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ABSTRACT

An analysis is presented of the assumptions and the applicability
of the threec theoretical methods for calculating condensations in ccsmic
clouds where no pre-existing nucledl exist, The three procedures are:
thermodynamie equilbrium calculations, nucleation theory and a kinetie
treatment which would take into account the characteristics of each
individual collision, Thermodynamics provides detailed results on the
composition temperature and composition of the condensate provided the
system attains equilibrium. Because of the cosmic abundance mixture
of elements, large supersaturations in some cases and low pressures,
equilibrium is not expected in astronomical clouds. Nucleation theory,
a combination of thevmodynamics and kinetics, has the limitations of
each scheme, Kinetics,not requiring equilibrium, avolds nearly all
the thermodynamics difficulties but requires detailed knowledge of
many reactions which thermodynamics ivoids. It appears to be the only
valid way to treat grain formation in space. To do this will require
experiments on condensation that will provide an understanding of the
process as it occurs In astronomical systems and also will provide the data
on crosg-sections, rates and related characteristics of the separate steps.

A review of experimental studies concludes the paper.
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INTRODUCTION

Analyses of the cloud collapse phase of star formation, accumulatien
of solid grains into larger solar system objects, trapping of elements
later incorporated into larger objects, thermal balance and temperature
of clouds, are among the processes in which cosmic grains play an
important role. The formation mechanism o. grains largely determine
their composition, concentration as a function of time and position,
radiative characteristics and accumulation probability. Consequently,
a review of the status of formation mechanism of grains is very
pertinent to this conference.

In this paper I treat the case of condensation from a gas in .he
absence of any pre-existing grains or nuclei upon which condensation
can oceur. Some of the analysis is expected to apply to condensation
on grains already present. The paper is not a summary of the 'state-
of-the-art' in describing the formation of graims. It is, rather, an
attempt to examine the basic assumptions of the various procedures used
to describe condensation and to examine their applicability to astronomical

systems.



The case of heterpencous nucleation on dons or of growth on pre-
exlating grains ia not discussed here. lons may be lmportant for stellar
or clrcumstellar condensotion. Conslusions about the nature of the
grain and the mechonism are voc expected to be appreciably changed.
Nucleation wousld oceur at higher temperatures or lower concentrations
than with a neutral vapor. This problem will be taken up at a later
time. Very small grains may be present in some of the dense clouds
considered here which formed from low density clouds.

1f interstellar graing survive the collapue of a diftfuse cloud,
gruins less than 100 R are probably present (Greenberg, 1373). Some
agpects of the growth of gralns are glven in Greenberg's report at the
conference. The process, in outline, is described by Greenberg (1973) and
by Fleld {19735) but detailed effects of gas-grain interaction (Hirch
and Pound, 1961) are not dncluded. As part of the Goddard study of
cosmic gralns, an analysis of this problem is Intended.

Three wmechanisms have been used to describe condensation., In
iiistorical order they ave: {1) thermodynamics, Wilde (1933), (2) kinetics,
Livdblad (1935), and (3) nueleation theory {Kamijo, 1906, 1968; Ponn et
al., 1968) which is a combination of thermodynamics and kineties., These
analyses have subsequently undergone considerable development. A com-
prehiensive review of the thermodynamie procedure has been given by
GCrossman and Latimer (1974). A byief veview of thermochemistry and
nucleation theotv has tvecently been published by Salpeter (1977).

Kincetic analyses require the most detailed Input data and few

general treatments (ter Hnar, 1944; Kramer and tev Haav, 19463



van de Hulst, 1949; Hoyle and Wickramasingle, 1962; Donn, 1976) have
been attempted. The papers listed inddicate the complesity and con-
sequent limitations of a kinetic analysis,

THERMODYNAMIC EQUILIBRATION CALCULATIONS

The simplicity of thermodynamics, in which the equilibrium composi-
tion and phases in a system depend only on the final state, allows
detailed results to be calculated, A determination of the chemical
composition of the gas and any condensates require knowledge only of
the free encerpglies of all species which may occur. Procedures for
obtalning the data and carrying through the calculations are given in
the review of Grossman and Larimer (1974). They adopted a eloud of
"solar" composition at a pressure of lDHA atmospheres. Figure 1, taken
from that paper, summarizes thelr condensation computations. The chart
shows the fraction of each element that has condensed and the mineval
in which is occurs, as a function of temperature. Of the three methods
for treating condensation only thermodynamics permits such detailed and
comprehensive results to be obtalined. Indeed, for most elements, it is
the only procedure that yields any results at the present time.

Unfortunately, there is a price that must be pald for this informa-
tion; the system must be in thermodynamic equilibrium. To the degree
that the system is out of equilibrium, calculated results will deviate
from the actual values. Several factors exist whieh may lead to dis-
equilibrium. The most important among these appear to be the low
pressures in clouds, and formation of metastable specles which may
persist indefinitely. The effect of each of these factors will be
pecentunted by the non-exlstence {n the gos of the nominnl meleeale

vl he cosndongesd s al



Condensation 1s the tendency of the system to attain equilibrium.
Ag with many chemical reactions ar actlvation bsavrier enista which may
cause a non-equilibrium state to be "frozen-in". With vaper phase
transitiona, the requirement for supersaturation mekes condensation
au inherently non-<equilibrium process which can have signlf.cant effects
(Blander and Katz, 1968; Blander and Abdul Gawad, 1969, “l.nder, 1971).
The experimentally determined supersaturation for irom {Frurip end Bauer,
1977} 1s 20 at 2000 K and increases to 500 at 1650 K. ‘The theoretically
and experimentally well established need for supersaturation thus
intreduces a major deviation from equillbrium. For condensation of iron
at 1600 K, the iron vapor has to be undercooled by 300°. The kinetic
effects of low pressure and possible metastable specles will be con-
sidered in Section IV where an analysis of the kinetics of condensation
is treated. It is to be emphagized that classical thermodynamics
predicts the equilibrium composition and phase distribution and not
the results of a phase transition which, for the reasons indicated,
may yield non-equilibrium, metastable products.

ITI. NUCLEATION THEQRY

The essence of nucleation theory ds the transition from the gaseocus
te the -ondensed phase, liquid or solid. In its usual formulation
{Frenkel, 1955; Hirth and Pound, 1962; Abraham, 1974) it is a combina-
tion of thermodynamics and kinetdes. The process can be represented

by the set of equations:

+h, A J =1, 2....3% (13
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, & cluster of j molecules or atoms and A%

3
),

where A, 1s the monomer, A

1 i

the critical cluster or condensation nucleus., The distribution n(Aj
for j not too near j*, is given by thermodynamles, Monomeric addition
ef an existing gaseous molecule 1s generally assumed, although, in some
cases, e.g.,, carbon, dimers and trimers may be involved. Only one type
of condensible molcule oceurs and a cluster changes size only by
collisional capture or evaporative loss. Several treatments of binary
systems have racently been made (Kiang et al,, 1973; Shugard et al.,
1974 Wilemski, 19735). Kiang and Cadle (1975) treated ternary ‘ystems.
In these snalyses multicomponent particles form without reaction.
Condengation with reactions to form grains for which the moleecular
compogition 1s different from that of the vapor has been considered
explicitly by Courtney (1964) and in a more general but formal sense

by Hirschfelder (1974). Characteristics of clusters which occur in
these two investigations are not known preventing application to

actual systems,

Salpeter (1974) proposed that polywers incident on a growing
ecluster may fragment through release of the binding energy of the
particle. Part is captured and the escaping fragment carries away
the excess enerpgy, stabilizing the now larger cl-ester. This may be
an important supgestion as we shall see later,

For the formation of the most stable major minerals e.g., Al203,
CaTiO3 (Grossman and Larimer, 1974), nucleatlon is expected to be
seriously inhiblted., The building blocks blocks are swall molecules

e.g., A120, Ti0, €a0, not the larger, nominal wmolecule of the crystal.



The nominal molecules ylelding very stable macroscepice crystals coiaot
exlst until clusters of many molecules occur to form the bulk material
posedbly in a very poor crystalline array.

At the low pressures in astronamical systems two additional factors
enter, At g total pressure of 10—4 atmos, the partial pressure of
condengible specles will be below 2!.0'"9 atmes, The interval between
successis collisions of condensible specles with a small cluster will
be preater than one second whereas the Interval for all molecular
collisdions will be about 10-5 . Therefore, the rate of cluster growth
1s slow on molecular time scales and the stability of small clusters
becomez an important factor. The binding energy per atem for metal
clusters has been studded theoretically by several investigators and
one experimental measurement for iron exists (Freund acd Bauer, 1977).
The results are summarized in Figure ? where it ig seen that the binding
energles of very small clusters 1z about 20% of that for the bulk
metal., No data ewilsts for oxddes. The stability and hence concentra-
tfon of these clusters will be much less than would be found using the
bulk binding energies.

A sectnd important effec. of low pressure 1s a marked deviation
from rhermal equilibrium. The consequences for chemical reactlons
in the interstellar medfium was pointed out vy Donn (1973). An
anilysis of non-equilibrium molecular vibrational energy in late
type glant and superglant stars was digcussed by Thompson (1973). His
crirerion for a non-equildbrium distribution, radiative relaxation rate
equal to collisional rate, is qualitative and wvery conservative., However,

W will use the same simple measure for deviation from equilibrium hera.
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At p = 10=4 atwos, the moelecular collision frequency is 105 B-l. The
efficiency of translational to vibratlonal enerpgy exchange is very
poor (Cottrell and McCoubrey, 1961; Kondratev, 1664n), for simple
molecules at ~ 1000%K an effic’ ‘ney of 10“3 may be adopted, {.e., 103
collisions are required for energy transfer to occur. This yields a
transition probability for collisional excitation of about 100 s_l.
Representative radiative vibrational transition probabilitdes are in
the range 100-1000/see. mol. (Penner, 195%59). Therefere, sipnificant
deviastions from a Boltzmann eguilibrium distribution in the sense of a
deficiency in exclted scates will appesr at 10“4 atwespheres,

In summary, nuclestion theory makes the following assumptions:

{1) pressures are high enough for thermodynamic equilibrium to exlst and for the

time scale of nucleation te be short, ~ 10—5 g, (2) therve are unreactive,

condensible species, (3) the condensed molecule exists in the wapor,
{(4) no reactive species exist. As we have shown, none of these assump-
tions apply to astronowical systems.

Even with the siwplified approximations, nucleation theory has orly
been extensively used for graphite {(Kamijo, 1966; Donn et al., 1908,
Walker, 1975, Tabak et al., 1975), Dlineral condensation sequences based
on undercooling required by the large supersaturations have been derived
by Blander and his associates in the references given earlier.

IV, TINETIC MECHANISMS

The well known distinction between thermodynamics and kinetie
theory shows up In the astrenomical condensation problem. Whereas
thermodynamics can make detailed caleulations without needing detailed

processes and data as long as equilbrium exists, kinstics vequires no

specinl conditions to carry through its calculations. The price to do this
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is a complete knowledge of all fmport. nt processes, energles, cross-
sections and other relevant data. The consequence is that caleulatlons

for gpecifle condensates hive buen attempted only for 1ee wixtures

{van de Hulst, 1949) and graphite (Hoyle and Wickramsingle, 1362).

An analysis which examined for the filrst time the formation Kinetles

of distomic molecules ag the initdal step in grain formation was

glven by ter Haar (1942) and Kramers and ter Haar (1946). An amerphous
particle consisting of essentially all elements was proposed. Cernuschi
{194£7) recongidered some of the besie steps In graln formaticn after

the initial clusters formed. 1In 1962, Hoyle and Wickramasingle discussed
graphite formation in the atmosphere of cool carbon stars. They made
use of experimental values of the heat of reaction of small carbon
polymers and theoretical value for the equilibrium vapor pressure of
carbon.

What we wish to emphaslze here, with regard to these Investigations,
is the difficulty, initially, of correctly writing down the series of
processes that occur. Follewing this, the serious problem of obtaining
energles, cross—sections and rates required for the calculation must
be resolved. In the papers mentioned, mechanisms were highly simplified.
In spite of the large concentration of reactive molecules, only those
steps were included which added to the cluster, e.g., for graphite

formation, only reactions of the form:

e
C+C ¥ C 0 (2)
were included. A much more frequent step will be
. .
H+C + Products (3)



where the products, CH, Cii, etc. (Balooeh and Qlonder, 197%) are

produced at o rate k., Anurhoy expected reaction series is

+ | {4}

CHm + Cn * Cn+1 ™

where Hm may be an anstable {rapgment which ylelds H + HE‘ This fa the
type of process by wihiieh pyrolytie grephiite fv produced. The possible
slgnificant effects of hwdrocarbon reactions on carborn condensation was
ment loned by Donn et al., (19¢4°. They neglected these mechaniums be-
cause of the lock of knowledge of how to treat them., Similoar censldera~
tions apply rto the analysis of ter Haar (1942) and the other kinetic studles,

Several other factors having lmportant consequences on the kinetics
of grain formation are briefly noted here. At low pressures three-body
collisions which are needed to stabllize the association of small
moLecules are very infrequent. The ratio of two~te-three body collisions
is approximatiely 10_22 n (Rondratev, 1964b) where n is the total
particle density per cmj. Iu the presgure interval 10~£ to ]0“8 atwospheres,
this vatlo drops From lOH? tu 10“11. Sulpeter's suggestion of fragmenta-
tion of the fncident wolecule can be affeective, the escaping {ragment
carries away the excess binding energy and allows part of the incident
molecule to add te a cluster.with less than aboub elght atoms,

A second factor that may enhance condensation is the low vibretlenal
temperature at low pressures which depletes the h pgher vibratlonal
states of the molecules. The primary enerpy wode affecting condensa-
tion appears to be the internal energy of the wolecule, cluster ov
surfaece rather than the molecular kinetic eunergy (McCarroll and Ehriich,

1964 ; Shade, 1964). Thes, at high kinetic temperatures, the non-Boltsmann
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distribution means that the system ie effectively much colder. This
may be the domiuant factor allowing grains to form in "hot" clouds.
A similar effect applicable to small aggrepates which behave ae bulk
golids was poieted out by Arrbenius and De (1973).

Firally, a major contributer te condensation may be {ounizution
which 1s well known te be very effective in causing nucication in many
systems (Hirth and Pourd, 1963). A more general possible consequence
of ienization on condensation ir clouds has been considered by Arrhenius
and Alfven (1970; rce also Lehnert (1970)). These papers consider
grailn formation where plasma effects Jominate clouds processes whersas
this review iy concerned with reglons when iondization has limited,
spueclfic consequences,

V. REMARKS ON THE THEQRETICAL MECHANISMS

The analysis of the three mechanism of investig-ting condensation
ig pow summarized. Thermodynamics ylelds a precise, detailed evolution
of condensation in clouds if the system were always at equilibrium.
However, because of the fact that condensation 1z a transition process,
not an equilibrium state, various factor may interfere with the
equilibrivm state being attained., Of particular significance are the
low pressures characteristic of astronomical systems, and the large
supersaturation required to drive the condensatlon process. Nucleation
theory also suffers from the requirement for thermcdynamic equilibrium.
In addition, it has been developed only for very simple laboratory
systems. The basic assumptions are not valid for astronomilcal cases.

A generalization of nucleation theery, more valid for present circoum-

stances may be made (Donn, 1976). This precedure will require wmuch
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more detuiled knowledge than can readily be obtulned und leads us to
the thilerd sebiome - o hinetie treatment. Kioeties is valild under aay
clrcumstances 16 all the steps and quoneities are koown. For a low
pregsure, cosmle sbuadance dystem, we are very far from belng able to
carry cut a detailed caleuwlation. A siople, extreme calculation in which
all refractory atoms and molecules add to the eluster vields a boundary
condition grain. This was done previously (Donn, 1976) will the vesaltunt
compos it ion FvVMnguAlNi(Riw)Su Thia precedure and result ls smewbat
anslogous to that of ter Haar (19742) who wos deal ing with low temperature,
diffu suds where the totdl concencration was about upitvy,  The
cotiposition For the prain just given wmay be compared with the thermo-
dynamic esults of Figure 1. Bevause of the considerable deviations
from thermodvoumic equilibrium, those calculutions will not be accurate
descriptions of the grains.

The general charascter of (he thermodynamic results are ex-
pected te provide guldelipes for the grain compositon and condensa-
tion temperatures, Iohibition of sueleation will cauge caleulatad
temperatures to be wppet Jwits, Flements, e.g., aluminum, titanium
and calcium, are wot expected Lo have distioct condensation tempera-
tures or condense fn unlgue cryvstallive winerals., The tendeawcy may
be fer groups of elewcnts to condense together over a range of tompera-
tures in an aporphoss aggrepate,  Solid state difFfusion at high temneve-
tures could cauve ennealling, leading to a mult{sry¥stalline grain (Stephens,
1978). The actusl grafn composition can be expected to fall between
the two extremes. As pointed out in the earlier paper (Donn, 1976} =
unique composition is wnlikely., Tt ts to be emphasized that the natare
of the gysten and the factors that fevor condensation indicate mwn-

equilibrivm solids wili form.

11



VI. CONDENSATION EXPERIMENTS

It should be clear that condensation experiments appropriate to the
conditions in astronomical systems are needed. Experiments on condensa-—
ticn of smokes have Guzen carried out by Lefevre (1967, 1970) whe produced
gralns of iron, iron oxlde, silicon carbide and silicea by an arve discharge
in argon. Kamijo et al., (1975) used heaters, arcs, and plasma jets to
vargorise a variety of similar materials, again in argon. Steyer et al.
(1974) uged an arce to vaporize and recondense silica. In these expsriments,
condensation takes place under uncontrolled conditions with unknown
temperatures and pressures., Except for lron oxide and silicon carbide,
there Is only a single condensible specdes, The apalysis of condensation
conditions in cloude in the previous sections has shown that these
e periments are valuable for producing small grains of various materials
and studying their properties but they do not centribute much to our
understanding of ~stronomical condensation. Meyer (1971) has experi-
mented with condensation on surfaces initdiated by sputtering of selected
targets by argon atows. His procedure and results are difficult to
relate to swoke formation io clouds. Of significance to the present
analygis 1s Meyer's conclusion that some films formed by sputtering
magresium silicate targets could not be ldentified with any lknown
magnesium siljicate compound. Perhaps the experiment most percinent
to grain formation In astronomical clouds was the attempt by Doifeld
and Hudson (1973) to nucleate graphite. They simulated a cool stellar
atmosphere with an expanding beam of a hydrogen-methane mixture
equilibrated at temperatures on the order of 2000 K but obtained a negative

result w.th only an upper limit of 10 percent of carbon condensing.

12
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Further work along this line could yield data on the kinetics and
products of carbon esndensation in hydrogen rich atmospheres.

Currently, there are two series of experiments on nucleating smokes
from vaporized vefractory materials which extend the work alrveady referred
to In the direction of being mo.e realilstic fov cosmic clouds, The work
of Arnold and his colleapues were reported at the symposium of Stephens
and 1s deseribed clgewhere dn these proceedings. To date thelr experiments
have been done at pressures above an atmosphere, At Goddard, Kenriek
Day and I vaporized magnesium aand silicon monoxide in separate, adjncent
crucibles (Day and Donn, 1978). These were independently heated, allowing
different Mg/Si ratios to be obtained in the vapor. An ambient argon
atmosphere at about 2 Torr pressure could be heated to control the con-
densation temperature, Temperatures from O to 500°C were employed.

The strong dependence of condensate yield on temperature, described
below, indicates that the amblent temperature was the controlling
parameter., Calculated partial pressure of the veactant Mg and 310
vapors were between 0.1 and 1 Torr., The gmoke yleld decreased as the
ambient temperature was raised. At SOOOC no smoke was collected unless
the crueible temperatures were lncreased substantially, railsing the
reactant partial pressures. At 500°C the supersaturat ion for experiments
in which no grains were collected is estimated to be greater than 105.
At all temperatures the grain size was a few hundred angstroms. The
particles were amorphous, with vardiable Mg/Sl ratios. Thedr infrared
gpectra sho. ed structureless 10 and 20 pm features very similar to those
found in astronomical sources. When the grain. were annealed In vacuum

at 1000°C for 1 hour, a well developed forsterite (ngSiOA) spectrum

13



developed, Figure 3 shows the infrared spectrum of condensed and
agnnealed graing. The dependence of smoke yleld on tomperature, the

Wigh supersaturation and the amorphous, non-stolehiometrle character

of the grains, all support the kinetic mechanism for grain formation.
These experiments ave being extended to include other metals and mere
complex mixtures as well as fondzation and other phenomena, The experi-
ments will olso be made more guantitative.

The concept of organie graipns proposed by lioyle and Wickramasinghe
(1977) has not been considerced here.  The kinetlc trveatment is expected
to apply tu any composition.

The ombiticus, vltimate gea. of our investigation of grain formation
at Coddard 1s to develop a method to permit approximate but realistie
caleulations of conde~ ation in astronomical systems.
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS

Sunmary of thermodynamic equilibrium calculations from a
nebula of solar composition, P = 10_4 atmos. (from Grossman
and Lardimer, 1974).

Binding energy of clusters normalized to bulk solids

(from Anderson, J. Chem. Phys., 64, 4046, 1976).

Infrared spectrum of gmoke condensed from 510 + Mg mixture
at 300 K, ~--—- initial condensate; _ heated to 800 K

in vacuum; .... heated to 1300 K in vacuum.
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