sjα

of Equation 3.12 as a function of local time per surface bin [86],

YT (LTj) =

 1 |LTj − 12| ≥ 6

1 + .81(1 − |12 − LTj |/6) |LTj − 12| ≤ 6

(3.14)

With this additional local time dependence on the mass yield, we reproduce Figure 3.7 for

mmax = 10−8 kg as Figure 3.8. Note that the fitted values plotted are of the Y on the lunar

nightside as the enhancement on the dayside is absorbed into Sjα. Under this empirical formula,

HE and AH sources have a much closer agreement with mission averaged values of 5.9±0.1 t day−1

for the HE source and 5.0 ± 0.1 t day−1 for the AH source. It should be noted that this formula

is derived from the observed HE/AH asymmetry in lunar ejecta and not from surface response

relations.
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Figure 3.8: Values for the mass yield times impactor mass flux averaged over the entire lunar
surface (total lunar ejecta mass flux) per sporadic background source derived from Figure 3.7 with
the additional contribution of Equation 3.14. Note that the yield in these fitted values should
be treated as the lunar nightside yield as the enhancement on the dayside is pulled into Sjα in
Equation 3.12 [14].

Figure 3.9: Values for the mass yield times impactor mass flux averaged over the entire lunar
surface (total lunar ejecta mass flux) per sporadic background source derived from Figure 3.7 with
mmax = 10−11 for the sporadic background sources using mmax = 10−14 kg (opaque points) and
mmax = 10−15 kg (transparent points) for the β-meteoroid source. The opaque and transparent
points are staggered for clarity. As β-meteoroids are of a similar radiant as the HE source, Y Φ
for the β-meteoroids were estimated by requiring that the total lunar ejecta mass flux for the HE
source equal that of the AH source derived from Figure 3.7 [14].
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3.4.2 β-meteoroids

As a possible physical explanation for the excess dayside impact ejecta, we consider the

contribution of an additional impactor source, β-meteoroids [109]. Since β-meteoroids are of a

similar radiant to the HE source at 11 LT [109], we would expect an enhancement of the total lunar

ejecta mass flux on that side. As such, we label the HE/AH contribution as the lower of the two in

Figure 3.9. We cannot take the difference between the total ejecta mass flux of 10.3 and 1.7 LT fitted

values as the β-meteoroid contribution as the mass distribution of ejecta may not be the same as

that of Equation 2.2. However, when considering the ejecta size distributions per local time bin, the

values for α remains consistent with no significant deviations from the fit. For this reason, we use the

same ejecta mass distribution for the β-meteoroid source as the sporadic background sources with

the only the value for mmax changing as we do not expect an impactor to produce ejecta larger than

itself. To provide an estimate range, we consider the cases of mmax = 10−14 kg corresponding to 1

µm ejecta and mmax = 10−15 kg corresponding to 0.5 µm ejecta for the β-meteoroid contribution.

Figure 3.9 plots the fitted values for Y Φ under these stipulations, indicating that β-meteoroids may

have a mission averaged impact ejecta mass production of 0.75 ± 0.15 t day−1 for mmax = 10−14

kg and 0.51 ± 0.5 t day−1 for mmax = 10−15 kg. Note that while fitted values for the sporadic

background sources use mmax = 10−11 kg in Figure 3.9, values for the β-meteoroid total lunar

ejecta mass flux are similar for the mmax = 10−8 kg case (∼ 3 × 10−6 difference).

Based on a variety of spacecraft measurements, the total number flux of β-meteoroids is

expected to range from 10 − 600 km−2 s−1 [13, 122, 128, 108]. For the size range of 0.5 − 0.2

µm with a bulk density of 2 g cm−3, the expected impactor mass flux for the β-meteoroids is

Φβ = 2 − 300 g per day. Using the mission averaged values from Figure 3.9, this corresponds to

mass yields at normal incident of Yβ = 2.3× 103 − 3.4× 105 for 0.5 and 0.2 µm sized β-meteoroids

respectively using mmax = 10−14 kg and Yβ = 1.6 × 103 − 2.3 × 105 using mmax = 10−15 kg.

Extrapolating from experimentally measured yields to impactor speeds of 100 km s−1, we expect

high yields for β-meteoroids of ≳ 103 − 104 consistent with our results [109, 58]. Note that while
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β-meteoroids appear as a possible solution to the HE/AH ejecta production asymmetry, it is by

no means certain under this cursory comparison. Further work is necessary to narrow down what

effects are contributing to the observed asymmetry.

3.5 Discussion

Expanding upon the description of a single plume from Chapter 2, we constructed a global

multi-plume model and constrained the product of the the mass yield and impactor flux for the

three dominant equatorial sources of the sporadic meteoroids bombarding the Moon, AP, HE, and

AH (Figure 3.7). Further latitude coverage or constraints relative to these equatorial sources are

necessary to introduce additional sources into the model such as northern and southern toroidal.

Asymmetry between HE and AH sources persist despite considerations for spacecraft trajectory.

Considering the cases of surface variation in ejecta mass yield [86] and a β-meteoroid source [109],

we constrained values for the mass yield and impactor mass flux required (Figure 3.8 and 3.9).

Restrictions on the required mass yield extrapolated from experiment for β-meteoroid ejecta are

consistent with our results for the expected impactor mass flux with ejecta mass yields on the order

of 103−105. This represents a significant increase in mass yield compared with values on the order

of 1− 10 for the sporadic background sources, which have average impactor sizes much larger than

β-meteoroids. The larger inferred yields for β-meteoroids may be a combination of their higher

impact speeds and the fact that for smaller impactors the surface will appear more solid and less

regolith in nature. A similar mission to LADEE carrying an LDEX type dust instrument on a near-

polar orbit could provide the missing observations to precisely describe the ejecta production on

the lunar surface. This could be critical to gauge the loss and accumulation of volatiles in the polar

permanently shadowed regions, as well as to assess the effects of interplanetary dust bombardment

on the evolution of the surface regolith of other airless bodies near 1 AU.



Chapter 4

Integrated Current

4.1 Introduction

LDEX was designed to characterize the lunar dust environment. For grains with radii > 0.3

µm, LDEX recorded individual dust impacts to establish an impact rate, spatial density, and size

distribution. These larger grains are produced as ejecta from the continual meteoroid bombardment

of the lunar surface and follow ballistic trajectories as presented in Section 2 and 3 [50]. This data

set provides the first dedicated measurement of the lunar dust environment up to altitudes as high

as 250 km [49]. For the purpose of characterization of smaller lunar ejecta, LDEX also recorded an

integrated current that is a collective signal generated by a large number of small particle impacts.

These smaller ejecta are of particular interest as mechanisms other than meteoroid bombardment,

such as electrostatic lofting, may be the dominant driver for their dynamics, particularly over

the lunar terminators [12, 25, 39]. While LDEX’s integrated current measurements allow for the

detection of smaller dust grains, this sensitivity is not limited to dust impacts. This detection

mode is also sensitive to low energy pickup ions in the lunar exosphere as well as turbulent solar

wind events [49, 115, 88]. While the effect of pickup ions has already been investigated in prior

publications [88], here we further expand upon the yet unexplained enhancements outside the

pickup ion regime by examining telling correlations with local time, Sun-Earth-LADEE angle,

LDEX pointing, altitude, and solar wind flux. From these trends, we find solar wind ions reflected

as energetic neutral atoms (ENAs) from the lunar surface to be the most likely source of the recorded

day-side enhancement. While prior searches found no evidence for electrostatically lofted grains in
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the altitude ranges relevant to LDEX (3-250 km)[115], a recent study suggested 5 measurements

from the LDEX integrated current data set as potential detections of electrostatic lofting enhanced

by solar wind charging discrepancies between the windward and leeward sides of twilight craters

[126]. We expand this search by modeling a first order measure of the criteria necessary for crater

lofting. Before considering any of these effects, however, it is important to understand how the

integrated current is measured by LDEX.

4.2 LDEX Operation

LDEX detected dust grains via plasma generated from impacts upon a hemispherical

grounded target as shown in Figure 4.1. During nominal operation, a -200 V bias is applied to

an ion focusing grid in front of the microchannel plate (MCP). Consequently, ions generated from

the impact are focused into the MCP while electrons are collected and measured on the target.

Individual dust impacts of size > 0.3 µm are identified by comparing the coincident waveforms

of the MCP and target. To measure smaller dust impacts (< 0.3 µm), LDEX also recorded the

integrated signal collected by the MCP. As this integrated signal would also include additional

background sources such as energetic particles, pickup ions, UV induced photo-electrons, etc. the

bias voltage on the ion focusing grid was switched every 10 s to +30 V for the duration of 0.1

s. This switched mode prevents low energy ions from entering the MCP while still recording the

background sources measured above. A -1600 V biased flat grid is located between the MCP and

the -200 V/+30 V hemispherical grid to both focus ions into the MCP as well as prevent electrons

from entering during the switched mode. By subtracting the integrated signal between these two

modes, only contributions from low energy ions should remain [49]. It is this reduced integrated

signal that we focus on as a potential record of lofted dust particles [12, 25, 104, 39] up to the

altitudes covered by LDEX (3-250 km) that are far to small to be detected as individual impacts.
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Figure 4.1: Illustration of the LDEX instrument aboard the LADEE spacecraft taken from its PDS
node. Incoming dust enters the circular aperture at the front of the instrument and impacts upon
the target generating plasma. The hemispherical grid is biased at -200 V during nominal operation
while the target is biased at 0 V to focus low energy ions into the MCP detector and electrons
on the target. Every 10 s, the biased voltage on the hemispherical grid is switch to +30 V for
0.1 s to detect background noise. An additional flat grid biased at -1600 V is located between
the hemispherical grid and the MCP to enhance ion detection while also prevention electrons from
entering during the +30 V mode [15].



48

4.3 Data

4.3.1 Overview

Before considering trends in the integrated signal, we need to filter out another source of

background identified as ‘pickup ions’. These pickup ions are ambient low energy ions scooped up

by LDEX in its trajectory through the extended lunar exosphere. Even for periods where LDEX is

pointed anti-ram of the spacecraft (or ‘backward’ pointing), the electric field produced by the solar

wind flow can force low energy ions into the detector. To remove contributions from pickup ions, we

select for periods where the ambient electric field is not pointing into LDEX’s field of view (FOV).

To determine the ambient electric field’s pointing with respect to LDEX’s boresight, we use data

from the Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction

with the Sun (ARTEMIS ) mission which covered the dynamic plasma environment throughout the

entirety of LDEX’s operation [49, 115, 88]. All measurements considered in this work are only for

periods when the electric field to boresight angle is > 110◦.

To narrow down the dominant contribution to LDEX’s integrated signal (that aren’t pickup

ions), we consider all integrated current measurements excluding periods where the ambient electric

field is pointing into LDEX’s FOV. Figure 4.2 plots the average integrated current vs local time

(LT) and Sun-Earth-LADEE angle (SEL angle) for forward (left) and backward (right) pointing

periods. Note that 0 and negative integrated current measurements are excluded from the average

and are instead shown in Figure 4.4. ‘Positive’ integrate current measurements are those where

the -200 V switched mode measures more than the +30 V mode. ‘Negative’ integrated current

measurements are the opposite.

Individual negative integrated current signals are excluded from the averaging of each bin as

such measurements are attributed to transient high energy ion enhancements that only survive long

enough to be measured by the +30 V switched mode. Note that low energy negative ions would

not be measured in the +30 V switched mode due to the -1600 V focusing grid and so cannot

account for these negative reduced integrated current measurements. Instead, we will consider
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Figure 4.2: Mean values of the positive integrated current measurements binned by local time (LT)
and Sun-Earth-LADEE angle (SEL angle) for both forward and backward pointing periods, while
excluding the contribution of pickup ions. A SEL angle of 0 corresponds to LADEE positioned
between the Sun and the Earth while a positive angle is in the direction of the Earth’s orbital
velocity. In forward pointing, there is a consistent enhancement on the lunar day-side (6-18 LT)
for all SEL, and another significant enhancement from 19-22 LT for SEL angles when LADEE is
between the Earth’s magnetic bow shock and magnetotail opposite the Earth’s orbital velocity.
The missing data, 12 - 18 LT for forward and 4 - 12 LT for backward pointing periods, are periods
for which the Sun would be in LDEX’s FOV [15].

such negative integrated signals as a means of identifying regions of high turbulence in the plasma

environment. A Sun-Earth-LADEE (SEL) angle of 0◦ corresponds to LADEE positioned between

the Earth and Sun while a positive SEL angle corresponds to the direction of the Earth’s orbital

velocity. From Figure 4.2, we note three distinct regions of enhancement. The first and most

prominent is the consistent enhancement on the lunar day-side (identified as the red box in Figure

4.5), clearly demonstrated by the normalized histograms of Figure 4.3. Second is the significant

enhancement on the night side (19-22 LT) for SEL angles corresponding to when LADEE is in the

Earth’s magnetosheath opposite the Earth’s orbital velocity (identified as the blue box in Figure

4.5). Finally, there appears the be a slight band of enhancement for all LT corresponding to when

LADEE is within the Earth’s magnetotail. We will focus on the first two patterns for this study,

particularly the altitude and pointing dependencies of each region (shown in Figure 4.6 and 4.7).

Note that the relatively large current measurements at the edges of the data coverage (20 LT for
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forward pointing and 4 LT for backward pointing) consist of fewer than 3 measurements and are

for times when the Sun just enters LDEX’s FOV. First, we consider the night-side enhancement

within the Earth’s magnetosheath.

Figure 4.3: Normalized histograms for different LT bins taken from all measurements in the forward
pointing regime of Figure 4.2. Note the consistent enhancement for the lunar day-side compared
to the night-side.

4.3.2 Night-side Enhancement

Large negative subtracted integrated signals are indicative of transient enhancements. Shown

in Figure 4.4, those observed by LDEX are concentrated around 19-22 LT and between Earth’s bow

shock and magnetotail correlated with one of the enhancements noted in Figure 4.2. Additionally,

enhancements on the night-side, and more specifically in the 18-24 LT range, appear only in the

forward pointing regime. Consider also the probability distribution function of integrated signal

vs solar wind to LDEX bore sight angle generated from Artemis measurements of the solar wind

shown in Figure 4.5 (bottom right). The region bounded by the red dotted line indicates LDEX’s
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Figure 4.4: Average values for all negative integrated current measurements binned by local time
(LT) and Sun-Earth-LADEE angle (SEL Angle) for the forward pointed regime excluding pickup
ions. Negative integrated currents are indicative of transient enhancements in the measured current
that happened to be measured during the +30 V switched mode and not the -200 V one. We would
expect regions of larger and more numerous negative integrated currents to also contain transient
signals enhancing the -200 V mode thus contributing to the positive measurements shown in Figure
4.2 [15].

field of view which is maximal at 0◦ decreasing to 0 at 68◦. Almost all significant integrated current

measurements (> 105 e s−1) correspond to a solar wind bulk flow velocity pointing into LDEX’s

FOV. The correlation with solar wind visibility combined with significant negative integrated cur-

rent measurements indicates that this enhancement is the result of transient high temperature

plasma produced in the interaction between the solar wind and Earth’s bow shock. The day-side

enhancement, however, follows a very different trend.
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Figure 4.5: Contour plots (right) of the distribution of integrated current measurements as a func-
tion of integrated current value and solar wind to LDEX boresight angle for the two enhancement
regions indicated by the red and blue boxes (left) over Figure 4.2. LDEX’s FOV spans from an
angle of 0◦ up to 68◦ indicated by the vertical dotted line. Note that for the night-side enhance-
ment solar wind ions are flowing directly into the instrument while for the day-side enhancement
the solar wind is not visible to LDEX [15].

4.3.3 Dayside Enhancement

As indicated by Figure 4.5 (top right), all measurements on the day-side enhancement (out-

side of the magnetosheath) occur when the solar wind is not visible to LDEX directly. Additionally,

Figure 4.6 contains a consistent enhancement in the integrated signal for 6-18 LT in both forward

and backward pointings as well as no apparent altitude dependence. The majority of lofted material

and meteoroid ejecta should have tangential speeds to the lunar surface less than the spacecraft’s

speed and thus should only contribute to the forward pointing regime and so cannot alone account

for this day-side enhancement. Note that as this current is an integrated measurement, signal mag-

nitudes are a function of ejecta density as well as ejecta mass and velocity at the point of detection.

Figure 4.7 further emphasises the lack of pointing dependence (though there is a slight one covered

in Section 4.5) as day-side forward and backward pointing enhancements are nearly identical and
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Figure 4.6: Average values for all positive integrated current measurements binned by altitude
and local time (LT) for both the forward and backward pointed regimes relative to the spacecrafts
velocity outside of the Earth’s magnetosheath. The lunar day-side (6-18 LT) enhancement appears
to show no altitude dependence. Note that the larger signals at the boundary of where the data
coverage ends are suspect as the Sun just enters LDEX’s FOV during those times [15].

consistent across the entire range of 6-18 LT. Thus the lack of altitude and pointing dependence

in Figure 4.6 for the day-side enhancement suggest that the majority of these enhancements are

not from lofted nor meteoroid ejected dust. Note again that these trends do not rule out lofted

dust grains or ejecta as contributions, only that they are not the most significant factor. This

enhancement, however, is not entirely independent of solar wind.

4.4 Reflected Energetic Neutral Atoms

Thus far the day-side enhancement has been demonstrated to have the following character-

istics:

(1) No correlation with solar wind flowing directly into LDEX (Figure 4.5).

(2) No correlation with negative integrated current measurements (Figure 4.4)

(3) Minimal pointing dependence (Figure 4.6 and 4.7).

(4) Consistent across the entire 6-18 LT range (Figure 4.7).
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Figure 4.7: Contour plots of the distribution of integrated current measurements as a function of
integrated current value and local time for forward (left) and backward (right) pointing regimes.
The day-side enhancement remains consistent across all relevant local times regardless of pointing.
Note that the colored contours are a measure of data coverage for each bin and are of less importance
than the projected histograms on the left and right boundaries for the integrated current [15].

(5) No altitude dependence (Figure 4.6).

Note that the plotted data already accounts for pickup ions and is a reduced measurement (i.e.

enhancements must appear in the -200 V switched mode but not the corresponding +30 V mode).

The first two points rule out high temperature or turbulent plasma flowing directly into the in-

strument as was the case for the night-side enhancement. The third characteristic suggests that

these are not small lofted or meteoroid ejected dust grains as ejecta have an average initial velocity

of 670 m s−1 (less than LADEE’s orbital velocity of 1.67 km s−1)[17, 50, 117] and lofted material

has only been shown to reach heights of 10’s of cm with a possible exception discussed in Section

[121]. Additionally for the case of ejecta, we would expect some correlation with dominant source

radiants such as helion, anti-helion, and apex sources at local times of 10.3, 1.7, and 6 LT respec-

tively [112, 14]. Item four shows that this is not the case, however, and instead remains consistent

in integrated current magnitude across the entire day-side.

The most likely source that fits the observed correlations would be from reflected energetic

neutrals (ENAs) originating as solar wind protons neutralized and back-scattered from the lunar
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Figure 4.8: Contour plots of the distribution of integrated current measurements as a function of
integrated current value and solar wind ion to lunar surface flux for for all data points within the red
box of Figure 4.5. Ion to surface flux values were interpolated from ARTEMIS measurements with
total ion flux modified by Cos of the solar wind bulk velocity angle with respect to surface normal
directly below the detection point. Integrated current values show a strong linear correlation with
solar wind ion to surface flux suggesting that these enhancements are due to backscattered ENAs
[15].

surface [36, 124] as the observed ENA energy spectrum covers temperatures as high as 600 eV

following ballistic trajectories with speeds greater than the lunar escape velocity [36, 123, 34]. For

the relevant day-side enhancement measurements, the average solar wind energy is 760 eV. Using
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Figure 12 of [34], the average reflected energy is expected to be ∼ 35 eV or 82 km s−1 in the

case of H, far greater than the spacecraft’s 1.67 km s−1. The reflected component is necessary to

produce a velocity component tangential to the lunar surface as without this component ENA’s

would only show up when the solar wind is within LDEX’s FOV instead of both pointings, which

is not the case as shown in Figure 4.5. ENAs are observed to reflect from the lunar surface at a

broad range of reflection angles almost isotropic near 12 LT and favoring scattering back toward the

Sun with increasing solar wind to surface normal angle [93]. The best indicator that the day-side

enhancement is due to reflected ENAs is shown in Figure 4.8 where a strong linear correlation is

depicted in the observed probability distribution between the LDEX integrated current and solar

wind ion to surface flux derived from Artemis data. It should be noted that for ENAs to contribute

to LDEX’s integrated current signal, these neutrals must either re-ionize within the instrument at

sufficiently low energies to be blocked by the +30 V switched mode or sputter low energy rhodium

ions upon impact with the hemispherical target. For the case of sputtering from a rhodium target,

there are some estimates we can look to. Using the energy dependence of sputtering yields for mono-

atomic targets at normal incident given by [29] fitted for hydrogen isotopies impacting a rhodium

target in [30], the threshold energy for rhodium ion sputtering is 174 eV. As the anticipated average

energy per solar wind ion impacting the lunar surface carried by ENAs ranges from 30 eV to 45

eV [34], sputtering of rhodium ions from LDEX’s grounded target is unlikely.

To determine if ENAs are a feasible source for this integrated current signal, we consider the

Chandrayaan-1 measurements of backscattered ENAs from the lunar surface. Figure 4.8 indicates

an average ion to surface flux from the solar wind of 1.6× 108 e cm−2 s−1 for the relevant measure-

ments. As the median of backscatter fraction for Chandrayaan-1 ENAs is 0.19 [35] and LDEX’s

maximal effective area is ∼100 cm2, we anticipate an integrated current enhancement of 3 × 109 e

s−1 at 100% collection efficiency (i.e. every ENA entering LDEX is re-ionized). Figure 4.7 shows

an average integrated current signal of 4 × 105 e s−1 and 8.6 × 103 e s−1 for the forward pointing

day and night-side respectively. Taking the night-side as a measure of the background noise, the

enhancement potentially due to backscattered ENAs is 3.9 × 105 e s−1. Therefore, LDEX, need
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only have a collection efficiency of 0.01% to detect solar wind backscattered ENAs from the lunar

surface.

Note that such a low collection efficiency is to be expected due to a variety of factors. Ge-

ometric factors such as LDEX’s pointing (which is close to tangent from surface normal for all

relevant detections) as well as reflection angle dependence should play a significant role in the col-

lection efficiency. The majority of backscattered ENAs are expected to reflected back at the Sun

even with increasing incident angle so there should be at least some with the requisite horizontal

speed for LDEX detection [93]. Comparisons with LDEX pointing directly at the lunar surface

would provide a means of validating the scattering angle dependence of the ENA contribution.

However, we do not have the requisite surface pointed data coverage to make such a comparison.

Additionally, this detectability estimate does not consider re-ionization/sputtering rate of ENAs

as they impact LDEX’s hemispherical target. Further calibrations would be necessary to constrain

this effect as well as potential secondary contributions as LDEX was not originally designed to

measure ENAs. Finally, the backscatter fraction is highly dependent upon solar wind speed [34].

Comparing the derived reflection fraction from Chandrayaan-1 to IBEX observations shows the

that 0.19 values used early is in reasonably agreement for lower energy incident solar wind (at 0.45

and 0.71 keV energy passbands), but under-predicts for higher energies (1.11 keV and above) [34].

With an average solar wind energy of 760 eV for the relevant periods, a reflection fraction of 0.19

is reasonable for the majority of detections and at worst serves as a conservative estimate for the

higher energy periods. An accurate estimate of backscattered ENA detections by LDEX would

require a comprehensive model incorporating all of these factors. The above estimate, however,

serves to demonstrate that ENAs as an explanation for the majority of the day-side integrated

current enhancement is more than feasible.

Note that the neutral component of this population is not required for contributing to the

observed enhancement. The source is a potential candidate as long as it is altitude independent

up to ∼ 150 km (likely from high surface normal speeds), pointing independent (i.e. high enough

surface tangential speeds to overcome the spacecrafts speed of 1.67 km s−1), and high enough energy
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Figure 4.9: Contour plots of the distribution of integrated current measurements as a function of
integrated current value and solar wind magnetic field vector to LDEX boresight angle for for all
data points within the red box of Figure 4.5. LDEX’s FOV spans from an angle of 0◦ up to 68◦

indicated by the vertical dotted line. In the case of backscattered solar wind ions enhancement,
we expect an increase in integrated current corresponding to the solar wind magnetic field entering
LDEX’s FOV as these ions should be trapped to solar wind magnetic field lines. We observe no
such trend nor corresponding negative integrated current (see Figure 4.4) indicating a lack of high
energy ion enhancement [15].

or neutral to overcome the solar wind ambient electric field pointing out of LDEX’s FOV. In the

case of high energy incident positive ions, sufficient energy would need to be lost upon impact with

the target (or sputtered low energy positive ions) such at the corresponding signal would only be



59

measured by the MCP during the -200 V switched mode and not the +30 V. Else the enhancement

would also show as a negative enhancement in Figure 4.4. In the case of solar wind backscattering

from the lunar surface, some ions are not neutralized during the reflection and a portion that have

may be re-ionized by photoionization or charge exchange. These backscattered ions become pickup

ions in the solar wind and gyrate about its magnetic field lines [34]. While we have already inferred

from the lack of negative enhancement on the lunar day-side that high energy ion detections are

unlikely for this filtered data set, considering the solar wind’s magnetic field orientation to LDEX’s

boresight provides another avenue for ruling out potential high energy ion enhancements. Figure

4.9 plots the distribution of integrated current measurements as a function of solar wind B⃗ angle to

LDEX’s boresight as measured by ARTEMIS for all data points within the red box of Figure 4.5.

LDEX’s maximum field of view angle is again indicated by the vertical dotted line. While some

detections do fall within LDEX’s FOV, we note no apparent trend between integrated current and

solar wind B⃗ to LDEX’s boresight angle like the one depicted in Figure 4.8.

4.5 Integrated Dust Measurement

With the various background contribution cases covered in the previous sections, we can take

an initial look at the potential ejecta or lofted grain contribution to the integrated current. While

the day-side distributions in Figure 4.7 are similar enough between forward and backward pointing

regimes to argue that the majority of the signal cannot come from impact ejecta or lofted dust

grains, there is a slight difference between the two. Taking the difference between the two pointing

regimes provides an estimate for the pointing dependent integrated current contributions, namely

ejecta and lofted dust grains. The question then becomes what would be the required detection

rate by LDEX to account for the full difference between forward and backward pointing regimes?

LDEX was calibrated at the Institute of Modeling Plasma, Atmospheres, and Cosmic Dust

(IMPACT) dust accelerator at the University of Colorado. Using submicron olivine particles over

a mass range of 5 × 10−18 - 6 × 10−14 kg and speed range of 0.9 - 39 km/s, the ion impact charge
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produced from impacting the target was calibrated to the following,

qi [e] = (0.103 ± 0.001) ×m [kg] × v [km/s]4.76±0.15, (4.1)

where m and v are the mass and impact speed of the dust particle respectively. Dividing the

forward-backward reduced mean integrated current measurement by the charge from Equation 4.1

gives an estimate of the small (< 0.3 µm) dust detection rate where we use a nominal size of 0.1

µm (or 8.4×10−18 kg for a density of 2 g/cc) and an impact speed equal to the spacecraft’s speed.

For the day-side, we look for the potential for electrostaticly lofted dust grains. As the

backward pointing only covers from 12 - 18 LT and similarly the forward pointing only covers

6-12 LT, the chosen forward pointing LT bin is reduced by the corresponding backward pointing

LT bin mirrored about the average solar wind source radiant (near 12 LT) outside of the Earth’s

magnetosheath (−2 ≤ SEL angle ≤ 2). This is done with the goal of comparing between regions

of similar solar wind (incident and reflected) environments available to our limited coverage. In

addition, values are restricted to altitudes ≤ 100 km as the focus of this comparison is on ejecta

and lofted material and measurements corresponding to ±107 e cm−2 s−1 around the mean solar

wind ion flux for similar solar wind environment. The current difference oscillates between ±104

e s−1 depending upon LT bin suggesting negligible contribution from dust grains on the lunar

day-side. It should be noted that the day-side comparison is marred by the velocity dependence of

ENA current contributions as well as solar wind velocity dependence on ENA production. While

the average ENA speed (82 km s−1) is quite large compared to the spacecraft speed (1.67 km

s−1), the mechanism of re-ionization within LDEX and thus the velocity dependence of detection

is unconstrained and could account for a non-negligible portion of the forward-backward pointing

difference. Further study is required to constrain this effect.

The night-side comparison is more straightforward to make as there should be no ENA

contribution and a quieter plasma environment. Figure 4.10 plots the forward pointing integrated

current mean binned in LT reduced by the backward pointing integrated current mean for values

between 21 and 23 LT. A singular region of backward pointing was chosen to reduce every forward
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Figure 4.10: Average integrated current measurements binned in LT for the forward pointed regime
reduced by the average backward pointed values between 21 and 23 LT outside of the Earth’s mag-
netosheath. No apparent enhancement is observed near the antihelion sporadic source radiant at
1.7 LT (indicated by the vertical grey line) suggesting a vanishingly small impact ejecta population
< 0.3 µm in size. The enhancement at 5 LT is likely due to changes in spacecraft charging as
LADEE enters the lunar optical shadow. Corresponding values for the required 0.1 µm detection
rate, derived from Equation 4.1 and converted to density, to account for the entire integrated cur-
rent difference are indicated on the right axis. Note that these values are the estimated density
assuming that the entire enhancement is due to 0.1 µm dust detections [15].

pointing LT bin as backward pointing LT bins approaching 6 LT include enhancements for the

solar wind entering directly into LDEX’s FOV as shown in Figure 4.2. While this kind of reduction

would be problematic for the day-side due to varying solar wind environment and ENA reflection

geometry, neither effect is relevant for the night-side. First feature of note is that there is no

noticeable enhancement along the antihelion sporadic background radiant at 1.7 LT indicated by

the grey line [14, 111, 116]. This suggests that the population of ejecta < 0.3 µm produced

by antihelion impactors (and presumably similar for the helion side) is vanishingly small. The

second feature of note is the significant increase approaching 5 LT. This is of particular interest for

electrostaticly lofted dust as numerous prior in situ [91, 39, 96, 11] and remote sensing observations

[72, 37, 32] have indicated the lunar terminators as potential areas of significant lofted material.
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The largest spike near 5 LT is, however, likely do to LADEE entering the lunar optical shadow and

thus suddenly changing the spacecraft charging. This would cause a change in the local spacecraft

sheath and thus allow for pickup ions to enter LDEX [115]. The contribution from this effect,

however, is difficult to estimate and so we report the 0.1 µm detection rate, converted to density,

required to account for the total difference in each bin for comparison to other estimates. Note

that this estimate does not account for the potential ionization enhancement resulting from the

lofted grain’s charge. For impact speeds on the order of a few km s−1, field emission of electrons

from a metal target can occur as the charged particle approaches. This electron emission results in

desorption and ionization of molecules from the target surface in excess of similar neutral impactors

[106, 19]. For impact speeds less than 2 km s−1, however, the effect is negligible and should therefore

have little effect on LDEX’s integrated current measurements [19]. It should also be noted that

this ionization enhancement cannot explain the increased average integrated current on the day-

side observed in Figure 4.2 and 4.7 as the arguments outlined in Section 4.4 preclude small ejecta

or lofted material as sources. For comparison, individual dust detections for ejecta ≥ 0.3 µm occur

at an average rate of 1 min−1 [115]. However, the estimated density of 0.1 µm dust grains is

surprisingly close to the ∼100 m−3 at a 50 km altitude derived from modeling the excess brightness

observed by Apollo 15 and 17 at the lunar terminator [72]. This enhancement is peaked at 5 LT as

opposed to the anticipated 6 LT suggesting spacecraft charging as the most likely explanation for

this particular feature. Additionally, follow up studies could not verify this high-density population

of small grains [115]. To probe the potential lofted dust environment near the lunar terminators,

we shall consider the correlation between integrated current enhancement and twilight craters.

4.6 Lofting of Lunar Dust Near Twilight Craters

One potential contribution to the LDEX integrated signal is that of small grains (< 0.3 µm)

lofted from the surface via electrostatic repulsion. As lofting due to particle-particle electrostatic

repulsion from patch charging models [121] are expected to reach heights on the order of 10’s of cm,

reaching the altitudes observed by LDEX (3-250 km) requires an additional repulsive force from
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Figure 4.11: Identified lit vs unlit grid points for a detection near the sunrise terminator over an
effective surface range of 400 km. Solar wind access is determined by taking the elevation data along
the geodesic toward the Sun’s current position at time of detection shifted by ∼ 4◦ in the minus LT
direction to account for the earth’s velocity effect on the solar wind’s relative trajectory. This data
is then compared to a projected ray from the Sun to determine if the solar winds path is blocked
by any changes in topography. White dots indicate lit or solar wind impact points while black dots
indicate grid position where the solar wind is blocked by some elevation along its trajectory. The
orange dot on the right border of the plot indicates the direction of the shifted sun [15].

the surface. One such enhancement may come from large topographical features, such as craters,

for times when the topographic elevation angle is larger than that of the solar wind deflection angle

[31]. In such cases, the solar wind wake around the feature produces a strong negative potential on
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Figure 4.12: Illustration of the windward vs leeward charging of a crater near the lunar terminator
taken from [126]. Panel (b) indicates the modelled dust lofting distances for 0.1 µm sized dust
grains under this twilight crater enhancement compared to the trajectory of LADEE for one of the
five events identified by [126] to be due to electrostatic lofting via twilight craters.
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the leeward side which may enhance the electrostatic lofting of positively charged grains produced

on the windward side as depicted in Figure 4.12. As this phenomenon requires the solar wind to

charge one side of a topographical feature but not the other, craters near the solar terminators

are prime candidates for enhanced electrostatic lofting. There are 5 enhancements within LDEX’s

integrated current data set are identified by [126] as possible detections of such an effect due to their

proximity to twilight craters. While backscattered solar wind ENAs serve as better candidates for

the majority of the day-side enhancement as discussed in the prior sections, we should consider the

potential for lofted dust near the terminators where ENA backscattering is minimal (for LDEX’s

FOV) and the proposed crater lofting is maximal.

To identify whether this mechanism has a significant impact upon the integrated signal,

we consider all measurements between 5 and 7 LT not associated with pickup ions. For each

measurement, elevation data of the lunar surface was selected for within an effective range using

the LRO LOLA DEM. As the lofted trajectories are modeled to travel as far as 100’s of km [126],

we chose an effective radius of 400 km for the surface patch. For each elevation grid point within the

patch, additional interpolated elevation data was considered along the geodesic that included the

solar winds incident vector taken as the Sun’s position in lunar latitude and longitude at the time of

measurement shifted by ∼ 4◦ in the minus LT direction to account for the Earth’s orbital velocity.

Comparing this to the elevation of a ray of solar wind from the sun to the corresponding surface

grid point gives a test of whether the solar winds path is interrupted by any change in topography.

Doing this for each elevation data point within the effective range generates a collection of “lit” vs

“unlit” points. Note that “lit” vs “unlit” refers to whether the solar wind is blocked in its trajectory

to that particular surface element and not in reference to solar photons. Figure 4.11 is an example

of one such grid with the direction of the Sun identified by an orange dot on the right boundary.

Considering the number of lit grid points minus the number of unlit grid points points normalized

by the total number of points provides a crude measure of the conditions required to generate a

large negative surface potential via solar wind wake effects around topological features.

In the case of crater enhanced electrostatic lofted dust, we would expect the mean integrated
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Figure 4.13: Values of the integrated current signal for all values between 5 and 7 LT excluding
pickup ions plotted vs their lit vs unlit measure with the median identified in red. The lit vs unlit
ratio is determined by taking the grid for each data point (see Figure 4.11 for an example) and
subtracting the number of unlit points from the number of lit points divided by the total number
of grid points over the effective surface range of 400 km. If the enhanced lofting provided by
differences in charging for the solar wind wake around a topographical feature was a significant
contribution to the integrated signal, we would expect an increase in larger signals as the lit vs
unlit ratio approaches 0. Instead, there appears to be no significant increase near 0 with a slight
increase approaching 1 (i.e. the surface is entirely lit) [15].

signal to increase as the lit vs unlit measure approaches 0 (i.e. 50% lit 50% unlit) and decrease

as it approaches ±1. To account for the entirety of the spike in Figure 4.10, the mean integrated

signal near 0 lit vs unlit measure should show a ∼ 105 e s−1 increase compared to ±1 lit vs unlit

measure. Instead, Figure 4.13 shows no such trend with the average integrated signal instead only

slightly increasing as the surface patch becomes more and more lit. Note that the 5 measurements

identified in [126] are not included in this plot as their angle between the solar wind electric field

and negative LDEX’s boresight range from 69 − 104◦ which lies within the potential pickup ion

range. These 5 measurements are also not outliers to the trend shown in Figure 4.13. For a more
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robust comparison, additional complexity may be added to this lit vs unlit measure such as a weight

of Cos for the solar wind’s angle compared to surface normal of the local topography to account

for differences in solar wind flux or a weight based on the radial distance from the center of the

patch as, depending on the anticipated initial velocity and angular distributions of the lofted dust,

different distances will contribute more than others to the overall signal. However, as all points

considered for Figure 4.13 are near the sunrise terminator, variations in solar wind flux should be

minimal. Based on this initial trend we find no correlation to support enhanced electrostatic lofting

by twilight craters to the LDEX integrated signal.

4.7 Discussion

By examining the reduced integrated current signal from LDEX, we identified several cor-

relations that assist in constraining potential contributing sources. We excluded all signals for

which the ambient solar wind electric field was not pointed out of the instrument thus removing

periods where pickup ions would dominate the integrated signal [88]. From this initial collection of

data, we examined the average integrated current binned over LT, SEL angle, and altitude grouped

by forward and backward point regimes relative to LADEE’s velocity (Figure 4.2 and 4.6). For

the lunar night side enhance depicted by the blue box in Figure 4.5, a localization in Sun-Earth-

LADEE angle indicates that these are measurements of the high temperature plasma in the Earth’s

magnetosheath corresponding to solar wind flowing directly into LDEX’s FOV. This interpretation

is further supported by correlation with ARTEMIS solar wind flux measurements interpolated to

LADEE’s position (See Figure 4.5) and correlation between negative and positive integrated cur-

rents measurements (Figure 4.2 compared to Figure 4.4) demonstrating that these are transient

high energy signals. Grouped just within the Earth’s bowshock opposite the Earth’s orbital velocity

for the forward pointing regime, these enhancements are likely due to the high temperature plasma

environment produced at the boundary of the Earth’s bowshock flowing directly into LDEX’s FOV.

For the lunar day-side enhancement depicted by the red box in Figure 4.5, consistent en-

hancement with minimal apparent pointing dependence (See Figure 4.2 and 4.7) indicates that this



68

enhancement is unlikely to be from electrostatic lofted dust or meteoroid ejecta grains as these

should predominately appear in the forward pointing regime due to their low speeds relative to

spacecraft velocity. Additionally, the lack of negative integrated current signals (See Figure 4.4)

and corresponding solar wind flux residing outside of LDEX’s FOV (See Figure 4.5) shows that

these are not simply high energy transient signals from a volatile plasma environment. Reflected

solar wind ENAs seem the most likely candidate as they should reach speeds much greater than

the lunar escape velocity and thus spacecraft velocity [36, 123, 34]. Figure 4.8 demonstrates a

strong linear correlation with solar wind ion to surface flux as measured by ARTEMIS further

supporting the ENA interpretation. Based upon the average backscattered fraction as measured

by Chandrayaan-1 [35], LDEX need only have an ENA collection efficiency of 0.01% to match

the anticipated ENA flux. Solar wind ions that remained ions upon backscattering from the lunar

surface or re-ionized in the lunar exosphere cannot account for the day-side enhancement as we

note no correlation with solar wind magnetic field vector to LDEX’s boresight (see Figure 4.9).

For constraining the pointing dependent contribution (presumably from small ejecta or lofted

dust grains < 0.3 µm), we reduced mean forward pointing integrated current values by correspond-

ing backward pointing means. The day-side produced no consistent pointing dependent contribution

suggesting a lack of small ejecta or lofted dust grains over the altitude range observed by LDEX.

This estimate, however, does not include the yet unconstrained velocity dependence of ENA de-

tection by LDEX. For the reduced night-side current, no apparent enhancement is present at the

antihelion sporadic background radiant indicating that the population of impact ejecta of size < 0.3

µm produce by antihelion (and presumably helion) meteoroids is negligibly small for the altitudes

observed by LDEX. A significant enhancement near 5 LT is likely due to a change in spacecraft

charging upon entering the lunar optical shadow.

While unlikely for the majority of the day-side, we considered all points near the lunar

sunrise terminator to identify the potential for electrostatic lofted dust enhanced by solar wind wake

charging around large topographical features. As a first order check, a grid over an effective surface

range of 400 km was generated for each detection period from which each grid point was identified as
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‘unlit’ vs ‘lit’ respective of whether the solar wind’s path was blocked or not by changes in elevation.

From these collection of grid points, we generated a measure from the number of lit points minus

the number of unlit points divided by the total. The expectation from this being that if lofting

from twilight craters was a prominent contributor to LDEX integrated current measurements, that

the median value would peak near 0. From Figure 4.13 we see not such trend. This combined with

the lack of pointing dependence suggests that electrostatic lofting is not a prominent contributing

component to the LDEX integrated current.



Chapter 5

IDPs Beyond 1 AU

The results presented in this section provide an updated look at the IDP distribution up to

50 AU as measured by the Venetia Burney Student Dust Counter (SDC) aboard the New Horizons

spacecraft and prior numerical model predictions [90, 89] with additional measurements in the

near future expected to bring further constraint on the peak IDP location produced from EKBOs.

Section 5.1 briefly reviews the layout and basic operation. Section 5.2 covers the calibrated SDC

measurements to date. Using these measurements, Sections 5.3 and 5.4 provide updated IDP flux

and density estimates respectively for different size cutoffs with updated methodology to how they

are derived from prior publications.

5.1 SDC Instrument Description

SDC consists of an array of 14 impact sensors, permanently polarized polyvinylidene fluoride

(PVDF) films each with an area of 14.2 cm × 6.5 cm and 28 µm thick as shown in Figure 5.1

[48]. Dust impacts are measured from changes in the surface charge density due to cratering, a

function of both the mass m, and the impact speed v of the particle [97, 87, 53]. The instrument

is also sensitive to mechanical vibrations. For this reason, 12 panels reside on the exposed front

while the remaining 2 are unexposed to dust impacts on the underside and act as a means of noise

characterization and mitigation during ground data processing. Additionally, panels are grouped

into 2 separate rows with 1 reference channel each and record impacts through separate analog to

digital converters (ADCs) labeled as sides A and B. These panels are mounted on a frame to the
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Figure 5.1: Illustration of the SDC instrument aboard the New Horizons spacecraft taken from its
PDS node. The front panel consists of 12 permanently polarized polyvinylidene fluoride (PVDF)
films with 2 reference films on the back grouped into 2 separate analog to digital converters by row.
Dust grains are measured via changes in the surface charge density as a result of impact cratering
on the films.
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exterior of New Horizons facing the spacecraft’s ram during nominal operation. Signals from the

panels are recorded by the instruments electronic box within the spacecrafts interior opposite the

detector panels.

Electronic noise and possible instrument sensitivity degradation are monitored via periodic

noise and charge stimulus tests. Noise tests consist of measuring all hits for each channel at thresh-

olds initially far below operation values followed by increasing steps in threshold value producing

rates per threshold [48]. These noise tests are also used to determine threshold values for periods

of high activity such as encounter flybys [8]. Charge stimulus tests are used to detect possible

electronics degradation by injecting a known charge via a capacitor into each electronic chain. All

channels are monitored and show minimal or no changes changes since launch. An in depth anal-

ysis of relative channel sensitivities and differences between the A and B sides of the instrument is

described comprehensively in the literature [83].

For the purpose of ground data processing, calibrations from the 2 MV Van de Graaff dust

accelerator at the Max Planck Institute for Nuclear Physics performed before launch are used with

an assumed Keplerian IDP velocity modified by radiation pressure and added in quadrature with

New Horizons velocity to convert the charge measurements to mass [48, 53]. For this conversion,

all dust grains are assumed to follow circular Keplerian, prograde orbits modified by radiation

pressure. Valid hits (i.e. those excluding coincidences between channels or with spacecraft thruster

firings) are used to produce flux and density estimates.

5.2 SDC Measurements out to 50 AU

Figure 5.2 shows the trajectory of New Horizons to date, enabling a near continuous mea-

surement of the interplanetary dust environment by SDC to 50 AU. As each dust impact is detected

as a single charge amplitude, this measure alone is not enough to distinguish real dust hits from

piezoelectric or pyroelectric noise. To filter out such noise contributions, some measurements are

flagged as ‘coincidence’ during ground data processing. Hits that occur within a second of a thruster

firing are most likely acoustic noise events. Similarly, hits on multiple channels at the same time
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are likely noise events as the expected dust impact rate is ∼ one hit per week, hence such hits are

likely due to mechanical vibrations from the spacecraft propagating through multiple panels.

Figure 5.3 shows all non-coincidence data as a function of heliocentric distance. As SDC

measures impact charge, which is a function of both the mass and speed of the dust with respect

to the instrument [48, 53, 87, 84, 83], a velocity and bulk mass density for the dust grain must

be assumed to convert to mass. We use the standard silicate mass density for IDP of 2.5 g/cm3

with speeds derived from assuming circular Kepler orbits modified by radiation pressure for the

dust grains. Missing segments in the coverage of Figure 5.3 are either from the instrument being

off during those time periods for operational requirements or raised thresholds for all channels to

allow SDC to remain turned on during active spacecraft operation, such as the Pluto and Arrokoth

flybys. The rising minimum value in the mass with increasing distance is due to the spacecraft

slowing down as it travels further out of our solar system raising the minimum detectable mass as

shown in Figure 5.2.

To compare flux and density estimates as a function of distance and across all channels, a

common mass cutoff threshold must be used. Due to the decrease in spacecraft speed, the cutoff

thresholds used in this paper are larger than those in prior publications. We use a size cutoff for

the IDP grain radius rg > 0.63 µm to allow for all channels to contribute to the estimate given the

decreasing spacecraft speed.

5.3 Flux Estimates

For estimates of interplanetary dust flux onto SDC, we consider all non-coincidence data

above a set size cutoff. Here we use a size cutoff for the IDP grain radius rg > 0.63 µm to allow for

all channels to contribute to the estimate given the decreasing spacecraft speed discussed earlier.

Counts are then binned in time or heliocentric distance and rates are calculated per science panel

with the following expression,

r̃si =
Nsi

dtsi
− Nri

dtri
, (5.1)
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Figure 5.2: The trajectory of New Horizons past 50 AU. The decrease in spacecraft speed with
increasing distance results in a higher minimum detectable mass, clearly identified in the bottom
panel of Figure 5.3. New Horizons is now heading along an ecliptic longitude λNH = 293◦ compared
to the interstellar dust inflow of λISD ≃ 259◦, indicated by the parallel upward pointing arrows at
the bottom. Considering the magnitude of their speeds results in an impact angle of ISD onto SDC
of α ≃ 23◦ [16].
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Figure 5.3: Plot of impact charges (Top) and mass estimates (Bottom) of all dust events recorded
by SDC up to 50 AU excluding those flagged as coincidence events. Gray bars indicate Pluto and
Arrokoth flybys and a black horizontal line in the bottom plot indicates the 0.63 µm cutoff used
for flux and density estimates, allowing for both A and B sides to contribute [84]. Mass estimates
assume silicate-dominated IDP grains with a density of 2.5 g/cm3 following circular Kepler orbits
modified by radiation pressure. Histogram bars are included for both distance and Charge/Mass
bins on their corresponding axes [16].
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where Nsi is the total valid counts on science channel i over the given bin and dtsi is the total

valid on time for science channel i with thresholds below the given size cutoff. Nri and dtri are the

same respective quantities for the corresponding reference channel on the same electrical chain (A

or B). Errors and averages are calculated as the standard deviation and mean of this reduced rate

per bin shown in Figure 5.4 for the size cutoff of IDP grain radius rg > 0.63 µm. Additionally,

any channels for which their respective reference channel measured a higher rate were treated as

having a reduced rate of zero for the purposes of averaging. Each channel was also required to

cover a valid on time dtsi of at least 10% of the total time bin to be included in the average. Each

electrical chain side (A or B) must additionally have more than one science channel to contribute.

It is important to note that these flux estimates differ slightly from the approach used in

prior publications when it comes to determining the valid operation times as part of the initial rate

calculation per channel. Previously, time bins were selected such that all channels were on with

an appropriate cutoff threshold over the entire bin. Recent changes in SDC flight operation have

resulted in frequent instrument threshold changes to allow for continued operation during frequent

data downlinks and other activities. To account for this, we now use the new tracked threshold

settings (labeled as ‘sdc chn lvl dn.tab’ in recent PDS data releases), combined with SDC on/off

times to determine the total time that a channel is on and below the given mass cutoff threshold

per time bin.

Plotted alongside flux estimates from SDC in Figure 5.4 are predictions from [90, 89] assuming

only IDP detections (solid curve). The outer solar system’s IDP distribution is dominated by

production from mutual collisions [101] and bombardment from interstellar and interplanetary dust

[127] of EKBO. Beyond 42 AU, the gradually decreasing trend in the fluxes as function of distance

could indicate that New Horizons has passed the peak density of the parent EKBO distribution,

thereby approaching the outer edge of our dust disk populated mainly by small particles forced

onto eccentric orbits by radiation pressure effects [59]. The conversion from impact charge to mass,

however, is appropriate for IDP only, and must be revisited for the possible detection of interstellar

dust (ISD) particles that flow through the solar system coincident with the flow of interstellar H
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Figure 5.4: Plot of the estimated dust flux onto SDC for grains with IDP radii > 0.63 µm. The two
red curves demonstrate the model given by [90, 89] fitted to SDC measurements assuming only IDP
detections (solid curve) or an updated version assuming an additional constant ISD contribution
of 10−4 m−2s−1 (dashed curve) indicated by the horizontal grey line [16].
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and He with speeds ≃ 26 km/s [41, 33, 71].

5.3.1 ISD Contribution

Due to the relative motion of the heliosphere with respect to the local interstellar medium,

interstellar neutral atoms and dust particles (ISD) flow through our solar system with speeds ≃ 26

km/s [33, 71]. The first in situ detection of interstellar dust was made by Ulysses in 1992, during

its encounter with Jupiter, sending the spacecraft on a solar polar orbit [41]. Subsequently, Ulysses

monitored the variability of the ISD flux for ≃ 16 years noticing strong temporal variability with

solar cycle, reaching a maximum of ≃ 1.8×10−4 m−2s−1 in 1992 and 2006, and a minimum of ≃ 10−5

flux in 2000 [103]. The mass of the vast majority of ISD detected by Ulysses was estimated to be

2.8×10−16 kg (or ≃ 0.3 µm with our assumed density of 2.5 g/cm3), with diminishing contribution

from larger or smaller particles [67, 64]. Following the Ulysses discovery, the reanalysis of data from

Helios and Galileo also identified ISD [65, 2, 9, 3, 4]. Cassini, in orbit around Saturn for ≃ 13 years

(of which ≃ 10 years was used for the following estimate), recorded an average flux ≃ 1.5 × 10−4

m−2s−1, based on 36 ISD hits, also identifying their composition as magnesium-rich grains of

silicate and oxide composition [5]. The characteristic ISD size of ≃ 0.3 µm indicates that the ratio

of radiation pressure over solar gravity β ≃ 1, hence these grains would cross our solar system on

approximately straight line trajectories as shown in Figure 5.2. However, in addition to gravity and

radiation pressure, dust particles in this size range also respond to electromagnetic forces as they

carry a positive charge and react on interplanetary magnetic fields, resulting in temporal variability

of the ISD flux with solar cycle, alternating between periods of focusing towards and away from the

ecliptic plane [66, 98, 102, 99]. While the basic interactions of ISD within the heliosphere appear

to be well understood, our current models (calibrated using Ulysses data) can only reproduce the

measurements of all spacecraft data of the variability of their flux measured to date within a factor

of 2 to 3 [63]. Hence, the question arises whether or not SDC detected ISD during its 15-year cruise

across the solar system?

SDC records dust particles through the charge amplitude they generate as function of their
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impact speed v and mass m [48, 53, 82]

Ne [e] = 5.63 × 1017m [g]1.3v [km/s]3.0. (5.2)

The traditional SDC analysis assumes that IDP follow circular Kepler orbits modified by radiation

pressure to calculate their impact speed. Hence, according to Eq. 5.2, the much smaller and faster

ISD will be assigned a larger IDP mass. With an expected size of 0.3 µm, speed of ≃ 26 km/s,

and ecliptic longitude of λISD ≃ 259◦ show in Figure 5.2, we can predict what size SDC would

mistake these ISD impacts as [33, 71, 67, 64, 63]. Figure 5.5 (Top) shows the anticipated impact

speed of a 0.3 µm ISD compared to the assumed speed used in the IDP conversion from charge to

mass in Figure 5.3. From the charge produced for a 0.3 µm ISD with its expected impact speed

converted to size using the assumed IDP speed, we produce the SDC pipelines size interpretation

of ISD impacts as a function of heliocentric distance shown in Figure 5.5 (Bottom). The typical

0.3 µm ISD grain is interpreted as larger than a 0.63 µm for most of SDC’s current coverage and

thus should contribute at our current mass cutoff threshold.

This detectability, however, is quite close to the cutoff threshold with only a size difference of

0.02 µm pushing nominal ISD detectability below the cutoff threshold. As mentioned previously,

the 0.3 µm estimate was done using data primarily from the defocusing phase of the solar cycle, and

thus the nominal ISD size is likely a smaller. Velocity values are also subject to uncertainty from

the aforementioned factor of 2 to 3 in their flux measurements [63]. For this reason, we present

two model fits in Figure 5.4 for the purpose of comparing with SDC flux measurements. For one

case (solid curve), we assume only IDP detections following the model given by [90, 89] (i.e. the

ISD contribution is just below the IDP size cut off of 0.63 µm). For the second (dashed curve), we

assume a potential average ISD flux contribution of 10−4 m−2s−1 as observed by Ulysses in addition

to the IDP model presented in [90, 89]. From these two cases, we provide a prediction of what

SDC is expected to measure beyond 50 AU given ISDs are currently contributing to our flux values

vs only IDPs are currently measured by SDC. The potential contribution of ISDs should become
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increasingly apparent with additional detections beyond 50 AU as indicated by the divergence in

the two model fits in Figure 5.4.

5.4 Density Estimates

For SDC estimates of interplanetary dust densities, we continue with the same valid time

selection scheme used for the flux estimates. We now require additional velocity information for

determining the volume carved out per detector panel for each valid time range

V = Adet

∫ T2

T1

n̂SDC (vsc − vdust) dt, (5.3)

where T1 and T2 are the start and stop times of one valid time segment within the temporal bin,

respectively. The total volume over the entire temporal bin is then a sum of all such segments. Adet

is the area of a single detector panel, n̂SDC is the surface normal of the detector panel, vsc is New

Horizon’s velocity vector, and vdust is the dust velocity vector assuming circular Kepler velocities

modified by radiation pressure. In the same manner as the flux estimates, each science panel’s

density estimate is reduced by its respective reference channel and averaged with errors calculated

as the standard deviation across all contributing channels. Any channels for which their respective

reference channel measured a higher density were again treated as having a reduced density of zero

for the purposes of averaging. Figure 5.6 shows IDP density estimates at four size cutoffs: 0.63 µm,

0.68 µm 0.82 µm, and 1.5 µm. The 0.63 µm cutoff corresponds to the minimum cutoff allowed for

all panels to contribute to the estimate in the last time bin while the 0.68 µm cutoff corresponds to

the minimum cutoff to remove the expected ISD contribution derived from Figure 5.5. The 0.82 µm

comes from the same consideration but for ‘medium’ threshold settings while 1.5 µm is derived from

the threshold settings used during the Pluto and Arrokoth flybys and three-axis periods. For dust

grains with radii > 0.63 µm, the density demonstrates an increase up to and through the Kuiper

Belt. Comparing this to the 20-40 km−3 estimated by the Voyager spacecraft shows a reasonable

agreement with SDC observations [43, 44]. Note, however, that while the quoted size threshold for

this estimate is ∼ 1 µm, the mass-to-charge conversion factor can vary by up to a factor of ten
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leading to a possible size threshold of ∼ 0.5− 2.3 µm [43]. For this reason, we include the estimate

in the 0.63 µm size cutoff of Figure 5.6 though the thresholds between the two may sightly differ.

Figure 5.7 shows the total modeled interplanetary dust densities in the ecliptic plane, in a

Neptune-rotated frame, summed over all three dust sources (EKB, OCC, and JFC) and all sizes

(0.5 to 500 micron radius) with total production rates for EKB, OCC, and JFC dust grains from

[89]. The dot and dashed line at 30 AU denote the position and orbit of Neptune, respectively.

Local maxima in the density are found (i) within 1 AU from combined EKB and JFC contributions

undergoing Poynting-Robertson drag into the inner heliosphere, (ii) near 10 AU from EKB grains

trapped in mean-motion resonance with both Saturn and Jupiter, and (iii) centered on 40 AU from

direct production from EKBO and trapping in mean-motion resonance with Neptune. The peak

density in the EKB reaches approximately 75 km−3 for all grains >0.5 µm, while the peak density

for those grains >0.63 µm (i.e. the SDC minimum detectable size used here) is approximately 35

km−3, commensurate with the SDC data shown in Figure 5. Under the assumption that there is

not an additional distant component to the EKB beyond what is currently anticipated [80], the

total IDP densities at 50 and 100 AU gradually decline to 45 km−3 and 5 km−3, respectively.

5.5 Summary

With New Horizons passing 50 AU, we now have direct measurements of the IDP environment

from SDC through most of the Kuiper Belt. Under the assumption of circular Kepler orbits for

the dust grains, we present mass distribution measurements, estimates for the IDP flux to SDC,

and density as function of distance from the Sun. For dust grains with rg > 0.63 µm, SDC flux

estimates approaching the outer Kuiper Belt seem to follow our latest models [90, 89], that are

based upon dust production from the currently anticipated parent EKB distribution [80].

While we anticipate ISDs should contribute to SDC flux values as shown by Figure 5.5,

this contribution should become increasingly apparent beyond 50 AU as New Horizons leaves the

EKBO-generated IDP distribution (see Figure 5.4). The New Horions spacecraft is healthy and

could continue operating through the 2030s, reaching a heliocentric distance of 90 to 100 AU. SDC
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Figure 5.6: Plot of estimated IDP density for grains with radii > 0.63 µm (First), > 0.68 µm
(Second), > 0.82 µm (Third), and > 1.5 µm (Fourth) as measured by SDC. Note that these
estimates are upper limits on the IDP density as the contribution from ISD impacts is not removed.
However, ISD impacts are not expected to contribute for thresholds above 0.68 µm. Voyager
estimates from plasma wave data are indicated by dashed lines in the top plot. Points plotted at
0 with no error bars are empty bins either from containing no valid detections for any panel or no
valid time coverage for any panel within that time period [16].
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will continue its measurements of the interplanetary dust fluxes in the outer solar system, detecting

the collisional debris of the parent Edgeworth-Kuiper Belt objects.

SDC observations into the terra incognita ≫ 50 AU will provide an unparalleled opportu-

nity to learn about the large-scale structure of the EKB, constrain the upwind ISD fluxes, and

offer unique insights into the interpretation of telescopic observations of dust disks around other

stars.



Chapter 6

Future Work

The preceding sections have explored the IDP and airless body environment primarily through

a modeling approach. While estimates are provided such as the mass flux and mass yield product

for the sporadic background sources at 1 AU and the implications of an addition β-meteoroid

source, each thrust could be improved in future works, whether that be to introduce additional

complexity to better mirror observable phenomena or constrain additional parameters to connect

with more physical quantities. The following section serves to summarized some of the more

apparent improvements for future research projects.

One that concerns both Section 3 and 2 is the assumed azimuthal symmetry of the impact

ejecta plumes. As mentioned in Section 2.3.1, azimuthal symmetry is chosen primarily for simplicity

to avoid degeneracy in the ejecta cone angle fit as well as increased complexity in the model of

Section 3. The effect of obliqueness of impact on the mass yield is accounted for with the relation

in Equation 3.12 while the potential plume asymmetry is not. There exists compelling laboratory

evidence for significant asymmetry in ejecta flow resulting from oblique impacts, as shown in Figure

6.1, though over different impactor parameters than the ones relevant to the plumes observed by

LDEX [6]. This may also serve as a potential explanation for the surprisingly narrow outer ejecta

cone angle of 8 ± 3◦ as an asymmetric plume structure could result in measurement of only half

the plume. While we can argue that at least some of the identified plumes should be the result

of normal incident impactors, a sample size of 19 is rather small. Implementing asymmetry in

the fit described in Section 2 would require additional assumptions on the mass and speed of the
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Figure 6.1: Vector plots of the ejecta velocities as measured by NASA Ames Vertical Gun Range
experiment taken from [6]. This image demonstrates the asymmetry present for impacts at 30◦ in
row (b) compared to impacts an impact at 90◦.
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impactors both of which have a significant degree of uncertainty. Restricting the set of identified

to plumes to those correlated with meteoroid showers would alleviate this problem however. In

contrast, introducing azimuthal plume asymmetry into the global three dimensional model of lunar

ejecta environment would be fairly straightforward as the sporadic background source radiants in

local time provide the necessary obliqueness of impact.

The global ejecta model and estimates discussed in Section 3 could benefit from a number

of additions. For one, additional information on the ejecta mass yield as a function of impactor

size and speed for lunar regolith would allow for the impactor mass flux to be decoupled from the

model estimates. Alternatively, constraints on the sporadic background flux per source would allow

for decoupling ejecta yield estimates from the model. Perhaps the most significant unknown in the

global model is that of the maximum ejecta mass (mmax). The effect of mmax on the estimated

product is discussed in Section 3.4 primarily as a result of Ms in Eqs. 3.2-3.5. While we do provide

estimates using the maximum ejecta mass observed by LDEX of mmax = 10−11 kg (10 µm), it is

unclear whether this is the true maximum ejecta mass or simply the upper mass limit on LDEX,

nor is it clear how this value changes with impactor parameters and surface properties. Constraints

on this quantity are key to future implementation of the global ejecta model.

While the feasibility of ENA detection by LDEX’s integrated current measurements is dis-

cussed in Section 4.4, full characterization of their contribution to the integrated signal and potential

resulting estimates for the lunar day-side small ejecta or lofted dust grains < 0.3 µm requires its

own global model. Prior studies on ENA reflection and production as a function of solar wind

energy [36, 123, 34] and angle of incident [93] combined with interpolated solar wind measurements

from ARTEMIS provide the necessary information for the initial setup of such a model. The most

significant unknown in this case would be the re-ionization mechanism (if not the rate) by which

LDEX detects these ENAs. Perhaps comparing the effect of each potential ionization mechanism

and its variation with local time could distinguish the relevant physical phenomenon.

As for a hypothetical future mission with a similar instrument, there are several data sets that

could significantly improve the estimates presented here. Flybys that include polar orbits would
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allow for incorporation of the toroidial meteoroid sources into the global ejecta model expanding

upon the upper limit presented in Section 3.4. Pointing coverage that includes an LDEX equiva-

lent instrument pointed toward the lunar surface could serve to constrain the ENA re-ionization

mechanism and rate based upon expected velocity dependence. Finally, additional functionality to

record the negative current component (i.e. electron and negative ion rate) could serve to charac-

terize periods of ENA detection as ionization of neutral hydrogen via impact with a surface has

the potential to produce as many negative ions as positive. These negative ions can be produced

as a result of electron tunneling from a shift in the ENA’s affinity level below the work function of

the target metal as it approaches the grounded target [42]. These measurements would also act as

a direct means of verifying the spacecraft charging hypothesis presented as an explanation for the

peak observed in Figure 4.10.

Finally for SDC, while the flux estimates depicted in Figure 5.4 follow the model prediction

of [90, 89], the peak flux rate appears in the 42 - 45 AU range as opposed to the modelled 38

AU. This indicates that the location of the EKBO distribution may need to be revisited for future

comparisons. Additionally, we do not know if the ISDs potentially detectable to SDC fully penetrate

the PVDF film instead of the typical cratering as the calibrations done for the instruments do not

cover up to the speeds relevant to ISDs. This effect should be constrained for future comparisons

to SDC data.



Chapter 7

Conclusion

The dust environment of our solar system provides unique insight into the dynamics and

evolution of all bodies within it. Expanding upon prior LDEX results, we tackled unanswered

questions concerning the lunar dust environment. First, generalized meteoroid impact ejecta dust

distributions fitted to LDEX plume data produced cone angles far smaller than the expected 30◦.

We expanded this search to a full three dimensional model to address as to whether the assumption

of central plume trajectory sampling was the cause of the < 10◦ outer cone angle fits. Similarly

small outer cone angles, with an average of 8±3◦ were derived regardless of this consideration along

with other extensions to the model. We posit that the deviation from laboratory observations may

be do to the observed plume structures originating from reverse plumes. It may be the case that

the anticipated 30◦ primary cone are only relevant for lower altitudes than those observed by LDEX

as we find no evidence for a double cone structure under the same initial ejecta speed distribution.

Taking these ejecta plume distribution fits, We constructed a global three dimensional model

of the entire lunar ejecta environment. Fully accounting for spacecraft trajectory considerations,

new fits were produced for the dominant sporadic meteoroid background sources HE, AH, and AP

as a product of meteoroid mass flux and mass ejecta yield. Determining one requires additional

constraint on the other. LDEX lacks the latitudinal coverage to constrain NT and ST sources.

We, however, estimate that there contribution could account for up to 22% of the AP contribu-

tion. Asymmetry between HE and AH persist counter to ground based observations despite these

considerations. As a physical expansion for the phenomenon, we consider the implications of an
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additional source in the form of β-meteoroids and their feasibility based on prior flux observations

and extrapolated laboratory yields. This comparison demonstrates that β-meteoroids could more

than feasibly account for the HE excess. However, this is not definitely the case and could be due to

a yet unconstrained contribution. Additionally, we address the effect that the assumed maximum

ejecta mass has upon the estimate and provide secondary estimates using instead the largest ejecta

observed by LDEX.

To determine potential smaller ejecta (< 0.3 µm) and electrostaticly lofted dust measure-

ments, contributions to LDEX’s integrated current were determined through trends and correla-

tions with LADEE ’s position with respect to the Earth’s magnetosheath and local time, altitude,

LDEX’s pointing, and solar wind values interpolated from ARTEMIS observations. Most notable

of these was the solar wind backscattered ENAs consistent across the entire lunar day-side. Com-

parisons between forward and backward pointing averages on the lunar night-side reveal a lack of

small ejecta produced from meteoroid bombardment. To reexamine the case of electrostaticly lofted

dust at the lunar terminates, we address the proposed mechanism of enhancement by differential

charging between windward and leeward sides of twilight craters. As a check, we considered an

effective surface range grid per integrated current measurement near 6 LT and determined whether

the solar wind’s trajectory to that element was interrupted by changes in elevation. Lack of correla-

tion between the “lit” vs “unlit” measure and integrated current indicate that electrostatic lofting

enhanced by twilight craters is not present in the LDEX data set.

Finally, we report IDP flux and density estimates out to 50 AU from SDC data using updated

methodology. Current flux values continue the follow the model prediction of [90, 89] though the

location of the EKBO distribution may need to be revisited. We demonstrate that detection if

ISDs by SDC is likely given its operating mass thresholds and show that their contribution should

become more apparent with additional measurements beyond 50 AU.
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moon. Geophysical Research Letters, 46(2):534–543, 2019.

[18] R. Brunetto, M. J. Loeffler, D. Nesvorný, S. Sasaki, and G. Strazzulla.
Asteroid Surface Alteration by Space Weathering Processes, pages 597–616. 2015.



94

[19] M.J. Burchell, M.J. Cole, and J.A.M. McDonnell. Role of particle charge in impact ionization
by charged microparticles. Nuclear Instruments and Methods in Physics Research Section B:
Beam Interactions with Materials and Atoms, 143(3):311–318, 1998.

[20] M. D. Campbell-Brown. High resolution radiant distribution and orbits of sporadic radar
meteoroids. Icarus, 196:144–163, July 2008.

[21] Margaret Campbell-Brown and J Jones. Annual variation of sporadic radar meteor rates.
Monthly Notices of the Royal Astronomical Society, 367(2):709–716, April 2006.

[22] J D Carrillo-Sanchez, David Nesvorny, Petr Pokorný, Diego Janches, and John M C
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