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Abstract

The decade of the 2020s promises to be when humanity returns to space beyond Earth orbit, with several nations trying to place astro-
nauts on the Moon, before going further into deep space. As part of such a programme, NASA and partner organisations, propose to
build a Deep Space Gateway in lunar orbit by the mid-2020s. This would be visited regularly and offer a platform for science as well as
for human activity. Payloads that can be mounted externally on the Gateway offer the chance to, amongst other scientific goals, monitor
and observe the dust flux in the vicinity of the Moon. This paper looks at relevant technologies to measure dust which will impact the
exposed surface at high speed. Flux estimates and a model payload of detectors are described. It is predicted that the flux is sufficient to
permit studies of cometary vs. asteroidal dust and their composition, and to sample interstellar dust streams. This may also be the last
opportunity to measure the natural dust flux near the Moon before the current, relatively pristine environment, is contaminated by deb-
ris, as humanity’s interest in the Moon generates increased activity in that vicinity in coming decades.
� 2021 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

The flux of Solar System dust has long been of scientific
interest (e.g. Schmidt, 1965; Brownlee, 1985; Grün et al.,
https://doi.org/10.1016/j.asr.2021.04.002
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2001; 2019). The dust (whose size typically ranges from
the sub-micron to the mm scale) has several sources. Inter-
planetary dust predominantly originates from comets or
asteroids, being dragged from cometary surfaces with sub-
liming volatiles when they are nearer the Sun, or liberated
from the surfaces of asteroids during impact events. There
are also dust streams from planets like Jupiter, where dust
can originate from the satellites (e.g. Io) and, once charged,
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be accelerated in the planet’s electric and magnetic fields
and emerge into interplanetary space as a dust stream
(Grün et al., 1993). Even interstellar dust is observed inside
the Solar System (Grün et al., 1993; Westphal et al., 2014;
Sterken et al., 2019). In addition, particularly in the vicinity
of the Earth itself, there is debris which arises from human
activity in space (see Wozniakiewicz and Burchell, 2019,
for a recent review of the flux of natural dust vs. debris
in Low Earth Orbit). Measuring, and differentiating
between, these different types of dust is a major area of sci-
entific enquiry.

It is no surprise therefore that dust detection instru-
ments have flown on many space missions. Nor that when
new missions are planned, dust detectors are often consid-
ered for the payload. They help characterise the space envi-
ronment and can provide scientific data on the amount and
composition of the various sources of the dust.

The Deep Space Gateway (DSG), a plan to place a space
station near the Moon (e.g. Crusan et al., 2019), offers the
possibility for long observation times for instrument pack-
ages at 1 AU. A dust detector payload package is a prime
instrument for deployment on such a platform. Given the
long heritage of dust detectors in space, there is minimal
technological development needed. The location near the
Moon also removes the contribution from debris from
human activities in Low to Geostationary Earth Orbit.
Indeed, it offers the chance to measure the dust flux in a
region close to the Earth before there is significant human
generated activity. Paradoxically of course, any instru-
ments used will still have to be capable of recognising deb-
ris from natural dust, in order to demonstrate its absence.
This last point is important, because if the lunar environ-
ment is industrialised in decades to come, any measure-
ments made today will be the baseline against which all
future dust fluxes near the moon will be compared.

The key topics that can be studied by a dedicated dust
platform on the DSG are listed below (also see Table 1
for more details):

� contrasting the results at 1 AU in Low Earth Orbit
(LEO) and Lunar orbit (and flagging the presence/ab-
sence of debris related to human activities), this is a
prime goal and if not done now will never be achievable;

� separation of the asteroidal and cometary fluxes and
their compositions, to give their relative contributions
to the interplanetary dust population;
Table 1
Key science goals for a lunar orbiting dust detector.
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� measurement of the interstellar dust flux and its compo-
sition, of growing interest since the Stardust mission
captured interstellar dust grains in the inner Solar
system;

� analysis of the organic content of dust grains, often
neglected as it is the more refractory mineral grains that
are easier to capture/analyse, but of vital interest regard-
ing organic input to bodies from space

In addition, important support science can also be
conducted.

� contributing to simultaneous measurements of dust
fluxes along with other spacecraft elsewhere in the Solar
System, (e.g. the Destiny + mission to study Apollo
asteroid 3200 Phaethon and the Europa Clipper mission
to the Jovian moon Europa, will both carry dust detec-
tors and the Gateway dust detectors can look for similar
particles at 1 AU to those detected near sources such as
asteroids and planetary satellites)

� map the sky for dynamical dust properties,
� and validation/improvement of existing dust flux models
to reduce uncertainties, a vital on-going activity.

The dust properties that are required to be measured are
shown in Fig. 1 and listed in Table 2. The questions that
arise therefore, are: What is the expected dust flux? And
what constitutes an appropriate suite of instruments to
measure it? In this paper we examine these questions. We
start by summarising key features of the DSG itself. The
range of available dust detectors is then described. Esti-
mates of the flux of dust near the Moon are presented.
Finally some model payloads are described with their
expected dust measurement rates based on the flux models.
2. Deep space gateway

The DSG is a proposal from an alliance of agencies, to
place a habitable space station near the Moon (e.g. Crusan
et al., 2019). The dates for construction and launch are still
somewhat subject to change, but current plans suggest
hardware would be launched to lunar orbit starting around
2022-2024. Construction would be an on-going activity
lasting several years. The station would not be permanently
inhabited, crews would visit on occasion for short dura-
tions. A variety of lunar orbits are possible and were con-
anetary dust particle
ng dust streams (cometary
teroidal)

Interstellar
dust

Debris (local, visiting
spacecraft, cube sats,
etc.)

ionization detectors with
pectroscopy capability
y flown)

Microbalances
(already flown)
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(already flown)



Fig. 1. Suite of properties of an impacting particle that need to be measured to fully characterise it. Combined with properties of all particles impacting a
surface, these details enable the overall flux for the various populations to be determined. The central image is a SEM view of an interplanetary dust
particle captured in the stratosphere. Source: https://apod.nasa.gov/apod/ap010813.html
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sidered, but the favoured orbit is planned to be a near rec-
tilinear halo orbit, with a fixed solar pointing direction, and
a second fixed direction for the DSG which aligns with the
lunar apex direction (e.g. Whitely and Martinez, 2016).
Instruments can be hard mounted on the exterior of a mod-
ule prior to launch, or have a soft launch (in a stowed envi-
ronment) and then be deployed to their chosen location on
the exterior of the DSG either robotically or, if astronauts
are on board at the time, during extra-vehicular activities.
Given that there will be occasional visits to the station,
the possibility of retrieving instruments and returning them
to Earth also exists.
3. Dust detectors

3.1. Overview

Even in the earliest days of spaceflight there were mea-
surements of the dust flux in space (e.g. see Alexander
et al., 1962, or Fechtig et al., 2001 for reviews). Since then
there has been considerable development of technologies
for dust collection in space (e.g. see Grün et al., 2001,
and Auer, 2001) permitting in-situ measurements of dust
in space (see for example ‘‘In-Situ Measurements of Cos-
mic Dust”, Chapter 7 in Grün et al., 2001). The properties
the detectors have to be able to measure should be suffi-
cient to characterise the nature and origin of the impactor.
A typical set of properties are shown in Fig. 1. However,
there is no one detector type that can cover a full range
of dust sizes (10 s of nm to mm scale) or impact speeds
(m s�1 to more than 50 km s�1). For example, impact
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ionisation-based active detectors are ideal for detecting
particles below a few mm in size (they can in principle also
detect larger grains, but charge saturation effects combined
with small active areas and low fluxes at large sizes limit
this), whilst impacting particles must be at least a few tens
of mm in size to register on a resistive grid-based active col-
lector. Active detectors provide real-time data for transmis-
sion home that can be linked to spacecraft attitude and
thus provide details of original impactor trajectory, ulti-
mately providing orbital information and the potential to
link an impactor to a parent body.

Active detectors do not however always give accurate
results. Early microphone type detectors for example, sig-
nificantly over-predicted the dust flux (leading to fears of
a major hazard to space vehicles in Earth orbit). This
was later found to be due to their unforeseen sensitivity
to thermal gradients in the crystals used in the micro-
phones, interaction with high energy ions etc. (see
Fechtig et al., 2001). A later example of uncertainty in
reported fluxes arose with the Stardust mission to comet
81P Wild-2. Two instruments recorded the impact flux in
real-time as the spacecraft flew past the comet. The Comet
and Interstellar Dust Analyzer (CIDA) (Kissel et al., 2004)
and the Dust Flux Monitor Instrument (DFMI)
(Tuzzolino et al., 2004). Despite both instruments having
flight heritage, their estimates of the flux for large (15+
mm) particles captured by the aerogel in the spacecraft dif-
fered significantly from each other: CIDA predicted very
few such particles, and DFMI predicted 2800 ± 500. After
its return, the Stardust aerogel was found to contain only a
few hundred such particles (Hörz et al., 2006; Burchell
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et al., 2008b), compatible with neither of the predictions of
CIDA and DFMI. This emphasises the importance of hav-
ing a combined active and passive set of detectors.

Originally conceived as a way to measure flux, active
detectors can also measure composition in some cases,
e.g. if the particle is vaporised and the resulting plasma
analysed. In comparison, passive detectors offer the sim-
plest means of capturing dust, with analysis of impact fea-
tures and interpretations of impactor characteristics
(predominantly size and composition) being performed
upon their return to Earth. For available passive detectors,
collected samples can range from intact particles, through
to heavily shocked and melted samples whose internal
structure has been lost, but whose overall composition
can still be measured. There are a wide range of possible
analytical techniques available to study such small returned
samples (e.g. see Zolensky et al., 2000; Stansbery and
Draper, 2014). Furthermore, as long as the samples are
not destroyed by any particular analysis method or some
are simply placed into storage after retrieval, they can be
subject to any future analysis techniques not yet even
defined when the mission occurs.

It is also possible to combine passive and active tech-
nologies to leverage up the benefits of each. In the rest of
this section, the various main types of instruments are
described. It is assumed that collection will be at high-
speed, limiting the detector technologies.

3.2. Passive detectors: exposed surfaces

The simplest dust collection method deployed in space is
to expose a surface and retrieve it. Depending on the rela-
tive orbits of the collector and the dust particle, the impact
speed in LEO orbit for example would typically be 7–
11 km s�1 for debris particles and 15–20 km s�1 for natural
dust. At the Moon, the impact speed for interplanetary
particles would be similar (minus any terrestrial gravita-
tional effect). At such speeds, the resultant impacts are ter-
med hypervelocity. That is, the speed of the resultant
compression waves in both the target and impactor is less
than the speed of the impact. The result is that a shock
wave traverses the materials involved, with the material
in front of the shock being unaltered, whilst that behind
it is shocked to, and then released from, a state of extreme
compression, involving high pressures in the many 10 s to
100 s of GPa range. Given that this is in excess of material
strengths (typically 10–100 s of MPa) the materials behave
as if they had no shear strength and flow in a hydrody-
namic fashion. Release from this shock state heats the
materials sufficiently that they may melt or be vaporised.
The result is the formation of a crater, which in a ductile
material will have a bowl shape surrounded by a raised
rim wall, and whose interior will be lined with melted pro-
jectile residue (see Fig. 2). An example of the use of
exposed surfaces in space was the NASA Long Duration
Exposure Facility (LDEF), which was placed in Low Earth
Orbit for 5 years and 7 months in 1984 and retrieved in
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1990 (e.g. Mandeville, 1991; Murr and Kinard, 1993).
LDEF was intended to monitor the effects of the space
environment on a variety of materials and thus included
a variety of passive experiments dedicated to providing
data on dust particle composition and flux, for example
the Chemistry of Micrometeoroids Experiment (A0187-1)
and Space Debris Impact Experiment (S0001) (e.g.
Mandeville and Borg, 1993; Hörz et al., 1993; Humes,
1993). Non-dedicated metal surfaces on board LDEF also
provided important data – for example, many impact fea-
tures and associated residues were analysed from experi-
ment tray clamps (Bernhard and Zolensky, 1993). A
review of these surfaces and studies can be found in
Ortner and Stadermann, 2009.

Most (large) surfaces specifically used as passive detec-
tors are metals, usually of high purity. However, strictly
speaking, all that is ideally required is the combination of
a large exposed area and a long exposure time. This max-
imises the number of impacts. Solar panels are thus ideal
surfaces for accumulating impact features, even though
their front surface is a brittle material (glass) and their inte-
rior structure and rear surfaces are complex with many ele-
ments present. The brittle nature of the glass means the
crater that was initially formed is then surrounded by a lar-
ger spallation zone where lightly shocked material has been
lifted away late in the crater formation process (Fig. 3).
Impacts can also occur on the rear of the panels, but unless
large, tend to be harder to identify. Examples of retrieved
solar panels include those of the EuReCa satellite after
an 11 month exposure in Low Earth Orbit (Drolshagen
et al., 1995) and those of the Hubble Space Telescope
(HST), where panels were retrieved twice by service mis-
sions after 3.6 years on orbit (Drolshagen et al., 1997)
and 8.25 years in orbit (Kearsley et al., 2005a). However,
as stated, solar panels are multi-layered structures with a
complex composition. This makes the identification of
the impactor material difficult, as it may not be clear which
elements come from the impactor and which from the solar
panel (e.g. Kearsley et al., 2005a). This is a particularly
acute issue when trying to identify which impactors have
an origin in human activity in space, i.e. are debris, and
which may contain several of the same marker elements
as do the solar panels. Nevertheless, as indicated, solar
panels have been retrieved from space and used in deter-
mining both the flux and composition of cosmic dust.

After retrieval from space, (in the past via the space
shuttle for example), the exposed surfaces of whatever type,
are typically surveyed with high resolution photography
and microscopy to locate and measure the larger features.
Smaller areas are then scanned in scanning electron micro-
scopes (SEM) to measure features at sizes less than say a
few tens of mm (e.g. see Price et al., 2010). Such measure-
ments provide the basic information needed to obtain a
flux estimate. To do this, the observed size of the craters
(e.g. Love et al., 1995) has to be combined with a calibra-
tion that relates impact feature size and shape to impactor
properties (e.g. Burchell and Mackay, 1998, McDonnell



Table 2
Science goals mapped onto detector abilities.

Science Objective Measurement requirement In-situ measurement instrument Sample return measurement

instrument

Particle elemental composition Mass spectra capable of resolving
1 amu, in both anions and cations

Impact ionization spectrometer Aerogel
Foil capture system

Particle Mass Down to ng Impact ionization spectrometer
50 mm to 1 mm Multi-layer resistive grids Multi-layer resistive grids

Particle Size 50 mm to 1 mm Multi-layer resistive grids Multi-layer resistive grids
1 mm to 1 mm Vibration sensor mounted on

baseplate of detectors
Aerogel
Foil capture system

1 mm to 100 mm Pick-up charge grids
Sub-micron Impact ionisation by TOF spectrum Aerogel
Nano-dust Impact ionisation by TOF spectrum

Particle bulk density To within few hundred kg m�3 Multi-layer resistive grids Multi-layer resistive grids
To within few kg m�3 Aerogel

Particle porosity Meso-porosity Foil capture system
Micro-porosity Aerogel

Particle trajectory Direction to ± 5� Impact ionization spectrometer
with pick-up
electrodes for induced charge

Aerogel

Speed to few % Impact ionization spectrometer
Foil telescope with multiple layers and
vibration sensors

Particle compositional structure Detailed mineralogy and crystallinity Aerogel
Foil capture system
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and Gardner, 1998). These calibrations are commonly
derived from data provided by laboratory simulations.
Use of these calibrations has an uncertainty, however, in
that in the subsequent analysis of real data, the mean
impact speed of a population is used to assess each impact
rather than the (unknown) actual speed of an individual
impact. Further, the composition (often bulk density) and
internal structure (e.g. porous or compact) of a particle
can also play a major role in defining the size and shape
of the resultant crater (e.g. Kearsley et al., 2008). The angle
of impact can also be influential, as can the general shape
of the impactor (e.g. Burchell and Mackay, 1998). Never-
theless, averaging over all these variables does permit a flux
estimate.

The composition of impactors can be found, for exam-
ple, from SEM-EDX analysis, where emission of character-
istic energies from the various elements in the impact
residue can be stimulated (e.g. on metals see Kearsley
et al., 2007a, and on glass see Kearsley et al., 2007b). Fur-
ther, focussed ion beam sections of impact residue can be
extracted from craters and studied by TEM, and crys-
tallinity determined (if any). Raman spectroscopy has also
been shown to be effective on residues from mineral sam-
ples fired into metals at speeds of up to 6 km s�1

(Burchell et al., 2008a). This suggests that melting of the
projectile is incomplete at such speeds, and it has been
shown that the crystallinity observed in such crater residues
is that of the original impactor and not the result of re-
crystallisation of the melt (Wozniakiewicz et al., 2012a).
Even at high mean impact speeds, e.g. interplanetary dust
impacting LDEF, or the TiCCE experiment in LEO on
the EuReCa spacecraft (Yano et al., 1996), the impact cra-
ters often still provide residue analysable with SEM-EDX.
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However, some elements are more volatile than others, so
the absolute ratios of elements measured in impact residues
is not automatically the same as the ratios present in the
pre-impact particle (e.g. Lange et al., 1986). In addition,
melting of both impactor and collector surface can result
in residues that display a mixture of their chemistries
(e.g. Wozniakiewicz et al., 2012b).

3.3. Passive detectors: Thin foils

A variation of dust capture on relatively thick (i.e. semi-
infinite) targets, is the use of thin foil detectors. Here, the
impactor punches a hole in the thin foil. A conversion from
the observed hole size is then required to obtain the impac-
tor size (e.g. Gardner et al., 1997). However, for very high
speed impactors, on foils whose thickness is less than the
impactor size, the hole size conveniently converges towards
the particle size. The rim of the hole can also be examined
with SEM-EDX to look for traces of the impactor to deter-
mine its surface composition. Once it has passed through
the thin foil, the projectile may continue roughly intact,
or, may have been disrupted. The fragmented projectile
material will then continue in a roughly forward direction,
spreading out as it does so, making its capture on a subse-
quent foil layer or a thicker base plate easier (much like the
principle of a Whipple shield). In this fashion a multi-layer
foil detector can be constructed, which provides particle
size and trajectory, along with composition (e.g. Fig. 4).

An early example of a multilayer foil dust detector
deployed in space, was the microabrasion foil experiment
(MFE), carried on the space shuttle mission STS-3 in
1984 (McDonnell et al., 1984). Being a STS flight, the
expose time was only eight days in Low Earth Orbit, but



Fig. 2. Bowl shaped crater in metal. (a) Impact of an enstatite grain on
aluminium foil in the laboratory at 6 km s�1 (top view). (b) A section
through a crater on aluminium at 6 km s�1 (side view). Source: Figs. 8 and
10, Kearsley et al. 2006.

Fig. 3. Impact crater in glass solar cell from the HST. There is a deep
central pit, partly surrounded by a shallower and, in this example,
asymmetric spall region. Source: Fig. 7, Kearsley et al., 2005.

Fig. 4. Schematic of a multi-layer foil dust telescope (not to scale). The
thickness of the lower layers is greater than the upper layers, to help
capture larger particles and can be varied based on flux models. The
presence of a gold layer on the uppermost surface is partly for thermal
control and partly to enable easy identification of impact features in
subsequent analysis.
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four hypervelocity impact features were identified in the
analysis after the return to Earth. With the concept having
been demonstrated, foil detectors were then carried on
LDEF (e.g. see McDonnell and Stevenson, 1991 and other
90
papers in the same volume). Since then, several more such
experiments have flown (e.g. TiCCE on EuReCa in the
early 1990s, see Gardner et al., 1996), and a new generation
of multi-layered foil collector have been designed and
tested in the laboratory (e.g. MULPEX see Kearsley
et al., 2005b, and ODIE see Wozniakiewicz et al., 2019).
In such detectors, designed specifically for deployment in
LEO, the top foil needs to be coated to prevent damage
by atomic oxygen erosion (in Low Earth Orbit). For a
detector near the Moon, coating of the foils is still required,
not to prevent erosion, but to allow ready subsequent
detection of the penetration holes and impact craters in,
for example, a SEM; gold or palladium coatings are con-
sidered particularly suitable for this purpose since they pro-
vide a high contrast (high atomic number) background in
backscatter electron images against which dark impact fea-
tures/penetration holes can be easily located (Kearsley
et al., 2005b).

Thin foil detectors can be thus seen to have a long her-
itage of space use. They are low mass and relatively robust
to use. Analyses of LEO exposed MLI and studies of poly-
mer foils impacted in the laboratory at hypervelocities have
demonstrated the ability of such foils to capture and retain
substantial quantities of easily identifiable residue (e.g.
Graham et al., 2003; Kearsley and Graham, 2004). In lab-
oratory studies, multi-foil detectors have been shown cap-
able of providing particle sizes and preserving details of
chemistry for particles ranging in size from micron to
mm scales (Kearsley et al., 2005b, 2005c).
3.4. Passive detectors: aerogel

Although very high speed impacts on dense surfaces
result in extreme shocks (altering the impactor), the process
is different if the same impact occurs on an underdense tar-
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get. Such underdense materials have a high degree of
microporosity, so their bulk density is not that of the mate-
rial the target is made of, but has to include the contribu-
tion of the void space as well. Impacts into such
materials result in much lower shock pressures, and can
result in tracks in the target. A typical example of such
material is silica aerogel (e.g. Bunch et al., 1991; Barrett
et al., 1992; Kitazawa et al., 1999; and see Burchell et al.,
2006a for a review of the use of aerogel to collect dust in
space). As well as capturing dust grains relatively intact,
the track in the aerogel is also aligned with the impact
direction, permitting discrimination between different
sources of dust if the pointing history of the spacecraft is
known at the time of impact (e.g. Burchell et al., 1999a;
2012). The shock pressures for particles impacting low den-
sity (25 kg m�3) aerogel have been estimated to be less than
a GPa, even in impacts at 6 km s�1 (Trigo-Rodrı́guez et al.,
2008). Well condensed mineral or metallic impactors will
tunnel into aerogel, with a significant portion of the grain
found intact near the end of the aerogel track (Fig. 5a).

For well consolidated grains with high melting points,
capture in aerogel works well at speeds up to around
10 km s�1, (e.g. see Burchell et al., 2001; 2009a, who show
minimal loss of projectile mass for glass beads of 12 to
106 mm diameter impacting aerogels of a range of densities
Fig. 5. Aerogel tracks (a) Carrot track, (b) Bulbous track. In both cases a
side view is shown, with the impact coming from the top. Source: Fig. 5
Burchell et al., 2008b
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at speeds from 1 to 6 km s�1). However, small impactors,
particularly of low melting point can undergo significant
mass loss during capture. For example, it has been shown
that in aerogel of density 25–35 kg m�3, 20 mm diameter
polystyrene projectiles were reduced in diameter by ͂50%
and lost some 84% of their mass during capture at 6 km s�1

(Burchell et al., 2009b). There is also evidence that at
impact speeds of 15 km s�1, small (sub-micron sized)
non-refractory impactors no longer produce significant
captured material in the track in the aerogel, and above
20 km s�1 small mineral grains can also fail to produce
macroscopic fragments in the resultant aerogel track
(Postberg et al., 2014). Analysis of particles captured in
aerogel thus has to focus not only on macroscopic intact
fragments, but also on what may have been infused into
the aerogel along the walls of a track (e.g. Ishii et al.,
2008a; 2008b).

A variety of aerogels can be manufactured, including
alumina (Li et al., 2017), titanium (Ayers and Hunt,
1998) and zirconium (Liu et al., 2018), and examples of
their use to capture particles in laboratory tests include
Jones and Flynn (2011). However, most aerogel used to
date in space is silica aerogel. Since silica aerogel is trans-
parent, dust grains captured in it can be measured in situ
in the aerogel, i.e. size can be determined optically and
composition by Raman spectroscopy (e.g. see Burchell
et al., 2001; 2004; 2006b). Equally, grains can be extracted
(e.g. Westphal et al., 2004) and made available for any lab-
oratory analysis technique that can handle micron sized
particles (see Zolensky et al., 2000; Stansbery and
Draper, 2014). For example, early studies on laboratory
samples fired into aerogel using X-ray microprobes include
Flynn et al., 1996 and Westphal et al., 1998. Examples of
synchrotron beams used in the analysis of returned samples
to aid in their characterisation include Noguchi et al., 2007;
Nakamura et al., 2008a; Bridges et al., 2010; Flynn et al.,
2014; Hicks et al., 2017.

Several experiments have deployed aerogel in space.
Early ones included flights on the STS in the 1980s
(Maag and Linder, 1992), then on the EuReCa satellite
in the 1990s (e.g. Brownlee et al., 1994; Burchell et al.,
1999a), on the outside of space stations such as Mir
(Shrine et al., 1997; Hörz et al., 2000) and the ISS (e.g. such
as on the MPAC experiment exposed to 3 years starting in
2001, Neish et al., 2005, and the MEDET experiment
exposed for 18 months starting in 2008, Woignier et al.,
2013). A recent use of aerogel to capture dust in space
was the Japanese Tanpopo experiment on the exterior of
the ISS (Tabata et al., 2014); this exposed panels of aerogel
for 3 years on the exterior of the ISS from 2015 to 2018 and
panels were replaced on an annual basis during this time.

However, perhaps the best known example of dust col-
lected in space in aerogel is the NASA Stardust mission,
which collected freshly emitted cometary dust during a
flyby of comet 81P/Wild-2 at 6.1 km s�1 (e.g. Tsou et al.,
2003; Brownlee et al., 2006; Hörz et al., 2006; Brownlee,
2014). Cometary dust particle sizes measured in Stardust
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were estimated to include grains up to 10 or 15 mm diame-
ter. About 2/3rds of cometary dust grains captured by Star-
dust produced tracks as per Fig. 5a (see Burchell et al.,
2008b) containing a compact, well-preserved terminal par-
ticle. However, even shock pressures just below 1 GPa can
cause weak, friable cosmic dust particles to break apart,
but their components are then captured in the walls of
the bulbous cavity that opens in the aerogel or in short
tracks beneath the cavity (Fig. 5b); about 1/3rd of Stardust
cometary dust tracks were of this type. Around 2% of Star-
dust cometary dust tracks were a variation of the bulbous
type, with no large sub-grains surviving in small tracks
radiating from the main cavity. Through these analyses,
Stardust provided a unique insight into cometary forma-
tion. Unexpected findings have to date included the rela-
tively high abundance of refractory melt inclusion
fragments (chondrules and CAIs) and evidence for aqueous
alteration on the parent body (Brownlee et al., 2006;
Nakamura et al., 2008b; Simon et al., 2008; Westphal
et al., 2009; Bridges et al., 2012; Joswiak et al., 2014;
Hicks et al., 2017).

Stardust also deployed aerogel to capture interstellar
dust grains in the inner Solar System. This was achieved
by exposing aerogel samples into the expected direction
of interstellar dust, and using the pointing history of the
resultant tracks to identify the likely origin. The result
was that, at <1.5 AU with an exposure time of 195 days,
analysis of aerogel with a surface area of 250 cm2 yielded
3 putative interstellar dust grains, all just over 1 mm
(3 pg) in size and yet still detectable on the aerogel
(Westphal et al., 2014). A further 4 candidate interstellar
grains were found in the same collector in an analysis of
5 cm2 of exposed aluminium foil. The contrast in the mea-
sured rate per unit area of found particles illustrates that it
is relatively more difficult to find small particles in aerogel.
However the different capture mechanisms permit a more
complete picture of the original grains to be obtained when
combining results from foils and aerogel.

3.5. Active detectors: vibration sensors

Active detectors are ones which provide a real-time
readout of their data. A simple such design is to have a sur-
face on which are mounted vibration sensors, e.g. lead zir-
conate titanate (PZT) crystals (e.g. Tuzzolino et al., 2003 or
Nogami et al, 2010), or polyvinylidene fluoride (PVDF)
films (e.g. Burchell et al., 2011; Piquette et al., 2020). If
the surface is uniform in its transmission properties, then
timing data from each of the (minimum) three sensors
would permit triangulation of the impact point. Once the
distance to each sensor is known, any transmission loss
can be adjusted for, and the amplitudes of the signals used
to estimate how much energy or momentum was trans-
ferred to the target during the impact. If a calibration is
known, this can be used to provide an estimate of the inci-
dent energy or momentum. Problems can arise from false
signals due to noise, spacecraft vibration etc., so to over-
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come this, rigorous testing of the detector in simulated
space exposure conditions is required, combined with care
taken during analysis.

Surfaces used for other purposes, such as a solar sail,
can be equipped with PVDF sensors and used as large area
detectors. An example of this is the ALADDIN dust detec-
tion experiment on the IKAROS spacecraft (Hirai et al.,
2014). Another example, is the addition of PVDF sensors
to multi-layer thermal insulation to act as a dust impact
detector (e.g. Ikari et al., 2019). The future JAXA Martian
Moons Exploration mission is planned to feature a 1 m2

dust detector (CMDM) which will use impacts on a thin
film (the front layer of multi-layer insulation) equipped
with pzt sensors to detect particles above 10 mm in size
(Kobayashi et al., 2018).

If several thin layers are used as the target surfaces, and
they are arranged one above the other, then the trajectory
and speed of the transiting particle can be found (assuming
no loss of speed during passage through the thin target
layer). Provided the space pointing direction of the sensor
system is known, this then permits orbit identification. In
addition, knowledge of the particle speed, combined with
the estimate of the energy or momentum, would permit
an estimate of particle mass.

It is also possible to use PVDF films as impact sensors
themselves, rather than as vibration detectors. Examples
of this include the high rate detectors on the Cassini
(Tuzzolino, 1995) and Stardust missions (Tuzzolino et al.,
2003), and the Student Dust Counter on the New Horizons
mission (Piquette et al., 2019). These detectors usually have
small active areas and operate on a volume depolarisation
occurring when a small dust grain hits. The resulting
change in capacitance can be measured and related to the
impactor.
3.6. Active detectors: resistive grid

Several versions of resistive grid detectors exist. The
general idea behind these is to lay down a resistive grid
of, say, parallel copper lines on a substrate. Example sub-
strates include circuit boards (Burchell et al., 2013; Faure
et al., 2013) or thin films (Nakamura et al., 2015). If the
lines are of narrow width and close together, then an
impact will break a line (or several lines) and change the
resistance of the grid. If the resistance of each line is mon-
itored, a step change in resistance will indicate a break,
implying an impact. Equally, the total resistance can be
read out, and again a change will indicate how many lines
have been broken in the impact event. In such methods,
only the lateral spread of the damage across the resistive
tracks is measured, but if it is assumed the damage is circu-
lar, the size of the impact feature can be found to an accu-
racy depending on the line width and spacing (a calibration
is then needed to relate this to the impactor size). A detec-
tor based on the design of Faure et al. (2013) was flown on
the Japanese nanosatellite Horyu-II in 2012.
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3.7. Active detectors: light curtains

If a beam of light is focussed onto a light detector, and
the beam is interrupted by the passage of a particle, the
output of the light detector will be interrupted. An array
of such light beams can be built which effectively forms a
thin plane of neighbouring parallel beams. If a second
plane were placed just behind the first one, but rotated
by 90�, a near x, y, z coordinate can be obtained for the
particle, along with timing information. An array of such
pairs would yield the trajectory and speed of the particle.
A variation on this (named Giada) was flown on the
Rosetta mission to comet 67P/Churyumov–Gerasimenko
(e.g. Della Corte et al., 2015, 2019). This had only one
plane of light beams per layer and two layers in total,
but did provide an estimate of the dust flux near the comet.
However, due to design limitations, this technology cur-
rently only works well for particle speeds of up to a few
hundred m s�1, well below what is required for dust detec-
tion at the DSG.

3.8. Active detectors: charge sensor grids

Particles in space are charged via a variety of mecha-
nisms such as the photoelectric effect, solar wind etc. (see
Whipple, 1981, for a review). The nature of the particle is
also important, e.g. composition and size. The result can
be a charge that is +ve or –ve and the voltage can be as
much as 10 V in interplanetary space corresponding to
charges in the fC range. Various detectors were flown on
spacecraft missions to measure charge on dust particles
(e.g. Helios, Galileo, Ulysses and Cassini, see Auer, 2001
for a review). Passage of a charged particle near a conduc-
tion wire, will induce a pulse in the wire, which can be used
to flag the passage of the particle. If a plane-like arrange-
ment of such wires were built, and several pairs of such
arrays used, similar to the case for obtaining individual x,
y, z coordinates with light curtains (see above), then parti-
cle charge, speed and trajectory can be obtained (e.g. Auer,
1995; Kempf et al., 2004).

3.9. Active detectors: microbalance

Microbalances are sensitive piezo-electric devices whose
frequency of oscillation changes when a mass is placed on
its surface (see Sauerbrey, 1959; Zhang et al., 1997). These
can be sensitive enough to detect individual masses down
to micron size (e.g. Palomba et al., 2002). The impact speed
of the dust has to be low enough to allow it to adhere to the
surface and not rebound (Palomba et al., 2001). Regarding
the study of dust particles in space, the devices are thus best
suited to accumulation of low speed dust and as such have
been of interest when monitoring of contamination by, for
example, thruster firings (Dirri et al., 2019). Modern space
qualified microbalances are available commercially e.g. by
QCM Research Company, CrystalTeck Corp and MEISEI
Electric Co. A typical instrument would have a volume of
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(5 � 5 � 5) cm, with a 0.28 cm2 active surface area and a
power consumption of less than 1.5 W. These can be part
of a payload on a spacecraft to monitor the general space
environment, or be sub-components of larger dust detec-
tors, e.g. the Giada dust detector on the Rosetta mission
(e.g. Della Corte et al., 2019). A review of the use of
microbalances in space can be found in Dirri et al. (2019).

3.10. Active detectors: impact ionization detector

If a particle of a few microns or smaller, impacts a metal
surface at a speed in excess of a few km s�1, as already
described, the result is usually a crater in the target, often
lined with impact melt and residue. A fraction of the
impactor (and target) is also often sufficiently heated to
vaporise, and is energetic enough to produce a plasma.
The charge produced can be collected by a grid mounted
above the target (if a potential difference is applied between
target and grid). The collected charge is proportional to
mavb, where m is the mass of the impactor and v its speed.
Usually, a = 1 is assumed, and b found by laboratory
experiments for different targets (e.g. see Dietzel et al.,
1973; Dahlmann et al., 1977; Burchell et al., 1999b). It is
also possible to separately determine v from the rise time
of the signals, permitting an estimate of the impactor mass.
Typical examples of space missions which carried impact
ionisation detectors to measure dust fluxes, include the
Ulysses spacecraft which measured dust fluxes at high
ecliptic latitudes (Baguhl et al., 1995; Göller and Grün,
1989), as did the Galileo spacecraft which orbited Jupiter
(e.g. Krüger et al., 2006), and the LADEE spacecraft which
was in a low lunar orbit in 2013 (Horányi et al., 2015).

In the 1990s, the Cassini mission to Saturn was launched
with an impact ionization detector (the Cosmic Dust Anal-
yser, CDA) with a high electric field just above the target,
followed by a lower field over a longer distance to focus the
accelerated ions onto a detector (Srama et al., 2004). The
result was a squat cylindrical (or barrel) shaped device with
an open top and a curved base. The diameter was 41 cm.
The target used was high purity rhodium with a diameter
of 16 cm. A gold-coated impact ionisation target sur-
rounded the rhodium target for ordinary impact ionisation
detection of the particles to obtain their mass and velocity.
The design permitted time of flight (TOF) mass spectra to
be obtained from the ionic plasma arising from each
impact on the rhodium target. The high electric field of
the TOF target accelerated the ions, which then drifted to
the detector. The resulting TOF mass spectra are not nec-
essarily purely elemental. Depending on the energy density
in the impact, molecular fragments are initially formed in
the plasma, and only at high speeds (typically above 20 –
30 km s�1) are purely elemental mass spectra usually.

This issue has been long known (see Hornung and
Kissel, 1994, for a discussion and mathematical treatment
of this question). At low impact speeds there is surface ion-
ization, whereas at higher speeds there is complete volume
ionisation. There are also velocity thresholds for partial or
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full ionization of different elemental species, and this is
illustrated for example by Dahlmann et al., 1977, or
Ratcliff et al., 1997a; 1997b. A step forward in understand-
ing this was the wide-spread adoption of the use of non-
metal projectiles in laboratory impact experiments (the par-
ticles are accelerated electrostatically, so are coated with
thin overlayers of either metal or conducting polymers).
This significantly improved the ability to systematically
study how different minerals and organics ionise in impact
events vs. impact speed (see for example Goldsworthy
et al., 2002; 2003; 2012; 2014; 2018;; Burchell and Armes,
2011; Hillier et al., 2009; Fiege et al., 2014). The velocity
thresholds depend on both the chemistry of the mineral
and on how the impact energy is coupled into the impactor
(i.e. are target dependent), so are not universal. Fiege et al.,
2014 reported that at above 15 km s�1, differentiation of
mineral types is relatively straightforward. Similarly,
Hillier et al., 2018, have shown that even at low speeds,
some minerals are still ionised, e.g. Mg+ at less than
3 km s�1 and Si+ at between 6.9 and 9 km s�1. Relative sen-
sitivity factors also have to be taken into account when
determining the impactor chemistry from the relative mag-
nitudes of peaks in observed mass spectra. Based on regu-
larities in the spectra, the underlying chemistry of organic
compounds can be identified, for example aromatics yield
differently spaced spectra to aliphatics and molecular frag-
ments distinctive of specific compounds can be identified
even at speeds below 10 km s�1 (e.g. see Goldsworthy
et al., 2002; Burchell and Armes, 2011; Hillier et al.,
2009; 2014;; Khawaja et al., 2019; Srama et al., 2009).

A second issue is whether the grains are single composi-
tions or are assemblages of multiple smaller grains of differ-
ing compositions. Large grains are indeed often
assemblages (e.g. see analysis of returned samples from
Stardust for example, Hörz et al., 2006; Burchell et al,
2008b), whereas smaller grains <200 nm tend to be single
compositions (e.g. Cohen et al., 2019). Large grains (above
10 s of micrometer scale) will saturate typical ionization
detectors, so will not contribute significantly to the data
set, whereas small grains dominate the size distribution
so will also dominate the data. Where multi-component
impactors are present, it is still possible to identify compo-
nents by the presence of distinctive molecular species or ele-
mental peaks in the spectra, combined with cluster analysis
on large data sets (e.g. Cohen et al., 2019). To set a possible
scale, we note that Wozniakiewicz et al. (2013), reported
the mean sizes of silicates in four different CP IDPs ranged
from 50 to 200 nm, and that the mean size of sulfides in the
same four CP IDPs ranged from 40 to 100 nm. This sug-
gests that in these cometary grains, a transition from single
crystal to a more porous aggregate structure, and thus a
transition from monomineralic to mixed minerals, occurs
somewhere near 100 nm.

The mass resolution of the CDA instrument was typi-
cally m/Dm of 10–50 (Goldsworthy et al., 2003; Srama
et al., 2004). Modern versions of such detectors can now
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achieve a higher resolution, with m/Dm between 100 and
150 planned for the Destiny + Dust Analyser (DDA)
which aims to flyby the Apollo asteroid 3200 Phaethon at
0.87 AU (Masanori et al., 2018; Krüger et al., 2019). In
addition, the Destiny + instrument should achieve a mea-
surement of particle speed accurate to 10%, and trajectory
to 10�. Plans for the next generation of these detectors
include a rotating base and a Y (or U) shaped yoke, per-
mitting pointing of the device in a wide range of directions.
In the future, if approved for flight, detectors using an orbi-
trap arrangement to detect the ions will permit far higher
mass resolutions in the tens of thousands or more (e.g.
see Zubarev and Makarov, 2013, Briois et al., 2016).

3.11. Plasma detectors

There are instruments deployed in space which detect
radio frequency (RF) signals. If a dust particle were to
hit the spacecraft body nearby, the plasma generated by
the impact can be detected if it couples to the RF antenna.
This was shown by the Voyager 2 spacecraft near Saturn
(Gurnett et al., 1983). This method of detection is still used
and is discussed for example in Rudolph et al., 2014,
Meyer-Vernet et al., 2017, Mann et al., 2019 and
Vaverka et al., 2019. A known issue with plasma detectors
is normally their calibration and the reliable identification
of dust impacts.

3.12. Combined detectors

It is of course possible to combine different technologies
into one dust detector. For example, the Cassini CDA
detector had charge sensor grids above its impact ioniza-
tion stage. This aids in particle speed measurement, and
hence determination of particle mass. It also helps reduce
ambiguities due to noise in one component being falsely
identified as a real signal. More recently, the NASA Dra-
gons detector (Liou et al., 2015; Doyle et al., 2016) com-
bined resistive and acoustic grids in multiple layers. This
was flown on the exterior of the ISS in 2018.

It is also possible to combine vibration sensors on thick
baseplates behind resistive grids on thin foils; multiple lay-
ers giving extra or redundant information and helping
remove false signals due to noise. Equally, a passive detec-
tor, such as aerogel or even just a polished thick metal
plate, can be positioned behind thin films with vibration
sensors, and after retrieval, the trajectory of a ‘‘hit” in
the active component (which can be linked to impactor
orbit if the spacecraft attitude is known) can be extrapo-
lated to the appropriately located track in the aerogel or
crater in the baseplate and thus linked to results from the
in-depth analyses performed upon return to Earth. By
combining these detector methods it becomes possible to
provide a more complete picture of each individual impac-
tor (e.g. impact speed, orbital information, composition,
size etc.).



Fig. 6. Flux from the IMEM model (Dikarev et al, 2005). Upper panel: Cumulative number flux vs projectile mass. Lower panel: Cumulative mass flux vs
projectile mass.
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4. Flux estimates

Here we estimate first the average flux of interplanetary
dust at 1 AU near the Moon, using the IMEM model. This
model (Dikarev et al., 2005) provides a direct estimate for
the (gravitationally unfocused) cumulative number flux of
interplanetary dust projectiles at 1 AU, shown in Fig. 6
vs. projectile mass. The formula of Colombo et al., 1966
(with the correction outlined by Spahn et al., 2006) was
used to estimate the effect of gravitational focusing by
the Earth and by the Moon. It turns out that both bodies
have a minor effect on the flux. Given the proposed orbit
of the DSG, any enhancements/shielding due to the Moon
are smaller than the general uncertainties in the model. For
low altitude orbits however, the Moon may have a shield-
ing effect, which has not been taken into account here.

The information from Fig. 6 is shown again in Fig. 7,
where projectile mass has been converted to radius, assum-
ing a density of 3000 kg m�3. This number flux translates
into a mass flux of roughly 2 � 10-16 kg m�2 s�1, which
is dominated by projectiles with masses larger than about
10-10 kg (radii larger than roughly 25 lm).

The IMEM flux is dominated by cometary projectiles
(see e.g. Fig. 2 of Krüger et al., 2019), the contribution
by asteroidal dust being about two orders of magnitude
lower than the cometary one. In total, the IMEM model
predicts about 1000 particles larger than 0.4 lm per m2

per year at 1AU.
There are issues with converting from mass to particle

size. The density used here is a mean density, and assumes
compact objects. There is a variety of evidence that parti-
cles can be either porous, or complex assemblages of many,
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distinct, smaller components (see earlier), or a combination
of these. Whilst a mean density of 3000 kg m�3 may be
appropriate for compact silicate grains, for cometary
grains for example, there is evidence from a variety of
sources that this may not be appropriate. From the Star-
dust mission to comet Wild-2, analysis of tracks in aerogel
found that about 2/3rds of particles were well condensed,
strong grains, with the other 1/3rd being more weakly
bound assemblages (Hörz et al., 2006; Burchell et al,
2008b). These proportions change as particle size
increased, with weakly bound particles dominating at
1 mm. Also from Stardust, Kearsley et al., 2008, reported
that the density of the cometary dust detected by impact
craters in foils was variable, with some well compact grains
having densities of 3000–4000 kg m�3, whilst others had
densities lower than 1000 kg m�3. This effect was size
dependent, with the larger particles more likely to be
weakly bound assemblages. Data from the Rosetta mission
to comet Churyumov-Gerasimenko gave the density of
emitted dust as (1900 ± 1100) kg m�3 (Rotundi et al.,
2015).

The IMEM model was designed to estimate spacecraft
hazard by large interplanetary particles. It was calibrated
with infrared observations of the zodiacal cloud by the
Cosmic Background Explorer (COBE) Diffuse Infrared
Background Experiment (DIRBE) instrument, in-situ flux
measurements by the dust detectors on board the Galileo
and Ulysses spacecraft, and the crater size distributions
on lunar rock samples retrieved by the Apollo missions.
Particular uncertainties exist in the submicron range.
Moreover, in its numerical simulations of the dust dynam-
ics the model does not take into account solar radiation



Fig. 7. Same as Fig. 6 but projectile mass is converted to radius using a density of 3000 kg m�3.
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pressure and the interplanetary magnetic field. These effects
may lower the lifetimes of small grains and they may lead
to a broadening of the directional distribution of the pop-
ulation of small particles. As a result, IMEM may overes-
timate the flux of small, submicron particles.

As a test, we compare the predicted flux to the results of
Iglseder et al., 1996, who reported the lunar dust flux mea-
sured by the MDC experiment on board the Japanese
HITEN spacecraft. They found, in the vicinity of the
Moon, a flux of approximately 0.4 – 1.3 � 104 particles
per m2 per year in the size regime 10-19 to 10-10 kg. Here
in Fig. 6a, we show that the current model predicts between
102 and 105 particles per m2 per year in the same mass
range, compatible with what is reported.

When considering the flux detected by any particular
instrument, the instrument sensitivity has to be taken into
account as well as its collection area. For example, the Cas-
sini CDA TOF mass spectrometer had an active area of
0.008 m2 (Srama et al., 2004), compared to 0.035 m2 for
the DDA (Krüger et al., 2019). From the IMEM model,
the expected number of impacts recorded by these instru-
ments is shown in Table 3 for various size thresholds.
For relative velocities on the order of 30 km s�1, during
the proximal orbits of the Cassini spacecraft, CDA was
sensitive to grains as small as a few tens of nanometers
(Hsu et al., 2018). Here we take 0.1 lm as a conservative
size threshold for potential measurements of a CDA type
instrument on the Gateway. The higher mass resolution
of DDA (compared to CDA) will give an even better sen-
sitivity and we use a size threshold of 40 nm. We thus
expect (from the IMEM predictions) that a CDA type
instrument will record about 50 mass spectra of interplan-
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etary particles per year, whereas a DDA type instrument
will observe about 900. Similarly, the total number of
impacts detectable on any passive instrument will also
depend on the resolution of the analysis method used upon
its return. Further, these estimates are averaged over all
viewing angles. If a detector as deployed in space only
views certain directions, the flux will vary depending on
any directionality in the sources.

There are also other contributions to the dust flux near
the Moon. Models for the dust flux near the Moon exist,
e.g. Pokorny et al., 2019. As well as the direct flux of
impactors, the lunar environment has a flux of dust in
low altitude orbits (up to a few hundred km) that arises
from ejecta thrown up from impacts on the lunar surface
(Horányi et al., 2015). The contribution from this source
will depend on the altitude of the orbit of the detector
and will have a strong directional dependence. Horányi
et al., 2015 reported the observation of a lunar dust cloud
by LDEX (Lunar Dust Experiment) on the Lunar Atmo-
sphere and Dust Environment Explorer (LADEE) orbiter
mission (see also Szalay and Horányi, 2016). At 50 km alti-
tude the dust number density for grains > 0.3 mm varied
between 0.5 and 5 � 10-3 grains per m3, depending on local
time on the Moon. At 250 km altitude the number density
varied between roughly 0.3 to 2 � 10-3 grains per m3. These
grains, creating a quasi-steady lunar cloud, are believed to
be ejecta resulting from impacts of interplanetary projec-
tiles on the Moon.

The dominant directions of the projectile flux seen by
LDEX were reconstructed from angular variation of the
ejecta that formed the cloud (Szalay and Horányi, 2016).
Monthly and annual periodicity were also seen in the data.
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In this way the LDEX data mapped the interplanetary flux
at 1AU. The dominant populations of those interplanetary
projectiles are those from the apex direction, likely origi-
nating from Halley type or Oort Cloud comets with
expected impact velocities of about 60 km s�1, as well as
a helion (apparently coming from the Sun) and anti-
helion (approaching from the anti-Sun direction) contribu-
tion, likely due to Encke-type comets or even due to 2P/
Encke itself. The interplanetary dust flux suggested by
LDEX equates to some 7 � 10-16 kg m�2 s�1, which is in
reasonable agreement with the number of 2 � 10-16 kg
m�2 s�1 from IMEM (see above).

In addition to lunar and interplanetary dust, there will
be interstellar particles at 1 AU (Sterken et al., 2019).
Again, this contribution will be direction dependent. It will
also be time dependent, not just over the course of a year or
lunar orbit etc., but also over the period of the solar mag-
netic cycle, due to variations in the penetration of the flux
into the inner solar system (e.g. see Strub et al., 2019).
Whilst these particles are typically small, they can still be
detected in the passive as well as the active detectors (see
Westphal et al., 2014, who report on detection of likely
interstellar grains captured at less than 1.5 AU in the aero-
gel and aluminium foils of the Stardust Interstellar
collector).

Whilst debris from human activities is not expected to
be significant initially in the cis-lunar region, it may grow
with time. For example, unless mitigation measures are
undertaken, use of any solid propellants by vehicles in
the region may contribute Al2O3 spheres into the environ-
ment (they are used to ensure an even burn of the propel-
lant). The DSG itself, and any visiting vehicles, will shed
material (which will be potential low speed debris). In addi-
tion, any impacts of cosmic dust on the DSG can generate
secondary ejecta which can in turn impact a dust detector.
This can cause an elevated apparent flux, and will have to
be identified in subsequent analysis. For example, Hörz
et al., 2000, report clusters of tracks in aerogel from the
orbital debris collector (ODC) experiment on Mir in the
1990s. These tracks all had a similar pointing direction in
the aerogel, and they associated them with secondary ejecta
from a primary impact on Mir. By contrast, Kearsley et al.,
2005a, did not find similar clusters when analyzing HST
solar cells for impact features, and thus discounted impacts
on the main HST body as a significant source of secondary
impacts.

It is also possible to estimate the flux of larger particles
at 1 AU (in this context larger means 10 cm plus sizes).
This could be done on DSG by observing impact generated
light flashes on the lunar surface. Such lunar impact flashes
have been observed from Earth (e.g. Dunham et al., 2000;
Ortiz et al., 2006). Interpreting the impact energy (and
hence impactor mass) requires knowledge of the luminous
efficiency ƞ (the fraction of incident kinetic energy that is
converted into light during the impact – see Table 3 in
Burchell et al., 2010 for a summary of estimates of ƞ). This
can be estimated (and compared to fluxes from lunar seis-
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mic data and counting of freshly observed craters, e.g.
Oberst et al., 2012) to produce a flux for larger impactors.
Whilst this has traditionally been done using ground based
telescopes on Earth, it could be done from lunar orbit (e.g.
see Siraj and Loeb, 2020).

5. Model payloads

Based on general principles, it is possible to define the
requirements of a model payload and the potential science
yield. An ideal detector should be able to respond to, and
separate out, the impact sources identified in Table 1,
and the particle properties shown in Fig. 1. It should also
cover a wide range of particle sizes (masses) and impact
speeds (see Table 2). As can be seen in Table 2, no single
technology covers the whole range of requirements. There-
fore it is likely to require a combination of methods with
proven heritage (and hence reduced cost, more rapid
deployment). As has been noted before, when the platform
is to be retrievable, it would be advantageous to combine
active and passive detectors (e.g. Grün et al., 2012). We rec-
ommend the inclusion of a TOF impact ionisation detector
as the active component, and aerogel and metal surfaces or
foils to act as the passive component. The active compo-
nent would provide real-time data during a mission on par-
ticles up to a micron in size. The passive components would
need retrieval, but offer a richer analysis opportunity and
cover the size range from micron to mm. For the TOF
spectrometer, simultaneous trajectory information com-
bined with the compositional information would allow a
link of the particle’s composition to its source. Further,
both an anion and cation mode of operation is of special
scientific interest for the TOF spectrometer. This is because
not all materials preferentially form positive ions, for
example some materials favour anions (e.g. S, O and Cl,
see Stephan 2001) and in addition many characteristic
function groups of organic molecules also favour anions
(e.g. carbon–nitrogen bonds). A high resolution TOF spec-
trometer would also provide complementary information
to the Europa and Destiny + space missions which will
carry impact TOF spectrometers. If several such instru-
ments were active simultaneously in different parts of the
Solar System, the various contributions to the dust com-
plex (e.g. cometary, asteroidal, interstellar) can be better
disentangled. As also indicated in the discussions of passive
detectors and flux, the available detection area and expo-
sure time will also be critical mission parameters, along
with the pointing history of the detector components. A
quartz microbalance should also be considered an essential
component, to distinguish orbital debris from naturally
occurring micrometeoroids and thus to help monitor the
local environment. As stated, the local environment will
become polluted with time, so monitoring it will be vital.

On the DSG, externally mounted payloads will likely be
on pallets. These will typically be rectangular, with sizes on
the order of 60 cm � 40 cm � 40 cm. A simple division is to
place a TOF impact ionisation detector at one end, and the



Fig. 8. Possible side view of pallet for DSG with model payload with
passive (foil, aerogel) and active components (impact ionisation) detectors.
(a) Shows the passive detector mounted directly onto the pallet base and
with an upward view of space for its active area. (b) Shows the passive
component raised up to avoid shadowing by the active detector. The
impact ionization detector shown is a cylinder where the particles enter the
circular top. (c) Top view compatible with both (a) and (b). Note that the
impact ionisation detector will typically have a rotating base and a Y
shaped yolk or a tilting mechanism to enable pointing to be determined on
command.
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passive detectors (foils, metal surfaces and aerogel) at the
other (Fig. 8). Ideally, the impact ionisation detector would
be provided with a tilting mechanism and be mounted on a
rotating base. It would thus act like a telescope, with its
viewing direction adjusted on command. It would have a
diameter and depth of some 20–30 cm. Partly to stop the
passive detector being shadowed (i.e. restricted viewing
angle in Fig. 8a) by the ionisation detector, it may be nec-
essary to mount the passive component above the level of
the base plane (Fig. 8b) – in which case the electronic
box (not shown in Fig. 8) needed for the active ionisation
detector could be placed beneath the passive component
to make the best use of space. Fig. 8c shows a top view
of both of these arrangements. The sides of the electronics
box could be used as radiators for thermal control.
Equally, the passive component could be mounted on the
sides of the electronic box, giving a different viewing angle.
It is possible to have more than one passive component,
and these can be arranged for example to have different
viewing directions (e.g. Fig. 9). If the impact ionisation
detector was made slightly smaller, two such devices could
be installed, one permanently biased to record positive ion
time of flight mass spectra, and the other in negative ion
mode. If only one such detector were deployed, it should
preferably be switchable between operating modes. The
pallet should also contain a quartz microbalance.

The pallet itself and exposed surfaces of any structures
(including any lid for the pallet) will also be exposed to
impacts. These surfaces should therefore not only be
cleaned pre-flight but, unless thermal control is required,
also be finished with a smooth polished surface, smooth
in this context being at the micron scale to permit the iden-
tification and study of impact features down to a few
microns in size. This will provide extra coverage for impact
cratering experiments, increasing the total area exposed.
The exterior of the ionisation detector will also provide
extra passive detection area for impacts.

As stated above, for the active component, an impact
ionisation detector with a TOF mass spectrometry capabil-
ity is ideal, providing not just flux, but also composition for
particles sizes up to around a few microns. As shown in
Table 3, the detected annual flux is the combination of
the impact flux and the sensitive area, and near the Moon
reasonable sized instruments which could fit onto a typical
pallet, will provide usable levels of impacts.
Table 3
Number of dust mass spectra expected for CDA and DDA impact
ionisation instruments of various geometric detector area ASENS at 1AU,
estimated from the IMEM model. Highlighted in bold italics are the
numbers we adopt for the plausible size thresholds of these instruments.

CDA DDA

ASENS [m2] 0.0080 0.0310
N(>2.0 lm) [1/ASENS/year] 1 5
N(>0.4 lm) [1/ASENS/year] 9 35
N(>0.1 lm) [1/ASENS/year] 56 220
N(>0.04 lm) [1/ASENS/year] 224 868

98
For the passive detector, we can make a similar estimate
of the number of detectable impacts. If we assume half the
pallet surface is available for a suite of passive detectors,
and of that about half of that is deliberately prepared
and exposed surfaces (as distinct from passive structural
surfaces which may have been polished to record impacts),
then the specialist passive detectors could have 600 cm2

exposed surface. With a flux of some 103 m�2 yr�1 for
interplanetary dust particles greater than of order 1 mm
in radius (Fig. 7a), the specialist passive detectors would
receive around 59 impacts a year, with around 3 – 5
impacts per year of particles with radii greater than
10 mm. With an ideal design, it may be possible to achieve
of order 1000 cm2 exposed area (and hence slightly greater
observed numbers of impacts), but it should be noted that
this would be split across polished surfaces, foils and aero-
gel, so no one technology would experience the whole flux.

In addition to the dedicated dust detection instruments
on the dust science pallet itself, other parts of the DSG
could be utilised to provide dust flux measurements. For
example, the DSG will have solar panels and if the exterior



Fig. 9. An alternate configuration for a model payload. The side view is
shown in (a) and the top view in (b). As well as an impact ionisation
detector (right), there are two passive detectors (left), each mounted edge
on to the payload pallet but orthogonal to each other. The active surface
of each passive detector faces outwards and sideways, sampling different
impact directions.
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of the DSG were equipped with a robotic arm and high res-
olution camera, the surfaces of these panels could conceiv-
ably be surveyed at regular intervals. As already stated, the
impact damage to glass is distinctive (Fig. 3), the central pit
is surrounded by a much larger conchoidal fracture zone
(of order 100� impactor size). Given the exposure of the
solar panels would be anticipated to be much longer than
individual science payloads, then if cm-sized features were
detectable by such a camera system, this would measure the
flux of >100 mm particles. From Fig. 7a, the IMEM flux
model predicts the annual flux of 100 mm particles to be
of order 10-2, implying one such impact a year per
100 m2 of solar panels.

Similarly, if there was a radio science pallet, serendipi-
tous use could be made of any RF antenna to detect the
plasma pulse arising from the local impact of a dust grain
(see 3.11 above).

Finally, as already noted, if the DSG were equipped
with a telescope to study the lunar surface, this could also
be tasked to detect the light flash arising from an impact on
the lunar surface. If such impacts were noted and the coor-
dinates revisited for high resolution optical surveys, this
would also permit an inventory to be built up of fresh lunar
impact craters by high resolution cameras on-board mis-
sions such as the Lunar Reconnaissance Orbiter (c.f. fresh
crater identified on Mars by the Mars Global Surveyor e.g.
Malin et al., 2006 and subsequently by Mars Reconnais-
sance Orbiter e.g. McEwen et al., 2007; Daubar et al.,
2013). This would also increase the size range of objects
measured from the small (dust) regime to larger cm scales
and beyond. If modelling of the craters permits estimates
99
of the impactor size, it would also constrain the luminous
efficiency coefficient ƞ (see Section 4).

Overall therefore, there are strong reasons to deploy a
suite of dust detectors in the vicinity of the Moon. The
technologies required are mature. A retrievable pallet offers
the best science return permitting detailed size (flux) and
compositional studies of dust grains over a range of sizes
from 10 s of nm (via impact ionisation time of flight mass
spectroscopy) up to a few mms (from captured grains in
aerogel, or residues and fragments on foils and metal
surfaces).

6. Conclusions

The proposal to build a new space station near the
Moon, offers many opportunities for science. One of these
is to observe the dust flux to benefit both scientific enquiry
and better understand the hazard interplanetary dust repre-
sents for space vehicles (e.g. Grün et al., 2019). A platform
which incorporates an impact ionisation detector will per-
mit the study of mass spectra of micron and sub-micron
dust at 1 AU. Differentiating between the compositions
of the different components of the dust flux has been a
major source of scientific discoveries wherever such detec-
tors have been deployed in space. In addition, if combined
with a set of passive detectors designed to be retrieved after
exposure for study here on Earth, this will mean the size
range of dust from a few tens of nm to mm scale will be
accessible. If no retrieval were possible, other types of
active detector are described which can provide at least flux
data for particles at greater than the micron scale, and if
combined appropriately can provide particle speed and tra-
jectory information as well as a basic density estimate. The
various detector technologies are also sensitive to different
speed ranges. Aerogel for example is more suited to impact
speeds below 10 km s�1, to increase the amount of material
captured relatively intact. Impact ionisation is more suited
to higher speeds if purely elemental lines are desired in
impact mass spectra, but still operates at lower speeds,
albeit requiring more statistical based analyses. Impact cra-
ters also exhibit impact speed related effects, with more
residue retained at lower speeds. Combining these various
technologies together in one package, thus increases the
science reach of the whole instrument. Given that different
dust sources will have different impact speeds at the DSG,
this again suggests a range of instrument technologies is
required to separate the composition of each source.

This will be the best chance to obtain a flux measure-
ment at 1 AU near the Moon before that environment
starts to become more heavily populated with the debris
from space vehicles and their increased use in that locality.
Indeed, the DSG itself will generate debris as time goes on,
emphasising the need to deploy a dust detector suite of
instruments as early as possible in the lifetime of the
DSG. The combination of several technologies, including
returning samples for laboratory analysis, gives maximum
sensitivity over not just a wide size range but also particle



P.J. Wozniakiewicz et al. Advances in Space Research 68 (2021) 85–104
compositions. Given that all these instruments already
have space heritage, there need be no lengthy delay for
design and testing – all are proven technologies. It is thus
both feasible and highly desirable, that the DSG carries
such a suite of instruments and measures the dust flux near
the Moon.
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Klostermeyer, G., Grün, E., 2004. Cassini between Earth and asteroid
belt: first in-situ charge measurements of interplanetary grains. Icarus
171, 317–335.

Kearsley, A.T., Graham, G.A., 2004. Multi-layered foil capture of
micrometeoroids and orbital debris in low Earth orbit. Adv Space
Res 34, 939–943.

Kearsley, A.T., Drolshagen, G., McDonnell, J.A.M., Mandeville, J.C.,
Moussi, A., 2005a. Impacts on Hubble Space Telescope solar arrays:
Discrimination between natural and man-made particles. Adv. Spa.
Res. 35, 1254–1262.

Kearsley, A.T., Graham, G.A., Burchell, M.J., Taylor, E.A., Drolshagen,
G., Chater, R.J., McPhail, D., 2005b. MULPEX: A compact multi-
layered polymer foil collector for micrometeoroids and orbital debris.
Adv Space Res 35, 1270–1281.

Kearsley A.T., Graham G.A., Burchell .J., Cole M., Drolshagen G.,
Chater R.J. and McPhail D.S. Sampling the orbital debris population
102
using a foil residue collector in a standardised container for experi-
ments (SCE). Proceedings of the 4th European Conference on Space
Debris. ESA/ESOC, Darmstadt, Germany, (ESA SP-587) (2005c).

Kearsley, A.T., Burchell, M.J., Hörz, F., Cole, M.J., Schwandt, C.S.,
2006. Laboratory simulation of impacts on aluminium foils of the
Stardust spacecraft: Calibration of dust particle size from comet Wild-
2. Meteorit Planet Sci 41, 167–180.

Kearsley, A.T., Graham, G.A., Burchell, M.J., Cole, M.J., Dai, Z.,
Teslich, N., Chater, R.J., Wozniakiewicz, P.J., Spratt, J., Jones, G.,
2007a. Analytical scanning and transmission electron microscopy of
laboratory impacts on Stardust aluminium foils: interpreting impact
crater morphology and the composition of impact residues. Meteorit
Planet Sci 42, 191–210.

Kearsley, A.T., Graham, G.A., McDonnell, J.A.M., Taylor, E.A.,
Drolshagen, G., Chater, R.J., McPhail, D., Burchell, M.J., 2007b.
The Chemical Composition of Micrometeoroids Impacting Upon the
Solar Arrays of the Hubble Space Telescope. Adv Space Res 39, 590–
604.

Kearsley, A.T., Borg, J., Graham, G.A., Burchell, M.J., Cole, M.J.,
Leroux, H., Bridges, J.C., Horz, F., Wozniakiewicz, P.J., Bland, P.A.,
Bradley, J.P., Dai, Z.R., Teslich, N., See, T., Hoppe, P., Heck, P.R.,
Huth, J., Stadermann, F.J., Floss, C., Marhas, K., Stephan, T.,
Leitner, J., 2008. Dust from comet Wild 2: Interpreting particle size,
shape, structure, and composition from impact features on the
Stardust aluminium foils. Meteorit Planet Sci 43, 41–73.

Khawaja, N., Postberg, F., Hillier, J., Klenner, F., Kempf, S., Nölle, L.,
Reviol, R., Zou, Z., Srama, R., 2019. Low-mass nitrogen-, oxygen-
bearing, and aromatic compounds in Enceladean ice grains. MNRAS
489, 5231–5243. https://doi.org/10.1093/mnras/stz2280.

Kissel, J., Krueger, F.R., Silén, J., Clark, B.C., 2004. The Cometary and
Interstellar Dust Analyzer at Comet 81P/Wild2. Science 304 (5678),
1774–1776.

Kitazawa, Y., Fujiwara, A., Kadano, T., Imagawa, K., Okada, Y.,
Uematsu, K., 1999. Hypervelocity impact experiments on aerogel dust
collector. J. Geophys. Res. 104 (E9), 22035–22052.
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