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Abstract–Powdered Allende projectiles were fired into silica aerogel at 6.1 km/sec in order to
evaluate particle retrieval and analysis techniques for samples from the Stardust mission. Since
particles may disintegrate and ablate along the penetration paths in a high-porosity aerogel, TOF-
SIMS analysis may be a suitable method to determine the distribution of such materials along the
tracks as well as potential compositional modifications. Therefore, two ~350 µm-sized tracks,
residing at the surface of a keystone specimen that was flattened between two silicon chips, were
analyzed. TOF-SIMS allows for a detailed study of the chemical composition of particles that
survived the impact mostly intact and of fine-grained material from disintegrated projectiles. In the
investigated keystone, material from light gas gun debris dominated. Besides the two tracks, a
continuous, 40-µm-thick surface layer of implanted material—probably gun residue—was found.
One of the two analyzed tracks is compositionally distinct from this surface layer and is likely to
contain residual material of an Allende projectile. The analyses clearly demonstrate that tracks,
resulting from impactors in the 5–10 µm size range, can be successfully analyzed with TOF-SIMS.

INTRODUCTION

In January 2004, the Stardust sample return mission
collected cometary material during the passage through the
coma of comet 81P/Wild-2 (Brownlee et al. 2003; Tsou et al.
2003). Stardust also collected a sample of contemporary
interstellar dust during the cruise phase before the cometary
encounter. The primary collecting medium for both cometary
and interstellar dust is low-density silica aerogel with a total
surface area of 1039 cm2 exposed to the comet.

In order to determine its elemental, isotopic,
mineralogical, and organic composition, the cometary
material has to be either separated from the capture medium
or analyzed in situ. Although particle removal is preferred
since it facilitates detailed study under controlled conditions,
it is often difficult to carry out. This is especially true in cases
where the impacting particle has disintegrated into many
pieces along the track, and in-situ analysis of the fine grains
becomes the only way to determine the composition of the
impactor.

In the present study, time-of-flight secondary ion mass
spectrometry (TOF-SIMS) was used to analyze residual

material in experimentally produced particle tracks in
aerogel. Since TOF-SIMS is a surface technique, tracks had to
be exposed to the very surface of the sample. Therefore, a so-
called “dissected aerogel keystone” (Westphal et al. 2004)
was prepared for this analysis.

SAMPLES AND EXPERIMENTAL TECHNIQUES

Powdered bulk material of the CV3 chondrite Allende
with a nominal size range of 20–38 µm was shot into silica
aerogel at a velocity of 6.1 km/sec using a 5-mm caliber light
gas gun at NASA Johnson Space Center. The aerogel was a
flight spare from the Stardust cometary collector (Tsou et al.
2003).

These shots were part of the dress rehearsal for Stardust.
They were not performed specifically for the present study
but for the entire analytical community to practice with.
Certainly some general problems arise from the selection of
this projectile material: gun residue can be hard to distinguish
from meteoritic projectiles—both are usually black—before
extraction from the aerogel. Particles fragment and are altered
in the gun by the shocks that they experience. Furthermore,
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any primitive meteorite analogue to cometary dust is
extremely heterogeneous on a small scale. One can certainly
shoot homogenous standards, but they would not be a good
analogue to cometary dust.

Allende particles of the selected size range typically
generate tracks some 2–3 mm in length. However, in this
study, a broad, carrot-shape track at normal incidence was
selected from the aerogel tile that was approximately 350 µm
long, corresponding to a projectile diameter of 5–10 µm
(Hörz, unpublished data), and that was morphologically
similar to chondritic impacts from the Orbital Debris
Collection Experiment (ODCE) from the Mir space station
(Hörz et al. 2000). The reason for this selection was that
residues of particles 5–10 µm in size are expected to be
abundant in the Stardust collector, while particles greater than
20 µm will be very rare and precious, and so may not be
available for analysis for several years. As a consequence, the
tracks analyzed were produced either by small fragments of
the nominal impactors that are known to disintegrate into
small sub-units during light gas gun acceleration, or by fine-
grained debris resulting from light gas gun operations.

The track selected for this study also had a close neighbor
with comparable length that had a straight, narrow
morphology similar to known gun residue tracks. The two
tracks were extracted simultaneously in a dissected keystone.
Preparation of dissected aerogel keystones was described in
detail by Westphal et al. (2004). First, the impacts were
undercut with a straight needle at an angle of 63° to the
surface. Then, the keystone was cut out of the collector with a
micro-needle oriented normal to the collector surface. On one
side, the aerogel was cut along the axis of the tracks. Since
TOF-SIMS requires ideally flat surfaces, the keystone was
flattened after dissection. Flattening was achieved by pressing
the keystone between two 5 × 5 mm2 silicon chips, using a
microscope as a press. One chip was mounted on a flexible
metal plate on the microscope stage, and the other was
mounted on a fixture attached to one of the microscope
objectives. By pressing the aerogel normal to the surface
using this method, any twisting motion was avoided and the

keystone flattened essentially without distortion in the
horizontal plane. After flattening, the keystone was flat to
within a few micrometers and adhered to one of the silicon
chips with the tracks exposed uppermost.

First tests on non-flattened keystones are not reported
here in detail since they produced no usable results. Surface
topography degraded the mass resolution dramatically and no
particles were found in the ion images.

Figure 1 shows an optical microscope image of the
dissected and flattened keystone. One track has a terminal
particle and practically no remains along the track, whereas
the second track shows residual material along the carrot-
shaped track.

TOF-SIMS as a mass spectrometric technique has several
advantages over other analytical methods such as SEM-EDX,
PIXE, or XRM that make it a promising technique for in-situ
analysis of Stardust samples in aerogel:

• TOF-SIMS analysis delivers a wealth of information on
elements, isotopes, and molecules, their relative
abundances and spatial distribution, all simultaneously in
a single measurement.

• TOF-SIMS has typical detection limits <1 ppm for many
elements.

• TOF-SIMS allows studying even small grains and their
constituents individually due to a lateral resolution of
~0.2 µm achieved with liquid metal ion guns.

• TOF-SIMS, although in principle destructive like all
SIMS techniques, consumes only a few atomic
monolayers during a typical measurement.

• TOF-SIMS with its information depth of only a few
monolayers allows restricting the analyzed volume to the
very surface, minimizing contributions from the
underlying aerogel.

• TOF-SIMS works perfectly on insulating samples such
as aerogel without any coating. For the analysis of both
secondary ion polarities, a positively charged, pulsed
primary ion beam (Ga+) is used. Between consecutive
ion shots, efficient charge compensation is achieved by
applying low-energy electrons to the sample surface.
Further details on the TOF-SIMS technique are given by

Stephan (2001). In this study, all samples regions investigated
were sputter cleaned by Ar+ ion bombardment prior to the
actual analysis that was performed with a Ga+ primary ion
beam. A primary pulse length of 1.5 ns was selected, resulting
in ~10 primary ions per shot. The achieved mass resolution m/
∆m at full-width half-maximum is ~5000 at mass 50 amu.
This mass resolution is slightly reduced compared to polished
samples (typically m/∆m = 6600 at 50 amu) due to residual
surface topography after flattening. With a repetition rate of
10000 shots per second, the analyzed sample regions were
raster-scanned with 256 × 128 (Fig. 2) or 256 × 256 pixels
(Fig. 3), and 64 shots per pixel in each scan. Total
measurement times of 5–7 hours were chosen, corresponding
to 40–60 scans for regions in Fig. 3 and 120 scans for the

Fig. 1. Light optical microscope image of a dissected and flattened
silica aerogel keystone containing two tracks from Allende
projectiles. Particles impacted from the left. The region investigated
by TOF-SIMS (Fig. 2) is marked. It contains two particle tracks.



TOF-SIMS analysis of Allende projectiles 213

region in Fig. 2. Each stack of images before being added up
had been corrected for apparent sample shift resulting from
primary ion beam instabilities.

All quantitative results in this study are given as atomic
element ratios relative to Si or Fe. Therefore, relative

sensitivity factors obtained from glass standards that are
usually used for quantitative TOF-SIMS analysis of silicates
(Stephan 2001) were applied. For silica aerogel that is
compositionally identical to SiO2, the accuracy for such an
approach is expected to be of the order of a factor of <1.5.

Fig. 2. Light optical microscope image (upper left; detail from Fig. 1), total positive secondary ion image (upper right), and individual ion
images of a region (400 × 200 µm2) on a flattened silica aerogel keystone. All individual ion images use the same linear color scale shown,
where black always corresponds to zero counts and red is used for an intensity range given below every image (e.g., 20–126 counts for 23Na+).
The other number underneath each image is the integrated intensity of the entire field of view (e.g., 3.48 × 104 counts for 23Na+). The outline
of both tracks is marked in green in the total ion image. The terminal particle of the upper track can easily be seen in all images except for the
28Si+-image, which is dominated by the signal from the silica aerogel. Close-up images of this region marked as #1 are shown in Fig. 3. Along
the track, only a few minor hot spots can be seen in the Na, Mg, Al, and Ca images. The second, carrot-shaped track shows residual material
all over. Two regions (#2 and #3) were selected for detailed analysis (Fig. 3). A large grain below the track is not exposed to the surface and
therefore cannot be seen in the ion images. A 40-µm-thick rim of implanted material can be seen at the left hand side, corresponding to the
exposed surface.
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Fig. 3. Secondary ion images from three selected regions (#1, #2, and #3) from Fig. 2.
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Even, for non-silicate projectiles that may have caused some
of the tracks, at least the derived metal-to-iron ratios should
be of comparable accuracy.

RESULTS AND DISCUSSION

The results are summarized in Figs. 2 and 3. Figure 2
gives an overview of the investigated area. Secondary ion
images clearly show a terminal particle in one track. More
details of this particle and of other regions can be seen in
close-up images in Fig. 3.

In the vicinity of the tracks, the aerogel is
compositionally very clean. The atomic Fe/Si-ratio in the
undisturbed aerogel, measured next to the tracks, is 10−4. For
B, Na, Mg, Al, and K, element ratios relative to Si are 10−5–
10−4. Concentrations for Ca, Ti, Cr, Mn, Ni, Cu, and Cs are
one order of magnitude lower. Traces of Li were found with
Li/Si = 4 × 10−7. Upper limits for V, Co, and Ba are even
lower. The only element that shows high abundances in the
silica aerogel beside Si and O is C. This may be due to organic
contamination of the aerogel from gun residue, it may be
native organic residue from the original aerogel manufacture,
or it may be due to adsorbed organics from the laboratory. The
true nature of this contamination is difficult to evaluate from
the TOF-SIMS spectrum alone, since extensive sputter
cleaning before the measurement led to fragmentation of
hydrocarbons. However, mainly aliphatic hydrocarbons were
found with minute amounts of polycyclic aromatic
hydrocarbons.

The terminal particle in the upper track is Fe and Al rich
(Al/Fe = 0.4). It shows Na and K concentrated in one spot
(Fig. 3). Chromium, Mn, and Ni relative to Fe are 0.03–0.04.
Magnesium and Ca are both very low (Mg/Fe = 0.015, Ca/Fe
= 0.010). From this composition, it seems to be unlikely that
this particle is a piece of Allende. Residues from Mg-poor
particles with clearly non-chondritic element abundances
have been observed by TOF-SIMS in a few craters on Al foil
from similar impact experiments of Allende projectiles
(Hoppe et al. 2006; Leroux et al. 2006). It seems to be likely
that this material stems from unavoidable gun debris.

A 40-µm-thick rim of implanted material can be seen at
the left hand side of Fig. 2, corresponding to the exposed
surface. This rim has a relatively sharp edge towards the
inside of the aerogel. Practically all elements are enriched in
the rim, predominately Fe and Al (Al/Fe = 0.6). This material
is almost certainly residue from the light gas gun. The Fe may
derive from a wide variety of gun components such as the
barrel, high pressure diaphragm, or sabot catcher, while the Al
derives from a mechanical flapper valve immediately behind
the muzzle. It appears that most of these contaminants are
deposited as vapors, the reason why one can suspect the sabot
impact on the steel sabot-stopper to be the major source of Fe;
the only source of Al is a flapper valve located immediately
behind the muzzle; it contains a projectile passage hole that is

being eroded/heated by the hot, compressed hydrogen exiting
the muzzle.

In the lower track, the different elements are not
distributed homogeneously. Besides several minor hot spots,
Na, Al, K, and Mn are concentrated in a central region close
to the beginning of the track (Fig. 2). Iron and probably Cr
have both higher concentrations at the start of the track but
show a broader distribution. Magnesium is somewhat anti-
correlated with Fe. It is almost homogeneously distributed
over the track, except that it shows a deficit where Fe is
relatively enriched. Therefore, the Mg/Fe ratio varies between
0.027 at the start of the track and 0.37 at its end. However, the
Mg/Fe-ratio is always below chondritic values. But taking
into account the strong heterogeneity of chondritic material
on small scales, and since this track is compositionally quite
distinct from the layer of surface contamination and from the
other track, and in particular is comparatively depleted in
odd-Z elements, it seems to be likely that this track contains at
least some residue from an Allende projectile.

CONCLUSIONS

The results clearly indicate that TOF-SIMS is well suited
to localize and identify projectile residues on dissected aerogel
keystones that were flattened between two silicon chips.
Individual grains were identified and characterized as well as a
wide-ranging distribution along a carrot-shape track. Iron- and
Al-rich matter dominates the materials found in the aerogel, in
tracks as well as in a general 40-µm-thick surface layer. While
it is most probable that the majority of this material stems from
gun debris, one of the tracks analyzed appears likely to contain
some chondritic material from an Allende projectile. In the
case of the upcoming Stardust samples, contamination by gun
debris will of course not be present, but potential
contamination from the outgassing Stardust space craft might
be evaluated by TOF-SIMS analysis.

Although particle removal from the aerogel is still the
preferred method since it facilitates comprehensive studies of
individual dust grains, in-situ analysis of small grains by
TOF-SIMS is a superior technique to determine the
composition of the impactor in cases where the impacting
particle has disintegrated into many pieces along the track.
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