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Introduction:  We report the results of a sounding 

rocket experiment in which SiO nucleation and growth 

in an argon atmosphere was observed in microgravity 

starting from a vapor generated by evaporation of 

waterglass deposited on a heated Ta wire. The 

temperature and pressure at the point of nucleation was 

determined using a double wavelength Mach–Zehnder-

type interferometer. The particle composition and grain 

size distribution were measured after payload recovery 

using a Transmission Electron Microscope (TEM; JEM-

2100F. JEOL Ltd., Tokyo). The results were analyzed 

using Modified Classical Nucleation Theory 

(MCNT)[1]. 

We report a measurement of the SiO-silicate grain 

sticking coefficient of 0.016, indicating very inefficient 

grain growth from the vapor. In other words, for every 

100 SiO molecules that collide with a growing grain 

only one to two are captured. In the only two previous 

studies of the growth of solid particles from the gas 

phase the calculated sticking coefficients were much 

lower. For zinc atoms colliding with zinc crystals only 

three out of 100,000 collisions resulted in grain growth 

[2]. Iron atoms colliding with growing iron particles 

similarly showed an efficiency of ~0.00002 [3].  

For zinc, we can explain inefficient growth due to 

the difficulty of the colliding atom coming upon a 

vacancy in the growing crystal lattice before it 

evaporates from the grain surface. The much higher 

sticking coefficient of SiO molecules on silica grains is 

reasonable because the silica grains are highly 

amorphous or glassy and therefore provide a much 

higher defect density where SiO molecules can be 

captured into the grains. In the case of similar Fe 

experiment, the critical cluster was the dimer. In this 

case the forming dimer returns to the vapor phase by 

dissociation due to the excess energy from the formation 

of the Fe-Fe bond. 

Sounding Rocket Experiment:  A silica coating 

with ~5-micron thickness was prepared on a Ta rod (0.2 

mm diameter x 70 mm long) as an evaporant by the sol-

gel method. The Ta rod was set in a nucleation chamber 

(135 mm-long stainless-steel cylinder) with a volume of 

~500 ml. The chamber has a pressure gauge (HAV-

60KP-V, Sensez Co., Tokyo) and a pyrometer (ISQ5-

LO/MB25, Yamari Industries Ltd., Yokohama) to 

measure total pressure in the chamber and the 

temperature of the evaporation source, respectively. To 

simulate the condensation of silica dust from a cooling 

gas, hot SiO vapor was generated by electrical heating 

of the Ta rod in the nucleation chamber filled with 

40000 Pa of Ar gas (>99.9999% purity) to shorten the 

mean free path, which enabled us to reduce the physical 

size of the experimental system, the time scale for 

nucleation and growth of particles, and the cooling of 

the gas. In particular, the time scale for supersaturation 

increases and the collision frequency of SiO molecules 

can approximate that in astrophysical systems [4,5]. 

Therefore, the condensation temperature in our 

experiment should be close to that of SiO in the gas 

outflow of evolved stars. The silica particles produced 

in the experiment were directly deposited on a standard 

Mo grid with plastic frames coated by carbon for 

transmission electron microscope (TEM) measurement 

~30 mm from the evaporation source. The temperature 

of the sample collector was measured using a platinum 

resistance thermometer (Pt100, type MC-0805, 

Netsushin Co., Ltd.). The temperature of the collector 

did not exceed 40oC. 

The temperature and concentration of evaporated 

SiO molecules were determined from the deviations of 

the interference fringes measured by a Mach–Zehnder-

type interferometer, which has two polarized red (635 

nm) and green (532 nm) lasers. Silica was evaporated 

concentrically from the Ta rod (68.6 mm long) to make 

a cylindrical cloud of hot vapor. The two lasers pass 

through the chamber in parallel with the Ta rod and 

cylindrical vapor cloud. The interference fringes and 

real images were observed by board cameras (MS-

M213FHS without a low-pass filter and MS-M33WT3, 

respectively, Moswell Co., Ltd., Yokohama) and 

recorded at 30 frames per second. 

The particles collected on the TEM grids were 

directly loaded into a TEM (JEM-2100F, JEOL Co., 

Tokyo) and the particle size distribution was measured. 

The elemental ratio of silicon and oxygen was measured 

using an energy dispersive X-ray analysis system (JED-

2300 Series, JEOL Co., Tokyo) installed on the TEM. 
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Data Analysis:  Collected particles are amorphous 

SiO with a mean diameter of 24.4 nm (18.4 nm median 

diameter;) and the Si/O ratio is 3/4. To explain the 

nucleation condition, a sticking probability and surface 

tension for SiO grain formation are determined from a 

condensation model based on MCNT. The nucleation 

temperature has been defined as the point at which half 

of the initial gas phase SiO molecules are consumed. 

The sticking probability and surface tension are 

determined from the nucleation temperature and final 

particle size. Consequently, those values are averaged 

from the SiO monomer to the size of the critical cluster 

and from there to the 24 nm diameter final grain size. 

Note that the size of critical nuclei can be estimated to 

be five SiO molecules by MCNT. So the vast majority 

of “sticking” occurs during growth from the critical 

cluster size up to the final grain size. 

 
Figure 1. Results for the formation of silica grains 

calculated using MCNT. (A)The dashed and solid 

curves show the time variation in the nucleation rate J 

& number density of gas-phase SiO molecules n1(t), for 

a sticking probability of a = 1.6 × 10−2 and a surface 

tension of 1330 erg cm−1. The vertical dotted line shows 

the nucleation temperature derived from the experiment. 

(B) Growth curve of a typical SiO grain 

 
Figure 2. Plots of sticking probabilities and surface 

tensions for the nucleation temperature and mean 

radius using MCNT. The sticking probability and 

surface tension to explain the experimental results, 

(Tnucleation = 950 K; mean radius 12.2 nm) are a = 1.6 × 

10−2 and s = 1330 erg cm−1, resp.  The y-axis error bar 

includes a size range of 95% of the particles, 8-56 nm. 

Implications for Nebular Grains: Inefficient grain 

growth retards the depletion of SiO monomers from the 

gas phase and therefore prolongs the nucleation process, 

resulting in more (SiO)x critical clusters (Gerlach, 

1969). Growth of this much larger population of seed 

nuclei rapidly produces orders of magnitude more small 

grains. The high density of small grains promotes 

coagulation of low-fractal-dimension aggregates. Each 

constituent grain remains fully coupled to both the 

radiation field and to the gas [6], inhibiting settling, 

promoting chemical homogeneity, and increasing the 

probability of thermal annealing.  
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