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HYDROGEN ISOTOPIC FRACTIONATION AND THE ROLE OF DUST DURING SUBLIMATION 
FROM COMETARY ICE.  D. S. Lauretta R. H. Brown, B. Schmidt, and J. Moores, Lunar and Planetary Labora-
tory, University of Arizona. Tucson, AZ 85721, USA. lauretta@lpl.arizona.edu 

 
Introduction: The isotopic compositional varia-

tions in solar system materials are important indicators 
of the origin and evolution of the sun, the planets and 
the small bodies of the solar system. The deuterium-to-
hydrogen ratio (D/H) is particularly important in this 
regard. Primordial deuterium was synthesized in the 
first few minutes of the Big Bang [1]. Since then nu-
cleosynthesis in stellar interiors has converted a large 
fraction of the primordial D to 3He. D has the lowest 
binding energy per nucleon of all the stable isotopes 
and can only be formed in extreme environments. 
There is no way to produce significant amounts of D 
during the chemical evolution of the galaxy [2].  

Cosmochemical and geochemical processes are ca-
pable of significantly fractionating D from H. At low 
temperatures sizeable differences in the zero-point 
energies of a deuterated molecule and its H-bearing 
counterpart lead to strong fractionation effects in ki-
netically controlled chemical reactions [3]. Thus, the 
D/H ratio could provide a detailed record of tempera-
tures during processing of materials in the interstellar 
medium and the solar nebula.  

Comets are remnant icy and rocky material from 
the earliest stages of solar system evolution. Long-
period comets were likely icy planetesimals that origi-
nally formed in the outer solar system and were ejected 
into the Oort cloud by encounters with the gas giant 
planets. Short-period comets formed in the Kuiper 
Belt, outside the orbits of Uranus and Neptune [5]. 
Because of its potential for constraining the source 
material and formation mechanisms of comets, the 
D/H ratio in comet ice has been the subject of intense 
interest over the past two decades. 

The recent apparition of two exceptionally bright 
comets provided the first opportunity for ground-based 
detections of cometary D. [6] announced the first posi-
tive detection of HDO in Comet C/1996 B2 (Hyaku-
take) and an upper limit of 0.01 for (D/H)HCN. One 
year later [7] reported on the double-detection of HDO 
and DCN in Comet C/1995 O1 (Hale-Bopp). These 
results, combined with water measurements from 
available IR, UV, and radio measurements made with 
other instruments, provide constraints on the bulk D/H 
ratio in water vapor in the cometary comae.  

Two independent mass spectrometers aboard the 
Giotto spacecraft recorded mass-resolved ion spectra 
of H3O+ with a dynamic range large enough to detect 
the rare isotopes at masses 20+ and 21+. From these 
data the (D/H)H2O ratios for Comet 1P/Halley have 
been constrained. Measurements of D/H in the coma of 

these three Oort cloud comets show a D/H ratio that is 
roughly a factor of 2 higher than the value for standard 
mean ocean water (VSMOW), and an order of magni-
tude higher than the protosolar value [8]. These results 
place fundamental constraints on models large-scale 
mixing of the solar nebula [9] and the amount of 
cometary material accreted by the Earth [10]. 

Discussion: Though these measurements are 
ground-breaking and important, we urge caution in 
their interpretation. To obtain an accurate D/H ratio in 
water using telescopic techniques, one would ideally 
want to compare HDO with an optically thin line of 
the rare isotopic molecules H2

18O or H2
17O using the 

same instrument; however, all of the stronger transi-
tions of these were inaccessible for the equipment used 
to detect HDO in both Hale-Bopp and Hyakutake. 
Hence, observations of HDO abundances in the comae 
of these comets had to be compared with production 
rates measured elsewhere at about the same time. For 
Hale-Bopp, follow-up measurements of HDO indi-
cated that the absolute calibration of the receiver was 
not fully reliable at the time of the HDO experiment 
and the temperature scale had to be adjusted to account 
for this discrepancy [7]. 

We have noted some inconsistencies in the analysis 
of the Giotto data of the composition of the coma of 
Halley. The composition of the coma was determined 
using ion currents measured by the Neutral Mass Spec-
trometer in the 17.5 amu/e to 21.5 amu/e mass range. 
The 18O/16O ratio in the coma was determined using 
the intensities recorded at masses 19+ and 21+ assum-
ing that there was no contribution from F+, HF+, or 
H2F+ and that no Ne was present [11]. Using these 
assumptions the 18O/16O ratio in the coma of comet 
Halley was determined to be 2130 +/- 180 ppm. While 
[11] claim that this value is “identical to the average 
terrestrial value”, it in fact deviates from the 18O/16O of 
VSMOW by 82 ‰. This observation is important for 
calculating the D/H ratio in Halley’s coma. 

Determination of the D/H ratio in the coma of 
comet Halley relies on several factors including the 
measured ion densities at masses 18+, 20+, and 21+, the 
relative contribution of the H2O+ ion to mass 18+, and 
the 18O/16O and 17O/16O ratios. When calculating the 
D/H ratio, [11] used terrestrial values for both  18O/16O 
and 17O/16O, despite having directly measured the 
18O/16O at various positions within the coma. We have 
recalculated the D/H ratio using the same technique as 
[11] with two exceptions. We used the individual val-
ues for 18O/16O determined at each position in the 
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coma. Furthermore, we assumed that 17O/16O is related 
to 18O/16O via the equation, δ17O = 0.52 * δ18O, which 
is true if the isotopes are separated via a mass-
dependent fractionation process. This treatment not 
only decreases the calculated D/H ratio (from 255 
down to 212 ppm) but also reveals a gradient in the 
D/H ratio with distance from the nucleus. If this gradi-
ent is real, it raises the question: what processes are 
capable of fractionating the isotopes of H during this 
process? 

Our entire knowledge about the chemical composi-
tion in cometary nuclei is tied to studies of the coma 
composition. In the past the question has been raised, 
whether, and how closely, observed D fractionations in 
the coma actually represent the conditions in the nu-
cleus. In the absence of surface probes, it has generally 
been assumed that the D/H ratio measured spectro-
scopically in the comet coma is identical to that in the 
comet ice. [12] developed a simple model of sublima-
tion from a cometary surface. Their results provide a 
strong indication that significant isotopic fractionation 
may occur during cometary sublimation in the inner 
solar system. If so, any inferred consequences for solar 
nebula models and the origin of terrestrial volatiles 
must be viewed with caution. 

Experimental Study:  In light of the importance in 
understanding the bulk D/H ratio in cometary ices and 
the questions raised as to the relationship between this 
value and the HDO/H2O ratio in cometary coma, we 
performed an experimental study of ice sublimation 
under conditions relevant to the surface of a comet in 
the inner solar system. Our experimental results 
strongly suggest that the interpretations of measure-
ments of the HDO/H2O ratio in the coma are oversim-
plified. In addition, we have discovered some impor-
tant, fundamental aspects of the mechanism of water 
ice sublimation in a vacuum.  

We have observed a systematic increase in the D/H 
ratio of the vapor relative to the bulk composition for 
experiments using pure ice with small ice grain sizes. 
In these samples deuterated water molecules are able 
to diffuse relatively rapidly downward into the sample 
as the result of the many grain boundaries present. We 
have also performed experiments in which the D/H 
ratio of the vapor oscillates around the bulk composi-
tion. In these experiments, the ice was frozen slowly to 
produce large crystals and minimal grain boundaries. 
Finally, in experiments that contain a significant dust 
component, arguably the most realistic simulation of a 
comet surface, the D/H ratio in the vapor phase is de-
pleted by as much as 70% relative to the bulk starting 
composition. Thus, depending on the experimental 
parameters, the vapor liberated from the icy surface 

can be enriched, depleted or equivalent in D/H relative 
to the bulk starting composition. Therefore, we con-
sider it highly unlikely that the D/H ratio observed as 
HDO/H2O in cometary nuclei is representative of the 
bulk D/H ratio in the nucleus.  

The second major result of our study is that we 
have discovered a previously unreported and funda-
mental characteristic about the sublimation behavior of 
ice into a vacuum. In particular, we have observed the 
development of significant outbursts of vapor from a 
system which occur quasi-periodically. These bursts 
are accompanied by a significant (~10 degree) drop in 
the surface temperature of the sample. The decrease in 
temperature is consistent with transfer of energy to 
compensate for the latent heat of sublimation. The 
most D-enriched vapors are liberated during these 
pressure bursts. 

Based on re-analysis of the Halley data and our ex-
perimental results we conclude that the reported D/H 
ratios in cometary comae are not robust. This is due in 
part to the fact that HDO and H2O not measured simul-
taneously in ground-based observations. In addition, 
analyses of data from the NMS on Giotto are subject to 
questionable models and assumptions. Our experi-
ments show that, depending on environmental condi-
tions, vapor liberated from a sublimating cometary 
nucleus can be enriched, depleted or equivalent in D/H 
relative to bulk composition. Therefore, it is highly 
unlikely that the D/H ratio observed in a cometary 
coma is representative of the bulk D/H ratio in the nu-
cleus. In every experiment performed, large pressure 
bursts were observed that correlate with a large de-
crease in the surface temperature of the sample. This 
phenomena is a fundamental characteristic of ice sub-
limation and is likely the cause of the massive out-
bursts observed from cometary nuclei. 

References: [1] Wagoner, R. V. et al. (1967).  As-
trophysical Journal 148, 3-49. [2] Epstein, R. I. et al. 
(1976). Nature 263, 198-202. [3] Criss, R. E. (1999) 
Principles of Stable Isotope Distribution. Oxford Uni-
versity Press [4] Geiss, J. and H. Reeves (1981). As-
tronomy and Astrophysics 93, 189-199. [5] Duncan, 
M. (1987) Astronomical Journal 94, 1330-1338. [6] 
Bockelee-Morvan, D. et al. (1998) Icarus 133, 147-
162. [7] Meier, R. et al. (1998). Science 279, 842-844. 
[8] Geiss J. and Gloecker G. (1998) Space Science 
Reviews 84, 239-250. [9] Drouart, A. et al. (1999). 
Icarus 140, 129-155. [10] Laufer, D. et al. (1999) 
Icarus 140, 446-450. [11] Eberhardt, P. et al. (1995) 
Astronomy and Astrophysics 302, 301-316. [12] Po-
dolak, M. et al. (2002) Icarus 160, 208-211. 
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Approaching Interplanetary Dust Physical Properties, from Light Scattering and Thermal
Observations and Simulations.  A.C. Levasseur-Regourd1 and J. Lasue1, 1Université Paris VI and
Aéronomie CNRS-IPSL, BP3, 91371 Verrières, France, aclr@aerov.jussieu.fr.

Introduction:  Interplanetary dust particles
physical properties (morphology, porosity, size
distribution, albedo) are a clue to their origin and
evolution. They are approached through (a few) in
situ data, and through observations of the solar light
they scatter (specially its polarization) and of their
thermal emission.

Polarization and Temperature: We will first
summarize results on the polarization and
temperature of interplanetary dust particles (in the
ecliptic and for solar distances below 1.5 AU), and
compare them to our present understanding of the
interstellar, cometary and asteroidal dust particles
properties. As confirmed by recent in-situ missions
(to comets and asteroids) and remote observations,
cometary particles are likely to be fragile and porous
aggregates of interstellar dust grains, while asteroidal
particles could be more compact

Numerical Simulations: We will then present
new numerical simulations providing the temperature
and the polarization (obtained through Mie, T-matrix,
DDA and ray tracing routines) for core-mantle
grains, aggregates thereof and prolate spheroids. The
results, obtained for silicates and spheroids, agree
with the laboratory simulations performed on
deposited and levitating particles.

Origin of the Dust Particles: These simulations
are used to build a model of interplanetary dust
particles of cometary (and interstellar) and asteroidal
origin, which fits the observed thermal and
polarimetric properties, and the expected size
distribution of the dust particles. The constraints of
the model on the relative contributions of cometary
and asteroidal particles, as well as its significance for
the origin and evolution of the dust particles will be
discussed.
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CHARACTERIZING THE NEAR-EARTH COSMIC DUST AND ORBITAL DEBRIS ENVIRONMENT 
WITH LAD-C.  J.-C. Liou1, F. Giovane2, R. Corsaro2, P. Tsou3, and E. Stansbery4, 1ESCG/ERC, 2224 Bay Area 
Blvd., Houston, TX 77058, USA, jer-chyi.liou1@jsc.nasa.gov, 2NRL, 3NASA JPL, 4NASA JSC 

 
 
Introduction:  A 10 m2 aerogel and acoustic sen-

sor system is being developed by the US Naval Re-
search Laboratory (NRL) with main collaboration 
from NASA Jet Propulsion Laboratory and the NASA 
Orbital Debris Program Office at Johnson Space Cen-
ter. This Large Area Debris Collector (LAD-C) is ten-
tatively scheduled to be deployed by the US Depart-
ment of Defense (DoD) Space Test Program (STP) on 
the International Space Station (ISS) in 2007. The sys-
tem will be retrieved after one year. In addition to 
cosmic dust and orbital debris sample return, the 
acoustic sensors will measure important impact charac-
teristics for potential orbit determination of the col-
lected samples. The LAD-C science return will benefit 
orbital debris, cosmic dust, and satellite safety com-
munities. This paper outlines the need for a large-area 
cosmic dust and orbital debris in situ experiment such 
as LAD-C, and the expected dust/debris impacts on 
LAD-C during the mission. 

Background:  Cosmic dust particles, or microme-
teoroids, are known to exist throughout the Solar Sys-
tem. The main sources of micrometer-to-centimeter 
sized dust in the inner Solar System are asteroids and 
comets (both long-period and short-period). The 
Earth's accretion rate of cosmic dust is estimated to be 
about 15,000 to 40,000 tons per year [1, 2]. In addition 
to cosmic dust, man-made orbital debris, from mi-
crometer-sized solid rocket motor exhaust and satellite 
breakup fragments to meter-sized retired spacecraft 
and rocket bodies, also occupy the near-Earth space 
from about 100 km altitude up to the geosynchronous 
orbit region [3]. 

Justification:  It is a well-known fact that meteor-
oid and orbital debris impacts represent a threat to 
space instruments, vehicles, and extravehicular activi-
ties. On average, two Space Shuttle windows are re-
placed per mission due to damage caused by meteoroid 
and orbital debris impacts. Of particular significance 
are particles about 50 µm and larger. Particles smaller 
than 50 µm are generally too small to be of concern to 
satellite operations. To have reliable impact risk as-
sessments for critical space assets, a well-defined cos-
mic dust/orbital debris environment is needed.  

The near-Earth cosmic dust flux does not vary sig-
nificantly over time. On the other hand, the orbital 
debris populations in the 50 µm to 1 mm size regime 
are highly dynamic both in time and in altitude. How-
ever, there is a lack of well-designed, large surface 

area in situ measurements to better characterize the 
cosmic dust environment and to monitor the fast-
changing small orbital debris populations since the 
return of the Long Duration Exposure Facility (LDEF) 
in 1990. There is a need for an updated mission. 

Analyzing the chemical composition of the col-
lected cosmic dust can provide clues to the origin and 
formation of the Solar System. The information also 
leads to a better understanding of the on-going physi-
cal processes (collisions, etc.) that their parents are 
going through. Many cosmic dust particles have been 
collected from the stratosphere and analyzed for their 
compositions [4]. However, a reliable dynamical link 
has not been established for any collected sample. The 
combined LAD-C acoustic sensors [5] and aerogel 
collectors [6] are designed to measure impact parame-
ters (impact time, location, speed, direction) for large 
particles. With the information, the orbits of some of 
the collected samples can be determined for possible 
source identification. 

What to expect:  The expected number of cosmic 
dust and orbital debris impacts on LAD-C depends on 
the location of the system on ISS and the orientation of 
the detection surface. Both the location and orientation 
are limited by engineering constraints and the require-
ment to avoid significant ISS waste contamination. To 
maximize the science return for cosmic dust and or-
bital debris, careful planning is needed. Preliminary 
analysis indicates that a starboard/port-facing orienta-
tion will yield the most debris impacts while maintain-
ing a high-level of cosmic dust impacts. In addition, a 
significant portion of orbital debris impacts on a star-
board/port-facing surface will have impact speeds less 
than 7 km/sec, where the impact characteristics are 
better understood and the tracks embedded in aerogel 
are better preserved.  

References: 
[1] Grün et al. (1985) Icarus, 62, 244-272. [2] Love 

S. G. and Brownlee D.E. (1993) Science, 262, 550-
553. [3] Technical Report on Space Debris (1999), 
Scientific and Technical Subcommittee of the United 
Nations, United Nations Publication No. E.99.I.17. [4] 
Analysis of Interplanetary Dust (1994), AIP Confer-
ence Proceedings 310 (Eds. Zolensky et al). [5] Cor-
saro, R. et al. (2004) NASA Orbital Debris Quarterly 
News, Vol 8, Issue 3, 6-7. [6] Tsou, P. et al., (2003) 
JGR, 108, 10.1029. 
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Deep Impact and Comet 9P/Tempel 1 : From Evolved Surface to Interior Primeval Dust 
C. M. Lisse Johns Hopkins University Applied Physics Lab, Laurel MD 20723 
(carey.lisse@jhuapl.edu) 
 
The Spitzer Space Telescope, the NASA/IRTF 3m and the Gemini 8m on Mauna Kea, and the 
Deep Impact HRI-IR used infrared imaging and spectroscopy to observe the rendezvous and 
impact of the NASA Deep Impact spacecraft before, during, and after the DI impactor hit the 
comet on July 4, 2005. 
 

Mid-infrared (16 um) images of the comet before the impact using the 
Spitzer IRS peakup camera showed a normally active comet streaming 
dust from its nucleus into interplanetary space. (Figure 1). The size of this 
mid-infrared image of the heat radiation emitted by the outflowing dust is 
40,000 km wide by 60,000 tall. The kind of dust seemed typical, about 
the size of fine sand, and its flow into space typical, first in all directions, 
then pushed back by the pressure of the Sun’s light backwards into the 
comet’s tail. IR images from the ground showed a similar morphology. 
HRI-  

 
 

Figure 1   mapping of the comet from the spacecraft detected a low level of dust emission. 
 
 
At impact, things changed dramatically (Figure 2). From the spacecraft, a huge fog of fine 
particles with high optical depth was seen. The particles completely obscured the impact site. 
From Spitzer, in the first 10 hours, two different streams of material were seen to flow out of the 
nucleus region and into space, in the SW direction. The first outburst coincides with the fast 
plume of hot gas and dust that was created when the DI impactor hit the comet and vaporized, 
then blew back out the hole it bored in the surface of the comet. The second, slower outburst is 
due to the larger solid material excavated by the shockwave of the impact. 
 
Figure 2 

 
 
From the ground, a sharp rise in the IR flux was seen at the time of impact, with multiple 
inflection points due to the flash, plume, and ejecta. 
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Preliminary spectroscopic chemical analysis of the ejected material at 23 hours before impact 
and 0.6 hours after impact shows a remarkable change in the outflowing material, with chemical 
signatures as pronounced as was seen in the spectrum of the extraordinarily active comet Hale-
Bopp by the European Infrared Space Observatory in 1996. Before impact, the outflowing dust 
appears to be typical of other low activity, near-Sun comets, with temperature about 240 Kelvin 
and the faint signature of the presence of large, amorphous pieces of silicate materials, materials 
that form rocks on Earth. After impact, there is a new, strong signature of highly crystalline 
silicates, due to dust particles with the extremely fine consistency of talcum powder, signifying 
that the DI experiment has released material from the comet similar to the dust found between 
stars in our galaxy. There is also the signature of water ice, gaseous water, and carbonate solids, 
like limestone, which can be formed in materials with water, silicates, and carbon dioxide. 
Evidence for solid CO2 ice and solid organic grains (PAHs) is surprisingly weak, although a 
large amount of CO2 gas and organic material was seen by the DI spectrometer at the comet, and 
these species may be obscured from detection by the extremely strong silicate signature. There 
are also some new, unidentified features which may be new to mid-IR spectroscopy of comets.  
 
The overall temperature of the outflowing material appears to be very mild for such a violent 
event, about 325 degrees Kelvin from the Spizter continuum, a finding corroborated by the 1-5 
um DI spectrometer at the comet and high time resolution NASA/IRTF 3m 0.8 - 2.5 um 
observations from Mauna Kea. Assuming that the dust has not had time to cool since the impact 
of the DI spacecraft, this slightly elevated temperature (LTE = 230 K) temperature is too low to 
alter the dusty materials seen in the ejecta from amorphous to crystalline– temperatures of 
~1000K are required for many hours. If the dust was also not shock processed, as seems likely 
from Deep Impact models of crater excavation on the comet, then remote observations are  
directly measuring pristine cometary material from inside the comet, material that has been 
locked away since the beginnings of the solar system, and which holds clues to how the planets 
formed. 
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NEW OBSERVATIONS OF THE KINEMATICS OF THE ZODIACAL DUST CLOUD.  G. J. Madsen1, R. J.
Reynolds2, S.I. Ipatov3, A. S. Kutyrev4, J.C. Mather4, and S.H. Moseley4, 1Anglo-Australian Observatory, P.O. Box
296, Epping, NSW 1710, Australia, madsen@aao.gov.au, 2Univ. of Wisconsin – Madison, Madison, WI, 53711,
3Univ. of Maryland, College Park, MD 20740, 4NASA/GSFC, Greenbelt, MD, 20771.

Introduction: The motion of interplanetary dust
particles contains important information about the
origin, distribution, and evolution of the cloud in
which they move.  At optical wavelengths, dust with
radii ~10-100µm that lie within ~3 AU of the Sun
scatters the incident solar radiation to produce
zodiacal light, and the relative motion of the dust
modifies the location and shape of solar spectral lines
[1-2]. The fraction of zodiacal dust with cometary or
asteroidal origin is not well constrained at present [3],
and the kinematics of these two components may
shift the velocity and widths of the spectral features
in unique ways.

However, the low surface brightness of zodiacal
light has, until recently, limited the observability of
this effect, requiring a combination of high sensitivity
and high spectral resolution.  Here, we report on new
measurements of scattered solar Mg I λ5 1 8 4
absorption line in zodiacal light with the Wisconsin
H-Alpha Mapper (WHAM), and compare the
observations with predictions from dynamical models
of the zodiacal dust cloud.

Observations:  WHAM consists of a 15cm, dual-
etalon Fabry-Perot spectrograph coupled to a 0.6m
siderostat, and produces an average spectrum over a
1o circular field of view with a 12 km/s resolution
within a 200 km/s spectral window. It is specifically
designed to detect faint, diffuse optical light [4]. We
have recorded spectra centered on the Mg I line at

Figure 1: Velocity centroid of the scattered solar Mg
I line as a function of solar elongation, with several
models overlaid.

5183.6Å toward 49 directions along the ecliptic
equator, with two directions at high ecliptic latitude
[5]. We identified and removed several weak
atmospheric emission lines that probably affected the
results of previous investigations [6-7]. The line
centroid, width, and area were measured for each
spectrum. Figure 1 shows the change in velocity
centroid with solar elongation for directions along the
ecliptic equator.  Figure 2 compares an average of
several spectra taken toward the north ecliptic pole
with an unperturbed twilight spectrum, demonstrating
the high resolution and sensitivity of the
observations. We see that the width of the line near
the pole is broadened by 15-20 km/s relative to the
solar line, suggesting that a significant number of
particles follow orbits with inclinations up to 40o [5].
Somewhat less, but still significant, broadening is
also observed along the ecliptic equator, including
the antisolar direction. This implies particles with
non-circular orbits [5].

Figure 2: Spectrum of the twilight sky (red) and the
zodiacal light toward the north ecliptic pole (circles),
centered near the Mg I λ5184 line. The abscissa is in
mill-Rayleighs per km/s.

Comparison to Models: The shape of the
observed line profiles is determined by the population
of dust particles of varying size, radial distance,
scattering function, and relative motion along the line
of sight.  We compare our observations with
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dynamical models of the zodiacal dust cloud in order
to constrain the orbital properties of the particles
which comprise the cloud. We consider a number of
published models that make specific observable
predictions, particularly for the change in velocity
centroid with elongation angle.

Some of the models that compare favorably to the
data are shown in Figure 1. The solid black line is a
fit to a model from Hirschi & Beard [8].  This model
describes particles on prograde, elliptical orbits with
eccentricities uniformly distributed between 0 and 1,
with randomly distributed perihelions. Their model
did not include the influence of radiation pressure,
and the particles were confined to the ecliptic plane.
The model fits the centroid data well, but strongly
overestimates the width of the lines.  The inclusion of
radiation pressure and/or inclined orbits could
provide a better match to the observations [5,9].

The colored lines in Figure 1 are models from
Ipatov et al. [10-11], which trace the motion of
different populations of dust particles subject to
gravity, radiation pressure, and drag forces. The
individual lines represent particles with asteroidal
and various cometary trajectories, with a ratio of
radiation pressure to gravitational force of 0.002. We
find that a better match is provided by the cometary
particles on inclined, eccentric orbits compared to the
asteroidal particles.  We note that none of the models
with trans-Neptunian particles match the data and are
omitted for clarity.

Summary and Future Work: Observations of
scattered solar absorption lines in the zodiacal light
are a powerful technique for exploring the kinematics
of the zodiacal dust cloud.  Our data are fit well by
models that contain particles on elliptical orbits that
are inclined to the ecliptic plane.  This suggests that
most of the dust in the zodiacal cloud has a cometary
origin [3].

Higher signal-to-noise observations covering a
larger fraction of the ecliptic sky, that include other,
more intrinsically narrow, absorption lines will
provide a more complete picture of the kinematics of
the zodiacal dust cloud. New dynamical models that
explore a wider range of dust parameters can provide
strong, quantifiable constraints on the nature of the
zodiacal dust cloud when compared to the
observations.
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DYNAMICS OF THE DUST GRAINS IN THE SATURN’S RINGS 
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Department of Space Physics, National University of Mexico, C.P. 04510, Mexico City 
e-mail: affabeca@avantel.net , fax: (525) 550 24  86 

 
 
Saturn's magnetosphere contains numerous sources of neutral gas. The neutral gas 
can become ionized and contribute to the thermal plasma and radiation belt particle 
populations. In particular, sputtering by charged particle and meteoroid bombardment 
of material from the rings and the surfaces of Saturn's icy moons is believed to create 
an extensive neutral cloud of water molecules and water dissociation products in the 
inner magnetosphere that seeds it with water product ions.  
 
In order to explain the dynamics of the dust grains in the Saturn’s rings as a source of 
particles for the magnetosphere we developed a model which considers that the 
gravitational field (for neutral dust grains) and the electric field (for charged dust 
grains) have a stochastic behavior simulated by a Monte Carlo Method. 
 
Our results show that the neutral dust grain located in the E-Ring, gains approximately 
1% of its initial energy. In the Cassini Division the energy remains unchanged. In the 
B-Ring, the neutral dust grain losses ~90% of its initial energy. The charged dust 
grains are accelerated to reach higher velocities. 
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ADVENTURES IN GRAVITATIONAL FOCUSING.  M. J. Matney, NASA Johnson Space Center, 2101 NASA 
Parkway, Mail Code KX, Houston, TX, USA, 77058, mark.matney-1@nasa.gov 
 

 
Abstract: The forces of gravity near a planet can 

have a profound effect on the flux, speed, and 
directionality of meteoroids in space.  This 
gravitational focusing effect selectively intensifies 
low-velocity meteoroid fluxes relative to high-
velocity ones.  This effect can lead to biases when 
using fluxes measured within a planet's gravitational 
field to understand the meteoroid sources away from 
the planet in interplanetary space.  However, this 
effect can also be used creatively to extend and 
enhance the capability of orbiting sensors.  In this 
paper, I review the Liouville method for computing 
gravitational focusing originally outlined in Matney, 
2002 [1].  Then, I present examples of how planetary 
gravity affects meteoroid fluxes on spacecraft.  I 
conclude with ideas and examples on how spacecraft 
experiments can be designed to use a planet's gravity 
as a giant "lens" to aid in the detection and 
identification of meteoroid sources. 

References: [1] Matney, M. J. (2002) Dust in the 
Solar System and Other Planetary Systems, COSPAR 
Colloquia Series Vol. 15, 359-362. 
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OXYGEN ISOTOPE MEASUREMENTS OF BULK UNMELTED ANTARCTIC MICROMETEORITES. G.
Matrajt, Department of Astronomy, University of Washington, Seattle WA, 98195 (matrajt@astro.washington.edu), Y. Guan, L.
Leshin,Department of Geological Sciences, Arizona State University, Tempe AZ, 85287, S. Taylor,U.S. Army Cold Regions
Research and Engineering Laboratory, Hanover, NH, 03766, M. Genge,Department of Earth Sciences and Engneering, Imperial
College London, London UK, D. Joswiak, D. Brownlee,Department of Astronomy, University of Washington, Seattle WA, 98195.

Introduction:
Studies of oxygen isotopic compositions of meteorites
including lunar and Mars meteorites, have provided criti-
cal insights into the processes that formed the early Solar
System (for a review see [1]). The isotopic composition
of small particles (micrometeorites and IDPs) should
also provide insight into these processes. However, few
studies exist of oxygen isotopic compositions of mi-
crometeorites. Most studies have analyzed melted mi-
crometeorites (also known as cosmic spheres) from the
deep sea [2,3] or Antarctic ice [4, 5, 6]. Only individual
phases of unmelted micrometeorites, such as silicates
[7,8] and refractory grains [9] have been analyzed for
oxygen isotopes. In this study we measured the oxygen
isotopic composition of 28 unmelted Antarctic microm-
eteorites studied as whole particles and compared their
ratios to the values measured in melted micrometeorites
as well as in CIs chondrites. We use the comparison to
discuss the possible origin of these micrometeorites.

Samples and Methods:
The micrometeorites were collected in the South Pole
water well [10]. For this study we selected unmelted
micrometeorites from the 150-250µm size fraction. All
the black particles with irregular shapes were mounted in
crystalbond. After sectioning and polishing, the mounts
were surveyed using a scanning electron microscope
(SEM) and Energy-Dispersive X-ray (EDX) analyzer.
The SEM micrographs were used to classify the mi-
crometeorites and the EDX data were used to identify
chondritic particles.
In preparation for the isotopic measurements, the mi-
crometeorites were removed from thecrystalbondusing
acetone. Each micrometeorite was then pressed between
two tungsten carbide plates to make it as homogeneous
and flat as possible. The particles were then pressed
into gold. The samples were analysed for their oxygen
isotopic compositions using the Secondary Ion Mass
Spectrometry (SIMS) technique, with a CAMECA IMS
6f ion microprobe at Arizona State University. Analyti-
cal spots of about 20µm in diameter, producing craters
of about 1-2µm in depth, were randomly made on the
particle’s surface. The analytical uncertaintity obtained
during this study is less than 3h. Chunks of San Carlos
olivine were used as a standard for the calibration of the
analytical instrument.

Results:
The micrometeorites were classified as fine-grained, sco-
riaceous, coarse-grained and composite (a mix of two
other classes) and particles of each type were selected
for ion microprobe analyses. In figure 1 we plot the
average oxygen isotope values for each particle. The

Figure 1:Oxygen three-isotope plot of the averaged values obtained
during two runs and over several spots. The points have been plot-
ted according to the type of particle. Squares: coarse-grained; dia-
monds: fine-grained; triangles: scoriaceous and circles: composite
particles. The cross represents2σ error, the uncertainty due to instru-
mental mass fractionation.

measured oxygen isotope values range fromδ18O= 3
to 60 h and δ17O= -1 to 32h, and fall, within 2σ
error, along the terrestrial fractionation line (TFL) of
slope 0.52. Individual oxygen isotope measurements
vary both among the micrometeorites and within a sin-
gle micrometeorite (from -1.2 to 34.6h) suggesting that
these micrometeorites are isotopically heterogeneous.

Figure 2: Oxygen three-isotope plot of the values obtained during
this study, compared to the data from other studies on melted microm-
eteorites. Pink squares: this study; blue diamonds: silicate spheres
[6]; red circles: deep sea iron spheres [3]; green triangles: deep sea
stony spheres [3]; brown squares: stony spheres [5].

In general, the lightest isotope values are associated
with the coarse-grained micrometeorites (δ18O ≤ 25h)
whereas most of the fine-grained and scoriaceous mi-

Workshop on Dust in Planetary Systems 2005 4060.pdf



crometeorites haveδ18O≥ 18h (Fig. 1). This suggests
that the matrix in MMs is isotopically heavier than the
anhydrous silicate phases. Studies of olivine and pyrox-
ene phenocrysts in MMs show that they haveδ18O values
ranging from -9.9 to 8.0h [7]. Fine-grained microm-
eteorites that plot among the coarse-grained microme-
teorites may contain a higher proportion of anhydrous
silicates. The scoriaceous (δ18O≥ 29h) and some fine-
grained micrometeorites (δ18O≥ 32h) have overlapping
oxygen isotope ranges suggesting that the phases that va-
porize to form the vesicles do not have a large isotopic
effect on the isotopic composition of the micromete-
orite. In Fig 2 is shown a comparison of our data to the
data on melted micrometeorites. Our measurements are
similar to the values found for melted micrometeorites.
Both melted and unmelted micrometeorites studied as
whole particles fall along the TFL withδ18O values in
the range 5 to 90h [3, 5, 6]. This suggests that there
was not significant change in the oxygen isotope ratios
of micrometeorites during their atmospheric entry be-
cause if oxygen exchange was taking place during the
atmospheric entry, then cosmic spherules (completely
melted micrometeorites) would have the highestδ18O
values.

Discussion:
Given that the values ofδ18O presented here are among
the highest reported to date, we needed to address pro-
cesses that could have altered the isotopic composition of
the micrometeorites. We identified four such processes
and discuss them in turn: a) isotopic exchange with
Antarctic water, b) isotopic exchange with the oxygen
in the atmosphere during atmospheric entry, c) atmo-
spheric entry heating or d) instrument error.
Isotopic exchange with Antarctic ice or meltwater would
drive the δ18O to lighter isotopic values because the
averageδ18O of Antarctic water is∼ −50h [11]. Our
data show that the micrometeorites are enriched in18O
indicating no significant effect from the water on the
oxygen ratios measured in these MMs.
Additionally, the oxygen isotope values do not cluster
near the value for air (δ18O= 23.5h [12]), but rather
spread along the TF line (see Fig. 1). This suggests that
the oxygen isotope values are not the result of simple
mixing and/or replacement with atmospheric oxygen.
Also, the lack of a18O rich oxygen source in the high
atmosphere [12, 13] argues against atmospheric oxygen
exchange with our micrometeorites.
Isotopic fractionation due to entry heating (evaporation)
is observed only in a small subset of melted microm-
eteorites [4, 5]. The textures of the micrometeorites
analyzed here indicate that they were not melted. In
addition, our particles are chondritic and any loss of
oxygen due to vaporization would be accompanied by
evaporation of iron, magnesium and silicon [14, 15],
rendering them non-chondritic in composition.
Finally, to ensure that the instrument was working prop-

erly we re-analyzed all the micrometeorites. The repli-
cate measurements were, within analytical uncertainties,
similar to the former measurements despite an upgrade
of the sample stage and slightly different analysis con-
ditions between the two analysis sessions.
We therefore conclude that theδ18O values presented
here accurately represent the isotopic compositions of
the micrometeorites before they entered the Earth’s at-
mosphere. If so, the parent body(ies) of these MMs
has/have a highδ18O compared to other planetary mate-
rials.
The extremely heavy values observed here have not
been reported in previous analyses of chondrite ma-
trix material. Furthermore, the isotopic values found
in these micrometeorites show a wide range. These
observations suggest that micrometeorites (unmelted +
cosmic spheres) are a new type of Solar System ob-
ject not present in the meteorite collections. A similar
conclusion was reached during a detailed study of the
mineralogy of unmelted micrometeorites by [16].
It is worth noting that some of our MMs have oxygen
isotope values laying along the TFL in the same region
where the CI carbonaceous chondrites values are found.
This suggests that these particles could be sampling CI-
like parent bodies. This idea is further supported by
the founding of 9 unmelted micrometeorites that have a
mineralogy almost identical to that of CI chondrites [16].
However, our knowledge of the level of microscale iso-
topic heterogeneity of C chondrite matrices is very lim-
ited and thus it is not yet possible to compare directly the
data presented here with carbonaceous chondrite com-
positions.

Conclusions:
The oxygen isotope data suggest that micrometeorites
are a type of Solar System material not otherwise repre-
sented in our meteorite collections to date. Their parent
body was probably a very friable asteroid (or family of
asteroids) that does not produce rocks upon collision
with other bodies, but rather small particles that are then
captured by the Earth penetrating its atmosphere in the
form of dust.
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CASSINI COSMIC DUST ANALYSER: COMPOSITION OF DUST AT SATURN.  N. McBride1,  
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The Cosmic Dust Analyser (CDA) aboard the Cas-

sini spacecraft has been sampling dust within the Sat-
urnian system since orbit insertion in July 2004. CDA 
consists of two primary subsystems: the Dust Analyser 
subsystem, with instruments capable of measuring 
charge, velocity, mass, low-rate flux and composition 
of dust particles, and the High-Rate Detector (HRD) 
which measures high-rate fluxes of impacting particles 
using a PVDF impact sensing system. The Dust Ana-
lyser uses the characteristics of the plasma generated 
by an impact of a dust particle on a metal target to de-
termine (approximately) particle mass and speed. A 
crucial subsystem of CDA is the Chemical Analyser, 
which uses a discrete central rhodium target section 
within the Dust Analyser. This target is held at 1 kV 
with respect to a mesh grid 3 mm in front of it, produc-
ing a strong electric field that accelerates impact-
generated ions towards an electron multiplier, so de-
livering positive ion time-of-flight mass spectra 
(TOFMS) of impacting particles.  

The Chemical Analyser is now returning thousands 
of spectra from the Saturnian system. For example, 
during a single ring plane crossing (the descending 
ring plane crossing in October 2004), it produced 
nearly 300 TOFMS of E-ring dust particles at a dis-
tance of ~8 RS from Saturn. Interpreting these TOFMS 
can be complicated.  In principle the arrival time at the 
multiplier, of an initially stationary ion, is governed by 
the relation t = b + a√m, where m is the ion mass, b is 
a zero point time offset, and a is a ‘stretch’ parameter 
related to the instrument geometry and field strength. 
However, this behaviour is complicated by the initial 
velocity distribution of the ions, plasma shielding ef-
fects, differing geometries within the instrument, and 
unknown zero-point offsets attributable to triggering 
time differences. In cases where the ion species corre-
sponding to at least two peaks can be identified unam-
biguously, the a and b parameters can be determined 
with reasonable accuracy (enabling spectra to be con-
verted from time to mass space). However the afore-
mentioned effects mean that a given ion species (a 
single m value) will give rise to spectral peaks which 
can vary from very narrow to extremely broad. Fur-
thermore, the peak width and overall peak shape is 
likely to depend also on the impact velocity, mass and 
composition of the dust particle.  

Identification of mass species within the TOFMS 
can be made easier by understanding the ion dynamics 
within the instrument as a whole. This paper presents  
an overview of the Chemical Analyser and discusses 
the effects of the ion dynamics within the instrument 
and how it affects the peak shapes and position. This is 
demonstrated by use of an in-house ion dynamics code 
developed specifically for the CDA instrument (see 
also Hillier et al., this abstract volume). We then pre-
sent TOFMS obtained within the Saturnian system, 
with interpretation of the impacting particles’ 
composition. For example, during the E-ring plane 
crossing during October 2004, we found that the 
particles predominantly consisted of water ice 
(manifesting itself in the TOFMS as hydronium ions, 
with varying numbers of water molecules attached) 
and  minor silicate impurities. Results obtained up to 
September 2005 will be discussed. 

Workshop on Dust in Planetary Systems 2005 4047.pdf



THE NATURE AND HISTORIES OF PRESOLAR DUST GRAINS.  S. Messenger, NASA Johnson Space 
Center, Astromaterials Research & Exploration Science Division, Robert M Walker Laboratory for Space Science, 
Houston TX 77058. scott.r.messenger@nasa.gov 

 
 
Introduction:  Meteorites and interplanetary dust 

particles (IDPs) are repositories for the least altered 
remnants of the building blocks of the Solar System, 
including pre-solar system stardust grains and organic 
compounds that likely formed in a cold molecular 
cloud [1,2].  Stardust identified to date includes grains 
of diamond, Si3N4, SiC, graphite, TiC, Al2O3, TiO2, 
hibonite, spinel, forsterite, and amorphous silicates 
[3,4].  With the exception of nanodiamonds, these 
grains are large enough (>200 nm) to have their iso-
topic compositions measured by secondary ion mass 
spectrometry.  Grains of extrasolar origin are identified 
by isotopic compositions in major and minor elements 
that differ from solar isotopic ratios in some cases by 
orders of magnitude.   

These grains originated from a diversity of stellar 
sources, including red giant and asymptotic giant 
branch stars, novae, and supernovae.  Their isotopic 
compositions show that their parent stars had a wide 
range in mass and chemical composition, requiring 
contributions from dozens of stars.  No single stellar 
source appears to dominate. 

Silicates are the most abundant type of presolar 
grains, but they were only discovered recently because 
of their small size (0.1 – 1.0  µm) and the difficulty in 
locating them among the overwhelming background of 
solar system silicates.  The abundances of silicate star-
dust and other presolar grain types varies considerably 
among different classes of primitive meteorite, gener-
ally following the extent of parent-body metamor-
phism [4].  Silicate stardust is more abundant in anhy-
drous interplanetary dust particles (450 – 5,500 ppm; 
5,6), than in meteorites (<180 ppm; 7).  The greater 
survival of presolar grains in anhydrous IDPs shows 
that these are the least altered remnants of the early 
solar system, and lends support to the view that these 
particles derive from short period comets [8]. 

Presolar silicates: Of the few presolar silicates 
whose mineralogy has been definitively identified by 
TEM, 4 are amorphous silicates including GEMS 
grains, and 2 are olivine grains.  The mineralogy of 
presolar silicates is distinctly different from interstellar 
silicates, that are inferred to be dominantly amorphous 
(>99%) based on the shape of the 10 µm silicate spec-
tral feature [9].  Possible resolutions to this discrep-
ancy are that: (1) the abundances of interstellar amor-
phous and crystalline silicates have been improperly 
derived from the ~10 µm feature [10], (2) most of the 

mass of interstellar silicate grains have been recycled 
through repetitive sputtering and recondensation in the 
ISM, rendering them isotopically homogeneous 
(~solar; 11). 

The uncertainties in the natures and histories of in-
terstellar silicates are major unsolved problems that 
bridge wide-ranging fields in astrophysics.  However, 
the processing of grains in the interstellar medium and 
the solar nebula have distinct and observable conse-
quences.  Because the extremely low density of the 
diffuse ISM, grains are unlikely to condense directly, 
but gradual atom mixing between grains, as proposed 
in [11] is possible.  If this is the case, the average 
chemical compositions of all interstellar grains are 
expected to become homogenized.  Secondly, the iso-
topic compositions of individual homogenized inter-
stellar grains will become less distinct.   

Because the isotopic composition of typical grains 
from evolved stars are originally extremely exotic, 
interstellar grains polluted by extensive ion-mixing 
may retain detectable isotopic signatures [12].  The 
future challenge of identifying grains that largely 
formed in the interstellar medium from remnants of 
earlier generations of stardust will require measuring 
the major and minor chemical compositions and pre-
cise isotopic abundances on the scale of individual 
submicrometer grains. 
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Laboratory Study of Presolar Materials, T. J Bernatowicz 
and E. Zinner, Eds. (AIP Conf. Proc. 402, American Inst. of 
Phys. Woodbury, NY, 1998). [2] Messenger S. (2000) Na-
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K. K. Turekian, H. D. Holland, v. e. A. M Davis, Eds. (El-
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Meteorites and the Early Solar System, J. Kerridge and M.S. 
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Protoplanetary Disk. 
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A CCD SEARCH FOR THE DUST TRAIL OF DRACONID PARENT COMET 
21P/GIACOBINI-ZINNER. Naoya MIURA1, Masateru ISHIGURO2, Yuki SARUGAKU, 
Fumihiko USUI, Munetaka UENO. 1Graduate School of Arts and Sciences, University of Tokyo, Tokyo 
153-8902, Japan, miura@zodi.c.u-tokyo.ac.jp, 2Institute of Space and Astronomical Science, 3-1-1 
Yoshidamachi, Sagamihara, Kanagawa 229-8510, Japan, ishiguro@planeta.sci.isas.jaxa.jp 

 
Introduction: Meteor streams occur when the 
Earth happen to enter a small portion of cometary 
dust trails. Hence we had rare chance to 
investigate the cometary dust trails during the 
meteoric streams. Infrared Astronomical Satellite 
(IRAS) discovered the thermal radiation from the 
particles in the dust trails, and it provided the 
unique way to obtain a synoptic view of 
wide-spread cometary debris [1].  Using the 
infrared images, it is possible to establish the 
intimate dynamical model of dust trails [2].  
State-of-the-art technologies of data analysis and 
observing system have opened up the new 
opportunities to investigate the dust trails from the 
ground; Ishiguro et al. succeeded to detect the 
scattered sunlight by the dust trail particles of 
22P/Kopff using the ground-based telescope with 
optical CCD camera [3].  The time comes to 
study the dust trails at any time with inexpensive 
astronomical instruments. 
The Draconids show periodic activities, and they 

produced twice spectacular meteor storms in 1933 
and 1946.  Their parent comet is 
21P/Giacobini-Zinner, which is thought to be 

unusual in the chemical composition [4].  It 
belongs to the group of “depleted” comets 
characterized by low abundances of carbon in the 
gas phase. It is likely that organics may be in the 
dust phase. 
Observations: We searched a faint scattered light 
from meteoroids of 21P/Giacobini-Zinner using 
UH 2.24-m telescope and Kiso 1.05-m Schmidt 
telescope. The instruments consist of 8kCCD 
camera with R-band filter (UH88 run) and 2K 
CCD camera with R-filter (Kiso run). 
Observations were carried out at UH88 on 2004 
May 23 and at Kiso between 2005 May 2 and 14. 
The perihelion passage of this comet is on 2005 
July 2. Both UH88 and Kiso data were obtained 
under the photometric condition. 
Results: Size of the dust particles can be 
identified by beta, the ratio of solar radiation 
pressure to gravity.  No significant enhancement 
of the brightness on the line of beta<10-3 

(assuming the spherical particles with mass 
density of 1.0 g/cc, the diameter is larger than 
1mm grains). In this presentation we discuss the 
reasons of our negative results. 

 

 
Obtained image of 21P/Giacobini-Zinner taken by 2K CCD camera attached to Kiso Schmidt 

 
References: [1] Sykes M.V. and Walker 
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(1995) , Icarus, 118, 223-227. 
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TOF spectrometry of hyper-velocity dust impacts and laser ionization. 
A. Mocker (amocker@galileo.mpi-hd.mpg.de)

Dust detectors onboard interplanetary space missions are often based on impact ionization of
hyper-velocity dust impacts. In order to calibrate those instruments the ion formation of the im-
pact plasma is investigated. The plasma parameters and the ion yield are measured using a linear
time-of-flight mass spectrometer.

To cover a sufficiently wide energy range for the simulation of dust particle impacts the impact
experiments at the Heidelberg dust accelerator should be supplemented with a laser ionization
experiment. Therefore it is necessary to investigate the properties of dust impact properties and
laser ablation with respect to their comparability, and, if there is one, to determine which laser
beam properties (i.e. energy) correspond to those of special dust particles.

For this purpose measurements with a wide variety of target materials, like rhodium, silver and
various silicates, have been done for both dust impacts and laser ablation with the very same
experimental set up.

The characteristics of both by the impact and the laser ablation generated plasma, such as the

• ion yield

• estimated ion temperature

• energy distribution of the ions

• appearance of individual species of ions in the time-of-flight mass spectra

• shifting of the time-of-flight mass spectra

and i.e. their dependence on the impact or laser energy, the densities and crystal properties of the
target are investigated.

Afterwards the results of these investigation are compared with the predictions of models for
impact ionisation and laser ablation to get a better understanding of this processes.
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Generated dust impact charge measurements by Cassini’s Dust
Instrument, CDA

G. Moragas-Klostermeyer1, R. Srama1, S. Kempf1, S. Helfert1,
M. Roy2, M. Burton2, N. Altobelli2, V. Dikarev1, H. Krüger3, E. Gr̈un1,3

1MPI for Nuclear Physics, Heidelberg, Germany;2JPL , Passenda/California, USA;
3MPI for Solar System Research, Katlenburg-Lindau, Germany;4HIGP - University of Hawaii, Honolulu, USA

Abstract

After Cassini’s Saturn Orbit Insertion on the first of July
2004 CDA [Srama et al., 2004a] - the Cosmic Dust An-
alyzer instrument onboard the Cassini spacecraft - has
recorded many ten thousand dust impacts. Especially dur-
ing the Saturn’s E-ring plane crossings (29 until now) the
majority of the impacts occured. The considered region is
inside Titan’s Orbit at 20 Saturn’s Radii and has a height
variation (Figure 1) of several Saturn Radii around the sat-
urnian ring plane. CDA is an impact ionization detector
that measures the charge released from a hypervelocity
impact of typically micron sized dust particles. The instru-
ment has an impact target of0.1m2 sensitive area and a
wide field-of-view. The dust impact charge released range
from 10−15 C to10−08 C.

The impact rates range from10−3 to À 1 impacts per
second during the E-ring crossings. Due to the roll of the
Cassini spacecraft during some crossings CDA scans a
wide range of impact directions. Additionally the instru-
ment and measurement configuration in terms of thresh-
old levels, shrinking and spacecraft pointing was taken
into account. Both the impact charge amplitude distribu-
tion and the impact rate is determined at various positions
in the E-ring and at different pointing directions.

Different moments of the impact charge distribution
like the cumulative number of charges or rates should help
to provide informations for a possible cross-calibration
with other instruments on Cassini. One instrument is
the Radio and Plasma Wave Science Instrument (RPWS)
which records charges released by dust impacts on the
Cassini surface as like the PRA Instrument did this on
Voyager I and II [Meyer-Vernet et al., 1996 & 1998; Gur-
nett et al., 1983].

Figure 1: CDA dust impacts - Height above ring plane
against radial distance to Saturn’s Masscenter
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SIGNATURES OF PLANETS IN DEBRIS DISKS.  A. Moro-Martín1, R. Malhotra2 and S. Wolf 3, 1 Department 
of Astrophysical Sciences, Peyton Hall, Princeton University, NJ 08544, US; amaya@astro.princeton.edu; 
2Department of Planetary Sciences, University of Arizona, 1629 East University Boulevard, Tucson, AZ 85721, US; 
3Max-Planck-Institute fur Astronomie, Konigstuhl 17, 69117, Heidelberg, Germany. 
 
 
Abstract: Main sequence stars are commonly 
surrounded by debris disks, formed by cold far-IR-
emitting dust that is thought to be continuously 
replenished by a reservoir of undetected dust-
producing planetesimals. This indicates that 
plantesimal formation is a common by-product of the 
star formation process. In a planetary system with a 
belt of planetesimals (like the Solar System's Kuiper 
Belt) and one or more interior giant planets, as the 
particles spiral inward due to Poynting-Robertson 
drag they can get trapped in the mean motion 
resonances with the planets. This process can create 
structure in the dust disk, as the particles accumulate 
at certain semimajor axes.  Sufficiently massive 
planets may also scatter and eject dust particles out of 
a planetary system, creating a dust depleted region 
inside the orbit of the planet, a feature that is 
commonly found in many of the spatially resolved 
debris disks observed so far. We have studied the 
efficiency of particle ejection and the resulting dust 
density contrast inside and outside the orbit of the 
planet, as a function of the planet's mass and orbital 
elements and the particle size. We discuss its 
implications for exo-planetary debris disks and for 
the interpretation of in-situ dust detection 
experiments on space probes traveling in the outer 
solar system. 
 

 
Figure 1: Trajectories of KB dust particles after 
scattering by Jupiter. 
 
Because the debris disk structure is sensitive to long 
period planets, complementing a parameter space not 
covered by radial velocity and transit surveys, its 
study can help us learn about the diversity of 
planetary systems. In anticipation of future high-
resolution high-sensitivity observations of spatially 
resolved debris disks with e.g. ALMA, LBT, SAFIR, 
TPF and JWST, we numerically calculate the 3-D 
equilibrium spatial density distributions of dust disks 
originated by a belt of planetesimals similar to the 

Kuiper Belt in the presence of interior giant planets in 
different planetary configurations (with planet masses 
ranging from 1-10 MJup in circular orbits with 
semimajor axis between 1-30 AU). For each of these 
modeled disks we use a radiative transfer code to 
obtain their brightness density distributions at 
different wavelengths that will help us interpret 
future observations of these dusty  ``fingerprints'' in 
terms of planetary architecture.  
 
Presently, the Spitzer Space Telescope is carrying out 
observations of debris disks most of which are 
spatially unresolved. It is interesting therefore to 
study how the structure carved by planets affects the 
shape of the disk's spectral energy distribution (SED), 
and consequently if the SED can be used to infer the 
presence of planets. Using the same numerical 
models mentioned above we have calculated the 
SEDs of dust disks originated by a belt of 
planetesimals in the presence of interior giant planets 
in different planetary configurations, and for a 
representative sample of chemical compositions.  We 
discuss what types of planetary systems can be 
distinguishable from one another and the main 
parameter degeneracies in the model SEDs. 
 

 
 
Figure 2: Possible degeneracy between the grain 
chemical composition and the location of the planet 
clearing the gap. High resolution images are needed 
to resolve the degeneracy.  
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OPTICAL PROPERTIES OF LARGE AGGREGATES.  T. Mukai1 and Y. Okada1, 1Graduate School of 
Science and Technology, Kobe University, Nada, Kobe 657-8501, Japan (mukai@kobe-u.ac.jp and dat0107@kobe-
u.ac.jp). 
 
 

Introduction:  It is widely accepted that the 
comets supply large (about mm-size) grains, as seen 
in cometary dust trails (see, e.g. [1]). Furthermore, 
the existence of such large grains in circumstellar 
dust disk has been reported [2], i.e. the centimeter-
size grains in TW Hydra observed at a wavelength of  
3.5 cm. 

Since it is natural to assume that the dust grains in 
space are irregularly shaped aggregates, the studies of 
optical properties of these aggregate become 
important scientific subject. Discrete Dipole 
Approximation (DDA) is a popular numerical 
method to calculate the optical properties of 
aggregates [3], as well as Mie theory associated with 
Maxwell-Garnett mixing rule (MG-Mie) [4]. 
However, it is known that DDA is not applicable for 
large aggregate because the number of monomers is 
beyond the limitation of computer resource. That is, 
the aggregate with an equivalent volume of 2 mm 
sphere consists of 8x1012 monomers of a radius of 0.1 
micron.  

In this paper, we will show our trial to study the 
optical properties of large aggregate with size larger 
than mm. The light absorption cross section Cabs of 
such large aggregate and its resulting temperature in 
the interplanetary space will be discussed. 

Numerical Simulation:  For the form of 
aggregate, we use the fractal aggregate called as 
BPCA (ballistic particle-cluster aggregate). We keep 
the structure of BPCA consisting of 2048 monomers, 
but increase the monomer radius to treat a large 
aggregate.  

For small monomer, DDA has been applied to 
calculate the value of Cabs. On the other hand, the 
geometrical optics (GO) has been used to calculate 
Cabs of BPCA aggregate based on the ray tracing of 
incident light where each monomer has a size larger 
than a wavelength (0.6 micron) of incident light (see 
Fig. 1 and [5]). In the middle size region of monomer 
radius, MG-Mie has been applied. 

As shown in Fig.2, the computed values of Cabs 
derived by different methods show good agreement 
in the over-lapping region of monomer radius. 
Therefore, we assume that GO method will provide 
the reasonable value of Cabs for large aggregate 
consisting of large monomers.  

 
 

 

BPCA

Incident ray

absorption in the particle

 
Fig.1  Ray tracing of incident light based on the 

geometrical optics for BPCA consisting of larger 
monomer compared with the wavelength of incident 
light.  

 
 

0.001 0.01 0.1 1 10 100

10
-6

10
-3

10
0

10
3

10
6

Monomer radius : rm [µm]

C
ab

s [
µ

m
2
]

DDA
MG-Mie
GO

rm
2

N=2048, BPCA
m=1.48 + i2.9*10

-5

=0.6 λ µm

 
Fig.2. The computed results of light absorption 

cross section Cabs of BPCA aggregate consisting of 
2048 monomers with different monomer radius. 

 
Results: Referring to the derived values of Cabs 

at wavelengths from 0.2 micron to 300 micron, we 
have calculated the temperature of 2 mm silicate 
aggregate consisting of 2048 monomers with 
monomer radius of 155 micron. Its value becomes 
206K at 1 AU, which is significantly lower than 
280K for the black body. Other optical properties of 
large aggregate will be reported in the meeting.   
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MID-INFRARED OBSERVATION OF THE COLLISION BETWEEN DEEP IMPACT PROJECTILE
AND COMET 9P/TEMPEL 1 WITH SUBARU/COMICS.  T. Ootsubo1, S. Sugita2, T. Kadono3, M. Honda4, T.
Miyata5, S. Sako5, I. Sakon6, H. Fujiwara6, T. Fujiyoshi7, T. Yamashita7, N. Takato7, T. Fuse7, and
SUBARU/COMICS Deep Impact team, 1Division of Particle and Astrophysical Sciences, Nagoya University,
Nagoya 464-8602, Japan (ootsubo@u.phys.nagoya-u.ac.jp), 2Department of Complexity Science and Engineering,
University of Tokyo, 3JAMSTEC/IFREE, 4JAXA/ISAS, 5Institute of Astronomy, University of Tokyo, 6Department
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Introduction: NASA’s Deep Impact (DI)
mission generated a hypervelocity collision between
its 370kg cooper-based projectile and Comet
9P/Tempel 1 on July 4, 2005 (UT). This collision is
expected to excavate fresh cometary material
underneath a presumable refractory crust on the
surface. Observation of such fresh material rich in
pristine volatiles is highly valuable for studying
comets and the origin of the Solar System. In order
for this study, the information on both cratering
process and chemical composition of excavated
material is essential. Thus ejecta observation is
expected to be extremely important. However, the
spectral coverage of the spectrometer on the DI
spacecraft is limited to the range between 1.05 and
4.8 µm. Since equilibrium thermal radiation from the
comet has its peak around 10 µm, continuous
observation of mid-IR radiation will be
complementary and hence highly valuable. It is also
expected that the use of infrared wavelengths is
essential because the coma of 9P/Tempel 1 is
optically thick at visible wavelength [1].

Observation: This DI event was observed with
the Cooled Mid-Infrared Camera and Spectrometer
(COMICS), which is mounted on the 8.2 m Subaru
Telescope on Mauna Kea [2,3]. Imaging observations
of the pre- and post-impact were done in the 8.8 µm,
10.5 µm, 12.4 µm, 17.7 µm, 18.8 µm, 20.5 µm (and
24.5 µm) bands. N-band low-resolution (R~250)
spectroscopic observations were also made from July
3 to 5 (UT). The objective of this observation is to
measure accurately the time evolution of the mid-
infrared luminosity and spectrum of Comet
9P/Tempel 1 induced by collision.

Results: Subaru/COMICS successfully captured
rapidly changing phenomenon occurred around the
surface of the comet 9P/Tempel 1. The impact ejecta
extending to sizes larger than 2 arcseconds to the
south-west direction from the nucleus, which seems
like fan-shaped, was detected 2 hours after impact
(Fig. 1) in addition to the increased brightness (factor
of 4-5) from the baseline measurements of the pre-
impact. From both the imaging and spectroscopic

observations, it can be concluded that most of the
ejected grains are small silicates including the
crystalline materials. We will report the preliminary
results of analysis about the grain size distribution,
composition of the dust minerals, and total mass of
the impact ejecta. Information on ejecta grain size
will help us infer the strength of the cometary surface
and possibly the style of cratering [4]. Such
information will be very valuable in considering both
cometary surface strength and the effective depth of
material excavated by the DI impact. The data of 10
µm spectral feature tells us whether the silicate dust
is crystalline or amorphous [e.g. 5]. If most of the
ejecta came from only near the cometary surface, it is
expected that the information on the silicate dust will
show the thermal property of the impact event. On
the other hand, if the dust has also been released from
inside the nucleus, the crystallinity of the silicate dust
may also provide further insight into the origin of
comets.

Figure 1.  The 10.5 µm image of Comet 9P/Tempel 1
observed by COMICS 2 hours after impact.

References:  [1] Fernandez Y. R. et al., (2003)
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COMETARY DEBRIS TRAILS: RELICS OF THE DISINTEGRATION OF SHORT-PERIOD COMETS.  
William T. Reach  (Spitzer Science Center, Caltech, MS 100-22, Pasadena, CA 91125, USA) 

 
 
The imaging capabilities of the Spitzer Space Tele-

scope [1] enable observations at unprecedented sensi-
tivity of the extended distribution of debris around 
comets. Debris trails were serendipitously discovered 
along the orbits of 8 periodic comets using IRAS [2]. 
We have now imaged 31 periodic comets over fields 
of view large enough to clearly separate mm-sized 
debris from smaller grains produced in the present 
perihelion. Of these, 21 comets were found to a narrow 
trail of infrared emission closely following the pro-
jected path of the comet’s orbit. An additional 7 may 
have trails but were exceptionally active and have not 
yet been separated from their small-grain tails. Three 
comets did not have (detectable) debris trails.  

Two examples are shown in the Figure:  
48P/Johnson (top) and 129P/Shoemaker-Levy 3 (bot-
tom). The large fan-shaped coma of 48P is due to small 
particles (1>β>0.01) from the present perihelion. The 
excellent viewing geometry (the Sun is to the lower 
right, and the comet’s orbital motion is to the left) al-
lows for clear segregation of particles by size. The 
situation is similar to that for the only high-quality 
large-scale image that had been previously made, 
2P/Encke with the Infrared Space Observatory [3]. 
The debris trail can be seen both leading (toward 
lower-left) and trailing (toward upper-right) the nu-
cleus. 138P was seen at greater heliocentric distance so 
its small-particle production is lower; the debris trail is 
distinct, both leading and trailing the nucleus.  

In this talk, we discuss the systematics of cometary 
debris trails based on the infrared imaging survey, in-
cluding dynamical simulations, and spectrophotometry 
(3.6-24 µm), and infrared spectroscopy (5-38 µm) for 
some of the survey comets. 

References: [1] Werner, M. W. (2004), ApJS 154, 
1. [2] Sykes, M. W., and Walker, R. G. (1992) Icarus, 
95, 180. [3] Reach, W. T., Sykes, M. V. Lien, D., and 
Davies, J. K. (2000) Icarus, 148, 80 
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With the successful insertion of the Cassini-
Huygens spacecraft into orbit about Saturn in 
July, 2004, followed by deployment and landing 
of the Huygens probe on Titan in January, 2005, 
the science discoveries made in the Saturnian 
system have been phenomenal. The spacecraft is 
highly sophisticated and complex with twelve 
instruments on the orbiter and six on the 
Huygens probe.  The instrument payload consists 
of a suite of optical remote sensing instruments, 
RADAR, and a fields and particles payload 
making in-situ measurements of the magnetic 
field and plasma environment.  The Cosmic Dust 

Analyzer (CDA) instrument on-board Cassini 
has been successfully making measurements of 
the dust environment in the Saturnian system.  
Operations and planning for science observations 
on such a complicated spacecraft with a diverse 
payload are necessarily complex.  We take a look 
back at more than a year of science discoveries 
and highlight the successful tour operations that 
have made these discoveries possible.  We will 
place special emphasis on activities that 
contribute to accurately characterizing the 
Saturnian dust environment.   
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