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A B S T R A C T

Europa and Ganymede are both likely to have subsurface oceans (Carr et al., 1998; Khurana et al., 1998; Kivelson
et al., 2000). Young surface features may provide an opportunity to sample material from either a subsurface
ocean or bodies of liquid water near the surface (McCord et al., 1999, 2001). Detailed compositional information
is of large interest for understanding the evolution, oceanic chemistry, and habitability of these moons. To
develop an altitude-dependent model for the detectability of ejecta particle composition originating from surface
features of a given size, we simulate detections by a dust analyzer with the capability of measuring compositional
makeup on board a spacecraft performing close flybys of Europa and Ganymede (Postberg et al., 2011). We
determine the origin of simulated detections of ejecta by backtracking their trajectories to the surface using
velocity distributions given in the ejecta cloud model by Krivov et al. (2003). Our model is useful for designing
flybys with typical closest approach altitudes, such as the ones planned for NASA's Europa Clipper mission, where
we wish to accurately identify the composition of surface features using a dust analyzer.
1. Introduction

Jupiter's icy Galilean satellites, Europa, Ganymede, and Callisto,
likely possess subsurface oceans (Carr et al., 1998; Khurana et al., 1998;
Kivelson et al., 2000). While the terrain on Callisto is heavily cratered
with little indication of recent geological activity (Schenk, 1995; Greeley
et al., 2000), the surfaces of Europa and Ganymede are relatively young
(Pappalardo et al., 1998; Cassen et al., 1980), with features bearing
chemical traces of the oceans or bodies of liquid water below (McCord
et al., 1999, 2001). Mapping hydrated minerals along with other trace
compounds to features with morphologies that suggest exposed subsur-
face material, such as lineae and chaos regions on Europa (Pappalardo
and Sullivan, 1996; O'Brien et al., 2002), can help distinguish endogenic
from exogenic material. Therefore, to gain knowledge on the oceanic
chemistry and habitability, it is very useful to acquire the composition of
non-water-ice material directly from surface features, which undergo
exchange processes between the ocean and surface.

A surface dust analyzer with the capability of measuring composi-
tional makeup aboard a spacecraft performing close flybys of these
moons acquires compositional information of surface ejecta released by
interplanetary meteoroid bombardment. The concept of such a dust
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analyzer is given by Grün et al., 2002 (see also Postberg et al. (2011) and
Kempf et al. (2014)). A dust analyzer detects individual particles as they
impact the instrument target at hypervelocities (several km/s) and
measures the ionic composition of the impact plasma plume via
time-of-flight (TOF) mass spectroscopy. Laboratory experiments have
shown how the particle's chemical composition, as well as that of the
instrument target, influences the resulting impact plasma registered by a
dust analyzer (Goldsworthy et al., 2003; Srama et al., 2004, 2009). While
remote sensing typically shows the dominant chemical species at high
spatial resolution on the surface, surface dust analyzers can detect
chemical species, including organic compounds (Postberg et al., 2008,
2018; Srama et al., 2009) and sodium salts (Postberg et al., 2009),
embedded in the ice at the ppm level providing “ground truth” for
interpreting remote sensing data by acquiring in situ compositional data
on material originating from the surface (Postberg et al., 2011). Analo-
gous to photons for remote sensing, ejecta emitted from the surface carry
chemical information regarding their place of origin (Grün et al., 2002).

The model for the ejecta cloud formation at the Galilean satellites is
given in detail by Krivov et al. (2003). The dynamical phase space of
particles in ejecta clouds surrounding Europa and Ganymede is used to
associate particle detections and compositional information with likely
tember 2021
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sources on the surface, namely a geological feature of interest. This
model is the basis for detection statistics by a surface dust analyzer on a
given flyby trajectory. To derive the characteristic chemical constituents
of a surface feature, it is important to guide flyby design for acquiring an
adequate series of compositional data that can be associated with the
feature.

Given the stochastic nature of the impactor ejecta mechanism, we
apply Monte Carlo (MC) simulations of detections acquired during close
flybys to characterize the statistics of the detection time series over a
feature showing which particles originate from the feature itself. This
depends largely on the altitude of the flyby and the size of the feature.

This paper serves to demonstrate the implication of the ejecta cloud
model on the capability of a dust analyzer to map the composition of
geological features on the surfaces of the Europa and Ganymede. We use
the Surface Dust Analyzer (SUDA) on NASA's Europa Clipper mission as
the reference instrument (Kempf et al., 2014). A major science goal for
SUDA is to identify the composition of material from young geological
features of interest on Europa's surface. SUDA will be the first instrument
to leverage the nature of an ejecta cloud to map surface composition. We
first briefly review the ejecta cloud model in the next section.

2. Ejecta cloud model

Interplanetary micrometeoroids enter Jupiter's gravitational sphere
of influence losing their directional characteristics, resulting in a nearly
isotropic impactor flux onto the surface of the moon. Impacts with speeds
of ~ 20 km/s at Europa and Ganymede release surface material with a
total mass several thousand times that of the original impactor (Krivov
et al., 2003; Koschny and Grün, 2001a). A fraction of the impactor's ki-
netic energy is distributed among a population of ejecta particles that are
kicked up into Keplerian trajectories around the moon. The ejecta do not
mutually collide and are not affected by drag or electromagnetic forces,
due to their low charge to mass ratio (Hor�anyi, 1996).

Data returned by the dust detector onboard the Galileo spacecraft
confirms the presence of ejecta clouds surrounding Europa, Ganymede,
and Callisto (Krüger et al., 2003; Srem�cevi�c et al., 2005). While multiple
populations of impactors, including particles on bound orbits about
Jupiter are present, interplanetary dust particles (IDPs) dominate the
mass flux reaching these moons, which subsequently dominates the
ejecta yield. Statistical analysis of the data by Srem�cevi�c et al. (2005)
concludes that the population responsible for the ejecta clouds consists of
IDPs with isotropically distributed velocities as well as retrograde orbits
with respect to the Sun.

The details of the IDP model does not significantly affect the outcome
of this study. The ejecta production depends linearly on the projectile
impact rate. According to Grün et al. (1985), the mass flux of inter-
planetary projectiles strongly peaks at 100 μm IDPs. This has been used
by Krivov et al. (2003) to estimate this projectile rate by taking the total
mass flux assuming the IDP flux arrives entirely as 100 μm particles,
which is a very reasonable assumption. This in turn implies that the
relevant number is the total mass flux while the other aspects of the IDP
model itself are not as relevant. This is shown to be consistent with the
properties of the dust envelopes of the Galilean moons as they were
measured with the Dust Detection Subsystem of the Galileo orbiter
(Krüger et al., 2003; Srem�cevi�c et al., 2005). Therefore, we are going to
use the same numbers in this paper, although upgrades of the Divine
model have been suggested (Grün and Staubach, 1996) and alternative
models have been proposed for inner (Dikarev et al., 2005a,b,c) and
outer solar system (Poppe, 2016).
2.1. Interplanetary impactors

The mass distribution of interplanetary meteoroids is dominated by
particles with mass 10�8 kg traveling at speeds, v∞imp ¼ 9.0 km/s relative
to Jupiter prior to gravitational focusing (Grün et al., 1985; Divine, 1993;
2

Krivov et al., 2003).
Gravitational focusing by Jupiter leads to an enhancement in both the

speed and number density of the impactor population at the Galilean
moons (Colombo et al., 1966; Spahn et al., 2006b). The impactor speed
enhancement is

vimp
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1þ 2GMJ
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; (1)

where G is the gravitational constant, MJ is the mass of Jupiter, and r is
the orbital distance of the observer relative to Jupiter. The number
density of the interplanetary impactors is enhanced by
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where RJ is the mean radius of Jupiter. This formulation was first derived
by Colombo et al. (1966), with a typographical correction provided by
Spahn et al. (2006b). With Eqs. (1) and (2), the mass flux of impactors as
a function of distance from Jupiter is

FðrÞ ¼ F∞
imp

vimpðrÞ
v∞imp

nimpðrÞ
n∞imp

; (3)

where F∞
imp ¼ 7.6 � 10�16 kg m�2 s�1 is the IDP flux at Jupiter's helio-

centric distance (Divine, 1993).

2.2. Hypervelocity impacts on the moon's surface

Laboratory experiments have been conducted to study hypervelocity
impacts on “dirty” ice with varying percentages of silicate contents, Gsil,
by (Koschny and Grün, 2001a, and references therein). They used all
available data to derive an empirical relation for the ejecta mass yield,
me/mimp

Y ¼ 2:85� 10�8 � 0:0149Gsil=100 �
�
1� Gsil=100

927
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��1

� m0:23
imp v
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(4)

where mimp and vimp are the typical mass and velocity of the impactors
(both in SI units). The total mass production rate from the surface is

Mþ ¼ FimpYS; (5)

where S ¼ πR2
m is the cross section of the moon. Overall, the ejecta pro-

duction of the Galilean moons is due to a stationary flux and therefore is
not time-dependent (Srem�cevi�c et al., 2003).

The mass distribution of the ejecta particles is well matched by a
power law. This is supported by laboratory experiments of hypervelocity
impacts onto icy targets (Koschny and Grün, 2001b, and references
therein). The total number of ejecta lager than a given size (>s) released
per unit time is

Nþð> sÞ ¼ 3� α
α

Mþ

mmax

�smax
s

�α
; (6)

as given by Spahn et al. (2006a) (Note: They denote the slope with γ). We
assume a slope, α¼ 12/5 (Spahn et al., 2006a; Krivov et al., 2003), which
is typical where cratering is the dominant process (Krivov et al., 2000,
2003). mmax and smax are the maximum mass and size of the ejecta dis-
tribution and are taken to be that of the typical impactor, 10�8 kg and
10�4 m, respectively.

The initial speed distribution of the ejecta at the surface also follows a
power law,
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fu ¼ γ
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Fig. 1. Trajectory of a single ejecta particle from the launch site at the surface to
a point r near the moon. An impact at the surface launches the individual ejecta
particles at an angle ψ , distributed within the cone with opening half-angle ψ0,
and speed |u|. The distribution for ψ and u at the surface are mapped to a
distribution for θ and v at a detection point r via the Jacobian as in Eq. (12).
0 0

(Spahn et al., 2006a), where u0 is the lower bound of the distribution
and Θ[x] is the Heaviside step function. The slope, γ ¼ 2, employed in
this model corresponds with hard icy surfaces in the case of Europa while
an intermediate value, γ ¼ 1.7, is assumed for Ganymede (Krivov et al.,
2003; Koschny and Grün, 2001a). To represent an icy regolith surface, we
would set the initial ejecta speed distribution slope to a shallower value
(e.g. γ ¼ 1.2). The slope mainly affects the number of ejecta that can
reach a given altitude while having a small effect on the distribution of
ejecta launch sites on the surface. The difference between a hard icy
surface and icy regolith would not substantially affect the conclusions of
this study, which relies on the fraction of detections from a feature rather
than absolute numbers. We assume no dependence between the initial
speed at the surface and size of the ejecta particles (Sachse et al., 2015).

The ratio of kinetic energy carried by the ejecta to that of the im-
pactors, Ke/Ki, must be less than unity. Since a portion of Ki is partitioned
to comminution and heating, we assume Ke/Ki � 0.3 for Europa and
Ganymede (Krüger et al., 2000). Taking into account the ejecta mass
yield, Y, and the ejecta speed distribution slope, γ, energy conservation
fixes u0 via
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for γ 6¼ 2 and
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for γ ¼ 2. A limited range of speed is necessary, otherwise energy carried
by the ejecta would be infinite. To close the energy integral, we adopt
umax ¼ 3 km/s, which is larger than the escape speed from either moon
(Krüger et al., 2000).

We assume that the initial ejecta velocities are uniformly distributed
in a cone with an opening half angle, ψ0, relative to the surface normal

fψ ¼ sin ψ
1� cos ψ0

Θ½ψ0 �ψ � (10)

(Krivov et al., 2003).
The azimuthal angle, λ, about the normal (i.e. radial) vector is uni-

formly distributed (λ ~ U[0, 2π]). The relation between the velocity
distribution of ejecta particles at the launch site on the surface and their
velocities at a point r near the moon above the surface is illustrated in
Fig. 1. The parameters for the ejecta model used in our simulations are
summarized in Table 1.

2.2.1. Phase space distribution
Two versions of the ejecta cloud model, the spherically symmetric

and asymmetric case, have been investigated by Krivov et al. (2003) and
Srem�cevi�c et al. (2003), respectively. We focus on the spherically sym-
metric case since this is generalizable in terms of backtracking the ejecta
trajectories to the surface. Asymmetries in the impactor flux at the moon
lead to a modulation of ejecta number density as a function of colatitude.
The most important aspect of the ejecta cloud model, as shown in Section
3, for geological mapping is the phase space distribution of individual
particle dynamics used for trajectory backtracking. While the asymmetric
model affects the absolute number of detected ejecta particles for a given
flyby location relative to the moon, the asymmetry does not significantly
affect the dynamical phase space distribution of individual particles. This
framework for modeling ejecta particle clouds is consistent with in situ
dust detections by Galileo (Krüger et al., 2003).

Mutual interactions between ejecta particles can be safely rejected.
Additionally, only the moon's gravitational influence is considered
within the Hill radius
3

rHill ¼ a
�
Mm

3M

�1=3

; (11)

J

whereMm is the mass of the moon and a is its mean orbital distance from
Jupiter. The ejecta model ignores any dissipative forces. Since the ejecta
dynamics is governed by the two-body problem, the phase space volume
is conserved (Deriglazov, 2017). This enables the mapping of the distri-
bution of ejecta velocities (Fig. 1) at the surface, n(u, ψ), to the distri-
bution at location r, n(r, v, θ), by

nðr; v; θÞ ¼ nðu;ψÞ
����∂ðu;ψÞ∂ðv; θÞ

���� (12)

The phase space density function is derived for the bound and un-
bound population separately to give the total number density of the
ejecta cloud as a function of radial distance:

nðrÞ ¼ nboundðrÞ þ nunboundðrÞ: (13)

Bound particles are on elliptical trajectories while unbound particles
are launched above escape speed and are on hyperbolic trajectories with
respect to the moon. Fig. 2 shows the ejecta cloud number densities
plotted as a function of altitude for Europa and Ganymede.

3. Flyby simulation method

In our simulations, the flybys are based on the trajectory of a space-
craft on a Jovian orbit while performing close encounters with the
Galilean satellites (Lam et al., 2018). In the body fixed frame of the moon,
the spacecraft trajectory can be approximated as a straight line with a
pre-determined Closest Approach (C/A) altitude. The flyby speeds are on
the order of several km/s while ejecta particle speeds are typically less
than a few hundred m/s relative to the moon. Additionally, the particles
are most likely encountered at the turnaround point along their trajectory
due to their longer residence time. Therefore, the encounter speed is
dominated by the spacecraft speed while the direction of the oncoming
flux of ejecta in the spacecraft frame is from the apex direction (i.e.
antiparallel to the spacecraft velocity vector with respect to the moon).
The apparent direction from which the ejecta particles arrive at the in-
strument is referred to as the “dust ram” direction.

Here, we assume the dust analyzer looks in the spacecraft apex di-
rection, which is the same as the dust ram direction in the body-fixed



Table 1
Ejecta model parameter values used in this study.

Satellite Gsil Ke/Ki (%) u0 (m/s) γ α Mþ (kg/s) Y Rm (km) vesc (km/s)

Europa 0 30 29 2 12/5 554 1.7 � 104 1560.8 2.025
Ganymede 30 30 40 1.7 12/5 248 3.9 � 103 2631.2 2.741

Fig. 2. Model number density of the ejecta cloud around Europa and Ganymede
for particles > 200 nm. The densities for bound and unbound particles are
calculated using Eqs. (42) and (53) by Krivov et al. (2003). The curves for both
moons employ an opening cone half-angle, ψ0 ¼ 30� along with the parameters
in Table 1. Due to the higher silicate content in Ganymede's surface ice and
subsequently lower ejecta mass yield, the number density is noticeably lower
than Europa's.

Fig. 3. “Ideal” flyby trajectory (top) showing both time-varying pointing, to
accommodate nadir pointing for other instruments, and dust ram pointing (not
to scale). The detection rate along with time and altitude is shown for an
example flyby over Europa (ψ0 ¼ 30�) with a Closest Approach (C/A) altitude of
35 km. A 6 min interval centered on C/A is used here. This is based on SUDA
aboard Europa Clipper: vsc ¼ 4.5 km/s with respect to the moon,
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frame of a moon that is on a circular orbit (For Europa Clipper, the
maximum difference between apex and ram direction is on the order of
2�). Due to the complexity of multi-instrument missions, this is often not
feasible. Another possibility is nadir tracking where the dust analyzer
boresight points 90� from nadir with a time-varying angle, φ, from the
apex direction. The spacecraft slews to maintain nadir pointing for the
remote sensing instruments such that the dust analyzer boresight points
4

in the apex direction (i.e. into the oncoming flux of ejecta particles) at C/
A. Consequently, the sensitive area of the instrument varies as a function
of time, attenuating the detection rate away from C/A. An ideal instru-
ment would always perceive the total flux by pointing in the dust ram
direction. The detection rate in both the time-varying and dust ram
pointing scenarios falls off away from C/A primarily due to the decreased
number density of the ejecta cloud at higher altitudes. Therefore, the
difference between time-varying and dust ram pointing is not very large
(Fig. 3). For simplicity, we consider only the dust ram pointing case
where the sensitive area remains constant.

Using the flyby geometry shown in Fig. 3, the position and radial
distance of the spacecraft is a function of time throughout the flyby given
Asens ¼ 225 cm , and detection threshold of 200 nm.



W. Goode et al. Planetary and Space Science 208 (2021) 105343
by

rðtÞ ¼ ½0; vsc � t; rC=A� (14)

and

rðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvsc � tÞ2 þ r2C=A

q
; (15)

where rC/A is the radial distance of the spacecraft at C/A and t is the time
from C/A. In this case, the spacecraft position and instrument boresight
pointing are constrained to the xz-plane of the moon's body fixed frame.
While a flyby over a particular feature will of course not necessarily fall
within the xz-plane, this trajectory can be generalized to an arbitrary
5

flyby of the same type (i.e. straight line in the body-fixed frame of the
moon). We therefore utilize this geometry in our simulations.

4. Simulated ejecta particle detections

Detections of ejecta particles by the dust analyzer in the vicinity of the
moon occur stochastically and are described by a Poisson distribution,
where the time between successive detections, Δt, follows an exponential
distribution,

pðΔtÞ ¼ μe�μΔt: (16)

Here, the average impact rate, μ, is a function of the ejecta cloud number
Fig. 4. (Upper panel) A bivariate histogram of
random velocity components, v and θ, of ejecta
100 km above Europa. The azimuthal component,
λ, is uniformly distributed and is not shown. Note
the relatively rare occurrence of escaping parti-
cles in the lower right where θ < 90� since
escaping particles never have returning trajec-
tories. The seam of red points on the inside of the
bound region is a plotting artifact. (Lower panel)
The corresponding distribution for the radial
component of the ejecta speed, _r, with respect to
the moon. The most likely radial speed is zero
since the ejecta cloud is dominated by bound
particles near the turnaround point along their
trajectories.
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density, effective instrument sensitive area, and spacecraft speed:
μ ¼ Asens ⋅ vsc ⋅ n(r(t)). Since the ejecta cloud density is a function of radial
distance from the moon, the average impact rate is then a function of
time leading to a time dependence of the exponential distribution itself.
However, the rate at which this change occurs is small near C/A, where
the detection rate peaks. Indeed, changes in the spacecraft's radial dis-
tance between detections (occurring at a rate of tens per second) are
typically small (<1 m) during the time interval when 90% of detections
occur. During this period, μ(t0 þ t1) � μ(t0) � 0, and thus μ(t) is
approximately constant from one detection to the next. This is shown by
the similarity between the number of stochastically simulated detections,
Nstoch, and the deterministic number of detections given by

Ndet ¼ Asensvsc

Z tf

t0

nðrðtÞÞdt; (17)

where Nstoch � Ndet �
ffiffiffiffiffiffiffiffiffiffiffi
Nstoch

p
and [t0, tf] is the time interval over which

the dust analyzer is sensitive to detections.
Incorporating a typical instrument field-of-view and shielding grids,

where certain ejecta particles are missed due to high entry angles, does
not have a significant effect on the results of this study. We therefore
model the general case of a hemispherical half-flat-plate detector.

For each detection in the time series, a random velocity of the ejecta
particle is drawn from the speed probability density

pðv; θjrÞ∝ γ~u0
γ

1� cos ψ0

~uð~vÞ�γ�4

cos ψð~v; θÞ � Θ½ψ0 � ψð~v; θÞ�Θ

~uð~vÞ � ~u0

�
~v2sinθ

(18)

at a radial distance, r, which follows directly from the phase space
number density (Eq. (12)). The variables ~v ¼ v=vesc, ~u ¼ u= uesc, and ~u0 ¼
u0=vesc, are used where vesc is the escape speed at the surface. Here, v is
the speed of the particle and θ is the angle between the particle's velocity
vector and the radial position vector at the point of detection. Fig. 4
shows an example bivariate histogram of 100,000 randomly drawn (v, θ)
pairs from the joint probability density (Eq. (18)) at an altitude of 100 km
above Europa's surface. The azimuthal angle, λ, about the radial vector is
drawn from a uniform distribution, (λ ~ U[0, 2π]). These three random
variables form the velocity vector, [v, θ, λ], defined at the position of
detection in spherical coordinates corresponding to the vector, [vx, vy,
vz], in the moon's body fixed frame in Cartesian coordinates.

The simulated detections all take place well within the Hill sphere of
the moon. The speed of a typical particle is much lower than the escape
speed (Fig. 4), which results in their turning points being lower than the
Hill radius of the moon. Therefore, third body gravity forces are ignored.
Additionally, the typical ejecta lifetime of < 1 h is much shorter than the
rotation period of Europa or Ganymede (3.55 days and 7.15 days
respectively). Therefore, we treat the moons's body fixed frame as an
inertial frame for ejecta particle two-body dynamics.

The time series from the exponentially distributed time steps for the
corresponding spacecraft positions at each detection is associated with
the random ejecta velocities at each position to form randomly generated
½r; v� state vectors in the moon's inertial frame for each simulated ejecta
particle. From this, the orbital elements for each ejecta particle are
calculated to determine the Keplerian trajectory back to the surface
launch site. Using the methods described in the next section, we generate
random ejecta launch sites for each detection throughout a simulated
flyby.

5. Mapping ejecta particle detections to surface features

Dust analyzers, such as SUDA, register a time series of chemical
spectra from the ejecta particles detected during the flyby while the exact
sites of origin are otherwise unknown. The velocity distribution (Eq.
(18)) from the ejecta cloud model constrains the possible surface launch
sites to an area near the spacecraft's groundtrack. We utilize simulated
6

launch sites based on backtracked random velocities to derive the ex-
pected time series of detections originating from a single geological
feature.

Europa Clipper will perform low altitude flybys over geological fea-
tures of interest. While over the feature, SUDA will collect material
ejected from both inside and outside the feature. As an example, Fig. 5
shows the groundtrack of a flyby over Thera Macula, which is a roughly
100 km diameter feature in Europa's southern hemisphere with a
morphology that suggests recent vertical deformation and collapse
leading to the extrusion of subsurface material (M�evel and Mercier,
2007).

The simulated flyby is based on the 6th Europa flyby in the Clipper
reference tour (19F23v2). The C/A altitude is 35 km over the feature as
shown in the top two plots. For a single MC run, the random sequence of
ejecta particles detected by SUDA are backtracked to their launch sites on
the surface (Fig. 5 left panels). The random variates for the MC simula-
tion are the detection times and ejecta particle velocities based on the
model (Krivov et al., 2003).

We assume the composition of particles originating from the feature
are distinct from that of the surrounding area. We denote detections from
the feature as having composition “Type A” while the surrounding
composition is “Type B”. The plots in the right panels of Fig. 5 show the
sequence of detections for this particular MC run.

To demonstrate the flyby altitude dependence, we raised the C/A
altitude to 100 km and perform another MC run of SUDA detections
shown in the bottom two plots. Not only does the total number of ejecta
detections decrease due to the lower particle density at higher altitudes,
but the sequence of Type A detections gets washed out by those from the
surrounding area, due to larger mixing of particle sites of origin at higher
altitudes. This makes it more difficult to associate Type A detections in
the SUDA data set with a surface feature. Clearly, SUDA's ability to
resolve the composition of geological features is a function of both the
flyby altitude and the size of the feature itself.

To facilitate deriving the composition of a feature, we examine typical
cases of flyby trajectory altitudes over a feature of a given size to guide
flyby design. This is done by performingMC simulations of Clipper flybys
over hypothetical circular surface features. The C/A sub-spacecraft point
is located at the center of the feature for each flyby scenario. The MC
flyby simulations are performed under two varying parameters: C/A
altitude and feature diameter, and repeated for 50 MC trials.

6. Quantifying feature detectability

The number of Type A (from inside the feature) detections relative to
the total number of detections during the observation window over the
feature (Fig. 6) is computed for various feature sizes and C/A altitudes
ranging from 25 to 100 kmwith a 5 km step size. This fraction, referred to
as the “detectability” of the feature, is expressed as

D ¼ 〈NA〉
〈Ntotal〉

; (19)

where 〈NA〉 is the expected number of Type A detections and
〈Ntotal〉 ¼ 〈NA〉 þ 〈NB〉, the expected number of all detections acquired
over the feature.

〈NA〉 and 〈Ntotal〉 are the mean values from 50 MC trials of flyby de-
tections over circular features for each C/A altitude. The uncertainty for
both, 〈NA〉 and 〈NB〉, is computed as the error of the mean with a 0.95
confidence

δNA ¼ 1:65
σAffiffiffi
n

p ; (20)

and

δNB ¼ 1:65
σBffiffiffi
n

p ; (21)



Fig. 5. A single Monte Carlo (MC) run for SUDA detections during a flyby over Thera Macula. This particular flyby trajectory is the sixth Europa flyby in the 19F23v2
tour design. The left plot shows the locations of origin on the surface of the grains detected by SUDA. The right plot shows where the same particles are detected by
SUDA. The detections marked in dark blue color originated from inside Thera Macula and those in light blue color originated from outside the feature. The C/A sub-s/c
point is close to the center of the surface feature making this an ideal trajectory for mapping the composition of Thera Macula. The top two plots are for the baseline
35 km flyby. The bottom two plots show a separate MC run with a modified C/A altitude raised to 100 km.

Fig. 6. The observation window is defined as the segment of the flyby where the spacecraft is over the feature. It is during this time that we expect the best chance of
detecting ejecta particles originating from the feature.
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where σA, σB are the sample standard deviation of NA and NB respectively
and n is the number of MC trials (Thomopoulos, 2013). Since 〈Ntotal〉 is
dependent on 〈NA〉 and 〈NB〉, the uncertainty is simply

δNtotal ¼ δNA þ δNB: (22)

We find that the detectability, derived from Eq. (19), for Europa and
Ganymede (Figs. 7 and 8) follows a power law, where the slope depends
on feature size. The detectability model is therefore formulated as a
8

function of both the C/A altitude, a, and the surface area of the feature, s,

Dða; sÞ ¼
�
aþ RM

RM

�k~s
β

: (23)

where k and β are constants, ~s ¼ s=2πR2
M , and the surface area of the

feature is given by
Fig. 7. Detectability for Europa flybys. The data
from each series of MC trials for a given C/A
altitude and feature diameter (increasing from
bottom to top) are fit to a single power law (Eq.
(23)). For ψ0 ¼ 30� (top), the ejecta are launched
closer to the normal direction with respect to the
surface. This results in more detections closer to
the sub-spacecraft point. A dust analyzer can
expect better resolution of feature composition
time series in the case where ψ0 ¼ 30�, especially
for small features (<70 km in diameter). Wider
launch angles lead to larger mixing in the ejecta
cloud, which decreases detectability since parti-
cles are more likely to originate farther away from
the sub-spacecraft point on the surface. The data
no longer follow a power law for small features in
the ψ0 ¼ 45� case.



Fig. 8. Detectability data for Ganymede are very similar to that of Europa for ψ0 ¼ 30�. The data follow the power law for feature diameters > ¼ 50 km. Data for
smaller features (bottom) tend to deviate from the power law slope above certain altitudes. The reason for this is explored in section 6.1.1.
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s ¼ 2πR2
Mð1� cosðd = 2RMÞÞ: (24)
The model is arranged such that the slope depends on the feature
surface area scaled by the surface area of the moon's hemisphere, where
d is the diameter of the circular feature.

The parameters of this power law (Table 2) are derived from flyby
simulations using the ejecta cloud model parameters shown in Table 1.

To show the effect of the ejecta plume opening cone half-angle, ψ0, on
detectability, we examine the case of ψ0 ¼ 30� and 45� for Europa.
ψ0¼ 45� corresponds to larger mixing of the ejecta cloud particles as well
as degraded spatial resolution for mapping the composition of surface
features. It is reasonable to assume that ψ0 is closer to 30� for both moons
based on data returned by the Galileo spacecraft (Srem�cevi�c et al., 2005)
as well as laboratory experiments of hypervelocity impacts on ice-silicate
mixtures by Koschny and Grün (2001a). For Ganymede, we present the
case where ψ0 ¼ 30�.

6.1. Discussion

6.1.1. Characteristics of the data and model
We plotted the data (Figs. 7 and 8) to cover a wide range of feature

sizes (20–400 km) and C/A altitudes (25–100 km). For small features at
high altitudes, the data no longer follow a power law. Data for small
features (<50 km) are excluded from the model fit beyond an altitude
where the detectability trend deviates sharply from the power law.
Fig. 10 shows the data for the entire C/A altitude range (25–100 km) over
a feature with a 20 km diameter. To identify the reason for the distinct
Table 2
Feature detectability parameters.

Satellite k β

Europa ψ0 ¼ 30� � 0.304 � 0.003 � 0.542 � 0.001
ψ0 ¼ 45� � 0.53 � 0.01 � 0.530 � 0.003

Ganymede ψ0 ¼ 30� � 0.336 � 0.007 � 0.527 � 0.003
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deviation at a certain altitude, we examine the geometry of the modeled
ejecta velocities at the launch points.

Fig. 9 shows the geometry of the ejecta launch angles given by the
distribution in Eq. (10). For ejecta launched on the average angle, 〈ψ〉,
from the surface normal, particles originating from a relatively small
feature will not be detected within the observation window over the
feature. Only ejecta particles launched at small angles, which are rela-
tively rare, are detectable at or above the “breakdown” altitude. This
phenomenon appears in the simulation data corresponding to small
features (Fig. 10 upper panel). Using the geometry shown in Fig. 9, we
can approximate the point at which the data depart from the power law
behavior as

ab � fd
tan 〈ψ〉

; (25)

where ab is the breakdown altitude and fd is the feature diameter. Data
corresponding to an altitude > ¼ ab are excluded from the fit (Eq. (23)).

For comparison, the relative number of ejecta particles detected at C/
A that are Type A (i.e. C/A detection fraction) is also shown for each
altitude in Fig. 10. These values are found using the distribution of ejecta
launch site distances from the sub-spacecraft point on the surface of the
moon (Fig. 11), derived using MC simulations of ejecta trajectories at
each detection altitude. The C/A detection fraction is approximately the
same as the detectability from the flyby for small features (~ < 50 km
diameter) at all C/A altitudes (Fig. 10 upper panel). Recall, the detect-
ability is the relative number of Type A detections collected throughout
the observation window over the feature. For larger feature sizes (e.g.
80 km), the C/A detection fraction is higher than flyby detectability at
low altitudes (Fig. 10 lower panel). As the C/A altitude increases over an
80 km feature, the C/A detection fraction and the detection fraction from
the flyby observation window begin to merge. The reason for this is best
seen in the time series of detections for both the 20 km and 80 km feature
size examples on Europa (Fig. 12).



Fig. 9. (Top) Geometry of ejecta launch angles. The ejecta cone opening half-
angle, ψ0, is shown with its corresponding average launch angle, 〈ψ〉. (Bot-
tom) Ejecta particles launched at the average angle (solid lines) are not detected
above the “breakdown” altitude of the trajectory for small features. This is a
limiting case in the model where the feature is too small for ejecta particles to
reach detection points over the feature on average launch angle trajectories.

Fig. 10. Limiting case in the model where the feature is too small for ejecta
particles to reach detection points over the feature on average launch angle
trajectories illustrated in Fig. 9. The case shown here is for Europa where
ψ0 ¼ 30�. The detectability of the 20 km diameter feature (upper panel) shows
two distinct characteristics: (1) it tracks with the detectability at C/A and (2)
there is a deviation from the power law (Eqn. (23)) at around 55 km C/A alti-
tude. The first characteristic is due to the feature being so small that the inte-
gration of detections over the feature are similar to taking place only at C/A. The
second characteristic is due to the ejecta launch angles at 〈ψ〉 from the feature's
outermost edge being undetectable beyond a “breakdown” altitude (~ 55 km in
this case). Data at or above the breakdown altitude are excluded from the fit.
The 80 km diameter feature (lower panel) is large enough such that this
breakdown in detectability slope does not occur in the C/A altitude domain
explored here. The integrated detectability from the flyby simulations is below
the C/A detectability for low altitudes until they both merge at higher altitudes.
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For the 20 km feature (Fig. 12 (a) and (b)), the time series of Type A
detections (i.e. particles originating from the feature) is relatively flat and
uniform throughout the observation window for both low and high C/A
altitudes. The prevalence of Type A detections is therefore roughly the
same near the edges of the observation window as at C/A throughout the
altitude range: [25 km, 100 km].

For the 80 km feature (Fig. 12 (c) and (d)), low C/A altitudes have a
distinct peak in Type A detections centered at C/A during the observation
window (Fig. 12 (c)). The low Type A detection near the edges of the
observation window attenuates the flyby detectability. At higher C/A
altitudes (Fig. 12 (d)), the Type A detection flattens out approaching the
same characteristic as that of the smaller feature sizes, causing the in-
tegrated detection to approach that of the C/A detection as can be seen
for higher altitudes in Fig. 10 (lower panel).

Both the change in slope for detections from small features at a
breakdown altitude and the relation between the C/A detection fraction
and the detectability over the observation window are demonstrated to
be consequences of the ejecta cloud model and the flyby geometry. The
validity of our detectability model is restricted to the domain of C/A
altitudes and feature diameters used to derive its parameters.

6.1.2. Implications for compositional mapping
Our model, derived from our simulation, is a useful tool for assessing
10
how well a feature's composition can be resolved in a time series of
chemical spectra acquired by a dust analyzer. Detectability, as defined in
Section 6, is a quantitative description of the prevalence of spectral data
that can be acquired from the surface of the feature. The MC trials per-
formed here show the implications of the ejecta cloud model and its
parameters.

Clearly, ψ0 has a significant effect on detectability. The steeper slopes
(corresponding to the case where ψ0¼ 45�) imply that resolving a surface
feature requires lower C/A altitudes. This is expected since a wider dis-
tribution of ejecta launch angles from the surface produces broader



Fig. 11. The distribution of launch site distance
from the sub-spacecraft (sub-sc) point on the
surface is derived using random ejecta velocities
at a given altitude from the pdf (Eq. (18)). Pairs
of altitudes spaced by 5 km each are shown to
represent low, mid, and high altitudes for the
domain of this study. The distribution changes
more significantly between altitudes in the lower
range than for the higher range. The detectability
of a feature at C/A as a function of altitude can be
calculated from these distributions using the cu-
mulative distribution function (bottom plot)
where the distance from SC-Point is the radius of
the feature. This gives the fraction of detections
made at C/A that originate from the feature. The
example distributions shown here are for Europa
(ψ0 ¼ 30�).
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mixing throughout the ejecta cloud, making it more likely to detect
particles further away from the spacecraft groundtrack.

6.2. Application to flyby design

Our model (Eq. (23)) can be employed to constrain the maximum
acceptable C/A altitude for a flyby directly over a feature:

amaxðDmin;~sÞ ¼ RM

0
B@D

1
k~s
�β

min � 1

1
CA; (26)

where Dmin is the minimum required detectability. If the required mini-
mum detectability is, for example, 0.5 (i.e. the majority of detections
originate from the feature) for a given feature size, the maximum
acceptable C/A altitude, amax can guide the flyby design in order to
achieve the science goals driving Dmin. Given the uncertainties in the
parameters, δk and δβ, the uncertainty for amax is given by

δamax ¼∣ lnðDÞD1
k~s
�β

k�1 ∣
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
k�1~s�βδk

�2
þ ðlnð~sÞδβÞ2

r
: (27)
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The effect of uncertainties in the spacecraft's orbital trajectory on
feature detection is examined in Appendix A.

As examples, Table 3 shows the maximum acceptable C/A altitudes
for mapping the composition of features with select sizes on Europa and
Ganymede.

7. Summary

In this paper, we have shown how to apply an ejecta cloud model to
determine the requirements for deriving the composition of surface ge-
ology using a dust analyzer. In general, one can apply a known flyby
geometry and instrument capabilities to predict the number of detections
by a dust analyzer over a feature. To derive the expected detections that
originate from the feature, MC simulations of the detections are applied,
leading to a model that describes the ability of a dust analyzer to resolve
the composition of a surface feature in the time series of spectral data
obtained on an orbiting spacecraft.

The MC simulations utilize the velocity distribution of the ejecta par-
ticles allowing us backtrack their trajectories to the surface and compute
the feature detection fraction as a random variate for each MC trial. The
detection fraction quantitatively describes the ability to obtain chemical



Fig. 12. The top two plots show the detection time series over a 20 km diameter feature at 25 and 90 km C/A altitudes while the bottom two plots show a flyby over
an 80 km diameter feature. The value for 〈NA〉 is based on the integration of the blue curve (Type A, originating from the feature) during the observation window. The
shaded portion of the curves represents the

ffiffiffiffiffiffi
NA

p
and

ffiffiffiffiffiffi
NB

p
uncertainty from each time bin while the solid lines represent the average over 50 MC trials.

Table 3
Maximum acceptable C/A altitudes given Dmin ¼ 0.5

Satellite Feature Diameter (km) ψ0 Max C/A Altitude (km)

Europa 50 30� 27.9 � 0.03
45� 18.04 � 0.04

100 30� 59.8 � 0.02
45� 37.79 � 0.03

200 30� 129.5 � 0.02
45� 79.66 � 0.03

Ganymede 50 30� 27.99 � 0.06
100 30� 58.45 � 0.05
200 30� 122.8 � 0.04
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samples from a feature given its size and the C/A altitude. Since the
detectability model provides the number of feature detections relative to
the total number of detections over the feature during a flyby, it can be
employed for either the time-varying or dust ram pointing scenario since
the most significant difference between the two is the absolute number of
detections based on the time-varying sensitive area of the instrument.

The detectability model is a useful tool for determining the flyby
requirements over a geological feature of interest. It describes how one
may access the composition of a surface feature via ejecta material sus-
tained by micrometeoroid bombardment. Eq. (26) provides the
maximum altitude to achieve the required detectability for meeting sci-
ence goals. Mission planners can apply this model to design flyby tra-
jectories on which a dust analyzer would be used to identify the
composition of geological features.
12
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Appendix A. Orbital Uncertainty Effects on Feature Detection
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Fig. 13. Orbital uncertainty analysis is shown for deviations across track (left), along track (center), and in the z-direction (right). The black dashed lines indicate the
linear fit to the data showing percentage of nominal as a function of deviation from nominal. The last two data points are excluded from the linear fit in the z-direction
case since they do not plausibly fit a linear trend set by the first five data points.

The detectability model derived in this paper assumes a known spacecraft trajectory relative to the moon possessing the surface features we wish to
compositionally characterize. Here we examine how uncertainties in the spacecraft's orbital trajectory may affect the detection of ejecta particles
originating from a feature. Given the similarity between the models for both moons, we use a flyby over Europa to demonstrate the sensitivity of
detection outcomes to orbital uncertainty.

We examine a case with a 25 km C/A over a 50 km diameter circular feature. This altitude and feature size are chosen since this case is sensitive to
trajectory deviations, representing a typical flyby geometry for Europa Clipper. At higher altitudes, the launch site distributions are more spread out
making trajectory deviations less consequential on detection origin. Larger feature sizes are intuitively easier to detect, therefore deviations also have
less effect.

The effects of each deviation is quantified as a percentage of nominal. This analysis compares the number of feature particles collected by SUDA
while over and/or adjacent to the feature (i.e. in the “observation window”). Deviations along the track shift the location of the observation window
relative to nominal, which changes the number of feature particles that are counted in it thereby affecting our ability to map composition to the feature.
If the spacecraft position is shifted forward or backward relative to the nominal trajectory, the instrument collects the same number of feature particles
but is less effective in correlating them to the feature using the observation window. Deviations across the track results in fewer feature particle de-
tections since the groundtrack itself covers less of the feature.

Fig. 13 shows that compositional mapping with a dust analyzer is robust against positional uncertainties of up to 5 km along and across the nominal
trajectory. Assuming a flyby speed of 4.5 km/s relative to the moon, a 5 km positional uncertainty corresponds to a 1.1 s clock error. Uncertainties in the
z-direction have a much larger effect as expected since the number density decreases with altitude while mixing of the ejecta cloud particles increases
with altitude.
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