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BRIEF HISTORY…

Historically, interstellar dust was regarded by astronomers as an annoying interstellar "fog"
which prevented an accurate measurement of distances to stars.

The first observational evidence of the existence of obscuring material in dense clouds
that blocked light from the stars behind the clouds was the observation of dark lanes and
patches in photographic surveys of the Milky Way in the 1800s

1930: R. Trumpler discusses the “Absorption of Light in the Galactic System” in PASP
1963: J. Mayo Greenberg: "The role of dust is that of observer and of catalyst."
1996: J. Mayo Greenberg: "dust plays a role not only as a tracer of what goes on in
space, but also actively contributes to the chemical evolution of molecular clouds."

Today: the advances of IR-UV astronomy, laboratory astrophysics, and modeling have
had a tremendous impact on our understanding of the physical and chemical nature,
origin and evolution of interstellar grains and their significance in the evolution of
galaxies, the formation of stars, planets, asteroids, and comets, and the synthesis of
complex organic molecules.
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Mass Budget for the ISM

Stellar Sources
• O-rich stars (O/C > 1) produce (mainly) silicate dust (C is in CO)
• C-rich stars (C/O > 1) produce (mainly) carbonaceous dust and SiC (O is in CO)

Mdust ≈ 0.005M⊙/yr from stellar sources
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L Decin et al. Nature 467, 64-67 (2010)



Journey through the ISM

Stardust grains will reside in ISM ∼1.5 Gyr before being incorporated
into protostar or protoplanetary disk

What happens to stardust grains as they journey through the ISM?

•� chemical reaction with reactive species (H, O)

•� UV photolysis (silicate immune?)

•� CR damage (amorphization); CR flux is uncertain

•� erosion by sputtering in hot gas

• erosion in shocked regions

•� grain-grain collisions
∗ coagulation at low velocity

∗ shattering at intermediate velocity

∗ vaporization at high velocity

∗cratering of large grains by small grains
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Effects of Dust on Interstellar Gas

•Photoelectric Heating
•H2 Formation and Other Chemistry
•Grains as Sources of Complex Molecules
•Ion Recombination on Dust Grains
•Coupling Neutral Gas to Magnetic Fields
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Evidence for IS dust? 

Observational evidence:  

Measured attenuation of starlight by 
interstellar dust (interstellar extinction)

Dust grains produce substantial scattering 
of star light at visual wavelengths

Polarization of starlight 
(continuous and spatially coherent)

Physical properties?  

Broad grain size distribution 
(R # 0.01 -- 0.1 µm); 
non-spherical, aligned grains 

Composition of interstellar dust?

Spectroscopy of dust: 
Observed spectral features

•extinction curve (the 2175 Å feature)
•absorption features (Silicate bands, DIBs, 3.4 µm, Ice features…)
•emission features (PAH IR features, ERE, …)
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Mauron & Huggins (1999) Guélin et al. (2000)
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2 May 2012 — ESO Photo Release eso1219
Sifting through Dust near Orion's Belt

Cosmic dust clouds in
Messier 78
This image of the region surrounding the
reflection nebula Messier 78, just to the north
of Orion’s belt, shows clouds of cosmic dust
threaded through the nebula like a string of
pearls.

The submillimeter-wavelength observations,
made with the Atacama Pathfinder
Experiment (APEX) telescope and shown
here in orange, use the heat glow of
interstellar dust grains to show where new
stars are being formed. They are overlaid on
a view of the region in visible light.

Credit: ESO/APEX (MPIfR/ESO/OSO)/T. Stanke et
al./Igor Chekalin/Digitized Sky Survey 2
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Ices & Dust in Protostars





Principal features:
– General rise from IR to VUV (∼ 0.1 µm)
– 18 µm and 10 µm: O-Si-O bend and Si-0 stretch in amorphous silicates
– 3.4 µm: C-H stretch in hydrocarbons
– 0.2175 µm: “2200 Å bump”. Probably π → π∗ electronic transition in sp2-bonded carbon (e.g., graphite or PAH)
– > 500 weak features – the Diffuse Interstellar Bands – still unidentified.
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Composition of IS Dust: Observed Spectral Features



T Henning, F Salama Science 1998; 282: 2204-2210 

IS extinction curves toward different stars probing the diffuse ISM.
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Diffuse Interstellar Bands in the Magellanic CloudsDiffuse Interstellar Bands in the Magellanic Clouds

LMC

SMC

MW

VLT-UVES 5780 5797

Ehrenfreund et al. ApJ 2002; Cox et al. A&A 2006, 2007

IS DustIS Dust

Large Magellanic Cloud

Small Magellanic Cloud
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Gibb et al. 2004
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ISO spectra of the dust-embedded protostar W3 IRS5
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PAH Emission Features in Red Spectra courtesy E. Peeters

Late Circumstellar Outflow

Star-forming Region

CH
stretching

drumhead
modes

CH in-plane
bending

CH out-of-plane
bending

CC stretching

The interstellar emission spectra represent the composite emission of a complex mixture of
aromatic compounds. The features are not resolvable, but show subtle variations.

PAHs Structures

N

ISO, Spitzer, 
Herschel
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Dust Formation: Silicates





Dust Formation: Carbon Grain Formation
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Grain collision fractal model, E.L. Wright UCLA

 Transition not well understoodNanoparticle growth processes
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Grain Models = consistent with observations

Constraints

1. the extinction, obscuration, reddening of star light.
2. abundances of different elements and their observed depletions
3. polarization and alignment properties of grains .
4. spectral absorption features
5. the continuum and line emission features
6. wavelength dependence of albedo and phase functions.
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Comparison of the model to the
observed emission from the diffuse
ISM at high galactic latitudes. Curves
show emission from "big" (a ≥ 250 Å)
and "small'" (a < 250 Å) silicate and
carbonaceous grains (including
PAHs). Triangles show the model
spectrum (solid curve) convolved with
the DIRBE filters. Observational data
are from DIRBE (diamonds) and
FIRAS (squares).

Taken from Li & Draine (2001b).



Model consists of:

• Mixture of carbonaceous particles and silicate particles.
• Carbonaceous particles:

• have the physical and optical properties of polycyclic aromatic hydrocarbon
(PAH) molecules when they are small (a < 50 Å), or NC <  6 × 104 carbon
atoms.
• when they are larger, the carbonaceous grains are assumed to have the
optical properties of randomly-oriented graphite spheres.

• The silicate grains:
• assumed to be amorphous silicates.
• constraints on behavior at λ = 9.6 - 9.7 µm,
18 µm and >20 µm
• assumed grain shape = 2:1 oblate spheroids
(randomly oriented)
• based on olivine (Mg, Fe)2SiO4 data

References: Draine 2003, ARAA 285, 42, 241
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Unresolved issues:

1. Efficiency of dust formation in various sources, especially in supernovae
2. The composition and survival of the newly formed dust  
3. Efficiency of dust destruction
4. The reconstitution of dust particles by accretion and the resulting dust 

composition.
5. Dust evolution .

Dust Evolution: Formation, Processing, Destruction?
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Laboratory Studies
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Matrix Isolation Spectroscopy (MIS) ChamberMatrix Isolation Spectroscopy (MIS) Chamber 

Matrix Isolation Spectroscopy (MIS) provides:
• Low temperature (5 K)
• Low density (molecule/ion fully isolated)
• High-energy photons (VUV)
• Solid phase

Ne Matrix-embedded molecules

Adapted from Huneycutt et al. 2003

Requirements: Molecules & Ions: 1: Free -  2:  Cold  - 3:  Exposed to VUV photons 

A. Christie (Slimfilms.com) 
in Bernstein et al. 1999
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The NASA Ames PAH IR Spectroscopic Database: http://www.astrochem.org/pahdb/

Bauschlicher et al. 2010. ApJSS 189, 341

Least squares fit of the spectra in the database to the ISO SWS spectrum of the
HII Region IRAS 23133

Cami et al. 2008
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 High column density (10 cm-long slit)
 High pressure (1 bar) and temperature (300 C) reservoir
Generates intense short gas pulses
Generates (plasma) and stabilize (supersonic expansion) transient species

Tools in the Laboratory: Combine PDN + CRDS + o-ReTOF-MS

ReTOF-MSReTOF-MS

Cavity Cavity 
Ring Down Ring Down 
SpectroscopySpectroscopy

Simulation Simulation 
Chamber (PDN)Chamber (PDN)
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Simulation 
Chamber

Heater
plates

Electrodes

PAH 
reservoir

Vacuum 
chamber

10 cm long
 slit

Molecules_in_Space



The (a) steady-state electron
density, (b) Ar+ density and
(c) Ar* density of the pulsed
discharge nozzle for a source
voltage of -500 V.

(a)

(b) (c)

Remy, Biennier, Salama, IEEE 2005; Benidar, Biennier, Salama, Chem. Phys. 2006; Broks et al., Phys. Rev. E 2005; Broks et al.
Spectrochim. Acta A 2005

Results: Simulation of the
Plasma   Glow Discharge

Ar* atoms in the expansion region >> electrons and ions. PAH ions are dominantly formed through
Penning ionization of the neutral molecular precursors seeded in the supersonic expansion of Ar gas.
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Simulation
Chamber

TOOLS



Simulation
Chamber

TOOLS



NASA Ames Cavity Ringdown Gas-Phase Spectra of the PAH Ions compared to MISCavity Ringdown Gas-Phase Spectra of the PAH Ions compared to MIS

Intrinsic band profiles and peak positions can now be measured in the laboratory to search
for specific PAHs (neutrals and/or ions) in interstellar and circumstellar spectra.

 
PERICONDENSED CATACONDENSED

Perylene
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Ovalene
C32H14

Tetraphene
C18H12
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C18H12
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C22H14

Pentacene
C22H14
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C16H10
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C24H12
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C10H8

Phenanthrene
C14H10

+

Biennier et al., JCP 2003

Bandwidths: MIS: 120 cm-1; Gas: 25 cm-1

Pyrene ion (C16H10
+)

Bandwidth: Δν = 145 cm-1

The vibronic bands of
PAH ions are broad.

Cavity Ringdown Gas-Phase SpectraCavity Ringdown Gas-Phase Spectra
 of PAH Ions of PAH Ions

Interstellar
Simulation
ChamberHEDLA2012 - 05/02/12



 
PERICONDENSED CATACONDENSED

Perylene
C20H12

Benzo[ghi]perlyene
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Antanthrene
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Astronomical Data:

Comparing Band Profiles:
The Case of PAHs (e.g.,
Pentacene)

FWHM< 2 Å
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2010-2011 DIB Survey:

UVES (8-m telescope, ESO)

Spectra of 17 reddened O/B stars with E (B-V)
ranging from 0.2 to 1.2

Wavelength range of neutral PAH bands (3090-
5500 Å)

Set of 12 PAH molecules; N(PAH) ~ 10-12 - 10-11

Salama et al. ApJ 2011
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Aromatic - Hydrocarbon Mixtures



+

Monitoring fragment formation & detection of carbon particles
Spectrum of Pyrene (C16H10) seeded plasma versus discharge energy
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Mass Spectrometry studies
confirm the formation of
larger particles: LDMS of
soot formed from C10H8
(128 amu) precursor.

Observation of soot on
the electrodes

Sabbah et al. 2010 HEDLA2012 - 05/02/12



OUTLOOK -

Dust & Ices Formation and Evolution

New Directions: Simulating Astrochemistry: The Origins and Evolution of
Interstellar Dust and Prebiotic Molecules

Current experimental structures do not allow one to study the entire process in
one setting.

NIF offers a unique platform to generate and study dust from inception in a
plasma to grain formation and further processing by shocks and radiation
bursts.

new, highly multidisciplinary research

• diagnostic of dust inception in plasma to grain formation
• processing by shocks and radiation bursts
• ice processing and formation of prebiotic molecules

study grain formation from plasmas and the processing of grains and icy grain
mantles by a wide range of x-rays at fluxes otherwise inaccessible in
laboratory astrophysics.
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OUTLOOK: Carbon Grain Formation and Evolution
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Fig. 1. Left: Life cycle of stars. True-color picture taken on March 5, 1999, with the Wide Field Planetary Camera 2 of the Hubble
Space Telescope. Credit: NASA, Wolfgang Brandner, JPLIPAC, Eva K. Grebel, University of Heidelberg. Right: Cartoon depicting
the model of formation and processing of cosmic carbon-dust grain formation. Source: Adapted from Pascoli and Polleux, Astron.
Astrophys. 359, 799 (2000); Credit: Cesar Contreras (NASA ARC and NPP) and Farid Salama (NASA ARC).

Reference: NIF Report 2012
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BACK UP SLIDES



Methods - Pulsed Nozzle Discharge
High energy discharge setup

Davis et al., J. Chem. Phys. (1997)

Gas flow

High
pressure
reservoir

Cathode
(-500V)

Anode
(0 V)

insulator

plasma

Electron
Density
(m-3)

Simulation of the plasma

Vacuum
chamber

B. Broks et al., Phys. Rev. E, (2005) HEDLA2012 - 05/02/12
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