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Abstract:

Soon after the arrival of the ROSETTA spacecraft at Comet 67/P Churyumov-Gerasimenko
the onboard instrument COSIMA began to collect a large number of cometary dust particles
on targets of 10 to 30 um thick gold black. Optical inspection by the COSISCOPE camera
subsystem revealed that many of them have an agglomerate structure, consisting of smaller
units of typically some tens of micrometers in size. The collection process left the smaller
dust particles in an essentially unaltered state whereas particles larger than about 100 um
mostly fragmented upon impact into smaller pieces. Using the observed fragment size
distributions, the present paper includes a first assessment of strength for dust particles that
undergo disruption upon impact. Most large collected particles have fragmented upon
collection at velocities of 2 to 10 m/s. The corresponding weak particle strength (~ 1000 Pa)
supports the view that cometary material has undergone very little processing since
accretion.

Keywords: Cometary dust, Mechanical strength, Impact fragmentation, Rosetta mission.
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1. Introduction:

Interplanetary and cometary dust particles have been collected in the past in various ways
where the corresponding decelerations span a vast range of about 12 orders of magnitude.
The softest method is by deceleration in the Earth’s atmosphere (from some 10 km/s within
some 10 km) resulting in some 10°m/s? and some of these particles get to Earth's surface
being essentially unaltered (Duprat et al., 2007, Engrand et al., 2015). Within the
STARDUST aerogel collection, deceleration was from 6.1 km/s within some cm target
thickness, leading to an order of 10° m/s?, enough to substantially change their shape, but
still retaining some of them in solid state (Brownlee 2014). Hypervelocity impact onto a
compact silver target within the STARDUST/CIDA instrument produced some 103 m/s?
enough to vaporize and patrtially ionize the dust (Kissel et al., 2003). Finally the most
extreme setting of hypervelocity impact within the PUMA and PIA instruments onboard the
Halley missions (from 80 km/s within the dust’s size of um or even less) resulted in values of
up to some 10 m/s? leading to complete vaporization of the collected dust as well to
substantial single ionization.

The orbital phase of ROSETTA around the nucleus of comet 67P/Churyumov-Gerasimenko
made it possible for the first time to collect cometary dust at very low velocities (< 10 m/s in
the first months after the rendez-vous, Rotundi et al., 2015). The decelerations of particles
on the COSIMA targets are therefore in the range of at most 10® m/s?, just enough to cause
mechanical damage upon impact. The present contribution makes an attempt to derive
information on the mechanical properties such as strength of the incoming dust from an
analysis of the observed damages.

2. Observational data

Since August 2014 the COSIMA instrument continuously exposed its targets to collect
cometary dust particles in the coma of Comet 67P/Churyumov-Gerasimenko. The targets
consist of metal plates of 1x1 cm? from gold, covered by a layer (10 to 30 um) of gold black,
which is a highly porous aggregate (mean density about 2 g/cm?) consisting of nanometer
sized building blocks sticking together by adhesive forces. The metal black layer has been
chosen to decelerate and grep the incoming dust for later chemical analysis by secondary
ion mass spectrometry (Kissel et al., 2009). The COSISCOPE camera, a subsystem of
COSIMA has been designed to locate captured dust particles for the correct positioning of
the analyzing ion beam. However, already after a few weeks of COSIMA operation, the
images showed such a large number of collected dust particles with such a wealth of
morphological details that their independent scientific value became obvious. Those
morphological properties are presented in a parallel paper (Langevin et al., 2015).

We report on data obtained during the first half year of data acquisition, from Aug. 2014 to
Feb. 2015. In this period ROSETTA was very close to the comet (down to 10 km) and
COSIMA collected and identified a total of about 7500 dust particles on two of its target
assemblies, DO and CF, each equipped with 3 gold black targets (named 1D0,2D0,3D0 and
1CF,2CF,3CF). The patrticles were given individual names as well as a last name (from
names of finnish lakes) according to the time period of collection. Their sizes (equivalent
diameters) have been found to range between 15 and 400 um (note the optical resolution of
the instrument is 7 ... 14 um). To provide a first impression Fig. 1a shows a part of target
2CF. One recognizes the general trend that large particles fragment more than small ones.
The image also shows that the overwhelming number is in the small size range. Fig. 1b
illustrates their size distribution, where the size binning is in steps of 10 um .



Fig. 1a: A part of target 2CF, status Feb 10, 2015, (scale bar: 1 mm).
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Fig. 1b: Size distribution of dust particles for the collection period from Aug. 2014 to Feb.
2015 with an indication of approximate location of the breakup boundary (N = number per

10 ym interval; d = E -a , a= area in image plane).



Enlarged images of selected areas on the targets have been used for analysis. The images
shown in section 2.2 have been produced with a spatial resolution of slightly less than 10
um, which has been achieved by combining 4 individual 14 pm pixel-size images shifted by
half a pixel in the X or Y direction. lllumination is under grazing incidence. In the images
below the illumination is from the right side and they are displayed in log-scale. For details
of the imaging, see Langevin et al. (2015).

Already a quick look at the enlarged images (Figures 2 below) shows that most of the
collected dust particles present themselves as cluster-like aggregate structures consisting of
individual sub-units in the order of some tens of um in size, reminiscent of a “bunch of
grapes” (see Figures 2a, 2b below). For clarity we will denote these sub-units by “cluster
elements” or simply “elements” in the remainder of the paper. Those elements may consist
themselves of smaller units down to sizes of some 100 nm (a size range which is accessible
to the MIDAS instrument onboard ROSETTA, Riedler et al., 2007, Bentley et al., 2014).
Interplanetary dust particles (IDP’s) collected in the upper atmosphere show such an
extension of sub-structure down to sub-um scales (Brownlee, 1985). The second finding
from optical inspection is that the collected dust did not seem to penetrate much into the
black layer but often stays at its surface as can be seen from the long shadows indicating a
height which is in some cases even comparable to its lateral dimension. Some patrticles stick
out of the targets, the contact area with the black substrate being small in relationship to
their size, as shown in Langevin et al. (2015). This led to the assumption that the impact
velocities might be very low. A quantitative confirmation came from the GIADA instrument
onboard ROSETTA which directly measured velocities with high precision to be less than
about 10 m/s (Rotundi et al., 2015, Della Corte, 2015).

2.1. Fragmentation categories

According to the degree of damage upon impact we categorize the breakup events into 3
groups: a) “no breakup”, i.e. no damage visible. b) “simple breakup”, i.e. breakup into few
smaller fragments, which stay close together, c) “catastrophic breakup” into many fragments
much smaller than the parent dust connected with an ejection of fragments into the
neighbourhood, leaving finally a “rubble pile” as remnant at the center. For most cases the
largest particles are of type ¢). An example is Nilda, Fig. 2a-5. Intermediate sized ones are
mostly of type b). Examples are Stefanie and Pertti (Fig. 2a-3, 2a-4). Pertti does show some
fragments in the neighbourhood, which puts it closer to the catastrophic case. No breakup,
type a), mainly occurs for small particles. Example is Pecine (Fig. 2a-2). However, there are
also cases where large dust particles do not fragment, like Lambert (Fig. 2a-1). These might
be the candidates for large compact dust, i.e. they would probably be less porous than most
of the larger dust particles and possessing a higher strength (Rotundi et al., 2015, Langevin
et al. 2015).

2.2 Special phenomenon: shedding of fragments from a stronger core

A phenomenon, shedding (Clark et al., 2004) has been detected in some cases. An example
is Jean-Baptiste, Fig. 2b-10. The image shows a compact looking central part, surrounded
by small fragments. The phenomenon may be explained by a stronger core which has some
loose elements sitting at its surface which are detached by the impact, but the central part is
non-fragmenting. This then might be an indication that a compact core is present with higher
strength than the fragmenting dust.



Fig. 2a:

1: no breakup: 2CF Lambert Kolima.3, d = 110 um, h~ 116 um.

2: no breakup: 1CF Pecine Ala Kitka, d = 45 um, h~ 50 um.

3: simple breakup: 3DO0 Stefanie Saimaa, d = 100 um, h= 40 um, fragment sizes 15-35 um (diameter).
4: simple breakup: 2CF Pertti Kolima.3, d =~ 130 um, h= 50 um, fragment sizes 20-35 um.

5: catastrophic breakup: 2CF Nilda Kolima.3, d = 410 um, h= 120 um, fragment sizes 10-30 um.

6: shedding by rolling: 2CF Clarence Kolima.3, d = 70 um, h= 25 um, fragment sizes 10-20 um.



Fig. 2b:  7: depression at center: 2CF Jessica Lummene.2, d = 380 um, h~ 50 um.
8: depression at center: 3D0 Kamil Ukonvesi, d ~ 225 um, h= 60 um.
9: linear chains of elements: 2CF Adeline Kolima.3, d = 190 um, h~ 50 um, element sizes ~ 20 um.
10: shedding from a stronger core: 2CF Jean-Baptiste Kolima.3, d = 340 um, h~ 127 um,
element sizes = 20-30 um.

d= f— a , a= area in image plane, h= height as derived from shadow. All scale bars = 100 um.

Collection periods of examples shown: (date of begin+days of exposure):
Kolima.3 (01/24/2015+1.0); Ala Kitka (12/16/2014+3.7); Saimaa (10/29/2014+4.7);
Lummene.2 (01/26/2015+1.0); Ukonvesi (11/10/2014+4.0).



2.3 Special phenomenon: shedding of fragments by rolling

Some fragments seem to roll along the target surface for a certain distance as can be seen
from Fig. 2a-6. The rotational movement probably has two sources: 1.The incoming dust is
touching the inclined walls of the collecting funnel placed in front of the target assembly
where translational energy is transferred to rotational energy by friction. 2. In large impacts,
which lead to a central “rubble pile” (Nilda, Fig. 2a-5) outer parts of the pile may roll
“‘downhill” in the inertial field of deceleration which acts in the same way as a gravitational
field (which is, of course, missing in our case). Again friction converts translation into
rotation. During subsequent rolling along the target surface a large fragment may lose
smaller parts on its way until it comes to rest. There are some examples for this
phenomenon in the images. Large impact sites are surrounded by radial traces of small
fragments forming a neat straight chain of small fragments away from the impact site (e.g.
Nilda, Fig. 2a-5). Again the sizes of these fragments are “standard”, i.e. in the order of some
tens of um. At the end of this chain there is often a larger “residual” particle (see Fig. 2a-6).

2.4 Special phenomenon: central depressions

Normally large impacts end up with a central pile and fragments around. However, there are
few examples where it is the other way round: in the center there is a hole, or more precisely
a shallow depression (examples Jessica Fig. 2b-7 and Kamil Fig. 2b-8). An incoming dust
aggregate, consisting of a compact central core, covered with standard fluffy material might
produce such a pattern. Upon impact the outer parts of the compact core are shed off
producing a ring pattern of fragments, while the central particle may rebound off the target.
Larger pieces of ices wrapped in a layer of minerals, which is removed by the impact and
subsequent sublimation might also be an explanation (mineral covered ices instead of the
present model of ice covered minerals, e.g. Greenberg and Hage, 1990). If this would be the
case, it would have consequences for our understanding of the way ices and dust co-exist
inside the comet.

2.5 Chain structures

Linear chains of cluster elements sometimes become apparent. An example is Adeline, see
Fig. 2b-9. It is an indication of high porosity, since the formation of a cluster where each
element touches at least two others needs low dimensionality in the inner architecture of the
ensemble. The discovery of such structures in the data is significant, since it gives an
argument for an approximate model description, which is performed in Sec. 3.3.

2.6 Size distribution of cluster elements

Fig. 3 shows the size distribution of fragments for a larger number of fragmenting dust
particles in order to improve statistics. The identification of small dust as fragments
belonging to a certain parent dust particle is done in an empirical way by optical inspection.
Mostly they are found within a few radii from the central cluster. Furthermore, by analyzing
fragments as well as inspecting the “elements” of not-fragmented parts, almost identical
sizes are found (about 15 — 40 um in diameter). This is an important finding which suggests
that the fragments are not formed during the impact process, but pre-existing in the
composite particle. The impact is simply tearing them off the parent dust particle. For the
modeling in Sec. 3.3 we will need only the slope of the distribution of Fig. 3.
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Fig. 3: Fragment size distribution from various impacts with breakup:

1CF Valerie Enonvesi, 1CF Tolja Enonvesi, 2CF Landry Ala-Kitka, 2CF Herve Inari,
1D0 Sigrid Vesijako, 1D0 Hanna Hankavesi, 2D0 Nyle Nilakka, 2D0 Alizee Nilakka, 3D0
Kamil Ukonvesi, 3D0 Arvid Saimaa, 3D0 Eloi Saimaa.

d. = E -a , a= area in image plane). N = number of particles per 10 um size bin.

Collection periods (date of begin+days of exposure): Enonvesi (12/20/2014+6.6); Ala-Kitka
(12/16/2014+3.7); Inari (01/02/2015+6.7); Vesijako (11/17/2014+4.0); Hankavesi
(08/25/2014+6.4); Nilakka (09/29/2014+7.0); Ukonvesi (11/10/2014+4.0); Saimaa
(10/29/2014+4.7).

2.7 Summary of observations

a) Breakup depends on size: small particles below about 80 um do not fragment, whereas
those above 100 um in most cases are fragmenting (except a few, like Lambert, Fig. 2a-1)
and in the zone between both behaviors can be observed. b) The spectrum of fragment
sizes is rather narrow: most of the fragments are between 15 and 40 um. c) In many cases
of large particle impacts there is a central pile of material but with a clear agglomerate
structure whose elements have sizes comparable with those of the isolated fragments which
have been detached from the parent dust. This led us to the tentative conclusion that the
breakup tears apart pre-existing elements. d) Fragments are distributed up to several 100
um away from the impact site which may be explained by a kind of movement during which
the contact with the surface is maintained, since there is no gravity which hold them attached
to the surface and one possible interpretation may be rolling.
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3. An estimate of mechanical strength from breakup observation

Strength of cometary matter has been investigated with the focus on comet formation (Blum
et al., 2008, Glttler et al. 2009, Blum et al., 2014). In our case the focus is on the state of the
material, which has been processed during passage close to the sun and also after liftoff
from the cometary surface when the volatiles successively sublimate (Clark et al., 2004) to
become the very light material we see in our collections (Schulz et al 2015).

To derive strength from the observed breakup behavior, we cannot make use of the classical
theories (Thomson 1973) since no data are available for material properties like Young
modulus, surface tension etc. Methods more tuned to low density accreted materials start
from very small building blocks of sub micrometer scales (Blum et al. 2014). Breakup is then
simulated numerically by detailed modeling of grain interactions. The results agree well with
laboratory experiments of fine dust of known material properties (e.g. SiO). Application to
“real” cometary dust depends on information on the physical nature of the smallest sub
micrometer building blocks. Probably they consist of a mixture of minerals, embedded in
non-volatile organic material or glasses (Matrajt 2012,Bradley 2012, Engrand 2015) forming
a relatively strong grain, but little is known about their mechanical properties. In view of this
situation we use in our data interpretation simplified modeling concepts with the aim to
derive limits for strength. Due to the simplicity of these concepts we will not distinguish
between compressive, tensile and shear strength. Also, when discussing strength one has to
keep in mind that it depends on the process the material undergoes (Housen and Holsapple
1990). Suppose we put our dust into a ball mill where high strain rates are produced, then
the relevant strength would be much higher than within the present impacts and much
smaller substructures would be involved.

3.1 Constraints for strength from energy density

We use a simplified criterion by assuming that breakup happens if the impact induced
energy density (mechanical energy per unit volume) exceeds the internal strength. Similar
simplified ways of reasoning have been applied for instance to treat hypervelocity impact of
a projectile into a larger target body (Housen and Holsapple, 1990), or the aerodynamic
deceleration during atmospheric entry of meteors (Ceplecha and McCrosky 1976) or the
action of differential gravitational forces as in the case of Shoemaker-Levy 9 breakup during
the 1992 Jupiter passage (Scotti and Melosh 1993). In our case the incoming dust particle is
assumed to dissipate its whole kinetic energy during the impact and therefore the
mechanical energy density is proportional to the dust particle’s mass density p and the
square of the velocity v :

_P. .2
O'ed—z'v (1)

In terms of continuum mechanics this would correspond to the pressure increase at the
stagnation point. In atmospheric entry the expression is almost the same (apart from a factor
of two), p being the air density at high altitudes and velocities of several km/s are required
for meteoritic breakup. In our case p is the orders of magnitude higher solid state density of
the dust particle and this is the physical cause why velocities of some m/s are sufficient for
breakup. Eq.(1) suggests that a size dependent density is required to explain the fact that
large dust particles break up more easily than small ones. Explaining the effect with different
velocities would require assuming that large dust particles are faster than small ones which
is difficult to imagine.
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Dust particle velocities for the time of observation (Aug. 2014 to Feb. 2015) have been
measured by the GIADA instrument onboard ROSETTA and we take the values reported by
Rotundi et al., 2015, Della Corte et al., 2015 by assuming that the dust particles we observe
have similar velocities. This provides an evaluation of the velocity distribution with a mean
value of 3.5 m/s and a width of +- 1.5 m/s. An estimate of the porous density requires care
and an awareness of a possible large error. We tentatively assume an approximate power
law:

p=po ("fry)" (2)

To define the constants we start from the smallest units of an order of 0.1 um in radius size
assuming them to be compact. We further assume that the volatiles have sublimated (with
possible exceptions as discussed in Sec. 2.4), i.e. minerals and refractory carbon-rich
organics are left whose mean density we estimate to about 2.5 g/cm?® based on the
composition estimates of Greenberg and Li (1999). It is interesting to note that this value is
in good agreement with the evaluation by Rotundi et al. (2015) of the density of compact
dust measured around the nucleus of Churymov-Gerasimenko (1.9 +- 1.1 g/cm?). Further
information can be drawn directly from our images of not-fragmented dust agglomerates, see
e.g. the particles of Fig.2b) 7,8 and 9. They look far from being as porous (0.15 fill factor) as
postulated by Blum and Schrapler (2004) but also far from close packed (fill factor 0.74).
Assuming an intermediate value of the fill factor (~ 0.4) would lead to a density decrease by
a factor of 1/0.4 = 2.5 per decade of size since the individual elements in the images have a
size of roughly 1/10 of the parent dust particle. Applying this also to the sub-micron grains
would resultin p = py = 1 g/em?® at r = ry # 1 um which is consistent with densities
determined in the coma of Halley (Maas et al., 1990, Hornung and Kissel 1994). For dust in
the order of 100 um in radius a density of 0.16 g/cm3 would then be reached. This is already
less than the comet’s mean density (about 0.4 g/cm?). This is in line with our supposition
that the dust we are seeing most probably has lost its volatiles and has been intensively
processed at the surface of the comet before its liftoff (Schulz et al, 2015). We use this law
for an extrapolation up to a few 100 um, but one should not extrapolate further. Fig. 4 shows
the resulting energy density g,, in dependence on velocity for various values of the mass
density p .
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Fig. 4: Energy density a,, in dependence on collection velocity v for various mass densities
p of the impacting dust particle together with the possible location of particles of Fig. 2.a:
Nilda, b: Lambert, c: Pertti, d: Pecine.

The above energy density argument leads to the following constraints for particle strength:

a) Catastrophic breakup, e.g. Nilda. Its position is indicated for the estimated velocity interval
and densities from Eq. (2). For fragmenting particles such as Nilda, the energy density value
gives an upper bound for the strength. For Nilda strength values less than ~1000 Pa result.

b) The simple breakup events show similarities with the catastrophic break-up events. The
main difference is that the incoming dust has a smaller size (by a factor of 4 for the
examples of Fig. 2a) and therefore a higher density (Eq. 2) hence breakup results in only a
few fragments. The resulting position for 2CF Pertti as shown in Fig. 4 indicates that the
upper limit of its strength should be slightly higher than ~1000 Pa.

¢) When there is no breakup, the energy density value provides a lower limit to the strength
of the particle. The corresponding position of 1CF Pecine in Fig. 4 shows that its strength
should be higher than about 2000 Pa. The size of Pecine (about 40 um) is already down to
the size of typical elements within larger dust particles (and also of their fragments upon
impact) such that its non-breakup appears logical. Much higher impact velocities would be
needed to further break up these small particles. The same argument holds for larger non-
fragmenting dust particles like 2CF Lambert.

Recently the possibility of extremely low densities of about 1 kg/m3 has been proposed and
discussed: For these patrticle detections, very low velocities, down to 0.1 m/s, were observed
by GIADA, but these observed particle velocities could be specific to GIADA (Fulle et al.,
2015). The low particle velocities are explained by particle deceleration by electrostatic
forces between the charged particles and Rosetta spacecraft surface potentials, which could
be different for each instrument. For this reason COSIMA might not collect such slow dust
particles on its targets since the targets are located well within the spacecraft behind a 0.15
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m long dust collimator with a field-of-view of 15° x 23°. This could result in a selection effect
when the Rosetta spacecraft velocity is perpendicular to the dust velocity. Should the
velocities of low density, high material strength particles within COSIMA be larger than about
30 m/s they could also reach the target and break up upon impact onto our targets.

The issue, however, needs further clarification. On our images, up to now, we do not see
indications for such big changes in morphology that could contain density changes between
2 and 3 orders of magnitude (Langevin et al., 2015). Instead we observe a rather steady
transition from compact dust (“breccia”) to “clusters” which in some cases look more rigid
(“glued clusters”) or show beginning signs of breakup (“shattered cluster”) or finally the ones
which break up catastrophically (“rubble piles”).

d) When there is “shedding from a stronger central core” this indicates that the particle might
not be homogeneous in strength (e.g. Jean-Baptiste, Fig. 2b-10). From the size of the
fragments in the neighborhood one would assume a loose outer part, with a strength being
comparable to the case of fragmenting dust and an inner core comparable to the case of
compact dust (“glued cluster” Langevin et al. 2015).

e) Shedding by rolling: Also in this case the detached fragments have approximately the
same sizes. However, one also observes detachment from small parent particles, e.g. 2CF
Clarence Fig. 2a-6 which can be explained by a stronger adhesion force with the target’'s
black than the forces between the dust’s elements since the gold black layer has a much
smaller fine-structure.

The estimated numbers hold for the assumed velocity interval of a few m/s. The resulting
strength bounds change if we assume larger variations in v. For example the fact of non-
fragmentation of some large dust particles may be explained by high strength, but also by
low impact velocities. And if the velocity would be higher, then the upper bound for the
energy density of fragmenting dust simply would shift upward (see the examples in Sec.
3.5).
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3.2 Constraints for strength from deceleration forces

Another contribution to the issue of strength can be derived from an estimation of the forces
occurring during deceleration. The experimental setting of COSIMA can be regarded as a
“controlled impact experiment in space” (Fig. 5).

cluster elements

g

/

Au black: density =~ 29/,

fragments

Fig. 5: An impact fragmentation experiment in space.

Consider an individual cluster element “c” . It is attached with a certain binding force to the
parent agglomerate and for the moment being let us assume that this force is proportional to
the cluster element’s size:

Fbind = C - dC (3)

To tear the element off the parent agglomerate, the inertial force by deceleration from
velocity v to zero velocity within a certain breaking length s has to be larger than the
binding force:

v2  mdS v?
F — . — c . . F, . 4
dec = M¢ s 6 Pc o > Fpind ( )

For the breaking length s we can take advantage that we know the approximate surface
structure of the collection substrate (porous gold, see Hornung et al., 2014) which shows a
typical roughness in the order of 10 um, see Fig. 6 and we take this value as an estimate for
s . We further assume that the size dependence of the density as described by Eq.(2) also
holds for the density p, of the individual cluster elements.
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For the force constant C in Eq. (2) we take a lower limit, derived from van der Waals
interaction: C = ﬁ, D ~ 0.4 nm using the Hamaker constant of dry minerals A =~ 10719]
under vacuum conditions, leading to C = 2.6 - 1072 N/m (Israelachvili, 2011).

The resulting values for the deceleration and binding forces are shown in Fig. 7 for various
impact velocities around the mean value of 3.5 m/s. The crossover between binding and
deceleration forces then defines the lower limit of fragment size, which can be detached from
a parent bigger dust aggregate (between 10 and 15 um). From our optical inspection we do
have indication that much smaller fragments are absent. However, since 10-15 um is close
to our optical resolution of 10 um an independent confirmation would be helpful. It comes
from our SIMS measurements (Hilchenbach et al., 2015). If smaller dust fragments would be
present, then they would contribute significantly to the SIMS signal also in the spaces
between the locations where we detect dust fragments, since SIMS is sensitive to surface
coverage only. The fact that we see a clear change of the ion signal from “on the dust” to “off
dust” down to background values gives further evidence that we do not miss many smaller
fragments. From this agreement of calculated and observed minimum fragment sizes we
tentatively conclude that the assumption of van der Waals interaction is reasonable and we
will use this finding in the next Section.

Fig. 6: Surface structure of Au black (SEM image: 8x8 um?). The scale of this image is
smaller than a single COSISCOPE pixel (14 x 14 um?), and Au black appears quite
smooth at COSISCOPE image scales.

14
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Fig. 7: Size dependence of forces: The crossover point defines the minimum size of
elements which can be detached by the impact from the parent dust particle
(examples v = 2,3.5,5m/s).

An additional application for forces is an estimate for rolling distance of fragments along the
target away from the impact site (Sec. 2.3). Since there is no gravity, they can be attached to
the gold black surface only by adhesion, which is roughly twice as large as the inter-particle
force: F = 2-C - d. (Israelachvili, 2011). The rolling resistance generally is less than the
normal force by some factor, known as “rolling resistance coefficient” c,.. , a quantity which in
technical systems lies between 0.01 and 0.1 (Bower, 2010). Assuming that the whole impact
energy is transferred into rotation we estimate the rolling distance for a d, = 20 um fragment

m.2
(using density from Eq.(2)) to be: Ax = FZ_CTr ~ 100 ...1000 um for c.. = 0.1....0.01.
The observed movements of fragments away from the impact site are in the order of a few
100 um (see Fig. 2a-6).

In the present discussion of forces there was no distinction whether the tearing force is a
normal one or is partly in shear direction, which is reasonable for dust with high porosity. For
example Kirchner et al. (2002) measured both tensile and shear forces for low density dry
show at p =~ 0.17 g/cm? and found no difference.
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3.3 Estimating strength of the incoming dust from its fragment size distribution

We now undertake an effort to characterize the strength of the incoming dust particle, having
a mean density p , from its fragments. Assume we split a parent incoming dust particle in
two parts along an imaginary dividing surface. Then the strength would be defined as the
force necessary to tear them apart divided by the area of the dividing surface:

p
O-:Fbind'nc'dCfnc:m_c ()

where n. - d is the number of cluster elements per unit area at the dividing surface. The
observed chain structures within not-fragmented dust supports such simple ways of
reasoning. As a lower bound we assume for ., van der Waals interaction Eq.(3) and get

(now switching to radius for formal reasons):

bin

O-=E'C'£'_=EIC.®._ (6)
s Vi

This equation shows the basic dependence of the strength on various parameters, 0 being
proportional to the volume filling factor @ = p/pc and inversely proportional to the size of the

cluster elements making up the dust. It is however over simplified since it assumes uniform
cluster element sizes. If a pair of two cluster elements has different radius r,, 7. then the van

der Waals binding force is: Fy;,q = 2C - (Zrc’"c/r 4+ ) (sraelachvili, 2011). When applying to
c c

a spectrum of sizes, f(r,) one has to sum the contributions of the pairs of elements
contained across the imaginary dividing surface:

frez paryr{[lee i) 2 far

og=0, : (7)
Tcy Pc( 3
fTC1 f(r) oo " dr
where:
_ 3., . _ kg, . _1p-6
0y = - C o ,p0—1000m3, o =10""m

Integration goes over the measured fragment size range: r, <1, <r,. f(r.) is the size
distribution:

fr:))=a-r75 c=~ 239 , (8)

where the constant c is taken from the data of Fig. 3. Normalization to one within the
observed size range gives: a = (1 —¢)/(15, — 17°) , i.e. we assume that within the
fragmenting dust particle those parts contribute to the strength which show up in the
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fragment spectrum. The size dependence of the cluster element densities p, is taken from
Eq.(2).

It might be of interest to check the volume filling factor @ for the multi-size case, because
there are narrow limits for it (e.g. it cannot exceed 0.74 and hardly go below 0.1). It is given
by the ratio between the incoming parent dust mean density p and the cluster element
density p, averaged over the size spectrum:

f:cz fr)pe(r)ridr dg ro 4=C=b_y 4—c=b
0=P/r | Pc=T% = () ) )
Pc [ 2 f(r)r3dr 4-c-b Tea Teq
Tcl

Eq.(9) describes the packing density of the cluster elements, which themselves are thought
to be porous with respect to the smallest sub-micron building blocks of the material.

Resulting numerical values for strength ¢ and volume filling factor @ for a large impacting
dust particle (example: radius 100 um, mean density p of 0.16 g/cm?®) are given in Table 1
for various combinations of minimum and maximum fragment sizes r. r., and Fig. 8
illustrates the shape of the solution of Eq.(7). The strength values are in the order of 10° Pa,
which is close to the values which has been measured for dry snow (= 770 Pa at a density
of p = 0.17 g/cm?®, see Kirchner 2002) and also close to the values derived from simulations
and experiments with sub-micron building blocks (Gduttler et al. 2009).

e, [um] | 1e,[um]| dc, [um] | de,[um] | @ | o/oo c [Pa]
5 20 10 40 0.43 [ 0.1952 | 776
5 10 10 20 0.36 | 0.2890 | 1150
1 20 2 40 0.40 | 0.1410 | 560
1 10 2 20 0.31 | 0.2605 | 1036
1 5 2 10 0.25 | 0.4429 | 1762

Table 1: Example values of Eq. (7) for various size bounds as well as resulting strength
values for a mean density of 0.16 g/cm**3 corresponding to a r = 100 um sized parent
incoming dust particle (co = 3973 Pa).
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Fig. 8: Mechanical strength [Pa] in dependence on fragment sizes for the example of

p=0.16 g/cm?3 0, = 3973 Pa. Every point on the plotted surface corresponds to a window
of lower and upper sizes and the window found in the images is marked.

3.4 Sensitivities and errors

It is important to check the sensitivity of the determination of strength on the different input
parameters. This is shown in Table 2 for possible deviations from an example reference
state. It is interesting to see that the largest fragment r,, influences strength much more than

smallest ones r,, (see also Fig. 8). This is an important help for the present data reduction,

since the COSISCOPE camera’s resolution is limited at small sizes to ~10 um (see
Langevin et al., 2015), which means that if we would miss smaller fragments down to a few
um the resulting strength would not change much. Also the steepness c of the size
distribution does not play a major role, which is a justification for choosing the mean value
determined from a large number of collected particles (Fig. 3). One of the remaining players
in the game is the interaction force constant C .The value chosen is for mineral materials and
may be lower by a factor of two for refractory organics (Israelachvili 2011). However our data
analysis on forces (Sec. 3.2) suggests values close to the mineral value. The volume filling
factor @ = p/p; , EQ.(9) enters through the steepness b of the size dependence of the
density (Eq.(2)). There is a linear dependence of strength on the element size and volume
filling. Considering the force constant C as a lower bound of the inter element interaction, the
main remaining uncertainty results from that on the density. It is expected to be accurate
within a factor of two at high values of porosity (1 — @) leading to a total uncertainty for the
strength in the same order. These errors are the ones inherent in the formalism of Sec. 3.3.
Further variations in strength may result from bigger variations in velocity, which we will
address in the next section.
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pi ref _|bi Ao |

i wi= |- A_pl
Force constant C
[N/m] 2.6 %1072 1.0
dc, [um] 10 0.025
dc,[um] 40 0.64
c 2.39 0.23
b 0.43 0.84

Table 2: Error weighting factors w; for a +- 1% variation of

parameters p; around a reference state pl.ref ( Orep =776 Pa ).

3.5 Example dust particles

In this section, we apply the various strength estimations to some example particles of Sec.
2. From their area and height we estimate an equivalent spherical diameter d,, of the
incoming dust agglomerates and then apply the above formalism.

Table 3 shows the resulting strength estimates from our three approaches: fragment
sizes, ors and energy density arguments, where Ue(clz) is calculated for a mean impact velocity

of 3.5 m/s while ae(é) is evaluated assuming a size dependent velocity. As CF Pecine is a

particle which is not fragmenting, we can only give a lower limit on strength based on the
energy density arguments. 2D0 Stefanie and 2CF Pertti are examples for dust which breaks
up into few pieces (diameter size range 15 to 40 um ) and 2CF Nilda is an example for
complete fragmentation (diameter size range 10 to 30 um). 2CF Lambert is big but does not
fragment and again only a lower bound can be given for the strength.

In our whole data reduction we have assumed that dust particles within the size range
observable by COSISCOPE (from a few 10 um to a few 100 um) arrive with a common
velocity. This is likely if all particles up to a few 100 um in size are lifted together from the
comet’s surface and break up to smaller sizes afterwards. Indeed, there is no strong
evidence from GIADA for a size dependence on the velocity. However, if the differentiation
already occurs during the liftoff-process then there may be a bigger spread in velocity.
Theoretical models assume v « d;(?-S (Agarwal et al., 2007). In order to show the direction
and the possible magnitude of the effect on strength Table 3 additionally contains energy
density values for the variable velocity case ae(;) where it is assumed that both approaches
coincide at the largest observed dust particle (Nilda). It shows that for the case of simple
breakup (Stefanie and Pertti) the spread of our strength estimate becomes bigger since the
upper limit increases. For not-fragmenting small dust (Pecine) the lower bound for strength
rises by a factor of 5, whereas for larger not-fragmenting dust (example Lambert) it roughly
stays within a factor of two. High strength for small dust in the few 10 um size range would
also explain why the agglomerate “elements” survive the impacts observed up to now.
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i?;/rr)e;kup Example | d h deq | de, | de, 1) p Je(é) Je(;) s
[um] | (]| [pm] | [um] [um] 9y | Pl | [Pa] | [Pd]
m

No breakup | 1CF 45 |50 |53 - - - 270 | >1650 | > 7800 | -
Pecine

Simple 2D0 100 |40 |85 15 |40 |0.61 | 225 |<1378 | <4050 |>1175

breakup Stefanie

Simple 2CF 135 |50 | 110 |20 |35 |0.57 | 200 | <1240 |<2790 |>1020

breakup Pertti

Catastrophi | 2CF 410 | 120 [ 250 |10 |30 |0.37 |147 | <900 |<900 >850

¢ breakup Nilda

No breakup, | 2CF 110 | 116 | 130 |- - - 190 | >1160 | >2235 | -

large Lambert

particle

Table 3: Strength values for some of the dust particles of Sec. 2 as derived from
considerations of energy density (“ed”) and fragment spectrum (“fs”). (d = /% -a,a=areain

image plane), h: height, derived from shadow; d., = equivalent sphere diameter : (% -d?-h-

5)1/3 , € is aform factor of the dust. It is 1 for squared forms, 1/2 for roof shapes and 1/3 for
pyramid shapes. In the above examples ¢ = 1 for all cases except Nilda, e = 1/2 .

dc,, dc,: lower and upper fragment diameters; @: volume filling factor. p: incoming dust

agglomerate mean density; ae(é) : strength estimate from energy density assuming a mean

impact velocity of 3.5 m/s; Ue(? . strength estimate from energy density for size dependent

velocity; oy, : strength estimate from analysis of fragment spectrum.

4. Discussion and summary

A first analysis of the fragmentation behavior has been performed for dust particles collected
by the COSIMA instrument onboard ROSETTA for the dust collection time period Aug. 2014
to Feb. 2015, when Comet Churyumov-Gerasimenko was still on its way inbound to the Sun.
Their sizes span a wide range: between some 10um and about 400 um. Many of them broke
up upon impact, thus revealing details about their interior. We were able to derive
guantitative bounds for the mechanical strength of dust particles in the near coma of a
comet, for which no previous data existed.

The general trend is that the larger dust particles fragmented whereas most of the smaller
ones remained undamaged. The resolution of the images down to a precision of about 10
pm enabled insights on the morphology of the undamaged dust as well as of fragmenting

dust through its characteristic fragment pattern. Interestingly, the fragmented and many of
the undamaged dust particles form a cluster-like aggregate resembling a bunch of grapes.
The size of these sub-units has been found to be in the order of a few tens of microns and
we have denoted them by “elements”. The most important finding is that these cluster
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“elements” distinguished in the un-fragmented dust particles are essentially within the same
size range as the individual fragments dispersed after disruption of the fragmenting dust
particles. This observation led us to the supposition that these elements are pre-existing and
pre formed in the parent dust and simply were torn apart during the deceleration. Surely,
they have their own internal substructure composed of smaller sub-micron sized granules of
mixed composition.

Among the overwhelming wealth of collected samples there are few cases of larger dust
particles (> 100 um) that do not feature any damage and present only little substructure on
the level of the visual resolution. As we lack information about the velocity correlated with a
certain individual mass or size of the COSIMA incoming dust particles during the collecting
period, we can only postulate that they might either belong to the lower part of the velocity
population, having as references the speed values measured by GIADA (Rotundi et al.,
2015, Della Corte et al. 2015), or possess higher density and higher strength. In a parallel
paper of Langevin et al. (2015) it is shown that in several cases big impact events possibly
correspond to much bigger dust particles fragmenting prior to the arrival at the gold black
collecting substrate, e.g. at the walls of the entry funnel of the instrument (Kissel et al.,
2009). The largest dust particles (>100 um) generally show disruption upon collision, which
implies that these particles have a lower density, a higher porosity and a weaker mechanical
strength compared to smaller particles. This conclusion is in agreement with laboratory
measurements of dust aggregates and with the theoretical models that predict a reduction
on the value of tensile strength and the velocity threshold for disruption with increasing the
aggregate’s size (Weidling et al. 2011, Meru et al 2013, Skorov et al. 2012).

For the quantitative data reduction we used very simple phenomenological concepts, which
represent more of a dimensional analysis rather than being an explicit theory. The reason for
this choice being the complete lack of material data as well as uncertainties in the chemical
nature of the smallest building blocks at nanometer scales. Also our aim was to stay as close
as possible at the data observed with a minimum of further theoretical modeling.
Nevertheless we were able to estimate an order of magnitude for the mechanical strength. It
was found to be in the order of 1000 Pa (for the example of a particle with =100 um radius)
with an accuracy of about a factor of two, mainly resulting from uncertainties in the estimate
of the dust’s density. For fragmenting dust, energy density arguments gave an upper bound
for the mechanical strength whereas the analysis of the fragment size spectrum assuming
van der Waals interaction led to a lower bound. For undamaged dust particles, only a lower
bound could be asserted. This lower bound can rise considerably when taking into account a
possible size dependence of the velocity (Agarwal et al., 2007). Each of the three
approaches, energy density, forces and van der Waals modeling has its own uncertainties
and assumptions. However, all three together form a set of arguments that show a high
degree of internal consistency.

The values derived here are for agglomerates of sizes up to a few 100 micrometers hitting
our collection targets at low velocity. However, the inner strength of their “elements” might be
much higher than the values derived here for larger agglomerates, maybe due to sticking
enhancement by refractory organic material (Kudo 2002). Some substructures of IDP’s are
of this size and organic glue has been found at nanometer scales (Flynn 2013, Matrajt et al.,
2012). As we have previously referred (Langevin et al., 2015), many of the particles
observed by COSIMA are dark, although they appear bright before the gold black’s
background. The reason might be an abundance of organics. Our observation of the relative
stability of fragment sizes of some tens of micrometers gives a strong argument in this
direction.
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Most of the dust particles collected by COSIMA are thought to have lost their volatiles, i.e.
they are skeletons consisting of the remaining mineral and refractory organic components. In
the presence of frozen volatiles strength values may be roughly one order of magnitude
higher (Blum et al. 2014, Gundlach et al.2014, Aumatell and Wurm 2013).

For dust sizes much larger than a few 100 um, the physics of interaction may change, being
not any more described by van der Waals adhesion forces uniquely (Lee et al., 1995). For
the largest objects, the comets as a whole, there exist “fragmentation experiments”
conducted by nature itself as has been observed during the disruption of Shoemaker-Levy 9
by its Jupiter passage in 1992. Differential gravitational forces per surface cross sectional
area have been deduced as being in the order of 10 Pa (Scotti and Melosh, 1993). Housen
and Holsapple (1990) have undertaken an effort to connect data between those enormously
different scale lengths by establishing a general scaling law for strength by dimensional
analysis. Their basic finding is that breakup not only depends on the energy density
transmitted to the objects, but also on the size of the object and the strain rate applied, which
is in line with our above argument that strength has to be defined with respect to a certain
fragmentation process. For strength dominated objects (sizes less than a few km) they
derive an approximate scaling law for the radius dependence: o~r~% where 0.24 <x< 0.5
(Benz and Asphaug, 1999). When taking our value of 10° Pa (and after correction for the
presence of volatiles 10* Pa) at 100 um size and the Shoemaker-Levy value of 10 Pa at km
size o =~ 200 - r~ %43 Pa follows (for r in meters). This compares with our r~%* size
dependence of energy densities within our small observational window of sizes.

The present observations point to weak mechanical strength as a possible general feature of
cometary matter. This is fully consistent with the very low strength (10 to 40 Pa) observed by
OSIRIS at much larger scales (several 10 m through the break-up of overhangs, Groussin et
al., 2015). These weak strengths at scales from a few 10 um to several meters support the
view that cometary material has undergone very little processing since accretion, with the
possible exception of a higher strength sun-exposed crust. The size dependence of its
material properties may not follow a continuous sequence from nanometer to bigger sizes,
based on material properties on the nanometer scale alone. There might be even
discontinuities at some size boundaries, when the physics of binding changes its nature. The
present data indicate that the size range of a few tens of micrometers represents such a
boundary.
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Highlights

- We collected dust in the near coma of Comet 67P/Churyumov-Gerasimenko.

- Dust particles > 100 micrometers fragment upon impact on our collection plates at
velocities of a few m/s.

- The dust consists of smaller elements (few tens of micrometers) that remain intact
during impact.

- An order of magnitude for strength is derived (e.g. 1000 Pa for 100 micrometer sized
fragmenting dust).

- The mechanical properties of cometary matter change with size, possibly in a non-
continuous way, due to changing binding mechanisms.
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Graphical abstract:

Impact fragmentation of
agglomerate cometary dust. *
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