
Lecture 10: Dust and Surface Experiments

The term “dust grain” is understood here to extend down to molecules 
containing tens of atoms, as there is no discontinuity in the physics as the 
particle size decreases from microns to Angstroms. 

B.T. Draine, “Interstellar Dust Grains”, 
Annu. Rev. Astron. Astrophys. 2003, 41:241-89
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Recap: first evidence for interstellar dust

Trumpler tries to determine distance of open clusters

“Unless we are willing to admit that the dimension of open clusters depend on 
their distance from the sun, we are led to the conclusion that the inverse 
square law on which the photometric distances are based does not hold and 
that a general absorption is taking place within our stellar system.”

R.J. Trumpler, PASP 1930



Recap: The First “Dark Matter”

Early observations showed “Holes in the sky”

- Interstellar voids?

- absorption of light in space
by “ether”?

“The space absorption of light is 
thus immediately related to the 
question of the presence, 
distributions, and constitution of 
dark matter in the universe.”

R.J. Trumpler, PASP 1930



According to some estimates up to 100  tons
of cosmic dust fall to Earth every day



Outline: Challenges for Laboratory Astrophysics

1. Can we collect cosmic dust (since it seems to rain down on us)?

2. Can we simulate dust formation in the laboratory?

3. Can we understand its optical properties to make use of astron. data?

4. Can we test the formation of molecules (chemistry) on dust grains?

5  n m5  n m



Can we simply collect cosmic dust?

Dust collecting pool with magnetic
filtering.

Source: wikipedia

But: human contamination from engines
and power plants almost
everywhere today (Feinstaub)

More professional:

http://elementsmagazine.org/2016/06/16/nasas-cosmic-dust-program-collecting-dust-since-1981/



Amateur astronomer Jon Larsen



What is cosmic dust probably made of? 
Check Elemental Abundances of non-volatiles

Prime candidates for solid 
particles:

C, Si, Mg, Fe

Terms from mineralogy



Dust Collectors (courtesy V. Sterken, ETH Zurich, former MPI-K Dust group)



Interstellar Dust moves fast



M. Stuebig et al., Planetary and Space Science 49, 853 (2001)

How to make dust move fast in the laboratory:
The Heidelberg Dust Accelerator (1960-2016)







Aerogel

1999 (Delta II rocket, Florida)

(NASA mission)



Return capsule

Stardust

Mission trajectory

http://stardust.jpl.nasa.gov/home/index.html



Stardust



Stardust Results

7 interstellar candidates in micrometer range  found! (Less than expected)

Westphal et al, (≈31000 co-authors)
Science 345, 786 (2014)



Cassini Huygens Mission to Saturn and its moons

Saturn Surface
Titan

Descend of the Huygens probe

Launch date: 15.10.1997
Orbiting Saturn: 01.07.2004
Huygens lands: 14.01.2005
Mission end: 15.09.2017



The Cassini Cosmic Dust Analyzer
Srama et al., Space Science Reviews 114: 465 (2004)

Cassini-Huygens probe launched in 1997,
reached Jupiter in 2004,
End of mission in 2017



Credit : Cassini Imaging Team,
SSI, JPL, ESA, NASA

Salt Water Geysers on Enceladus (one of Saturn’s moons)

Enceladus is believed to be covered in a solid ice surface Evaporation plume



Cassini
Dust Detector
(Enceladus Plume)

Laser dispersion
of salt water in
the laboratory

Underground Salt Water Ocean on Enceladus

Postberg et. al,
Nature 459, 
1098 (2009)



Landing on a comet:
The Rosetta mission

Comet:
Icy solar system body
„dirty snowball“

https://blogs.esa.int/rosetta/2014/10/17/nami
ng-rosetta-an-interview-with-eberhard-grun/



Where does Earth´s water come from?



Deuterium Fractionation and the Origin of Terrestrial Water

D/ H ratios in
the solar system
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Hartogh et al.,
Nature 478, 
218 (2011)

Altwegg et al.
Science 347, 6220 
(2015) 



Outline: Challenges for Laboratory Astrophysics

1. Can we collect cosmic dust (since it seems to rain down on us)?
Yes! But to identify interstellar dust is very hard (7 particles so far).

2. Can we simulate dust formation in the laboratory?

3. Can we understand it´s optical properties to make use of astron. data?

4. Can we test the formation of molecules (chemistry) on dust grains?
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Where does the dust come from? Formed in the ISM?
Estimate Grain Growth Rate in the ISM I
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Estimate Grain Growth Rate II 

Solving the integral yields:

Mass change per time:
(introducing sticking probabilty S)

General Ansatz, 
mass linear to volume:
(introducing density ρ)

Can be integrated, assuming all parameters are independent of t
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Estimate Grain Growth Rate III

Radial growth with time:

Solve for time t(a):

Diffuse interstellar medium:

• T = 50 K,
• Typical grain size: 0.1 μm
• assume mass of condensable Molecules: mx = 50 mH

• assume grain density ρ= 2.2 g cm-3

• nx= 1x10-5 nH=1x10-5 x 100 cm-3

Comparable to the
age of the Universe!

Dust must form in regions of higher density,
under conditions favorable for Condensation



AGB: Asymptotic Giant Branch





Can we simulate dust formation in the laboratory?

Formation pathways for solid  carbon

?

Terrestrial:

◆ most experimental data

on the kinetics on soot

formation were obtained

in flames and shock

waves

◆ there is a rough

understanding of the

processes of dust

formation.

◆ Fullerenes versus PAHs



Polycyclic Aromatic Hydrocarbons (PAHs) and Fullerenes

Simple 
aromatic
molecule:

C6H6

H

H

H

H

H
H

C60
C60

Fullerenes are molecules consisting of carbon atoms that are 
connected by single and double bonds so as to form a closed or 
partially closed mesh, with fused rings of five to seven atoms. 
The molecule may be a hollow sphere, ellipsoid, tube or many 
other shapes and sizes. 



High-temperature condensation:  Laser pyrolysis or laser ablation with a pulsed

laser (T ≥ 3500 K); Fullerene-like carbon grains

Low-temperature condensation:  Laserpyrolysis with cw-laser (T ≤ 1700 K)

soot and PAHs

Condensate:

soot & PAHs

Gas-phase condensation by Laser Pyrolysis
Cornelia Jäger MPIA / Friedrich Schiller Universität Jena



Low-temperature condensation process T ≤ 1700 K

Soot grains & PAHs

or only PAHs as condensates

C110H32 , 1352Da

C222H42 , 2700Da
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Matrix-Assisted-Laser Desorption 

and Ionization combined with 

mass spectrometry MALDI-TOF
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PAHs with
masses up
to 3000 Da

Characterisation of the low-temperature condensates

C222H42



High-temperature condensation
T ≥ 3500 K

Fullerene-like carbon seeds & fullerenes

C240@C60
5  n m

5  n m

Haberland, Clusters of 
Atoms and Molecules I,
Springer Verlag.

1.7nm



Gas-phase condensation of silicate particles

Pulsed Nd:YAG laser, 532nm
30-240 mJ per pulse, 5ns

10-3 mbar

10-5 mbar

substrate

LASER

spectrometer
unit

condensation chamber

10-3 mbar

10-6 mbar

Target

micro-
balance

substrate

➢laser ablation of Mg/Fe/Si, Mg/Si, Fe/Si
mixed targets (olivine and pyroxene 
stoichiometry) and of an olivine crystal

➢beam extraction, deposition on CaF2 substr.

Quenching gas: He or He/O2

mixtures

Laser ablation 



High-temperature gas-phase condensation of silicates or carbon from the

laboratory

10-3 mbar

10-5 mbar

substrate

Pulsed LASER

condensation chamber 3-20 mbar

10-3 mbar

10-6 mbar

Target

micro-

balance

substrate

Laser ablation

IR spectrometer

Particulate silicate  
(for example MgFeSiO4 

olivine) or carbon layer
of definite thickness

5  n m5  n m

Condensation temperature for carbononaceous 
particles 4000K



The cosmic dust aggregation experiment CODAG

J. Blum et al., Meas. Sci. Technol. 10 (1999) 836–844.

An encapsuled dust aggregation experiment onboard a space shuttle

To rule out the influence of gravity -> go to low-gravity environment



The cosmic dust aggregation experiment CODAG

Dust injection device 

J. Blum et al., Phys Rev. Lett. 85, 2426 (2000)

Rapid growth of 
surprisingly open structures



Interstellar Dust: Soot and Sand

Messier 57

- Carbon-rich stars produce 
carbonaceous grains (soot)

- Oxygen-rich stars make
metalic oxides and silicates

10 μm

Dust grains are produced in the 
outflows of Stars and stellar envelopes

Nature of Interstellar Dust:

• Ranges in size from 1nm to 10μm
• Many more small grains than large
• The larger grains are likely to be non-

spherical, perhaps porous, fluffy, even fractal
• Composition is likely to contain metallic silicates,

carbonaceous material, and GEMS 
(glasses with embedded metal and sulfites)

• Mantles of ices (H2O, CO, CO2, CH3OH) are
found in dense regions

D.A. Williams, E. Herbst, “It’s a dusty Universe”, Surface Science 500 (2002) 823



Outline: Challenges for Laboratory Astrophysics

1. Can we collect cosmic dust (since it seems to rain down on us)?
Yes! But to identify interstellar dust is very hard (7 particles so far).

2. Can we simulate dust formation in the laboratory?
Yes! One can condensate carbonaceous as well as silicate particles.
But there is a lot of potential for complexity.

3. Can we understand it´s optical properties to make use of astron. data?

4. Can we test the formation of molecules (chemistry) on dust grains?
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Interstellar Extinction Curve

• General trend: more extinction at shorter wavelength               Reddening
• The shape of the curve is well-represented by a 7-parameter fit (Cardelli 1989):

𝐴𝜆

𝐴𝑉
= 𝑓(𝜆, 𝑅𝑣, 𝐶1. 𝐶2, 𝐶3, 𝐶4, 𝜆0, 𝛾)

• It is possible to estimate all parameters, if 𝑅𝑣 is known.

• Grain absorption and 
scattering processes at a 
certain wavelength 𝜆 are 
correlated with the size of the 
particle

• Rise towards the UV means 
that there are a lot more 
small particles

3. Can we understand the optical properties of dust?



3. Can we understand the optical properties of dust?

The 220 nm Bump and the Discovery of the Buckminsterfullerene C60

The next slides courtesy of
Prof. Wolfgang Krätschmer (MPIK)

DIBs

220 nm hump

Molecules?

Particles?



Early indications: 220 nm hump caused by Graphite?

Measured interstellar extinction

Calculated 
extinction for 
graphite grains

Stecher and Donn,
“On Graphite and Interstellar Extinction”
ApJ 142, 1681 (1965)



Experiment: how to condense carbonaceous material

Burn a 
discharge
between 
graphite
rods





Large Mismatch in Width
Small Mismatch in Position



10 μm

IR spectrum
6 μm



Rice University, Houston,Texas, 1985

Harry Kroto had been studying the formation of interstellar carbon chains since 1970

The discovery of C60

Robert F. Curl, Richard E. Smalley, Harold Kroto



Osawa predicts C60 in an article in 1970:
Superaromaticity (Kagaku. 25: 854–863).

Theory: an obscure form of carbon



W Krätschmer et al. (MPI Kernphysik, Heidelberg)
developed a method to synthesize C60 in macroscopic quantities





C60C70

Molecular Hype



Rice University, Houston,Texas, 1985

The discovery of buckyballs C60

Robert F. Curl, Richard E. Smalley, Harold Kroto

Nobel prize
Chemistry
(1996)

(Named after architect Buckminster Fuller)



Today at the „Deutsche Museum“ (Bonn)



C60
C70

Thermal emission models

Spitzer Spectrum

Cami et al., Science 329, 1190 (2010)

Epilogue: C60 and space and the 220nm bump

Experiment:
Nanosized
Carbon 
particles

Isolated profile
220nm feature

Henning &
Salama
Science 282,
2204 (1998)



Fullerene Production in Interstellar Space (Theory)

UV photons
de-hydrogenate
and fragment
the molecules

Berne and Tielens, “Formation of buckminsterfullerene (C60) in interstellar space”, PNAS 2011

PAH:
Polycyclic
Aromatic
Hydrocarbon



High-temperature gas-phase condensation of silicates or carbon from the

laboratory

10-3 mbar

10-5 mbar

substrate

Pulsed LASER

condensation chamber 3-20 mbar

10-3 mbar

10-6 mbar

Target

micro-

balance

substrate

Laser ablation

IR spectrometer

Particulate silicate  
(for example MgFeSiO4 

olivine) or carbon layer
of definite thickness

5  n m5  n m

Condensation temperature for carbononaceous 
particles 4000K



Spectrocopy of cosmic dust analogues in the laboratory

Sturm et al. 2013, A&A 553, A5

69 µm emission band of 
forsterite shows the 
existence  of warm 
(∼100–200 K), iron-poor 
grains in disks.

Herschel telescope / PACS 



CDMS AND HJPDOC
MOLECULAR/DUST SPECTROSCOPY CATALOGUES

S. SCHLEMMER, C. P. ENDRES, H. S. P. MÜLLER, P. SCHILKE, J. STUTZKI 
I. Physikalisches Institut, Universität zu Köln

C. JÄGER, H. MUTSCHKE, TH. HENNING, V.B. Il‘IN, D. SEMENOV
MPIA Heidelberg, AIU Jena, AI St. Petersburg State Univ.

Heidelberg - Jena - St.Petersburg - Database of
Optical Constants for Cosmic Dust

HJPDOC

Data Bases



Outline: Challenges for Laboratory Astrophysics

1. Can we collect cosmic dust (since it seems to rain down on us)?
Yes! But to identify interstellar dust is very hard (7 particles so far).

2. Can we simulate dust formation in the laboratory?
Yes! One can condensate carbonaceous as well as silicate particles.
But there is a lot of potential for complexity.

3. Can we understand it´s optical properties to make use of astron. data?
Yes! But it‘s a lot of work, the phase space is huge! There is a lot
that remains to be done.

4. Can we test the formation of molecules (chemistry) on dust grains?
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4. Can we test the formation of molecules (chemistry) on dust grains?

Even more features: Ices



Generic Ice Experiments Processing of ice by radiation

J.M. Greenberg, Surface Science 500, 793 (2002)



J.M. Greenberg, Surface Science 500, 793 (2002)

Ice processing experiment

Sackler Laboratory: Leiden

Cold head (10K)

UV light
source

Viewports for 
spectroscopy



E. Van Dishoeck / Lecture notes



Atom Addition Reactions in interstellar Ice Analogues

Harold Linnartz, Intern. Rev. Phys. Chem. 34, 205-237 (2015)

Harold Linnartz
Leiden University



E. Van Dishoeck / Lecture notes

H2 formation on grains



E. Van Dishoeck / Lecture notes

Gas grain processes: diffuse and direct



Ro-vibrational excitation in HD formation detected by 
Resonantly Enhanced Multiphoton Ionization (REMPI) 

F. Islam, Thesis 2009 University College London 

multiphoton
excitation

ionization



HD Formation and Ro-vibrational excitation

HD formed in v=4

Trot= 368 +- 22 K

Energy released in the
formation may contribute to the
non-thermal H2 distribution
observed in diffuse clouds

F. Islam, Thesis 2009
University College London 



Outline: Challenges for Laboratory Astrophysics

1. Can we collect cosmic dust (since it seems to rain down on us)?
Yes! But to identify interstellar dust is very hard (7 particles so far).

2. Can we simulate dust formation in the laboratory?
Yes! One can condensate carbonaceous as well as silicate particles.
But there is a lot of potential for complexity.

3. Can we understand it´s optical properties to make use of astron. data?
Yes! But it‘s a lot of work, the phase space is huge! There is a lot
that remains to be done.

4. Can we test the formation of molecules (chemistry) on dust grains?
Yes! And a very rich chemistry is found.
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