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Abstract

Aerogel collectors have been deployed in low-Earth orbit to collect orbital debris and micrometeorites. An array of silica aerogel collectors
is currently en-route back to Earth following an encounter with the Comet Wild-2 on board the Stardust spacecraft. Stardust is returning, for
laboratory analysis, cometary andérstellar dust grains which impted into the aerogel collectorsteypervelocities. While the morphol-
ogy of impact craters in aerogels has been studied empirically, a theoretical understanding of the physical mechanisms responsible for the
formation of impact craters in these solids is lacking. Here we propose and test a model of compaction driven impact cratering in aerogels.
Our model derives impact crater dimensions directly from energy and momentum deposition.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction to Earth (Brownlee et al., 1997)Since the early 1990s,
several aerogel collectors have been flown in Low-Earth-
Silica aerogels are highly porous solids consisting of a Orbit (LEO) (e.g., ODCE, EuReCaH0rz et al., 2000;
network of SiQ nanoparticlesr, ~ 10-100 nm). They are ~ Burchell etal., 1999 part to characterize the orbital debris
the lowest density solids known and are commonly preparedenvironment but also with the goal of capturing extrater-
via the supercritical solvent extraction of a sol-(@esser restrial particles. These collectors, in addition to recording
and Goswami, 1989)n addition to their unusual physical carrot-shaped tracks, havecorded anomalous track mor-
properties (e.g., low density and thermal conductivity), they phologies that appear to have no laboratory angkgyrz
have been shown to be superior at capturing hypervelocityet al., 2000) While some of these are suspected of having
(v>> speed of sound) projectiles in excess of 7 krh at originated from extremely fast (and presumably extrater-
least partially intaciBarrett et al., 1992; Kitazawa et al., restrial) micron sized dust grains, to date only a few ex-
1999) This capture process typically results in the formation traterrestrial projectiles have been identified and analyzed
of a “carrot” shaped impact crater, commonly referred to as jp aerogel collectors deployed in LE@6rz et al., 2000;
a track (seéig. 1). Burchell et al., 1999)Even simple estimates of the kine-
NASAs Stardust mission is currently en route back 0 matic properties of these impact events has been elusive, in

Earth following an encounter with the Comet WiId—2_in large part because the impacataring process in aerogels is
January 2004. Stardust has collected cometary and inter,5¢ well understood.

stellar dust grains in Si® aerogel collectors for return In this paper we propose and test a quantitative model

of compaction driven impact cratering in porous solids.
* Corresponding author. While this work is primarily mqtivated by our desire to un-
E-mail address: domi@socrates.berkeley.e@@. Dominguez). derstand how aerogel based impact energy detectors work
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Fig. 1. Carrot shaped track found in aerogel exposed on the Mir Space Sta-
tion. The projectile entered the aerogel from the lower right and is found at
the upper left hand corner of the image.

(Dominguez et al., 2003 theoretical understanding of im-
pact cratering in aerogels calihave wider implications.

2. Previouswork on impactsinto aerogel

Previous work on impacts into aerogel largely consist of
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Burchell et al. (1999kystematically examined the ef-
fects of projectile size and density on the track length and
track mouth diameter in 92(0.5) mgcnt3 by shooting
(v=>5.1+0.2 kms 1) a combination of irregularly-shaped
olivine (75-375 pum) and iron projectiles (75-375 um in di-
ameter) as well as spherical glass beads (75-375 um in diam-
eter). The scatter in their individual points is large, making it
difficult to obtain quantitative information that is sufficiently
accurate for our purposes. There are, however, two trends in
their data worth mentioning: larger projectiles lead to larger
track mouths and longer tracks and denser projectiles lead to
longer trackgBurchell et al., 1999)

Hoérz et al. (2000noted that the length of impact craters
in the ODCE aerogel collectors did not systematically corre-
late with the size of the projectile at the end. This observation
has frustrated efforts at reconstructing the original velocity
and possible origins of projectiles captured in this collector.

Burchell et al. (2001)fired 106.2 pum(+2%) glass
beads into aerogels with various densitigs={60, 96, and
180 mgcnt3) at several velocities (1-7.5 km¥ and re-
ported on the velocity dependence of track length, track
volume and track diameterear the surface. Their data, in
agreement wittBarrett et al. (1992)indicate that the track
length does notincrease indefinitely as a function of velocity,
leading to non-significant correlation between track length

studies that focus on the effects of the capture process on the, 4 velocity. The track lengths &urchell et al. (2001jp-

projectile. In this section, we provide an historical overview
of this work, with an emphasis placed on observations that
are relevant to the theoretical model we present.

Early work demonstrated the feasibility of using aerogels
to capture hypervelocity projectiles relatively intg@sou,
1990; Barrett et al., 1992Barrett et al. (1992andBurchell
et al. (1999, 2001have done empirical studies on the scal-
ing of impact cavity dimensions with projectile properties
(velocity, projectile density, size) in aerogels of various den-
sities. In addition to examining the effects that the capture

process has on 105-125 um irregularly sized projectiles that

consisted of single crystal grains of calcite, olivine, ensta-
tite and pyrrohotiteBarrett et al. (1992¢oncluded that the
track length is not a sensitive function of the velocity but is
a strong function of the aerogel density.

Kitazawa et al. (1999presented empirical data on the
track length, mouth diameter, and maximum track diame-
ter. They also estimated projectile ablation in their studies.
Their images of tracks from impacts with velocities as high
as 12 kms? bear some resemblance to the impact cavities
found in the ODCE collector that are suspected of being
caused by extremely fast impact events. However, the au-
thors’ choice of irrgular, non-spherical projectiles may have
contributed to the large dispersions (more than 2 orders of

pear to reach a peak, which depends on the density of the
target aerogel, although the scatter in the data does not allow
one to draw a definite conclusion. Finally, the authors mea-
sured the diameters of the captured projectiles and compared
them to their original sizes; the size of projectiles captured
at the highest velocities may be systematically smaller than
the original sizes, especially for the projectiles captured in
the 60 mg cm® aerogels, but the ambiguity in the data indi-
cate that ablation of the projectiles is not significant at these
impact velocities. The authors of these empirical studies did
not relate their data to theory.

Theoretical work byAnderson and Ahrens (1994j the
physics of dust grain capture in organic foams focused solely
on the energy loss of projectiles and neglects any treatment
of the physical mechanisms responsible for the creation of
an impact cavity in low density solids. A subsequent report
for NASA on the physics of interplanetary dust collection
in support of the Stardust mission Bynderson (1998pnce
again focused only on the stopyi of the projectile. A va-
porization model for impact cratering in low density foams
was proposed bitadono (1999)We briefly discuss the ap-
plicability of this model in Sectiod.

magnitude in some cases) in their data, since the random ef-

fects of projectile tumbling cannot be known. The authors

3. Impact cratering in solidsand in aerogels

describe the energetics of the capture process using simple

drag and ablation models to account for the reduction in size
of their captured projectiles and the reduced track length at
higher velocities.

When a hypervelocity projectilev(>> speed of sound)
impacts the surface of a target, both the surface and the
projectile experience a shock pressurg,ock given approx-



Impact cratering in aerogels 615

imately by pressibility k = 1 — (po/p1) = 1 (seeZel'dovich and Yu
(1967) Trucano and Grady (199%)r more details).

Pshock™ pr v,~2 , 1) The force exerted by the aerogel resisting compression is
given by:

where p; is the density of the target and is the velocity
of the impactor. A shock wave is sent into both the tar- f.— p. A, (3)
get and the projectile. Upon reaching the rear of the pro-
jectile in a timer ~ D/Us, where Uy is the shock wave i )
velocity in the projectile material, a rarefaction wave of convenience, we can expressas:

comparable strength propagates back from the rear of the 1,

projectile and the projectile decompresses. For impacts into” € — 2P0%> (4)

ordinary solids(o, ~ 3000 mgcm?), the strength of the  whereu, is the critical velocity for crushing.

where P, is the crushing pressure of the aerogel. For later

impact typically results in the complete (or almost com-  The momentum loss of the projectile is given by:

plete) destruction of the projectile at or near the surface. 1 c

A hemispherical shock wave travels into the target that com- @ _ —(F,+F) = __dp0U2A —P.A (5)
elz v 278 ’

presses, crushes, deforms and excavates the target mat

rial in the vicinity of the impact. These processes result wherepg is the uncompressed density of the aerogglis

in the formation of an impact crater that is roughly hemi- the instantaneous velocity, is the cross sectional area of
spherical in shape. This type of impact event has been well the projectile. In general we expecCy ~ 1, but we will treat
studied because of its appltaans for cratering on Earth, it as a parameter to quantitatively describe any additional
the Moon, and other Solar System bod{&4elosh, 1989; slowing. Assuming-, is constant, Eq(5) can be solved to

dePater and Lissauer, 2001) give:
Hypervelocity impacts into aerogel differ significantly 1 /v.\2 1/2
from those into ordinary solids. The tremendous mis- vg(z):voe_z/(ZA)[1+C—<—C> (1—ez/*)} , (6)
d \V0

match between the target and projectile densitiggjectile/
prarget™~ 1 VS. pprojectile/ ptarget~ 100/1) allows the projec- wherea is given by:
tile to penetrate deeply into the aerogel. As the projectile
penetrates and slows, the energy and momentum loss of the. = — 5 —r,. (7)
impacting hypervelocity projectile is transferred to the aero- d
gel, creating a shock wave that propagates nearly radially Forv > 0.5 kms™2, the crushing term can be neglected and
away from the projectile’s trajectory. Because of the low the kinetic energy of the projectile becomes:
density (porosity~ 99%) and crushing strength of aerogel, _
. . . SE(Z) ~ Ege z/)»7 (8)
this outgoing shock wave compacts the aerogel as it expand
and weakens until it can no longer overcome the crushing whereEg = %mgvg is the initial kinetic energy of the pro-
strength of the aerogel. The relationship between the kine-jectile andmg, = %n,ogrg.
matic properties of the projectile and the final impact cavity The energy and momentum lost by the projectile per unit
morphology is the focus of this paper. length is transferred to the aerogel material that it encoun-
To be quantitative, we consider the energy and momen-ters. Employing momentum conservation, we find that the
tum loss of the projectile. For simplicity we consider a nor- velocity of the shocked aerogel along theirection is given
mally incident spherical projectile of radiug in aerogel. by:
For the discussion that follows, we define a cylindrical co- Ve (2)
ordinate system whose origin is the point of entry into the v, .(r =r,,2) =Cy £ 9
aerogel and whosg direction coincides with the direction ) 2
of the projectile. The radial directiortis perpendicularto ~ The acceleration of the uncompressed aerogel by the shock
this direction, pointing away from the trajectory of the pro- 1S analogous to an inelastic collision. While momentum
jectile. is conserved in the collision, the kinetic energy is not.
Trucano and Grady (1998jve shown that the slowing of The energy trgnsfer to the newly shocked material is split
spherical projectiles captutén ideal porous media (hydro-  €gually into kinetic and thermal energy components (see
carbon foams) is adequately described by a hydrodynamic”APPendix Afor more details). We can express this condi-
force of the form: tion as:

1 1dE
1/14k 2 2/, 2 2y_ 4%
Fn=5 <%>pgv2A, ) 2P0y (v5, +v52) 2 dz
Herevs ; = v - Z, vs,» = Uy - 7, @andvy is the velocity vector
where A = nrgz andk is the compressibility of the porous of the shocked aerogel.

target. We assume that aerogels are ideal porous solids con- Using Eqs(9) and (10)one can show that the radial com-
sisting of a low o) and high p1) density state and com-  ponent of the shocked aerogel immediately after the passage

(10)
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Fig. 2. Shock wave propagation into aerogel at points away from the surface.
0s =45° whenCy =1.

of the projectile is given by:

Cs C3

1/2
2 4> ’

Far from the surface, Eq§9) and (11)imply the shock
wave travels at an angle with respect to the radial direction
axis, independent of velocity fd hence location along the
trajectory). This angle is given by:

Cu

T 2z
25— G

Vs (r =rg,2) =g (z)< (12)

tand, = (12)

This result is illustrated b¥ig. 2 Note that in the case of a
blunt object,C; = 2 and in this case all of the momentum
and kinetic energy are transfered only in théirection.

We are interested in the kinetic component of the shock
wave. Using(A.2) and Eqgs.(9) and (11) we find that the
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the surface is strongly attenuate®} (r) « r—8) because the
geometry of the expansion in this region is spherical. We
conclude that the general shape of impact cavities in aero-
gels is determined by the expansion of a spherical shock at
and near the surface followed by a gradual transition into
a domain of cylindrical expansion. The transition between
spherical and cylindrical gecstry occurs within a region
given approximately byAz ~ rr(0)tand;. A quantitative
description of this transition region is beyond the scope of
this paper.

For the purpose of comparing the predictions of this
model with experimental impact craters, we will ignore the
surface and transition regions. In addition, we will approxi-
matev(z’) — v(z). Given the exponential form af(z) (see
Eq. (6)) and the fact that track radii are typically only a few
times the size of the projectile, the error introduced by this
approximation is negligible.

The shock wave ceases to expand into the aerogel when
Py is equal to the crushing strength of the aerogel (or equiv-
alently, when|v;| = v.). Thus, the track radius away from
the surface and transition region is given by:

Cd,OOU(Z)2>l/4

rr(z) = rg COSO < >p
c

(16)

4. Results

Between December 2001 and October 2003 we exposed

kinetic pressure of the shock wave at the interface betweensamp|es of silica aeroge| of various densities to hyperve|oc-

the projectile and the aerogel is given by:

Cyq
o> (13)

Pi(r =rg,2) = — pov5(2).

The attenuation of a compaction shock wave in ideal porous

media, regardless of geometry, can be shown to scale as:
(14)

where M is the mass of the compressed shock front. For
clarity, we have included an outline of a derivation, similar
to that found byZel'dovich and Yu (1967)in Appendix B

Pox M2,

Because the shock wave angle is independent of velocity,

we conclude, assuming that the shock wave is cylindrical
and using Eq(B.21), that the ram pressure of the cylindrical

shock wave of compressed aerogel away from the surface

region is given by:
C
Pi(r.2) = —°

4
>, Ty COSy
5 vg(z)<7r >

wherez’ = z —ry tanf, andr (z)7 is the radius of track. Note
that Py (r = rg, z) is consistent with E(13). In addition, be-
caused, is not zero, the final size of the impact crater at a
givenz is determined by the energy and momentum deposi-
tion upstream. This in part explains why the largest opening
of an impact cavity in aerogels is not found at the surface

(15)

ity glass beads at various velocities using the NASA Ames
Vertical Gun Range (AVGR). We imaged impact craters in
the samples and calibrated them using a microscope and an
optically encoded computer-controlled stage.

Various projectiles were used in these shots, including
a population of monodisperse glass beads 20834 yum
in diameter and a dispersion in size of 9.4%. Because of
their relatively tight dispersion most of the analysis that we
present here will focus on tracks created by the 20-um glass
beads.

4.1. Determining P,

We determined the crushing strength of aerogels em-
pirically by exposing samples withh = 14, 20, 30, 60,
100 mg cnt3 (prepared by S.M.J.) to mono-disperse 20-um
glass beads at 4.36 kmsduring October of 2003. The size
of the maximum impact radius, observable near the surface,
together with Eq(16) allowed us to determin®.(p) with
reasonable precision.

AssumingCy = 1, we can solve Eq16)for P, to give:

(5)mi()-

Tg

Ry

1
)pov(z)

Pc(po) = )

17)

of the aerogel. The strength of the shock wave at and nearwherer,, = ry(0) andf, = 45°.
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Fig. 3. Individual data points arshown as black dots. Blue dots indi-

cate statistical averages. Dashed red line indicates fit to data, given byFig. 4.1, /Ly vs. velocity.L is the observed length of impacts in aero-
Rin/rg = 8.7(%)—0-25. gel. L7 is the expected length of tracks as given(h9) assuming thaP,
is given by Eq(18).

We display the individual measurements of the normal- ) .
ized maximum impact radius iRig. 3 versus aerogel den- 1 "uS, the length of tracks in aerogel should scale linearly
sity. We observe that the dispersion in the data for the aero-With Projectile size and density, and logarithmically with ve-
gels of 14, 20, 30, 60, and 100 mgchwere 14, 20, 16,  |OCitY. o o
and 18%, respectively, and indicate that, in addition to the A VEry good approximation to the above equation is ob-
dispersion in projectile size, there are other sources of error,{@inéd by assuming that (z) is a simple exponential and re-
possibly due to a dispersion in impact velocities. quiring that the projectile stop whejpov (z = L1)? = P..
Previous work has found that, for a given preparation The track lengthin this case is given by:
technique, the mechanical properties of aerogels (Young'’s 2
Modulus, sound speed, etc.) are power-law functions of L =Aln(@> . (21)
their density(Moner-Girona et al., 1999)We similarly as- Ve
sume thatR,, (po) is a power law and find that it scales as Equationg19) and (21)agree with each other to within 10%

Ry /rg = 87(%)_0'26 (seeFig. 3). This result, to- or less forvg > v, and converge with increasing accuracy for
gether with Eq(17), implies that the crushing strength of the  higheruo. _ o .
silica aerogels used in our studies scales as: The actual dynamics of slowing in aerogel are compli-
- cated by the ablation, deformation, and (possibly) fragmen-
- o i tation of the projectile. For example, Trucano and Grady
P.(p) 6l ———— kPa (18) o i L
14 mgcnr3 found that millimeter sized copper projectiles deformed for

It is interesting that the crushing strengthof the aerogels ~ Nigh impact velocities > 2.9 kms™) in 176 mgenr™
studied here agree in scaling and magnitude to the micro-Pelyurethane foam. The penetration depth of the projec-

mechanical hardnesH that Moner-Girona et al. (1999) tiles is reported to drop by a factor of about 2.5 between

_ 1 _ 1 Thi : :
found in their studies. Although the precise relationship be- ¥ = 2-5kms~andv = 2.9kms™". This drop in penetration
tween P, and H is not known, their comparison suggests depth (analogous to outy) is attributed to the permanent

that they are similar measures of aerogel's resistance to beplastic deformation of the projectile. For velocities greater
ing compressed than 4 kms?, the authors report that the copper projectiles

fragmented, resulting in even shorter penetration depths.
We compare the lengths of tracks from our experiments
with theoretical predictions of Eq19) in Fig. 4 We have
also included the track lengths reported Byrchell et al.
(2001)for comparison. An examination of the track lengths
(normalized by their theoreial expectation) clearly indi-
cates that the slowing of projectiles is not as straightforward

4.2. Track lengths and energy loss of projectilesin aerogel

In the absence of projectile ablation or aerogel accretion,
Eq. (6) can be solved exactly for the penetration depth
This is given by:

v\ ? as Eq.(5) suggests. While it is possible that we have un-
Ly =Alin{1+ Ve (19) derestimated the mechanical strength of the aerogels, this
2 underestimation would have to be severe in order for it to
— ﬂ(@) In <1+ <@> ) (20) account for our results. Comparison of the track lengths at
3Ca \ po Ve 4 kms! for the 14 and 50 mg cn? aerogels, in addition,
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(@)p =50 mgent3, v =131 kms1. (@)p =14 mgen3, v =3.97 kms L.

(b) p =50 mgcm 3, v =397 kms 1, (b) p =14 mgem 3, v =553 kms1,

Fig. 5. Aerogel accretion of 20-um glass beads captured in 50 mgcm  Fig. 6. Aerogel accretion onto 20-um glass beads captured in 14 mgcm
aerogel. A 20-um circle is overlayed to indicate the probable location of the aerogel. A 20-um circle is overlayed to indicate the probable location of the
projectile and scale of the image. projectile and scale of the image.

seem to indicate that the track length shortening is density Table 1

dependent. The dispersion in the track length of 20-um glass beads captured in aerogels
Previous studies have attributed track length shortening to °f various densities

projectile ablation(Anderson and Ahrens, 1994; Kitazawa Dg (um) p (mgcni3) v (kms1) % dispersion

et al.,, 1999) And, while this possibility cannot be dis- 20 50 131 9+3

counted from our data, we suggest another contribution to 20 50 397 9+3

track length shortening. We observe that, for a given shot, 28 ig gg% iig

the projectiles at the end of tracks in both the 14, 20, 20 20 437 1

and 50 mgcm? aerogels are usually covered in variable 5 14 553 30417

amounts of aemge_l’ e§pe0|ally at hlgher VEIOCItE_@$' S Note that the dispersion of track lengths at the lower velocities agrees with
and §. The dispersion in the track lengths showrTable 1 the dispersion of the projectile size (9.4%), as would be expected for if

at the highest velocities is consistent with this interpretation, tracklengths dominated by the size of the projectile. The dispersion is espe-
although projectile fragmentation may also be a factor at the cially large for shots withy = 5.53 km st into 14 mg cn3.
highest velocities.

Aerogel accretion onto captured projectiles has previ- of ablation and accretion should not significantly affect the
ously been observg@arrett et al., 1992; Horz et al., 20Q0)  size and velocity of the projectile.
although its implications on the length of impact craters has
not been treated quantitatively. 4.3. Track diametersin 50 mgcm—2 aerogel

For the purposes of our discussion, it is safe to say that
the relative contributions of projectile ablation and accretion ~ Using Eqs.(17) and (16)we independently verified our
to the slowing dynamics of projectiles are not well under- model by measuring the maximum normalized radius of an
stood. Therefore, our analysis of impact craters in aerogelsimpact crater,R,,/r,, in samples of 50 mgcn? aerogel.
will focus on the portion near thsurface, where the effects Most of our data points were derived from impacts with
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Fig. 7. Velocity scaling ok, /¢ for shots into 50 mg cm’ aerogels. Blue
circles indicate individual data pomtwhile solid blue dots indicate sta-
tistical averages. Dashed line (black) indicates prediction of track shape
model whenP, is determined using E17). A better fit is obtained ifP.

is extrapolated from the experimaily derived value of the 60 mg cn?
aerogel assuming B, p(z). The dashed red line denotes the fit that is ob-
tained if we assume that. = 17( the hardness given by
Moner-Girona et al. (1999)

%)2,
14mgcm-
20-um glass beads, although when available, we also in-
cluded measurements of 2, and 5 um in diameter glass beads.
Figure 7shows thatR,, o v1/2 as expected.

To illustrate the ability of our model to mimic the general
behavior of track shapes in aerogels, we superimpose model
predictions onto images of impacts in 50 mgchaerogel
at various velocities iffrig. 8.

An alternative model of impact cratering in low density
solids was proposed previously §adono (1999)In his
model, he argues that impact craters in porous solids result
from the vaporization of the target material. A simple esti-
mate of both the scaling and magnitude of the track radius
reveals that vaporizatioriane cannot suitably account for
the dimensions of tracks in silica aerogels. Assuming that
all of the projectile energy loss per unit track Iengf;fifq
is deposited as heat, the radius of vaporized track material
resulting from the impact of a projectile with radius and
velocity v is given by:

(b) p =50 mgenT3, v =397 kms 1.

02 \1/2
8
Tvap =17 (22)
P g<Hvap) (¢)p=50mgcn3, vy ~53kms1,
~r, <v7g> (23) Fig. 8. Track shapes near the surface in 50 mgeraerogel at various
5.6 kms? velocities. A circle of 20-um in diameter has been added to indicate the

Here we assume théap = 32.3 x 10° Jkg ™1, the standard scale of the projectlle and image.

value for silica. The vaporization model clearly underesti-

mates the size of tracks. The effects of aerogel vaporiza- higher velocities in the 14 mgcnd shots. We suggest that
tion may not be negligible at impact velocities exceeding this meandering behavior may result from the random and
5 kms ! and could complicate the functional dependence asymmetric accretion and shedding of aerogel during cap-

of track shapes on projectile properties. ture, although we cannot ruteut projectile spinning.
Horz and others have previously noted that projectiles in ~ Because the radius of an igt is a linear function of the
aerogel do not necessarily follow straight patH$rz et al., projectile radius, the accretion of aerogel can have a drastic

2000) Tracks in our samples also meander, especially at theeffect on track radius. In the absence of aerogel accretion,
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whereV, = 3772,

Thus, while the track diameter is expected to be a weak
function of the velocity, the volume of the impact cavity
is expected to scale linearly with both the volume and ve-
locity of the projectile. In addition, the track volume is
not expected to be a straightforward function of the ki-
netic energy since, is a function of the aerogel density as
well.

5. Conclusion

We have developed and tested a theoretical model of im-
Fig. 9. Irregular track shape profile from the impact of 20-um glass beads pact cratering in aerogels. In the case of tragk diameters near
captured in 14 mgcm? aerogel at 5.53 knst. This track morphology the surface, the correspondenesieen experiment and the-
may be indicative of random aerogel accretion and shedding. Note the fluc- ory is good and indicates that the physics of impact crater
tuations in track radius and apparent wall thickness. formation in aerogels is well described by a model in which

] ] ] an outgoing cylindrical shock wave attenuates, in a manner
the track radius should be a smooth decreasing function of 3najogous to that of a supernova in the interstellar medium
partures from this behavior indicate that the projectile size stops when it is no longer able to overcome the mechanical
is undergoing sudden increases or decreases. For examp'%trength of the aerogel.
Fig. 9 shows a portion of a track shape of an 5.53 krhs The correspondence between experimental and theoreti-
impact into 14 mg cm* aerogel that appears to be the re- ¢4 track lengths, on the other hand, is not as satisfactory.
sult of aerogel accretion and shedding or possibly projectile The dynamics of projectile slowing are clearly complicated

fragmentation. by a variety of factors, including projectile ablation and aero-
] ) ) ) gel accretion. Aerogel accretion onto captured projectiles
4.4. Scaling properties of impact events in aerogel has been reported by other authors, although to our knowl-

edge the connection between it and the slowing of projectiles
has not been pointed out previously. Given the amount of
aerogel accretion that we observe, we conclude that its ef-
fect on the slowing of projectiles in low density aerogels
4p, w \2 with micron-sized projectilessisignificant. Some amounts
Lt 0<rg(3—) (1 < ) ) (24) of aerogel accretion were observed in the studies of M.
0 ve(po) Burchell, although this was not observed to be significant
The track radius away from the surface and transition region (personal communication). We speculate that the enhance-

Our impact cratering modelredicts that track dimen-
sions are weak functions of projectile kinematic properties.
In summary, the track length scales as:

scales as: ment we observe may be due to the higher temperatures
v\ Y2 that aerogels of lower density experience. To illustrate, we

I'T XTIy <v—> . (25) consider the third Rankine—Hugoniot equation. For a given
c

_ _ o velocity and common final density (1), the compression
The track volume of an impact crater in aerogel is given by: of aerogel from a densityg to a densityp, changes the in-

Ly ternal energy by:
2
Vr = / 7(rr(2))"dz. (26) E—Eo=(P+ Po)(Vo—V)/2, (29)

0 o where Vo = 1/p0 and V = 1/p1 (dePater and Lissauer,
Away ;‘rom the surface, the track radius is givenigyz) =~ 2001) This equation implies that the change in internal en-
”g(%)lﬂl- If we setv. = 0, the volume of the track takes  ergy is inversely proportional to the initial density. Thus,
on the‘analytic form of: for a given impact velocity, shock compressed ultra-low

212 density aerogels (e.g., 14 and 50 mg&nare expected
Vr Nm;(povo) (4A)(1— e—Lr/(4A)), - tc'J.be hotter compared to aerogels with higher initia] delj-
2P, sities. In the design of aerogel collectors, a premium is
wherej. — (%)(p_g)rg andC, = 1. placed on making aerogels of low-density to reduce the

heating rate as well as the impact shock pressure. The ob-
servations we make here, however, imply that low den-

@) <@> <1_ <E>1/2> (28) sity aerogel collectors may acdlly heat a captured pro-

Using Eq.(21), the track volume can be expressed as:

00 ) \ e v jectile more than would otherwise be expected, due to the

Vr N4-Vp<
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coating of hot aerogel that they accumulate. To what ex- Appendix A. Derivation of Rankine-Hugoniot

tent the similar composition of the aerogel and glass beadsequations

may enhance aerogel accretion should be studied in the fu-

ture using monodisperse projectiles that are similar in size  The Rankine—Hugoniot equations express the relation-
but different than aerogels in composition. In addition, em- ship between the macroscopic properties (density, particle
pirical studies of the viscosity of shocked aerogel could velocity, and energy density) on either side of a shock wave.
turn out to be helpful in bridging the gap between ex- In the discussion that follows, s&ég. A.1 for the meaning
perimental observation and theoretical predictions of track of the various quantities.

lengths. Conservation of mass across the interface gives:
Our model of impact cratergnin aerogels predicts that
the dimensions of an impact into aerogel are very weak poUs = p1(Uy — u1), (A1)

functions of the projectile properties. Efforts to correlate the
radius and projectile kinetic energy have not revealed the
functional dependences thaie predict because these de-
pendences are very weak. It is not surprising Batchell
et al. (1999)observed that projectiles of different density,
but same size, produced track rigtiat were virtually iden-
tical. On the other hand, the scaling of the track volume
(Vr « r?(%)vo) does depend on the projectile composition Similarly, energy conservation and E@é.1) and (A.2)
and on the velocity. Of course, natural projectiles are not imply that:
spherical and will ablate, fracture and even completely dis-
integrate as a result of the capture process, complicating theg, — g, = }pouf (A.3)
reconstruction of the original impact velocity. 2

Studies of the relationship between energy deposition Here E; and Eg represent the internal energy (not including
and track shapes for various projectile types may be aug-enthalpy) of the fluid on either side of the shock. The to-
mented with the use of calorimetric aerog@®minguez et  tal amount of work donepbuf) on the newly shocked fluid
al., 2003) These aerogel collectodtectors offer the abil-  together with Eq(A.3) demonstrates that during the shock
ity to accurately reconstruct the kinetic energy of an impact compression of materials, half the energy goes into the in-
by using thetotal amount of kinetic energy transferred to ternal energy and the other half goes into kinetic energy,
the aerogel, in the form of heand resultant fluorescent regardless of the type of material being shocked. In the ab-
material, as an indicator of projectile kinetic energy. This sence of phase transformations, the internal energy is exactly
technique, combined with an independent measure of theequal to the heat content of the material.
projectile mass (both at the end of the track and along the
impact cavity wall surface)should allow for the accurate
reconstruction of projectile kinetic energy. The theoretical Appendix B. Spherical and cylindrical shock wave
model presented here will be used in our efforts to under- attenuation in ideal porous media
stand the response of these detectors/collectors of hyperve-

locity impacts. The authors of(Zel'dovich and Yu, 1967)proposed a
Finally, the general theoretical method presented here simple model for treating shock wave propagation in ideal

could have applications for studying compaction driven im- porous media. In this next section, we reproduce some of

pact cratering in porous Solar System bodies such as cometsheir arguments and results.

and asteroid@Kadono, 1999; Housen and Holsapple, 2003;

whereu; is the particle velocity in the shocked portion of
the material.

Conservation of momentum and together wii.1)
yields the second Hugoniot relation:

poUsu1 = Py — Po. (A.2)

Housen et al., 1999) t=0 —Lg —e—L —)
—_— e
e A e
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P

Fig. B.1. Shock wave expansion in porous medium with radial symmetry. r, R
Dark gray area is compressed material and light gray represents uncom-
pressed material. Fig. B.3. Velocity profile of a shock wave with radial symmetry in a porous
medium.
T . . . .
POT Therefore, the velocity profile betweenandR is given by:
P 2
1 R
v(r)=u1l — | . B.4
. n=u(7) c
1Y D— Figure B.3shows the particle velocity profile that results.
o . .
r R > We now recall Eq(A.1). Solving foru gives
Fig. B.2. Density profile of a shock wave with radial symmetry in a porous 11 = U, <1 - @> = Uk. (B_5)
medium. Dark gray area is compressed material and light gray represents r1

uncompressed material. As the shock wave expands into the uncompressed

medium, the kinetic energy of the shock wave decreases
B.1. Spherical shock wave and is transferred into the wéy accreted material. Recall
that the amount of kinetic energy gained by the passage of
Let us assume that the shock compression of a porousthe shock wave is equal to the amount of heat gained by the
material with densityo, decreases the porosity and results Ne€wly enveloped materigA.3). In the strong shock limit,
in the production of an incompressible material with den- the strength of the materiab¢) can be ignored and the equa-
sity p1. Now consider a point source explosion (or a source tion of energy loss can be expressed as:

with spherical symmetry) in this medium which is infinite in 2 42
extent. The explosion will initiate an outwardly expanding —d(M—) = —,Bd(M—l) (B.6)
spherical shock wave (s&ég. B.1). A snapshot of this event 2 2
contains an outwardly expanding shell of compressed ma- _ u% M (B.7)

terial (p1) enveloping the uncompressed materjaj)(with 2
inner radius and outer radiu® (seeFig. B.2). Mass con-

servation requires that: whereu? is the root mean square velocity in the shocked

material ands is the scale factor that relates the two. Before
deriving 8, lets work out the derivative on the left-hand side

4 4

_ 3 3 3
M= —=R°po=—(R" = r5)p1. (B-1)  ofEq.(B.6). This yields
Solving this equation forg yields 2 2
g e Y —ﬁd(M%):u—zldM,
= R3(1 = @) = R%, (B.2) 2 2
p1 —,Bdel + BMuidui = EldM.

wherek is the compressibility of the material. Lik b bined and th luti f this diff
Because we assume that the shocked material is incom--'K€ terms can be combined and the solution of this diter-

pressible, the divergence of the velocity fieddnust vanish ential equation yields the following important relationship:
19 ufoc M, (B.8)

_ 192y
Vov=— 3r(r v) =0. (B3) wheren = (1+ 8)/B.



Impact cratering in aerogels 623

The kinetic energy of the shock wave is given by: The shocked material is again assumed to be incompress-
1 ible. The velocity profile betweery and R is now given by
Ep= EM(ﬁuf) (B.9) R
1 v(r) =u1<—>. (B.18)
x EMl—". (B.10) g

< _ In addition,u; = Us (1 — po/p1) = Usk as before.
The kinetic pressure at the interface of the shocked and un-  Recalling that the relationship between the shock kinetic

shocked aerogel can be found using Eés2) and (A.1) pressure and enveloped magsg M ") was found inde-
42 pendently of the shock wave geometry, we can now focus on
P1 = poUsu1 = pof. (B.11) the finding the index (= (1+ B)/8) for a shock wave with

cylindrical geometry. The average particle velocity in the

The kinetic pressure as a function of enveloped mdss  compressed cylindrical shell < » < R) is now given by:
therefore scales as:

frif V2(r)2mrdr

PoxcM™. (B.12)  u2=
! fr§ 2rrdr

(B.19)

This scaling relationship is valid for any kind of shock wave o _
geometry when the energy dissipated in compressing the ma!Jpon substitution of EqB.18)together with Eq(B.17)the
terial is assumed to be negligible. An analytic solution for following relationship emerges:
the general case wheRg is not ignored can also be found. - Ink

The indexz (= (1+ B)/B) is found by using the velocity ~ 41 = 77— 1- (B.20)

. R : (k—1)

profile of the particles in the compressed region, 834). e o _ o
The average particle velocity in the compressed shghk( Therefores = ﬁ in cylindrical coordinates. In the limit

r < R) is given by: wherek — 1,8 — 1, andn — 2 just as in the spherical case.
R For a cylindrical shock wave propagating in an ideal com-
= fro vA(r)amr?dr (B.13) pressible solid, the shock wave is expected to attenuate as:
Ml = R—. .
S dmr?dr PR (B.21)

Upon substitution of Eq(B.4) together with Eq(B.2), the
following relationship emerges:
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