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Introduction: Infrared spectroscopy in the 2.5-16 

micron range is a principle means by which organic 
compounds can be detected and identified in space via 
their vibrational transitions.  Ground-based, airborne, 
and spaceborne IR spectral studies have already dem-
onstrated that a significant fraction of the carbon in the 
interstellar medium (ISM) resides in the form of com-
plex organic molecular species [1].  Furthermore, the 
presence of D-enriched organics in meteorites suggests 
that a portion of these materials survives incorporation 
into protosolar nebulae [2,3].  Unfortunately, neither 
the distribution of these materials in space nor their 
genetic and evolutionary relationships with each other 
or their environments are currently well understood. 

The Astrobiology Explorer (ABE) is a MIDEX 
mission concept designed to use infrared spectroscopy 
to address outstanding problems in Astrochemistry 
which are particularly relevant to Astrobiology and are 
amenable to astronomical observation.  ABE is cur-
rently under study at NASA's Ames Research Center 
in collaboration with Ball Aerospace and Technologies 
Corporation and the Jet Propulsion Laboratory [4-6].  
ABE was selected for Phase A study during the last 
MIDEX AO round, but has yet to be selected for 
flight. 

ABE’s Science Goals:  The principal scientific 
goal of ABE is to detect and identify organic materials 
in space, ascertain their abundance and distribution, 
and determine the processes by which they are formed, 
altered, and destroyed.  The core program would make 
fundamental scientific progress in understanding (1) 
the chemical evolution of organic molecules in the 
ISM as they transition from stellar AGB outflows to 
planetary nebulae to the diffuse ISM to HII regions 
and dense clouds, (2) the distribution of organics in the 
diffuse ISM, (3) the evolution of ices and organic mat-
ter in dense molecular clouds and forming stellar sys-
tems (4) the nature of organics in the Solar System 
(with an emphasis on comets and asteroids), and (5) 
the nature and distribution of organics in a wide vari-
ety of galaxies.  In addition, ABE will attempt to de-
tect and quantify deuterium enrichments in a select set 
of these materials and environments in order to assist 
with understanding the chemical processes that occur 
in these environments and to establish any links that 
exist between interstellar and meteoritic organics. 

Fundamental progress can be made in all of these 
areas by conducting a coordinated set of infrared spec-
troscopic observations of approximately 1000 galaxies, 
stars, planetary nebulae, and young star / planetary 
systems.  These observations require a sensitive obser-

vatory above the Earth's atmosphere.  There are cur-
rently no other existing or planned facilities which 
have given adequate scientific priority to such obser-
vations and which could complete our observing pro-
gram within their mission lifetimes.  A dedicated mis-
sion would allow us to optimize mission design to ob-
tain the best data possible for the investigation. 

 

 
 
ABE Design:  The ABE Observatory consists of a 

simple spacecraft based on previous Ball designs 
mounted to a cooled 60 cm diameter space telescope 
equipped with 3 cross-dispersed spectrometers that 
share a single common slit.  The telescope itself is 
cooled passively to T < 55 K.  Each spectrometer 
measures one spectral octave and together cover the 
entire 2.5-20 micron region simultaneously.  Spectral 
resolution of the instrument is wavelength dependent 
but      > 2000 at all wavelengths of coverage.  The 
spectrometers use state-of-the-art InSb and Si:As 
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1024x1024 pixel detectors.  Critical optics and the 
detectors are cooled by solid hydrogen cryogens.  ABE 
would operate in a heliocentric, Earth drift-away orbit 
and have a core science mission lasting ~1.2 years 

 
 

ABE at a Glance 
  
Telescope Diameter 60 cm 
Orbit  Heliocentric-driftaway 
Cryogenic Lifetime ~40 months 
Telescope Temperature < 55 K 
Pointing Stability 2.5-3.0” rms 
Wavelength Range 2.5-5.1 µm and 4.9-16 µm
Spectral Resolution (    ) 2000-3000 
Detector Array Size 1024 x 1024 pixels 
Detector Array Types InSb and Si:As 
  

 
References:  [1] Sandford S. A. (1996).  Meteorit-

ics and Planet. Sci., 31, 449-476.  [2] Zinner E. (1997)  
In Astrophysical Implications of the Laboratory Study 
of Presolar Materials (eds. T. Bernatowicz and E. 
Zinner), pp. 3-26.  [3] Sandford S. A., Bernstein M. P., 
& Dworkin J. P. (2001).  Meteoritics and Planet. Sci.. 
36, 1117-1133.  [4] Sandford S. et al. (2000).  In UV, 
Optical, and IR Space Telescopes and Instruments, 
(eds. J. Breckinridge & P. Jakobsen), Proc. SPIE, 
4013, 604-615.  [5] Sandford, S., Allamandola, L., 
Bregman, J., Ennico, K., Greene, T., Hudgins, D., 
Strecker, D. (2002).  In Instruments, Methods, and 
Missions for Astrobiology IV, (eds. R. B. Hoover, G. 
V. Levin, R. R. Paepe, & A. Y. Rozanov), Proc. SPIE, 
4495, pp. 170-181.  [6] Ennico, K., Sandford, S., Cox, 
S., Ellis, B., Gallagher, D., Gautier, N., Greene, T., 
McCreight, C., Mills, G., Purcell, W. (2002 In Instru-
ments, Methods, and Missions for Astrobiology IV, 
(eds. R. B. Hoover, G. V. Levin, R. R. Paepe, & A. Y. 
Rozanov), Proc. SPIE, 4495, pp. 273-282. 

 

Workshop on Cometary Dust in Astrophysics (2003) 6004.pdf



INTERSTELLAR DEUTERIUM CHEMISTRY.  S. A. Sandford, NASA-Ames Research Center, Astrophysics 
Branch, Mail Stop 245-6, Moffett Field, CA 94035 USA  (Scott.Sandford@nasa.gov). 

 
 
Introduction: The presence of isotopic anomalies 

is the most unequivocal demonstration that meteoritic 
material contains circumstellar or interstellar compo-
nents.  In the case of organic compounds in meteorites 
and interplanetary dust particles (IDPs), the most use-
ful isotopic tracer of interstellar components has been 
deuterium (D) excesses [1].  In some cases these en-
richments are seen in bulk meteoritic materials, but D 
enrichments have also been observed in meteoritic 
subfractions and even within specific classes of mo-
lecular species, such as amino and carboxylic acids 
[2].  These anomalies are not thought to be the result 
of nucleosynthetic processes, but are instead ascribed 
to chemical and physical processes occurring in the 
interstellar medium (ISM). 

The traditional explanation of these D excesses 
has been to invoke the presence of materials made in 
the ISM by low temperature gas phase ion-molecule 
reactions [3].  Indeed, the D/H ratios seen in the simple 
interstellar gas phase molecules in cold dense clouds 
amenable to measurement using radio spectral tech-
niques are generally considerably higher than the val-
ues seen in enriched Solar System materials [4].  How-
ever, the true linkage between the D/H ratios in inter-
stellar and meteoritic materials is obscured by several 
effects.  First, current observations of D enrichment in 
the ISM have been made of only a few simple mole-
cules, molecules that are not the main carriers of D in 
Solar System materials.  Second, some of the interstel-
lar D enrichment is likely to reside on labile moieties 
that will have exchanged to some degree with more 
isotopically normal material during incorporation into 
the warm protosolar nebula, parent body processing, 
delivery, recovery, and analysis.  Third, ion-molecule 
reactions represent only one of at least four processes 
that can produce strong D-H fractionation in the ISM. 

Astrochemical Deuterium Enrichment Proc-
esses:  There are at least four astrochemical processes 
that are expected to lead to D enrichment in interstellar 
materials [5].  These enrichment processes are: (i) low 
temperature gas phase ion-molecule reactions, (ii) low 
temperature gas-grain reactions, (iii) gas phase uni-
molecular photodissociation, and (iv) ultraviolet 
photolysis in D-enriched ice mantles.  Each of these 
processes is expected to yield products with distinct 
regiochemical signatures (D placement on the product 
molecules, correlation with specific chemical function-
alities or molecules, etc.). 

Table 1 and the figure summarize how these differ-
ent D enrichment processes are manifested in different 
ways in the chemical class of polycyclic aromatic hy-

drocarbons (PAHs).  PAHs are of particular interest 
for many reasons.  First, PAHs are probably the most 
abundant and widespread class of organic compounds 
in the universe [6].  They are observed in the gas phase 
in a wide variety of interstellar environments, includ-
ing protoplanetary and planetary nebulae, reflection 
nebulae, H II regions, the diffuse ISM, ices in dense 
molecular clouds, and in carbonaceous grains in the 
diffuse ISM.  Second, PAHs are extremely stable 
molecules and represent one of the few classes of ma-
terials that can exist and survive in all the interstellar 
environments associated with the four chemical proc-
esses listed above.  Third, PAHs and related aromatic 
materials are common in carbonaceous chondrites [7] 
and IDPs [8].  Fourth, the aromatic fractions of 
meteorites are known to be significant carriers of 
deuterium [1].  Thus, aromatic molecules represent a 
known link between the ISM and solar system samples 
and could potentially serve as probes of the chemical 
processes associated with interstellar D fractionation. 

As can be seen in the table and figure, each of the 
four different D enrichment processes manifests itself 
within the overall class of polycyclic aromatic hydro-
carbons in different ways.  In some processes, for ex-
ample ion-molecule reactions and unimolecular photo-
dissociation, the placement of D is relatively insensi-
tive to the molecular structure, but is sensitive to over-
all molecular size.  In other cases, for example ice 
photolysis, molecular size is largely irrelevant and the 
placement of the D is driven by molecular functional-
ity.  As a result, a clear understanding of the placement 
of the excess D within meteoritic materials should pro-
vide important information about the relative different 
interstellar processes have played in the production of 
the organic inventory of Solar System materials. 

References:  [1] Kerridge J. F. and Chang, S. (1985)  
In Protostars and Planets II (eds. D. C. Black and M.S. Mat-
thews), pp. 738-754.  University of Arizona Press, Tucson. 
[2] Krishnamurthy R. V., Epstein S., Cronin J. R., Pizzarello 
S. and Yuen G. U. (1992) GCA 56, 4045-4058. [3] Dalgarno 
A. and Lepp S. (1984) ApJ 287, L47-L50. [4] Robert F., 
Gautier D., and Dubrulle B. (2000) Space Science Reviews 
92, 201-224. [5] Sandford, S. A., Bernstein, M. P., & 
Dworkin, J. P. (2001) MAPS 36, 1117-1133. [6] Allaman-
dola L. J., Hudgins D. M. and Sandford S. A. (1999) Ap J 
511, L115-L119. [7] Cronin J. R. and Chang S. (1993) In 
The Chemistry of Life's Origins (eds. J. Greenberg et al.), pp. 
209-258.  Kluwer Academic Publishers, Netherlands. [8] 
Clemett S. J., Maechling C. R., Zare R. N., Swan P. D. and 
Walker R. M. (1993)  Science 262, 721-725. 
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Table 1:  PAH Interstellar D-Enrichment Processes and their Signatures 
 
 
Process 
 

 
Low Tempera-
tures Required? 

 

 
UV Photons 

Directly  
Involved? 

 
Deuterium 

Labile? 

 
Fractionation in 
other Elements? 

 
Signature 

 
Gas Phase Ion-
Molecule Reactions 
 

 
 

YES 

 
 

NO 

 
 

NO 

 
 

YES 

 
Favors PAHs with larger num-

bers of peripheral H atoms 
(larger PAHs).  Probably in-
dependent of regiochemistry. 

 
Unimolecular Photo-
dissociation Reactions 
 

 
NO 

 
YES 

 
 
 

 
NO 

 
Probably NO 

Favors smaller PAHs (Number 
of C atoms ≤ 50).  Probably 
independent of regiochemis-
try. 

 
Gas-Grain Reactions 
 

 
YES 

 
NO 

 
NO 

 
YES? 

May not occur.  If it does, the 
enrichment will reside on the 
reduced rings of Hn-PAHs. 

 
Ice-PAH Photolysis 
Reactions 

 
YES 

 
YES 

 
 

 
Variablea 

 
Possibly 

Size independent.  Enrichment 
will correlate with oxidation, 
reduction, and regiochemistry. 

 
The deuterium associated with oxidized rings on aromatic alcohols and ketones will be labile.  Deuterium residing 
on the reduced rings of Hn-PAHs and on the fully aromatic rings of PAHs will be non-labile. 
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ISOTOPIC ANALYSIS OF TRACE ELEMENTS IN COMETARY GRAINS 
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Introduction:  Samples returned from the STARDUST 
mission will present a strong challenge to the analytical 
community, particularly to those engaged in trace element 
isotopic analysis.  Questions concerning grain origins can be 
addressed by looking at the isotopic compositions of heavy 
element, while fractions among the heavy elements can ad-
dress issues of residence in the ISM and processing in the 
protosolar nebula.  The very small grain sizes, combined 
with the low concentrations of heavy elements and finite 
number of grains available for analysis will require the ut-
most in sensitivity and multielement capability.  Since grains 
returned by STARDUST will likely be agglomerates of sev-
eral phases[1], and will at least partially vaporize and leave 
tracks on the aerogel collector, imaging capability will also 
be important in the analysis. 
 
Previous Results:  We have for several years applied 
Resonant Ionization Mass Spectrometry (RIMS) on the 
CHARISMA instrument at Argonne National Laboratory to 
the isotopic analysis of trace element in individual presolar 
grains[2, 3].  In brief, material is desorbed from the grain via 
a pulsed laser beam or focused ion gun, the element of inter-
est is resonantly ionized with tunable lasers, and the ions are 
analyzed via time-of-flight (TOF) mass spectrometry.  RIMS 
has a unique combination of high sensitivity and high ele-
mental discrimination, which enables the isotopic analysis of 
trace elements in small (micron-size) grains.  In addition, 
because sample consumption is low, RIMS can be combined 
with Secondary Ion Mass Spectrometry (SIMS) to perform 
mixed major/minor multielement analysis on individual 
grains.  RIMS studies have firmly established low-mass 
AGB stars as the progenitors of mainstream SiC grains[4], 
and have provided unique information in the quest to identify 
the astrophysical sites of origin of graphite grains[5].  In 
some cases, multielement isotopic analysis of metal-rich 
grains is possible.  The isotopic analysis of four heavy ele-
ments in a single X-grain is one example[6].  This type of 
analysis, combined with higher sensitivity and imaging ca-
pability, will need to become routine in order to maximize 
the science gained from STARDUST samples. We are cur-
rently implementing significant upgrades to the CHARISMA 
instrument to meet the special challenges posed by the 
STARDUST samples[7].  New lasers, a redesigned ion opti-
cal system, and a microfocus ion gun will make it possible to 
perform ultrasensitive multielement isotopic analyses with 
high lateral resolution.   
 
Future Capabilities:  CHARISMA has in the past dem-
onstrated useful yields (atoms detected / atoms consumed) of 
up to 5%[8], with 1% being typical.  The redesigned instru-
ment should boost useful yields for most elements to 30%[9].  
Several benefits accrue.  The first is that sensitivity will in-
crease by a factor of 30.  Apart from the obvious benefit, 
improving sensitivity while retaining the high discrimination 
(i.e. low backgrounds) could be crucial to analyzing particle 

tracks in the aerogel, in which elements present in trace con-
centrations are further diluted.  Second, because the uncer-
tainties scale inversely with the square root of the number of 
atoms detected, precision will increase by more than 5-fold 
(√30).  This is especially important in multielement analyses, 
which are typically atom-limited.  Alternatively, the sample 
consumption will be reduced at the same measurement preci-
sion, enabling measurements to be made on smaller volumes.  
This will enable grain imaging. 

The addition of two new tunable lasers to complement 
the existing ones will enable the analysis of 2 or 3 elements 
simultaneously.  This will further reduce sample consump-
tion and, combined with the improved useful yield, multiply 
the number of elements measurable in any single grain.  In 
addition, true multielement imaging will be possible, since 
elements will be measured simultaneously from the same 
volume rather than serially from differing volumes. 

Finally, the combination of higher useful yield and ad-
ditional lasers with a microfocus liquid metal ion gun will 
enable multielement isotopic imaging of trace elements with 
a lateral resolution as low as 50 nm.  Since the particles are 
expected to be inhomogeneous, and will leave tracks whose 
composition varies as the particle penetrates the aerogel and 
vaporizes, this type of imaging could be key in addressing 
many of issues posed by the STARDUST mission. 
 
References: 
 
[1] Messenger, S., L.P. Keller, and R.M. Walker. in Lunar 
and Planetary Science XXXIII. 2002. Houston, TX: Lunar 
and Planetary Institute: 1887 (abstr.).   
[2] Ma, Z., R.N. Thompson, K.R. Lykke, M.J. Pellin, and 
A.M. Davis, Rev. Sci. Instrum., 1995. 66(5): 3168-3176.   
[3] Savina, M.R., M.J. Pellin, C.E. Tripa, I.V. Veryovkin, 
W.F. Calaway, and A.M. Davis, Geochim. Cosmochim. 
Acta, 2002: in press.   
[4] Savina, M.R., A.M. Davis, C.E. Tripa, M.J. Pellin, R.N. 
Clayton, R.S. Lewis, S. Amari, R. Gallino, and M. Lugaro, 
Geochim. Cosmochim. Acta, 2002: in press.   
[5] Nicolussi, G.K., M.J. Pellin, R.S. Lewis, A.M. Davis, 
R.N. Clayton, and S. Amari, Astrophys. J., 1998. 504(1, Pt. 
1): 492-499.   
[6] Pellin, M.J., W.F. Calaway, A.M. Davis, R.S. Lewis, S. 
Amari, and R.N. Clayton. in Lunar Planet. Sci. XXXI. 2000. 
Houston: Lunar Planet. Inst.: #1917 (abstr.).   
[7] Pellin, M., A.M. Davis, I.V. Veryovkin, W. Calaway, and 
M. Savina, Geochim. Cosmochim. Acta, 2002. 55(15A): 
A588 (abstr.).   
[8] Pellin, M.J., C.E. Young, W.F. Calaway, J.E. Whitten, 
D.M. Gruen, J.D. Blum, I.D. Hutcheon, and G.J. Wasser-
burg, Phil. Trans. R. Soc. Lond. A, 1990. 333: 133-146.   
[9] Veryovkin, I.V., W.F. Calaway, J.F. Moore, B.V. King, 
and M.J. Pellin. in 14th Annual Workshop on Secondary Ion 
Mass Spectrometry. 2001. Scottsdale, AZ: 53-55.   
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HIGH-TEMPERATURE FRACTIONATIONS IN THE SOLAR NEBULAR PRESERVED IN HIGHLY
SIDEROPHILE ELEMENT SYSTEMATICS OF EARTH PRIMITIVE UPPER MANTLE. G. Schmidt1,2,
1Institut für Kernchemie, Universität Mainz, Fritz-Straßmann-Weg 2, D-55099 Mainz, Germany,
gschmidt@mail.kernchemie.uni-mainz.de, 2Institut für Mineralogie und Geochemie, Universität zu Köln, Zülpicher Str. 49b, D-
50674 Cologne, Germany.

Introduction: Precise abundance data of highly
siderophile elements (HSE) in “fertile” mantle rocks
will lead to a better understanding of the late accretion-
ary history of the Earth. Primary fractionated HSE in
the Earth's mantle would have significant implications
for Earth accretion. In this paper, I review high quality
data from previous work on HSE abundances in fertile
upper mantle samples [1,2] and address cosmochemi-
cal constraints for the material of late planetary proc-
esses (“late veneer”). I will show the effects of cosmo-
chemical processes in the solar nebular on the abun-
dances of the HSE in Earth upper mantle. The investi-
gations will focus on the evolution of condensed matter
in the early solar system to better understand the proc-
esses involved in the formation of the Earth and their
precursors. It is important to understand the behavior
of elements during condensation and later nebular pro-
cesses that separated elements from one another in the
nebula, including separation of dust from gas, and cre-
ated the components that accreted into asteroids and
protoplanets. The results of this work may contribute to
our understanding of the origin of the solar system and
the processes involved to form planetary bodies and
giving the Earth their unique composition. 

Mantle abundances related to volatility in a so-
lar gas: The CI-normalized abundances of highly side-
rophiles in Earth upper mantle are presented in Fig. 1,
and shown in order of decreasing volatility in a solar
gas. Each point of the HSE represents the mean and
one standard deviation of measurements from 13 diffe-
rent samples from Lanzo and the Liguride Units (Italy).
The relative abundances of the elements are shown to
be nearly CI-chondritic. However, the upper mantle is
shown in Fig. 1 to have a systematic enrichment corre-
lated with the volatility of the elements. As can be seen

from Fig. 2 the HSE systematics of the late veneer
material more closely matching patterns of E- or LL-
chondrites than C-chondrites. The HSE pattern of
Fremdlinge show systematic enrichments anticorrelated
with the volatility of the elements [3]. 

Conclusions: The abundance distribution of the
HSE is remarkably uniform with increasing CI-
normalized abundances with decreasing 50% conden-
sation temperatures from Re to Au. The abundances of 

HSE are related to volatility in a solar gas. The bulk
chemical HSE-composition of the late accreted com-
ponent show that it was formed by high-temperature
gas-condensation fractionation processes in the solar
nebula. The fractionated HSE show excess of non-
refractory elements Pd and Au and depletions in ultra-
refractory elements Ir, Os and Re indicating that these
elements condensed from a gas in the solar nebular that
has suffered an earlier loss of an ultra-refractory com-
ponent. Qualitatively the pattern of volatility-related
fractionations in the HSE show the complementary
pattern than observed in ultra-refractory inclusions in
carbonaceous chondrites [3]. Contrasting abundance
patterns from individual Fremdlinge and the Earth
mantle must have been established in the solar nebula.
Condensation from a solar gas is the most important
process leading to fractionations in primitive objects of
our solar system. 

References: [1] Lorand J.P. et al. (2000) Lithos,
53, 149-164. [2] Snow J.E. et al. (2000) EPSL, 175,
119-132. [3] Campbell et al. (2003) GCA, in press.
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SPECTROMICROSCOPY.  T. S. Schneck, Tour Eve Apt 3109, 1 place du Sud, 
Puteaux la Defense, 92800 France (thereseschneck@usa.com). 
 
 

The Ulysses dust detector has identified 
and measured, recently at GPS and atomic 
clocks accuracies, stable within one second 
in thirty two thousands years, the interstellar 
dust beyond Mars at 1.8 AU. 

The Tagish Lake low albedo meteorite, 
reflect infrared light better than visible light. 
The pristine carbonaceous chondrite, origi-
nated beyond the interstellar dust boundary 
between Mars and Jupiter, has abundance of 
atmospheric oxygen isotope feature from its 
anhydrous precursors (1), high temperature 
olivine dominant source of CO2 and low 
temperature carbonate. The silicate ten mi-
cron feature, interpreted as a gap between 
Aromatic Features in Emission, appeared in 
warmer meteorite than the interstellar me-
dium (2). Polycyclic aromatic hydrocarbons 

dominate the spectrum of Kuiper Belt Ob-
jects (3), they are frequently produced in the 
highest concentrations in the meteorite re-
gions rich in carbonates which have high 
optical density (4). 

 
References: (1) L.A.Leshin, J.Farquhar, 

Y.Guan, S.Pizzarello, L. Jackson and M.H. 
Thiemens. Oxygen isotopic anatomy of 
Tagish Lake LPSC XXXII. (2) E.K. Jess-
berger et al., Properties of Interplanetary 
Dust. (3) R.H. Brown, G.J.Veeder, 
D.P.Cruikshank, Y.J.Pendleton. Surface 
Composition of Kuiper Belt Object. 
(4) McKay et al., Spectromicroscopy of ex-
traterrestrial organic materials. 
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CONSTRAINTS ON THE COMPOSITION OF INTERSTELLAR DUST FROM ASTRONOMICAL 
OBSERVATIONS.  Theodore P. Snow2, 1CASA – University of Colorado, 389 UCB, Boulder, CO  80309, USA; 
e-mail  tsnow@casa.colorado.edu). 
 

 
Astronomers infer the composition of interstellar dust by indirect means.  Constraints on the composition 

come from studies of the light-scattering and absorption properties of the dust (i.e., interstellar extinction), and from 
optical and ultraviolet absorption line measures of the interstellar gas.  Further information comes from X-ray spec-
tra of absorption features and from in situ measurements of interstellar grains entering the solar system.  Extinction 
data provide constraints on dust particle sizes and also yield some information on grain composition (e.g., the well-
known ultraviolet extinction “bump” which is likely created by graphitic carbon).  Analyses of optical and ultravio-
let atomic absorption lines in the interstellar gas reveal underabundances or “depletions” of certain elements which 
are therefore thought to reside primarily in the dust.  The use of depletions to infer dust grain composition relies on 
an assumed cosmic abundance pattern, a source of uncertainty that will be discussed.  X ray absorption lines and 
ionization edges (arising from inner-shell electronic transitions) can provide total line-of-sight abundances from 
which the grain composition can be inferred, while spacecraft detections of incoming interstellar grains can provide 
unique information on the particle size and mass distribution in the local ISM.  This review will provide an over-
view of these astronomical observational methods and results, and will summarize the current state of knowledge of 
depletions and the inferred composition of interstellar dust grains.  The review will conclude with remarks on the 
comparison between the inferred composition of interstellar dust and the composition of  IDP inclusions such as the 
GEMS that may be of interstellar origin. 
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OBSERVATIONAL EVIDENCE FOR PRESOLAR GRAINS AROUND OXYGEN-RICH EVOLVED STARS. Angela K.
Speck, Physics & Astronomy Department, University of Missouri, Columbia, MO 65211, USA (speckan@missouri.edu), Anne M.
Hofmeister, Department of Earth & Planetary Science, Washington University, St. Louis, MO 63130, USA, Melvin Mora, Physics
& Astronomy Department, University of Missouri, Columbia, MO 65211, USA.

Many presolar grain types have been found in meteorites
since the discovery of presolar silicon carbide (SiC) grains in
the Murray meteorite [1]. Initially these were mostly limited
to carbon-rich grains. However, more recently, oxygen-rich
presolar grains have been isolated [e.g. 2, 3]: e.g. corundum
(Al � O � ), spinel (MgAl � O � ), hibonite (CaAl � � O ��� ) and ru-
tile (TiO � ). The majority of these O-rich grains, like the
SiC grains, have isotopic compositions indicative of formation
around asymptotic giant branch (AGB) stars [2,3].

Theoretical dust condensation models for O-rich AGB
stars include the formation of Al � O � [e.g 4] and TiO � [5].
usually as condensation nuclei for the more abundant silicates.

However, there is not much observational evidence for
most of these presolar grains around AGB stars, and what little
evidence does exist is generally misinterpreted. The dominant
minerals observed around AGB stars are the silicates, presolar
examples of which are difficult to find in meteorites, although
this may be due to the laboratory processing used to extract
the grains. There is evidence for presolar silicates in the solar
system found in interplanetary dust particles [6,7].

In order to study the mineralogy of dust around AGB stars
we observe their infrared (IR) spectra and compare these to
laboratory spectra of likely minerals. This technique must be
practised with caution, to avoid incorrect attributions of spec-
tral features to certain minerals (e.g. SiC: see discussion in
[8]). Until recently a feature in the spectra of some AGB stars
at � 12.5-13.0 � m was attributed to Al � O � [ e.g. 9]. There
is some dispute over this attribution [e.g. 10], since for most
polytypes the spectral features of Al � O � are both the wrong
shape and peak at the wrong wavelength. There is one poly-
type of Al � O � with a peak in the right range. This feature is
accompanied by a feature at 21 � m which is not seen in the
observed spectra, however the 21 � m feature is much weaker
than the � 13 � m feature, which may explain why it is not seen.
A further problem is that the � 13 � m feature is not ubiquitous
in AGB star spectra, which would be odd if it were due to a
mineral as important as Al � O � in the expected dust condensa-
tion sequence. We present observational evidence for Al � O �
in the mid-IR spectra of O-rich AGB stars and red supergiants,
demonstrating that this mineral is indeed present in observable
abundance around many evolved stars in an amorphous form.

Another presolar grain has also been suggested as the car-
rier of the � 13 � m feature: spinel [11,12]. This attribution
also has problems. Previously published optical data for crys-
talline spinel [e.g. [13,14] suggests that the spectral feature
peaks longward of 13.5 � m and is therefore unlikely to be re-
sponsible for the observed � 13 � m feature. It has been shown
that spherical grains on stoichiometric spinel could produce
IR spectral features at 13, 17 and 32 � m, which they observed
in astronomical spectra. However, it has been shown that the

17 � m feature is, in fact, due to CO � , and that there is no
correlation between 32 and 13 � m features [15]. Furthermore,
spinel is expected to be associated with the densest circumstel-
lar shells as it can only form in these environments, whereas
the 13 � m feature is associated with low density (low mass-loss
rate) AGB stars [16,17]. It is possible that the appearance of
the 13 � m feature is due to the formation of small oxide grains
(corundum or spinel), which are seen because they are naked.
In the denser circumstellar shells, these grains may simply be
coated by the more abundant silicates and thus not seen.

The most recently discovered O-rich presolar is hibonite,
which is currently under investigation. Recent work on the
laboratory spectra of hibonite is available (e.g. [18,19]) It is
possible that the IR features of hibonite appear in some ISO
spectra (see e.g. spectrum in [19,20]) which are presented
here. Spectral features that are currently attributed to calcite
and dolomite [20] may be better explained by hibonite and
grossite [19].

The remaining mineral, rutile, has not been investigated
observationally. This is due to the low abundance of Ti, which
makes it unlikely that an observable amount of TiO � is pro-
duced.

At present, the only O-rich presolar grain type for which
the observational evidence is not (currently) disputed is (amor-
phous) Al � O � . In order to progress further in matching these
presolar grains and the grains currently forming around AGBs
stars we need to know more details about these grains: e.g.
polytypes, the level of crystallinity/amorphousness in the grains,
the size distributions, etc. With this information we place more
constraints on the IR spectral feature we should be looking for.
Further observational constraints are also required, such as
spatial correlations between related IR spectral features.

[1] Bernatowicz T. et al. (1987) Nature, 330, 728. [2] Nittler
L. R. et al. (1997) ApJ, 483, 475. [3] Choi B.-G. et al. (1999)
ApJL, 522, 133. [4] Sedlmayr E. (1989) IAU Symposium 135,
467. [5] Jeong K. S., et al. (1999) IAU Symposium 191, 233.
[6] Bradley J. et al. (1999) Science, 285, 1716. [7] Messenger
S. et al. (2003) Science, 300, 105. [8] Speck A. K. et al. (1999)
ApJL, 513, 87. [9] Vardya M. S. et al. (1986) ApJL, 304, 29..
[10] Begemann B. et al. (1997) ApJ, 476, 199. [11] Posch T.
et al. (1999) Astron. Astrophys., 352, 609. [12] Fabian D. et
al. (2001) A&A, 373, 1125. [13] Preudhomme J. & Tarte P.
(1971) Spectrochimica Acta, 27A, 1817. [14] Chopelas A. &
Hofmeister A. M. (1991) Phys. Chem. Min., 18, 279. [15]
Sloan G. et al. (2003) in press. [16] Sloan G. et al. (1996) ApJ,
463,310. [17] Speck A. K. et al. (2000) A&AS, 146, 437. [18]
Mutschke H. et al. (2002) A&A, 392, 1047. [19] Hofmeister
A. et al. (2003) in press. [20] Kemper F. et al. (2002) Nature,
415, 295.
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TOF-SIMS — A POWERFUL TOOL FOR THE ANALYSIS OF STARDUST.  T. Stephan, Institut für Planeto-
logie/ICEM, Wilhelm-Klemm-Str. 10, 48149 Münster, Germany (stephan@uni-muenster.de). 

 
 
Introduction:  During the last two and a half dec-

ades, the analysis of small samples has become more 
and more important in cosmochemistry. With the col-
lection of interplanetary dust particles (IDPs) [1] and 
the isolation of presolar grains from primitive meteor-
ites [2], the necessity for new techniques with high 
sensitivity and high lateral resolution has increased. 
For many years now, secondary ion mass spectrometry 
(SIMS) has played an important role in the analysis of 
such samples [3]. Two major trends in the development 
of new SIMS instruments emerged during the last 
years, NanoSIMS and TOF-SIMS. Both will be in-
strumental in the analysis of samples from the Stardust 
mission [4]. 

NanoSIMS:  Improvements of the classical ion mi-
croprobe with double focusing magnetic mass spec-
trometers has led to the development of Cameca’s 
NanoSIMS 50 [5–7]. This instrument is characterized 
by a high spatial resolution, ~50 nm with a cesium pri-
mary ion source, used for negative secondary ions, and 
~200 nm with an oxygen ion source for the analysis of 
positive secondary ions. A multi-detection system al-
lows the simultaneous measurement of up to six 
masses. High secondary ion yields at high mass resolu-
tion ideally meets the requirements for isotope analyses 
of sub-micrometer-sized samples. 

TOF-SIMS:  Another concept, time-of-flight 
(TOF-) SIMS, also reaches ~200 nm lateral resolution 
by using a fine-focused gallium liquid metal ion source. 
After its introduction into cosmochemistry in the early 
1990s, this technique has grown to a powerful tool for 
the study of micrometer-sized samples [8]. The advan-
tage of this instrument lies in its capability of simulta-
neously measuring all secondary ions with one polar-
ity. Both polarities can be measured in two consecutive 
analyses. Secondary ions released during sputtering 
with the Ga-beam are separated in a drift tube accord-
ing to their flight time after acceleration in an electric 
field. Due to the time-of-flight concept, secondary ions 
are generated in a short (typically ~1 ns) primary ion 
pulse. With 10 kHz repetition rate and 10–50 primary 
ions per shot, only monolayers of a sample are con-
sumed even during an eight-hour measurement. Conse-
quently count rates at a specific mass are relatively low 
and the capability of measuring isotopic ratios is lim-
ited by counting statistics. 

Nevertheless, for presolar grains, where deviations 
from solar isotopic ratios are often tremendous, statisti-
cal errors of some percent are tolerable. It is notewor-
thy that with TOF-SIMS for the first time the isotopic 

heterogeneity within a single 2 µm-sized presolar sili-
con carbide grain was discovered [9]. 

The main advantage of TOF-SIMS is the parallel 
detection of the entire mass range that is in principle 
unlimited. This allows to measure major, minor, and 
trace elements, their isotopes, as well as molecular 
ions, all simultaneously in a single measurement. Si-
multaneous detection is a prerequisite to discover with 
SIMS possible correlations between different ion spe-
cies from small samples, since SIMS is always destruc-
tive and samples may change under the ion beam. 
TOF-SIMS is ideally suited to discover unexpected 
properties of the investigated samples because no pre-
selection of ion species to be analyzed is necessary. 

Combination of different techniques:  For a 
comprehensive study of small samples like IDPs a 
combination of different techniques is appropriate to 
yield a maximum of information on single grains and 
their components. While isotopic anomalies within 
such grains can easily be detected with NanoSIMS, 
TOF-SIMS allows a chemical and often mineralogical 
identification of the respective carrier phases [10–12]. 
With NanoSIMS alone, this would be impossible in 
case of very small samples due to sample destruction. 

Outlook:  Because of its characteristics, TOF-
SIMS is a suitable technique for the analysis of sam-
ples from the Stardust mission. Grains from comet 
Wild 2 as well as contemporary interstellar dust are 
projected samples to be brought back in 2006. For both 
types of particles it is indispensable to use analytical 
methods that introduce the least possible bias and that 
allow subsequent analyses with other techniques. TOF-
SIMS with its comprehensive analysis and the little 
sample destruction meets these requirements. 

References:  [1] Brownlee D. E. et al. (1977) Proc. 
Lunar Sci. Conf., 8th, 149–160. [2] Zinner E. (1998) 
Meteorit. Planet. Sci., 33, 549–564. [3] Zinner E. 
(1989) Proc. Workshop on New Frontiers in Stable 
Isotope Research, USGS Bulletin, 1890, 145–162. [4] 
Brownlee D. E. et al. (1997) Meteorit. Planet. Sci., 32, 
A22. [5] Hillion F. et al. (1997) Proc. SIMS X, 979–
982. John Wiley & Sons. [6] Stadermann F. J. et al. 
(1999) LPS XXX, #1407. [7] Stadermann F. J. et al. 
(1999) Meteorit. Planet. Sci., 34, A111–A112. [8] 
Stephan T. (2001) Planet. Space Sci., 49, 859–906. [9] 
Henkel T. et al. (2000) Meteorit. Planet. Sci., 35, A69–
A70. [10] Stephan T. and Stadermann F. J. (2001) Me-
teorit. Planet. Sci., 36, A197–A198. [11] Stephan T. 
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FOCUSED ION BEAM MICROSCOPY OF EXTRATERRESTRIAL MATERIALS: ADVANCES AND 
LIMITATIONS. R.M. Stroud, US Naval Research Laboratory, 4555 Overlook Ave SW, Washington, DC 20375, 
(stroud@nrl.navy.mil). 

 
 
Introduction:  Coordinated isotopic and structural 

studies of the same cometary, interstellar or presolar 
grains provide the best basis for determining the origin, 
and the formation and processing conditions of the 
grains.   Until recently few of these coordinated studies 
were possible because of the destructive nature of the 
isotopic measurements, and the awkward grain size, i.e. 
too thick for direct analysis by transmission electron 
microscopy (TEM), but too small to microtome.   The 
focused ion beam (FIB) workstation dramatically in-
creases the possibility for conducting these coordinated 
studies by permitting the site selective preparation of 
ultrathin slices of dust grains as small as 100 nm.    The 
FIB slices can be extracted from isolated dust grains 
dispersed on stubs or other supports, grain clusters, or 
even grains embedded in meteorites, before or after 
isotopic characterization.    

 
Methods:  The basic FIB workstation has a Ga+ ion 

source that is focused to a 10 to 100-nm diameter beam 
at an energy of 30 kV.  By rastering the beam the sam-
ple can be both imaged and sputtered.  At low ion cur-
rents, the sputtering is slow, but the secondary electron 
yield is high enough to image the sample.  At high ion 
currents, the Ga+ beam sputters a few cubic microns of 
material per minute.  The more advanced (dual or cross 
beam) FIB workstations also include an electron 
source, so that imaging and analysis without any sput-
tering is possible.  An important feature of the FIB for 
preparation of TEM samples is that it also can be used 
for site-selective deposition of metals, typically Pt and 
W.  The metal deposition serves multiple purposes: it 
protects the region of interest from Ga implantation; it 
provides an electrically and thermally conductive path 
to minimize charging and heating; and it increases the 
total sample breadth to a reasonable size for imaging 
and manipulation under an optical microscope.     

The basic steps for preparing a FIB ultrathin sec-
tion are: (1) locate the grain or region of interest (ROI), 
(2) deposit a Pt mask, typically 1-4 microns thick by 10 
microns long, (3) at moderate ion current sputter 
trenches on either side of the ROI to create a vertical 
section 500 nm thick, 8 microns long, 1 or 2 microns 
deeper than the ROI, (4) tilt the sample to 45º and at 
low beam current cut away the bottom and ¾ up the 
sides of the section, (5) tilt back to vertical and con-
tinue sputtering at low ion current until the desired 
thinness is reached (70-100nm), (6) make final cuts on 
sides to detach section and (6) transfer the ultrathin 

section to a TEM support grid using a micromanipula-
tor.  At this point the section is ready both TEM and 
isotopic characterization.  

Applications:  The FIB lift-out technique has been 
successfully adapted to extracting thin sections of:  
CAI rims and associated matrix material from meteor-
ites [1],  metal and graphite inclusions in the lodranite 
GRA 95209 [2], presolar oxide grains [3], in situ and 
physical separate presolar SiC grains [4], and most 
recently interstellar dust particles [5].  Sections of me-
teorites as wide as 20 microns, and of grains as small 
as ~100 nm have been prepared.  TEM analysis of the 
sections showed them to be ideal for diffraction, micro-
structural studies, and energy dispersive x-ray analysis, 
but too thick as-supported on carbon films for lattice 
imaging and electron energy loss spectroscopy.    
Thinner sections attached directly to copper grids 
without support films can be produced using a FIB 
with an electron source and an in situ micromanipula-
tor. 

Compared to ultramicrotoming the chief advantages 
of the FIB technique are that it can be used with 
smaller samples, on heterogeneous materials with large 
variations in hardness and porosity, with less chance of 
sample distortion, and that precisely selected sections 
can be extracted directly from bulk or thick section 
materials, without destructive polishing of the host 
material.  The disadvantages of the FIB include the 
high cost, the relative difficulty of producing serial 
sections, and the surface amorphization due to ion irra-
diation.   

Potential future applications for the FIB technique 
include the extraction of isotopically distinct subgrains 
of dust particles, and extraction of Stardust samples 
from the aerogel collection material.  In addition to 
preparing TEM sections, the FIB may be very useful 
for cross-sectioning cosmic dust micrometeorite sam-
ples for SEM analysis [6].  
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THE LIFECYCLE OF INTERSTELLAR DUST 
 
A.G.G.M. Tielens 
Kapteyn Astronomical Institute, PO Box 800, 9700 AV Groningen, The Netherlands 
 
Interstellar dust is an important component of the interstellar medium. Dust grains are the 
dominant opacity source and thus regulate the radiative transfer in the interstellar medium. 
Besides the spectral characteristics of sources, dust therefore influences directly the molecular 
composition of clouds through photodissociation and the heating of the gas through the 
photoelectric effect. Furthermore, dust grains also provide surfaces for active chemistry. This talk 
will review the lifecycle of interstellar dust from their birthsites to their possible incorporation 
into budding planetary systems with an emphasis on processes involved and their influence on the 
physical characteristics.  
 
Interstellar dust is affected by a variety of processes. Stars in the late stages of their evolution 
form dust grains by chemical nucleation and growth and injected them into the ISM. Grains in the 
ISM are processed by strong shock waves which ao sputter, vaporize, and shatter them. The 
physics of interstellar shock waves and of these destruction processes will be reviewed. The ISM 
is organized in a number of phases: HI and molecular clouds, warm (neutral/ionized) intercloud 
medium, and coronal gas. Dust destruction is dominated by supernova shock waves in the 
intercloud medium.Because of rapid exchange of dust and gas between the phases, the effects of 
this are felt through all phases. Further processing will occur in the protostellar nebulae and these 
processed materials may be dispersed again through the ISM. This will be briefly discussed.  
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COMETARY DUST CHARACTERISTICS DERIVED FROM LEONID METEOR SHOWER MULTI-
INSTRUMENT OBSERVATIONS.  J. M. Trigo-Rodríguez1, J. Llorca2 and Frans J.M. Rietmeijer3  
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Introduction:   
 

Meteor storms are usually produced by long period 
comets with high inclination orbits that produce vio-
lent encounters of the meteoroids with the terrestrial 
atmosphere. Not all meteor outbursts during the last 
decades were produced by high-velocity material. For 
example on 27-28 June 1998 an important 7-hour out-
burst was produced by meteoroids ejected from comet 
P/Pons-Winnecke [1]. On 8 October 1998 other inter-
esting outburst is produced by Giacobinni-Zinner me-
teoroids [2]. Both low velocity encounters can allow 
this matter to deposit into the atmosphere with  mini-
mum degradation compared to high-velocity meteor-
oids [3].  
The study of these outbursts can provide us excellent 
opportunities to collect stratospheric dust from short-
period comets [4]. 
 
To study the different range of mass of this cometary 
material we have analyzed the meteoroid mass distri-
bution of the Leonids, the 1998 Pons-Winneckids and 
Giacobinids, Perseids and other major cometary me-
teor showers. In order to derive the particle's mass we 
use the magnitude of the meteor produced when they 
enter into the terrestrial atmosphere [5, 6]. 
 
Taking into account the mass distribution of several 
meteor showers we are able to deduce the global mass 
that reach the Earth from annual showers and meteor 
storms. For example, during a Leonid storm around 10 
kg/hour of Tempel-Tuttle dust enters into the terrestrial 
atmosphere. By comparison during the 1998 Pons-
Winneckid 7-hour outburst more than 150 kg of 
cometary dust was delivered to the Earth. Annual 
showers as Perseids or Geminids only bring to the at-
mosphere among 0.1 and 0.7 kg/hour respectively dur-
ing their maximum activity periods. In consequence, 
meteoroid streams with geometry capable to produce 
low geocentric velocity encounters have important 
mass contribution to the terrestrial atmosphere. One 
interesting application would be to search for differ-
ences in the mass distribution for different comets in 
order to deduce the mass cut-off in the distributions. 
For large particles there is usually is found a clear cut-
off because the particle mass should allow escape from 
the gravitational field of the parent comet during ejec-
tion [7]. It is accasionally possible to detect a cut-off 
for small particles depending on the Poyting-

Robertson effect and the planetary perturbations that 
are more important as function of the material compo-
sition and the number of revolutions that this material 
completed around the Sun [8]. Young meteoroid 
streams such as the Leonid recent ejecta that we have 
studied during the last years during multi-instrument 
campaigns are of extraordinary interest to give us di-
rect evidences on the minimum size of mineral grains 
[9]. 

 
From meteor spectroscopy we have found [10] impor-
tant chemical differences between the cometary mete-
oroids from different streams and the in situ collected 
data by the Giotto spacecraft [11] at 1P/Halley. Among 
these differences is important to note that the deduced 
abundances of Si-Mg-Fe are in accordance to the hier-
archical dust accretion model [12]. In this context is 
interesting to study the meteoroid mass and size distri-
butions to compare with the range expected for IDPs. 
Our meteoroid spectra and mass distribution studies 
shows that (1) 1P/Halley can not be used as type sam-
ple of cometary dust and (2), there are important dif-
ferences between comets, as was already pointed out 
by [13]. These substantial chemical differences among 
comets probably are related with the existence of dif-
ferent families as was proposed previously [14].  
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Introduction:  X-ray computed tomography (CT) is a 

method to obtain internal structures of objects without dam-
aging the samples using X-ray attenuation and provide 3-D 
structures by stacking successive sliced images. Synchrotron 
radiation (SR) source provides monochromatized and colli-
mated X-ray beams useful for X-ray CT technique. An X-ray 
mictotomographic system using SR at SPring-8 [1] has been 
applied to micrometeorites to examine their 3-D structures 
and densities [2,3]. In this abstract, we report the CT system, 
the results of the previous studies on micrometeorites and 
development of a new tomographic system with higher spa-
tial resolution available for IDPs and cometary dust. 

CT system at SPring-8:  The X-ray CT experi-
ments were performed at the beamline BL47XU of 
SPring-8, Japan. The system (SP-µCT) is composed of 
a high precision rotation stage for a sample and a beam 
monitor for X-rays. The projection images were ob-
tained by the beam monitor, where the transmitted X-
ray was transformed to visible light by a fluorescent 
screen, expanded by a relay lens and subsequently 
detected by a 2-D CCD camera. Projection images are 
reconstructed to CT images using a convolution back 
projection algorithm. 3-D structures were recon-
structed by stacking slice images. The size of each 
voxel (pixel in 3-D) in CT images is 0.5 × 0.5 × 0.5 
µm3 with the effective spatial resolution of ~1.5 µm 
[1]. 

CT images are digital images showing spatial dis-
tribution of CT-values of materials. As we used mono-
chromatic beams, the CT-value is uniquely related to 
X-ray linear attenuation coefficient (LAC), which is a 
function of the chemical composition and the density 
of material and X-ray energy. We have obtained quan-
titative relation between the CT-value and LAC by 
imaging standard samples with known chemical com-
positions and densities. From this relation, we can es-
timate minerals in CT images. 

Tomographic studies on micrometeorites:  We 
have applied this system to twelve Antarctic microme-
teorites (AMMs) (~100-300 µm in size) [2,3]. 

Density measurement.  The volumes and porosities 
were obtained from their 3-D structures. The masses of 

nine samples were measured by an ultra-microbalance  
(0.8-5.7 µg) and the bulk and solid densities were ob-
tained. The solid densities of two unmelted AMMs 
with hydrous minerals are 1.9±0.2 and 2.0±0.0 g/cm3 
(CM- and CI-like, respectively). This suggests the 
presence of sub micron micropores below the spatial 
resolution [3]. 

3-D elemental mapping.  The concentrations of an 
element can be obtained quantitatively in a CT image 
using the adsorption edge of the element by subtrac-
tion method. 3-D distribution of Fe of a sample was 
determined [2]. 

3-D plaster models.  Enlarged 3-D models of plas-
ter (~5 cm) were made from the 3-D structures using 
rapid prototyping method. These real models helped us 
to understand their complex 3-D shapes easily. 

A higher resolution CT system and its applica-
tion:  As visual light is expanded in the SP-µCT system, 
the obtained spatial resolution is limited to the wave-
length of 0.4-0.7 µm. To obtain higher resolution, X-
ray beams themselves should be expanded such as by a 
Fresnel zone plate (FZP). A new system using an FZP 
was developed at SPring-8 [4]. The 3-D images were 
successfully reconstructed with a pitch pattern of 0.6 
µm. 

This system has a potential spatial resolution of the 
order of 10-100 nm. A new system with such high 
resolution is under development at SPring-8. We are 
planning to apply this new system to IDPs and 
cometary dust returned by the Stardust spacecraft. The 
major objectives are (1) identifying the sliced locations 
of sections made by a microtome in a 3-D structure, 
(2) identifying constituent grains: the size distribution 
and the fractal dimension of the aggregate to discuss 
aggregation process and the shapes to discuss the ef-
fect to the IR spectrum. 

References: [1] Uesugi K. et al. (2001) Nucl. Instr. 
Methods Phys. Res., A, 467-468, 853-856. 
[2] Tsuchiyama A. et al. (2001) Meteoritics & Planet. 
Sci., 36, A210. [3] Okazawa T. et al. (2002) Antarctic 
Meteorites, XXVII, 137-139. [4] Takeuchi A. et al. 
(2002) Rev. Sci. Instr., 73, 4246-4249. 
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DUST MASS AND FLUX MEASUREMENTS ON CASSINI AND STARDUST MISSIONS WITH PVDF 
DETECTORS.  A. J. Tuzzolino1 and T. E. Economou1.  1Laboratory for Astrophysics and Space Research, Uni-
versity of Chicago, 933 East 56th Street, Chicago, Illinois, tecon@tecon.uchicago.edu  

 
 
Introduction: The PVDF based High Rate Detector 

(HRD) and the Dust Flux Monitor Instrument (DFMI) from 
the University of Chicago are part of the Cassini and 
STARDUST mission  payloads [1], [2].  The prime 
goal of the DFMI and the HRD is to measure the parti-
cle flux, intensity profile, and mass distribution during 
passage through the coma of comet Wild-2 in January 
2004 and after Saturn orbit insersion in July 2004, 
respectively. Both instruments are capable of measur-
ing  dust particle mass of  8 decades, from 10-11 to > 
10-3 g. 

The Stardust and Cassini PVDF Dust Instru-
ments:  The DFMI instrument consists of two differ-
ent dust detector systems — a polyvinylidene fluoride 
(PVDF) dust Sensor Unit (SU), which measures par-
ticles with mass < ~ 10-4 g, and a Dual Acoustic Sen-
sor System (DASS), which utilizes two quartz piezo-
electric accelerometers mounted on the first two lay-
ers of the spacecraft Whipple dust shield to measure 
the flux of particles with mass > 10-4g. The electonics 
box houses all the necessary circuitry for hadling the 
signals produced in the SU, the memory counters and 
the software programs that provide the interface to 
the spacraft. This is all shown in Figure 1. The Cas-
sini HRD instrument which is part of Cosmic Dust 
Analyser (CDA) is similar to the DFMI instrument 
but without the acustic counters.  The following table 
list the 4 mass thresholds for each PVDF detector. 

 

 
 
            Figure 1.  
 
The DFMI instrument on STARDUST will be 

usufull during the short period during the comet en-
counter. Using the Wild-2 dust model provided by Ray 
Newburn [3] an expected counting rate vs time from 
the closest approach was calculated and shown in Fig-
ure 2. This is similar to the dust flux distribution ob-
served during the VEGA-1 and VEGA-2 missions in 
1986. [4] 

 
 

 
 
            Figure 2 
 
The HRD on Cassini has been obtaining 

interplanetary data for more than 4 yers now, but  the 
most usuful data will the data from different Saturn 
rings after July, 2004. 

 
References: [1] A.T. Tuzzolino, et all., (2003), submit-

ted for publication to JGR. [2] R.Srama et al., (1997) Adv. 
Space Res., Vol.20, NO.8, 1467-1470. [3] R. Newburn, pri-
vate communication. [4] J. A. Simpson, et al., (1986), Na-
ture, Vol. 321,No. 6067, 278.  
 

Large  PVDF  Sensor 
Area  =  200 cm2 

Thickness  =  28 µm 

Small  PVDF  Sensor 
Area  =  20 cm2 

Thickness  =  6 µm 
Electronic 
Threshold 

+ 

Particle 
Mass 

Threshold 

Particle 
Diameter * 

Electronic 
Threshold 

Particle 
Mass 

Threshold 

Particle
Diameter 

   3.77 x 106 e 9.8 x 10-12 g 2.7  µm
1.76 X 109 e

 
8.5 x 10-8 g

 
55 µm

 7.13 x 107 e 1.2  10-10 g 6.1 µm

   1.8 x 108 e 4.3 x 10-9 20.2 µm

2.67 x 1010 
e 

 

1.7 x 10-6 g 

 

148  µm 

 

6.0 x 109 e 6.3 x 10-7 g 106 µm

 
2.67 x 1011 

e 

 
1.4 x 10-5 g 

 
299 µm 

Ground 
Command 
Electronic 
Threshold 

Ground 
Command 

Particle 
Mass 

Threshold 

Ground
Comman

Particle
Diameter

   4.6 x 107 e 7.0 x 10-11 g 5.1 µm

   8.7 x 108 e 2.6 x 10-8 g 36.8 µm

2.0 x 1012 e 1.5 x 10-4 g 659 µm 2.2 x 109 e 1.2 x 10-7 g 61 µm

   7.3 x 1010 e 1.7 x 10-5 g 319 µm
 

*  Assuming impacting particle with density 1.0 g/cm3 
+  Electronic thresholds in units of number of electron charges (e) 
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ROBUST EXTRACTION AND MULTI-TECHNIQUE ANALYSIS OF MICROMETEOROIDS CAPTURED IN LOW 
EARTH ORBIT.  A. J. Westphal1, G. A. Graham2, G. Bench3, S. Brennan4, K. Luening4, P. Pianetta4, L. P. Keller6, G. J. 
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Introduction:  The use of low-density silica aerogel as 

the primary capture cell technology for the NASA Discovery 
mission Stardust to Comet Wild-2 [1] is a strong motivation 
for researchers within the Meteoritics community to develop 
techniques to handle this material.  The unique properties of 
silica aerogel allow dust particles to be captured at hyperve-
locity speeds and to remain partially intact. The same unique 
properties present difficulties in the preparation of particles 
for analysis. Using tools borrowed from microbiologists, we 
have developed techniques for robustly extracting captured 
hypervelocity dust particles and their residues from aerogel 
collectors[2-3].  It is important not only to refine these ex-
traction techniques but also to develop protocols for analyz-
ing the captured particles.  Since Stardust does not return 
material to Earth until 2006, researchers must either analyze 
particles that are impacted in the laboratory using light-gas-
gun facilities [e.g. 4] or examine aerogel collectors that have 
been exposed in low-Earth orbit (LEO) [5].  While there are 
certainly benefits in laboratory shots, i.e. accelerating known 
compositions of projectiles into aerogel, the LEO capture 
particles offer the opportunity to investigate real particles 
captured under real conditions 

Experimental:  The aerogel collectors used in this re-
search are part of the NASA Orbital Debris Collection Ex-
periment that was exposed on the MIR Space Station for 18 
months [5]. We have developed the capability at the UCB 
Space Sciences Laboratory to extract tiny volumes of aerogel 
that completely contain each impact event, and to mount 
them on micromachined fixtures so that they can be analyzed 
with no interfering support (Fig.1).  These aerogel “key-
stones” simultaneously bring the terminal particle and the 
particle track to within 10  m (15  g cm-2) of the nearest 
aerogel surface.  The extracted aerogel wedges containing 
both the impact tracks and the captured particles have been 
characterized using the synchrotron total external reflection 
X-ray fluorescence (TXRF) microprobe at SSRL, the Nu-
clear Microprobe at LLNL,  synchrotron infrared microscopy 
at the ALS facility at LBL and the NSLS at BNL, and  the 
Total Reflection X-ray Fluorescence (TXRF) facility at 
SLAC. 

Discussion:  Most of the techniques that have been ap-
plied on the extracted wedges are essentially non-destructive 
or have limited detrimental effects on the particles.  An ex-
ception  may be the alteration of hydrogenous material dur-
ing PIXE, RBS or PESA analysis with the Nuclear Micro-
probe.  While it is important assess the suitability of the 
various analytical techniques, the particles captured in LEO 
offer an opportunity to examine material that has not been 
subjected to selection and modification processes that occur 
during atmospheric transit by the particles terrestrial reposi-
tories of cosmic dust.  Of course the captured particle may 
have undergone alteration during hypervelocity capture.  

From the X-ray maps acquired using proton induced X-ray 
emission it is clearly possible to identify fine Fe rich particu-
late material on the sub-micron scale that has deposited on 
the walls of impact track (Fig. 2).  However the identifica-
tion of light elements from the data acquired from proton 
elastic scattering analysis and proton backscattering analysis 
would suggest that while the particles may fragment during 
hypervelocity capture the volatile elemental chemistries are 
not lost.  This is clearly important when it comes to the 
analysis of any organic material. 

We are also developing techniques for extracting dust 
particles from the impact region within keystones, either at 
the terminus or along the impact track, using both mechani-
cal extraction techniques and focused ion beam  (FIB)  mill-
ing.   

References:  [1] Brownlee D. E. et al (2000) Meteorit. 
Planet. Sci., 35, A35. [2] Westphal A. J. et al. (2002) Mete-
orit. Planet. Sci., 37, 855-865.  [3] Westphal A. J. et al 
(2003) LPS XXXIV, #1826. [4] Burchell, M. J. et al (2001) 
Meteorit. Planet. Sci., 36, 209-221. [5] Horz F. et al. (2000) 
Icarus, 147, 559-579. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  An extracted aerogel  “keystone”  com-

pletely containing a hypervelocity dust impact. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  PIXE Si (left) and Fe (right) maps of an 

impact event from the ODCE collector. 
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SUCCESSFUL LAUNCH AND SCIENTIFIC PREMISES OF “HAYABUSA” ASTEROID SAMPLE 
RETURN MISSION    H. Yano1, A. Fujiwara1and J. Kawaguchi1, 1 Institute of Space and Astronautical Science 
(3-1-1 Yoshinodai, Sagamihara, Kanagawa, 229-8510,  JAPAN.  E-mail:  yano@planeta.sci.isas.ac.jp). 

 
 

Introduction:  At 13:29:25 on the 9th May 2003 
JST, ISAS’s engineering test spacecraft “MUSES-C” 
was successfully launched with the full-stage solid fuel 
rocket M-V-5, from the ISAS Kagoshima Space Center 
at Uchinoura.  After confirming deployment of its solar 
array paddles and sampling horn as well as the proper 
attitude control through the telemetry received by the 
Deep Space Network, the spacecraft was inserted to 
interplanetary trajectory and renamed as “Hayabusa”, 
or “Falcon” from its resemblance with the bird that 
flies fast to its target, hovers to monitor, and catches its 
prey in “touch & go” sequence.  The Hayabusa has 
become the world’s first sample return spacecraft to a 
near Earth object (NEO) [1] (Fig. 1).  The NEO 
1998SF36 is its mission target.  By previous radar and 
multi-band optical observations, its orbital and 
physical characteristics were well understood; the size 
is (490±100)x (250±55)x(180±50) m with about 12-
hour rotation period [2].  It has a red-sloped S(IV)-
type spectrum with strong 1- and 2-micron absorption 
bands, analogous to those measured for ordinary LL 
chondrites with space weathering effect [3].   

Post Launch Sequences: At present, the 
spacecraft has nearly completed its initial orbital 
operation and the ion engines have been ignited.  
Hayabusa is now in a trajectory similar to the earth’s 
orbit around the sun to time the swing-by opportunity 
in June 2004.  Then it changes the course heading to 
the target asteroid whose perihelion is just inside the 
earth’s orbit.  In June 2005, the spacecraft will be 
inserted to the rendezvous trajectory with 1998SF36, 
or called “home positioning”, which is nearly identical 
to the orbit of the asteroid itself.  Right after inserting 
the home position, there will be a conjunction period 
for 2.5 months.  It is only after the period that the 
spacecraft will start global mapping with its on-board 
instruments in the maximum duration of three months.  
On-board instruments include the multi-color optical 
camera (AMICA), the near infrared spectrometer, the 
X-ray fluorescence spectrometer, and the LIDAR.   

After the completion of the global mapping, the 
first descent for “touch-and-go” sampling will be 
conducted.  Before touching to the surface, one of 
three “target markers” reflecting 1-second flash light 
pulses will be dropped and tracked its passage by 
autonomous navigation.  Also a hopping robot called 
“MINERVA” will be deployed during the last several 
10’s m of the descent.  The rover will carry color 
stereo cameras and heat probes for studying the 
asteroid surface conditions. 

Sample Return Strategy: We developed a 
sampling device consisted of projectors, a deployable 
cylindrical/conical concentrator, in order to receive 
and deflect ejected fragments, and a catcher with 
separate rooms for each sampling site of the asteroid 
surface.  As soon as the end of the horn touches on the 
surface, the laser range finder will detect a few cm 
retraction of the fabric horn; it triggers to shoot a 5-g 
Ta projectile onto the asteroid through the interior of 
the 1-m long horn, at velocity of 300 m/s.  The impact 
produces asteroid ejecta, which are concentrated 
through the horn toward the catcher.  The catcher is 
transferred into the reentry capsule and sealed.  Impact 
simulation experiment in 1G and micro-gravity 
environments have proven that each sampling 
promises several hundred mg to several g of target 
fragments, regardless regolith or bed rocks [4].  The 
sampling will be repeated up to three locations before 
leaving the asteroid in November 2005.  In June 2007, 
the return capsule will be released for the earth re-
entry and land on Woomera, Australia.    

Sample Curation and Analyses Opportunities: 
The retrieved samples will be given initial analysis in 
the ISAS curation facility with the selected “all-Japan” 
team with American and Australian partners in the 
maximum period of 1 year.  These asteroidal samples 
will be complement with cometary dust samples 
collected by STARDUST and peer–reviewed 
international AO of detailed analysis will be released 
after the release of the initial results.  Combined results 
of “cosmic dust samples of definitely known origins” 
by STARDUST and Hayabusa will enable us to give 
ground truth to a long standing question of meteoritics, 
“cosmic dust and meteorite origins”: comets vs. 
asteroids and re-classify those collections by origins. 

References: [1] J. Kawaguchi, K. Uesugi, and A. 
Fujiwara (2000) Prof. 22nd 

ISTS, 2000-o-3-06v. [2] 
M. Kaasulinen, et al.
(2002) Proc. ACM 2002, 
ESA SP-500. [3] R. P. 
Binzel, et al. (2001) 
Meteoritics & Planet. Sci., 
36. [4] H. Yano, S. 
Hasegawa, M. Abe and A. 
Fujiwara (2002) Proc. 
ACM  2002, ESA SP-500.

Fig.1: Hayabusa Spacecraft  
(Courtesy: ISAS) 
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CURATION AND PRELIMINARY CHARACTERIZATION OF STARDUST SAMPLES. 
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Introduction:  The Stardust Mission is on the 

verge of sampling activities at comet Wild-II; this will 
occur Jan 1, 2004.  As this critical date approaches the 
science team for the mission has begun to make firm 
plans for the preliminary characterization and analysis 
of the returned cometary and interstellar dust samples.  
We expect to return 1000's of  5-20 um sized cometary 
grains, and on the order of 100 interstellar grains to 
Earth, all collected in blocks of special silica aerogel. 

 
Curation:  The Stardust samples, including the 

sample return spacecraft itself, will be curated and 
receive preliminary characterization at the Johnson 
Space Center.  In 2004 we will construct a new dedi-
cated class 100 clean lab, benefiting from three dec-
ades of experience with extraterrestrial samples, and 
fifteen years of experience handling silica aerogel 
[1,2].   The lab is designed to protect the stardust 
comet and interstellar grains from terrestrial contami-
nation, as well as protecting the other extraterrestrial 
collections from contamination from silica aerogel.   
The lab will be completed a full year before the return 
of the stardust samples. 

 
Preliminary Characterization:  Our plans call for 

preliminary characterization of the cometary samples 
first, and the more difficult characterization of the in-
terstellar collectors later.  Under normal circumstances 
we might execute a preliminary analysis program, with 
very limited sample analysis and interaction with the 

larger science community.  However, given the excep-
tional value of these returned samples, and obvious 
desire for release of exciting results to the planetary 
science community and general public at large, we 
have decided to run the 9-month long preliminary ex-
amination in an accelerated, more inclusive, and, hope-
fully, more exciting manner.  We are proposing that 
US scientists take advantage of NASA's Participating 
Scientist Program to obtain NASA support to join the 
existing Stardust Science Team as leaders of a Pre-
liminary Analysis Team (PAT).  In order to participate 
fully in the PAT effort, such individuals will have to 
apply for this program in the spring of 2004.  Under 
this plan additional interested and qualified scientists 
may join the PAT effort at their own expense, if neces-
sary.  We plan to organize the PAT team into several 
sub-teams, each focused on different analytical tech-
niques. These would include at a minimum isotopes, 
mineralogy, noble gases, organics, and bulk composi-
tion. 
 

References:  [1] Barrett R. A., Zolensky M. E., 
Hörz F., Lindstrom D. J., and Gibson E.K. (1992)  
Proceedings of the 19th Lunar and Planetary Science 
Conference, 203-212.   [2]  Hörz F., Zolensky M., 
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559-579. 
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