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Abstract: We investigate the homogeneous nucleation of
carbon nanoparticles under microgravity to understand the
formation of cosmic dust from late-type giant stars. A key
uncertainty in astrophysical models is two physical quantities
of sticking probability and surface free energy, critical
parameters for nucleation. Our experimental approach uses
the gas evaporation method to mimic formation processes of
cosmic dust particles. To eliminate convection current that
interfere with ground-based measurements, we utilize a
sounding rocket to achieve a microgravity environment,
enabling a more accurate determination of physical quantities.
Preliminary ground experiments revealed that carbon nucleates at a high supersaturation ratio (2.9 x 10%),
yielding a sticking probability of 0.39 + 0.15 and surface free energy of 4.2 + 0.2 N m™!, values significantly
lower and higher than commonly used in astronomical models, respectively. This presentation will report

on these findings and present the latest results from our sounding rocket experiment conducted in
November 2024.
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1. Introduction

We are conducting research aimed at understanding the mechanisms of the initial crystallization process,
from atoms and molecules to the formation of crystal nuclei, by elucidating the elementary processes involved.
Until recently, it was believed that the final stable nuclei formed directly from the mother phase during the
initial crystallization process (classical nucleation). However, recent studies have reported the existence of
non-classical nucleation processes, such as particle fusion growth? and the involvement of pre-nucleation
clusters?, and it has become clear that these processes dominate nucleation in various systems?®. In response,
we have experimentally demonstrated that, in addition to non-classical nucleation, the physical properties of
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nanoparticles must be incorporated into nucleation theory to predict and explain the early stages of
crystallization?).

2. Experimental Approach

When high-temperature gas is generated in an inert gas, nanoparticles are formed through homogeneous
nucleation under ultra-high supersaturated conditions obtained during the cooling process.  The
temperature and number density at the moments of nucleation were determined with an interferometer. In
addition, time scale for cooling and particle size were added into the modified classical nucleation theory.
Then, we can determine two physical quantities (surface free energy and sticking probability) that give large
uncertainties to nucleation theory®®. In ground experiments, it is difficult to determine these physical
quantities accurately because density-driven convection occurs and promotes nucleation. Therefore, we are
using a microgravity environment provided by sounding rockets.

3. Specific Aim

In the early stages when late-type giant stars release high-temperature gas into space, there are no
substances that can serve as substrates for heterogeneous nucleation. Then, homogeneous nucleation, which
is not seen on Earth, occurs predominantly in very large supersaturation condition*®. Therefore, using the
physical quantities obtained in our homogeneous nucleation experiments, we can directly discuss the
formation process of nanoparticles called cosmic dust that form in the gas released from late-type giant stars.
Carbon is an important element that exists throughout the universe and has various allotropes with vastly
different physical properties. Its surface free energy has been reported to range widely from 0.04 to 4.8 N m-
19, although values of about 1.40 N m- have typically been used for astronomical estimations of grain
formation'. In this presentation, we will focus on the results of a sounding rocket experiment conducted in
November 2024 to understand the nucleation process of carbonaceous dust.

4. Preliminary Experiments in Gravity Condition

The nucleation temperature and partial pressure were determined to be 2495 + 50 K and ~2766 Pa for C.
The supersaturation ratio for nucleation (P/Pe, where Pe is the equilibrium vapor pressure of the
corresponding material) was 2.9 x 104 for C. The equilibrium vapor pressure of carbon is given by the
expression log Pm (atm) = 10.609 — 41523/T ').  The particles produced under gravity were collected directly
on TEM grids. The grids were loaded into a TEM and the crystalline structure, size, and size distribution of
the particles were investigated. The average diameter was 12 nm. Many fine particles with 1.6 nm in
diameter were also present. Using these values, the sticking probability and surface tension can be
determined to be 0.39 + 0.15 and 4.2 + 0.2 N m™, respectively, under the supersaturation conditions where
carbon grains are nucleated”.
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