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Equilibrium condensation calculations provide a set of stable minerals under a certain physical 
and chemical condition, but condensation does not necessarily occur in equilibrium in time-
variant circumstellar systems, where pressure, temperature, and gas chemistry vary with time.  
It is of much importance to understand the kinetic aspect of dust formation processes, especially 
the vapor growth kinetics of dust (condensation and evaporation coefficients, αc and αe, 
representing kinetic hindrances for surface atomistic processes).  In this paper, we review 
condensation and evaporation experiments on metallic iron and forsterite (Mg2SiO4), both of 
which are major dust-candidate minerals; (1) condensation and evaporation of metallic iron 
proceed without significant kinetic hindrances (αc≈αe≈1), (2) evaporation of forsterite occurs 
less effectively than that predicted by the kinetic theory of gasses (αe=0.1–0.02), (3) evaporation 
of forsterite is anisotropic, which leads to a specific shape of forsterite dust with a specific 
relationship to a crystallographic orientation, which is called as a “crystallographically 
anisotropic shape”, and (4) the crystallographically anisotropic shape of anisotropic dust is a 
potentially powerful probe to evaluate circumstellar dust-formation processes and conditions.  
We also show our recent progresses in condensation experiments on forsterite under 
protoplanetary disk conditions, where polycrystalline forsterite was obtained as condensates 
under controlled pressure and temperature conditions (hydrogen pressure of 5.6 Pa and 
temperature of 1275 and 1160 K).  Preliminary results indicate that the condensation 
coefficient of forsterite (αc) is smaller than unity (αc=0.09–0.006) and is consistent with αe.  
The smaller αc of forsterite than that of metallic iron implies that forsterite dust forms less 
efficiently than metallic iron in circumstellar environments. 
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1.Introduction 

Thermodynamics tells us what kinds of minerals are stable under various chemical 
conditions in space [e.g., 1].  In the system of solar composition, refractory minerals enriched 
in calcium and aluminum, such as corundum (Al2O3), hibonite (CaAl12O19), spinel (MgAl2O4), 
and melilite (Ca2Al2SiO7-Ca2MgSi2O7), are the stable phases at high temperatures.  Forsterite 
(Mg2SiO4), enstatite (MgSiO3), and metallic iron become stable at lower temperatures. 

These minerals have been found in chondrites, primitive groups of meteorites, indicating 
that dust formation occurred in the early stage of the solar-system evolution.  Calcium, 
aluminum-rich inclusions (CAIs) consist mainly of refractory minerals that are predicted to 
condense at high temperatures in thermodynamical calculations, and amoeboid olivine 
aggregates (AOAs) are fine grained aggregates of forsteritic olivine grains, also suggesting the 
condensation origin in the solar system [e.g., 2].  Chondrites contain various circumstellar 
“presolar” grains with anomalous isotopic compositions as well.  Presolar grains, including 
diamond, SiC, corundum, spinel, silicates, graphite, and nano-diamond, are the condensates in 
circumstellar environments prior to the solar-system formation [e.g., 3, 4]. 

Thermodynamics, however, does not provide the information on what and how the grain 
sizes and the number density of condensates were determined and how long the condensation 
process lasted.  Moreover, the presence of components that are stable at various temperatures 
requires the isolation of condensates from lower temperature reactions, which may be caused by 
physical separation and/or sluggish chemical reactions.  These issues should be discussed with 
kinetics of dust formation processes [e.g., 5]. 

There have been many experimental studies on dust formation under non-equilibrium 
conditions [e.g., 6].  We have been particular about evaporation and condensation experiments 
of dust-analogue minerals [7, 8] under the conditions as close as possible to real circumstellar 
conditions such as pressure, temperature, and chemistry because processes that control dust 
formation could be different under different physicochemical conditions.  In this paper, we 
first review evaporation and condensation experiments for metallic iron [7] and forsterite [8], 
both of which are major dust forming minerals in space.  We also show our recent progress in 
condensation experiments on forsterite under protoplanetary disk conditions. 

 

2.Condensation of metallic iron 

Condensation experiments on metallic iron were carried out in vacuum to determine the 
condensation kinetics [7].  The concept of condensation experiments of metallic iron is shown 
in Figure 1.  A metallic iron pellet put inside an alumina tube was used as a gas source of iron.  
The alumina tube guided the evaporated gas to the substrate of alumina disk, which was put in a 
cooler region of the furnace.  The substrate temperatures were 1235 and 1340 K, which are the 
temperatures close to condensation of metallic iron in protoplanetary disks [1].  The incoming 
gas flux through the tube reaches the steady state and can be calculated from the kinetic theory 
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of gases and the weight loss of gas source.  The partial pressure of iron gas at the surface of 
substrate was thus controlled and kept constant during experiments. 

 
Figure 1: Schematic illustration of experimental setup for condensation of metallic iron (modified from 
reference [7]). 

 
A compact layer of metallic iron was obtained on the alumina substrate (Figure 2), and 

both the weight loss of the gas source due to evaporation and the weight gain of the substrate 
due to condensation varied linearly with time (Figure 3).   

 
Figure 2: Secondary electron image of the cross section of metallic iron condensed at 1235 K for 48 
hours (modified from reference [7]). 
 

The Astrophysical Journal, 736:16 (8pp), 2011 July 20 Tachibana et al.

Figure 3. Secondary electron images of the surface (a) and the cross section (b)
of metallic iron condensed at 1235 K for 48 hr.
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Figure 4. Weight loss of metallic iron (gas source) due to evaporation at 1630 K
and the weight gain of the alumina substrate (1235 K) due to the condensation
of metallic iron. The steady weight changes of the source and the substrate
yield the incoming flux of iron onto the substrate and the condensation flux of
metallic iron on the substrate, respectively.

atoms to break bonds with adjacent atoms, and condensation
of incident metal atoms is also easier on a surface with many
kink sites. The surface roughness (number of kinks), which thus
affects the kinetic hindrances for evaporation and condensation,
may be reduced near equilibrium, where the number of atoms
breaking bonds at kink sites is balanced by the number of
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Figure 5. Thickness of condensed metallic iron (1235 K for 48 hr), shown in
Figure 3, plotted against the distance from the center of the substrate (solid
circles). Error bars represent the standard deviations of the means. The spatial
variation of the direct incoming flux onto the substrate predicted by the flux
distribution of vapor emerging from the tube (5.9 mm in diameter; Dayton
1956), which is normalized to the flux at the center of the substrate, is also
shown (dashed curve).

atoms being incorporated into the crystalline lattice, as long
as the temperature of the surface is lower than the thermal
roughening temperature. The kinetic hindrance for condensation
is therefore expected to be larger near equilibrium than under
lower saturation conditions.

k seems to have a weak temperature dependence; however,
the mean value of k is !0.54 ± 0.15 (1! ). Thus, "e and "c at
undersaturation (0 ! S <1) can empirically be expressed by

"e = "c = exp(1.44 ! 2595/T ) ! 0.54(p/peq)(p/peq < 1)
(4)

over the temperature range from 1720 to 1350 K. The evap-
oration rates calculated using Equation (4) are also shown in
Figure 2.

4.2. Condensation Kinetics of Metallic Iron

A supersaturation ratio S (p/peq) at the surface of the substrate
was calculated based on the direct incoming flux of iron onto the
substrate that could be estimated from the flux distribution of
vapor emerging from the tube under molecular flow conditions
(Dayton 1956) and the measured evaporation rate of the iron
gas source. The fraction of the flux onto the substrate relative
to the total evaporation flux of metallic iron from the tube
was calculated to range from 0.11 to 0.34 depending on
the distance between the substrate and the outlet of the tube.
Note that the usage of the tube has the effect of focusing
gas flux from the tube outlet (Dayton 1956) and that the
estimated fraction of the flux onto the substrate against the total
evaporation flux here is much larger than that in the case without
the tube.

There might have been other indirect fluxes of iron onto
the substrate, which hit the substrate after colliding with the
heat shields, and if they were present, the incoming flux onto
the substrate would be underestimated. However, the thickness
variation of the condensed metallic iron layer agrees well with
the predicted spatial variation of direct flux onto the substrate
(Figure 5), suggesting that the incoming flux of iron was
dominated by the direct flux from the outlet of the tube because
the indirect iron gas flux would come from random directions
and its spatial variation would be uniform. We also found that
condensation of metallic iron occurred on the molybdenum plate
used to hold the Al2O3 substrate and on the heat shields at the

5

 
Figure 3: Weight loss of metallic iron (gas source) due to evaporation at 1630 K and weight gain of the 
substrate (1235 K) due to condensation of metallic iron (from reference [7]). 
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This linear correlation suggests that the growth rate of metallic iron is controlled by a 
supply of Fe atoms to the surface sites energetically favorable to crystal growth.  The vapor 
growth rate of metallic iron is expressed with the Hertz-Knudsen equation as a function of the 
partial pressure of metallic iron (pFe), the equilibrium vapor pressure of metallic iron (peq

Fe) and 
temperature (T) [9]: 

,       (2.1) 
where MFe is the molar weight of iron, R is the gas constant, and αc and αe are the condensation 
and evaporation coefficients, respectively, ranging from 0 to 1 to represent kinetic hindrances 
for surface atomistic reactions.  The evaporation coefficient (αe) of metallic iron in vacuum 
(pFe=0) has been known to be close to unity [7]. 

The condensed fluxes of metallic iron, obtained from weight-gain rates of the substrates at 
1235 and 1340 K, are shown as a function of the supersaturation ratio with calculated 
condensation fluxes with different values of αc and αe (αc=αe is assumed) in Figure 3.  The 
fluxes are normalized to the ideal evaporation flux that is given by an absolute value of equation 
2.1 with pFe=0 and αe=1.  All the obtained condensation fluxes are close to the ideal maximum 
condensation flux with αc=αe=1.  This implies that there is little kinetic hindrance for growth 
of metallic iron and all the atoms colliding the surface condense efficiently.  Note that αc of 
unity is obtained in this study irrespective of αe because S is larger than 10 and the effect of αe 
is not significantly large compared to the uncertainties in condensed fluxes. The Astrophysical Journal, 736:16 (8pp), 2011 July 20 Tachibana et al.
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Figure 6. Condensation flux (Jcond) of metallic iron, normalized to the ideal
evaporation rate (J id

evap(0)) in vacuum, plotted against the supersaturation
ratio, S (p/peq). Solid diamonds and open squares are the fluxes obtained
at the substrate temperatures of 1235 and 1337 K, respectively. Temperatures
shown with symbols (Tgas) represent those of gas-source metallic iron pellets
(i.e., temperatures of the iron vapor colliding with the substrate). The ideal
condensation flux (!c = !e = 1) is shown as a solid line, and the fluxes with
different values of !c (!e) are also shown (dashed lines).

edge of the hole. The temperature of the heat shields should
have been lower than that of the substrate because only the edge
of the hole was heated by radiation, while the shield was cooled
by thermal conduction to the interior. Therefore, the edge of the
heat shields may not have acted as a reflector of impinging iron
atoms but as a sink for them. This evidence suggests that the
indirect iron gas flux onto the substrate was negligibly small,
and thus further discussion will be made based on the estimate
of the direct incoming flux.

The calculated direct incoming fluxes onto the substrate yield
supersaturation ratios ranging from !10 to !35 in the present
experiments. The condensation flux of metallic iron normalized
to the ideal evaporation flux is shown as a function of S in
Figure 6. Although the data are scattered to some extent, all of
the measured condensation fluxes are close to the ideal value.
This indicates that !c is close to unity irrespective of !e, because
the effect of re-evaporation from the condensates must be small
due to the large values of S. It is also seen that !c at 1235 K
does not depend on the temperature of incoming gas atoms,
implying instantaneous thermal accommodation of the colliding
gas atoms with the substrate surface.

The ideal condensation behavior of metallic iron in this study
suggests that the condensation rate of metallic iron is determined
by the supply of atomic iron gas and that surface atomistic
processes are not the rate-limiting process at S > 10, i.e., the
surface of the condensate is rough enough for all of the adsorbed
atoms to find kink sites to be incorporated into the crystal lattice
within their lifetime on the surface.

5. IMPLICATIONS FOR THE FORMATION OF METALLIC
IRON IN CIRCUMSTELLAR ENVIRONMENTS

Homogeneous nucleation (nucleation without the aid of a
substrate) and growth of metallic iron in a cooling gas have been
discussed with the assumption that !e = !c = 1 (e.g., Blander
& Katz 1967; Kozasa & Hasegawa 1987), and it has been
concluded that the formation of metallic iron is significantly
delayed due to a nucleation barrier caused by the large surface
tension of iron. The present experiments show that metallic

iron condenses at the maximum possible rate (!c = 1) under
high supersaturation conditions (S > 10), and evaporates under
nearly ideal conditions (!e ! 1) at S ! 0. These observations
are consistent with the assumptions made in previous studies.
However, we also show that the evaporation of metallic iron
occurs with more kinetic hindrances at S close to 1, and that
metallic iron nucleates heterogeneously on an Al2O3 substrate
at S > 10. These effects were not included in previous models,
so that we will now discuss the influences of heterogeneous
nucleation and growth with kinetic hindrances on the formation
of metallic iron in circumstellar environments.

We modeled metallic iron condensation on pre-existing
corundum grains in two closed systems of the solar compo-
sition (Anders & Grevesse 1989) that cool isobarically at total
pressures of 10"5 and 10"10 atm. These are conditions simi-
lar to those formed in protoplanetary disks and outflows from
evolved stars, respectively. It was assumed that all aluminum
atoms condensed as corundum spherules with a fixed uniform
size (dcor) that remained suspended in the gas until the nucle-
ation of metallic iron. The size of the corundum grains changes
depending on the cooling rate of the gas according to the ho-
mogeneous nucleation theory (e.g., Kozasa & Hasegawa 1987),
but the condensation coefficient for homogeneous nucleation of
corundum has not yet been determined. We therefore assume a
fixed size for corundum condensates. The cooling timescale of
" cool was given as |dlnT/dt|"1, which is the time required for
the temperature to decrease by 1/e.

Because the number of corundum condensates in the system
and the surface area of each corundum grain are proportional
to 1/d3

cor and d2
cor, the total surface area of the corundum

grains is proportional to 1/dcor. The timescale for condensation
is proportional to the total surface area of nucleation seeds
(corundum grains in this case), and thus the condensation of
metallic iron via heterogeneous nucleation on pre-existing solids
proceeds in the same manner as long as " cool/dcor is the same.
For further discussion, we assume dcor = 1 µm because 1 µm
sized corundum grains are commonly found in the acid residues
of chondrites as solar and presolar grains (Nittler et al. 1997;
Choi et al. 1998; Takigawa et al. 2011). We introduce a new
cooling timescale of " # = " cool/(dcor/1 µm), which ranged from
105 to 1012 s in the model.

The S required for heterogeneous nucleation (Scrit) was set to
Scrit = 10 based on the present results. The condensation flux of
iron was obtained using Equation (1) with the assumption that
!c = !e, and !c (!e) was given by

!c = !e = 0.06 +
0.94

9
(p/peq " 1) (1 ! S ! 10)

!c = !e = 1 (S > 10),
(5)

which satisfied !e in Equation (4) at 1347 K and S = 1 and
!c of unity at S " 10 (case (1)). No temperature dependence
was assumed. Note that Scrit and the expression for !c are not
firmly defined and should be determined in further experimental
studies. We also modeled the case of !c = 1 for comparison
(case (2)).

Figure 7(a) summarizes the heterogeneous nucleation and
condensation of metallic iron at a total pressure of 10"5 atm
under different cooling conditions. The Scrit of 10 corresponds
to supercooling to 75 K, which is smaller than values for
S required for homogeneous nucleation (200–450 K). Hence,
the nucleation delay of metallic iron is less significant than
previously predicted, and metallic iron condenses more easily
as long as pre-existing condensates act as nucleation seeds.

6

 
Figure 4: Condensation flux (Jcond) of metallic iron, normalized to the ideal evaporation rate (Jid

evap(0)), 
plotted against the supersaturation ratio, S (from reference [7]).  Solid and open symbols represent the 
fluxes obtained at the substrate temperatures of 1235 and 1337 K, respectively.  Temperatures shown 
with symbols (Tgas) represent temperatures of iron gas.  The ideal condensation flux (α=αc=αe=1) is 
shown as a solid line, and the fluxes with different values of αc are also shown (dashed lines). 

3.Evaporation of forsterite 

Evaporation kinetics of forsterite has been intensively studied in vacuum and in low-
pressure hydrogen gas at the temperature range of 2073–1153 K [e.g., 8, 10, 11].  Forsterite 
evaporates congruently and thus its evaporation rate can be expressed by the Hertz-Knudsen 
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equation.  The evaporation coefficients of forsterite obtained in previous studies are smaller 
than unity and ranges from 0.1-0.02 in wide ranges of temperature and hydrogen pressure 
(Figure 5).  It has been known that evaporation of forsterite proceeds anisotropically in 
vacuum [10, 11] and in hydrogen gas [8] and that the anisotropy depends on temperature and 
hydrogen gas pressure (Figure 5).   No. 1, 2009 ANISOTROPIC EVAPORATION OF FORSTERITE AND ITS EFFECTS ON IR SPECTRA L99

(a) (b) (c) (d)

Figure 2. Evaporation rates of forsterite along the three crystallographic axes in hydrogen gas. Evaporation rates in the vacuum are also plotted at 10!4 Pa for
comparison. Open circles, squares, and triangles represent average evaporation rates along the a-, b-, and c-axes, respectively, which were obtained by averaging
multiple experiments at the same conditions. The 2! standard deviation for multiple experiments is shown as an error bar. Solid and dashed curves are 1/10 and 1/100
of the ideal maximum evaporation rates calculated from equilibrium vapor pressures and the kinetic theory of gases. (a) 1657"C, (b) 1535"C, (c) 1327"C, (d) 1153"C.

while that is Vc > Va # Vb at pH2 > 0.2 Pa (Figure 2(b)). The
anisotropy in the vacuum at these temperatures is consistent with
previous experiments (Ozawa et al. 1996; Yamada et al. 2006).

At 1327"C, Vb is larger than Va, and the anisotropy results
in Vc > Vb > Va at pH2 = 0.2 Pa and Vb # Vc > Va

at pH2 = 2 Pa (Figure 2(c)). Vb is largest at 1153"C, and
the observed anisotropy is Vb > Vc # Va (Figure 2(d)).
The anisotropy of forsterite evaporation in hydrogen gas is
summarized as follows. (1) The anisotropy changes depending
both on temperature and on pH2. (2) Temperature dependence
is more significant than pH2 dependence. (3) Vc is largest and
Vb is smallest at higher temperatures (1657 and 1535"C), while
Vb is largest and Va is smallest at lower temperatures (1327
and 1153"C). The temperature dependence of anisotropy and
the difference in anisotropy between that in hydrogen gas and
that in a vacuum may be explained by different thermodynamic
and kinetic effects on surface structures and processes on an
atomistic scale, details of which will be reported elsewhere.

4. IMPLICATION FOR A CRYSTALLOGRAPHICALLY
ANISOTROPIC SHAPE AND INFRARED SPECTRA

The experimental results indicate that circumstellar forsterite
changes its crystallographically anisotropic shape through evap-
oration and that the crystallographic axis ratios (a/b, b/c, and
c/a) can represent heating conditions because anisotropy in
evaporation rates depends on temperature and hydrogen gas
pressure. The change in crystallographically anisotropic shape
by evaporation at various temperatures and durations was eval-
uated based on the present experimental results assuming an
initially spherical grain. We show the results of hydrogen pres-
sure of 2 Pa as a typical value of protoplanetary disks (e.g.,
Gail 2004). A sphere becomes a rod-like shape along the b-
axis at temperature above #1600"C, a pancake-like shape along
the c-axis at #1600 > T > 1400"C, a rod-like shape along the
a-axis at 1400 > T > 1200"C, and a pancake-like shape along
the b-axis below 1200"C. A grain elongated along the c-axis
is hardly formed through evaporation, because the evaporation

rate along the c-axis is always larger than those along the a-
and/or b-axes. If forsterite grains elongated along the c-axis
are observed in circumstellar environments, they should not be
formed by evaporation from a spherical grain but may suggest
condensation origin as formed in the condensation experiments
by Tsuchiyama (1998).

We then calculated IR spectra of forsterite corresponding to
the change in the crystallographically anisotropic shape pro-
duced by evaporation at various conditions. A mass absorption
coefficient for forsterite at 100 K, which was assumed to be ini-
tially a sphere and evaporated at higher temperatures by 90 vol%,
was evaluated by using a classical Lorentz vibration model in
the Rayleigh limit (Bohren & Huffman 1983; Sogawa et al.
2006) with optical constants by Suto et al. (2006). A spectrum
of a rod-like forsterite along the c-axis was also calculated for
comparison. Figure 3 compares the spectra of forsterite with
initially spherical grain, those evaporated at pH2 = 2 Pa and
1540"C and 1150"C, respectively. The peak positions and rel-
ative peak strengths vary depending on heated conditions, sug-
gesting that detailed analysis of IR spectra would distinguish
crystallographically anisotropic shapes of forsterite. It further
enables us to estimate the dust-forming conditions.

We apply the present results to the IR spectrum of proto-
planetary disk, HD100546, which is reported to contain abun-
dant crystalline forsterite (Malfait et al. 1998; Molster et al.
2002; Bouwman et al. 2003; Lisse et al. 2007). The spectrum
of HD100546 around 10 µm is mostly reproduced by the IR
spectrum of grinded forsterite particles measured in laboratory
(e.g., Malfait et al. 1998, Figure 4), which is presumed to be a
modified CDEs (CDE2) model with quadratic weighting to em-
phasize spherical grains (Fabian et al. 2001; Koike et al. 2006).
As the age of HD100546 is #10 Myr, the crystalline silicate
dusts in the disk may be secondarily produced by collisional
destruction of small bodies (Bouwman et al. 2003), which are
likely to have a shape distribution similar to the CDE2 model.

The laboratory spectrum of forsterite, however, does not
explain the existence of double peaks at 10.1 and 11.2 µm
even if the effects of the present dust temperature and chemical

 
Figure 5: Evaporation rates of forsterite along three crystallographic axes plotted as a function of 
hydrogen pressure (from reference [8]).  Evaporation rates in vacuum are also plotted at 10-4 Pa.  Open 
circles, squares, and triangles represent the rates along the a-, b-, and c-axes, respectively.  The 
evaporation rates with αe of 0.1 and 0.01 are shown as solid and dotted curves for comparison. 
 

Takigawa et al. (2009) [8] suggested that anisotropic evaporation of forsterite leads to a 
specific shape of forsterite dust with a specific relationship to a crystallographic orientation, 
which is called as “crystallographically anisotropic shape,” depending on the evaporation 
condition.  Takigawa and Tachibana (2012) [12] showed that the change of the 
crystallographically anisotropic shape of forsterite by evaporation causes observable changes of 
infrared features (Figure 6), and that the crystallographically anisotropic shape is a potentially 
powerful probe to evaluate circumstellar dust-forming conditions.  They applied their model to 
the spectrum of a protoplanetary disk HD100546 and found that a certain fraction (∼25%) of 

forsterite dust may have experienced high-temperature evaporation (>1600 K) (Figure 7). The Astrophysical Journal, 750:149 (16pp), 2012 May 10 Takigawa & Tachibana

Figure 10. MACs of the CDE model and the LDE1, LDE2, and LDE3 in Figure 9 (100 K).
(A color version of this figure is available in the online journal.)

spectrum. Note that if all the shapes in Figure 9 appear with
equal probability, the MAC for that ensemble should be that for
the CDE.

Figure 10 compares the MACs of each ensemble and the
CDE at 100 K. As most of grains in the LDE1 belong
to c-disk, their MAC shows peaks at 9.7–10.2, 10.2–10.6,
10.8–11.5, and 11.9 µm. The MAC of the LDE2 shows peaks at
9.7–10.2, 10.2–10.6, and 10.6–10.8 µm. It shows no clear peak
at 10.8–11.5 µm although grains in the LDE2 belong mostly to
b-disk. The peak at 10.8–11.5 µm is attributed to Cc for Lc <
0.25 (see Section 4; Figure 3(a)); but the shapes with Lc < 0.25
occupy a small fraction of the LDE2. Therefore, the contribution
from the shapes with Lc <0.25 appears only as a tail of the peak
at 10.6–10.8 µm (Figure 9), which is the same as in the case
of nearly spherical spheroidal b-disk (Table 2). The MAC of
the LDE3, which covers the entire region of c-needle ((La, Lb,
Lc) = (>1/3, >1/3, <1/3); Figure 9), shows peaks at 9.2–9.7,
10.6–10.8, 10.8–11.5, and 11.9 µm and no peak at 9.7–10.2 and
10.2–10.6 µm. The infrared features of the three ensembles are
basically consistent with the classification described in Section 4
and Table 2, and can thus be distinguished from each other.

The above discussion indicates that the dust-forming con-
ditions can be evaluated from infrared spectra even for grains
having a variation of crystallographically anisotropic shape. An-
other factor we should consider to link the infrared features to
the dust-forming conditions is that most of infrared observations
do not resolve stars and their dusty envelopes are observed as
point sources. Especially, the dust-forming region or the region
where dust particles are thermally altered is spatially limited, so
that it cannot be resolved with large telescopes such as the VLTI
or Subaru. We thus need to evaluate how the mixing of different
ensembles of grains with different ranges of shape distributions
affects the infrared spectra. Here we show the composite spec-
tra of a grain ensemble with the dominance of a specific crys-
tallographically anisotropic shape (LDE1, LDE2, or LDE3 in
Figure 9) and the CDE with different mixing ratios (Figure 11).
It is clearly seen that the composite spectrum is different from
the spectrum of CDE if the fraction of each LDE is higher than
a few tens of a percent.

We therefore conclude that the dust-forming or dust-evolving
conditions of forsterite (condensation and evaporation under dif-
ferent temperature conditions) can be evaluated from infrared
observations as long as a certain fraction of forsterite parti-
cles with a dominant crystallographically anisotropic shape are
present (more than a few tens of a percent) among the entire
forsterite grains. We finally apply the present result to the ob-
served spectrum of a protoplanetary disk HD100546 (Malfait

et al. 1998; Juhász et al. 2010). Juhász et al. (2010) compared the
spectra of forsterite derived from the Spitzer Infrared Spectro-
graph spectrum of HD100546, which is the protoplanetary disk
showing strong features of crystalline forsterite in the 10 µm
band, with the calculated spectrum of DHS forsterite (the dis-
tribution of hollow spheres; Min et al. 2003) and the absorption
spectrum of forsterite measured in laboratory with the aerosol
technique (Tamanai et al. 2006). However, the observed 16.1 µm
peak could not be reproduced by the DHS model, which shows
similar band profiles to the CDE model with some exceptions.
The laboratory spectrum, which is well produced by the CDE2
model, shows a peak at !16 µm, but could not reproduce peak
positions observed at 10.1 and 11.3 µm.

We found that the composite spectrum of CDE and the LDE1
with the mixing ratio of 3:1 reproduces the peak wavelengths
at 10.1, 11.3, and 16.1 µm better than the DHS and the labora-
tory measurement (Figure 12). We note that the wavelength
resolution of the composite spectrum in Figure 12 was re-
duced to be !0.1 µm to compare with the observed spectrum
by Spitzer/IRC, of which spectral resolution was !0.1 µm in
the 10 µm band. Moreover, the band shapes of the peaks at 11.3
and 16.1 µm in the composite spectrum reproduce the observa-
tion better than the DHS, the laboratory spectrum, and the CDE
alone. The modeled peaks at 10.1 and 11.3 µm are, however,
stronger than the observed peaks, which is also the cases for the
DHS, the laboratory spectrum, and the CDE. This might be due
to the overestimation of amorphous silicate and too much sub-
traction of its spectrum, which shows a broad peak centered at
!10 µm, from the original. We here note that the grain size ef-
fect is not significant as long as the typical size of larger grains is
!1–2 µm (Bouwman et al. 2001, 2003; van Boekel et al. 2005).

We therefore propose that a certain fraction of forsterite
dust in HD100546 experienced high-temperature evaporation
processes most likely in the inner region of the disk. Rapid
transient heating events such as formation of chondrules, the
major constituents of primitive meteorites, could be responsible
for the high-temperature evaporation of forsterite in the disk.
The partially evaporated dust particles may have mixed with
grains that did not experience such high-temperature events due
to radial mixing of materials in the disk (e.g., Dullemond et al.
2006; Ciesla 2007).

Further experimental works for condensation are clearly
needed in order to evaluate the dust-forming conditions quantita-
tively, but we conclude that the crystallographically anisotropic
shape of forsterite deduced from infrared features leads us to
understand thermal events that crystalline forsterite experienced
in circumstellar environments.

14

 
Figure 6: Mass absorption coefficients of forsterite at 100 K with limited distributions of ellipsoids 
(LDE1, LDE2, and LDE3) with that of CDE (continuous distribution of ellipsoids) (from reference [12]).  
LDE1 and LDE2 represent ensembles of shapes possibly formed by evaporation at >1600 K and at <1600 
K, respectively; Disk-like forsterite grains flattened to the c-axis and disk flattened to the b-axis dominate 
in LDE1 and LDE2, respectively.  Forsterite grains elongated along the c-axis dominate in LDE3. 
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Figure 11. Composite MACs of forsterite of the CDE model and the LDE1 (top), the LDE2 (middle), and the LDE3 (bottom) with different mixing ratios (100 K).
(A color version of this figure is available in the online journal.)

Figure 12. Comparison of the MAC of forsterite of the composite spectrum of
75% of CDE and 25% of the LDE1 (100 K) with that derived from the spectrum
of HD100546 observed by Spitzer (Juhász et al. 2010). The spectral resolution
of the composite spectrum is reduced to be !0.1 µm to match to the Spitzer
observation. The calculated DHS spectrum and the laboratory spectrum are also
shown (after Juhász et al. 2010). The vertical axis is arbitrary.
(A color version of this figure is available in the online journal.)

7. SUMMARY AND CONCLUSIONS

The crystallographically anisotropic shape is a specific crys-
tal shape with a specific relationship to crystallographic orien-
tations, which changes with dust formation and/or subsequent
evolution conditions reflecting the anisotropic nature of crys-
tals. An emission spectrum from dust grains depends on their

crystallographically anisotropic shapes because different crys-
tallographically anisotropic shapes yield different wavelengths
of surface mode resonances and their different degrees of acti-
vation. The crystallographically anisotropic shape can thus be
used to estimate circumstellar dust-forming conditions quanti-
tatively. In order to relate the crystallographically anisotropic
shape with the mid-infrared features, we calculated MACs for
spheroidal forsterite particles, the most abundant crystalline sil-
icate in space, with various aspect ratios. We found that the
crystallographically anisotropic shape of forsterite can be esti-
mated from infrared features.

1. The 10 µm complex. Discrete and/or relatively strong
optical resonances along each crystallographic axis exist
in the 10 µm complex, and the peak wavelengths and
intensities of the surface mode resonances show clear
changes with the crystallographically anisotropic shape.
The temperature of dust particles also changes the peak
wavelengths, but the wavelength shift occurs only in one
direction with a limited range in these complexes. The
composition (substitution of Fe for Mg) has little effect on
peak positions if the iron content is limited as observed in
circumstellar forsterite (Mg/(Mg + Fe) > 0.9). The effect
of grain size larger than the Rayleigh limit is insignificant
as long as the grains are !1 µm in size, which is a typical
size of larger grains observed in protoplanetary disks, and
it also shifts peaks in one direction. We also showed that

15

 
Figure 7: Comparison of the mass absorption coefficient of forsterite as a composite spectrum of 75% of 
CDE and 25% of LDE1 (100 K) with the spectrum of the protoplanetary disk HD100546 (from reference 
[12]).  The DHS spectrum (distribution of hollow spheres) and the laboratory spectrum of forsterite are 
also shown.  The vertical axis is arbitrary. 
 

4.Condensation of forsterite 

Condensation kinetics of forsterite under low-pressure conditions has not yet investigated 
in detail in spite of its importance.  In order to understand condensation kinetics of forsterite, 
we have carried out condensation experiments under protoplanetary disk-like conditions in the 
system of Mg2SiO4-H2-H2O.   

4.1Experiments 

An infrared vacuum furnace was used in this study, consisting of a silica glass tube (~300 
mm in length and 38 mm in diameter) connected to a pumping system and two infrared heating 
systems.  The furnace was continuously evacuated during experiments.  A mixed gas of H2 
and H2O was flowed into the system at a controlled rate to keep a pressure constant.  Synthetic 
forsterite powder in an Ir crucible was heated as a gas source.  A part of evaporated gases were 
condensed on a substrate of Pt mesh located at a cooler region in the chamber (15-25 mm from 
the gas source).  The substrate temperature was monitored by a type-R thermocouple. 

The pressure and temperature conditions were close to those of protoplanetary disks.  The 
total pressure of the system was ~5.5 Pa (5.5x10-5 bar), and the substrate temperature were 1320, 
1275, and 1160 K with ±5-10 K fluctuation.  The H2O/H2 ratio was set at 0.015, which was 
~15 times larger than the solar ratio.  The SiO/H2 ratio was evaluated to be ~0.7-3 % of the 
solar ratio from the weight loss rate of the gas-source forsterite.  Experimental duration ranged 
from 6 to 237 hours. 

Condensates were observed with a field-emission scanning electron microscope (FE-SEM; 
JEOL JSM 7000F) and their chemical composition and crystallinity were analyzed with energy 
dispersive X-ray spectroscopy (EDS; Oxford X-MaxN 150), electron backscattered diffraction 
(EBSD; HKL CHANNEL 5), and Fourier transform infrared spectroscopy (FTIR; JASCO 
FT/IR-4200).  Transmission electron microscope (TEM; JEM-2100F) observation was also 
made for focused ion beam (FIB; FEI Quanta 200 3DS) lift-out sections of condensates 
obtained at 1160 K for 93 hours.   
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4.2Condensates 

Sub-micron to micron-sized condensates covered with Pt substrates at 1160 and 1275 K 
(Figure 8), but no condensate was found at 1320 K.  The typical size of condensates at 1160 K 
was sub-micron to 1 µm irrespective of experimental duration and no effective growth of each 
condensed grain was observed (Figure 8).  Condensates at 1275 K for >40 hours partly had 
several micron-sized flat regions (Figure 8).   

 
Figure 8: Condensates of forsterite at 1160 K for 93 hours (left) and at 1275 K for 115 hours (right).  
Scale bars are 1 µm. 

 
Chemical compositions of condensates were consistent with stoichiometric forsterite.  A 

variety of EBSD patterns corresponding to crystalline forsterite were obtained from the 
condensates.  A FIB-section of the condensates at 1160 K showed that condensates were ~30-
150 nm in thickness, and their selected area diffraction patterns were indexed to forsterite with 
different crystallographic orientations.  We thus conclude that the condensates are a thin film 
of polycrystalline forsterite.  Infrared absorption spectra of the condensates showed clear 10-
µm absorption features, confirming the condensation of crystalline forsterite as well (Figure 9).   

8 10 12 14 16 18 20 22 24

wavelength (µm)

condensates on Pt-mesh

reference

 
Figure 9: An infrared absorbance of condensates formed at 1275 K for 115 hours (upper spectrum) 
compared with that of crystalline forsterite (lower spectrum).  The vertical unit is arbitrary.  The FTIR 
analysis was made directly for a platinum mesh with condensates without any dispersion into medium. 
 

4.3Growth process of forsterite 

We first discuss the supersaturation conditions in the present study.  The mean free path 
of gas molecules under the present experimental conditions is less than 1 mm, and the 
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evaporated forsteritic gas and the ambient H2-H2O gas are expected to be well mixed.  The 
supersaturation ratio is defined here as the ratio between the incoming flux of SiO to the surface 
of the substrate and the ideal evaporation flux of forsterite at the substrate temperature (pSiO=0 
and αe=1 in equation 2.1).  The incoming flux of SiO to the surface of substrate is estimated 
from the weight loss of the gas source, and the ideal evaporation flux of forsterite is obtained 
thermodynamically.  The silica glass tube used as a vacuum chamber may have acted as a sink 
of evaporated gases due to condensation onto the wall, and considering the uncertainty of the 
amount of condensed gas onto the wall, the supersaturation ratios (S) for experiments at 1320, 
1275, and 1160 K are estimated to be 1–5, 7–190, and 800–8000.  These supersaturation ratios 
correspond to the supercooling of 0-50, 40–150 and 160–230 K, respectively. 

No condensate was found at 1320 K because the degree of supersaturation was too small 
for nucleation of forsterite or even the vapor was not saturated with forsterite (S ≈1).  The 
condensates at S of 800–8000 (1160 K) imply that heterogeneous nucleation of new grains 
occurred successively on preexisting grains (Figure 8).  On the other hand, at S of 7–190 (1275 
K), some grains seem to have grown up to several to ten µm, while some seem to have newly 
nucleated on preexisting grains (Figure 8).  This suggests that both nucleation and growth of 
each condensate occurred at S of 7–190. 

These differences would result in a structural difference in forsterite dust condensed in 
protoplanetary disks.  Aggregates of sub-micron sized fine particles would form with a high 
supersaturation (>1000), while aggregates containing micron-sized grains would form with a 
supersaturation of <100.  Although further investigation is needed, the formation condition of 
AOAs in chondrites may be quantitatively found in this experimental setup. 

 

4.4Growth kinetics of forsterite 

The flux condensed on the substrate is expressed by the Hertz-Knudsen equation (equation 
2.1).  Figure 10 shows the condensed fluxes of forsterite at different runs under the condition 
of 1275K and pH2 of 5.6 Pa, which are obtained from weight gains of the substrates.  The 
estimated incoming fluxes of SiO onto the surface of substrate (vertical solid lines) and an 
evaporation flux of forsterite at the substrate temperature with αe of 0.03 (dashed line) [10] are 
also compared in the Fig. 11.  Based on these fluxes in Figure 10 and equation 2.1, the ranges 
of αc are estimated to be 0.006–0.09 (Figure 11).  Although the current estimate of αc has a 
relatively large uncertainty due to the uncertainty of S and is needed to be refined in the future 
study, the αc at 1275 K is consistent with the evaporation coefficient for forsterite in hydrogen 
gas [8] and is smaller than that of metallic iron (αc~αe~1).  The difference in αc and αe for 
metallic ion and forsterite may be attributed to the difference in atomic bonds in metallic iron 
(metallic bonds) and silicates (ionic and/or covalent bonds).  This difference implies that the 
growth of forsterite dust occurs less efficiently than that of metallic iron dust in circumstellar 
environments although they have similar equilibrium condensation temperatures. 
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Figure 10: Condensed fluxes of forsterite on Pt-mesh substrates for five runs at 1275K and pH2 of 5.6 Pa 
(closed symbols).  The ranges of incoming fluxes of SiO onto the surface of substrates evaluated from 
the weight losses of gas-source forsterite (vertical solid lines) and the expected evaporation flux of 
forsterite at 1275 K (dashed line) with αe of 0.03 [8] are also plotted.  The ranges of S are also shown. 
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Figure 11: The ranges of αc evaluated for runs at 1275K and pH2 of 5.6 Pa.  The αe of 0.03 at 1426 K 
and pH2 of 2 Pa is also shown for comparison (dashed horizontal line). 
 

5.Summary 

It is important to understand the kinetic aspect of dust formation processes in space, 
especially the vapor growth kinetics of dust, because dust formation occurs in time-variant 
circumstellar environments.  Condensation and evaporation rates of metallic iron and forsterite, 
major dust-forming minerals, under low-pressure conditions are expressed by the Hertz-
Knudsen equation derived from the kinetic theory of gases.  The condensation and evaporation 
coefficients are dimensionless parameters in the Hertz-Knudsen equation, ranging from 0 to 1, 
reflect surface kinetic hindrances of condensation and evaporation processes.  These kinetic 
parameters are crucial to understand the formation and evolution of circumstellar dust particles.  

Experimental studies have shown that the evaporation and condensation coefficients of 
metallic iron in vacuum are close to unity, suggesting that evaporation and condensation of 
metallic iron proceed at the maximum rates given by the kinetic theory of gases without any 
significant kinetic hindrances.  On the other hand, evaporation of forsterite in vacuum and in 
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low-pressure hydrogen gas is kinetically more inhibited than metallic iron, and the evaporation 
coefficient ranges from 0.1 to 0.02 depending on temperature, hydrogen gas pressure, and 
crystallographic orientations.  Anisotropic evaporation of forsterite leads to the change of 
shape of crystalline forsterite dust, which would result in the change of infrared spectral features 
and would be a powerful probe for dust-evolution in circumstellar environments. 

Condensation experiments on forsterite have been carried out at low pressures in the 
system of Mg2SiO4-H2-H2O.  Polycrystalline forsterite was obtained as condensates at 1160 K 
and the supersaturation ratio of 800-8000 and at 1275 K and the supersaturation ratio of 7-190.  
The condensation coefficient of forsterite has been estimated to be in the range of 0.09–0.006 
although it should be refined in future studies.  The smaller ac of forsterite indicates less-
efficient formation of forsterite dust than metallic iron in space. 

Acknowledgements 

We thank Akira Miyake for FIB sample preparation and TEM analysis, Hiroko Nagahara 
and Kazuhito Ozawa for helpful and fruitful discussion, and Chiyoe Koike for her advice on 
infrared spectroscopic analysis of experimental products.  This work was partly supported by 
Grant-in-Aids for Young Scientists (A) (20684025) and for Scientific Research (B) (25287140) 
(S.T.) and Grant-in-Aids for JSPS Fellows (09J02084 and 12J02495) (A.T.). 

 

References 

[1] Ebel D. (2006) in Meteorites & the Early Solar System II, eds. D. S. Lauretta and H. Y. McSween Jr. 
(Tucson AZ: Univ. Arizona Press), 253. 

[2] MacPherson G. J. (2005) in Meteorites, Comets, and Planets (Treatise on Geochemistry 1), ed. A. 
M. Davis (Elsevier), 201. 

[3] Zinner E. K. (2005) in Meteorites, Comets, and Planets (Treatise on Geochemistry 1), ed. A. M. 
Davis (Elsevier), 17. 

[4] Takigawa A. et al. (2014) GCA, 124, 309 

[5] Gail H. -P. (2010) in Astromineralogy, ed. Th. Henning (Springer), 61. 

[6] Brucato J. R. and Nuth J. A. III (2010) in Protoplanetary Dust, eds. D. Apai and D. S. Lauretta 
(Cambridge Univ. Press), 128. 

[7] Tachibana S. et al. (2011) ApJ, 736, doi:10.1088/0004-637X/736/1/16. 

[8] Takigawa A. et al. (2009) ApJ, 707, L97. 

[9] Paule R. C. and Margrave J. L. (1967) in The characterization of high-temperature vapors, ed. J. L. 
Margrave (New York: Wiley), 130. 

[10] Yamada M. et al. (2006) Planet. Space Sci., 54, 1096. 

[11] Ozawa K. et al. (2012) Amer. Mineral. 97, 80. 

[12] Takigawa A. and Tachibana S. (2012) ApJ, 750, doi:10.1088/0004-637X/750/2/149 


