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Abstract. The efficiency of dust formation in a variety of environments is an ongoing topic
for discussions, especially if it comes to dust formation in the interstellar medium. Although
this possibility is discussed in a wide range of numerical studies, experiments on the formation
of dust at low densities and temperatures are mostly lacking. This contribution summarizes
the main findings of our low-temperature condensation experiments including the formation of
silica, complex silicates with pyroxene and olivine stoichiometry, and of carbonaceous refrac-
tory materials. Atomic and molecular species to be expected as products of supernovae shock
fronts were produced by laser ablation of silicates and graphite. These species were deposited
together with a rare gas on cold substrates representing the surfaces of surviving dust grains
in the interstellar medium. After characterizing the precursor species, the rare gas matrix was
annealed to induce diffusion and reactions between the initial components. We found the pro-
duction of amorphous and homogeneous silica and magnesium iron silicates at temperatures of
about 12 K in a barrierless reaction as monitored by infrared spectroscopy. The 10 pm band
of the low-temperature siliceous condensates shows a striking similarity to the 10 pym band of
interstellar silicates. Carbonaceous atoms and molecules can also react without a barrier and
form an amorphous or hydrogenated amorphous carbon material. The refractory condensate has
properties comparable to fullerene-like carbon grains formed at high temperatures.
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1. Introduction

Asymptotic giant branch (AGB) stars and supernovae (SNe) have been considered as
the main dust factories in our and other galaxies. However, the freshly formed stardust is
destroyed by SNe shocks. Models of the multi-phase interstellar medium (ISM) indicate
that only a small fraction of the stardust survives the destructive processes and dust
should be reformed efficiently in the denser phases of the ISM (Zhukovska, Gail & Trieloff
2008, Draine 2009, Zhukovska & Henning 2013). The importance of dust growth by the
accretion of gas-phase metals was also demonstrated by recent cosmological simulations
(McKinnon, Torrey & Vogelsberger 2016, Zhukovska et al. 2016). Aoyama et al. (2017)
investigated the time evolution and spatial distribution of dust in an isolated galaxy and
found that small grain production by shattering triggers accretion and coagulation. This
process becomes significant at ages of about 1 Gyr after a large amount of small grains
are produced by shattering. Michatowski (2015) derived dust yields for AGB stars and
SNe required to explain dust masses of galaxies at z = 6.3-7.5 for which dust emission
has been detected. The detected dust mass cannot be produced by AGB stars and SNe
and suggests an efficient grain growth process in the ISM at these early epochs.
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In the ISM, refractory atoms and molecules generated by the erosion of grains in SNe
shocks can be re-accreted onto surviving grains. This process is thought to occur at low
temperatures roughly between 10 and 20 K. Since all circumstellar and SNe-formed dust
grains are mixed in the ISM, interstellar destruction processes such as sputtering and
grain-grain shattering should produce carbonaceous and siliceous molecular and atomic
precursor species. In order to provide an experimental basis for dust formation in the ISM,
we performed dedicated laboratory experiments with the goal to study the condensation
of major dust components including silicates and carbonaceous grains. We summarize the
experimental setup and discuss the results of low-temperature condensation in differently
doped cryogenic matrices.

2. Experimental methods

Laser ablation of cosmic dust analogs was used to simulate the destructive effect of SNe-
induced shocks on siliceous and carbonaceous refractory dust grains. The resulting small
molecules and atoms act as the precursors of dust formation. Polycrystalline graphite
and amorphous silicates such as Mgy SiOy (forsterite stoichiometry) and Mgy 4Fey 65103
(pyroxene stoichiometry) synthesized by melting and quenching were used as targets
for laser ablation. The experiment was carried out using a pulsed laser source emitting
photons with a wavelength of 532 nm corresponding to a power density of 2 to 4 GW cm™2.
In a first step, the vaporized species were isolated in Ar or Ne matrices and deposited
on cold KBr substrates (10K) simulating the dust surface in space. Infrared (IR) and
UV/VIS (ultraviolet/visible) spectra were recorded in situ providing the opportunity to
identify the laser-vaporized species.

In a second step, the matrices were annealed by increasing the temperature (AT = 4-
6 K). The annealing process is performed in such a way that most of the matrix material
remains intact. The annealing was applied to trigger the diffusion of species within the
rare-gas matrix leading to collisions between the precursor species. After only a few
minutes, the matrix was cooled down again to perform UV/VIS and IR spectroscopy
and to monitor the formation of larger species or refractory grains. The final phase of
the experiment consists of the heating of the substrate, the evaporation of the matrix,
and the characterization of the material located on the substrate. The characterization of
the produced refractory material was performed by high-resolution electron microscopy
(HRTEM), and energy-dispersive X-ray (EDX) spectroscopy. The entire experiment is
schematically described in Figure 1. Details of the experiments are summarized by Rouillé
et al. (2013), Krasnokutski et al. (2014), Rouillé et al. (2014), and Fulvio et al. (2017).

Another experimental approach to study chemical reactions and the condensation of
refractory materials at temperatures lower than 10K is provided by helium droplets
doped with a variety of species. The He droplet setup was described by (Krasnokutski,
Rouillé & Huisken (2005)). The experiment consists of three differentially pumped cham-
bers. In the source chamber, large He clusters are generated by supersonic expansion of
He gas at p = 20bar through a liquid He-cooled pinhole nozzle. In the second cham-
ber, the He droplets can be doped with astrophysically relevant species. The gas-phase
species are picked up by the He nanodroplets and carried to the third chamber, which
is equipped with an electron bombardment ionizer and a quadrupole mass spectrometer.
The temperature of the He droplets is 0.37 K and reactions inside occur under equilib-
rium conditions. The liquid He droplets serve as the cold reaction surface. The reaction
energy between individual species can be experimentally determined using a calorimetric
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Figure 1. A sketch of the experimental procedure applied to study the cold condensation of
silicates, carbonaceous grains, and mixed systems.
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Figure 2. Mass spectrum of He droplets doped with SiO and H2 O molecules. The mass peaks
corresponding to (SiO); clusters are labeled with the corresponding index k. The data are from
Krasnokutski et al. (2014).

approach in which the amount of evaporated He atoms can be converted into the reaction
energy (Krasnokutski et al. 2014).

3. Low-temperature condensation of SiO, and complex silicates

SiO molecules are the main precursors for silicates in evolved stars (Gail & Sedlmayr
1999) and SiO, represents a major component of the solid silicates. Therefore, the ex-
perimental work primarily focused on the condensation of solid SiO, materials at low
temperature using the He droplet technique and the matrix approach. Figure 2 presents
the mass spectrum recorded after doping He droplets with SiO and HyO molecules. The
mass peaks are attributed to various Si, O, clusters, including (SiO); clusters. The en-
ergies of SiO polymerization reactions have been determined experimentally with the
calorimetric method and compared to calculations based on the density functional the-
ory. Both results confirmed the formation of cyclic (SiO); (k = 2 — 3) clusters inside the
He droplets. The SiO molecules react without an energy barrier and thus, oligomeriza-
tion and formation of large molecules were found to be efficient. Such reactions can be
expected on the surface of cold dust grains.

The results obtained in He droplets were confirmed by condensation studies in Ne
matrices at around 10K. UV/VIS and IR spectroscopy were performed of a SiO-doped
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Ne matrix at different annealing temperatures. (SiO), oligomers (z = 1-3) identified
in the cryogenic matrix disappeared during annealing of the Ne matrix up to 11 K and
a broad band at about 9.5 ym characteristic of Si-O stretching vibrations in solid SiOs
appeared. HRTEM and EDX spectroscopy revealed a homogeneous, amorphous structure
and a SiO stoichiometry.

Apart from the simple SiO, system, the successful condensation of complex silicates
with pyroxene, olivine, and nonstoichiometric composition at low temperatures was also
experimentally studied in cryogenic matrices. Two different silicates corresponding to
Mg,Si0O4 and Mgy 4Fey 4SiO3 (olivine and pyroxene) were used to produce refractory
molecular and atomic species.

Spectroscopy in the UV/VIS and IR range was employed to identify the deposited
species in the cryogenic matrices. Fe and Mg atoms were detected in the UV range
demonstrating an efficient formation of Mg and Fe from the silicate targets. IR absorption
bands point to the presence of O3 (1039 cm~1), Of (1164 cm™!), and SiO (1228 cm™1!)
in the matrix. Absorption features due to a complex possibly involving Hy and H3O*
or HyO;} were also detected (Jacox & Thompson 2013). Based on comparisons with
measurements on species isolated in Ar matrices, we assigned tentatively the bands at
1369 and 1424 cm~! to SiO3 and SiOs, respectively (Tremblay et al. 1996). In addition,
FeO (870 cm™!) (Green, Reedy & Kay 1979) and OFeO (950 cm~!) (Chertihin et al.
1996) could be identified.

IR spectroscopy is the most efficient method to monitor the condensation of silicates
in the ice as a function of the temperature. Figure 3a shows the spectra of the material
obtained by the condensation of species produced in the laser ablation of the Mgy SiOy
target. The spectrum was measured after the annealing of the doped Ne matrix to tem-
peratures of 13 K and subsequent cooling to 6.5 K. Beside the features due to CO, COa,
and H,O, a band at 1000 cm ™! was recorded that is characteristic for a silicate of amor-
phous structure. The profile of this band is slightly affected by the presence of the water
ice feature at around 780 cm ™! ((")berg et al. 2007). After warming up to room tempera-
ture, the position of the Si-O absorption band could be found at ~1020 cm™! (9.8 um).
Similar results were obtained with the Mgy 4Fey ¢SiO3 target.

Figure 3b compares the IR spectra of the condensates obtained from the pure Mg-
and the Mg-Fe-silicate targets to the interstellar silicate absorption feature. The Mg-
Fe silicate shows a band at ~990cm~"! (10.1 ym). Similar band positions demonstrate
that both condensates must have comparable stoichiometry even though different tar-
gets were used. The EDX analysis revealed the final non-stoichiometric compositions
Mg 3Fey.9SiO3.6 and MgSiOs g for the condensates. This behavior was caused by a non-
equal evaporation of Mg and Fe from the original silicate targets during the laser va-
porization. HRTEM images of the Mgy 3Feq 9Si03 6 condensate show fluffy aggregates
composed of nanometer-sized, amorphous grains (see Fig. 4). This structure is also typi-
cal of the condensed MgSiO, g material. No phase separations into individual oxides such
as FeO, MgO, and SiO, are observed.

4. Low-temperature condensation of carbonaceous materials

The formation of a carbonaceous refractory condensate from molecular precursors was
observed after deposition on a cold substrate at about 10 K (with or without Ar matrix).
The isolation of the laser ablated carbonaceous species in an Ar matrix provided infor-
mation on the precursor molecules that eventually form the refractory material. Beside
the presence of species such as HyO, CO, CO5, C30, water clusters, various isolated odd-
and even-numbered carbon chains were detected in the UV/VIS and IR ranging from
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Figure 3. (a) IR spectra of the MgSiOs 3 condensate. The top spectrum was measured at
6.5 K and the bottom spectrum was recorded at room temperature after sublimation of ices. (b)
IR features of the silicate condensates obtained with the MgySiO4 and Mgy 4Fey ¢SiO3 targets
compared to the normalized silicate absorption feature toward WR 98a representing the local
ISM (Chiar & Tielens 2006). The spectra were vertically shifted for clarity. The data are from
Rouillé et al. (2014).

Figure 4. HRTEM image of the Mg 3Fey 9SiO3 6 condensate prepared by the evaporation and
recondensation of a magnesium iron silicate at about 10 K. The right image allows a direct view
insight the amorphous grains whereas the two left images show the fluffy morphology of the
condensate.

Cy up to Cy3. After the warming up of the cryogenic ice layer to room temperature, a
refractory residue remained on the substrate.

Simultaneous deposition of carbonaceous species by laser ablation of graphite and
molecular hydrogen in the Ar ice layer led to the formation of small hydrocarbon molecules
such as CQHQ, C4H2, CQHQ . HQO.

The carbonaceous species in pure and hydrogen-containing Ar matrices react between
each other without an energy barrier resulting in the formation of a refractory carbona-
ceous material. IR spectra of the carbonaceous condensate at different temperatures are
depicted in Fig. 5. Already at a low temperature of about 10 K, a decrease of the IR trans-
mission with increasing ablation time can be observed. This is caused by the growth of
a refractory carbonaceous film, which is characterized by free charge carriers responsible
for a continuous absorption from the UV up to the MIR and weak scattering effects at
small wavelengths. The increasing extinction is also accompanied by the occurrence of
a broad plateau band between 1000 and 1400 cm~!. The formation of such a plateau is
a feature of amorphous and hydrogenated amorphous carbon samples prepared by gas-
phase condensation techniques (Jager, Mutschke & Henning 1998, Schnaiter et al. 1998,
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Figure 5. Left: Spectral evolution of the carbonaceous condensate formed at 10 K with increas-
ing deposition time and after warming up to 200 K. Curves a, b, ¢, and d correspond to 5, 15,
25, and 35 min laser ablation at about 10 K. Curves e and f represent the warming up to 40K
and 200 K, respectively. Right: HRTEM micrograph of the internal structure of the condensed
carbon material in Ar matrix. Fullerene-like carbon structures are visible such as small bucky
onions and strongly bent graphene layers. Individual fullerene molecules of various sizes and
shapes are identified and marked with arrows. The data are from Fulvio et al. (2017).

Llamas-Jansa et al. 2007). The broad absorption is a mixture of vibrational bands of
various functional groups such as vc_o_c, Yc—¢, and dg_g. More details on the identi-
fication of individual species in the Ar ice matrix are provided in Fulvio et al. (2017).

The condensation of carbonaceous species at temperatures around 10 K provide similar
fullerene-like carbon structures (see Fig. 5) as produced in high temperature condensation
processes (Jager et al. 2009). The presence of differently sized cage molecules, strongly
bent graphene layers, and individual fullerenes can be observed in the images. The high-
temperature formation pathway was initiated by the formation of chain-like structures
that are formed as intermediates and finally convert into cage-like structures including
fragments and completely closed cages. At low temperatures, the condensation process is
also governed by carbon chains that grow and finally convert into more stable aromatic
structures with the characteristic curved graphene layers.

5. Low-temperature condensation of of siliceous and carbonaceous
materials

One of the challenges for interstellar dust models is the question if silicates and car-
bonaceous grains are two distinct dust populations or form Si-C-based compounds. Lab-
oratory experiments to investigate the formation of refractory components in matrices
containing both types of species were started. First experiments were dedicated to study
possible reactions between carbonaceous and SiO, species. Two different targets were
used for the laser ablation process. SiO and carbon species such as Cy, C3, C, were
deposited in a Ne matrix. After activation of the diffusion by moderate annealing to
9-11 K, we observed the rise of a band at 10 um. This clearly indicates the appearance of
a refractory SiO, condensate in the remaining Ne ice. No hints on the formation of other
components could be identified spectroscopically. After warming up, the condensate was
studied by HRTEM and EDX analysis. A solid, refractory SiO component was found to
be spatially separated from carbonaceous grains (see Fig. 6).

The results clearly point to a separate formation of carbonaceous and siliceous refrac-
tory materials. The formation of SiC was not observed in the condensate. Yet, small
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Figure 6. HRTEM images of carbonaceous (left) and SiO, grains (right) condensed in a Ne
ice containing siliceous and carbonaceous species prepared by simultaneous laser ablation of a
graphite and a SiO target. Both materials are characterized by an amorphous structure. The
silicate on the right sight contains a few small crystalline inclusions of about 2nm that were
identified as silicon based on the distances between their lattice fringes.

inclusions of silicon (~2nm) were detected in the SiO, grains. These silicon inclusions
were probably formed by the reductive effect of the carbon species on SiO resulting in
a oxygen-deficient SiO material. Further experiments on the simultaneous condensation
of complex silicates and carbonaceous refractory material are still under progress but all
results so far confirm the separation of silicates and carbonaceous grains.

6. Astrophysical implications and conclusions

In the denser ISM, gaseous species accrete on cold surfaces of pre-existing small parti-
cles. To simulate such processes in the laboratory, we have evaporated dust analogs that
have successfully been used to model spectral energy distributions of many astrophysical
sources (Gielen et al. 2011, Min et al. 2007). Important precursors for silicates such as
Si, Si0, FeO, Mg, and Fe produced in our experiments were already observed in the ISM
(Schilke et al. 1997, Walmsley et al. 2002, Furuya et al. 2003).

We detected a barrierless formation of amorphous and homogeneous silica and mag-
nesium iron silicates at temperatures of about 12 K. The morphology and structure of
the condensates are remarkably similar to those silicates produced by gas-phase conden-
sation at high temperature. Both types of condensates are of amorphous structure and
show very similar spectral properties comparable to the interstellar 10 um absorption
band. Distinct structural and spectral differences between high- and low-temperature
condensates could not be identified.

Carbonaceous atoms and molecules also react without a barrier and form an amor-
phous or hydrogenated amorphous carbon material. One of the amazing findings of this
study is the observation of fullerene-like carbon structures condensing at temperatures
of about 10K. The chemical evolution into fullerene-like carbon materials containing
fullerene molecules of different sizes and shapes indicates a formation pathway via long
and branched carbon chain molecules that eventually convert into aromatic structures
even at temperatures around 15K (Yamaguchi & Wakabayashi 2004). Such a process
was predicted and observed for high-temperature condensation processes by Cherchneff
et al. (2000) and by Jager et al. (2009).

Experiments on the doping of cryogenic matrices with both carbonaceous and siliceous
species show the condensation of distinct carbonaceous and silicate grains. No silicon
carbide was detected. The formation of small crystalline Si inclusions could be observed
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in the SiO, grains. These were formed by the reduction of silicon with carbon species
leading to the oxidation of small carbon clusters or molecules.
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