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We report on experiments in which millimeter-sized SiO2 dust aggregates consisting ofssubd-micrometer-
sized grains impact into centimeter-sized targets that consist of the same kind of dust particles. The porosity of
the granular targets is between 74% and 88%. Impact speeds are between 16.5 and 37.5 m/s with most impacts
around 25 m/s. Compaction of the target by the impacting dust aggregate creates a crater which is several
millimeters deep and 2–3 cm in diameter. We do not detect a significant amount of ejecta originating at the
crater. We do observe a large amount of ejecta though. These are dust granules that are ejected from the whole
target surface up to significant distances away from the impact site. This implies that elastic waves induced by
the impact are an efficient mechanism to eject material. The estimated mass of these ejecta can be larger than
10 times the projectile mass. The ejecta velocity is uniform across the surface. It is typically 0.5% of the impact
velocity. We apply these results to the problem of planetesimal formation. Under microgravity ablation of a
dusty body or mass gain in a dust-dust collision might result. This depends on the parameters of the impact.
Due to the low ejecta velocities, net growth is also possible in secondary collisions after an eroding primary
collision if the body is placed in a gas flow. Thus, for a large number of typical conditions for dust-dust
collisions in protoplanetary disks, formation of a larger body results from an impact.
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I. INTRODUCTION

A mechanical impulse incident on a granular medium can
have several effects and applications depending on the prop-
erties of the impulse and the properties of the medium.
Waves generated by an impulse at the surface can, e.g., be
reflected by buried objects and by the granular medium itself
and be measured afterwards on the surfacef1g. This can be
used to detect buried objects. Other kinds of impulse can
significantly change the morphology of the granular medium.
On the one hand, according to the Reynolds principle of
dilatancy sslowd compression at a granular surface might
lead to a decompaction of a larger part of the mediumf2,3g.
On the other hand, repeated impulse in the form ofsweakd
vibrations might lead to compactionf4g. All these impulses
can be generated in different ways. One possibility often
encountered in nature and used technically is the impact of
an object into the granular medium. This might locally lead
to a strong deformation up to creating a craterf5–7g. At high
impact speed this will also eject materialf5,8,9g. Such colli-
sions are crucial for the understanding of many problems in
planetary science. It is, e.g., believed that planet formation
proceeds by a continuous sequence of impacts of smaller
objects into larger dusty bodies, adding mass so that eventu-
ally planets might form. Usually the process is split up into
several parts. In a first step kilometer-sized objects are
formed by collisions. At this size of kilometers self-gravity
becomes important for the further growth process and the
bodies are usually called planetesimals. However, it is
widely accepted that the process of formation of these plan-

etesimals begins with individual dust particles colliding very
gently with and sticking to each otherf10,11g. Over the last
decade a number of experiments have been carried out in the
astrophysical community to verify this modelf12–17g. They
show that growth of centimeter-sized dust aggregates in gen-
eral can be understood in terms of a binary collision model.
During this first stage of growth aggregates of the same size
collide at 1 mm/s or less. Once objects reach the size of
several centimeters, the impact energy is sufficiently high to
initialize the compaction of the aggregates. Then preferen-
tially particle aggregates of different size collide at much
higher velocities. A body of 1 msstill consisting of dustd
might collide with smaller bodies at velocities of several tens
of m/s f11,12g. The physics behind these collisions is placed
somewhere between the physics of aggregates of dust grains
and granular physics. Densely packed dust particles might
act as larger individual granules as used in the experiments
reported here. However, significant cohesive forces also exist
between the dust granules. In addition, an impact can locally
fragment the dust granules at the impact site. This is an ef-
ficient way of dissipating impact energy.

It is an open question if a mechanism exists by which
these collisions of a larger body with a millimeter- or
centimeter-sized object can lead to a net growth of the larger
body in the absence of gravity as required by the standard
model of planet formation. So far all experiments show that
the larger body is usually losing masssunder microgravityd.
Therefore, just considering the impact itself might not be
sufficient to explain growth of a larger body in the context of
planet formation. However, a target eroded by an impacting
projectile can reaccrete ejecta from a collision if the collision
takes place in a gas flow. These secondary, slower collisions
of fragments can add mass again and eventually lead to net
growth f18–21g. The efficiency of this mechanism depends
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on the porosity of the body, the gas parameters, and the size
and velocity of the ejected particles. The latter would typi-
cally need to be below 1 m/s or on the 1% level of the
impact velocity considering the highest collision velocities to
be 50–100 m/s. With this in mind we carried out experi-
ments with millimeter-sized projectiles impacting
centimeter-sized targets where both bodies are aggregates of
submicrometer-sized dust particles. As explained in detail
below especially the target is made of 0.5 mm granules of
dust particles in most experiments. Thus, some of the obser-
vations made in our experiments might be explained by the
physics of granular media with major modifications by ag-
gregate physics on a smaller scale in some parts of the target.

Laboratory impact experiments are often carried out with
the planetary scale of asteroids, planets, or moons in mind
f6g. Then scaling laws, e.g., for crater sizes or ejecta mass are
of importance. It should be noted that we do not carry out
our experiments to scale them to any planetary size. The
impact of a millimeter or centimeter dusty aggregate onto a
somewhat larger dusty body at several tens of m/s is exactly
what is supposed to happen in the early phase of planet for-
mation. The only extrapolation which we will carry out is to
estimate what the target response to the impact might be if it
were slightly largers50 cmd. This is not a scaling in the way
mentioned above. Our results are thus directly applicable to
the process of planetsplanetesimald formation.

II. EXPERIMENTAL SETUP

A sketch of the experiment is shown in Fig. 1. The setup
is part of a wind channel to allow studying the interaction
between projectile, target, gas flow, and ejecta from a colli-
sion under conditions simulating protoplanetary disks. We
only used the gas flow of the wind channel rudimentary so
far for the experiments reported here. We will therefore only
describe the impact part of the setup.

The impacts take place in a vacuum chambers32 cm in
diameterd that is evacuated prior to the impact to a pressure

below 0.01 mbar. Gas drag at this pressure only slightly in-
fluences the trajectories for small submicrometer-sized par-
ticles. This is of minor importance here. Ejecta motion is
otherwise determined by gravity. The target is an aluminum
tray with 6 cm diameter and 5 cm depth filled with dust and
centered in the middle of the chamber. Details of the target
preparation will be given later. As projectile we use the same
dust as in the target filled in a cylindricalsslightly conicald
holder turned upside down. We currently use elastic support
structures saluminum foilsd which only compensate the
weight of the dust but easily bend during launch, allowing
the projectile to pass. The projectile is launched by a com-
pressed spring. To launch a projectile the holder is pulled
upwards by a chain drive against the force of the spring. The
projectile holder is connected to the chain drive by a rated
break point. Once the spring is fully compressed, further pull
will lead to a force exceeding the force tolerated by the con-
tact and the contact breaks. The projectile holdersand the
projectile withind is then accelerated by the spring and moves
within a guide tube to approximately 15 cm above the target.
The guide tube has two major functions. First it provides the
necessary confinement for the spring and directs the projec-
tile sholderd to the target. Second it has a stopper with a
central hole at its end. The stopper abruptly decelerates the
projectile holder. Due to inertia, the dust moves on through
the central hole of the stopper. Thus a dust projectile is
launched at the dust target. With the springs and holder cur-
rently used an initial maximum acceleration of approxi-
mately 7500 m/s2 or 15000 m/s2 is applied.

The interparticle forces holding the dust projectile to-
gether are relatively weak surface forces. Due to acceleration
and friction of the dust with the walls of the holder, the dust
projectile or parts of it can break up. However, the projectile
mass for experiments where we analyzed images with re-
spect to ejecta essentially remained confined to a volume
comparable to the original projectiles,1 cm in sized if not
noted otherwisefsee, e.g., Figs. 2sad and 2sbdg.

In general an individual experiment might be described as
follows: A target that has been under predefined low-
humidity conditions for a few hours is weighed and placed
into the vacuum chamber. The chamber is slowly evacuated
to a pressurep,0.01 mbar. A projectile is then launched to
the center of the target. By passing a light barrier a sequence
of imaging is triggered.

As can be seen in Fig. 1 severalsviewd ports allow access
to the chamber. Different positions of light sources have been
used. One configuration described in the following section is
shown in Fig. 1. Together with the trigger the green flash
lamp is firing once. This results in an image of the incoming
projectile in reflected light at a certain distances,5 cmd
above the target. At a timet=0.5 ms after the trigger the blue
flash lamp is firing. This results in a second image of the
incoming projectile. Due to the color separation, different
information can be extracted from the color image of the
camera. The camera’s aperture is open during the whole ex-
periment for a total time of 4 s. These first images reveal the
overall size and shape of the incoming projectile. The pro-
jectiles look rather diffuse in reflected light. The video cam-
era using the green flash as bright field illumination reveals
an optically thick projectile though sometimes with a diffuse

FIG. 1. sColor onlined Sketch of the experiment setup. The im-
pacts are carried out in a vacuum chamber at pressures below
10−2 mbar. A target tray is mounted in the middle of the chamber
supported from below. Different light sources at different positions
with different timing are used to illuminate an impacting projectile
and rebounding particles. These are imaged by a digital photo cam-
era and a video camera.
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rim. Probably a rim of small dust particles leads to self-
shadowing in reflected light. The extent of the observed pro-
jectile in Fig. 2 roughly matches the size of the used dust
projectiles. This was not the case for all experiments. In sev-
eral experiments the projectile was spread out over a larger
volume with a large number of smaller projectile parts. Due
to the time difference between the flashes, the measured dis-
tance on the images gives the velocity of the projectile. This
is, e.g., illustrated in Fig. 2.

In total a sequence of four flashes in two colors is used to
illuminate the projectile and target which are imaged on the
same frame. Projectile and rebounding fragments can well be
separated. Thus a single color frame of the camera is used as
high-speed photography. In addition a red laser sheet is used
to image the trajectories of fragments in a fixed plane per-
pendicular to the target. After an impact the chamber is
slowly filled with air and the target is removed. It is weighed
again—i.e., after spending a few hours under the same low-

humidity conditions as before. We are still continuously im-
proving the setup. Thus not all experiments reported here
have been carried out with the given configuration of light
sources as indicated in Fig. 1.

III. RESULTS

Dust. As dust sample we used a commercial SiO2 powder
with a broad size distribution. Particle sizes are between 0.1
and 10mm with 80% of the particle mass within particles of
1–5 mm in size. The particles have irregular shapes. The
density of the bulk material is 2.6 g/cm3. A scanning elec-
tron microscopy image of the dust is shown in Fig. 3. Earlier
experiments show that the material itself is probably of mi-
nor importance for sticking of dust particles at least as simi-
lar materials like silicates are consideredf12g. Thus we re-
gard our dust as one possible analog material to model a
large fraction of particles in protoplanetary disks or the solar
nebula.

Target. We sieved the dust sample into the target tray to
get a highly porous target. For most experiments we used a
mesh with 0.5-mm openings for sieving. Dust mass added on
top of a forming target in the sieving process is thus consist-
ing of individual dust clumps which can be rather compact
and are up to 0.5 mm in size, but loosely stick to other dust
clumps. An image of a target can be seen in Fig. 4. The
granular morphology of the surface due to the sieving is
clearly visible. As porosity we define

P =
Vvoid

Vtotal
, s1d

with Vvoid being the volume of the void space within the
target not occupied by dust andVtotal being the total volume
of the target. The void spaceVvoid is Vtotal−Vdust, with Vdust
being the volume filled by solid material. With the dust mass
measured and with the bulk density of the dust known
s2.6 g/cm3d Vdust can be determined and thus the porosity is
given. Porosities varied betweenP=74% andP=88%. Indi-

FIG. 2. sColor onlined Impact imaging.sad The projectile in
reflected light. The green and blue flashessupper and lower in black
and whited are separated by 0.5 ms in time. Thus the distance be-
tween the two images of the projectile is a measure of the velocity.
sbd The same projectiles,1 cm in sized viewed with the video
camera in bright field illumination. As can be seen the projectile is
optically thick. This seems to be in contrast to imagesad. With
respect to the projectile structure imagesad is deceiving. The ragged
structure in imagesad is caused by rim particles casting shadows.
scd Images of ejecta leaving the target surface for three different
experiments. For each image again two successive flashes in differ-
ent colors have been used. Time difference between the flashes is
2.0 ms, approximately 15 ms after projectile impact, flash sequence
is blue-green for the top and middle image, red-green for the bottom
image. These images are shown for illustrative purpose here and
give examples of cases where few fast particles are ejectedstopd,
where gas flow is dragging particles alongsmiddled and where a
whole layer of particles lifts offsbottom; also see Fig. 9d. Different
scales are used. The fragments are submillimeter in size.

FIG. 3. Scanning electron microsocpesSEMd image of the SiO2
dust particles. This dust was used throughout all experiments.
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vidual errors are typically ±0.5% resulting from the determi-
nation of the average height of the target.

In some experiments the impact leads to a collapse of the
target of a few millimeters over the whole width of the tar-
get. We attribute this to the vibrationsselastic wavesd during
the impact that are sufficient to compact the highly porous
target slightly after the impact in combination with gravity.
This effect can be separated though from the immediate re-
sponse of the target to the impact which is visible on the
surface on a much smaller time scale. As seen in Fig. 2scd we
can image the fragments leaving the target and distinguish
them from the original surface. Furthermore, collapse of the
target is restricted to targets that initially had a very high
porosity approximately aboveP=80%. This can be seen in
Fig. 5 which also shows the tendency for more porous targets
to collapse more strongly. The most porous targets were pre-
pared by sieving through a 90-mm mesh. Thus the granules
on the surface are smaller. Some of these targets started to
collapse before the impact of the projectile. In these cases the
launch vibrations which couple to the target via support
structures were already sufficient to initiate the collapse. For
most experiments we have observations showing that col-
lapse does not start before the impact. We thus conclude that
in these cases the effect of the impact dominates and is re-
sponsible for the outcome of the collisions as described be-
low. This holds as far as crater formation or ejection of par-
ticles is concerned. However, the collapse shows that an
impact has the ability to mobilize particles throughout the
target.

It is certainly an interesting question what the effect might
be if these experiments were carried out under microgravity.
It is conceivable that the target might contract or expand.
This has to be answered in future experiments.

For a series of targets we measured the change of porosity
within the target. For these measurements we prepared the
usual target and used a piston to push the dust upward in 5
-mm steps. We removed the dust above the target holder and
measured the mass of the remaining target and so on. It
might be assumed that the most porous layers are on top of
the target. Indeed this is found as shown in Fig. 6. On aver-
age there is a slight decrease of porosity from the top layers
to the bottom layers. Individual local porosities might sig-
nificantly deviate from this mean curve thoughsmarked as
error barsd. Whether this is important for the outcome of a

FIG. 5. sColor onlined Subsidence of the target surface after an
impact as a function of the average porosity of the target. The
uncertainties in porosity are typically 0.5%. The bulk of the experi-
ments were carried out with targets sieved through a 0.5-mm mesh.
There is a tendency of increasing subsidence with increasing poros-
ity. Approximately below 80% porosity the impact does not lead to
a structural collapse within the target. The experiments with targets
sieved through a 0.09-mm mesh resulted in higher average porosi-
ties and a rather well defined subsidence height. A few experiments
have been carried out with a surface layers,10 mmd of dust sieved
through a 0.025-mm mesh onto a target otherwise prepared with a
0.5-mm mesh. With respect to subsidence these targets more or less
behaved like targets only sieved with a 0.5-mm mesh.

FIG. 6. Target porosity dependence on the vertical position in
the target as typically used during the experiments. Marked as error
bars is the standard deviation. The data are consistent with a linear
dependence of porosity on the loadsgravity of target material above
a given positiond. If so, our target would be much more compressed
by load than the targets prepared by Blumf22g. To avoid too much
subsidence during an impact we slightly vibrated the target manu-
ally approximately after 2/3 of filling and before the top layer was
filled in. The steps at 5 and 15 mm depth might thus be real and due
to this process.

FIG. 4. A target prepared by sieving powder with a 0.5-mm
mesh. The sieving results in a granular structure of the surface. The
target diameter is 6 cm.
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collision is not clear yet. If the decrease of porosity is due to
the mass load by upper layers, then the effect is stronger for
the targets we prepared compared to the dusty bodies gener-
ated by Blumf22g where no effect should be visible due to
the small weight of the dust mass. However, we would like
to avoid that due to gravity the surface of the target moves
down too much during an impact as the vibrations lead to a
compaction. In analogy to geology we will call this collapse
in height subsidence. To avoid subsidence during impact we
vibrated the target approximately after 2/3 of filling and be-
fore the top layer was filled in. The steps at 5 and 15 mm
depth in Fig. 6 might thus be real and due to this process. In
any case vibrations induce subsidence as well as the impacts
do. This suggests that the effect of a collision might be more
pronounced than a quasistatic compression because a larger
part of the target particles are mobilized first.

The target is built up from granules that are typically
0.5 mm in size for most experiments and which themselves
are rather compact consisting ofssubdmicrometer-sized dust.
These are two size scales which might be of importance. A
most compacted layered body of contacting spheres of the
same size would have a porosity of approximatelyP=50%.
Therefore, if the dust within the granules is densely packed
and if the granules are also densely packed in the target, the
overall porosity would be on the order of 75%. This is com-
parable to the porosities which we determine for the targets
in our experiments. If during an impact mostly the larger
granules as units are interacting, it might be of importance
that they are packed rather densely even though the overall
porosity looks high. One might easily think of targets with
similar porosity but completely different morphology. Thus,
impacts into targets of the same porosity could have different
outcomes, e.g., with respect to ejecta and ejecta velocities.

Projectiles. For most experiments we used a slightly coni-
cal dust holder with an 8-mm-diam. opening on the bottom,
7 mm diameter at the top, and a length of 1 cm. In some
experiments we filled the reservoir with dust compacted
manually. We also inserted dust projectiles into the holder
which were compacted outside the holder and inserted with-
out force. An aluminum foil was used to prevent these pro-
jectiles from falling out while hanging upside down. The foil
easily bends during launch. In these experiments most of the
dust mass impacts as one projectile.

A. General description of the impacts

The impacts into highly porous targets resulted in craters
of several millimeters in depth and 2–3 cm width. An ex-
ample can be seen in Fig. 7. If the craters form by compac-
tion due to projectile impact right on the spot of the impact-
ing projectile, different projectile configurationssfragment
distributionsd should create quite different craters. This is
essentially what we see. For one impact we had a strobo-
scopic imaging of a projectile which was fragmented to a
large degree. If we take the light level on the image as a
measure of the spatial distribution of the projectile frag-
ments, they fit well with the crater profile in that experiment
measured by scale paper slicing the crater. This suggests that
the depth of the crater at a given position is proportional to

the impacting mass. Within the small velocity range studied
and the uncertain mass densities, we otherwise cannot give a
correlation between impact speed and crater depth yet.

Sometimes the bottom of the crater qualitatively seems to
consist of a number of slightly larger dust units compared to
the original target. This might be larger fragments from the
projectile but so far we have no way of distinguishing target
particles from projectile particles. The fragmentation of the
projectile certainly depends on the impact velocity. We note
that we had two experiments where dust projectiles impact
very slowly at about 2 m/s. In these two cases the original
projectile could easily and unambiguously be reclaimed from
the target afterwards since it remained in its original compact
form of about 1 cm in size different from the granular mate-
rial surrounding it which easily fell off after carefully lifting
the projectile. It was buried in the target like an iceberg for
2/3 of its height.

B. Mass gain

One quantitative measure of the impact is the transfer of
mass from the projectile to the target. We define mass gain as
mass added to the target relative to the impacting projectile
mass snot the target massd. Thus the overall mass of the
target is not important here but only the fraction of mass it
might lose or gain due to the impact. Figure 8 shows the
mass gain as a function of the porosity of the target. This also
includes data of very fragmented projectiles.

The mass gain shows no dependence on the impact veloc-
ity. A factor of 2 in impact speed does not show any influ-
ence on the amount of mass added to the target. This indi-
cates that fragments are very slow and any variation in
fragment speed is insignificant with respect to the escape
velocity of the targetsin our earthbound laboratoryd. This
measure of mass gain is not to be confused with mass gain a
target would have under microgravity conditions which
would depend on the target size and the ejecta mass. Due to
gravity, the ejecta in our experiments return to the target
where they were ejected. Here the mass gain is to underline
that most of the projectile is added to the target. Besides
from any imaging these measurements allow one to deter-
mine an upper limit for the rebound velocities of fragments.
Under vacuum a particle originating in the center of the tar-
get can reach the edge and is lost if it is faster than approxi-

FIG. 7. Crater formed by an impact into the targets6 cmd at
25 m/s. This target’s upper layer was sieved by a 25-mm mesh.
Therefore, the surface looks less granular than the one in Fig. 4.
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mately 0.5 m/ssassuming a rebound angle of 45°d. This up-
per limit is only important for the smaller particles of up to
several micrometers in size which cannot be imaged indi-
vidually. For the larger particles the estimate of rebound
speed is much better confined by the images as described in
the next section. Thus, the mass gain here is to show that we
do not miss any ejecta which are fast but too small to be
imaged. However, in addition to the mass gain measurements
we can also exclude a larger fraction of smaller particles
since they would create a diffuse background on the images
which we, e.g., see for impacts into compact targets but not
here.

C. Fragments

We usually observed a certain amount of fragments re-
bounding from the target after a collisionfe.g., Fig. 2scdg.
Particles that lift off approximately 0.1 mm from the surface
can be detected. Due to gravity, the minimum detectable ve-
locity is thus about 50 mm/s. If originating inside a crater or
in the foreground or background of a dust pile velocities
have to be higher for a particle to be imaged. E.g., at 5 mm
crater depth the detection limit would be 0.3 m/s. We have
two different measures of rebounding particles. The
flashlamps give a snapshot at a predetermined time after im-
pact. They are thus directly related to the impact. The laser
sheet only shows particles passing a thins,1 mmd layer
perpendicular to the target surface.

We see no fragments which can unambiguously be traced
back to the crater itself. In very few cases we observe a small

amount of ejected fragments localized somewhere on the sur-
face. We think that these might be the result of somewhat
slower impacts of small individual projectile fragmentsfe.g.,
Fig. 2scd, upper imageg. Estimates based on the images sug-
gest that only a few percent of the total incoming projectile
masssif anyd is within these rebounding fragments. Their
velocities are between 0.4 and 0.8 m/s. Since they only ac-
count for a very small fraction of mass with respect to the
projectile, we do not consider them to be of significance
here.

A large amount of dust is ejected which is not correlated
to the impact site but can be seen to emerge from the whole
surface. These particles are all in a comparable height above
the target even tracing the “skyline” of the target surface as
can be seen in Fig. 9. Due to possible shadowing, the size of
the imaged ejected granules does not always have to be the
true size but a typical ejected particle has a size comparable
to the sieve mesh size of 0.5 mm. In support of this, large
parts of the target surface qualitatively look almost un-
changed after an impact. The surface keeps its granular struc-
ture. Thus it is very likely that the size of the ejecta is iden-
tical to the size of the topmost layer of granules.

There is remarkably little scatter in the maximum height
of ejected particles. While we cannot exclude slower or
smaller fragments hidden, the sharp line of ejecta suggests
rather steep upper cutoffs for rebound velocities for particles
ejected in a direction opposite to the impact direction. No
significant component perpendicular to the impact direction
can be found.

The amount of ejecta is larger than the projectile mass.
From the images it might be estimated that at least half of the

FIG. 8. sColor onlined Net mass gain of the target with respect to the projectile mass as a function of the porosity of the target. The
uncertainties in porosity are typically 0.5%. Mass gain is defined as mass added to the target relative to the impacting projectile masssnot
the target massd. Thus the overall mass of the target is not important here but only the fraction of mass it might lose or gain due to the impact.
The uncertainties in mass gain are mostly due to the uncertainties in determination of the projectile mass impacting the target. With each
impact being individual the estimation of the uncertainties results in asymmetric error bars. The most porous targets were sieved with a
different mesh size than the average target. Essentially the mass of the projectile is always added to the target. This shows that we do not
miss any fast fragments that are too small to be imaged. Also shown are two experiments into compressed targets at the lowest porosity not
described here which show a significant decrease in mass gain. This is in accordance to the imaging of a large number of fast fragments
leaving these targets.
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surface lifts off. If all ejected dust units are 0.5-mm granules
the ejected volume is about 10 cm3. Thus about 10 times the
mass of the projectile can be ejected. We are currently pre-
paring experiments with larger targets but no data can be
given yet. Since the low velocity of the ejecta is close to the
limit detectable in a ground-based experiment, no further
sampling of the mass could be done so far. Within our impact
velocity range there is no significant dependence of the frag-
ment speed on the impact velocity as seen in Fig. 10. While
the impacts that were used to analyze the ejected particles are
similar, projectile mass, size, and shape always vary slightly.
Thus we cannot determine or exclude a dependence on im-
pact energy or energy densityswith respect to the projectile
sized within our range of data. An important quantity for an
impact is the coefficient of restitution,R, which we define
here as

R=
neject

nimp
, s2d

with neject being the speed of a particle ejected from the
target after a collision andnimp is the impact velocity of the
projectile. Within our impact velocity range the coefficient of
restitution isR=0.005±0.001, which is very low.

The experiments imply that elastic waves are launched
during the impact and that part of the top most layer of the
target is lifted at the arrival of this wave. This requires suf-
ficiently high momentum transfer as well as sufficiently low
sticking of the top layer. The individual 0.5-mm dust units
are only weakly bound by a small number of contacts via
surface forces between dust particles. They easily roll down
small slopes. Thus they can easily be ejected. In one experi-
ment we vibrated the target slightly before the impact and the
loose clumps rolled down to the base of a dust pile in the
center to the outer target surface. During the impact essen-
tially these particles lifted off. The particles that were bonded
more strongly to their surrounding on the dust pile and that
did not move due to the vibrations did not come off as nu-
merous during the impact.

Since the lift height of the target surface does not signifi-
cantly depend on the position on the surface, the waves seem
to be well dispersed before reaching the surface. Thus this
effect is probably not caused by waves traveling on straight
lines from the crater to the surface since the strength should
vary noticeable with distance. The momentum transfer re-
sponsible also has to be more or less opposite to the impact
direction, since otherwise no preferred rebound direction of
individual fragments at a given position on the surface can
be foundsFig. 9d. A wave reflected from the bottom of the
target tray might be plausible though further studies are
needed to confirm this. We measured the speed of sound in
the targets to be between 45 and 50 m/s. Since our targets
were about 50 mm in height we account for 2 ms between
impact and fragment ejection at arrival of the wave in Fig.
10. Thus, we assume that a reflected wave is responsible for
ejection.

Ejection itself might take up a significant part of the en-
ergy of the elastic wave. With 10 times the projectile mass at
0.5% of the impact velocity a fraction of 2.5310−4 of the
impact energy is distributed to the fragments. For anm
=0.3 g projectile at approximatelynimp=25 m/s the impact
energy is aboutEimp=0.1 J. In addition some energy is used
to break up the contacts. To estimate the amount of energy
needed to break up contacts, we first estimate the number of
contacts to support a granule. We will base our estimation of
the number of contacts on geometrical arguments. As dis-
cussed above we assume that the ejected particles are the
compact granules which we have sieved as last layer onto the
surface of the target. We regard these 0.5 mm aggregates at
the top essentially as individual solid spherical masses for
simplicity here. However, each granule has a certain contact
area with the granules below in which sticking of individual
dust particles occurs. As radius of the contacting dust par-
ticles we take 1mm. A compact granule thus has a “surface
roughness” of about 1mm. On the one hand, if a granule
were to have individual parts sticking out further from its

FIG. 9. sColor onlined Target shortly after a collision with a
projectile stopd. As comparison an image of the target before the
impact is shown below. The target has a 1 cm surface layer sieved
by a 25-mm mesh on top of a target sieved by a 0.5-mm mesh.
Ejecta can be seen in the blue flash on the left as well as in the laser
curtain on the right. They show a constant maximum height for
fragments all over the target surface.

FIG. 10. sColor onlined Velocities of particles ejected on the
whole surface. Only experiments with a well-confined projectile
and an unambiguous image of ejecta have been selected from the
whole sample of experiments. An exception is the impact at 33 m/s
where the main part of the projectileswhich we assume to be well
confined in this cased was not imaged which results in a timing
uncertainty giving different error bars.
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surface before contact, these would easily be compressed
first f12g. On the other hand, compression beyond the rim
thickness is not possible for a compact granule. Therefore, in
contact two granules will approximately intersect over the
rim thickness of,1 mm as indicated in Fig. 11. With this
assumption the contact area between two spherical granules
can be estimated to be about 1600mm2. For 1-mm sradiusd
dust particles this corresponds ton=400 particles in contact
if we assume the particles to be arranged in a chess board
like manner over the cross section. It has to be noted that this
is only a rough estimate which will vary by a significant
factor depending, e.g., on the size distribution of the used
dust particles, granule size, or porosities.

The energy needed to separate two dust particles in con-
tact isEbr=10−15 J f12g. For 400 contacts energy on the order
of 4310−13 J is dissipated in breaking up the contacts of a
single granule. Compared to the kinetic energy of 8
310−10 J of the granule after ejection this is a factor of 2000
less energy.

However, the wave will depend on the parameters of the
impacting projectile and targetsmass, velocity, size, poros-
ityd. Thus there might be a lower limit of the projectile size
and impact velocity, e.g., of millimeter particles impacting at
less than a few m/s, where the energy needed to break up the
contacts would be larger than provided by the wave and no
ejecta should be produced.

Only the experiments with a well-confined projectile are
shown in Fig. 10. Images for dispersed projectiles can be
interpreted less unanimously and are not shown but there is
evidence that if a collective behavior of the surface can be
detected at all, the motion is much slower, in agreement with
the arguments given before. To determine if a significant part
of fragments can be ejected at much lower impact energies,
eventually microgravity experiments have to be carried out.

If a wave reflected on the bottom is responsible for ejec-
tion, then ejection at distances of 10 cms2 times the height
of the targetd or more from the point of impact is possible. If
no target tray were to support the dust, ejecta might be ob-
served on the opposite side of the impact. This is supported
by first tests of an impactlike impulse generated at the bot-
tom of a dust target. If the target were much larger, e.g.,
meter sized, it is conceivable that no ejecta at all would be
produced at the bottom sidesopposite to the impact sided.

Already dilution of the energy density of a spherical wave
would be a factor of 100 scaling from 10 cm to 1 m in size.
Only a minor amount of damping would then lead to energy
densities below the necessary threshold needed to break the
contacts.

To study the effect of dust unitsgranuled size which is
determined by the sieving mesh we also prepared targets by
sieving through a mesh of 90 and 25mm. These targets con-
sisted of much smaller dust units. The targets consisting of
90-mm dust units were the most porous targets we prepared
with P=88%. A few of them already collapsed due to the
launch vibrations as mentioned before. Due to the time-
consuming process of sieving, we filled the 25-mm targets
on a base of 0.5-mm sieved targets with the top layer of
25-mm units being about 1 cm in height. Figure 9 actually is
one of the 25-mm targets. As can be seen in Fig. 10 the ejecta
velocities are comparable to the velocities of the larger dust
units within the variations between individual experiments.
Obviously there is little or no dependence of the ejection
velocity on the granular size of the dust units if varied by a
factor of 20. In general less massivessmallerd fragments will
have fewer contacts. Under the same assumptions as given
above a 25-mm granule would haven=20 contacts. The
number of contacts is thus approximately increasing linearly
with size. If the whole upper layer lifts off, the momentum
transferred to the ejected particles at a given ejection velocity
is also depending linear on the size of the granules. Thus, if
the total momentum distributed to the next to upper layer is
constant, so will be the ejection velocity, which is qualita-
tively in agreement with the observation.

IV. DISCUSSION

The amount of fragments from an impact of a,1-cm
projectile into a highly porous dust target might be larger
than 10 times the projectile mass. Eventually microgravity
experiments are needed to detect all fragments and give a
quantitative measure. Nevertheless, upper limits for veloci-
ties are already of importance to answer if planetesimal for-
mation by growth can occur.

With respect to planetesimal formation it is often argued
that impacts of millimeter- to centimeter-sized objects at sev-
eral tens of m/s cannot lead to growth. Indeed our experi-
ments show that an impact ejects more mass than the projec-
tile adds. If no target tray were to support the bottom of the
targetse.g., under microgravityd and ejecta were generated at
the bottom, the target might in fact lose mass in the type of
collision simulated in our experiments. We have to note
though that impact velocities for a 10-cm body are most
probably below 10 m/s in laminar protoplanetary disks and
projectiles might on average be smallerf11g. As mentioned
before for smaller projectiles, in a slower collision a plau-
sible extrapolation of our data would imply that no ejecta at
all might be visible.

Our impact velocities are more appropriate for a collision
with the target being larger than about 50 cm in size. Scaling
to this size dilution and damping of the elastic waves might
also result in no ejecta at all. Thus immediate growth in a
collision with a small dusty body is likely. This essentially

FIG. 11. Granule support model to estimate the number of con-
tacts between dust particles at the intersection of two granules. If
the rim thicknessd is taken to bed=1 mm sdust particle radiusd for
an r =250mm radius granule the radius of the cross section iss
=22.3mm. Thus the cross section is about 1600mm2. For 1-mm
radius dust particles distributed in a chessboardlike manner on this
area these are about 400 dust particles in contact.

WURM, PARASKOV, AND KRAUSS PHYSICAL REVIEW E71, 021304s2005d

021304-8



assumes that the elastic waves are spreading downwards
from the impact site.

However, it is well known that a load applied to the sur-
face of a granular medium spreads to the sidesf3g. So it is
conceivable that waves strong enough to eject particles
might find a way back to the surface even in an unbound
target. Also Hinch and Saint-Jeanf23g found the interesting
result that in the case of a solid particle impacting a line of
other solid particles the impacting particle and many of the
particles within the line can actually rebound. While their
results can certainly not be directly applied here their calcu-
lations show though that quite unexpected effects might be
seen in a discrete medium. Within this scheme it is also
thinkable that local density variations maybe due to some
previous compacting impact might scatter a wave upwards
strong enough to eject particles.

If so, growth can still occur under conditions typical for
protoplanetary gas-dust disks if we combine the experimen-
tal outcome of the impact with the effect of gas flow around
and through these porous dusty bodiesf20g. Wurmet al. f20g
discuss how gas flow can return ejected particles if they are
slow enough.

The idea is simply that gas motion directed toward the
surface of the body can drag ejected particles back to the
surface. For a solid body the streamlines of the gas will
surround the body. However, through a porous dusty body a
certain amount of gas will flow and the streamlines close to
the surface of this body will enter it. If small ejected dust
particles can couple to these streamlines, they will return to
the surface. The fraction of ejecta mass that is reaccreted by
this mechanism will depend on the porosity of the target, the
gas parameters, and the ejecta parameters. Wurmet al. f20g
assumed fragments to be micrometer-sized dust particles
slower than 0.5 m/s. The speed of fragments ejected by elas-
tic waves found in our experiments here is typically much
below this threshold. Thus a small fragment could be reac-
creted by gas flow.

We note that the collisions described here are subsonic.
Since there might be collision velocities of 50 m/s and
higher in protoplanetary disks, the transition region to
weakly shocked impacts has to be studied in future experi-
ments.

V. CONCLUSION

We carried out collision experiments between a porous
dusty target of several centimeters in size with a granular
morphology and dust projectiles with up to 1 cm in size at
collision velocities between 16.5 and 37.5 m/s. While the
impact of the projectile produces a crater no significant
ejecta from the crater could be found. However, a large
amount of material of 10 times the projectile mass is ejected
over the whole surface of the target. These ejecta are very
slow with velocities between 0.09 and 0.20 m/s in different
experiments. Ejecta velocities are typically 0.5% of the im-
pact velocity. Ejecta velocities for an individual impact are
uniform over the whole surface, i.e., do not depend on the
distance from the impact, and the particle motion is directed
perpendicular to the target surfacesbottomd with no detect-
able sideward motion. The ejecta velocity does not depend
on the size of the granulessdust aggregatesd building a target
as varied from 0.5 to 0.025 mm. The experiments suggest
different behavior for slower impacts of smaller projectiles,
e.g., faster rebounding particles from the point of impact
with no ejecta from other parts of the surface, but this has to
be studied in more detail.

The ejection of particles from the whole surface can be
explained by waves launched at impact and reflected at the
bottom of the target tray. The launch ofselasticd waves might
thus be an important mechanism to eject particles from a
strongly cohesive, inelastic dusty medium. Depending on the
size and morphology of the target net growth or ablation of a
target under microgravity conditions results. Applied to the
formation of planetesimals, growth or destruction of dusty
bodies is possible, depending on the parameters of the im-
pact.
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