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Ejection of dust by elastic waves in collisions between millimeter- and centimeter-sized dust
aggregates at 16.5 to 37.5 m/s impact velocities
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We report on experiments in which millimeter-sized Sidust aggregates consisting (@ub-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 etesimals begins with individual dust particles colliding very

A mechanical imoulse incident on a aranular medium carﬂemly with and sticking to each othgt0,11]. Over the last
Ical Impulsé Incl granu Iu ecade a number of experiments have been carried out in the

haye several e_ffects and applications de_pending on the ,proﬁ'strophysical community to verify this model2—17. They
\e;\;tles of the mgukl)se and thle propﬁrtles ]?f the mediumgp g\ that growth of centimeter-sized dust aggregates in gen-
aves generated by an impulse at the surface can, €.9., B¢, can pe understood in terms of a binary collision model.
reflected by buried objects and by the granular medlum itsel uring this first stage of growth aggregates of the same size
anddbe rr:jeasuret;j gftgrwgrds onothhe sukr.{aadeT?ﬁ canl be collide at 1 mm/s or less. Once objects reach the size of
used to detect buried objects. Other kinds of impulse cagg,q g centimeters, the impact energy is sufficiently high to
significantly change the mo_rphology of the granular_ rn(_ad'um'nitialize the compaction of the aggregates. Then preferen-
On the one hand, according to the Reynolds principle O{ially particle aggregates of different size collide at much
dilatancy (slow) compression at a granular surface m'ghthigher velocities. A body of 1 nistill consisting of dust
Isoaad {:0 a (:]ecohmpgctmn of ad'afger Ipart. of kt]hefme?,%ﬁ]. might collide with smaller bodies at velocities of several tens
Q the other haT ,drepeate mpu:e X;Ithe orrr( ?@ of m/s[11,12. The physics behind these collisions is placed
Vi ragons might ga' t(c;_ftf:ompactld | All these 'Tﬁu se?t somewhere between the physics of aggregates of dust grains
can be ger:je_rate in di 3rent (\j/vaysh Qnﬁ p_oszﬂ ity ofter g granular physics. Densely packed dust particles might
encotl)J_nterg mhnature aln US%. tec T]'_Ca Yy 'i’] tl N 'Tp?dd ct as larger individual granules as used in the experiments
an object m(;oft € granufar medium. This might oc?]_yhea reported here. However, significant cohesive forces also exist
to a strong deformation up to creating a crdfer7]. At 19f between the dust granules. In addition, an impact can locally
impact speed this will also eject material8,9. Such colli- fragment the dust granules at the impact site. This is an ef-
sions are crucial for the understanding of many problems i iant way of dissipating impact energy.
planetary science. It_ is, e.g., believed tha_t planet formation It is an open question if a mechanism exists by which
prqceed_s by a continuous sequence of impacts of SmaII‘?ﬁese collisions of a larger body with a millimeter- or
objects into 'afger dusty bodies, adding mass so that eventily nimeter-sized object can lead to a net growth of the larger
ally planets might form. Usually the Process 1S spht. up Intobody in the absence of gravity as required by the standard
several parts. In a first step kilometer-sized objects arg,,je| of planet formation. So far all experiments show that
formed by collisions. At this size of kilometers self-gravity the larger body is usually losing ma&snder microgravity
Eegpmes |mportaﬂt for l}hg fulrther 9F°Wt|h Process and_ thefherefore, just considering the impact itself might not be
odies are usually called planetesimals. However, it I gicient to explain growth of a larger body in the context of
widely accepted that the process of formation of these planﬁlanet 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
*FAX: (+49) 251 8336301. Electronic address: gwurm@uni- of fragments can add mass again and eventually lead to net
muenster.de growth [18-21]. The efficiency of this mechanism depends
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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

Detector (Trigger)

Digital Video Camera (Color) /4 : Halogen Lamp otherwise determined by gravity. The target is an aluminum
o tray with 6 cm diameter and 5 cm depth filled with dust and

poser Curtain (Lne) centered in the middle of the chamber. Details of the target

preparation will be given later. As projectile we use the same

Target (6 cm) dust as in the target filled in a cylindricé&lightly conica)
_ _ (@b) 8 (ab) holder turned upside down. We currently use elastic support
Trigger Laser (Point) Flash Lamp (Blue)  stryctures (aluminum foil9 which only compensate the

weight of the dust but easily bend during launch, allowing

Flash Lamp (Red) Flash Lamp (Green) the projectile to pass. The projectile is launched by a com-
pressed spring. To launch a projectile the holder is pulled

Single Reflex Camera (Color) upwards by a chain drive against the force of the spring. The

_ , _projectile holder is connected to the chain drive by a rated
FIG. 1. (Color onling Sketch of the experiment setup. The im- j, ey hoint, Once the spring is fully compressed, further pull
pacts are carried out in a vacuum chamber at pressures belog| jeaq to a force exceeding the force tolerated by the con-
10 mbar. A target tray is mounted in the middle of the chambertact and the contact breaks. The projectile holterd the
supported from below. Different light sources at different pOSitionSprojectile within is then accelerated by the spring and moves
with different timing are used to illuminate an impacting projectile \ i 5 guide tube to approximately 15 cm above the target.
2?; ;ﬁzo:':/?(;g% 22:22?;' These are imaged by a digital photo CaMrpe guide tube has two major functions. First it provides the
' necessary confinement for the spring and directs the projec-
. _tile (holdep to the target. Second it has a stopper with a
on the porosity of the body, the gas parameters, and the sizgntral hole at its end. The stopper abruptly decelerates the
and velocity of the ejected particles. The latter would typi-projectile holder. Due to inertia, the dust moves on through
cally need to be below 1 m/s or on the 1% level of thethe central hole of the stopper. Thus a dust projectile is
impact velocity considering the highest collision velocities tojaunched at the dust target. With the springs and holder cur-
be 50-100 m/s. With this in mind we carried out experi-rently used an initial maximum acceleration of approxi-
ments  with  millimeter-sized projectiles  impacting mately 7500 m/%or 15000 m/2 is applied.
centimeter-sized targets where both bodies are aggregates of The interparticle forces holding the dust projectile to-
submicrometer-sized dust particles. As explained in de'[a'gether are relatively weak surface forces. Due to acceleration
below especially the target is made of 0.5 mm granules ojn( friction of the dust with the walls of the holder, the dust
dust particles in most experiments. Thus, some of the obsefyojectile or parts of it can break up. However, the projectile
vations made in our experiments might be explained by thenass for experiments where we analyzed images with re-
physics of granular media with major modifications by ag-spect to ejecta essentially remained confined to a volume
gregate physics on a smaller scale in some parts of the targlomparable to the original projectile-1 cm in size if not
Laboratory impact experiments are often carried out withpgted otherwisésee, e.g., Figs.(@ and 2b)].
the planetary scale of asteroids, planets, or moons in mind |y general an individual experiment might be described as
[6]. Then scaling laws, e.g., for crater sizes or ejecta mass akg|lows: A target that has been under predefined low-
of importance. It should be noted that we do not carry outyymidity conditions for a few hours is weighed and placed
our experiments to scale them to any planetary size. Theyto the vacuum chamber. The chamber is slowly evacuated
impact of a millimeter or centimeter dusty aggregate onto &g 3 pressurg < 0.01 mbar. A projectile is then launched to
somewhat larger dusty body at several tens of m/s is exacthhe center of the target. By passing a light barrier a sequence
what is supposed to happen in the early phase of planet fopf imaging is triggered.
mation. The only extrapolation which we will carry outisto  As can be seen in Fig. 1 sevetalew) ports allow access
estimate what the target response to the impact might be if {5 the chamber. Different positions of light sources have been
were slightly largeX50 cm). This is not a scaling in the way ysed. One configuration described in the following section is
mentioned above. Our results are thus directly applicable t@hown in Fig. 1. Together with the trigger the green flash
the process of planéplanetesimalformation. lamp is firing once. This results in an image of the incoming
projectile in reflected light at a certain distante5 cm)
above the target. At a time=0.5 ms after the trigger the blue
A sketch of the experiment is shown in Fig. 1. The setupflash lamp is firing. This results in a second image of the
is part of a wind channel to allow studying the interactionincoming projectile. Due to the color separation, different
between projectile, target, gas flow, and ejecta from a colliinformation can be extracted from the color image of the
sion under conditions simulating protoplanetary disks. Wecamera. The camera’s aperture is open during the whole ex-
only used the gas flow of the wind channel rudimentary sgeriment for a total time of 4 s. These first images reveal the
far for the experiments reported here. We will therefore onlyoverall size and shape of the incoming projectile. The pro-
describe the impact part of the setup. jectiles look rather diffuse in reflected light. The video cam-
The impacts take place in a vacuum cham{82 cm in  era using the green flash as bright field illumination reveals
diametey that is evacuated prior to the impact to a pressurean optically thick projectile though sometimes with a diffuse

Il. EXPERIMENTAL SETUP
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FIG. 3. Scanning electron microsocf$8EM) image of the Si@
dust particles. This dust was used throughout all experiments.

humidity conditions as before. We are still continuously im-
proving the setup. Thus not all experiments reported here
FIG. 2. (Color online Impact imaging.(a) The projectile in have been pamed out W|_th the given configuration of light
reflected light. The green and blue flaskesper and lower in black ~ Sources as indicated in Fig. 1.
and whitg 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.
(b) The same projectilé~1 cm in siz¢ viewed with the video
camera in bright field illumination. As can be seen the projectile is  pyst As dust sample we used a commercial Spowder
optically thick. This seems to be in contrast to ima@ge With  \yith a broad size distribution. Particle sizes are between 0.1
respect to the projectile structure ima@gis deceiving. The ragged 54 10,,m with 80% of the particle mass within particles of
structure in imag€a) is caused by rim particles casting shadows. 1-5um in size. The particles have irregular shapes. The

(c) Images of ejecta leaving the target surface for three diﬁerenbensity of the bulk material is 2.6 g/@nA scanning elec-

experiments. For each image again two successive flashes in diﬁe{fon microscopy image of the dust is shown in Fig. 3. Earlier
ent colors have been used. Time difference between the flashes is Py 9 9. .

2.0 ms, approximately 15 ms after projectile impact, flash sequenCSXpe”mentS show th_at _the material |ts_elf is probably of mi-
is blue-green for the top and middle image, red-green for the botto or |mpor.tancg fOI’.S.tICkII’]g of dust partlcles at least as simi-
image. These images are shown for illustrative purpose here al ar materials like silicates ar.e considerfi®?]. Thus We re-
give examples of cases where few fast particles are ejétogyy ~ 9ard our dust as one possible analog material to model a
where gas flow is dragging particles alofmgiddle) and where a large fraction of particles in protoplanetary disks or the solar
whole layer of particles lifts oftbottom; also see Fig.)9Different ~ Nebula.
scales are used. The fragments are submillimeter in size. Target We sieved the dust sample into the target tray to
get a highly porous target. For most experiments we used a
rim. Probably a rim of small dust particles leads to self-mesh with 0.5-mm openings for sieving. Dust mass added on
shadowing in reflected light. The extent of the observed protop of a forming target in the sieving process is thus consist-
jectile in Fig. 2 roughly matches the size of the used dustng of individual dust clumps which can be rather compact
projectiles. This was not the case for all experiments. In sevand are up to 0.5 mm in size, but loosely stick to other dust
eral experiments the projectile was spread out over a largegfumps. An image of a target can be seen in Fig. 4. The
volume with a large number of smaller projectile parts. Duegranular morphology of the surface due to the sieving is
to the time difference between the flashes, the measured diglearly visible. As porosity we define
tance on the images gives the velocity of the projectile. This
is, e.g., illustrated in Fig. 2. P Vooid B

Ill. RESULTS

In total a sequence of four flashes in two colors is used to N Viotal
illuminate the projectile and target which are imaged on the
same frame. Projectile and rebounding fragments can well b&ith V.4 being the volume of the void space within the
separated. Thus a single color frame of the camera is used &&get not occupied by dust ang,, being the total volume
high-speed photography. In addition a red laser sheet is used the target. The void spacé,qig is Vipta~ Vauss With Vet
to image the trajectories of fragments in a fixed plane perbeing the volume filled by solid material. With the dust mass
pendicular to the target. After an impact the chamber igneasured and with the bulk density of the dust known
slowly filled with air and the target is removed. It is weighed (2.6 g/cn) Vg, can be determined and thus the porosity is
again—i.e., after spending a few hours under the same lowgiven. Porosities varied betwe@&74% andP=88%. Indi-
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FIG. 4. A target prepared by sieving powder with a 0.5-mm L)
mesh. The sieving results in a granular structure of the surface. The , Iz iE EE i iE z z
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Average Porosity (%)

vidual errors are typically £0.5% resulting from the determi-
nation of the average height of the target. FIG. 5. (Color onling Subsidence of the target surface after an

In some experiments the impact leads to a collapse of th#npact as a function of the average porosity of the target. The
target of a few millimeters over the whole width of the tar- uncertainties in porosity are typically 0.5%. The bulk of the experi-
get. We attribute this to the vibratiorielastic wavesduring ~ ments were carried out with targets sieved through a 0.5-mm mesh.
the impact that are sufficient to compact the highly porous_There is a_tendency of increasing su_b5|den'ce with increasing poros-
target slightly after the impact in combination with gravity. I- APproximately below 80% porosity the impact does not lead to
This effect can be separated though from the immediate ré structural collapse within the target. The _exp_enments with targetg
sponse of the target to the impact which is visible on thes€ved through a 0.09-mm mesh resulted in higher average porosi-
surface on a much smaller time scale. As seen in Rig).\@e ties and a rathgr well deflned subsidence height. A few experlments
can image the fragments leaving the target and distinguisﬁjar\éi;ﬁ Znocgrznse_i]?#trxtshhaoi%fchalrgﬁg?hgmiSog %?Z;Zgje\?vith a
tgregrgtfrigrr:et;?iégglrggl tzligsée'thlf':lt:rtizﬁirarlrl]lsriégoga\r/):?yor:i;hheO.S-mm m'esh. With respect_ to subs_idence these targets more or less

. . . . 'behaved like targets only sieved with a 0.5-mm mesh.

porosity approximately abovB=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 99m mesh. Thus the granules
on the surface are smaller. Some of these targets started t %7
collapse before the impact of the projectile. In these cases thi ]
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- l
lapse does not start before the impact. We thus conclude the  so-|
in these cases the effect of the impact dominates and is reg
sponsible for the outcome of the collisions as described be-2 78
low. This holds as far as crater formation or ejection of par- é
ticles is concerned. However, the collapse shows that ar® 7
impact has the ability to mobilize particles throughout the
target. |

Itis 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. 70l— , , , , , , , ,
This has to be answered in future experiments. 0 § 0 15 20 25 30 B4

For a series of targets we measured the change of porosity Depth (mm)
within the target. For these measurements we prepared the FIG. 6. Target porosity dependence on the vertical position in

usual target and used a piston to push the dust upward in e 5get as typically used during the experiments. Marked as error
-mm steps. We removed the dust above the target holder ang s is the standard deviation. The data are consistent with a linear
measured the mass of the remaining target and so on. fependence of porosity on the loégtavity of target material above
might be assumed that the most porous layers are on top @fgiven position If so, our target would be much more compressed
the target. Indeed this is found as shown in Fig. 6. On averpy |oad than the targets prepared by BI{@2]. To avoid too much
age there is a slight decrease of porosity from the top layersubsidence during an impact we slightly vibrated the target manu-
to the bottom layers. Individual local porosities might sig- ally approximately after 2/3 of filling and before the top layer was
nificantly deviate from this mean curve thou@¢fmarked as filled in. The steps at 5 and 15 mm depth might thus be real and due
error barg. Whether this is important for the outcome of a to this process.

84

74
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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 fo
the targets we prepared compared to the dusty bodies gene
ated by Blum[22] 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 impacg m/s. This target's upper layer was sieved by mesh

do. This suggesits that th? Eﬁ?Ct ofa coII|§|on might be moreI'herefore, the surface looks less granular than the one in Fig. 4.
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 the impacting mass. Within the small velocity range studied

0.5 mm in size for most experiments and which themselve@nd the.uncertain mass densities, we otherwise cannot give a
are rather compact consisting @ubmicrometer-sized dust. correlation between impact speed and crater depth yet.
These are two size scales which might be of importance. A Sometimes the bottom of the crater qualitatively seems to
most compacted layered body of contacting spheres of thgonsist _of a number of shg_htly larger dust units compared to
same size would have a porosity of approximately50%. the_orlglnal target. This might be larger f.ragme_nts_ from the
Therefore, if the dust within the granules is densely packedrojectile but so far we have no way of distinguishing target
and if the granules are also densely packed in the target, t@riacle's from prOJecuIe particles. T.he fragmentgtlon of the
overall porosity would be on the order of 75%. This is com-Projectile certainly depends on the impact velocity. We note
parable to the porosities which we determine for the targeti1at we had two experiments where dust projectiles impact
in our experiments. If during an impact mostly the largerVery slowly at about 2 m/s. In these two cases the original
granules as units are interacting, it might be of importancdrejectile could easily and unambiguously be reclaimed from
that they are packed rather densely even though the overdfte target afterwards since it remained in its original compact
porosity looks high. One might easily think of targets with form of about 1 cm in size different from the granular mate-
similar porosity but completely different morphology. Thus, rial surr_our_ldlng it which _eas!ly fell off afte_r carefu_lly lifting
impacts into targets of the same porosity could have different® Projectile. It was buried in the target like an iceberg for
outcomes, e.g., with respect to ejecta and ejecta velocities 2/3 of its height.

Projectiles For most experiments we used a slightly coni-
cal dust holder with an 8-mm-diam. opening on the bottom, B. Mass gain

7 mm diameter at the top, and a length of 1 cm. In some onpe quantitative measure of the impact is the transfer of
experiments we filled the reservoir with dust compactedyss from the projectile to the target. We define mass gain as
manually. We also inserted dust projectiles into the holder,ass added to the target relative to the impacting projectile
which were compa_cted ou_tS|de the holder and inserted W'thr"nass(not the target mags Thus the overall mass of the
out force. An aluminum foil was used to prevent these proyarget is not important here but only the fraction of mass it
jectiles from falling out while hanging upS|d'e down. The foil might lose or gain due to the impact. Figure 8 shows the
easily bends during launch. In these experiments most of thgy5ss gain as a function of the porosity of the target. This also
dust mass impacts as one projectile. 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-

The impacts into highly porous targets resulted in cratergates that fragments are very slow and any variation in
of several millimeters in depth and 2—3 cm width. An ex-fragment speed is insignificant with respect to the escape
ample can be seen in Fig. 7. If the craters form by compacvelocity of the target(in our earthbound laboratoryThis
tion due to projectile impact right on the spot of the impact-measure of mass gain is not to be confused with mass gain a
ing projectile, different projectile configuratiori§ragment target would have under microgravity conditions which
distributiong should create quite different craters. This is would depend on the target size and the ejecta mass. Due to
essentially what we see. For one impact we had a strobagravity, the ejecta in our experiments return to the target
scopic imaging of a projectile which was fragmented to awhere they were ejected. Here the mass gain is to underline
large degree. If we take the light level on the image as ahat most of the projectile is added to the target. Besides
measure of the spatial distribution of the projectile frag-from any imaging these measurements allow one to deter-
ments, they fit well with the crater profile in that experimentmine an upper limit for the rebound velocities of fragments.
measured by scale paper slicing the crater. This suggests thahder vacuum a particle originating in the center of the tar-
the depth of the crater at a given position is proportional toget can reach the edge and is lost if it is faster than approxi-

FIG. 7. Crater formed by an impact into the targétcm) at

A. General description of the impacts
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FIG. 8. (Color onling 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 projectde mass
the target magsThus 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.

mately 0.5 m/qassuming a rebound angle of 45This up-  amount of ejected fragments localized somewhere on the sur-
per limit is only important for the smaller particles of up to face. We think that these might be the result of somewhat
several micrometers in size which cannot be imaged indislower impacts of small individual projectile fragmef¢sg.,
vidually. For the larger particles the estimate of reboundFig. 2(c), upper imagé Estimates based on the images sug-
speed is much better confined by the images as described @¢st that only a few percent of the total incoming projectile
the next section. Thus, the mass gain here is to show that wBass(if any) is within these rebounding fragments. Their
do not miss any ejecta which are fast but too small to pe/elocities are between 0.4 and 0.8 m/s. Since they only ac-
imaged. However, in addition to the mass gain measuremenfQunt for a very small fraction of mass with respect to the
we can also exclude a larger fraction of smaller particleﬁro]ecme' we do not consider them to be of significance
since they would create a diffuse background on the image ere.

which we, e.g., see for impacts into compact targets but not A Ia'rge amount of dust is ejected which is not correlated
here. 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
C. Fragments can be seen in Fig. 9. Due to possible shadowing, the size of
. the imaged ejected granules does not always have to be the
We usually observed a certain amount of fragments reg ;e size but a typical ejected particle has a size comparable
bounding from the target after a collisige.g., Fig. 2c). {5 the sieve mesh size of 0.5 mm. In support of this, large
Particles that lift off approximately 0.1 mm from the surface parts of the target surface qualitatively look almost un-
can be detected. Due to gravity, the minimum detectable vechanged after an impact. The surface keeps its granular struc-
locity is thus about 50 mm/s. If originating inside a crater ortyre. Thus it is very likely that the size of the ejecta is iden-
in the foreground or background of a dust pile velocitiestical to the size of the topmost layer of granules.
have to be higher for a particle to be imaged. E.g., at 5 mm There is remarkably little scatter in the maximum height
crater depth the detection limit would be 0.3 m/s. We haveof ejected particles. While we cannot exclude slower or
two different measures of rebounding particles. Thesmaller fragments hidden, the sharp line of ejecta suggests
flashlamps give a snapshot at a predetermined time after imather steep upper cutoffs for rebound velocities for particles
pact. They are thus directly related to the impact. The lasegjected in a direction opposite to the impact direction. No
sheet only shows particles passing a thinl mm) layer  significant component perpendicular to the impact direction
perpendicular to the target surface. can be found.
We see no fragments which can unambiguously be traced The amount of ejecta is larger than the projectile mass.
back to the crater itself. In very few cases we observe a smalrom the images it might be estimated that at least half of the
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Ejecta (Flashlamp) Ejecta (Lasersheet) Veject @
R= & 2

After Impact Vimp

with vejec; Deing the speed of a particle ejected from the
target after a collision and, 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

FIG. 9. (Color online Target shortly after a collision with a o . - . .
projectile (top). As comparison an image of the target before thetarget is lifted at the arrival of this wave. This requires suf-

impact is shown below. The target has a 1 cm surface layer sieveticiently high momentum transfer as well as sufficiently low
by a 25um mesh on top of a target sieved by a 0.5-mm mesh sticking of the top layer. The individual 0.5-mm dust units
Ejecta can be seen in the blue flash on the left as well as in the las@® only weakly bound by a small number of contacts via
curtain on the right. They show a constant maximum height forsurface forces between dust particles. They easily roll down

fragments all over the target surface. 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
surface lifts off. If all ejected dust units are 0.5-mm granulescenter to the outer target surface. During the impact essen-
the ejected volume is about 10 &nThus about 10 times the tially these particles lifted off. The particles that were bonded
mass of the projectile can be ejected. We are currently prehore strongly to their surrounding on the dust pile and that
paring experiments with larger targets but no data can bid not move due to the vibrations did not come off as nu-
given yet. Since the low velocity of the ejecta is close to theMerous during the impact. o
limit detectable in a ground-based experiment, no further Since the lift height of the target surface does not signifi-

sampling of the mass could be done so far. Within our impacfarg[ly deﬁedn_d on thg ;t))o?ition on tr:].e SLiLface' tfhe wa_l\_/r(]as S‘;?.m
velocity range there is no significant dependence of the frag_?‘fecet ‘i’ge roti)sapb?rsre\ot C;?ég dr?)acwg]\?es tera?/L:arliﬁce(.)n stjrzi hlts
ment speed on the impact velocity as seen in Fig. 10. Whil P y y ! 9 9

. . ; ines from the crater to the surface since the strength should
the impacts that were used to analyze the ejected particles ar

L L : : vgry noticeable with distance. The momentum transfer re-
similar, projectile mass, size, and shape always vary SIIghtIySponsible also has to be more or less opposite to the impact
Thus we cannot determine or exclude a dependence on irrar

o o irection, since otherwise no preferred rebound direction of
pact energy or energy densityith respect to the projectile  jqjividqual fragments at a given position on the surface can

sizg) within our range of data. An important quantity for an e found(Fig. 9). A wave reflected from the bottom of the
impact is the coefficient of restitutio}, which we define target tray might be plausible though further studies are
here as 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
0.15 ] 0.5% of the impact velocity a fraction of 26107* of the
impact energy is distributed to the fragments. For ran
& % & =0.3g _projectile at approximatelyi_mp:25 m/s the impact
energy is abouE;,,,=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
™ Mesh size 0.5 mm contacts to support a granule. We will base our estimation of
N e the number of contacts on geometrical arguments. As dis-
— cussed above we assume that the ejected particles are the
2 % - act2\8/elocity (mZ‘; 32 34 compact granules which we have sieved as last layer onto the
. surface of the target. We regard these 0.5 mm aggregates at
FIG. 10. (Color onlin® Velocities of particles ejected on the the top essentially as individual solid spherical masses for

whole surface. Only experiments with a well-confined projectile SImPplicity here. However, each granule has a certain contact
and an unambiguous image of ejecta have been selected from té€a with the granules below in which sticking of individual
whole sample of experiments. An exception is the impact at 33 m/$lust particles occurs. As radius of the contacting dust par-
where the main part of the projectifehich we assume to be well ticles we take lum. A compact granule thus has a “surface
confined in this cagewas not imaged which results in a timing roughness” of about Am. On the one hand, if a granule
uncertainty giving different error bars. were to have individual parts sticking out further from its

A

6 Cm —p

Before Impact
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0.20 +

0.10 H
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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 unigranule size which is
determined by the sieving mesh we also prepared targets by
sieving through a mesh of 90 and 2®n. These targets con-
sisted of much smaller dust units. The targets consisting of

FIG. 11. Granule support model to estimate the number of con90-um dust units were the most porous targets we prepared
tacts between dust particles at the intersection of two granules. Mith P=88%. A few of them already collapsed due to the
the rim thicknessl is taken to bel=1 um (dust particle radiusfor ~ launch vibrations as mentioned before. Due to the time-
an r=250 um radius granule the radius of the cross sectios is consuming process of sieving, we filled the 263 targets
=22.3um. Thus the cross section is about 16002 For 1-um  on a base of 0.5-mm sieved targets with the top layer of
radius dust particles distributed in a chessboardlike manner on thi85-um units being about 1 cm in height. Figure 9 actually is
area these are about 400 dust particles in contact. one of the 25xm targets. As can be seen in Fig. 10 the ejecta
velocities are comparable to the velocities of the larger dust

first [12]. ON the other hand, compression beyond the rimo its within the variations between individual experiments.
thickness is not possible for a compact granule. Therefore, in bviously there is little or no dependence of the ejection

contact two granules will approximately intersect over theVE:IOCIty on the granular size of the dust units if varied by a

fim thickness of~1 xm as indicated in Fig. 11. With this [actor of 20. In general less massit@malle) fragments will -
assumption the contact area between two spherical granul@gve fewer contacts. Under the same assumptions as given
can be estimated to be about 16001, For 1.um (radiug ~ @POve @ 25m granule would haver=20 contacts. The
dust particles this correspondsie400 particles in contact Number of contacts is thus approximately increasing linearly
if we assume the particles to be arranged in a chess boatfth size. If the whole upper layer lifts off, the momentum
like manner over the cross section. It has to be noted that thigansferred to the ejected particles at a given ejection velocity
is only a rough estimate which will vary by a significant 'S also depending Imear on the size of the granules. Thus,_ if
factor depending, e.g., on the size distribution of the used€ total momentum distributed to the next to upper layer is
dust particles, granule size, or porosities. constant, so will be the ejection veIo_cny, which is qualita-
The energy needed to separate two dust particles in cortively in agreement with the observation.
tact isE,,=10715 J[12]. For 400 contacts energy on the order
of 4x 10713 ] is dissipated in breaking up the contacts of a
single granule. Compared to the Kkinetic energy of 8
%X 1071% J of the granule after ejection this is a factor of 2000 The amount of fragments from an impact of~al-cm
less energy. projectile into a highly porous dust target might be larger
However, the wave will depend on the parameters of théhan 10 times the projectile mass. Eventually microgravity
impacting projectile and targémass, velocity, size, poros- experiments are needed to detect all fragments and give a
ity). Thus there might be a lower limit of the projectile size quantitative measure. Nevertheless, upper limits for veloci-
and impact velocity, e.g., of millimeter particles impacting atties are already of importance to answer if planetesimal for-
less than a few m/s, where the energy needed to break up timeation by growth can occur.
contacts would be larger than provided by the wave and no With respect to planetesimal formation it is often argued
ejecta should be produced. that impacts of millimeter- to centimeter-sized objects at sev-
Only the experiments with a well-confined projectile areeral tens of m/s cannot lead to growth. Indeed our experi-
shown in Fig. 10. Images for dispersed projectiles can benents show that an impact ejects more mass than the projec-
interpreted less unanimously and are not shown but there tde adds. If no target tray were to support the bottom of the
evidence that if a collective behavior of the surface can bédarget(e.g., under microgravilyand ejecta were generated at
detected at all, the motion is much slower, in agreement witlthe bottom, the target might in fact lose mass in the type of
the arguments given before. To determine if a significant parcollision simulated in our experiments. We have to note
of fragments can be ejected at much lower impact energieshough that impact velocities for a 10-cm body are most
eventually microgravity experiments have to be carried outprobably below 10 m/s in laminar protoplanetary disks and
If a wave reflected on the bottom is responsible for ejecprojectiles might on average be smalféd]. As mentioned
tion, then ejection at distances of 10 ¢thtimes the height before for smaller projectiles, in a slower collision a plau-
of the target or more from the point of impact is possible. If sible extrapolation of our data would imply that no ejecta at
no target tray were to support the dust, ejecta might be oball might be visible.
served on the opposite side of the impact. This is supported Our impact velocities are more appropriate for a collision
by first tests of an impactlike impulse generated at the botwith the target being larger than about 50 cm in size. Scaling
tom of a dust target. If the target were much larger, e.g.fo this size dilution and damping of the elastic waves might
meter sized, it is conceivable that no ejecta at all would belso result in no ejecta at all. Thus immediate growth in a
produced at the bottom sid®pposite to the impact sigle  collision with a small dusty body is likely. This essentially

surface before contact, these would easily be compress

IV. DISCUSSION
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assumes that the elastic waves are spreading downwards V. CONCLUSION
from the impact site.

However, it is well known that a load applied to the sur-  we carried out collision experiments between a porous
face of a granular medium spreads to the si@sSo itis  qusty target of several centimeters in size with a granular

conceivable that waves strong enough to eject partidecﬁworphology and dust projectiles with up to 1 cm in size at
might find a way back to the surface even in an unboun ollision velocities between 16.5 and 37.5 m/s. While the

target. Also Hinch and Saint-Jef®3] found the interesting #'mpact of the projectile produces a crater no significant

result that in the case of a solid particle impacting a line o ¢ h | : |
other solid particles the impacting particle and many of thefiecta from the crater could be found. However, a large

particles within the line can actually rebound. While their @mount of material of 10 times the projectile mass is ejected
results can certainly not be directly applied here their calcuover the whole surface of the target. These ejecta are very
lations show though that quite unexpected effects might bslow with velocities between 0.09 and 0.20 m/s in different
seen in a discrete medium. Within this scheme it is alsexperiments. Ejecta velocities are typically 0.5% of the im-
thinkable that local density variations maybe due to someact velocity. Ejecta velocities for an individual impact are
previous compacting impact might scatter a wave upwardgnniform over the whole surface, i.e., do not depend on the
strong enough to eject particles. » _ distance from the impact, and the particle motion is directed
If so, growth can still occur under conditions typical for yormendicular to the target surfadeottom) with no detect-
protoplanetary gas-dust disks if we combine the experimenzy o qiqeward motion. The ejecta velocity does not depend
tal outcome of the impact with the effect of gas flow around . o
and through these porous dusty bod28]. Wurm et al. [20] on the size of the granulédust aggregataasbund_lng a target
discuss how gas flow can return ejected particles if they ar@S varied from 0.5t0 0.025 mm. The experiments suggest
slow enough. different behavior for slower impacts of smaller projectiles,
The idea is simply that gas motion directed toward the€.d., faster rebounding particles from the point of impact
surface of the body can drag ejected particles back to thwith no ejecta from other parts of the surface, but this has to
surface. For a solid body the streamlines of the gas wilbe studied in more detail.
surround the body. However, through a porous dusty body a The ejection of particles from the whole surface can be
certain amount of gas will flow and the streamlines close teexplained by waves launched at impact and reflected at the
the surface of this body will enter it. If small ejected dustbottom of the target tray. The launch @fastig waves might
particles can couple to these streamlines, they will return tehus be an important mechanism to eject particles from a
thga surface. _The fraction of ejecta mass 'ghat is reaccreted Bytrongly cohesive, inelastic dusty medium. Depending on the
this mechanism will depend on the porosity of the target, theize and morphology of the target net growth or ablation of a
gas parameters, and the ejecta parameters. Viétiiah [20]  target under microgravity conditions results. Applied to the
assumed fragments to be micrometer-sized dust particlggrmation of planetesimals, growth or destruction of dusty

slower than 0.5 m/s. The speed of fragments ejected by elagygies is possible, depending on the parameters of the im-
tic waves found in our experiments here is typically mUChpact

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 ACKNOWLEDGMENT
higher in protoplanetary disks, the transition region to
weakly shocked impacts has to be studied in future experi- This work is funded by the Deutsche Forschungsgemein-
ments. schaft.
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