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of California, and shall not be used for advertising or product endorsement purposes.

Auspices Statement

This work was performed under the auspices of the U. S. Department of Energy
(DOE) by the University of California, Lawrence Livermore National Laboratory
(LLNL) under Contract No. W-7405-Eng-48. The project (03-ERI-007) was funded
by the Laboratory Directed Research and Development Program at LLNL.



“...a certain fraction of the cost of mounting sample return missions should be set
aside to stimulate instrument development here on Earth. This would maximize the
integrated scientific return from the missions; perhaps more important such
investment would increase the benefits to technology and science as a whole. Unless
such a policy is adopted, I am afraid that our community will not play as key a role in
the future development of analytical techniques as it could.”

R.M. Walker (1991)
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Abstract

NASA’s Stardust mission returned to Earth in January 2006 with “fresh” cometary
particles from a young Jupiter family comet. The cometary particles were sampled
during the spacecraft flyby of comet 81P/Wild-2 in January 2004, when they
impacted low-density silica aerogel tiles and aluminum foils on the sample tray
assembly at approximately 6.1 km/s. This LDRD project has developed extraction
and sample recovery methodologies to maximize the scientific information that can
be obtained from the analysis of natural and man-made nano-materials of relevance
to the LLNL programs.

Introduction/Background

The Stardust mission launched in February 1999 and is the first US “solid matter”
sample return mission since Apollo 17 in 1973. The primary purpose of STARDUST
was to collect samples of comet Wild-2 and return them to Earth. A secondary
purpose was to collect samples of contemporary interstellar dust, detected by the
Ulysses and Galileo spacecraft, moving through the solar system in a dust stream
parallel to the flow of the interstellar gas. The Aerogel collectors on STARDUST were
deployed for interstellar dust collection and the spacecraft successfully passed
through the tail of Comet Wild-2 resulting in the capture of numerous micro- and
nano-meter sized cometary particles in January 2004 (Fig.1) (Brownlee et al., 2004).
Thte:] Sample Return Capsule successfully re-entered Earth atmosphere on January
15", 2006.
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Figure 1. (a) Schematic diagram of the Stardust sample return capsule. (b) The
Stardust mission trajectory. (c) An artist’s impression of the spacecraft during the
encounter with comet Wild-2. (d) The sample return capsule after it had landed at
the Utah Test and Training Range. (All images courtesy of NASA)

The Stardust samples are unique in three respects. First, the entire (microgram-
mass) sample will consist entirely of individual particles ranging from nanometers to
micrometers in size. The mission aim was to collect approximately 100 interstellar
grains and at least 1000 comet grains. Second, the grains will be embedded in
aerogel. The interstellar dust grains will have entered the aerogel at approximately
12 km/sec and the comet grains at 6.1 km/sec. Each grain will be located at the
narrow end of a carrot-shaped track 1-2 mm in length within the aerogel (Fig. 2).



Third, astronomical data and data from cosmic dust collected in the stratosphere
indicate that the Stardust grains will likely be composed of nano-materials requiring
development of state-of-the-art sample handling and analytical facilities (e.g.
Bradley et al., 2004).

Figure 2. Reflected light optical image of an impact track preserved in silica aerogel.

The Stardust samples will offer new insights into early solar system process. Comets
are unique small bodies that spend most of their lifetimes at extreme heliocentric
distances. These icy bodies are believed to contain preserved interstellar dust as
well as the first solids condensed in the inner solar system. Thus comet samples can
be considered as “time capsules” from the earliest stages of solar system formation.
Interstellar dust is one of the fundamental building blocks from which the solar
system formed. (Most of the condensed elements in the solar system were carried
within interstellar dust grains immediately prior to the collapse of the solar nebula).
Much of what we know about interstellar dust has been inferred from astronomical
observations and from laboratory studies of exotic presolar grains in meteorites (e.g.
SiC, nano-diamonds). But these grains represent a tiny subset that are refractory
enough to have survived alteration on the asteroidal parent bodies of meteorites and
the acid digestion process used to extract them from the meteorites. Analysis of
even a few contemporary interstellar dust grains from Stardust will greatly improve
our understanding of the solid particulate composition of the interstellar medium and
provide fundamental insight about astronomical phenomena such as light scattering,
extinction, polarization, and the relative abundances of the elements in interstellar
molecular cloud environments.

Stardust is the first of the next generation of space missions that will return material
to Earth for detail analysis. Future missions are likely to use silica aerogel as the
primary capture medium due to the ability to collect material at hypervelocity speeds
while reducing the effects of shock and thermal alteration. However prior to analysis
it is critical that the captured material is suitably prepared. Therefore the principal
aim of this LDRD project was to develop sample handling and extraction techniques
to recovery material from silica aerogel. This LDRD project also aimed to assess
analytical techniques suitable for detailed characterization of the natural
nanomaterials including emerging technologies, such as focused ion beam
microscopy. The proposal aligned with the fundamental Science and Applied
Technology mission goal of Lawrence Livermore National Laboratory with specific
reference to Astrophysics & Space Science as the analysis to be performed on
Stardust samples will support the exploration of small solar system bodies, including
Kuiper Belt Objects like comet Wild-2. Any technological development for the
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recovery to material from aerogel has the potential application to NIF experiments
seeking to recover particulate hypervelocity ejecta from aerogel generated during
laser shots. Any development of integrated analysis methodology use to investigate
Stardust samples could be applied to interrogate interdicted materials for forensic
studies in support of national security initiatives.

Research Activities

To develop sample handling techniques and analytical expertise for Stardust it has
been necessary to study analogue materials. NASA’s Orbital Debris Collector
Experiment (ODCE) exposed silica aerogel tiles as part of the Mir Environment
Effects Package that was exposed on the Mir space station for 18 months (Horz et
al., 2000). For this project a number of ODCE tiles were supplied for the
developmental work. In addition to the space exposed aerogel tiles, laboratory
simulated impacts into aerogel using light-gas-gun accelerated minerals and
meteoritic powders were also used. Interplanetary dust particles collected in the
stratosphere have provided relatively pristine material to investigate using the
extensive analytical facilities at Lawrence Livermore National Laboratory. The key
research activities for the project are summarized as follows:

Impact Track Extraction and Sample Recovery

A number of techniques have been evaluated for the recovery of impact tracks,
including the use of the 355nm micro-focused laser cutting workstation. However
the most significant advance was the use of diamond micro-blades under ultrasonic
oscillation to enable high precision cutting of aerogel (Figure 3). High precision
focused ion beam (FIB) milling has been used to extract particles from aerogel
(Figure 4).

Figure 3. The‘[]ltr-a—‘sonic micro-blade cutting device develop under this LDRD
project. The insert shows a resulting aerogel cube extracted after micro-blade
cutting.
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Figure 4. Shows the extraction of a particle from aerogel using the in-situ
micromanipulator fitted inside the FIB chamber.

Analytical Expertise

Preliminary characterization of material encapsulated within the Stardust aerogel
collectors is a key requirement. A fundamental analytical difficulty is that the
particulate debris is surrounded by aerogel, making imaging and analysis using
certain techniques challenging if not impossible. Both the nuclear microprobe at
Lawrence Livermore National Laboratory and the hard x-ray microprobe at Stanford
Synchrotron Radiation Laboratory have proved to be well suited to in-situ mapping.
After preliminary in-situ measurements, the ability to further interpret the nature of
the materials will depend on the ability to recover particulate debris. Developmental
FIB work has enabled detailed analysis of Stardust analogues using TEM, synchrotron
infrared micro-spectroscopy and NanoSIMS techniques.

Results/Technical Outcome

The research carried out under the project has resulted in a number of publications.
A selected number of these papers are submitted with this final report document to
highlight the technical achievements.

In addition to the results highlight in the published papers, this LDRD project has
resulted in the formation of a multi-institutional collaboration. Astromaterials is a
relatively new branch of astrophysics which draws on a number of scientific fields,
e.g. geology, cosmochemistry, theoretical astrophysics. To meet the challenges of
this new field, a consortium of national laboratories and university research groups in
the Bay Area was formed in 2002 to exploit the wide range of state-of-the-art
analytical instrumentation and diverse knowledge base. Founding members of
BayPAC (Bay Area Particle Analysis Consortium) are: IGPP-LLNL with extensive
experience in microbeam techniques and the lead institution; Lawrence Berkeley
Laboratory with synchrotron infrared spectroscopy capabilities; Stanford Synchrotron
Radiation Laboratory at the Stanford Linear Accelerator Center with X-ray
microprobe capabilities and the Space Science Laboratory at UC Berkeley with
experience in theoretical astrophysics (Figure 5). Since its inception, BayPAC
members have published a number of high profile papers combining traditional
astrophysics with astromaterials observations (e.g. Westphal & Bradley 2004 and
Bradley & Dai, 2004). The BayPAC model was highlighted in a 2005 National
Research Council of the National Academies review of midsize facilities.
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Figure 5. A "Hub & Spoke” diagram showing the interaction of BayPAC institutions.

A key aim of the project was to develop techniques for the extraction of impact
tracks generated in aerogel. Ishii et al. (2005a) discussed the use of ultra-sonic
diamond micro-blades to recovery impact tracks from silica aerogel. The ultra-sonic
micro-blade technology was developed at Lawrence Livermore National Laboratory
under this project and has been submitted for a patent (ROI #IL-11590).

In addition to track recovery the project has extensive evaluated a range of
analytical techniques for both in-situ characterization and recovery of embedded
material. Graham et al. (2004) discussed the application of the detection techniques
associated with the nuclear microprobe to characterize material embedded in aerogel
and the using of FIB microscopy to subsequently recovery embedded particles. Ishii
et al. (2005b) discussed the development of single particle analysis for trace element
composition using the synchrotron x-ray micro-spectroscopy beamline at Stanford
Synchrotron Radiation Laboratory.

Missions such as Stardust will only return a limited amount of material therefore it is
important that the maximum information in terms of mineralogical, chemical and
isotopic composition be obtained. As a result over the past 3 years, we have been
developing an integrated approach to the microanalysis. A key analytical technology
for such studies is FIB microscopy (Graham et al., 2005). FIB enables the recovery
of regions of interest within a single dust grain after initial isotope imaging using the
NanoSIMS. The FIB recovered section can then be examined using the TEM and
infrared microscope before re-examination in the NanoSIMS (Figure 6). Floss et al.
(2004) and Bradley et al. (2005) give examples of the integrated approach to
astromaterials research.
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Figure 6. Integrated microanalysis for a hydrous IDP. (I) Initial image and bulk
characterization using SEM (image courtesy of NASA) (II) NanoSIMS imaging and
isotopic analysis. (III) FIB recovery of the material containing the isotopic anomaly.
(IV-VI) Detailed TEM analysis. (VII) Synchrotron IR studies.

Summary

LDRD project 03-ERI-007 has resulted in the development of sample
handling/preparation and analytical expertise for astromaterial sample return
missions resulting in the recovery of micro-grams and nano-grams of material. The
major accomplishments of the project are summarized as follows: (i) Development of
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an extraction system based on ultrasonic oscillation of diamond micro-blades for the
recovery of particles embedded in low-density materials (Ishii et al. 2005). The
method of material recovery has resulted in a patent submission ROI #IL-11590. (ii)
Detailed assessment of a wide range of analytical techniques for the analysis of
astromaterials. During this assessment a new design for an enhanced X-ray detector
for elemental analysis has resulted in a patent submission ROI #IL-11435. (iii) The
formation of the BayPAC multi-institutional collaboration between Lawrence
Livermore National Laboratory, Stanford Synchrotron Radiation Laboratory, Lawrence
Berkeley National Laboratory and University of California at Berkeley. BayPAC was
formed to maximize the diverse range of analytical and theoretical expertise in
astromaterial and astrophysics research in the San Francisco Bay Area.
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Abstract—n January 2006, NASA's Stardust mission will return with its valuable cargo of the first
cometary dust particles captured at hypervelocity speedsin silicaaerogel collectors and brought back
to Earth. Aerogel, a proven capture medium, is also a candidate for future sample return missions and
low-Earth orbit (LEO) deployments. Critical to the sciencereturn of Stardust aswell asfuture missions
that will use aerogdl is the ability to efficiently extract impacted particles from collector tiles.
Researchers will be eager to obtain Stardust samples as quickly as possible; tools for the rapid
extraction of particle impact tracks that require little construction, training, or investment would be an
attractive asset. To this end, we have experimented with diamond and steel microblades. Applying
ultrasonic frequency oscillations to these microblades via a piezo-driven holder produces rapid, clean
cuts in the aerogel with minimal damage to the surrounding collector tile. With this approach, intact
impact tracks and associated particlesin aerogel fragments with low-roughness cut surfaces have been
extracted from aerogel tilesflown on NASA's Orbital Debris Collector (ODC) experiment. The smooth
surfaces produced during cutting reduce imaging artifacts during analysis by scanning electron
microscopy (SEM). Sometracks have been dissected to expose the main cavity for eventual isolation of
individual impact debris particles and further analysis using techniques such as transmission electron

microscopy (TEM) and nano-secondary ion mass spectrometry (nanoSIMS).

INTRODUCTION

A means of efficient extraction of particles from silica
aerogel collectors is necessary for the science return of
Stardust. This NASA sample return mission, the first from a
comet, returns to Earth in early 2006 with its valuable cargo
of comet dust that was captured at hypervelocity speeds in
aerogel during passage through the coma of Comet Wild-2
(Brownlee et al. 2003; Tuzzolino et al. 2004). In addition to
Stardust, aerogel is alikely collector for future sample return
missions and is used for capture of hypervelocity gecta in
high-power laser experiments of interest to the Lawrence
Livermore National Laboratory (Tobin et a. 2003).
Researchers will be eager to obtain Stardust and other
aerogel -captured samples for study as quickly as possible, so
simple, rapid extraction tools that require little training and
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have low construction costs would be an attractive asset.
Since particles at the termini of impact tracks are expected to
be the least altered by impact processes, there is considerable
interest in means of extracting individual particlesfor detailed
analysis. In addition, it is important to study intact impact
tracks together with their accompanying terminal particles to
address the questions of how material is distributed along the
impact track and how representative the terminal particleis of
the origina particle prior to hypervelocity impact. One
method for extracting intact cosmic dust impact tracks from
silica aerogdl tilesis a mature procedure involving sequential
perforation of the aerogel with glass needles on computer-
controlled micromanipulators (Westphal et al. 2002, 2004).
This method is highly successful at removing well-defined
aerogel fragments of reasonable optical clarity without
causing damage to the surrounding aerogel collector tile. In

© The Meteoritical Society, 2005. Printed in USA.
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an attempt to speed up and simplify the process of impact
track extraction and eventual isolation of terminal particles
for Stardust, we have experimented with microblades. Our
ultimate goal is arapid extraction system in a clean electron-
beam environment, such as a scanning electron microscope
(SEM) or dual-beam focused ion beam system (FIB), for
in situ sample preparation, mounting, and analysis.

We have found that piezo-driven ultrasonic frequency
(U/S) oscillations applied to very sharp, thin blades generate
rapid cuts of unprecedented smoothness with minimal
damage to surrounding aerogel. With this ultrasonic
microblade extraction technique, still under development, we
have extracted several impact tracks from aerogel tiles from
NASA’s Orbital Debris Collector (ODC) experiment (Horz
et al. 2000) exposed on the Mir Space Station to study the
particle environment in low-Earth orbit. Additional tracks
were dissected into two halves exposing the main track cavity.
Complete or dissected tracks can be extracted in less than an
hour. Due to the smooth cut surfaces, impact debris can be
readily located and analyzed in situ in the extracted aerogel
fragment by SEM. Particles can then be isolated for in-depth
study by techniques not amenable to in situ analysis in
aerogel, such astransmission electron microscopy (TEM) and
secondary ion mass spectrometry (SIMS).

EXTRACTION EQUIPMENT

We experimented with a range of blades from simple
surgical scalpel bladesto laser-cut diamond blades. All blades
were mounted in a commercially available piezo-driven
holder  (Eppendorf  MicroDissector) on a 3-axis
micromanipulator (Eppendorf TransferMan NK2) that was
controlled by hand under a Leica MZ16 stereomicroscope
with a long working distance objective (Fig. 1a). The
MicroDissector’s primary applications are intracytoplasmic
sperm injection and microdissection of tissue samples, but its
piezo-driven holder, controlled by a foot pedal, produces
oscillations also ideal for aerogel cutting. Motion is primarily
driven aong the long axis of the cutting blade over an
available frequency range of approximately 25-60 kHz with
maximum amplitude of 1.5 um. This results in excitation of
higher amplitude, transverse vibrations at the blade tip.

Readily available cutting tools such as scalpels and thin
razor blades (~75 um thick) have already been used to cleave
aerogel to extract hundreds of terminal particles from impact
tracks (Horz et a. 2000). Even these less elegant cutting tools
cut flight-grade aerogel cleanly with little to no fracturing
when combined with piezo-driven U/S oscillations. They do,
however, create wide channels in the aerogel and tend to
generate tearing at depths beyond afew hundred microns.

To reach greater depths, ultra-thin microblades of high-
carbon steel and diamond were developed. Two basic blade
types, laser-cut from diamond to very narrow, sharp cutting
edges, were designed in collaboration with Norsam
Technologies (Hillsboro, Oregon, USA): a utility knife—
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shaped blade and a chisel-shaped blade (Figs. 1b—d), both
5 mmlong, 25 or 55 um thick at the start of the blade and with
10° or 20° cutting edges. High-carbon steel microblades with
utility-knife shapes were produced from 100 um thick,
breakable razor blades (Electron Microscopy Sciences) by
snapping off fragments at LN, temperaturesto prevent plastic
deformation at the tip. Breakable razor blade fragments were
attached to rods with epoxy for mounting in the piezo-driven
holder.

Both blade material s have advantages and disadvantages:
high-carbon steel microblades can be made in the lab at low
cost (albeit low uniformity of blade shape), while diamond
microblades are expensive to purchase. Ultra-thin diamond
blades create dlightly thinner channels with less damage due
to their narrow cutting angle and very smooth cutting edge
that result in alower risk of initiating tearsin the aerogel. This
enables cuts to be made nearer to the track of interest, and
closely spaced impact tracks can be extracted separately.
Diamond is optically transparent, allowing continuous
observation of the cutting region with less distortion and
blurring, and since identical diamond microblades are
manufactured, the U/S frequency need not be changed
significantly between blades. However, with sustained
application of U/S oscillations, diamond microblades show a
buildup of compressed silica on the cutting surface, leading to
an effective dulling of the blade and increased aerogel tearing.
The magjority of this buildup can be removed by drawing the
blade carefully through styrofoam. Any remaining film can
presumably be removed in a dilute HF solution or HF vapor
that will not attack the diamond. It is unclear why the high-
carbon steel microblades have yet to show this problem. Since
diamond is brittle, the fine cutting edges and tip aso tend to
chip, but with care, diamond blades retain their sharp cutting
edges longer than steel blades. The microblade extractions
presented here have been made with diamond blades for
narrow cutting channels and the cleanest cut surfaces.

AEROGEL CUTTING

Silica aerogel is a highly porous, amorphous glass
formed by sol-gel processing followed by supercritical
drying. Despite its high strength-to-weight ratio and
compressibility, aerogel exhibits glasslike mechanical
behavior in tension including spalling and brittle fracture (see,
for example, Woignier et a. 2000). These mechanical
properties make it challenging to handle and cut without
catastrophic failure.

The application of vibrations to blades to facilitate
cutting is well-established in nature: leaf-cutting ants,
anchored on their hind legs, vibrate their mandibles at kHz
frequencies during leaf cutting (Tautz et al. 1995). Analogous
vibrating blade technology (Woods et a. 1994) is used for
microtoming tissue sections without freezing or embedding.
The U/S oscillations applied to the microblades by the piezo-
driven holder break up and compress the aerogel locally
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Fig. 1. Equipment for ultrasonic microblade extractions. a) Above an aerogel tile is a diamond microblade mounted in a piezo-driven holder
(Eppendorf’s MicroDissector) on a micromanipulator under a stereomicroscope with a long working distance objective. b) A secondary
electron (SE) image of a diamond utility knife used for vertical cuts. ¢) An SE image showing the start of the blade's cutting edge. d) An SE
image of adiamond chisel used for undercuts (with some artifacts due to charging).

creating a narrow channel that yields a lower friction
interaction as the blade passes through. Figure 2a shows cuts
made in a flight-grade (20 mg/cm?) silica aerogel blank with
and without the piezo-driven U/S oscillations. We have found
that U/S freguencies between 30-45 kHz, amplitudes of ~1.5
um (100%) and cutting speeds of ~150-200 pm/sec are
optimal for clean aerogel cutting with both diamond and steel
microblades. In our experience, lower density silica aerogel
(10 mg/cc aerogel and Stardust flight spare) can be cut cleanly
at higher speeds with less tendency to tear and spall. The U/S
frequency is tuned for each blade via test cuts on a pristine
aerogel blank. The degree of aerogel damage created by the
cuts is highly sensitive to frequency, asillustrated in Fig. 2b.
Previous attemptsto apply this approach to aerogel have been
less successful possibly due to non-optimum frequency or
amplitude of U/S oscillations. Blade alignment with the
micromanipulator axes of motion is readily achieved by

placing a mirror below the blade and adjusting the blade
rotation while observing the reflection under a microscope.

Two techniques for U/S piezo-assisted cutting of aerogel
with microblades have been developed. The first technique
involves slowly pushing a vibrating blade directly into the
aerogel to the desired depth. By rotating the
micromanipulator on its stand, the chisel-style diamond blade
has been twice used in this manner to create an undercut in the
aerogel below the impact track for the extracted track in
Fig. 3c as illustrated by cuts 1 and 2 in Fig. 3a. The same
technique was used for the undercut of the extracted track in
Fig. 3d.

The second technique is for vertical cuts, The utility
knife-style blades (diamond or steel) are drawn with slow
motions parallel to the surface. After each cut, the blade is
lifted above the aerogel surface to return to the starting
position, and the next cutting pass is made ~50 um deeper.
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Fig. 2. A demonstration of the effectiveness of aerogel cutting with
ultrasonic (U/S) microblades. @) An optical image of test cuts on
flight grade agrogel (20 mg/cm3). Cuts 1 and 4 (200 um deep) were
made without piezo-driven U/S oscillations, and cuts 2, 3, and 5 were
made with U/S oscillations. Cuts 1 and 2 were made by a diamond
utility knife, cuts 3 and 4 were made by the steel blade, and the
undercut, cut 5, was made by a diamond chisel at an angle of 25° to
the aerogel surface. b) The frequency sensitivity of microblade
cutting. Cuts on either side of a shallow impact pit feature in ODC
tile 2D04 were made with U/S frequencies of 40 kHz (upper cut) and
32 kHz (lower cut). Both were made using an ultra-thin diamond
utility knife to adepth of 1.4 mm.

The aerogd isrotated for subsequent cuts. Cuts 3, 4, and 5in
Fig. 3b were made in this way. This second approach yields
highly smooth cut surfaces.

It should be noted that damage (due to handling, for
example) can create a thin surface crust of higher density
aerogel that resultsin fragmentation of the surface rather than
disintegration. Thisaerogel debrisfallsinto the channel andis
tumbled by the blade, creating ragged edges. For cuts
sufficiently far from the track (~200-300 wm), the track itself
isunharmed. This problem has not been found on aerogel tiles
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Fig. 3. Optical images of the extraction of ODC impact tracks from
tile 2C01 using U/S piezo-driven oscillating diamond microblades.
a) Thefirst cuts (1 and 2) are undercuts made with a diamond chisel
at an oblique angle to the aerogel surface and extending below the
impact track. b) The final three cuts (3, 4, and 5) are vertical cuts
made with a diamond utility knife perpendicular to the aerogel
surface. ¢) The aerogel fragment containing the impact track after
removal from the aerogel collector tile. The dashed yellow lines
indicate the aerogel boundaries. d) A side view of another extracted
aerogel wedge containing an impact track from ODC tile 2CO1. The
top surface shows some pre-existing damage. Inset: The terminal
particle at the end of the stylusin transmitted light.

flown as part of the ODC experiment but having little
handling damage.

U/S piezo-assisted dissection can be used to cleave the
main cavity of large impact tracks in order to expose
particulates and ablated material in the track walls. This
results in the terminal particles residing closer to the surface
simplifying their eventual isolation from the aerogel. These
dissections can be carried out in the bulk aerogel collector
tile. One half of the impact track can be extracted, leaving the
remaining haf in the tile (as was done with the extraction
shown in Fig. 4b), or both halves can be extracted. Because
the impact track itself is “damage” in the aerogel, there is
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terminal
particle

Fig. 4. Smooth cut surfaces produced by U/S microblades reduce
imaging artifacts and allow quick identification of impact particles.
a) Backscattered electron (BSE) image of the final extracted aerogel
cube containing the shallow impact pit feature from Fig. 2b. The
downward-facing surface was cut at the optimized U/S frequency for
the diamond microblade. b) BSE image of an ODC track (terminal
particle visible just sub-surface as a diffuse bright spot) from tile
1F04 dissected using a diamond utility knife with piezo-driven U/S
oscillations. Inset: Secondary electron image of the entire dissected
aerogel fragment. Tearing below the track propagated from the pre-
existing damage at the bottom surface of the impact track.

some risk of further propagation of existing cracks, asseenin
the inset of Fig. 4b. These cracks tend to propagate in the
direction of blade motion at acute angles. Thisisespecialy an
issue in large impact tracks; however, slow and controlled
blade motion minimizes the extent of aerogel tearing. In
addition, there is some compression of the aerogel at the
edges of the cut aswell as some saw-kerf (material lossdueto
breakup or sticking on the diamond blade). For small tracks
(<50 um diameter), there is arisk of eroding away much of
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Fig. 5. @) A backscattered electron (BSE) image of an aerogel
fragment extracted from ODC collector tile 2C01. This track was
extracted whole from the tile using U/S microblades and then
dissected out-of-tile by a diamond blade without U/S oscillations to
expose a region of the track’s main cavity. Several bright impact
debris particles at the end of the exposed region are identified by
small arrows. The intensity from the particles appears diffuse due to
the fact that they are still beneath the surface of the aerogel. b) The
high intensity locations (yellow-white) in X-ray energy-dispersive
maps for Mg (green) and Fe (red) correlate strongly with the bright
particles in the BSE image. c) A typical energy-dispersive spectrum
for one of the individua particles is consistent with a silicate
composition.

the materia of interest. In this case, tracks can be extracted
wholefrom the aerogel tile with U/S piezo assistance and then
cleaved out-of-tile using a sharp blade without U/S piezo
oscillations, asin Fig. 5a. Thisresultsin aless predictable and
lessflat dissection surface, but the fracture surfaceisstill very
smooth.
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PRELIMINARY ANALYSIS
OF EXTRACTED TRACKS

An end goa for U/S microblade development is
incorporation of the blades in an SEM or dua-beam FIB
environment to enable sample recovery/preparation and
preliminary characterization. This goal is motivated by
previous analysis of extraterrestrial material preserved in
ODC impact tracks that shows a high degree of fragmentation
of the original projectile with debris deposited down the
length of the track (e.g., Borg et a. 2004). This underscores
the need for a means of identifying and removing particles of
various sizes.

For the SEM studies, aerogel fragments containing
dissected impact tracks and one aerogel fragment containing a
shallow impact pit, al extracted using the U/S microblade
technique, were mounted on standard SEM mounts with
adhesive, conductive carbon pads and examined in a LEO
1455VP SEM fitted with an Oxford INCA Pentafet energy
dispersive X-ray spectrometer (EDS). A 15 mm working
distance and a 20 kV accelerating voltage were used for both
imaging and microanalysis. A 700 pA beam current was used
for imaging and a 1.2 nA beam current was used for
microanaysis.

Imaging

Typically, secondary electron imaging offers only
topographic information while backscattered electron (BSE)
imaging provides atomic number contrast. Thus, BSE
imaging is an obvious candidate for locating higher density
micrometeoroid fragments in dissected impact tracks in low-
density silica aerogel. However, there are a number of issues
in the track alone: There is major beam dispersion and
electron energy loss with depth in the aerogel, and much of
the debris is located subsurface. In addition, surface
roughness and densified aerogel formed by compression and
by melting and recondensation in the track add noise to the
image. In the past, it has been difficult to distinguish
micrometeoroid fragments from the surrounding aerogel by
BSE imaging of tracks extracted using the glass needle
extraction method. Compositional contrast has been largely
obscured by image artifacts generated by additiona high
roughness and compacted aerogel debris produced by the
glass needle extraction method on the cut surfaces
surrounding the track. This roughness and additional debris
add more artifacts to the already complex picture in the track
cavity. In contrast, the U/S microblade extraction method
generates very smooth surface cuts that reduce imaging
artifacts in both secondary and backscattered electron
imaging. The low-roughness surface removes uncertaintiesin
identifying impact debris so that particles exposed on the
surface, or even located subsurface, can be quickly located by
BSE imaging. The ease of locating cosmic dust particles
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within smooth-cut extracted tracks will simplify in situ
recovery of isolated particles in a SEM or dual-beam FIB
(Graham et a. 2004; Graham et a. 2005). Figure 4a contains
a BSE image of the shallow impact pit cut from abulk ODC
aerogel tile (Fig. 2b). The downward-facing surface shows
the smooth-cut surface produced by U/S microblades at the
optimized frequency. Figure 4b shows the BSE image of an
ODC impact track dissected using a diamond utility knife
with piezo-driven U/S oscillations. The terminal particle lies
just below the aerogel surface and appears as a clearly
distinguishable, bright spot in the BSE image. The bright spot
has a diffuse appearance due to the subsurface location of the
particle.

Microanalysis

All of the dust particles captured in aerogel, from either
LEO collectors or the Stardust collector, have experienced
hypervelocity impact. As a result, they are likely to have
undergone some degree of adteration, most likely
fragmentation and thermal modification, and therefore, they
are not pristine in nature (Anderson and Ahrens 1994; Horz
et al. 2000). To ensure the data acquired is representative of
the composition of a cometary grain prior to hypervelocity
capture, a number of particulates associated with a single
impact should be characterized. While other techniques,
such as synchrotron X-ray fluorescence (e.g., Borg et al.
2004), have been shown capable of such studies, EDS
mapping and single spot analysis are also well-suited to
identifying candidates for isolation as “naked” particles for
in-depth TEM or SIMS andysis. Figure 5ais a BSE image
of an impact track associated with the chondritic swarm
event previoudly identified in the ODC tiles (Horz et a.
2000). This track was extracted whole from the bulk aerogel
tile and then dissected to expose the main cavity by a
diamond blade without applying U/S oscillations. The
cleaved surface again has very low roughness, alowing
imaging of impact debris that appears as a cluster of bright
spots in the BSE image. EDS mapping in Fig. 5b shows
elevated levels of Mg and Fe in the region containing the
particulates, which is confirmed by single spot analyses
(Fig. 5¢). While it is not possible to unambiguously identify
the mineradlogy of the particulates due to the high
background from the surrounding aerogel, it is highly
probable that they are fragments of an Mg-Fe silicate. For
rigorous mineralogical analysis, isolation of the particulates
from the silica aerogel fragment is necessary.

SUMMARY AND FUTURE WORK

We have presented a simple, rapid, and accessible
method for the extraction of hypervelocity impact tracks from
silica aerogel tiles. We demonstrated that ultrasonic
frequency oscillations applied to thin, sharp microblades
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quickly produce clean cutsin aerogel with minimal damageto
the surrounding tile. Extraction time depends on the detail s of
track depth and morphology; however, using our current setup
under hand control, complete tracks have been extracted in
less than an hour. In addition to the optical microscope and
micromanipulator normally found in laboratories involved in
small particle manipulation, a system for extracting complete
or dissected impact tracks from bulk aerogel tiles requires
only a piezo-driven holder and microblades. Although piezo-
driven holders may be home-built, we have chosen a
commercialy available piezo-driven holder to generate
ultrasonic oscillations of the appropriate frequency, amplitude
and direction. For the ~25-100 um thick diamond and steel
microblades used in thiswork, frequencies between 30 and 40
kHz are optimum. With this equipment, impact tracks have
been extracted from aerogd tiles flown on NASA's Orbital
Debris Collector experiment. Tracks have also been dissected
exposing the main cavity for SEM imaging and elemental
analysis. The smoothness of the resulting cut surfaces allows
quick identification of impact debris particles for EDS
analysis and, if desired, eventual isolation of individual
particles for other analyses.

The various methods now available for extracting impact
trackg/pits and terminal particles/residues from silica aerogel
offer advantages in different conditions. For large tracks or
pits that are sufficiently widely spaced, cleaving the aerogel
via handheld razor blades may provide the least expensive
and quickest method of track and/or particle extraction. The
ultrasonic microblades presented here are well-suited to small
and intermediate-size features that may be more closely
spaced. The computer-controlled glass needle extraction
method is best applied to small and very closely spaced tracks
since the technique, although slower and more expensive in
setup cost, is not limited to straight cuts and causes very little
damage outside the extracted region.

Our current micromanipulator has orthogona motions,
one perpendicular to the sample surface. The entire unit can
be rotated to make undercuts in aerogel not perpendicular to
the sample surface. We are installing a micromanipul ator with
an additional axis for angled blade motions. This will permit
freeing an aerogel fragment completely from a tile without
adjusting micromanipulator angle. For tracks that are nearly
perpendicular to the surface, such as those expected in the
Stardust aerogel, an inverted regular pyramid can be extracted
with 3 or 4 angled cuts. For tracks at more oblique angles, one
or more of those cuts may be perpendicular to the surface. To
assist in such extractions, modified chisal-style diamond
microblades have been designed and will be tested.
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Abstract—In 2006, the Stardust spacecraft will return to Earth with cometary and perhaps interstellar
dust particles embedded in silica aerogel collectors for analysis in terrestrial laboratories. These
particles will be the first sample return from a solid planetary body since the Apollo missions. In
preparation for the return, analogue particles were implanted into a keystone of silica aerogel that had
been extracted from bulk silica aerogel using the optical technique described in Westphal et al. (2004).
These particles were subsequently analyzed using analytical techniques associated with the use of a
nuclear microprobe. The particles have been analyzed using: a) scanning transmission ion
microscopy (STIM) that enables quantitative density imaging; b) proton elastic scattering analysis
(PESA) and proton backscattering (PBS) for the detection of light elements including hydrogen; and
¢) proton-induced X-ray emission (PIXE) for elements with Z >11. These analytical techniques have
enabled us to quantify the composition of the encapsulated particles. A significant observation from
the study is the variable column density of the silica aerogel. We also observed organic contamination
within the silica aerogel. The implanted particles were then subjected to focused ion beam (FIB)
milling using a 30 keV gallium ion beam to ablate silica aerogel in site-specific areas to expose
embedded particles. An ion polished flat surface of one of the particles was also prepared using the
FIB. Here, we show that ion beam techniques have great potential in assisting with the analysis and

exposure of Stardust particles.

INTRODUCTION

Analytical instrument developments over the past 10
years have enabled new levels of mineralogical and chemical
investigations of interplanetary dust particles (IDPs) (e.g.,
Dai et al. 2002; Messenger et al. 2003). Despite the
comparisons that can be drawn between the composition of
IDPs and astronomical features (e.g., Keller et al. 2002), it is
currently not possible to unambiguously identify IDPs with
specific parent bodies. The successful capture of near-intact
particles using silica aerogel, first in the laboratory and then in
low-Earth orbit (Barrett et al. 1992; Brownlee et al. 1994;
Tsou 1995), lead to the NASA Discovery class mission
Stardust, the first cometary sample return (e.g., Brownlee et
al. 1997). In January 2004, the Stardust flyby of comet Wild 2
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was successful, and it is expected that a large number of
cometary particles were captured in the dedicated silica
aerogel collector (Brownlee et al. 2004). The scientific
community must now wait until January 2006 when the
sample return capsule lands back on Earth to harvest the
bounty of cometary particles and contemporary interstellar
grains. Instruments already suitable for the analysis of IDPs
are also suitable to carry out the analysis of the unique
particles captured by Stardust (e.g., Zolensky et al. 2000;
Stephan 2001). Despite the availability of instrumentation,
there are a number of technical challenges to be resolved
before sample return. Perhaps the most significant challenges
are technical rather than scientific because the identification,
extraction, and handling of small captured hypervelocity
particles from silica aerogel is not straightforward (Tsou

© Meteoritical Society, 2004. Printed in USA.
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Fig. 1. Optical transmitted light micrograph of a hypervelocity impact track preserved in silica aerogel (density of 0.02 g/cm?) from the NASA
Orbital Debris Collector Experiment. The track terminology is taken from Horz et al. (2000).

1995). Previous efforts at particulate extraction have included
cleaving the aerogel apart using biological dissection
razorblades to expose individual particles for extraction with
a micromanipulator. Although extremely simple, this
technique was used very successfully in the recovery of a
number of particles (over 100) from the silica aerogel
collector exposed on the Mir space station (Bernhard et al.
2000). However, this technique can lead to a catastrophic
failure of the aerogel during the cleaving that results in the
loss of particulate material (Stadermann and Floss 2000).
Laser ablation extraction has also been used to recover
particles accelerated into silica aerogel using a light-gas-gun
(Graham et al. 2001). Westphal et al. (2002), using automated
micromanipulators and glass micro-needles, extracted
individual particles down to 3 pm in diameter and, more
recently, keystones of silica aerogel containing entire impact
tracks (Westphal et al. 2004). Beyond mechanical extractions,
it is important to investigate emerging technologies that could
be suitable for Stardust. Despite the range of extensive
techniques available for small particle analysis (Zolensky et
al. 2000), some of these techniques degrade volatile-rich
materials, others produce contamination, and others require
tailored specimen preparation. Therefore, it is important that
application of the various analytical methods be hierarchical.
Furthermore, since thousands of cometary particles may be
captured, it is essential that analytical techniques capable of
rapid and non-destructive in situ analysis be identified and
evaluated. Synchrotron-based analytical techniques appear to
be promising for making in situ measurements (e.g., Raynal et

al. 2000; Flynn et al. 2001, 2003; Borg et al. 2002; Keller et
al. 2003). Other small-scale laboratory-based techniques have
been successfully applied to embedded particles, e.g., micro-
Raman spectroscopy (Burchell et al. 2001; Kearsley et al.
2001; Graham et al. 2001). In this paper, which is the second
in a series of research on extraction and analysis techniques
relevant to Stardust carried out by BayPAC (Bay Area Particle
Analysis Consortium), a consortium of Lawrence Livermore
National Laboratory (LLNL), University of California at
Berkeley, Ernest Orlando Lawrence Berkeley National
Laboratory, and Stanford University, we discuss the
applicability of ion beam techniques for the analysis of
material embedded in silica aerogel using: i) a 3 MeV
hydrogen ion beam; and ii) 30 keV focused gallium ion beam
to expose embedded materials for subsequent detailed
microanalysis.

PARTICLE CHARACTERIZATION USING A
NUCLEAR MICROPROBE

The development of the extraction technique described in
Westphal et al. (2002, 2004) is a significant milestone.
However, it is only the first stage of the analytical strategy for
Stardust particles. The initial scientific questions to be asked
about the preserved particles will be very simple: what is their
morphology, mineralogy, and bulk chemistry, and how do
they compare to the current repository of IDPs?

When a particle is captured in silica aerogel as a result of
a hypervelocity collision, a number of characteristic features
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are generated (see Horz et al. [2000] and Fig. 1). Silica
aerogel experiments (e.g., NASA Orbital Debris Collector
Experiment [ODC]) in low-Earth orbit (LEO) enable the
investigation of “real” micro-particles captured in silica
aerogel collectors; however, such impact events will have
occurred over a range of velocities (typically >10 km/s).
Therefore, these may not be representative of the features
preserved in the Stardust collectors where the encounter
velocity was approximately 6 km/s. The LEO-derived impact
events tend to show a high degree of particle fragmentation on
the micron and sub-micron scales (e.g., Horz et al. 2000;
Westphal et al. 2004). Therefore, it is reasonable to assume
that if cometary particles are similar to fluffy anhydrous IDPs,
they may exhibit similar behavior upon collision with the
silica aerogel collectors, even at the lower velocity.

If the Stardust silica aerogel collectors return with a
number of impact events showing fragmentation of the
cometary debris, then one of the critical tasks will be to obtain
a true representative composition. Therefore, any preliminary
characterization will scan the entire impact event for
cometary debris. Ideally, the applied technique will have
limited or no detrimental effects on the encapsulated particles.
The major and minor elemental compositions of IDPs have
been successfully investigated using nuclear microprobe
techniques (e.g., Arndt et al. 1996; Wies et al. 2002).
However, the techniques have not been widely used in cosmic
dust research despite being relatively non-destructive
(Zolensky et al. 2000). Thus, nuclear microprobe analysis
could be well-suited for characterizing captured particles due
to the ability of the primary beam to penetrate the silica
aerogel and the adequate signal that can be detected during
sample-beam interactions (Morse et al. 1997). These
interactions can be detected in a number of ways: a) scanning
transmission ion microscopy (STIM) that enables quantitative
density imaging; b) proton elastic scattering analysis (PESA)
and proton backscattering (PBS) for the detection of light
elements including hydrogen; and c) proton-induced X-ray
Emission (PIXE) for elements with Z >11.

Sample Preparation

For the experimental work described here, 20 mg/cc
silica aerogel manufactured at NASA/JPL by Dr. Steve Jones
was used. Previous laboratory simulations that mimic the
Stardust capture have used light-gas-guns, as these enable the
acceleration of the projectiles at the mission encounter
velocity of 6.1 km/s (e.g., Horz et al. 1998; Burchell et al.
2001). However, because the initial purpose of the analysis
described here was to investigate the suitability of the nuclear
microprobe, specially selected particles were chosen that
would test the analytical techniques. Therefore, hypervelocity
acceleration of materials was not required. A glass micro-
needle has been used to implant the following materials into
the bulk aerogel at approximately 10 um depth: a) a tungsten
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sphere (10 um in diameter) because it has extremely high
density compared to the silica aerogel and should, therefore,
be easily detected using STIM, and since it is a high Z
element, it should be easy to map using PIXE; b) a
polystyrene sphere (7 um in diameter) to evaluate the
possibility of detecting organic species during the initial
characterization using PESA and PBS; c) a fragment of the
matrix material from the Orgueil meteorite to represent a
complex unknown meteorite material, as it is possible that
Stardust may return particle compositions that, as yet, have
been routinely identified in IDPs (Fig. 2). While the manual
embedding technique does not allow the investigation of
impact effects such as shock and thermal alteration on the
particles, it does enable a wide range of particles, including
IDPs, to be embedded into silica aerogel. This allows the
nuclear microprobe’s ability to detect both inorganic and
organic material in a wide range of particles to be tested. After
implantation, a small wedge or the so-called “keystone” of
aerogel containing the analogue particles was extracted from
the bulk using the mechanical recovery techniques described
in Westphal et al. (2004).

The silicon microforklifts that are used to extract the
keystones from bulk silica aerogel have been designed to
integrate with a number of instrument mounts including the
nuclear microprobe. Therefore, the keystone did not need to
be mounted on any support film that could cause
contamination or limit the interpretation of the acquired data.
The keystone was mounted within the microprobe target
chamber with the largest dimension in the vertical axis. The
top surface of the keystone was normal to the incident beam
direction, and it was oriented so that the embedded particles
were facing downstream from the incident beam.

Scanning Transmission Ion Microscopy (STIM)

For all analyses, an incident 3 MeV proton beam was
focused onto the keystone. As STIM uses ~10° lower beam
currents than PESA, PBS, and PIXE, the initial analysis was
by STIM. Using STIM, it is possible to quantify the column
density of the silica acrogel and the embedded particles by
measuring the energy lost from the 0.5 um focused incident
beam as it traverses the sample (Lefevre et al. 1987). The
simple physics involved in this ion energy loss mechanism,
combined with available accurate databases, enable the ion
energy losses to be readily converted into specimen-projected
densities, which can be used to determine specimen mass
(Lefevre et al. 1987; Lefevre et al. 1991; Bench et al. 1993).
STIM has been used previously to determine the densities of
thin material films of known density and composition (Bench
1991). Conversion of energy losses to densities using the
known material composition established that the technique is
quantitative, with ann accuracy >95% in determining sample
densities, as demonstrated in Bench (1991). The keystone
sample was subjected to an initial coarse STIM scan that was
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Fig. 2. Optical transmitted light micrograph of the silica aerogel keystone containing the embedded particles of tungsten, polystyrene, and
Orgueil meteorite fragment. The keystone was extracted from bulk silica acrogel using the technique described in Westphal et al. (2004).
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Fig. 3. a) STIM scan over the entire sample. In the image, it is clearly possible to see one of the supporting micro-forks. From the image, it is
possible to see the variable column density of the silica aerogel; b) the high resolution scan of the region of interest highlighted in the coarse

scan (black rectangular box) shows the particles of interest.

carried out over the entire sample (Fig. 3a) and then a high
resolution scan over the area of interest containing the
particles (Fig. 3b). From the STIM scans, it is noted that the
silica aerogel has a variable density with an average density of
550 + 40 ug/cm? (calculated from the high resolution scan).
Despite the variation, the three embedded particles are clearly

visible in the high resolution scan (Fig. 3b). Areal density
(ug/cm?) is converted to mass by integrating the areal density
of the particle over the area of the region of interest exposed
to the particle beam. The tungsten sphere has a measured
mass of 9.0 £ 0.7 ng that compares well to the predicated
mass of 10.1 ng. The measured mass for the polystyrene
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sphere of 0.19 + 0.02 ng agrees with its predicated mass of
0.19 ng. The Orgueil fragment has a measured mass of 2.6 +
0.4 ng. Error estimates are made by the addition in quadrature
of 1o for counting statistics and error propagation of the
following analysis parameters: pixel size, beam energy,
energy loss equation, etc. The major advantage of STIM is
that virtually every incident ion produces useful information
in traversing the sample, i.e., the technique is nearly 100%
efficient (Lefevre et al. 1991). Consequently, even with low
beam currents, data acquisition is rapid. Therefore, a number
of high resolution STIM scans could be used to locate
fragmented debris; however, the experimental parameters
used here do not allow for a complete assessment, and
previous work has indicated that most material mass is lost
during melting, a process that will occur during hypervelocity
capture (Anderson and Ahrens 1994). It is also expected that
Stardust will capture a wide range of materials from single
crystal grains (e.g., forsterite) to complex heterogeneous
particles similar to anhydrous IDPs. Even though the densities
of these materials vary, it will be possible, with the current
capabilities, to use STIM to rapidly select materials of
immediate interest with a diameter of down to 0.5 um. A
complication to the application of STIM to “real” impact
events is that the particles are typically coated with a
condensed aerogel ablation shield that forms during the
hypervelocity impact event (Horz et al. 2000). This
condensed material could lead to false STIM estimation of
density; however, as we combine the STIM measurements
with PIXE elemental analysis, it should be possible to
discriminate between the ablation material and the particulate
debris. Furthermore, any measurements acquired while the
particles are still encapsulated must be viewed as only
preliminary guidance to the composition and nature of the
captured material.

By acquiring multiple STIM scans in multiple directions
through a sample, it is also possible to carry out ion
microtomography (IMT) (Pontau et al. 1989). Cross-sectional
views and three-dimensional reconstructions can be acquired,
both of which would be very useful in studying impact
morphologies, as these are three-dimensional events.

Proton Elastic Scattering Analysis (PESA) and Proton
Backscattering (PBS)

With PESA, protons with energies above 1 MeV that
elastically scatter from target atoms into forward angles can
be detected by a particle detector (Cahill et al. 1987). Some of
the kinetic energy of the projectile ion is absorbed by the
recoiling target atom because the recoil energy depends on the
target mass. By measuring the energy of the scattered ions, it
is possible to discriminate between ions scattered from H and
ions scattered by other elements. Integrating the number of
ions scattered from H gives a quantitative measure of the
sample hydrogen content. This technique works best for
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samples with small column densities in which proton-slowing
by ordinary electronic stopping is small.

To acquire an H distribution map for the embedded
particles (Fig. 4), the 3 MeV proton beam was focused to a
2 um spot size as it was scanned across the region of interest
within the keystone. A beam current of approximately 0.9 nA
and a charge of 1.5 uC were deposited over the scanned
region. The PESA data were recorded in list mode along with
coincident beam spatial coordinates arising from scanning.
The data was subsequently processed off-line using the in-
house ion microanalysis package (IMAP) developed by
Lawrence Livermore National Laboratory/Sandia National
Laboratories (Morse et al. 1999). To measure the H content of
the polystyrene sphere and the Orgueil meteorite fragment, it
was first necessary to calculate the H content of the silica
aerogel background. The PESA data suggests that the silica
aerogel has a variable H content that was averaged for the
scanned region to be 0.29 + 0.02 ug/cm?. The H content for
the polystyrene sphere was measured to be 10.2 + 1.5 pg (the
predicated mass is 14.6 pg), and the Orgueil fragment was
2.4+0.9 pg.

Coupled with the ability to detect H enrichments in situ,
further identification of light elements (C, N, and O) is
possible by measuring the energies of the backscattered
particles from the incident 3 MeV proton beam that have
collided elastically with the sample (Cookson 1987; Fraser
1995). The acquired proton backscattered spectrum will
retain high-energy edges corresponding to the backscattering
from atoms with different masses within the sample, thus
making elemental detection possible (Fraser 1995). For
proton backscattering analysis of the keystone, the detection
is accomplished with a 100 mm? silicon surface barrier
particle detector. The detector is located 55 mm from the
sample and subtended a mean scattering angle of 1600. The
particles were recorded in list mode along with coincident
beam spatial coordinates arising from electrostatically
scanning the 2 um in diameter beam spot. Data were reduced
off-line, and spectra from features of interest within scanned
regions were extracted and analyzed using IMAP (Morse et
al. 1999) (Fig. 5). The spectrum acquired for the silica acrogel
(Fig. 5a) detected, not surprisingly, Si and O, but it also
detected trace levels of C (2 + 1 ug/cm?). It is not possible to
state the nature of the C in terms of inorganic or organic
components. However, identification of both H and C within
the silica aerogel could indicate indigenous organic relics
from the silica aerogel-forming process or background
terrestrial contamination. Previous analyses of silica aerogels
have indicated both of these to be the case (Hartmetz et al.
1990, Barrett et al. 1992, Wright et al. 1994). This indigenous
organic material may be a problem for Stardust analysis
because if, as expected, the cometary particles are similar to
chondritic anhydrous IDPs, they are likely to be carbon-rich.
Therefore, it could be impossible to unambiguously state the
origin of organic material identified by in situ measurements.
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Fig. 4. Distribution of H acquired using PESA for the region of
interest within the “keystone” that contains the embedded particles.

Detailed characterization of the Stardust flight-grade silica
aerogel similar to the work carried out by Hartmetz et al.
(1990) and Wright et al. (1994) before the return should
enable a great degree of confidence in potential levels of
organic contamination.

The PBS spectrum for the polystyrene (Fig. 5b) detected
C and O with Si from the silica aerogel. The C content was
measured as 150 + 20 pg, a level that compared favorably
with the predicated C content of 174 pg. The PBS spectrum
for the Orgueil fragment (Fig. 5S¢) was considerably different
to the silica aerogel and the polystyrene sphere. No significant
C was detected, and both the Si and O signals were
background-corrected for the silica aerogel contributions. The
analysis also detected Fe that could be associated with silicate
or metallic phases within the fragment. The high Fe content of
the particle and the overall size and geometry of the fragment
in relation to the detector prevented the identification of the C
(minimum detectable limit of approximately 200-300 pg) and
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Fig. 5. a) Proton backscattered spectra acquired for the silica aerogel
substrate; b) polystyrene sphere; c¢) Orgueil fragment. The spectra
were obtained for a total beam charge of 1 nC.

the accurate quantification of the O content (approximately
800 £ 400 pg).

While advances in instrumentation have lead to a new
level of understanding the nature and origin of organic
material in meteorites (e.g., Sephton 2002; Cody et al. 2002),
the characterization of organic material in IDPs has been a
much harder task due to the small sample size/concentration
levels and it requires highly specialized analysis, e.g., tagging
a sample using specific fluorescent molecular probe or C-
XANES analysis (Clemett et al. 2002; Flynn et al. 2003).
Such analysis of the Stardust particles would certainly require
that they are free from the silica acrogel. Notwithstanding the
potential contamination problem, the combined analysis of
PESA and PBS would enable a preliminary identification and



Ion beam techniques for analysis and exposure of particles encapsulated by silica aerogel 1467

w0

.
[

i

40x10"

3.0x10*

Counts

2.0x10"

1.0x10*

ALY LA AR RARALAAR LY RIS AALARAARAN RLARALAL )

F ITTTTTT T [RAR IR NI AR RTRARTI NI STN A AN TARCTIRTANTAN]

0.022 3.700 7379 11057 14735 18

Energy (keV)

100um

6.0x1¢* . -
s.0x10" F Fe 3

4.0x10" (

IO FTPVTPITTY FIem

counts

3.0x10* l
2.0x10* 3 {

| | 3
1.0x10* E .'\ ] 3
f \

4
Energy (keV)

[ —
N

Fig. 6. a) PIXE spectrum acquired from the background aerogel; b) PIXE elemental map for W; c¢) PIXE elemental map acquired for
distribution of Fe in the Orgueil meteorite fragment; d) PIXE X-ray spectrum acquired for the Orgueil fragment after processing.

screening for the C-rich particulates preserved in the silica  microprobe analysis, PIXE is the most common and is used in
aerogel, so these particulates could then be extracted and  material, geological, and planetary sciences (e.g., Fraser 1990;

analyzed in further detail. Arndt et al. 1996; Wies et al. 2002). PIXE uses a high-energy
(MeV) proton beam that interacts primarily with atomic
Proton-Induced X-Ray Emission (PIXE) electrons within the sample to create vacancies in inner shell

orbitals. When an outer shell electron fills a vacancy, the
Of all the analytical techniques associated with nuclear  excess energy resulting from the transition can be released as
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an X-ray photon, the energy of which is characteristic of the
emitting atom. The proton-induced X-rays produced from the
interaction between the 2 um focused 3 MeV proton beam and
the keystone were detected with an energy dispersive Iglet-X
X-ray detector, manufactured by Ortec, that subtended a solid
angle of ~200 milli-steradians to the specimen. The detector is
located at an angle of 135° with respect to the incident beam.
As the beam is scanned across the region of interest within the
keystone, X-ray energy spectra are stored for each beam
location. The total charge deposited over the scanned area was
approximately 1 pC. After data acquisition, maps of element
concentrations and X-ray spectra from beam locations
corresponding to embedded particles were generated using
IMAP (Morse et al. 1999) (Fig. 6).

The data acquired from the silica aerogel did not identify
any elements with a Z of 12 or below (Fig. 6a). These may
well be present, but the current configuration of the energy-
dispersive X-ray detector inhibits the detection of low energy
X-rays due to the Be window used to protect it from moisture
and backscattered protons. The analysis indicated that the
density of Si was variable, with an average density for the
scanned region of 284 + 30 pg/cm?. This value compares well
with the calculated Si density measured by STIM of 260 +
20 pg/cm? (assuming that the silica aerogel was composed
solely of Si and O). PIXE is not particularly well-suited for
light element detection, so no significant measurements were
recorded for the polystyrene sphere. The main elemental data
acquired from the PIXE analysis was for the tungsten sphere
(Fig. 6b) and the Orgueil fragment (Figs. 6¢c—6d). From the
PIXE data, the mass of the embedded tungsten sphere was
measured to be 9.8 + 0.5 ng and was in agreement with the
measured STIM mass (9.0 = 0.7 ng) and the calculated mass
(10.1 ng). As the Orgueil fragment was extracted from the
matrix of the meteorite, which is heterogeneous on the pum-
scale, it represented a more realistic analogue to the material
that might be encountered by Stardust. The data acquired
from the Orgueil fragment was background-corrected for the
contribution of Si from the silica aerogel; the major elemental
component identified was Fe (Figs. 6¢c—6d). The other
detected elements are given in Table 1. At present, it is not
possible to detect Mg at low levels, so we could not determine
if the Fe was associated with a silicate or simply a metallic
phase (oxide or metal). Later characterization by X-ray
diffraction at the Natural History Museum in London found
the major mineralogical composition to be magnetite (Fe;0,).

Using PIXE, we have successfully imaged and
quantitatively analyzed elements with Z >11 in the embedded
particles. However, it has been highlighted in this work and
by previous researchers (Zolensky et al. 2000) that there are
significant detection limits with light elements that are
beyond the quantitative capabilities of the current Ortec Iglet-
X X-ray detector used. The analytical range of the microprobe
for the sensitive quantitative analysis could be extended to
include elements from C to Na and to increase the sensitivity
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Table 1. Elemental data acquired from the embedded
Orgueil meteorite fragment with a mass of 2.6 + 0.4 ng
(from the acquired STIM data) using analysis techniques
associated with the nuclear microprobe at LLNL.

Wt% of

Technique Element Content (pg) STIM mass
PESA H 24+09 0.1
PIXE Al 10+3 0.4
PIXE Si 83+24 3.2
PIXE S 366 1.4
PIXE Ca 5+£2 0.2
PIXE Cr 26+0.3 0.1
PIXE Mn 24+04 0.1
PIXE Fe 1330 + 140 51.9
PIXE Ni 16+2 0.6
PBS o 800 £ 400 31

Sum of STIM mass wt% 89.0

for the detection of Mg and Al by using a windowless
detector.

Disadvantages of Nuclear Microprobe Analysis

There are several limitations in using the nuclear
microprobe for in situ analysis. First, it has already been shown
that, with the current Be window and energy dispersive
detectors, there is a limit in the detection of light elements.
Second, while STIM is essentially non-destructive because the
technique uses million-fold lower beam currents than the other
techniques (PESA, PBS, and PIXE), which are generally
assumed to be only partially non-destructive, as there is
potential for sample damage from the higher beam currents
employed. Previous researchers have studied the alteration of
stoichiometry in a sample due to the loss of H and O during
repeated PESA analysis (Delto et al. 2002). However, it is
possible to limit the potential beam damage by reducing the
overall total charge deposited on the sample during the
analysis. Furthermore, collecting PESA, PBS, and PIXE
concurrently can reduce the acquisition time for data
collection.

FOCUSED 10N BEAM MICROMACHINING OF
SILICA AEROGEL

When developing a strategy for the characterization of
the cometary particles to be returned by Stardust, it is
important to have analytical techniques that can be employed
in the preliminary stages for the post-flight program to study
aerogel encapsulated cometary material. However, detailed
mineralogical and chemical investigations will need sample
preparation and almost certainly will require the particulate
fragments to be free of silica aerogel. Westphal et al. (2002)
showed that individual particles as small as 3 um in diameter
could be extracted intact from silica aerogel. However, it is
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Fig. 7. a) Ion micrograph of the intact silica aerogel keystone; b) secondary electron micrograph of the keystone after the encapsulating silica
aerogel has been removed by rastering the Ga* ion beam across the selected 50 pm x 45 um rectangular area. The tungsten sphere is clearly
visible in the center of the image; c) backscattered electron micrograph of the tungsten sphere. The white arrow locates the slight surface
damage sustained by the tungsten sphere by the Ga* ions; d) the X-ray energy dispersive spectrum acquired for the tungsten sphere.

unlikely that the same technique could be employed on sub-
pm-sized fragments.

Ion beam techniques can be used for analysis and can
also be employed to micromachine or microfabricate
materials. Focused ion beam (FIB) microscopy was
principally used in the semiconductor industry, as it enabled
the in situ manipulation and machining of materials on the
sub-micron scale (e.g., De Veirman and Weaver 1999; Labar
and Egerton 1999). FIB microscopy uses a focused beam of
Ga ions to ablate volumes of material from precise locations
and at carefully controlled rates (see Phaneuf [1999] for a
detailed discussion on design and operation of the FIB
microscope). The significant benefit of the technique is that
the sample can be imaged with nm-scale resolution during the
ion milling using both ion and secondary electron imaging.
The technique has been used in both geological and planetary
sciences to prepare electron-transparent thin sections of
materials (Heaney et al. 2001; Stroud et al. 2002; Stroud
2003; Lee et al. 2003). Apart from this more traditional use of
FIB, it has also been shown that the technique can be used to
remove the silica aerogel film that coats the surface of

particles that have been laboratory impacted and subsequently
recovered from silica aerogel (e.g., Graham et al. 2002). This
suggested that FIB could be used to expose particulates in the
silica aerogel.

Using an FEI 200TEM workstation, the tungsten sphere
and the Orgueil fragment have been subjected to site-
specific ion milling to remove the silica aerogel covering
them. From the initial ion image of the keystone, it was not
possible to locate the particles. However, it was possible to
match topographic features from the optical transmitted light
micrograph of the keystone (Fig. 2) or the STIM image
(Fig.3) and the ion image (Fig. 7a) to indicate the
approximate location of the tungsten sphere. An 50 pum x
45 um area was selected around this region of interest, and
the silica aerogel was subsequently removed by rastering the
400 nm spot-sized gallium ion beam at 30 kV with a 20 nA
beam current until the tungsten sphere was exposed
(Fig. 7b). During the milling that took approximately 7 min,
the entire process was monitored by collecting secondary
electron images. Despite the monitoring, the silica aerogel
was ablated at such a rapid rate that the top surface of the
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tungsten sphere was also subjected to slight ion milling
(Fig. 7c). It is also clear from the acquired images that the
ion beam can have detrimental effects on the supporting
silica aerogel. This is evident because there is a distinct
difference in the edge of the silica aerogel between the
initial ion image and the secondary electron image acquired
after the milling, as some material has been lost. Additional
imaging and microanalysis of the tungsten sphere were
carried out using a conventional JEOL 840 scanning
electron microscope (Figs. 7c—7d). It would be expected
that, after in situ characterization, exposed particles would
be removed from the supporting silica aerogel using a
micromanipulator.

If the observations from particles captured on LEO
exposed silica aerogel collectors provide an accurate
analogue to how the Stardust particles will be preserved, then
it is entirely possible that some fragments may be on a scale
that prohibits intact extraction. Therefore, this material would
have to be analyzed in situ. As has already been discussed,
there are limitations to such analysis particularly because of
backgrounds due to contamination in the silica aerogel.
However, FIB can be used to remove the encapsulating silica
aerogel and also to prepare a polished section of sample while
it is still surrounded by silica aerogel. The Orgueil fragment
was subjected to an initial milling procedure (i.e., ion beam
focused to 400 nm with a 20 nA beam current) similar to that
of the tungsten sphere to remove the silica acrogel. The entire
sample was then tilted to 45°, and the Orgueil grain was
subjected to further ion milling at initially high beam currents
to remove the outer surface of the grain but then at
progressively lower currents of 10000, 7000, and then
5000 pA to clean up the milled surface (Fig. 8a). After the
sample is orientated back to a normal 0° of tilt, the top surface
of the grain has now been polished flat (Fig. 8b), and the
sample can be analyzed using a number of electron and ion
beam techniques (Fig 8c). By preparing the sample this way,
any contaminating silica aerogel is removed.

There are a number of disadvantages to using FIB for
particle extraction. First, compared to an optical system, the
instrumentation is very expensive (a typically system costs
around $1 million). Second, during the ion milling process, it
is possible to generate imaging artifacts at the high beam
currents, although these are typically removed by the final
“cleaning” stages of the milling procedure that are carried out
at lower beam currents (Fig. 8b). Third, it is possible to
deposit an amorphous film (nanometer thick) on the surface
that has been milled during the higher beam current stages.
Again, this can be nearly completely removed by the final
stages of the sample preparation (Lee et al. 2003). Perhaps
one of the most significant disadvantages is that older FIB
microscopes use the ion beam to mill and image the sample. It
would appear that prolonged exposure of the silica aerogel
under the ion beam could cause it to disintegrate. This
potential problem can also be resolved by the fact that modern
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Fig. 8. a) Secondary electron micrograph of the embedded Orgueil
meteorite after the top surface of aerogel has been removed by the
ion milling; b) secondary electron micrograph of the fragment after
the ion beam has been used to produce a polished flat surface. The
polished surface appears to show some structural or crystallographic
phase information. The surface structure observed on the
surrounding silica aerogel (indicated by a white arrow) is an artifact
of the milling process; c) the X-ray energy dispersive spectrum
acquired for the fragment.
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fully equipped FIB systems use dual beam technologies: all
the imaging is carried out using the electron beam, while the
ion beam is used for the milling. Furthermore, these newer
instruments now typically include a scanning transmission
electron microscopy detector (for high resolution imaging),
electron  backscattered  diffraction  detection  (for
crystallographic analysis), and energy-dispersive X-ray
detection (for elemental analysis).

Since there are multiple potential benefits from using an
“all-in-one” instrument to prepare and chemically analyze
samples at the initial stages of particle characterization, it is
clear that FIB microscopy will play a significant role in the
characterization of Stardust materials.

SUMMARY

The observation that micrometeoroids captured in LEO
fragment upon impact suggests that the cometary particles
captured by Stardust will also have fragmented. Therefore, it
is important to develop techniques capable of analyzing
embedded materials. The nuclear microprobe at Lawrence
Livermore National Laboratory has been successfully used to
characterize embedded particles in low-density silica aerogel
using STIM, PESA, PBS, and PIXE. The combination of
these techniques allows for the detection of both inorganic
and organic components within a particle, while still
encapsulated in silica aerogel.

While it is important to have the capability of acquiring
measurements  from  embedded  particles,  further
investigations of mineralogy and chemistry will require the
particles to be extracted from the silica aerogel. This was
originally shown to be possible using a mechanical recovery
technique (Westphal et al. 2002, 2004). It has now been
shown that FIB microscopy can be used to rapidly ablate the
silica aerogel encapsulating embedded particles, leaving the
particles exposed and in a configuration suitable for further
detailed characterization while still in the silica aerogel or
after extraction using micromanipulators. We will now
employ these techniques on micrometeoroids captured in
collectors that have previously been exposed in LEO.

By applying and learning from these techniques now, we
will be ready for the return of the precious Stardust particles
in 2006.
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Introduction: Sample return missions allow the
laboratory study of material from other parts of our
solar system which until recently were accessible
only by astronomical observation. In January of
2006, NASA’s Stardust Mission will return to Earth
with particles captured in silica aerogel collected
from the coma of Comet Wild-2 as well as fresh in-
terstellar dust. The primary objective of the mission
is the collection of 1000 analyzable particles of di-
ameter >15 micron [1]. Estimates from on-board
instrumentation indicate 3 times that number were
collected [2]. Each of these femto- to nanogram par-
ticles is potentially a heavyweight in terms of scien-
tific return.

Scientific and technical preparations for Star-
dust’s return have long been underway via analysis of
analogues like interplanetary dust particles (IDPs)
collected in the stratosphere and micrometeoroids
captured in low earth orbit in aerogel collectors (e.g.
the Orbital Debris Collector Experiment). To study
such small volumes of material non-destructively,
synchrotron radiation techniques have been used with
increasing frequency [3 and references therein, 4, 5].
These techniques include microdiffraction to deter-
mine mineralogy, X-Ray Fluorescence spectroscopy
(XRF) to determine elemental compositions and dis-
tributions, Fourier Transform Infrared (FTIR) spec-
trometry and Scanning Transmission X-ray Micros-
copy (STXM) combined with soft X-ray Absorption
Near Edge Structure (XANES) spectroscopy at the C
and O absorption thresholds to study the chemical
environment of organic compounds and hard x-ray
XANES to study chemical states of transition metal
elements.

Of key importance in analysis of Stardust parti-
cles is a non-destructive means of extracting chemi-
cal information on both major and trace elemental
constituents. We describe a collaborative effort at the
Stanford Synchrotron Radiation Laboratory (SSRL)
on beamline 6-2 to use micro-focus x-ray beams for
the study of meteoritic and cometary materials.

Capabilities: The SSRL beamline 6-2 scanning
fluorescence microprobe uses a Kirkpatrick-Baez
mirror pair to focus a monochromatic x-ray beam to
less than 1 micron in both horizontal and vertical
dimensions. The useful energy range spans the K

absorption edges of the transition metals so that both
XRF and micro-XANES are possible on scientifically
interesting elements such as Ti, Fe, and Ni. Several
examples of recent work with the facility are pre-
sented below.

High-resolution XRF mapping. X-ray fluores-
cence mapping with spatial resolution at the micron
level has been achieved on particles embedded in
aerogel (Fig. 1). Both major and trace elements
down to Si can be mapped and quantified in this
manner. The x-ray probe beam size can be adjusted
to scan the sample at different “magnifications” ena-
bling fast coarse maps as well as fine detail on re-
gions of interest. Because the microprobe can non-
destructively study particles still embedded in the
aerogel capture medium, it is attractive for initial
examinations on Stardust and future missions.

E 1] 2000 4000 6000 8000 110" 1.210°
11 ALY Energy (eV)

Fig. 1: Clockwise from lower left: Optical micro-
graph of aerogel keystone, low resolution XRF maps
in Si and Fe showing locations of the silicon sample
mount and the Fe-bearing particles including a grain
of Murchison meteorite embedded in the aerogel,
high resolution XRF maps of the Ca and Fe distribu-
tions in the Murchison grain and a log-scale XRF
spectrum from the most Fe-rich location in the grain.

As another example of the mapping capability,
Figure 2 shows the distribution of Fe and Ca fluores-
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cence from a deceleration track of a fragment of Al-
lende which has been implanted in aerogel using a
light gas gun.

RO TNOA ROOD ROAA 40D Ana 20on

Fig. 2: Maps of a particle track from a gas gun shot
of Allende particles. Top: optical image; Middle: Fe
fluorescence map; Bottom: Ca fluorescence map.
Distances are in microns, so the full x-range is ~6
mm. Red denotes high signal, blue, low signal.

The similarities between the optical image and the
two fluorescence maps are striking. The enhanced Fe
fluorescence near the surface of the aerogel is likely
due to additional gun debris. This is a two-
dimensional map, integrating over the volume of the
block of aerogel, so low levels of surface contamina-
tion are over-emphasized.

Micro-XANES. Prior to the installation of the
beamline 6-2 fluorescence microprobe, tests on parti-
cles were performed on a total external reflection x-
ray fluorescence (TXRF) facility at SSRL [6]. Full
particle XANES spectra of a grain of Orgueil mete-
orite mounted on a Si wafer were collected in grazing
incidence geometry at the Fe (Fig. 3) and Ni K edges.
Beamline 6-2 has since been rebuilt with improved
optics that make spatially-resolved micro-XANES
possible at micron resolution with excellent signal-to-
noise ratios. This allows mapping of the oxidation
state distributions of the majority species within
IDPs, micrometeoroids and Stardust comet dust. The
low-Z limit for this capability depends on the size of
the particle being analyzed since the 1/e escape depth
of the characteristic x-rays is energy dependent; how-
ever, Ti and higher Z elements will be readily acces-
sible for most particles. Using Principle Component
Analysis methods, mixed valence states can be quan-
tified for each element of interest in a sample using
standards containing the relevant valence states. For
Fe oxidation states, Sutton et al. [7] have shown that
pre-edge peak energy (caused by 1s — 3d electronic
transitions) varies linearly with the proportion of

Fe’*. Wherever possible, such simplifications may be
used to speed up analysis.
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Fig. 3: Example of Fe K-edge XANES previously
collected from a grain of Orgueil meteorite (labeled
‘Chondrite’) in a grazing incidence geometry [from
Fig 3 ref 6]. The data are consistent with pure Fe,O;.
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Recovery of Isotopic Hotspots in Interplanetary Dust Particles by Focused Ion
Beam Microscopy: Bridging the Gap between NanoSIMS and (S)TEM

G.A. Graham,* M. Bernas,** Z.R, Dai,* J.P. Bradley,* J.B. Smith,* P.K. Weber, * H. Ishii,* and
I.D. Hutcheon,*.

* Institute of Geophysics & Planetary Physics, Lawrence Livermore National Laboratory,
Livermore, CA 94551
**Application Laboratory, FEI Company, Hillsboro, OR 97124

Interplanetary dust particles (IDPs) are a micron-sized (~5-50um) subset of meteoritic materials
derived from comets or asteroids [1]. As IDPs represent some of the most primitive materials
available, detailed study of their composition (mineralogy, chemistry and isotopes) gives
fundamental insights into early solar system processes [1-3].

The next generation of ion microprobes are now capable of resolving isotopic anomalies of
individual grains within IDPs [e.g. 2]. To fully benefit from such observations, it is important to be
able to characterize the anomaly in terms of mineralogy or chemistry and its context in terms of the
surrounding material within the IDP. In the example shown in Fig. 1, a hydrous IDP (L2047-D23)
containing a nitrogen isotopic anomaly has been identified using the NanoSIMS 50 ion microprobe
at LLNL [3].

Ultramicrotomy is the traditional method for preparing electron transparent sections of IDPs [4].
While it has been shown that the technique can be utilized to recover sections from IDPs previously
prepared for nanoSIMS [2], it does not have the capability of guaranteeing the site-specific recovery
of the isotopic anomaly. However, advances in ion beam milling techniques, particularly focused
ion beam (FIB) microscopy, have revolutionized the preparation of TEM sections from bulk
specimens [5].

An FEI Dual Beam 237 FIB/FESEM instrument was utilized to prepare a TEM section of material
containing the anomaly. The region of interest within the IDP was initially coated with a film of Pt
deposited in the FIB first using the electron beam and then using the ion beam. The Pt film or "strap"
protects the specimen by reducing excessive superficial ion etching. The Ga+ ion beam operating at
5000pA current was then used to ablate material on either side of the protective "strap," extracted
from the bulk material using an in-situ methodology [e.g. 5], and is subsequentially welded to a
(half- cut) TEM grid using Pt. The section is then subjected to further milling at low currents
(300pA down to 100pA) and low voltage (30keV down to 7keV) to produce a TEM section ~100nm
in thickness. The dual beam instrument used to prepare the section was fitted with a “flip-stage” that
allowed the section to be oriented in a position that is suitable to SEM-STEM imaging. This allows
real-time monitoring of the final stages of thinning and preliminary characterization of the final
electron transparent section (Fig. 2a). Even at 30keV it is possible to texturally identify the presence
of probable layer-silicates within the section. TEM confirmed the layer-silicates to be serpentine
(basal lattice-fringe spacings of ~0.7nm) (Fig. 2b-c).

The FIB recovery of anomalous grains from IDPs enables a new level of integrated analysis between
the isotopic and mineralogical studies that will be a key driver in future astromaterials research.
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FIG. 1. A secondary electron image of IDP 1.2047-D23 pressed into gold foil.
The insert shows the false color '“N/"°N isotopic ratio image of the anomalous
grain (194+4 (26) compared to 27242 (solar value) for the bulk of the particle)
identified within the IDP. The grain is approximately 800nm in diameter (data
taken from [3]).

FIG. 2. (a) A 30keV SEM-STEM bright-
field image of the extracted section after
ion thinning to electron transparency.
The fibrous phase is texturally indicative
of a layer-silicate, e.g. serpentine or
saponite. (b) Acquired lattice fringe
image for the layer-silicate phase. (c)
SAED pattern for the layer-silicate
phase. (b&c were acquired using CM300

Pt layer

Anomalous
grain
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ality of epitope presentation as the key factor in
the rapid and selective differentiation of cells
into neurons. An average-sized nanofiber in the
network contains an estimated 7.1 X 10'
IKVAV epitopes/cm®. By contrast, closely
packed laminin protein molecules in a two-di-
mensional lattice on a solid substrate have an
estimated 7.5 X 10'"" IKVAV epitopes/cm? (22).
Thus, the IKVAV nanofibers of the network could
amplify the epitope density relative to a lami-
nin monolayer by roughly a factor of 10° (22).

The self-assembly of the scaffold studied
here can also be triggered by injection of peptide
amphiphile solutions into tissue. We injected 10
to 80 wl of 1 wt % peptide amphiphile solutions
into freshly enucleated rat eye preparations and
in vivo into rat spinal cords following a laminec-
tomy to expose the cord (22). Thus, these peptide
amphiphile solutions can indeed be transformed
into a solid scaffold upon contact with tissues.
This process localizes the network in tissue
and prevents passive diffusion of the mole-
cules away from the epicenter of an injec-
tion site. Furthermore, it is known that ani-
mals survive for prolonged periods after in-
jections of the peptide amphiphile solutions
into the spinal cord, a finding of relevance to
the present study.
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Carbon and Nitrogen Isotopic
Anomalies in an Anhydrous
Interplanetary Dust Particle

Christine Floss,’* Frank J. Stadermann,’ John Bradley,?
Zu Rong Dai,? Sasa Bajt,2 Giles Graham?

Because hydrogen and nitrogen isotopic anomalies in interplanetary dust par-
ticles have been associated with carbonaceous material, the lack of similar
anomalies in carbon has been a major conundrum. We report here the presence
of a '3C depletion associated with a >N enrichment in an anhydrous inter-
planetary dust particle. Our observations suggest that the anomalies are carried
by heteroatomic organic compounds. Theoretical models indicate that low-
temperature formation of organic compounds in cold interstellar molecular
clouds can produce carbon and nitrogen fractionations, but it remains to be seen
whether the specific effects observed here can be reproduced.

Interstellar molecular clouds are the principal
formation sites of organic matter in the Milky
Way galaxy. A variety of simple molecules,
such as CH,, CH,0H, and H,CO, are pro-
duced in dense cold (10 to 30 K) clouds (/).
At such low temperatures, where the differ-
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ence in chemical binding energy exceeds
thermal energy, mass fractionation produces
molecules with isotopic ratios that can be
anomalous relative to terrestrial values (/-3).
Such anomalous ratios potentially provide a
fingerprint for abiotic interstellar organic
matter that was incorporated into the solar
system and survives today in cosmically
primitive materials such as interplanetary
dust particles (IDPs).

IDPs collected in Earth’s stratosphere
are complex assemblages of primitive solar
system material and carry various isotopic
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anomalies (2, 4, 5). Deuterium enhance-
ments result from extreme chemical frac-
tionation in cold molecular clouds (6), and
D/H ratios in some IDPs approach the val-
ues observed in interstellar molecules (7),
suggesting the intact survival of some mo-
lecular cloud material. Nitrogen isotopic
anomalies, in the form of >N enrichments,
are also common and are postulated to
result from low-temperature interstellar
chemistry (2, 8). This origin is complicated
because N isotopic fractionation has not
been observed in the interstellar medium
and because anomalous N can also have a
nucleosynthetic origin. However, recent
work shows that chemical reactions in
dense molecular gases can produce elevat-
ed ' N/!*N ratios (9, 10), although the max-
imum enhancements fall short of observed
SN enrichments in IDPs (/1, 12). Organic
compounds appear to be the source of many
of the D and '>N enrichments (/3-15); it is
puzzling, therefore, that C isotopic anoma-
lies have not been observed, despite numer-
ous measurements (J5).

We carried out simultaneous C and N
isotopic imaging measurements of an anhy-
drous noncluster particle (L2036-G16), using
the NanoSIMS, a new generation secondary
ion mass spectrometer that allows isotopic
imaging at a spatial scale of 100 nm. The
particle, nicknamed Benavente (16), was
pressed into a high-purity Au substrate along
with isotopic standards, which were mea-
sured together with the IDP on the same
sample mount (/7). The bulk C isotopic com-
position of Benavente is normal, with a '*>C/
13C ratio 0f 89.3 + 1.0 (3'3C = +8 = 11%o),
but the IDP is enriched in >N, with an aver-
age "N/'N ratio of 2243 = 1.7 (8"°N =
+213 £ 9%o). Benavente also contains a
large (0.6 X 1.8 wm?) region that is strongly
enriched in N (MN/I°N = 119.8 + 1.3;
315N = +1270 = 25%o) and depleted in '3C
(12C/3C = 96.6 = 1.3; 3'3C = 70 = 13%o)
(Fig. 1) (18). Although the '3C depletion is
not great, its importance is emphasized by the
large size of the region and its association
with the >N enrichment (Fig. 2) (/9). Fur-
thermore, both anomalies are consistently
present in the 25 successively measured lay-
ers. Several studies (20—22) indicate a solar N
isotopic composition that is ~30% lighter
than the terrestrial one. Thus, the '>N enrich-
ments in Benavente relative to solar compo-
sition may be considerably higher than the
values noted here. Moreover, recent work
(23) suggests that solar C may be ~10%
lighter than terrestrial C, a value that is sim-
ilar to the magnitude of the '*C depletion in
our anomalous region.

In addition to isotopic information, our
analysis provides clues to the nature of the
carrier phase(s) of the C and N anomaly in
Benavente. The anomalous region has a high-
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Fig. 2. 3"°N (left) and 3'3C (right) images of Benavente showing the '*N-enriched and '3C-
depleted anomalous region. Field of view is 10 um.

er C yield than most of the IDP and a
CN/C ratio of ~0.9, suggesting that the C
and N anomalies are carried by organic mat-
ter. If this material is carbonaceous, the cal-
ibration curve of CN7/C™ ratios versus N
concentrations in organic material established
by (24) suggests a N concentration of ~3.0 =
1.5 weight % (wt %). This is at the upper end
of the range of N concentrations of insoluble
organic matter in carbonaceous chondrites
(15) and falls within the field observed for
CHON grains from comet Halley (25). Re-
cent measurements of the *N/'>N ratios of
the CN radical in the coma of two comets
give a value of 140 = 30 (26), within errors
the same as that of the '*N/'>N ratio of our
anomalous region.

Using a focused ion beam (FIB) tech-
nique (27), we extracted a section (~5 by 1
by 0.1 wm) from an area about 5 wm from
the anomalous region. This area has lower
C and CN signals than the anomalous
region, and C and N isotopic compositions
similar to the bulk IDP. Using a transmis-
sion electron microscope (TEM), we em-
ployed energy-filtered imaging to investi-
gate the mineralogy of the section (/7).
The region is rich in GEMS (glass with
embedded metal and sulfides) (28) and also
contains forsterite (Mg,SiO,), iron-rich
sulfides (pyrrhotite, Fe, _S), and abundant
amorphous carbonaceous material that is

clumped into distinct regions and coats
some grains, such as the GEMS.

After the TEM investigation, we
mapped the C and N isotopic compositions
in the FIB slice with the NanoSIMS and
reconfirmed the >N enrichment of ~200
%o observed in the bulk IDP. Moreover, we
found a 250-nm region with a strong 'SN
enrichment of +1110 = 98%o that was not
seen in the original NanoSIMS measure-
ment because it is located below the origi-
nal surface of the IDP. Spatial correlation
of this anomaly with the TEM images (Fig.
3) shows that it consists of amorphous
carbonaceous material immediately sur-
rounded by GEMS and other silicates. In-
frared (IR) spectra (/7) show a prominent
C-H stretch feature at ~3.4 um (Fig. 4),
similar to that observed in meteoritic kero-
gen (4). The positions of the bands within
the feature are consistent with those of
aliphatic hydrocarbons, confirming the or-
ganic nature of carbonaceous material. Ar-
omatic hydrocarbons are likely to be
present too, but are probably dominated by
the strong resonance of the aliphatic C-H
feature. Nitrogen abundances in the FIB
section are low (1 to 2 wt %, based on
electron energy loss spectroscopy), but the
N is associated with the carbonaceous ma-
terial and, thus, has an organic origin. No
other elements are associated with the N

27 FEBRUARY 2004 VOL 303 SCIENCE www.sciencemag.org
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Fig. 3. FIB section extracted from Benavente showing, in the circle, the ">N-rich region. (A)
Bright-field TEM image (300 keV). GEMS, glass with embedded metal and sulfides. (B) Energy-
filtered carbon jump-ratio image. (C) Energy-filtered oxygen jump-ratio image. (D) Composite
image showing silicates (green), carbonaceous material (blue), and iron or iron sulfides (red).
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Fig. 4. IR spectrum of the Benavente FIB sec-
tion, showing the C-H stretch feature at 3.4 um
indicative of hydrocarbons.

that might indicate the presence of a differ-
ent carrier phase. The '*N-rich region in the
FIB slice is not '*C-depleted (probably
because of the small size of the area,
leading to dilution effects from surrounding
isotopically normal C), but the similarity of
the magnitude of the N anomaly to that of
the C- and N-anomalous region (and the
proximity of the FIB slice to the original
anomalous area) suggests that the same
type of amorphous carbon is the carrier of
the correlated C and N anomaly. Although
presolar graphite in meteorites is '°N-
enriched and '*C-depleted (29), it is unlike-
ly to be the carrier phase of the C and N
anomaly in Benavente: Our TEM and spec-
troscopic work shows that only amorphous
carbon is present in this IDP. Moreover, in
contrast to carbonaceous chondrites, gra-
phitic carbon is conspicuously absent from
chondritic IDPs (4, 30).

Without C isotopic anomalies, it is not
possible to distinguish whether the carbona-
ceous material in IDPs is itself presolar or

www.sciencemag.org SCIENCE VOL 303 27 FEBRUARY 2004

simply a more “recent” (e.g., solar system)
host substrate for presolar D and 'SN-
enriched species. Previous studies have sug-
gested that some IDPs contain carbon com-
pounds with heteroatoms (e.g., N in —CN
attached to aromatic chromophores) (37), but
without correlated C and N isotopic data, the
origin of such molecules has remained uncer-
tain (13, 31, 32). Our observation of associ-
ated C and N anomalies establishes that IDPs
contain heteroatomic organic compounds of
presolar interstellar origin that are more com-
plex than the simple deuterated compounds
implied by earlier measurements (7). During
its prebiotic period, Earth may have ac-
creted as much as a centimeter of abiotic
carbonaceous matter every million years,
much of it settling to the surface within
small (<25 pm diameter), high-surface-
area IDPs (33—35). This constant flux of
particulate organic matter continues to be
delivered to the surfaces of terrestrial plan-
ets today and includes interstellar mole-
cules such as those found in Benavente.
Gas-phase reactions are expected to pro-
duce C isotopic fractionations, but different
processes produce fractionation effects in op-
posite directions (/, 36—38). Thus, it has been
suggested that the lack of C isotopic anoma-
lies in IDPs is due to the existence of multiple
reaction pathways that cancel out any anom-
alies produced (/, 38). Others have suggested
that isotopic fractionation in C is inhibited
through the condensation of CO onto grain
surfaces and its participation in grain chem-
istry (2, 5). Our observation of a '*C deple-
tion associated with a >N enrichment in
Benavente shows that C isotopic fraction-
ation does occur and requires processes that
can produce both effects in the same material.

REPORTS

Gas-phase ion-molecule reactions can en-
hance the '?C/!3C ratios of organic species
(36, 37) to the level observed in Benavente,
but whether these reactions also result in
depleted "*N/'>N ratios has not been studied.
Low-temperature interstellar chemistry as
the source of the >N enrichments seen in
IDPs has only recently been investigated
theoretically. A study of ion-molecule ex-
change reactions involving the most abundant
N-bearing species in interstellar clouds (9)
indicated a maximum enhancement in 'SN of
+250%o. Another recent model, investigating
NH, formation in dense molecular clouds,
suggests a maximum enrichment of +800%o
(10). These models are consistent with the
modest enrichment in '>N seen in the bulk
IDP but fall short of the values needed to
account for the +1270%o enrichment in >N
observed in the anomalous region. Moreover,
it is not clear whether '*N-rich ammonia can
pass on its anomalous N to the organic hosts
thought to be responsible for N isotopic
anomalies in IDPs. If future investigations
of interstellar chemistry cannot account for
the C and N isotopic fractionations ob-
served in IDPs, circumstellar origins may
need to be considered.
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Legionella Effectors That Promote
Nonlytic Release from Protozoa
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Legionella pneumophila, the bacterial agent of legionnaires’ disease, replicates
intracellularly within a specialized vacuole of mammalian and protozoan host
cells. Little is known about the specialized vacuole except that the Icm/Dot type
IV secretion system is essential for its formation and maintenance. The Le-
gionella genome database contains two open reading frames encoding polypep-
tides (LepA and LepB) with predicted coiled-coil regions and weak homology to
SNAREs; these are delivered to host cells by an Icm/Dot—dependent mechanism.
Analysis of mutant strains suggests that the Lep proteins may enable the
Legionella to commandeer a protozoan exocytic pathway for dissemination of

the pathogen.

Several intracellular pathogens including Le-
gionella pneumophila, Mycobacterium avium
(1), Chlamydia spp. (2), and Francisella tu-
larensis (3) are able to replicate within pro-
tozoan trophozoites. Thus, free-living amoe-
bae may serve as a significant reservoir for
pathogens in the environment, perhaps even
as a “training environment” for the selection
of virulence-related traits in these pathogens
(4). L. pneumophila, the causative agent of
legionnaires’ disease, is frequently detected
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in association with Hartmanella vermiformis
at the sources of infection during outbreaks
(5). Under experimental conditions, L. pneu-
mophila can multiply within and kill a variety
of phylogenetically unrelated protozoa rang-
ing from Acanthamoeba castellani to the ge-
netically well characterized social amoeba
Dictyostelium discoideum (6, 7).
Intracellular pathogens have evolved three
distinct strategies for surviving phagosome-
lysosome fusion. Two of these mechanisms,
tolerance of the toxic environment and escape
from the phago-lysosome into the cytosol, are
used by a variety of pathogens such as Sal-
monella enterica and Listeria monocyto-
genes, respectively. L. pneumophila and
several other prokaryotic and eukaryotic in-
tracellular pathogens use a third strategy—
prevention of phagosome-lysosome fusion.
After uptake of L. pneumophila by macro-
phages or protozoa, the bacteria are found
within a specialized vacuole that does not
fuse with lysosomes and does not acidify
(8, 9); this allows replication to proceed.
The specialized vacuole associates with en-
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doplasmic reticulum (ER)—derived secreto-
ry vesicles (/0), mitochondria, and rough
ER (11, 12) and, near the end of the repli-
cative cycle, acquires late endosomal mark-
ers (/3). These observations strongly sug-
gest that the bacteria play an active and
continuous role in modulating organelle
trafficking events from within the confines
of their specialized vacuole.

A group of 24 genes called icm (intracel-
lular multiplication) (/4) or dot (defect in
organelle trafficking) (/5) are required for
intracellular multiplication of L. pneumo-
phila. Sequence similarity between several
Iem/Dot proteins and those of the conjugative
system of Incl plasmids collb-9 and R64 (16)
indicates that the Icm/Dot proteins form a
type IV secretion system (TFSS) that deliv-
ers effectors to host cells. However, L.
pneumophila mutants lacking the previous-
ly identified RalF or LidA effectors do not
display obvious defects in organelle traf-
ficking or intracellular replication (17, 18).
Because direct biochemical observation of
infected cells has not led to the identifica-
tion of additional effectors in L. pneumo-
phila, we searched the genome sequence
database for candidate genes.

As the modulation of organelle trafficking
events appears to be important during intracel-
lular multiplication, we looked for L. pneumo-
phila effectors that resemble components of the
SNARE system (/9) and that might somehow
disable or alter its function. Two such open
reading frames (ORFs) were identified. Both
exhibit limited sequence similarity to mamma-
lian EEA1 and yeast USOI, proteins known to
be involved in vesicle trafficking. Both Legio-
nella ORFs are predicted to encode large re-
gions of a-helical coiled-coils, structures
present in EEA1 and USO1 and also commonly
found in SNARES (table S1).

As there are no functional assays for these
putative effectors, we investigated whether L.
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torial humid belt in the Late Triassic was
comparable to today’s (Fig. 3), a conclusion
that contrasts with some previous suggestions
of a much more restricted or even dry equa-
torial belt in the Triassic (33, 34). Poleward
motion can explain the generally drier north-
ward and up-section facies pattern in the Meso-
zoic rift basins of eastern North America
(32, 35) as this part of Pangea drifted out
of the equatorial humid belt. At the same time,
the up-section progression to more humid
facies in the Fleming Fjord Formation (36, 37)
and the overlying plant-bearing Kap Stewart
Formation of latest Triassic and earliest Ju-
rassic age (38) in the Jameson Land basin
would reflect the drift of this area into the
temperate humid belt.

We conclude that the congruence of the
corrected paleomagnetic data from sedimen-
tary rocks and independent data from igneous
rocks ranging over thousands of kilometers
and tens of millions of years indicates that a
GAD field similar to that of the past 5 My
was operative at least 200 Ma in the Late Tri-
assic and earliest Jurassic. In particular, we see
no evidence for a major octupole contribution
in either the shapes of the distributions of di-
rections in the sedimentary units or in the geo-
graphic distribution of site paleolatitudes. As
indicated by other recent studies (17, 39—41),
there is thus little empirical basis to invoke
persistent departures from the GAD field, es-
pecially zonal octupole contributions, to ad-
dress tectonic problems (4, 42, 43). Instead,
our results suggest that inclination error in sed-
imentary rocks may be more prevalent than
has been supposed, perhaps especially in cases
where the magnetizations that have been iso-
lated are most likely to represent a deposition-
al remanence carried by hematite. The success
of the E/I method (17) to determine the degree
of flattening and to correct any bias in inclina-
tions from the distribution of directions should
provide motivation for more intensive sam-
pling of sedimentary rock units and for making
detailed data more accessible.
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An Astronomical 2175 A Feature
in Interplanetary Dust Particles
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The 2175 angstrom extinction feature is the strongest (visible-ultraviolet)
spectral signature of dust in the interstellar medium. Forty years after its
discovery, the origin of the feature and the nature of the carrier(s) remain
controversial. Using a transmission electron microscope, we detected a 5.7-
electron volt (2175 angstrom) feature in interstellar grains embedded within
interplanetary dust particles (IDPs). The carriers are organic carbon and
amorphous silicates that are abundant in IDPs and in the interstellar medium.
These multiple carriers may explain the enigmatic invariant central
wavelength and variable bandwidth of the astronomical 2175 angstrom

feature.

Much of what is known about grains in space
comes from spectral features observed in
emission, polarization, and absorption (/-7).
The 2175 A peak is by far the strongest
feature observed in the ultraviolet (UV)-
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visible wavelength range along most lines of
sight for which it can be measured (Fig. 1, A
and B) (4-7). The feature is enigmatic: Its
central wavelength is almost invariant, but
its bandwidth varies from one line of sight to
another, suggesting multiple carriers or a
single carrier with variable properties. From
interstellar abundances of the elements and
typical UV transition strengths, the carrier is
either oxygen-rich (e.g., oxides or silicates)
or carbon-rich (e.g., graphite or organic
compounds) (/-4,8). We searched UV
spectra of chondritic IDPs for an extinction
feature near the ~2175 A interstellar fea-
ture (Fig. 1). Materials similar to the two
most abundant grain types seen in the
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interstellar medium (ISM), amorphous sil-
icates and carbonaceous matter, are found
in IDPs (Fig. 2) (9). The amorphous sil-
icates are glass with embedded metal and
sulfides (GEMS), some with nonsolar O
isotopic compositions (/0—13). The carbo-
naceous matter is a mixture of inorganic and
organic carbon, and some of the organic
materials exhibit nonsolar D/H, 'N/!“N, and
13C/12C ratios comparable in magnitude to
those observed in interstellar molecular
clouds (/3-15). The nonsolar isotopic sig-
natures establish that these GEMS and
carbonaceous subgrains are of interstellar
origin.

We used a new-generation transmission
electron microscope (TEM) equipped with a
monochromator and high-resolution electron
energy-loss spectrometer to measure UV
spectral properties of portions of IDPs and
standards (16, 17). The 0- to ~100-eV region
of an energy-loss spectrum, known as the
valence electron energy-loss spectroscopy
(VEELS) region (17), includes the 2175 A
(5.7 eV) UV spectral feature. We used
VEELS because the submicrometer di-
mensions of the subgrains preclude measure-
ment by conventional photoabsorption
spectroscopy (PAS). The VEELS data were
acquired under conditions in which the
positions of VEELS and PAS features are
comparable, but PAS typically has ~10
times better wavelength/energy resolution
(18). A synchrotron light source was used
to measure infrared (IR) spectral properties
(17), and two NanoSIMS (secondary ion
mass spectrometry) microprobes were used
to measure the isotopic compositions of
grains within the same IDPs (/7).

A VEELS spectrum from the mineral talc
(Mg,Si,0,,[OH],) shows a peak position and
bandwidth that match the photoabsorption
feature of hydroxylated amorphous Mg,SiO,
(Fig. 1, C and D) (8), as well as the astro-
nomical UV feature (Fig. 1, A, B, and D).
VEELS spectra from carbonaceous grains in
three IDPs exhibit a 5.7-eV feature with
average bandwidth (full width at half maxi-
mum, FWHM) of 2.6 eV (2.2 um ™) (Fig. 3,
A to C). With increasing O/C ratio, the
strength of the 5.7-eV feature increases and
the peak of the volume plasmon (the broad
peak between 10 and 28 eV) decreases in
energy. Energy-loss C and O core scattering
edges from the most O-rich regions exhibit a
fine structure consistent with carbonyl (or
hydroxyl) functional groups (/9), and IR
spectra there exhibit prominent C-H stretch
and C=0 features at ~3.4 um and ~5.9 um,
respectively (Fig. 4). Although the signal-to-
noise ratio is marginal, because the IR
spectrum was acquired from a ~9-um? area
~0.1 um thick, the overall structure of the C-H
stretch feature between 2850 and 3100 cm™!
in L2036 G16 (and in other IDPs) is consistent

www.sciencemag.org SCIENCE VOL 307

with aliphatic groups bound to other molecules
like polycyclic aromatic hydrocarbons (PAHs)
(19-21). 1-Pyrene carboxaldehyde (C,,H,,0)
exhibits the ~5.7-eV feature but pyrene
(C,¢H,,), with no carbonyl group, produces a
feature that is shifted to higher energy (~6.1
eV) (Fig. 3, D and E). GEMS produce a 5.7-
eV feature with an average bandwidth
(FWHM) of 2.9 eV (2.5 um™!), and the
feature strength correlates with hydroxyl
(OH™) content (Fig. 3, F to J). Thus, both
organic compounds and amorphous sili-
cates in IDPs may be carriers of a 5.7-eV
feature.

The central wavelength of the IDPs’ 5.7-eV
VEELS feature matches the 2175 A astronom-
ical feature, but the bandwidths are broader
(Fig. 1). This extra breadth may result from the
~10 times lower energy resolution of VEELS
(relative to PAS) and from the grains’ physical
state. The subgrains within the IDPs are no
longer free-floating in the ISM, and the
extent of their solid-state modification dur-
ing their ~4.5-billion-year post-ISM life-
times is unknown. At the very least they
may have undergone significant aggregation
into larger (50- to 500-nm-diameter) grains,
and computer-modeling best fits to the
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Fig. 1. Comparison of astronomical UV extinc-
tion features with laboratory UV and VEELS
features. (A) The 2175 A interstellar extinction
feature from two stars { and € Persei (5). (B)
Broadest ({ Oph) and narrowest (HD 93028)
profiles from 45 stars (6). (C) Photoabsorption
spectrum from partially recrystallized hydrox-
ylated amorphous magnesium silicate (8). (D)
VEELS spectrum from (electron) irradiation-
damaged talc (Mg,Si,O,,[OHL,). (E) VEELS spec-
trum from (organic) carbon in IDP L2047 D23.
(F) VEELS spectrum from GEMS in W7013 E17.
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astronomical 2175 A feature are obtained
with much smaller (<15-nm-diameter) grain
sizes (/—4). Production of the interstellar
2175 A feature is generally thought to be
due to electronic transitions associated with
the surfaces of small grains, and modifica-
tion of these surfaces by aggregation, for
example, is expected to alter the spectral
profile of the feature (/, 22). Finally, all
IDPs have been pulse heated to >350°C
during atmospheric entry (23) where or-
ganic components and —OH-bearing grains
(e.g., GEMS) are particularly susceptible to
modification.

IR spectroscopy of selected areas rich in
carbonaceous material in our IDPs indicates
that carbonyl (C=0) groups are the likely
carrier of much of the oxygen in the organic
fractions (Fig. 4). The average bulk carbon
content of IDPs is ~12 wt. % (21), at least
half of which is hydrocarbons. About 10% of
the carbon is bonded to oxygen, either in
carbonyl (C=0) groups or as aromatic
chromophores bound to hydroxyl (—OH)
groups (19, 21, 24). Multiple VEELS mea-
surements sampling these regions show that
the 5.7-eV feature strength correlates with
the O/C ratio (Fig. 3, A to E). This suggests
that the 5.7-eV feature produced by the
carbonaceous subgrains in IDPs may be due
to organic molecules (e.g., PAHs) with

Fig. 2. (A) Secondary electron image of a
typical chondritic IDP (RB12A). (B) A 200-keV
brightfield transmission electron micrograph of
organic carbon and GEMS within chondritic IDP
L2009*E2.
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Fig. 3. VEELS spectra from sub-
grains in IDPs. (Left) Carbona-
ceous grains: (A) L2036-G16,
~500-nm-diameter grain, O/C =
0.41. (B) L2047 D23, ~800-nm-
diameter grain with nonsolar
T4N/15N ratio of 192 + 4 (20),
O/C = 0.07. (C) L2036-C18-F4,
~400-nm-diameter grain with
correlated nonsolar 12C/13C =
80 + 2.4 and ™N/'°N = 135 +
6.4 isotopic compositions, O/C =
0.09. (D) Pyrene. (E) 1-Pyrene
carboxaldehyde. (Right) GEMS:
(F to H) W7013E17 (three GEMS,
each 400 to 500 nm in diameter):
(F) O, = 290, (G) O,, = 19.1,
(H) O_, = 12.3. (1) L2036-C24-13,
~650-nm-diameter grain, non-
solar '°0/770 = 2262 + 108,
160/180 = 403 * 8(9), O, = 2.3.
(J) L2036-C18-F4, ~300-nm-
diameter grain, O, =1.6.
Dashed lines indicate 5.7 eV. § e
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The weak 10.5-eV feature in 2 0
GEMS spectra (right) is a silicate
exciton [the position of which
overlaps Lyman-o emission (5)].

Fig. 4. IR spectrum from a ~9-um?
region of IDP L2036-G16 (Fig. 3A).
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Peaks at 2850 to 2960 cm ™' are due
to aliphatic C-H stretch modes, and the
peak at ~1720 cm ™" is due to carbonyl
(C=0). Specimen thickness is <100 nm.
(Insets) Electron energy-loss spectra
recorded at 300 keV (no monochroma-
tor) of (A) carbon K-edge showing
double n* edges (dashed lines) at
~285.0 eV and 286.5 eV consistent
with carbonyl (C=0), and (B) oxygen K-
edge showing a pre-edge at ~531 eV
(arrow) associated with a 1s to =n*
transition of oxygen and also consistent
with carbonyl (79, 21, 24).
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carbonyl functionality. VEELS measure-
ments of unsubstituted and carbonyl-
substituted pyrene are consistent with this
hypothesis (Figs. 3, D and E). Other mea-
surements suggest that substituted PAHs are
abundant in IDPs (24, 25), and laboratory
simulations of radiation processing in dense
clouds have demonstrated that carbonyl
groups can be added to PAHs under some
interstellar conditions (7, 26). Carbonyl-
substituted PAHs are also present in carbo-
naceous chondrites (27).

Organic compounds may also be respon-
sible for the 5.7-eV feature from GEMS
because, in addition to being coated with
carbon, some GEMS contain carbonaceous
matter within their interiors (28). However,
the strength of the GEMS 5.7-eV feature

3000 2500 2000 1500

Wavenumbers (cm'1)

correlates with increasing O concentration
(Fig. 3, F to J), implicating the inorganic O-
rich glassy matrices. Stoichiometric excesses
of O (O,,) observed in GEMS may be due
primarily to hydroxyl ions (OH™) within
their amorphous magnesium silicate matrices
(11). Laboratory UV spectra of hydroxylated
amorphous magnesium silicate particles ex-
hibit an absorption feature at 2175 A that
matches both the central wavelength and
bandwidth of the interstellar feature (§) and
may be due to an electronic transition of
hydroxyl ions in low-coordination sites
(OH™, ) (Fig. 1C). In electron-irradiated
talc (Mg,Si,0,,[OH],) (Fig. 1D), the feature
is also likely due to OH™, . because talc
degrades (amorphizes) rapidly under the
electron beam. Similarly, most of the hy-

droxyl in GEMS is probably OH ™, . because
the glassy matrices are defect-rich from
constant irradiation in space (/7).
Carbonaceous and amorphous silicate
grains exhibiting a 5.7-eV (2175 A) UV
feature in VEELS spectra have been identi-
fied in chondritic IDPs collected in the
stratosphere. The species implicated as pos-
sible carriers for these features are carbonyl-
containing molecules and hydroxylated
amorphous silicates (GEMS). However, be-
cause carbonaceous material permeates some
GEMS, molecular matter may be solely
responsible for the 5.7-eV feature. Both
materials may have been produced by
irradiation processing of dust in the ISM.
Before this study, amorphous silicates, but
not carbonyl compounds, were suggested as
potential carriers of the astronomical 2175 A
extinction feature. On the basis of our
observations of IDPs, we cannot conclude
that organic carbon and (hydroxylated)
amorphous silicates are the only carriers of
the astronomical feature. However, the iden-
tification of interstellar subgrains in IDPs (as
evidenced by their isotopic compositions)
that produce analogous features suggests that
the carrier(s) of the interstellar feature may
be present in IDPs. This finding provides
new information for computational model-
ing, laboratory synthesis of analog grains,
and laboratory (UV) photo-absorption mea-
surements. It is also worth looking for a
correlation of the interstellar 2175 A feature
with IR carbonyl and hydroxyl bands,
although lines-of-sight suitable for detecting
a strong 2175 A feature are generally diffuse,
whereas larger column densities are typically
required for detection of weaker infrared
bands. The presence of two potential carriers
may bear on the variable bandwidth of the
astronomical feature, with relative abun-
dance or physical state of each component
varying from one sight line to another.
Amorphous silicates are ubiquitous through-
out interstellar space, but oxidized (carbonyl-
containing) PAHs have yet to be identified in
the ISM, although they are indicated as a
major product of irradiation of PAHs and are
found in primitive meteorites. A variety of
exotic carriers for the 2175 A peak have
been proposed, including nanodiamonds,
carbon onions, and fullerenes (/-4). How-
ever, organic carbon and amorphous silicates
are more abundant in interstellar space, and
cosmically abundant carriers are needed to
explain the ubiquity of the 2175 A feature.
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Retinoic Acid Signaling Restricts
the Cardiac Progenitor Pool

Brian R. Keegan,1 Jessica L. Feldman,” Gerrit Begemann,2
Philip W. Ingham,? Deborah Yelon™

Organogenesis begins with specification of a progenitor cell population, the
size of which provides a foundation for the organ’s final dimensions. Here, we
present a new mechanism for regulating the number of progenitor cells by
limiting their density within a competent region. We demonstrate that
retinoic acid signaling restricts cardiac specification in the zebrafish embryo.
Reduction of retinoic acid signaling causes formation of an excess of
cardiomyocytes, via fate transformations that increase cardiac progenitor
density within a multipotential zone. Thus, retinoic acid signaling creates a
balance between cardiac and noncardiac identities, thereby refining the
dimensions of the cardiac progenitor pool.

Generation of the proper number of organ
progenitor cells is likely to involve interplay
between inductive and repressive signaling
pathways. Key inductive mechanisms have
been identified for many organs, including
the heart, but mechanisms for repressing
progenitor fate assignment are poorly under-
stood. Several factors, including Bmp2,
Fgf8, Nodal, and Wntl1, are implicated in
promoting the initial selection of myocardial
progenitor cells from a multipotential popu-
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lation (/). Although convergence of induc-
tive signals might be sufficient to delimit the
number of progenitor cells, opposing signals
could also be necessary to restrict myocardi-
al specification. Prior studies have suggested
mechanisms for inhibiting cardiomyocyte
differentiation within the anterior lateral
plate mesoderm (ALPM), by means of Notch
signaling (2) or interactions with the noto-
chord (3), but little is known about whether
repressive pathways limit the initial assign-
ment of myocardial identity.

We find that reduction of retinoic acid
(RA) signaling causes formation of an excess
of cardiomyocytes. The zebrafish mutation
neckless (nls) disrupts function of the retinal-
dehyde dehydrogenase 2 gene (raldh2), which
controls a rate-limiting step in RA synthesis
(4, 5). nls mutants exhibit an increased num-
ber of cells expressing nkx2.5, a marker of the
bilateral populations of precardiac mesoderm
within the ALPM (Fig. 1A). Although nkx2.5
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expression appears expanded in anterior,
posterior, and lateral directions (Fig. 1, A
and B), we do not observe an increase in the
overall size of the ALPM in n/s mutants (fig.
S1A). As myocardial differentiation proceeds,
nls mutants exhibit a surplus of cardio-
myocytes, identifiable by their expression of
cardiac myosin light chain 2 (cmlc2) (Fig.
1B; fig. S1B). Formation of this myocardial
surplus depends on the conventional myocar-
dial differentiation pathway (7), which re-
quires the activity of the growth factor Fgf8
and the transcription factors Hand2 and Gata5
(fig. S2). Consistent with a repressive influ-
ence of RA on cardiomyocyte formation,
exposure to the pan-retinoic acid receptor
(RAR) antagonist BMS189453 (6, 7) causes
expansion of nkx2.5 and cmlc2 expression
(Fig. 1, A and B). Conversely, exposure to
exogenous RA results in a reduced number of
cardiomyocytes (fig. SIC) (8). Together,
these data demonstrate that cardiomyocyte
population size within the ALPM is inversely
related to the level of RA signaling.

The raldh2 gene is expressed throughout
early zebrafish embryogenesis (4, 5): In the
blastula, raldh2 is found at the embryonic mar-
gin; during gastrulation, raldh?2 is in involut-
ing mesendoderm; and, after gastrulation,
raldh2 is in both lateral and paraxial meso-
derm. To investigate when RA influences
cardiomyocyte number, we tested the effec-
tiveness of BMS189453 during different time
intervals, initiating exposure at various stages
and later assessing nkx2.5 or cmlc2 expression
(Fig. 1, C and D; fig. S3). Addition of
BMS189453 before gastrulation [40% epibo-
ly, 5 hours post fertilization (hpf)] causes a
myocardial expansion, whereas addition of
BMS189453 during gastrulation (75% epib-
oly, 8 hpf) results in a more modest increase.
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