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ABSTRACT

Title of Dissertation: Experimental a. 1 Theoretical Studies of

Interstellar G ains

Joseph Andrew Nuth III
Dissertation directed by: Dr. Isidore Adler, Professor

Geochemistry Program, Chemistry Department

Steady state vibrational populations of Si0 and CO in dilute
black body radiation fields have been calculated as a function of
total pressure, kinetic temperature and chemical composition of the
gas. Approximate calculations for polyatomic molecules have also been
presented. Vibrational disequilibrium becomes increasingly
significant as total pressure and radiation density decrease. Many
regions of postulated grain formation are found to be far from thermal
equilibrium before the onset of nucleation. Calculations based upon

classical nucleation theory or equilibrium thermodynamics are expected

to be of dubious value in such regions.

Laboratory measurements of the extinction of small iron and
magnetite grains were made from 105nm to R0nm and found to be

consistent with predictions based upon publisnad optical constants,



This implies that small iron particles are not responsible for the
220rm interstellar extinction feature., A festure which begins near
160nm in the extinction spectrum of HDAN17Q {3 jdentified as due to

water ice,

Measurements have been made of the critical partisl pressure of
sio (Pe) necessary to initiste avalanche nucleation in the sm-nz
system as a function of temperature (7S50K<T<1000K)., The condensate
produced by this process is 81?0.* rather than 810?. Analysis of Pc
versus T using classical nucleation theory yields a value of 500
ergs/em2 for the surface free energy of the initial clusters, Despite
the fact that this value is in reasonadble agreement with those from
the literature, numerous inconsistencies in the analysis are noted.

It is shown that classical nucleation theory is not applicable to tnis

system,

Measurements of Pc vs T for the Hg-SiO—H2 system nave been
obtained (750K<T<C1015K), These are compared to similar measurements
for the SiOsz system, The presence of magnesium lowers the
nucleation barrier for T<C25K but does not effect condensation at
higher temperatures, Infrared spectra of both the initial condensate
and ssmples annealed in vacuo at 1000K are presented and compared with
infrared observations of OH26,5+0.6. Much of the previously ignored
fine structure in both the 10 and 20 micron features could be modeled

by laboratory produced amorphous silicate smokes,
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Introduction

The chemical composition of interstellsr dust has been the
subjsot of dedate for more than forty years. Within the past twenty
five years however, our conception of the interstellar medium has
undergone g drastic change. This environment was previously seen as a
penign, quiet ocasis in which solids could leisurely nucleate and grow.

Once formed, a grain was believed to persist for eons,

We now know that the interstellar medium is an extremely hostile
environment. It is permeated by commic, X and v rays; bathed in both
hard and soft ultraviolet radiation; heated and mixed by shock waves
from supernova explosions and intercloud collisions. Such processes
bring atout the destruction of many of the previously proposed grain
materials much faster than the rates at which they could be reformed.
In fact, because of the extremely low density of condensible material
and the hostility of the environment, it is doubtful that any type of

grain could form in the general interstellar medium.

Our view of the chemical composition of interstellar solids, once
believed to consist of ices of water, methane and ammonia, has
undergone a3 similar transformstion. Grains must now be composed of
materials capable of withstanding high particle and rediation fluxes
for long periods of time, Metals, metal oxides, graphite, metal

carbides and silicates all fulfill such criteria and are therefore the



preferred materials to model interstellar dust. Nevertheless, even
though ices are no longer expected to be the major constituents of
interstellar grains, they might still be important in the more

sheltered regions of the interstellar medium.

This model of interstellar materials is supported to ascme extent
by measurements of the depletion patterns of the elements in the
inter stellar medium (Field, 1974; Trivedi and Larimer, 1981). In such
studies, the absolute absorption strength in a resonance line of an
element is used to calculate its abundance along the line of sight to
e specific star. These abundances are then comparei to the 'commic!
abundance of the element and its depletion factor is determined.
Although there are numerous observational and theoretical difficulties
in such determinations, the average cosmic depletion pattern indicates
that refractory elements such as Si, ig, Ni, Fe, Ca, Al and Cr are
more depleted than less refractory species such as S, 0, N, Nea, Zn or
P. Elements found to be depleted from the gas phase are most probably

incorporated into interstellar grains.

Although models based on the measured depletion patterns can
predict the aversge elemental composition of interstellar solids, such
model s are not able to predict the chemical structure of such
material. A complete model of interstellar grains requires an
under standing of the processes by which they are formed and
subsequently modified in typical astrophysical environments. Such a
model necessarily requires that the structure of the major grain

components be well characterized.



A successful attack upon this prodlem must therefore incorporate
at least three lines of resesrch. Firat, it is necessary to
under stand the physical envlronnent_ln which nucleation processes
occur. Second, it requires the laboratory production of materials
which emulate the observed properties of interstellar grains.
Finally, it is essential to understand the nucleation process itself,
especially for the refractory materials which are the most likely

components of the dust.

Chapter 1 brietly reviews the astronomical literature which
pertains to the formaiion, composition or structure of interstellar
grains, Chapter 2 reviews previous laboratory measurements of
materials proposed as models for the dust, This chepter also contains
a brief outline of classical nucleation theory and the manner in which

it has been applied to astrophysical systems.

The results of theoretical calculations to determine the steady
state populations of Si0 and CO in dilute black body radiation fields
as a functlon of the total pressure, chemical composition and kinetic
temperature of the ambient gas are reported in Chapter 3. An
approx‘mate calculation applicable to polyatomic molecules is al
descrited in this chapter. Chapter 4 describes the production of
small iron and magnetite grains, Both of these materials are expected
to be present in the interstellar medivm. Tne optical extinetion
spectra of these grains was studied from 1%nm to 830 nm and compared

to astronomical observations.



Chapter 5 describes measmurement of the temperature dependence of
the critical presaure of Si0 necesssry to initiate spontanecus
nucleation in a pure 810-"2 system. Thes: weasurements are then used
as the basis upon which to analyze the temperature dependence of the
onset of avalanche nucleation in a Ng-SiO-Hz System, described in
Chapter 6. Chapter 6 reports studies of the infrared spectra of
amorphous magnesium silicates and 31203 as a function of annealing
time at 1000K in vacuo. These materials were produced under carefully
controlled conditions in the laboratory. The implications of these
studies for the formation of interstellar silicates in the atmospneres

of oxygen rich stars are discussed, as are the observational

consequences of this assumption.
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Chapter 1 Astronomical Observations

The astronomical literature relating to interstellar grains has
been extensively reviewed on numerous occasions. The review of Savage
and Mathis (1979) lists many of the books and review articles which
have appeared before 1979. This chapter will be divided into four
sections, In the first section I will review the various spectral
features observed in the interstellar extinction curve from the far
infrared to the extreme ultraviolet., In the second I will review the
information extracted from scattering and polarization measurements.
In the third section I will discuss the types of grain models which
have been proposed to explain these observations. In the last section
I will review the information available in the literature on regions
considered to be important sources of grains. I will also discuss the

mechanisas by which these grains could be modified or destroyed,

I. Spectral Features of the Interstellar Extinction Curve

One of the oldest and most useful sources of information about
the properties of interstellar grains is the interstellar extinction

curve, Table 1 lists values for the average extinction of
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Table 1
A Average Interstellar Extinotion Curve

Color  almicrons) A~ V(microns™')  E(A-V)/E(B-V) A,/E(B-V)

- 0.00 <3.10 0.00

L 3.4 0.29 -2.94 0.16
K 2.2 0.45 -2.72 0.38
J 1.5 0.80 -2.23 0.87
1 0.90 .1 -1.60 1.50
R 0.70 143 -0.78 2,32
v 0.55 1.82 0.00 3.10
B 0.44 2.2 1.00 4,10
0.40 2,50 1.30 4.40

0.344 2,91 1.80 4.90

0.274 3.65 3.10 6.20

0.250 4,00 .19 7.29

0.240 417 4.90 8.00

0.230 4.35 5.77 8.87

0.219 4,57 6.57 9.67

0.210 4.76 6.23 9.33

0.200 5.00 5.52 8.62

0.190 5.26 4.90 8.00

0.180 5.56 4.65 7.75

0.170 5.88 4,77 7.87

0.160 6.25 5.02 8.12

0. 149 6.71 5.05 8.15

0.139 7.18 5.39 8.49

0.125 8.00 6.55 9.65

0.118 8.50 7.45 10.55

0.1 9.00 8.45 11.55

0.105 9.50 9.80 12.90

0.100 10,00 1.30 14,40
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interstellar material as a function of wavelength. This table is
taken from the review of Savage and Mathis (1979). It must be noted
however that this average curve is by no means universally invariant,
Indeed there are many stars which are known to possess anamolous
extinotion (see for instance Sitko, Savage and Meade, 1981 or Snow and
Seab, 1980). Some of these curves are discussed at greater length in

Chapter 4 of this work,

Table 2 lists most of the known spectral features of the
interstellar extinction curve, the material currently held to be
responsible for the feature and the region or regions in which it is
observed. Much of this information is available in the reviews of
Huffman (1977) or Merrill (1979). In what follows I will briefly
discuss wnat is 'known' about each feature in this table, I shall
begin with those in the infrared anc proceed through the

electromagnetic spectrum into the ultraviolet.

a. Infrared Extinction

The far infrared region (A > 30um) is the "last frontier of
astronomical spectroscopy "(Huffman, 1977). Observations must be
taken at very high altitudes in order to avoid much of the
interference due to atmospheric water vapor, Because the field is
relatively young, most of the spectra available in the literature are
taken at only low resolution, These indicate that the thermal
emission from dust grains surrounding hot sources falls off roughly as

2!, Tis implies either



Table 2

Major Features of the Interstellar Extinotion Curve

Feature Carrier Where (bserved

Increase in extinction Silicates 1

(k. < 130mm)
Increase in Extinction Water Ice HD®41T9

(A =2 159mm)
Extinction Maximum (220mm) Graphite 1,4
Change in Slope (A +» 410nm) Large Particles 1
Diffuse Bands (Table 2b) (impurities ?) 1
Very Broad Structure Magnetite 1

Mid-Infrared Signatures

( See Table 23)

45 micron Absorption Water Ice KL Nebula
Far-Infrared Falloff ‘Dirty' Silicates 3
(Intensity « A~ ") Magnetite

Legend

1. General Interstellar Medium

5. Planetary Nebulae

2. Molecular Clouds/Compact HII Regions §&6. Eruptive Stars

3. Oxygen Rich Stars
i, Carbon Rich Stars

7. Misc, Galactic Sources
8. Galactic Muclei
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that the grains have emissivities whioh are higher than expected in
the infrared or that they are much better adsorbers than expected on
the basis of a silicate model. Such enhanced emission might be dus to
the presence of impurities within the grain ( Aannestad,1975) or to the
presence of 'giant' grains (Rowen-Rodinson, 1976). It should be noted
that Day (1976, 1981) has produced mmorphous silicates, the extinction

of which falls off as x""a.

Both the sensitivity and resolution of far infrared dstectors is
rapidly hprovlnﬁ. This has resulted in the recent detection of a
feature at 45um attributed to water ice (Erickson et al, 1980;
Papoular et al, 1978). I should note however that this feature has
only been detected in the KL Nebula in Orion, the regior i)th the

strongest known 3.07um ice feature.

Mid infrared (2um< A < 30um) spectra of aany classes of objects
have been available at medium to high resolution for about the last
five years in the short wavelength end of this range (A < 13um). High
resolution studies at longer wavelengths are published much less
frequently. This has resulted in the identification of numerous
features at A < 13um and almost none above (see Table 2a3). An
excellent review of the known infrared features from an observational
point of view was presented by Merrill (1979) at the Workshop on
Thermodynamics and Kinetics of Dust Formation in the Space Medium.
This was augmented by a review of the properties of unidentified

infrared features (Willner et al, 1979) presented at the same meeting.



Table 20

Mid-Infrared Spectral Features

Band Center (Width) Seen Carrier Where (bserved
(microns) In'
3.1 A Water Ice 2
3.3(0.5)/3. 4 E ( CH ?) 2,5,7,8
3.4 A (CH?) (n,2
3.5 E (poly H,CO ?) 3
6.0 A ? 2
6.2(0.3) E (water of hydration ?) 2,5,7,8
6.8 A ? 2
7.7(0.8) E ? 2,5,7,8
8.6(0.3) E ? 2,5,7.8
11,.2(0.4) E ? 2,5,7,8
9.7(3.0)/18(3.0) AE Silicates 1,2,3.(5) ,(6),7,8
11.2(1,.7) AE Silicon Carbide 4,(5)
Continuum AE C,Metals, Metal Carbides 1,4,5,6,7

® A (Seen in Absorption)

E (Seen in Bauission)

1. General Interstellar Medium

2. Molecular Clouds/Compact HII Regions 6.

3. Oxygen Rich Stars

4, Carbon Rich Stars

Legend

5. Planetary Nebulae

Eruptive Stars

7. Misc. Galactic Sources

8. Galactic Muclei

10



The moat widely held beliefs are that smorphous silicates are
responsidble for the features ocbserved at 9.7 and 18 microns, silioon
carbide is responsible for the feature at 11,2 microns and wmter ice
is responsible for the feature at 3.1 microns, These beliefs are by
no means universal. The most controversial identification of this
group is probably the identification of the 9.7 and 18 micron features
as due to silicates. Millar and Duley (1973) have proposed a model
based on cambinations of diatomic oxides such as Si0O, MgO, NiO and FeO
which is plausible from - spectroscopic point of view, The model is
also quite interesting in that it sttempts to provide, simultaneoualy,
a mechaniam for .the selective depletion of the elemants and for the
prominent zxtinction feature observed near 220m. It does not atteapt
to explain how such grains form. This could be a major problea since
Day and Donn (1978) have shown that co-condensation of Mg and Si0
produces amorphous silicates rather than separate oxides. This will

be discussed in more detail in section III.

An alternative hypothesis, which has received much more notoriety
than acceptance, is that these features are produced by organic
materials (Hoyle and Wickramasinghe, 1977a,b). Much of the recent
controversy which surrounds this proposal has centered around the
identification of a feature at 3.4um which could possioly be due to
the C-H stretching vibration in hydrocarbons (wickramasinghe and
Allen, 1Y30). Tne merits of this model will be discussed further in

section I11I.

1



As car be seen by inspection of Table 2a, there are ammy
unexplained features which can be associated with various grain
populations., Observations indicate that the features at 6.0 and 6.8
microns oould be due to a aingle species of grains while those at
3.1/3.4, 6.2, 7.7, 8.6 and 11,3 miorons could arise in a second
population (Merrill, 1979). Because the 6.0 and 6.8 ajoron features
are only observed in compact infrared sources in molecular clouds, the
material reaponsidble for them is probably destroyed in more hostile
enviromments. This had led to the speculation that these features
might be due to to hydrocarbons, Specifically, the 6.8 micron feature
could arise from carbonyl groups in various chemical enviromments
while the 6.0 micron feature could be due to the bending modes of ca2
(Wwiliner et al, 1979). The mechanism which produces the associated
peaks at 3.4, 6.2, 7.7, 8.6 and 11,2 microns (which are only observed
in emission) is still Qquite controversial. Willner et al (1979)
believe that a fluwrescence mechanimm could scccunt for the
observations but note that the process would need to be very
efficient, (For example, each UV photon in NGC 7027 would need to
produce 3 IR photons.) Dwek et al (1980) have shown that these
features could be produced by the thermal emission of hot dust. The
composition of the constituent or constituents responsible for these

features is still unknown (Aitken, 1980).

Finally, there is a featuraless component observed in the
infrared spectra of numerous sources which might be due to the
presence of aetallic grains, graphite, amorphous carbon or a metal

cartide. This is especially interesting since such a spectrum ig

12
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characteristic of that observed in novae (ley and Hatfield, 1978; Sato
et al, 1978) where it is thought that one might actually be observing

grain formation. This will be further discussed in section IV,

b. Visible Extinction

The visible portion of the interstellar extinotion spectrum is
characterized by a 2! dependence. This faoct has long been known to
indicate that the size of the grains responaible for the visidble
extinction is on the order of the wavelength of visible light, since
the extinction of larger grains would be independent of wavelength,
while that of smaller grains should vary as A", of muwh more
interest is the presence of at least 39 diffuse Lands (Table 2b) which
occur between 685nm and 440mm. A thorough review of the observations
was presented by Herbig (1975) at IAU Sympcsium # 31 while a brief
overview can be obtained from the work of Martin (1978) or Huffman

(1917).

If these features actually originate in grains - and this i3
still a matter of debate - then the carriers must be much mmaller than
average since typical sized grains should show an asymaetric profile.
Because the strength of these feature3 does not seem to be correlated
with the strength of the far ultraviolet extinction but does show some
correlation with the feature observed at 220mm, the bands may esrise in
carbon grains, Measurements of the wavelength dependence of the

polarization have failed to detect any structure, thus strengthening

13



Teble 20
The Diffuss Interstellar Bands

i ®
Wavelength{ nm) Central Depth(g) Full Width at Half DeptiA)

442,80
450.18
472.60
A75.83
476.30
877.97
888.20
536.20
540,43
542.00
544,90
548.731
549,38
553.50
554,46
570.512
577.83
578.041
579.496
579.703
584.41
584.979
601.09
604,20
611.30
617.7M
619.595
620. 306
620,649
626,977
628.391
6it. 4
635.35
637.68
637.93
642.57
659.74
661,363
666.071
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the case for graphite carriers at least for the bands at diim, 578m
end 628.3mm (Martin, 1978). More recent work by W, York and Snow
(1980) using obssrvations obtained from the ANS satellite on a sample
of 110 hot sters has reached the same general conclusions if one does
not accept the hypothesis that all amall grains are reaponsible for
the increase in the far ultraviolet extinction. In particular it
seems quite poasivle that much of the increase in the far ultraviolet
extinction ia ceused by mall silicate particles while a assperate
population of small graphite particles could exist which might carry

the diffuse bands (as surfsce impurities ?).

Another puztling feature of the visible extinction is the
relatively recent discovery of the VBS (Very Broad Structure). The
VBS is between S0 and 100 ma wide, peaks around 455 and shows a
minimun near S70m (Hayes and Rex, 19T77; Hayes et al, 1973; Rex,
1974). Based on laboratory spectra of a colloidal magnetite
suspension and on spesotira of magnetite froca the Orgueil Meteorite,
both of which are quite similar to the VBS, Huffman (1977) has
oconcluded that magnetite grains could be present in the interstellar
medium, More recently, van Breda and Whittet {1931) have shown that
the VBS appears to be a widespread feature of the general interstellar
extinction. Moreover, they find that a change in the shape of these
features could De indicative of a chemical change on the surface of

the grains,

The remaining festure in the visible portion of the extinction

curve is a 'knee' or change in slope at about 400mm, This could be
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dus to a population of larger grains (Nuffman, 1977). Other
charscteristios of this grain population remain uniknown and of little
apparent interest.

c, Ultraviolet Extinotion

The ultraviolet extinction spectrum of material in the line of
sijht to most stars studied to date shows a peak at 217.5nm + 2.5mm,
Tnis i3 almost universally attributed to the plasma resonance peak in
amall graphite particles (approximately 20mm in radius). Much of the
recent discussion has centered around the poasible effect of an ice
coating on the observable properties of such particles (see Hecht,
1981). Duley, Millar and Willisms (1979) however have presented an
alternative model to produce this feature from a mixture of diatoaic

oxide grains., Thi: model will be discussed in section III.

Within the last year or so, spectra have been obtained which
either do not show the peak near 220m (Sitko, Savage and Meade, 1931;
Snow and Seab, 1980) or which show a peak that is unusually weak
(Seab, Snow and Joseph, 1981; Witt, Bohlin and Stecker, 1981; Witt and
Cottrell, 1980). Moat regions which exhibit ancmalous behavior near
220ma appear to be dense clowds where the graphite grains responsible
for the feature might either be selectively destroyed by some unknown
mechanism or accorete mantles to mask it, This problem is discussed in
more detail in Chapter 5 where we show that magnetite grains could

account for many of the observed features of suoh regions. e also
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show that in at least one case, that of HDMA1T9, & subastantial ioe
mantle over a core of magnetite grains can reproduce the published
ultraviolet speotrum. To the best of our knowledge this is the first
reported identification of the water ice ultraviolet adsorption . edge
in interstellar material. This is the feature listed at 159m in

Table 2.

Following the 220ma peak, the average interstellar extinction
decreases and reaches a ainimum between 130nm and 155m. This is
followed by an increase in the far ultraviolet extinction which
continues to at least 100mm. A distribution of ssall silicate grains
is generally thought to cause this increase (Msthis, Ruaple and
Nordsieck, 1977) since it has been shown that the strength of the
220mm feature is not well correlated with it (Wu, York and Snow, 1980)
but that the strength of the 9.7 micron silicate feature is (Savage

and Mathis, 1979)

II. Data from Scattering and Polarization Studies

Independent measurement of the scattering properties of
interstellar grains, if the total extinction cross section is already
known, can put quite severe limits on the composition and size
distribution of the grain population, Such measurements have been
attempted for the dust in reflection nebulae and the dust responsible

for the Diffuse Galactic Light (DGL). Unfortunately, such data is
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extremely difficult to interpret due either to uncertainty in the
geametry of the source (or stellar radiation field), uncertainty in
the dust distribution within the nebula (or within the galaxy) and
ungertainties inherent in the theory of light scattering. This last
is because the pnase function used to interpret most observations
(Henyey and Greenstein, 1941) depends on only two parameters: a, the
albedo of the particle and g, the average value of the cosine of the
scattering angle, Within certain limits, ailmost any value of one
parameter can give a satisfactory fit to the observations if a
suitable asdjustment of the other parameter is made. This is further
compl icated by doubts concerning the applicability of this function
based both on laboratory measureme:ats (Zerull, 1976; Chylek, Grams and

Pinnick, 1976) and on Mie theory ( see Savage and Mathis, 1979).

Linear polarization aeasurements of dust in circumstellar shells,
dense clowds and the interstellar madium yields information on the
size distributions of these grain populations as well as some
constraints on the composition of the material which causes the
polari zation. Measurements of the circular polarization yield more
certain compositional constraints on the carrier of the polarization
as well as intformation about the probable changes in grain aligmaent
along the line of sight., We can thus study either the variation of
the galactic magnetic field or the mechanism of grain aligmeent
provided that a suitable model for the other is assumed., Polarization
measurements across individual spectral features can be used to

determine if the feature is contained in the same population of grains
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responaible for the overall polarizastion and thua can help to further

define and delineate specific grain populations,

The following sections will discuss measurements of the Diffuse
Galactic Light, reflection nebulae, linear and circular polarization
and measurements of the polarization across individual spectral
features. Much of this information is taken from the reviews of
Huffman (1977) and Savuge and Mathis (1979) although more recent
observations have been added where these either contradict or extend

previous interpretations.

a. Scattering Measurements

There are many problems inherent in the measurement of the DGL.
In the visible, the DGL is faint compared to radiation due to direct
starlight and to the Zodiacal light (scattering of sunlight from

interplanetary grains - see IAU Symposium #90). At 530mm, the average

value of the ratio ot the DGL to starlight to Zodiacal Light is one to
three to six respectively (Roach and Megill, 1961). The ratio of DGL
to starlignt increases to about 1 to 2.5 near the galactic equator
(witt, 1968). Unfortunately, there is an uncertainty of at least 203
in the brightness of the average stellar radiation field, Tne
uncertainty of the magnitude of the Zodiacal Light is also large when
compared to the intensity of the DGL. Uncertainties in the stellar
radiation field increase at increased galactic latitudes (Savage and

Mathis, 1979).
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In the ultraviolet, problems associated with the Zodiacal Light
are less important due to the relative weakness of the solar spectrua,
Unfortunately, models of the stellar ultraviolet radistion field are
much less reliable than tho3de in the visible. Furthermore, since most
of the ultraviolet flux is provided by fairly bright stars whioch have
a rather irregular distribution within the galaxy (Heary, 1977) such

models are more difficult to construct,

Despite such difficulties, some useful information can be
extracted from aeasurements of the intensity of the DGL as a function
of galactic latitude, In the visible, the grains must be relatively
efficient scatterers (a > 0.4); the most protable value for a is 0.7 ¢
0.1 (Savage and Mathis, 1979). The value of g is less certain (and
cannot be determined 1nde§cnucnt1y of a; the most probable value of g
in the visible is 0.7 £ 0.2 (Savage and Mathis, 1979). In the
ultraviolet, Lillie and wWitt (19/6) found that 0.6 < g £ 0.9 over the
spectral range 150mm < A < 420rm. They also concluded that a(i>300nm)
= 0.7t 1, a(+220m) = 0.35 ¢t 0.05 and that a(155m) = 0.6 ¢t 0,05.
This indicates first, that the grains are strongly forward scattering,
second, that the extinction peak observed at 220ms is at least
partially due to absorption and third, that the albedo of interstellar
grains increases in the far ultraviolet, Huffman (1977) finds this
last conclusion rather disturbing since it indicates increased
scattering efficiency combined with decreased absorption at far

ultraviolet wavelengths, Most solids show increased absorption at
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these energies, These results have however been confirmed by Henry
(1981) who finds a > 0.5 and g > 0.7 in the far ultraviolet,

Mevertheleas, recent studies of the aurface brightness of the
Merope Nebula (Andriesse et al, 1977) indicate that g = 0.25 in the
far ultraviclet (Witt, 1977). Similar conclusions were drawn from
observations of the Orion Reflection Nebulosity (Witt and Lillie,
1978). Because it is hard to find a single population of grains which
will have a forward directed (g > 0 7) phase function in the visible
and simultaneously produce more isotropic scattering in the far
ultraviolet, Witt (1979) has proposed that there is a second
population of grains which cause the far ultraviolet scattering.
These particles should be extremely amall 30 that they scatter
essentially as Rayleigh particles. Because of the observed increase
in the far ultraviolet extinction, the number density of these grains
would need to be extremely high compared to the density of the grain

population responsible for the visible extinction.

The most serious problems associated with the study of reflection
nebulae are related to the determination of the geometry of the system
(Jura, 1977, 1979). Such probleas include the possible variation in
dust density and grain size throughout the nebula, as well as the more
familiar problems associated with the exact determination of the
relative positions of the cloud, observer and illuminating star. An
additional problea in such studies is the possibility that the dust in
these nebulae is not representative of the general population of

interstellar grains. Therefore, although there is some evidence that
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the far ultraviolet phase function of interstellar grains appesars to
be more isotropic than in the visible, this evidence i3 by no means
conclusive, Because of the inherent uncertainties in the value of g,
it is impoasible to reach any definite conciusions about the real

value of a in the far ultraviolet,

b. Polarization Measurements

The variation of linear polarization as a function of galactic
coordinates has been well described in the astronomical literature
( see Mathewson and Ford, 1970; Coyne, Gehrels and Serkowski, 1974;
Ser kowski, Mathewson and Ford, 1975). Variations in the position
angle of the polarization can be explained by variations in the
galactic magnetic field and in the aligmment efficioaTy of the
polarizing material. Variation of the strength of p&iarization as a
function of wavelength can only be explained with respect to the
optical properties of the grains themselves, The wavelength at which
the strength of the polarization reaches a maximun (Amax) varies from
about 410mm in the Cygnus OB-2 association up to about 800mm in dense
regions such a3 Orion, Scorpius and Qphiuchus (Savage and Mathis,
1979). This is commonly attributed to variation in the average size
of the grains. Denser regions such as Orion might tend to have larger
grains due to the accretion of mantles or the effects of coagulation
(see section IV) and thus Amax would tend to occur at longer
wavelengths, A region such as the Cygnus OB-2 Association could be

characterized by a smaller averaje grain size if many of the larger
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grains have been e¢liminated due to the extremely high radiative flux
of the region. The averaje value of imax is approximately 550nm

(Savage and Mathis, 1979).

Despite the rather large variations in both the observed strength
and wavelength dependence of interstellar polarization, the normali zed
polarization (P(A)/Pmax) can be fit by a function which, for amost

regions, depends solely on the ratio of A/imax (Equation 1) where K

P()\)/Pmax = exp{-K th(A/xmax)) (1)

usually is set equal to 1,15, A more recent study by Wilking et al.
(1980) which measured the wavelength dependence of the polarization
from 300mm to 1000mm indicates that K should actually depend on amax
i.e. K=1.,7amax, due to the observed narrowing of the normal ized
polarization curve in regions characterized by large values of \max.
This is thought to reflect a change in the size distribution of the
grain populations of such regions rather than in the optical constants

of the average grain material.

Equation 1 (with K = 1.15) adequately describes most observations
of regions of small and large average grain sizes., Therefore, the
optical constants of the material responsible for the polarization
must remain relatively constant from the blue into the near infrared
(Martin, 1974). This appears to rule out graphite as the carrier of
polarization but allows such dielectric materials as ices, silicates

and silicon carbide.
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In the near infrared (A < 1600m), equation (1) does not
adequately describe the degree of polarization observed toward young
molecular cloud sources. Quite oftan the maximum polarization at
these wavelengths is much higher than expected. In fact, large
variations are observed within the same molecular cloud complex. This
indicates that the exceas polarization arises close %0 the infrared
source rather than in the intervening interatellar medium. Dyck and
Lonsdale (1981) feel that the most plausible explanation for this
phenomenon is that the excess polarization arises from within the
cloud itself by radiation which passes through a medium of aligned

grains,

In such sources it is impossible to measure P(A) at shorter
wavelengths due to the heavily reddened nature of the cloud. However,
measurements of the angle of polarization within the source can be
compared to the angle measured in the visible for nearby OB stars, If
the angles are correlated, then the excess polarization of the cloud
is due to aligment of the grains by the galactic magnetic field. The
strength of the field within these clouds however is expected to be
much greater than average due to the compression of the magnetic field
lines by the collapsing cloud. Such a correlation has been found
(Dyck and Lonsdale, 1979) although the evidence is certainly not
overwhelming. Tne observations indicate that the grains in both
sources are aligned by the same mechanigm - the action of the galactic
magnetic field. A corrolary is that trapped magnetic field lines can

play a significant role in the evolution of such dense regions.
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In the visible, measurements of the circular polarigzation have
been used to place some helpful constraints on the composition of the
polarizing material. It is well knowm that the wavelength dependence
of circular polarisation for a dielectric changes sign at scae
wavelength, Ao, If the imaginary part of the optical oonstant (k) is
near 0, then Ac = Amax, the wavelength at which the linear
polarization reaches a maximum (Mertin, 1980). As Kk increases, Ao
becomes larger than Amax. Because the index of refraction of aetals
is independent of wavelength, circular polarization produced by
metallic particles does not necessarily change sign; although if it
does then Ac << Amax (Savage and Mathis, 1979). Because the quantity
(Ac-Amax) is alsc quite sensitive to the value of n, it is possible
for Ac to be approximately equal to Amax even if ké0, if n is al®o
wavelength dependent. This situation does occur in the case of

magnetite grains (Shapiro, 1975).

Observations of the circular polarization in numerous sources
were made by Martin and Angel (1976). In all cases they found that ic
z \max. Therefore the material responsible for tne polarization in
thess objects must be a dielectric. Similar studies have been carried
out by other workers (see for instance McMillan and Tapia, 1977).
Such studies rule out graphite as the carrier of the interstellar

polarization.

Mesasurement of the wavelength dependence of the polarization

scross specific apectral features can not only help to clarify the



interrelationships batween the varicus features but can also yield an
upper limit to their band strengths. (bservational measurements of
the wavelength dependence of the polarization scross the 10 micron
feature in the BN source and in the galactic center have shown that
the volume absorption coefficient of the material responsible for this
feature must be less than 3 x 103 and 7 x 103 respectively (Martin,
1978 p.202). Tnis tends to confirm the amorphous nature of this
material since more ordered minerals (such as quartz) tend to have
higher voluse absorption coefficients (Martin, 1975; Capps, 1976;

Capps and Knacke, 1976).

On the other hand, polarization measurements across the diffuse
bands at 443mm, 578ms and 628.3m indicate that the grains which carry
these features are not aligned (Martin and Angel, 1975). These
features therefore do not arise in the same population of grains
responsible for the silicate feature at 10 microns. If the diffuse
bands arise in the same population of small graphite grains thought
responsible for the feature at 220ma, then there should be no
pronounced wavelength dependence across this region., Measurements
have indeed shown that the variation of P(A)/Pmax across the 220m
feature is adequately predicted by Equation 1 (Gehrels, 1974). In
this manner, a systematic survey of the wavelength dependence of the
polarization across all observed absorption features could be
exteremly benificial. It would be quite interesting for instance, if
it were discovered that there were two populztions of diffuse bands,
one of which arises in aligned grains, the other in nonal igned

carriers.
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I1I Models of the Chemical Composition of Interstellar Greins

There are at leas: three different approaches from which grain
models have been constructed. Thersodymamic models have been proposed
to predict the somposition of the grains formed in the ataocspheres of
stars (Gilaar, :°29; Fix, 1969a,0b, 1971), circumstellar shells
(Hackwell, 1971), the presolar nebula (Grossman,1972; Larimer and
Grossman, 1974) and the ejecta from supernovae (Lattimer, Schrama and
Grossmsan, 1978; Lattimer and Grossmman, 1978). Calculations based on
nucleation theory have besn performed to predict the rate of
condensation and final size distribution of thermodynamically
predicted materials in regions of astrononical interest. These models
exemplify a relatively pure theoretical approsch. They start with
basic theory, make some simplifying assumptions about the chemical
composition, temperature and pressure history of the region considered
and thereby calculate the propsrties of the condensate. To the extent
that the theoretical framework employed and the assumptions made
correcpond to reality, the conclusions drawn from such work are valid,
The thermodynamic approach will be discussed in this section,
Discussion of models based on nucleation theory will be postponed

until the theory is reviewed in Chapter 2.

A second approach to the problem is purely empirical. In wmodels
of this sort, an attempt is made to synthesize the observed properties
of intersteliar grains by appropriste combinations of 'will known'
materials, Such models include the work of Mathis and co-workers
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(Mathis, Rumple and Nordsieck, 1977 - hereafter MRN: Mathis, 1979;
Mathis and HWallenhorat, 1981) who attempt to obtain quantitative

aa. @S Lo 2basrvations of the interstellar extinction in the range
110m < A < 10COmm using mixtures of graphite, eanstatite, olivine,
silicon carbide, iron and magnetite grains. Also included are the
less quantitative models of Duley and co-workers (i.e. Duley, Millar
and Williams, (979), Hoyle and Wickramasinghe (1977, 1979) and that of

Hong and Greenberg (1980). Such models will be described below.

A third approach is to attempt the laboratory production of
materials siailar to those expected to be formed under astrophysical
conditions. Such work has been undertaken by Donn and co-workers
(i.e. Day and Donn, 1978; Donn et al, 1981) who have condensed an
amorphous magnesium silicate from the vapor. The infrared spectrua of
this material resembles the 10-20 micron spectra of oxygen rich
regions, Matrix isolation studies of the intermediates in this
reaction have been carried out in an attempt to understand the
mechanism by which such species condense (Khanna, Stranz and Donn,
1980) . More refined vapor phase experiments of the nucleation of
Sio-H

and Mg-SiO-H., systeams have recently been completed (see

2 2
Chapters 5 and 6 of this dissertation). The experimental approach has
alsy> been taken by Greenberg and colleagues (Hagen, Allamandola and
Greenberg, 1979; Allamandola, Greenberg and Norman, 1979) who
concentrate on the processing of ice aixtures by ultraviolet
radiation. Such materials form a host of orgaric compounds which

could possibly account for the unidentified infrared emission features

discussed earlier and might also help to explain the formation of some
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of the more complex orgacic molecules cbssrved in dense clouds. This
approach wili be discussed in the second review chapter which will

enphasise laboratory inveatigations related to the study of grains.

a. Thermodynmmic Models

The thermodynamic approach is by far the most straightforward
means of predicting the composjition of interstellar materials,
although a few rather important initial assumptions aust cobviously be
aade. Firat, one must assume that the system under study is indeed in
thersodynamic equilibrium. Second, one aust asaume that the
thermodynamic data for all species of importance have been included in
the calculaticns., Third, one must asaume a particular temperature -
pressure history for the system of interest. Fourth, one aust assume
an initial composition appropriate to the region under oconsideration.
Finally, one usually assumes that the equilibrium approximation breaks
down tc some degree in order that some of the earlier condensates are
preserved through later metamorphoses., One now merely begins at an
appropriately high teaperature, 30 that all of the species are
initially in the gas phase, and allows the temperature to fall until

the first solid condenses.

As an example, let ua consider the condensation of corundus

(u203) froa the vapor, Equation (2) is a consequence of the usual

2 3
‘oq = PP(AL) = P7(0) (2)
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definition of the squilibrium oconstant for the reaction of a gas and
solid, Similarly, K.q equals exp(~aG/kT). It is usvally assumed that
the gas is well wixed 30 that by keeping track of the total pressure
of the major species (usually H atoms) and defining a quantity y such
that it represents the fractional abundance of an element in the gas

phase, equation (2) can be rewritten as

2

«xp((T8S - BHI/KT) = ¥°, v

3 5 .

O(NHKT) (3)

in which the measured thermodynmmic quantities aAH and A have been
substituted for AG and NHKT has been used for PH. “H is cefined as
the number density of H atoms, When the leftL hand side of Equation

(3) becomes equal to the right hand side, Alao grains are said to

3
condense from the vapor,

When condensation occurs, one usually assunes thau the reaction
procedes to completion, i.,e. continues until one of the grain
constituents becomes virtually cepleted from the gas phase, The
composition of the remaining vapor is then recalculated and the system
is again allowed to cool until the next solid species becomes stable,
This process is continued either until the vapor is completely
condensed or until one decides that the assumption of thermodynamic
equlilibriua has droken down sufficiently that further computations are
meaningless. It should be noted that these calculations can (and
often do) include provisions tor the reaction of previously condensed

material with either gaseous or even other solid components within the
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aystea, Thus iron graina, which condense at a relatively high
teaperature, could be converted to magnetite at lower temperatures,

corundua could be transformed to anorthite, etc,

Thermodynamic models can be said to have had some measure of
success. Gilman (1969) predicted that the condensates from oxygen
rich M stars should contain an appreciable fraction of silicates.
Silicate-like absorption at 10 microns was subsequently observed.
Hoyle and Wickramasinghe (1962) examined the problem for carbon rich
stars and predicted the formation of graphite. This was subsequently
observed in early ultraviolet rocket studies (Stecher, 1969) as the
prominent feature at 220mm. Grossman has had some success in
formulating a model based upon the themodynamic approach which
explains the high temperature mineral assemblages found in
carbonaceous chondrites, Such models therefore serve as excellent
starting pointc from which to study condensing systeas since they
provide a framework around which existing data can be organized and

future experimentation planned.

Unfortunately, some of the basic assumptions of the thermodynamic
approach have been questioned (Donn, 1976) on the grounds that, in a
systes of approximately cosmic composition, kinetic considerations
tend to preclude the formation of some of the more complex species
predicted by thermodynamics., Moreover, Blander and Katz (1967) have
shown that differing degrees of vapor supersaturation are required
before species predicted by thermodynamic models would nucleate, if

indeed they actually were to form from the vapor at all. This would
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disrupt the predicted condensation sequence and oould profoundly alter
the predicted composition of species formed at lower temperatures

since the composition of the vapor could be drastically different.

More recently, it has been shown that the vibrational
temperatures of molecules in the relatively low pressure enviromments
suggested as sources of grain condensation arve significaitly lower
than the gas kinetic temperature (Nuth and Donn, 1931; Chapter 3)., It
has previously been shown that the temperatures of amall grains in
such regions could also be significantly lower than that of the gas
(Arrhenius and De, 1973; De, 1978). It therefore seeas highly
unlikely that most of the regions thought to produce grains (see

section IV) are in thermodynumic equilibrium,

b. Bmpirical Approaches

Opservational measurements of the extinction and polarization
properties of interstellar dust are available from the far infrared to
the extreme ultraviolet (see section I). If one makes a few
assumptions as to the types of grains which might form in various
astrophysical enviromsents then an atteapt can be made to fit these
observations by appropriate distributions of such grains, The most
comprehensive and quantitative treatment of this type has been carried
out by Mathis and co-workers. Each of the other models discussed
below attempts to explain only a relatively restricted set of

observations and even tha2se are usually treated on.y qualitatively.
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Mathia, Rumple and Nordaieok (1977) - MRN- used Mie theory to
calculate the absolute extinction efficiency as a function of
wavelength for various mixtures and sisze distributions of proposed
grain materiala, These aise distributions were constrained such that
the total ratio of an individusl element to hydrogen could not exceed
ocommic abundances., The mixtures studied consisted of graphite,
olivine, enstatite, iron, silicon carbide and magnetite taken
individually and in combination (up to three at a time), The
calculated extinction as a function of wavelength was then compared to
the interstellar extinotion curve by means of a least squares
analysis. This analysis was weighted S0 as to force the fit to

conform to the observed width and position of the 220mm feature,

They found that any mixture which gave a satisfactory fit to the
observed extinction had to contain graphite grains., However, graphite
alone did not yield a good fit. The best fit for a binary mixture
contained graphite and olivine. This was followed by graphite plus
(in order) enstatite, silicon carbide, magnetite and iron. Even the
worst of tnese combinations (graphite plus iron) however, was not poor
enough to be excluded by the calculations. Given this fact, it is not
surprising that the best ternary mixture contained graphite, olivine
and enstatite and that enstatite contributed iess than 103 to the

total extinction.

MRN did not build in a preconceived sigze distribution, but rather

allowed the total nuaber of grains in a series of "bins" to vary
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independently until the best possible fit had been achieved. They
found however that the final distribution obtained for any component
of a mixture which jave an acceptable fit to the observations could be
desoribed by a power law distribution of the form n(a) « a~3 where 3.3
< q< 3.6, It was suggested that such a diatribution of grain sizes
could possibly result from stochastic processes in the region of grain
formation., This was subsequently investigated by Biermann and Harwit

{1980) who conclude that this is indeed the case,

MRN also found upper and lower size cutoffs for their
distribution, For graphite, particle radii varied from about Smm to
near 1000nm while radii of other components remained between 25ma and
250mm. These limits were not rigidly established however since larger
particles of any composition contribute only 'gray' extinction, while
smaller particles are in the Rayleigh regime so that the extinction

per gram is virtually independent of particle size,

Although MRN calculated the average polarization for their
mixtures as a function of wavelength, tney found that amax occurred at
much too short a wavelength to agree with observation, Mathis (1979)
later made a more thorough calculation of the wavelengtn dependence of
the polarization, He assumed that the samne grain wmixture which
accounted for the extinction meaaurements could also be used to
explain the degree of polarization. (bservational evidence cited
earlier (Genrels, 1y74) indicates that the material responsible for
the 220ma feature (graphite in the MRN mixture) does not contribute to

the polarization, Mathis (1979) therefore assumed that only

34



S

dielectric materials such as silicon carbide (n s 2.5) and silicates
(n = 1,6) will be important. He argues that a distribution of
infinite cylinders, whose radii follow a power law distribution of the

form n(a) « a=—2d

+ Will yield the equivalent extinction per unit
length as a MRN distribution of spheres ( n(a) « 0'3‘5 ) of the same

aaterial,

Using these assumptions he shows that the above distribution of
cylinders - roughly equivalent to a MRN distribution of elongated
particles - yields excellent ajreement with Serkowski's Law (Eq. 1).
Furthemore, the variation of ) max can be accounted for by a
reasonable variution of the upper and lower limits of the radii in the
3ize distribution used in the calculations, In addition, Mathis
(1979) finds that the smallest dielectric particles required to fit
the extinction data are not likely to be aligned since this would tend
to shift amax too far into the ultraviolet, He postulates that, as
larger particles grow, small iron or magnetite particles could be
ircorporated into the grain which would tend to increase the aligmment
efficiency of the larger particles, He therefore demonstrates that a
MRN mixture not only prova.:s an excellent fit to the average observed
extinction curve from 110mm < A < 1000nm, but simultaneously provides
an equally satisfactory explanation for the observed wavelength

dependence of the polarization,
In a later paper, Mathis and Wallenhorst (1931) extend the mcce!

into the near infrared and also attempt to fit observations of

anomalous extinction seen towards nighly reddened regions., In the
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first application, they show that the same indices of refraction and
size distiributions used to fit the visidble-ultraviolet observations
also yield satisfactory agreement with the color ratio (I-L)/(B=¥) for
both the average interstellar extinction and for that of p Ophiuchus

(a highly reddened region).

In the second application, progressively peculiar extinctions are
examined as a function of the reddening parmmeter R (R, = Av/E(B-V)).
It is shown that as this parameter increases, the resultant extinction
curves can be explained by a continuous increase in particle size. It
is demonstrated th-t first, small silicates are eliminated. As the
density of the cloud increases, the upper size limit of the silicate
population increases as well. At the highest values of Rv the small
graphite component of the mixture begins to disappear. These
systematic results could also be caused by an increasingly flatter
particle size distribution as Rv increases, which first effects
silicates and only begins to perturb the graphite distribution at the
highest densities. It may be possible to distinguish between these
alternatives by a careful investigation of the wavelength dependence
of the polarization as a function of Rv using the techniques of Mathis
(1979). Such data could aid in the development of models of the

coagulative growth of grains in denser astrophysical enviromsents,
Although the model of Mathis and coworkers is quite satisfactory,

it is not the only model available in the literature. We shall now

briefly review some of the alternatives,

36



I e

R Ny o8] TR TR o o [fp e o

AIRHRRRT e,

W Ry B

Duley and coworkers have advocated a model of interstellar solids
based upon the propsrties of diatomic oxides (see Millar and Duley,
1978;: Duley, Millar and Williams, 1979; Millar and Duley, 1980). 1In
theae models, the 10 micron ‘silicate' feature {3 produced by Si0
while the feature at 18 microns is produced by a combination of ¥MgoO
and FeO. Duley (1980a) claims that variations in the refractive index
of the silicon oxide series Si0 (1 < x < 2) might be responsible for
the variation observed in \max of dense clouds, rather than the
usually assumed variation in average grain size. In addition, Duley
(1978) has also shown that mixed oxide grains should be either
superparamagnetic or weakly ferromagnetic and therefore quite easily

aligned by the Davis-Greenstein mechaniam,

Although Duley and coworkers have used this model to account for
everything from the interstellar chemistry of sulfur (Duley, Millar
and Williams, 1980) to the selective depletion of the elements (Duley
and Millar, 1978; Duley, 1980b) to the origin of the diffuse
interstellar bands (Duley and McCullouwgh, 1977), few of their
predictions or calculations are quantitative, Furthermore, they
almost always fail to discuss inconsistencies between their model and

observations,

AS an example, their model predicts that the 10 and 20 micron
features sre produced by the same population of grains responsible for
the feature at 220ms. Observational evidence cited earlier suggests
that these features arise in seperate grain populations. Their model

also suggests that Si0, MgO and Fe0 will condense into small mixed
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grains without alteration of the speotroscopic properties of the
individual oxides. Experimental evidence (Day and Donn, 1978)
suggests the opposite, even at oryogenic temperatures (Khanna, Strantz
and Donn, 1980). Millar and Duley (1980) discusa the fact that the
spsctral characteristics of alternative aodels for the 10 and 20
micron features - namely the amorphous silicate of Day and Donn
(1978)- might change at the temperatures observed in circumsteller
shells (=1000K) yet they fail to discuss the behavior of their
proposed mixture at such temperatures. As a final example, Duley and
McCullough (1977) have shown that benzene iona adsorbed on
protosilicates could be responsible for the diffuse band at 443m, yet
benzene has never been observed in the interstellar medium. Indeed no
aromatic hydrocarbon has ever been observed in any astrophysical

source (Myers, Thaddeus and Link, 1980; Mann and Williams, 1980).

In summary, although many of the ideas of this group, discussed
in the aforementioned papers, might have at least some merit,
sufficient justification is seldom given for the assumptions used to
derive their conclusions. This obviously detracts from the value of

their work.

An organic composition has been proposed by Hoyle and coworkers
as a 'single component' model of the interstellar dust., A model based
on the infrared spectrum of polysaccharides was first proposed to
explain observations of the infrared features normally attributed to
both silicates and to water ice (Hoyle and wickramasinghe, 1977a;

Hoyle, Olvasen and Wickramasinghe, 1978). These papers did not
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attempt to explain how such a grain could be produced, nor did they
address the obvious problam of how such a grain was to survive in the
relatively hostile enviromaent of the interstellar asdium. Such a
model predicts a correlation between the 3.07 and 10 micron features
since both are hypothesized to arise in the same population of grains.
This correlation is not observed., Although tie feature at 10 aicrons
is observed in a wide variety of sources, the feature at 3,07 microns

is only observed in fairly dense clouda (se¢ Table 2a).

This model now seems to have been abandoned in favor of a
biochemical origin for interstellar grains (Hoyle and Wickramasinghe,
1979). In this model, the feature at 220m is attributed to
biochemical chram>phores (Hoyle and Wickramasinghe, 1977b, 1978;
Wickramasinghe, Hoyle and Nandy, 1977). Bacteria are held responsible
for the visible extinction while viruses account for the far
ultraviolet observations (see Fig.3 of Hoyle and Wickramasinghe,
1979). In a more recent article (Hoyle and Wickramasinghe, 1981), the
intrared spectra of E.coli, yeast and E.coli annealed at 300°C are
compared to observations of the unidentified 3.4 micron feature.
Althouwgh the observed spectrus is reproduced by such materials, the
authors again fail to adequately discuss the origin and survival of
such 'grains'. It is interesting to note that the authors do discuss
the fact that the commic ray bombardment of such species could produce
free radicals which could then account for some additional infrared
features. They fall to note however, that such bumbardment should

easily xill tneir groin populaticr.
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To summarize, although some correspondence to the observed
properties of interstellar materials can be reproduced by a model
based on organic constituents, the model is far from satisfactory for
the reasons noted above. In addition, it is inown that both oxygen
and carbon rich stars expsll condensible atoms and molecules into the
interstellar medium and that these elements are observed to be
depleted from the gas phase (MRN). A model which fails to utilize

such materials must be at least partially in error,

Greenberg has been actively engaged in the study of interstellasr
materials for more than twenty years. Recently, Hong and Greenberg
(1980) published a unified model of interstellar grains which atteapts
to establish a quantitative relationship between grain size and
aligment efficiency subject to commic abundance constraints. They
fit the observational extinction and polarization measurements using a
bimodal grain size distribution, Relatively large core-mantie grains
are nyeded to fit the visible-infrared extinction and polarization
data while smaller, bare silicate (0.0lmicron) and graphite
(0.013micron) grains account for the ultraviolet observations.
Although single sized cores are assumed, the size distribution of the

core-mantle grains is expected to follow Equation (4), where a, s and
n(a,a,) s nooxpl-su-.cu-iﬁ» (4)

n are respectively, the total particle radius, the core radius and a
roraal ization constant. The parameter 11 acts to cut off the size

distribution for small particles.
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Overall, these authors do not atteapt to olisin results iieh are
as quantitative as those of Mathis and coworkers cited above, long
and Greenberg (1980) conclude that some enhancement of the
Davis~Greenstein grain al.gment mechanism is necessary in order to
adequately fit observational oconstraints. Mathis (1979), on the other
hand, finds that he does not even need the full degree of aligment
produced by this mseans to acourately model the polarigzation of a wide
variety of sources, As Hong and Greenberg (1980) do not comment on
any of the findings of Mathis and coworkers, it is hard to judge the
validity of their conclusions, This model does predict that the
grains responsible for the viaible extinotion do have fairly thick
mantles of primarily CNO composition. The volume ratioc of core/mantle
asterial is approximately 0.1 in this model. It seems that even
highly irradiated mantles should produce some infrared features which
would be observable over very long pathlengths if such mantles
actually scocount for as much as 903 of the mass of interstellar
grains., Laboratory measuraments of the quantitative absorption
coefficients of highly irradiated ices are needed before such an

observational test of this model could be performed.

IV. The Formation, Growth and Destruction of Interstellar Grains.

In this section 1 will review the observational evidence relating

Lo the formaticn, gruwth and destruction of interstellar grains, 1
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will therefore first consider astrophysical regions where dust is
observed to form., MNext I will discuss regions in which grain
formation has been hypothesized. Finally, I will Driefly review the
processes thought responsible for grain growth, mantle formation and
grain destruction. The mechaniam of grain formation will not be

discussed in this section but rather will be deferred until Chapter 2.

a. Observed Regions of Dust Formation

Dust has been observed to form in only two astrophysical
enviroments, the enyelopes of cool stars and the ejecta from novae.
I should note however that there exists some controversey in the
interpretation of the observational data used to infer the
condensation of grains in novae on a rapid timescale. Grain formation
in circumstellar shells is much less controversial, Several studies
of this phenomonon will bc summarized below wnich illustrate the range
of stellar types, mass loss rates and observations reported in the

literature,

'Circmstellar Condensation: Hagen (1978) studied the circumstellar

gas and dust shells of M giants and supergiants. She combined
detailed radiative transfer models with high resolution optical
spectra to derive the column densities of circumstellar material from
observed line asymmetries., She also used the observed infrared energy
distributionc to derive the column density of circumstellar dust from

the height of the 10 micron silicate feature using a model which
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includea the effect. of self absorption by the dust, From a
comparison of the § ¢ to dust ratio ahe concluded that almost all of
the aetals in the shells of stars of M6 or later are lociked into

grains,

asthough the inner radii of the circumstellar shells are not well
determined, she concluded that they wmust begin quite close to the

photosphere (within = 2R,). Particle densities are calculated to be

U 8 atoms/oc (Pressure = 10""%¢tm). Mass loss

-3 -6

in the range 10" to 10

rates for the stars in her sample were in the range 10  to 10 = solar
masses per year. Although the effect of radiation pressure on the
grains nucleated in the atmospheres of cool stars has been proposed as
the mechanism which drives mass loss, Hagen (1978) concluded that
grain formation is the consequence of mass 1o0ss rather than the
reverse. It is unfortunate that gas temperatures within the shells
could not be determined from her observations. It is worth noting
however that the two stars in her sample which were observed to
contain a significant metallic fraction in the gas ph&se - a Sco and a
Her - both have hot companions. This would impiy that the
circuastellar material in these stars is hotter and that either grain

formation in such regions is inhibited or that grains formed in the

shell of the cool star are evaporated by the hotter companion.

Andriesse, Donn and Viotti (1978) have studied the condensation
of dust around the high luminosity star n Carinase. They derive a

2

stellar mass 1oss rate of 7.5 x 10°° solar masses per year assuming

constant outflow since approximately 1840. Condensation begins when
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the gas cools from photospheric temperatures (« 50,000K) to those of
order »1000Kk. The decrease in the visual 1light curve beginning in
+1856, when combined with the expansion veloocity in the shell of
106113 roughly corresponds to the time at which the initially ejected
envelope material would have reached the inner radius of the obaserved
dust shell and gas kinetic temperatures would have been between 1000K
and 2000K. Unfortunately, particle densities at this radius would

have decreased to approximately 106 12

atoms/cc (Pressure = 10 “atm).
Nucleation at such low densities is extremely difficult without the
invocation of massive density enhancements (of order 106) due to

turbulence, magnetic confinement, etc,

The observed infrared spectrum of the dust can be modeled by an
amorphous silicate material, heated by stellar radiation, which
re-emits in the infrared. There is little douwt that this dust aust
have condensed in the stellar outflow. The size of the grains is
postulated to be »1 micron, If this is true, then significant grain
growth must have occurred after the initial nucleation process.
Because the region of nucleation and subsequent grain growth must of
necessity occur at a radius much greater than that of the stellar
photosphere, a more careful study of the region interior to the dust
shell might be possible. This is in contrast to the situation in cool
M stars where grain formation occurs very close to the photosphere.
Such a study might detect molecular precursers to the observed solids
and could possibly yield valuable information on the kinetic and
vibrational temperatures of these molecules in the region of grain

formation,
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Forrest et al. (1978) have studied the infrared spectrum of the
variable star OH 26.5 + 0.6 over a period of tLwo years in the
wavelength range 2 microns < A < 40 microns. The shell around this
star is thouyght to produce more than T0 magnitudes of visual
extinction. The underlying source is thought to be an M type variable
star, The spectrum of the shell shows prominent 13 and 20 aicron
absorption features and is therefore thought to consist of silicates.
The mass loss rate for this star is estimated to be 010'5 solar masses
per year. It is probably an extreme example of mass loss in late
stars and most likely belongs to an evolutionary staje which occurs
after that studied by Hagen (1978). The infrared spectrum of this
source is presented in Chapter 6 along with a discussion of tne
interpretation of the residuals in the dbroader 10 and 20 micron peaks
in temms of laboratory produced amorphous silica, 81203 and magnesium

silicates.

Hackwell, Gehrz and Grasdalen (1978) observed a sudden infrared
brightening in the Wolf-Rayet star HD 193793 between November 1976 and
June 1977 at A = 2.3 microns and A = 10 microns. Tnis was followed by
a decline in intensity at A = 2.3, 3.6 and 4.9 microns and a slow
brightening at A > 8 microns. Tnis was interpreted as the
condensation of an optically thin dust shell from material ejected by
the star in 1976 at a velocity of approximately 2.7 x 106n/s. The
infrared spectrum of this object does not show a 10 micron feature and

the dust is therefore thought to be either iron or graphite. Detailed

characteristics of the grain spectrum are insufficient to accurately
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model condensation in this 'systea although an attempt has been made to
obtair a measure of the mass 1083 from the star, This is estimated to

be olo'“sour nasses if the grains are iron and MO'G

solar masses if
they are graphite., The temperature of the photosphere of this star is

- 30.NOK.

Condensation in this system is thought to occur in waves - unlike
the continuous outflows seen in the sources discussed above., The
authors believe that the infrared brightening of this star, observed
in 1970, was due to an ejection of material which occurred in 1969
while that observed in 1977 was due to an outburst in 1976, If this
star is periodic, then anotaer ejection is due in 1982-83 and should
be followed by an infrared brightening in 1933-84., A search for
infrared, optical and ultraviolet emission (or absorption) by the
molecular precursers to the expected grains - possibly SiC, FeC, CZ'
C3. etc, could prove to be quite informative.

Koorneef and Sitko (1979) have shown that the wavelength
dependence of the extinction toward HD 193793 could be explained by a
population of relatively small graphite grains which originated in the
stellar wind and were sSlowed by the interstellar medium at a distance

of NOW

cm from the star, Tnis further supports the contention of
Hackwell, Gehrz and Grasdalen (1978) that grain formation can occur

periodically in this star.

In summary, nuaerous examples of grain formation exiat in a

variety of stellar types, These range from stars with photospheric
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teaperatures significantly in excess of*10"K to those with
teaperatures of only a few times 103. Some stars condense silicate
dust while others nucleate iron or graphite grains, \e observe dust
formation in stars which eject as little as 10"8 solar masses per year

-2 solar masses

as well as in sources which might expell as auch as 10
per year. Mass loss occurs continwusly in some stars and as discrete
episodes in others. The dust envelope can be optically thin or can
produce enough extinction to completely mask the underlying star. No
one star can be said to typify those which produce grains. Each must
be treated seperately. Yet each enviromment in which the nucleation
process can be demonstrated to occur furthers our knowledge of the

process in general, since each seperate case must be treated in any

comprehensive theory of grain formation,

Condensation in Novae: Observations of dust formation in novae were

reported by Hyland and Neugebauer (1970) and Geisel, Kleinman and Low
(1970) for Nova Serpentis 1970. Visual observations showed a gradual
decline in the luminosity of the nova until « day 60 when a drastic
reduction in intensity began. Simultaneously, infrared observers
noted a sharp increase in infrared emission. The most straightforward
interpretation of these observations is that, between days 60 and 70,
an optically thick dust shell formed from the material in the
outflowing nova ejecta. This shell absorbed the stellar visual and

ultraviolet radiation and reradiated the energy in the infrared.

This pattern has been repeated for several more recent novae,

e.g. Nova Vulpeculae 1976 (Ney and Hatfield,1978), Nova Serpentis 1978
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(Szkody, et al., 1979; Genrz, et al., 1930a) and Nova Cygni 1978
{Gehrz et al., 1980b). It should be noted that not all nova form
dust. An example of this later type is probably Nova Cygni 1975
(Gallagher and Ney, 1976) which was followed for ~1 year after visual

maxinus and shich showed no evidence for dust condensation.

Several models have been proposed to explain (Clayton, 1979;
Clayton and Hoyle, 1976; Clayton and Wickramasinghe, 1976) or to
predict (Gallagher, 1977) the conditions under which dust will form in
novae. In tnis latter work, Gallagher (1977) contends that if
ionization of the ejected material becomes significant before
conditions suitable for dust condensation have developed, then dust
will not form. He derives an empirical relationship for the time (in
days) after maximua light at wnich grain formation will begin
(Equation 5) as a function of the luminosity (L) of the nova and

1/2
ty ® (320")“'”‘300)

the expansion velocity (v) of the ejecta in km/s., By setting t'd equal
to "i (the time at which significant ionization developes in the
envelope) he predicts that novae with luminosities greater than about
5 x 10“1.““ will not produce dust., Nova Cygni 1975 is cited as an

exsaple of this class of outburst,
Althowsh thermal radiation frcw dust grains surrounding novae is
almost certain to be responsible for the observed infrared flux, it is

not universally accepted that these grains form in the nova outburst
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then under study. It has been suggested that pre-existing grains,
slready surrounding the nova before the outburst, could be heated by
the intense ultraviolet radiation field which i3 known to increase
with time after maximum light. In particular, Bode and Evans (1980)
have proposed models for Novae osipentis 1970 and Aquilae 1975 in
which the decrease in visible radiation is a simple consequence of the
shift of the bulk of the radiative energy into the ultraviolet as the
outer layers of the nova become optically thin and the hotter surface
of the underlying white dwarf become exposed. Because they postulate
that the pre-existing grains have a larger absorption cross section
for these ultraviolet photons, the emergence or such intense
ultraviolet emission rapidly heats the surrounding material and thus

causes the observed infrared emission.

Bode and Evans suggest that a distribution of « 0.01 micron
graphite particles - left over froa previous outbursts - could account
for the observations. This seems quite plausible both since graphite
nas an increased absorption cross section in the ultraviolet near 80mn
and 220na and since such small grains would tend to remain within a
nova system tor relatively long periods of time (bode and Evans,
1980). A similar interpretation of Nova Cygnus 1978 has recently been
published (Stricklana et al., 1981) in which the pre-existing dust is
thought to have been heated by the absorption of photons in
ultraviolet resonance lines rather than from the emerging ultraviolet
continuus of the white dwarf, The observed infrared flux requires

that only about 30 % of the resonant radiation be absorbed. The
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calculations of Striokland et al. (1981) indicate that suoh a high

efficiency is not unreasonable,

Although Strickland et al. (1931) estimate that this absorption
has a relatively amall effect on the ratios of the various resonance
lines in the emergent spectrum of the nova, their model would seem
more convincing if they could show an example of a line ratio for
which this was not the case, Since graphite grains show enhanced
absorption at HOnm and 220mm, a resonance line near one of these
wavelengths should show a considerable decrease in intensity when
compared to one between these peaks. Although it is impossible to
measure line intensities for astronomical objects at 80mm, it may be

possible to observe this effect near 220mm,

b. Proposed Regions of Grain Formation

It has been observationally established that grains form in the
atmospheres of cool stars - and even in the outfiow from other stellar
sources at ccnsiderably higher temperatures, Additional regions of
4rain formation - for which no observational evidence exists - have
also been proposed. Supernovae have been discussed as an important
source of material enriched in certain short-lived radioisotopes,
T-Tauri stars and/or primitive solar nebulae could be responsibie for
the establisnment of the observed grain size spectrum. Planetary
nebulae might be impcrtant sources of interstellar grains., Each of

these regions will be briefly discussed in the following paragraphs.
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Infrared observations of planetary nebulae have revealed the
presence of features usually attributed to dust formed in both carbon
and oxygen rich systems (Aitken et al., 1979). Therefore some
fraction of interstellar silicate and graphite grains probably formed
in planetaries of the appropriate composition at some evolutionary
stage. Unfortunately, the chemical composition of the material
ejected from a proto planetary nebula is the subject of some debate
(Zuckerman, 1980)., Tnhe dynamics of the ejecta and the conditions
under which the obderved grains may have formed are even less certain.
Natta and Panagia (1981) have observed that the grains appear to be
concentrated in the central regions of the nebulae. This would
indicate either that older grains (those farther from the star) have
been partially destroyed or that the concentration of grain forming
material was more abundant in the inner regions of the envelope when
it was ejected by the parent star. There is other observational
evidence however, which indicates that grains may be destroyed in the

interior regions of planetaries (Harrington, 1981).

It should be noted that the observed profile of the silicate
feature in NGC 7027 is not that typified by the signature of the
Trapezium - the archtypical 'silicate', Rather it appears to have
sharper features - such as those observed in mineral spectra - than is
usually seen in astronomical sources (Jones et al., 1980). This could
be the result of an annealing process on materials originally of a
more amorphous natwe, possibly even similar to the grains freshly

nucleated in the atmospheres of cool stars, Of course, the
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possibility always exists that the pressures in the original ejected
envelope were high enough that some more crystalline species may have
formed., One definite conclusion is that the mechanism by which the
grains observed in planetaries nucleated and evolved will remain
unknown until much more information becomes available on the evolution

of planetary nebulase theaselves,

T-Tauri stars are known to exhibit rather extensive dust shells.
These probably consist of dust originally contained within the cloud
before it had collapsed (Finn and Simon, 1977; Harvey, Thronson and
Gatley, 1979)., These stars are therefore not an important source of
the total mass of grains in the interstellar mediun. They may however
serve as an extremely important contributor to the observed grain size
spectrum, Specifically, Burke and Silk (1976) propose that processes
such as grain melting, shattering and nucleation can occur in the
proto stellar envelope of a newly formed star. Tnese smaller grains
could subsequently be reinjected into the interstellar medium via
radiation pressure or in the T-Tauri 'wind'. This mechaniam might

provide a larger number of small grains from the same totzl mass,

No convincing observational evidence has ever been presented
which indicates that grains form in the ejecta from supernovae. 1In
fact, supernovae shocks are usually considered to be a prime
destruction mechanism of even highly refractory grain cores (Salpeter,
1977). Anomal ies discovered in the refractory chondrules of
carbonaceous chondrites do however indicate that some of the material

which formed the solar nebula was enriched in supernova produced



.

isotopes (Cameron and Truran, 1977). This discovery has prompted soae
ruu}'ohon to caloulate taermodynamic condensation sequences for
supernovae ejecta (Lattimer, Schrama and Grosssan, 1978; Lattimer and
Grossman, 1978). Such a systeam is, of course, in a state of extreme
disequilibrium (Nuth and Donn, 1981; Cnapter 3) and results which rely
on the attaiment of such equilibria are therefore extremely dubious,
A more likely scenario for the observeu isotopic enriciment would be
the gradual depletion of the gas phase refractories onto interstellar
grain cores which had survived the supernova blast wave., These

composite grains could have subsequently undergone reprocessing in the

primitive solar nebula.

¢, Regions of Mantle Formation and Grain Growth

As discussed in section III, there exist regions of higher tnan
normal density which exhibit anomolous ultraviolet extinction. Mathis
and Wallenhorst (1981) have shown that a normal distribution of
typical interstellar dust grains which becomes deficient in small
particles can reproduce the observed extinction of some regions, while
others require that the number density of larger grains increases.
Although it is possible to preferentially eliminate mmaller grains by
evapor: fon (McCall, 1979Y; Breger, Gehrz and Hackwell, 1981), such a
process can not explain regions of unusually large grains (Mathis and

Wallenhorst, 1981).
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Three processes could possibly be responsible for such
observations; simple grain growth, mantle formation and grain
coagulation., It is possible that all three processes contribute to
the formation of larger grains to some extent, The process which
dominates in any particular region would, of course, depend upon the

conditions in the region,

Whittet and Biades (1980) have concluded that gruins in the o
Ophiuchus clowd do hot grow by the accretion of volatile mantles since
the infrared extinction spectrun of the material in this cloud shows
no sign of features at 3,1 or 3.4 microns (water ice and C-H stretch,
respectively). This is in contrast to the conclusion reached by Cohen
(1977) who found that abundance constraints, coupled with the increase
in the average size of the particles necessary to explain the
polarization observations in such dense clouds, required the
condensation of CNO rich mantles. She did show however, that the gas
phase abundances of even fairly volatile metals (i.e., Na and Ca) in
Such clouds was much less than in the average interstellar medius,.

She concluded that an increase in the mass of absorbing material was
necessary to explain her observations and therefore ruled out grain

coagulation as the mechanism of grain growth.

Unfortunately, Jura (1980) has suggested that a model of the
extinction towards o Ophiuchus can be based upon coagulation since the
visual opacity per gram is unusually low towsrds this star (Bohlin,
Savaje and Drake, 1978). This is felt to result from an increase in

the average size of the graphite component of the 'average' grain
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population by about a factor of three. In Jura's (1980) model

silicate grains do not coagulate.

Tnis behavior is in contrast to the behavior sugjested Dy the
analysis of Mathis and Wallenhorst (1981), i.e. that small graphite
grains only begin to 'disappear' after both the upper and lower size
limits of the silicate distribution have increased. Since it has been
shown observationally that graphite grains do not contribute to the
polarization of such sources, it is difficult to imagine thst tne
growth of these grains wiil increase the vaiue of Amex. Jura (1979)

does not comment on either of these problems.

Jura (1979) does however mention the fact thut the timescale for
coagulation may be on the order of .no"'s. This timescale is
comparable to the lifetimes of the clouds themseives., If the grains
in such clouds are charged (wWatson, 1972; Jura, 1976; Draine, 1978)
then the timescale for coagulation could increase substantially. Such
an increase would rean that coagula*tion is unimportant for all but the

most ancient or compact clouds.

In suamary, grain growth resulting from the adsorption of gas
phase metals and metal oxides as well as that resulting from the
formation of volatile mantles are iikely to be important mechanisms by
which the averaje grain size in dense clouls increases, [t is
important to note that processing of volatile maniles by stellar
ultraviolet radiation might res.ic in a significunt reduction in tne

strangth of the infrared signature of such materiasis at 3.1 and 3.4
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microns (Sagan and Khare, 1979). This aight indicate that ‘old’
mantles would be very difficult to observe even when present as a
quite substantial percentage of the dust, and could thus explain the
failure of Whittet and Blades (1980) to detect the expected signature
of a 'volatile' component. In contrast, grain coagulation is not
likely to be an important mechanisa for the production of larger

grains in any but the densest and most ancient clouds.

d, Grain Destruction Mechanias

Scveral mechanisns have been proposed which could contribute to
the destruction of interstellar grains, In addition to the possible
reprocessiug of grains during star formation (Sec:ion III),
sputtering, grain-grain collisions, photodesorption, evaporation and
grain surface reactions/chemical sputtering may all affect the grain

composition and size distribution,

Sputtering in both high and low velocity shocks is expected to be
the most effective mechaniam for the destruction of refractory grains,
These shocks occur primarily as a result of supernova explosions and
intercloud collisions. Grain sputtering can also occur in H II
regions, planetary nebulue and the intercloud mediwa, Cowie (1978)
has shown that sputtering can be extremely effective even for
relatively low velocity shocks (40-50km/s). In his model, destruction
occurs when a shock travels perpendicular to the magnetic field of the

cloud. Cnarged grains are accelerated about these compressed field
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lines and sputtered by He and CNO atoms. In higher veloocity shocks
(80-100im/s) a significant fraction of silicate or graphite grains
could be destroyed., sShull (1978), in a similar study, has reached

essentially the same conclusions,

Barlow (1978a) has developed empirical formulae to predict both
the sputtering threshold energy and the sputtering yield based upon
extensive review of the experimental data. He concludes that
supernova produced shockwaves are likely to be the most important
single aechanism for the destruction of grains. Sputtering by comic

ray particles is not found to be effective,

Both Snull (1977, 1973a) and Havnes (1980) have studied the
effect of intercloud collisions upon the average grain population,
Shull (1977) considers the results of hydromagnetic shocks produced in
low velocity collisions (20-50km/s). He finds that between 3-10% of
the dust can be destroyed even in shocks in which the fractional
ionization of the gas remains low. Destruction results from the
differential acceleration of the grains within the cloud and
subsequent grain-grain collisions, Havnes (1980) considers the onset
of a two stream instability in the shocked region whereby grains less
than »100m in diameter are brought to rest with respect to the gas on
a short timescale while those of larger diameter continue at
approximately the original velocity of the cloud. The net result is

the formation of two grain populations which stream relative to one
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another within the same clowd, Grain-grain collisions therefore can
become sufficiently frequent and energetic to cause significant grain

destruction.

Other processes, of little importance to the average grains in
the interstelliar medium, can however become important within certain
astrophysical enviromaents. Draine and Salpeter (1979) have studied
the fate of dust embedded within a hot plamma (10“-1091(). Althouwgh
sputtering is important at higher densities, at high temperatures

SK) ion field emission can become a significant process by which

(T>10
grain material is returned to the gas phase. In dense clouds,
chemical reactions at grain surfaces -~ which lead to the production of
volatile oxides or hydrides - can erode and eventually destroy small

Sat.als/cc) H II regions

grains (Barlow, 1978b), Dust in compact (NHNO
can be destroyed by reactive sputtering with H, N and O atoms (Draine,
1979) although the process is not very effective at lower densities.
Pnotodesorption is an important destructive process only for weakly
bound van der Waals mantle materials (Barlow, 1978b) although it does
help to eject the products produced by grain surface reactions.
Pnotodesorption is, however, an effective mechanism for the prevention
of mantle formation, It may also help to explain the depletion

patterns of the non-metallic elements in diffuse clouds (Barlow,

1978¢) .
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V. Summary

Refractory interstellar grains are produced as a result of mass
loss in a wide variety of stellar sources., These grains are then
modified by processes in the interstellar medium which include
sputtering, ion emission, grain-grain collisions and mantle growth.
The average resultant grain population can be characterized as a
mixture of several components which must include graphite (or
Carbyne?) but can also include “silicates", silicon carbide, iron and
magnetite., Tne size distribution of the average population is likely

to be of the form n(a) « a'q for q = 3.5 and a between 5 and 1000ma.

It is possible to distinguish at least two grain populations from
measurement3 of the wavelength dependence of polarization., One is a
population of small graphite grains which may serve as the carrier of
the diffuse bands (at least those at 443mm, 578mm and 628.3m.) and
which are not aligned by the galactic magnetic field. The other is a
population of 'silicate' grains which may be associated with small
iron or magnetite grains and which is responsible for the polarization
of starlight. A third populavion of grains may consist of eatremely
small silicates which are not aligned and which are responsible for
the isotropic scattering observed in the far ultraviolet. A fourth
population of grains is found in dense clouds and is characterized by
a shift towards larger average grain size. This shift may be caused
by the condensation of either refractory or volatile manties but mignt

also be the result of coagulation,
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Dust, freshly nucleated in the outflows of certain stellar
sources, may be characterized as a fifth population since such
aaterial representa solids as yet unmodified by processes in the
interstellar medium. The infrared apectrum of one such region is
discussed in Chapter 6 of this dissertation in relation to the
lsboratory apectra of annealed Mg-Si0 smokes, It is demonstrated that
similar annealing procesces may occur after the initial ejection and
nucleat.ion of s0lids in the envelopes of such regions and that these

may be observable with available infrared spectrometers,

It is probably possible to define distinguishing characteriatics
to categorize grain populations found in specific astronomical regions
such as T-Tauri 3stars, planetary nebulae or H II regions, Careful
laboratory studies to determine the effects of the various processes
which are thought to be important in the interstellar medium and in
the sources themselves, upon the materials expected to account for the
majority of the solids in such regions, might result in a better
understanding of the relative importance of these effects and of the
most probable history of the material within the region, A review of
such experimental efforts will be presented in Chapter 2, My own
efforts along these lines will be presented in Chapters 4, S and 6 of

this iissertation.
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Chagtor 2.

Experimental and Theoretical Studies of Interstellar Grains

Laboratory studies which relate to interstellar grains can be
roughly divided into two classes. In the first class of experiments
the primary aim of the research is the production of laboratory
analogs of suspected interstellar materials. This is usually done in
order to reproduce certain specific observations - such as the shape
or position of an absorption or emission feature - and thus to
‘identify' the component responsible, The second class of experiments
are those which attempt to define the conditions under which grains
might form. Currently, most models of grain formation are based on

the classical theory of homogeneous nucleation,

This chapter is divided into four main sections. 1In the first, I
review experimental studies which were primarily intended to
'igentify' interstellar materials. In the second, I review classical
nucleation theory and briefly discuss its limjitations and possible
alternative formulations. In the third, I discuss the application of
this theory to the problem of the formation of interstellar grains.

In the fourth section I review the experimental data applicavle to
such systems and the implications of this data for the models of grain

formation currently in the literature,
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I. Laboratory Analogs to Interstellar Dust

Until relatively recently the only “"experimentsl® evidence
related to the chemical composition of interstellar grains was
obtained from the study of meteorites. Special emphasis was placed
upon information gleaned from the study of carbonaceous chondrites,
since these are thought to be the most 'primitive' class of meteorites
and therefore the most representative of interstellar solids ( Cameron,

1973).

Unfortunately, the temperature and pressure at which meteoritic
materials were originally compacted is not well determined. The
region of the solar nebula in which these processes may have occurred
as well as the previous history of the material before coagulation
into meteor parent bodies is even more speculative., The processes by
which these parent bodies are ruptured and the effects of such
catastrophic events on the structure of the material can only: be
guessed, To understate the problem, meteoritic specimens were not

produced under well controlled laboratory conditions,

Within the past 10 years, the study of possible analogs to
interstellar materials has become more fashionable. Such studies will
be divided for convenience into four general classes., The first class
of studies attempts to use common materials as a basis for the

identification of observed spectral features, Such work often reports
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the measurement of the spectral features of a mineral .- sometimes as a
function of temperature, grain size or radiation damage. The second
class of experiment reports the effects of heat, radiation, or
electrical discharge upon the spectrum of organic - or at least carbon
rich - materials. The third type of study measures the optical
properties of glasses or materials produced by the sputtering or rapid
evaporation/condensation of refractory materials, The fourth category
of experiment includes those studies which produce smokes, It should
be noted that these categories are completely arbitrary and that there
may exist considerable overlap between experiments in seperate

classes.

a. Mineral Analogs to Interstellar Dust

The thermodynamic calculations of Gilman (1969) predicted the
formation of olivine grains in the envelopes of cool stars. An
absorption feature at 10 microns was subsequently detected at low
resclution in such sources and olivine became the mineral of choice
with which to model circumstellar dust. High resolution spectra for §
< A < 13 microns however do not confirm the presence of olivine in
circunstellar envelopesr. The observed feature lacks the sharp fine
structure characteristic of mineral spectra., The search therefore
began for a material which had a relatively featureless 10 micron band
and which might also be a natural constituent of astrophysical

enviromments,
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Day (1974, 1976a,b) described a laboratory synthesized amorphous
magnesiun silicate which has an infrared absorption spectrum
reseabling that of circumstellar 'silicates'. The material was
prepared as a gel from an aqueous solution and its infrared spectrum
recorded as a function of annealing temperature. Annealing in a
vacuum transforms the spectrum of this material from one which
reseables that of interstellar dust to one identical to forsterite
(the magnesium end member of the olivine solid solution series). It
is interesting to note that when Day (1974) heated a sample of the
matrix of the Murchinson Meteorite (a type Il carbonaceous chondrite),
the infrared spectrum of which also resembles that of the interstellar
feature, he obtained a spectrum which exnibited many of the prominent

olivine signatures.

Zaikowski, Knacke and Porco (14975) have suigested a
phyllosilicate model of interstellar grains based primarily on studies
of type I carbonaceous chondrites. Their analyses ct iIfirm that
phyllosilicates are the dominant silicate minerals of such meteorites
and that the infrared spectra of several phyllosilicates (i.e.
montmorillonite or chlorite) resemble, to first approximation, the

spectra of astronomical sources.

Unfortunately, associated peaks near 3 and 6 wicrons, produced by
nydroxyl groups within such minerals, are not correlated with the band
strength of the 10 micron feature as would be predicted by such a
model. In addition, the direct condensation of such complex species

from the vapor - needed to explain circunstellar obs:rvations -

m



should prove to be extremely difficult. However it is easy to imagine
the formation of such materials from pre-existing amorphous silicates

in regions of higher pressure such as the primitive solar nebula.

Knacke and Krtchmer (1980), in a study of the infrared spectra
of carbonaceous chondrites, found that hydrated phyllosilicates aight
account for a long wavelength wing found in the 3.07 wicron water ice
absorption feature, The hydration of amorphous silicates, on a mmall
Scale, might be possible given the degree of reprocessing expected for
the average interstellar grain. However, alternate explanations for
the observed shape of this feature exist and will be discussed in the

next subsection,

Because high temperature condensates such as olivine and
enstatite are predicted to form in circumstellar enviromments, it has
been suggested that the irradiation of such materials by energetic
particles could alter their spectra sufficiently to matsh that
observed in the interstellar medium (Wickramasinghe, 1971). Dybwad
(1971) investigated the effects the irradiation of silicate minerals
by KeV energy protons while Day (1977) used 1-2 MeV protons., Neither
found any significant alteration of the spectra even for radiation
doses which were factors of 10-100 higher than those expected for

typical grains.
Kr8tchwer and Huffman (1979) have measured the optical constants
of an extremely disordered olivine sampl: produced by the exposure of

a polished, natural olivine to a dose of § x 1016 (1.5 MeV Neon ions)
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cn'z. The dielectric functions for the wavelenzth range 8§ miorons < A

< 30 microna have been determined from an snalysis of the specular
reflectance of the sample. The extination produced by Mayleigh
particles of this composition were calculated using Mie Theory.
Extinction measurements for an amorphous olivine amoke were also taken
and found to agree with calculations, Because the radiation dosage
used to produce the amorphous alivine was much higher than that
expected over the lifetime of typical interstellar grains, nothing
could be concluded about the formation of such amorphous materials,
Kritchmer and Huffman (1979) did conclude however that the material
responsible for the 10 and 20 micron features could be an amorphous

tolivine',

1 have already noted that the best model for the visible and
ultraviolet extinction and polarization measurements (Mathis and
coworkers- see chapter 1) is based upon the optical properties of well
known terrestrial materials. Such information has been available in
the literature for many years for most of the less complex and more

prominent mineral species.

b. Organic Polymers and Icas

As discussed in section III of Chapter 1, Hoyle and coworkers
have suggested that the observed infrared spectra of astronomical
sources could be explained in terms of models based upon the

laboratory spectra of polysaccharides (Hoyle and Wickramasinghe, 1977)
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or biochemical compounds (Hbyle and Wickramasinghe, 1981). Their
visible-ultraviolet extinction model is based upon laboratory
measureaents of the optical properties of viruses, bacteria and
biochemical chromophores (Hoyle and Wickramasinghe, 1979). Much of
the current controversy surrounding this model revolves about the
recent detection of a 3.4 micron feature in the spectrum of IRS-7
(Wickramasinghe and Allen, 1980). While Duley and Williams (1979,
1981) interpret the feature as the signature of C-H functional groups
formed on the surface of interstellar graphite grains, Hoyle (1981)
prefers to interpret this feature as indicative of interstellar

microbes,

Little more need be said about such models excep: to point out
that they are obvious examples of what happens when the
'identification' of a grain material rests solely upon the shape of
its spectrum. Although this is indeed an important constraint, one
must also consider such factors as the relative stability of the
material in the regions in which it has been observed and the

mechanism by which such materials might form,

Studies of two other types of carbon based polymners have been
performed in the laboratory. Khare and Sagen (1971, 1973, 1979 and
references therein) have produced a relatively stable organic pol ywmer
by electric discharge¢ through, and ultraviolet irradiation of,

mixtures of fairly simple starting materials (i.e. CHu. NH_, H_ O, H_ S,

3" 2 2

etc,) The properties of this wmaterial vary from run to run but may

nevertheless represent a small fraction of interstellar material.
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This component oould be produced as mantled grains approach the edges
of interstellar clouds and thus becose exposed to the interstellar

radiation field,

Carbynes are solid allotropes of carbon formed froa alternating
triple and single C-C bonds, Whittaker and Wolten (1972) have
synthesized carbynes at teamperatures in excess of 2600k in the
laboratory and Whittaker (1978, 1979) subsequently found several types
of carbynes in samples of six terrestrial graphites. Carbynes have
also been identified in meteorites (Hayatsu et al., 1980) where they
have been siown tc be carriers oi primordial noble gas (Whittaker et
al., 1980). Hayatsu et al. (1980) have demonstrated the formation of
carbynes from the disproportionation of CO in the presence of a
cnromite catalyst at temperatures of only 300-400C. Webster (1980)
has suggested that carbynes may be the primary condensate in the
atmospheres of carbon stars, For this reason, it is important to
obtain the ultraviolet extinction spectra of these wmaterials. Such

experiments are currently in the planning stage (Hecht, 1981).

A study of the condensation of water at the low temperatures
expected in dense interstellar clowds indicates that an amorphous ice
is formed (Leger et al.,1979). The spectrum of this amorphous solid
more closeiy resembles the observed shape of the 3.1 micron feature
than does a more crystalline species, This study also indicates that
the band strength of the 3.1 micron feature in amorphous ice is only

»2/3 of that in crystalline ice.
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Greenberg and coworkers (Hagen, Allamandola and Greenberg, 1979;
Allamandola, Greenberg and Norman, 1979) have recently described
experimental studies of the low temperature (»12-42K) photolysis of
simple CO, CH“. uzo and NH3 mixtures, The purpose of the experiments
was to investigate the products formed by such processes in the
mantles of interstellar grains by the action of ultraviolet radiation.
The observed products were analysed as a function of the length of
photolysis by infrared, visible and ultraviolet spectroscopy. In
addition, the mass spectra of selected residues were obtained after
the system had been brought up to rooa temperature. It was tound that
some of these residues were stable to temperatures as high as

550-600K.

Hagan et al. also found that a large number of molecules and
radicals observed in the interstellar medium can be produced by such
processes. It was also shown that grain mantles which contain such
species also contain a large quantity of stored chemical energy. This
energy could be released in relatively low velocity grain-grain
collisions and result in the evaporation of the mantle and the release
of a significant number of complex organic molecules., Such processes
might be the primary mechaniam by which the more complex organic

species, which are observed in dense clouds, are produced.

Finally, it was shown that ultraviolet irradiation of CO/H20
mixtures results in a feature at 3.1 microns which closely resembtles
the shape of the observed band attributed to water ice in the spectrum

of the KL Nebula. 1t is not known (by this author) if this results
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from a breakdown of the uzo ice structure or from a chemical resction
with CO., Studies of the effect of the irradiation of other mixtures
upon the shape of this feature are reported to be in progress (Hagen,

Allamandola and Greenberg, 1979).

c. Sputtering and Laser/Flash Evaporated Condensates,

Lord (19648) vaporized powiers of iron oxide, magnesium oxide,
aluminus oxide and dunite with a flash discharge lamp but was unable
to either chemically or structurally identify his condensation
products which formed &s mirrors as well as whiskers and spherules on
the glass walls of his system. Because he was unable to control the
composition of the vapor, could not achieve a homogeneous vapo* Lase
aad could not control the rate of condensation, he abandoned the

project.

Blander et al. (1969) used a laser to vaporize basalt targets and
found (not surprisingly) that the recondensed material was enriched in
volatiles while the residual basalt became enriched in refractory
oxides. Meyer (1971) controllably condensed a vapor produced by the
sputtering of silicate targets in an argon glow discharge onto
substrates at known temperatures, Silicon, magnesium and iron were
found to ve depleted relative to calcium and aluninum at substrate
temperatures above 500C while the Ca/Al ratio was found to remain
unchanged over a wide temperature span (100C < T < 850C). He

therefore proposed that although the bulk chemistry of chondritic
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meteorites might be related to a high teaperature condensation process
in a relatively homogencous solar nebula, individual chondrites are
unlikely to be primordial gas phase condensates because of their

variable Ca/Al ratios.

Stephens and Kothari (1978) have used a pulsed laser to evaporate
samples of astrophysical interest such as olivine, pyroxene, alumina,
carbon, etc. The samples recondensed in the laser plume, usually at
pressures in excess of one atmosphere in an Ar, O, or H_ buffer gas.

2 2
Silicates vaporized in 02 as well as calcium carbonate and carbon
vaporized in Ar or H2 recondensed into glassy spheres 20-30ma in
diameter., Alumina and silicon carbide recondensed into crystalline
grains, It is interesting to note that the condensates formed in

their system always formed chainlike necklace structures.

Stephens and Russell (1979) used the system described above to
produce samples of glassy olivine and enstatite from natural samples,
The infrared spectra (4 microns < A < 14 microns) of these amorphous
glasses were then compared to samples of the same composition which
had been ground to similar dimensions, These Spectra were also
compared to the observed spectrum ot the Trapezium, It is shown that
although the spectra of the amorphous glasses are narrower than the
observed profile of the Trapezium, variations in the composition of
the grains or gradients in the source temperature of the dust cloud
could broaden the laboratory profile to match the observations. This
is not true of the ground samples which are shown to exhibit

considerable structure thin the 10 micron band.
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Stephens (1980) used the same apparatus to measure the extinction
of small, vapor condensed silicate, carbon and silicon carbide
particles in the range 130mm < A < 800ma. Although the silicate and
carbon particles produced in this study were amorphous, silicon
carbide condensed in the low temperature () crystal form., The most
interesting finding of this study was that amorphous or glassy carbon
particles of mean radii 13nm and 6mn  produced extinction peaks at 250
and 235 nm respectively. Graphitic carbon (or possibly carbynes) aust

therefore be responsible for the observed extinction peak at 220mm.

Day (1979) has reactively sputtered cathodes of MgSi and MZSI

compositions in an Ar/0., atmosphere to produce amorphous filias of

2

MESi0, and Mg, Si0, composition respectively. He measured the optical
24

3
constants of these films in the infrared (7 microns < A < 33 microns)
and used these constants to calculate the extinction of Rayleigh

spheres of the same nominal composition. Both compounds exhibit broad

extinction peaks centered near 10 and 19 microns which compare

favorably with those found in astronomical sources.

A similar study was done on the properties of amorphous iron

silicates produced by the reactive sputtering of FeSi and Fe Si

2
cathodes in Ar/02 atmospheres (Day, 1981). Although the peak
positions for the Fe5103 and Fezswu films are essentially the same as

in their magnesium counterparts, the calculated extinction

efficiencies are 30% to 75% lower, Measurements of the far intrared
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tranmission of both amorphous magnesius snd iron silicates indicates

that the extinction falls off as 2~ '8,

d. Ssokes

Kamijo et al. (1975) produced fine perticles of carbon, iron,
iron oxide and silica, the mean diameter of which ranged between
4-100mn. Iron and iron oxide condensates exhibited some crystal
structure while carbon and silica smokes were amorphous. In all cases
however, the small particles were observed to form chainlike
'"necklace! structures similar to those found in the laser condensed

snokes of Stephens and Kothari (1978).

Day (1975) produced »50-60mn diameter forsterite spheres by
striking an arc between hollow graphite electrodes containing natural
fosterite., This method was later used in the study of KrW¥tchmer and
Huffman (1979) mentioned previously. Although the initial condensates
were glassy, annealing at 800C converted the particles to crystalline
olivine. Tne optical constants of this material were then measured in
the range (9 microns < A < 25 microns). These spheres were probably
not true smokes - vapor phase condensates - but rather were more
likely small molten fragments thrown from the electrodes and ragpidly

quenched by the surrounding gas (Day, 1976).

A similar technique - evaporation in an eluctric arc - has been

used by Lefevre (1970) to produce samokes of iron, carbon, silicon
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carbide and silica, Grain sizes in this study were in the range (10na
< r<200m). Optical absorption measurements of these particles were
aade and compared with Mie calculations for infinite cylinders in the
range 360me < A < 700mm. Good agreement was obtained only for silica
- possibly indicative of the need for better optical constants for the
other materials. In all cases the particles again formed chainlike

'necklace' atructures similar to those mentioned previously,

Day and Donn (1978a,b) describe the production of 81203 (and

amor phous magnesius silicate) amoke by the evaporation of Si0 (plus

5 or Ar/Hzo atmospheres at iow pressures (P < 10

torr). In this study the condensate was shown to condense directly

magnesium) into Ar, H

from the gas phase and was extremely sensitive to the temperature of
the ambient gas; i.e, no condensate formed at T z 500C at SiO-Mg
evaporation rates sufficient to produce copious quantities of smoke at
room temperature, The infrared spectrum of the amorphous magnesium
silicate showed some similarity to the observed 10 and 20 micron
feature of astronomical sources and annealed (at 1250C) to form

crystalline forsterite,

Although the experimental conditions under which particle
formation occurred in this system were not well defined, these resuits
were significant since they demonstrated the non-equil ibrium nature of
the condensation process in such refractory systems, This was evident
both from the amorphous nature of the condensates and from Lhe drastic
innhibition of particle formation at 500C in a system predicted

thermodynamically to condense at »1400C (Larimer and Grossman, 1974)
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from a vapor lower in concentration than that studied. The
condensation of mo-uz and n-sto-uz systoms were investigated more
thoroughly for this dissertation (see Chapters 5 & 6). All of the
qualitative findings of Day and Donn (1978a,b) were confirmed and put
on a much more quantitative basis. In addition, the infrared spectra
of these condensates were shown to bear a significant reseablance to
the 8-25 micron spectrum of OH 26.5 + 0.6 as the samples were annealed

in vacuum at 1000k for times ranging up to 167 hours,

I1. Nucleation Theory

The partial pressure of a chemical species, in equilibrium with a
liquid or solid of similar composition, is determined uniquely by the
temperature of the system., If, however, no solid or liquid phases
exists, then it is possible for the vapor to become supersaturated as
the temperature of the system decreases ( assume that interactions with
the walls are insignificant), Nucleation theory attempts to predict
the rate of condensation es a function of the degree of
supersaturation, ambient temperature and chemical composition of the
cooling system. OCne of the earliest solutions tc this problem is
based upon themodynamic principles and acsumes that the condensing
clusters can be approximated by liquid drops (Becker and D8ring, 1935;
Volmer and Weber, 1926). This approach is known as the Becker-Dbring
or Classical theory of homogeneous nucleation (see Reiss, 1977,

Abraham, 1974).
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This section will be 3ivided into three subsections, In the
first, I will briefly sketch the basic derivation of classical
nucleation theory. In the second, 1 will outline some of the
modifications and alternatives to classical theory which have been
suggested over the years. In the third, I will review an application
of classical theory (based upon a steady state approximstion) in which
the time dependsnt nucleation rate for a cooling gas is calculated as
8 function of the cooling trajectory and the inherent properties of

the condensate,

8. The Classical Theory of Homogeneous Mucleation

If we assume that the buik of the cooling, supersaturated gas is
in the form of monomers and that these react to form a quasi steady
state distribution of n-mers, then the equilibrium number denaity of

such clusters will be given by

Ny = N eXp(-8G /KT) (M

where N.| is the number density of monomers, un is the nuaber gensity
of n-mers, 4G, is the free energy of formaticn of an n-mer from

moncmers and T 18 the temperasture of the system.

If one assumes that the clusters are liquid drops, then the free

energy of formation of these drops from monomeric vapor will be the
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sum of two terms, one dependent on the volume and the other on the

surface ares of the cluster. The free energy of this system is given

4G, = -DkTanS 8,0 (2)

by Equation (2), where S is the supersaturation ratio, s, is the
surface area of a cluster and ¢ is the surface tension of the liquid.
Since the cluster is assumed to be spherical, its radius, r, and
surface area are given by r = [(Sn-)/(hp)3”3 and 3 = hrz
respectively. These can be calculated if one knows the density of the

cluster, o, and the mass of a monomer, m. Equation (2) can therefore

be written as
aG, = -(8ar3)/(3VIKTIAS + Barlg (3)
where v is the volume per monomer in the cluster,
The maximum in AG,, the activation energy barrier, aG,*, in the
formation of clusters from monomers and Tos the radius of the
‘critical' cluster at which AG, is observed, are easily calculated by

taking the derivative of tquation (3) with respect to r. These

quantities are given by Equations (4) and (5) respectively. The
[ ]
8G," = (16305v2)/(3(kT1081°) (1)

r. = (20v)/(kTans) (5)

84

c -




I s

ST A W 0 gV . s .

equilibriua number of oritical sized clustera is found by substituting
Bquation (4) into Bguation (1).

The steady state rate of formation of critical sized clusters, J,
is the product of a number of factors. These include the monomer
impingement rate per unit surface area of the cluster, 8, the surface
area of the critical sized cluster, a.. the nuaber density of critical
clusters, In.. and the rate at which these critical clusters
re-evaporate., For alaplicity, the sticking coefficient of a monomer
onto & cluster is usually assumed to be unity. The nucleation rate is

therefore given by
J= (Zo/tn)‘/zvulzexp[-(lbto3v2)1(3(k1}3lzns}2)] (6)

where it has been assumed that Z, the rate at which re-evaporation
ocours, is given by Equation (7) (Reiss, 1977).

2 = (a6, /(3 212 (M

It can be seen from inspection of Equation (6) that the
nucleation rate is extremely sensitive to the ambient temperaturs, the

concentration ot monomers (both N, and S) and to the surface energy of

1
the cluster, o, Nucleation theory assumes that the surface energy of
@ cluster is equal to the surface energy of the bulk liquid (or solid)
and that v, the volume of a monomer in the cluster, is also equal to

its bulk value, Criticiss of these assumptions, as well as objections
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concerning the proper form of AG, , have been the basis of virtually

all of the controversy in this field.

These objections, a3 well as some of the suggested modifications,
will be discussed in the next subsections, However, it must be noted
that experimental evidence obtained on systems which -equire
relatively low supersaturations in order to nucleate, and which
condense as liquids, are found 10 agree quite well with the

predictions of classical nucleation theory (Aamson, 1976).

b. Mogifications and Alternatives to Classical Nucleation Theory

A long standing debate in the literature concerns the 'proper'
form of AG,'. Lothe and Pound (1962) feel that Equation (4) does not
adequately account for the ststistical mechanical contributions from
the translational and rotational degrees of freedom of the monomers as
they combine to form n-mers. Their alternative formulation, when
applied to tne nucleation of water vapor, indicates that the

2 1

nucleation rate should be 10‘ to 10‘ times faster than the rate

predicted by classical theory (Lothe and Pound, 1962).

Several authors (Reiss, 1977; Hlander and Katz, 1972) have argued
that such factors are already accounted for by the liquid drop
approximation. More important, Blander and Katz (1972) have shown
that there is a mistake in the original derivation of AG.. anrd that

Equation (3) should contain an additional term on the right hand side
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! in the

(¢« kTan3). Tnis results in an additional factor of S
pre-exponential factor of Equation (6). This factor is not important
for the nucleation of most aystems studied to date aince the required
supersaturationa have usually been relatively amall. However, for the
nucleation of more refractory materialz such as SiQ, FeO, ete,, S can

be on the order of 105 and this additicnal factor can therefore become

significant,

Another major problem in the classical formulution of nucleation
theory is the assumption that quantities such as surface tensjon,
density and AG, for bulk materials, can be applied L0 amall clusters
(Nishioke and Pound, 1977:; Tolman, 1948, 1949; Abraham, 19T74). Such
assumptions could lead to errors as large as 1017 (Oriani and
Sundquist, 1963) for the nucleation rate of water vapor and might
actually cancel the predicted increase of «'«1017 mentioned earlier
(Lothe and Pound, 19Y62). Because of such uncertainties, Bauer and
Frurip (1977) have proposed a model for the nuclestion of highly
Supersaturated systems based upon a kinetic approach. They find that
the rate determining 'step' occurs at a size greater than that of the
critical cluster and that the overall nucleation rate is determined Dy
the rate at which AG,(r) decreases beyond the critical cluster. Their

wmodel predicts that refractory compounds tend to nucleate slower than

the rate predicted by clessical theory.
An alternative, kinetic approach to nucleation, which utilizes
quantities which can in principle be measured in an equilibrium

system, has been forwmulated by Katz and Donronue (1979). It is
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interesting to note that their predicted nucleation rate (assuming an
ideal gas) is identical to that predicted Dy clasaical theory, Of
ocourse nucleation, by definition, can never occur in an ideal gaa,
Nevertheless, their formaliaa does offer the possibility of using
|acasured cluater concentrations, obtained under equilibrium
conditions, to predict the nucleation rate in a supersaturated system.
When one remembers that theoretical rates can vary by as much as \03.
depending upon shich terms are desmed important, such a reliance upon
an experimentally based prediction is indeed an asset. This formaliam
has recently been extended to treat the cuse of nucleation for syatems
in which the condenzible monomer i3 produced by the chemical reasction
of originally noncondensible gas (or liquid) phase components (Katz

and Donohue, 1982).

Finally, Giliespie (1981) has shown that homogenecus nuclz=tion
can be viawed in terms of a stochastic process., In this model, the
equilibriuwm, pre-nucieation cluster distribution is determined by the
probability that an (n-1)-mer will gain a monomer to become an nh-mer,
verses the combined probabilities that an n-mer will either lose or
g&in a monomer, It i3 shown that, with numerous reasonadble
assumptions, this model reduces to an expression for the nucleation
rate identical to that predicted by classical theory. In addition,
the wnodel alliows one to calculate the 'time lag' betore the onset of
nucleation due to the time required to estadblish a population of
critical nuclei, Agaln, it is in principle possible to measure the

various quantities necessary to predict the nucleation rate of a
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particular system of interest. This ia especially true of a aystem in
swhich the size of the coritical nucleus is expected to be mmall.

c. Time Dependent Nucleation Theory

Draine and Salpeter (1977) have devised a model, based upon
classical nucleation theory, which can be used to predict the
nucleation rate, the average size of the final clusters and the
dispersion about this mean for a cooling, supersaturated vapor. These
quantities are calculated in terms of two dimensionless parameters, o
and n, as well as other rather strangely dimensioned quantities,

These additional quantities are used to describe the cooling
trajectory of the gas and the thermal soperties of the condensing
clusters, ¢ is defined in such a way that “N is essentially equal to
the surface free energy per surface site for a cluster of N monomers.
n is defined as the number of times an average monomer can be expected
to collide with (and stick to) an average surface site during one
supersaturation ratio e-folding time on the cooling trajectory of the

gas.

The derivation of this model is extremely complex - and is
further obscured by the use of a host of parameters specifically
defined in terms of suas and ratios of more familiar quantities, This
model also relies heavily upon classical nucleation theory and is
therefore subject to most of the sume problems umentioned in subsection

b above,
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Draine ans Salpeter (1977) find that the ‘critical’

supersaturation at which nucleation occurs from the vapor is given by

103, « 8,7 (16(8,/8, ) (nAB10)- B~} (8)

)3/2 /2

where 8, 3 (21/0 (s0n) ", By' £ B,-3¢/2, ¢ &

((y=0""-wkT)™'(den(e/T)/denT], B = kT(dan(n_, }/dsnT), v &
1+(danT/dani{n]), n is the total density of condensible material,

172

a = (2'3/3)(23)V 28,178, (1,70,0%(anm ¥ (<D, 2 &

1, -1

°1("X)- n~', X is the wass fraction of condensible material, c, is

the concentration of monomers and <f3> s 1-exp(g,).

Of these quantities, B can be determined experimentally; vy is
determined by the assumed cooling trajectory and 'ideality' of the
gas. The dependence of 6 on T is virtually anyone's guess as is the
dependence of ¢ on N. The concentration of monomers is time dependent
and n and X are arbitrary input parameters. Many of these terms are,
of course, redundant - not to mention confusing. Nevertheless, the
average size of the final cluster distribution is given by

<N

> o 2/1)12(3e/2%)(8,78,")3¢£ > (e/T,) 30/ 1nm)3  (9)

final 3

and is thus quite sensitive Lo both ¢ @and n since g,, B,', and <f3>

al so each depend on these quantities,
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The relative dispersion in the mean cluster size diatribution -
in terms of the number of monomers incorporated into the cluster - is

given by

<«nV3w > = 0.28(e/T (10)
where the factor 0.28 was empirically chosen to make the equation
agree with the results of numerical calculations. The application of
this theory to the condensation of grains in the atmospherea of stars

will be discussed in section III below.

I1I11. Astrophysical Applications of Nucleation Theory

Nucleation theory has been used to calculate the conditions under
which graphite grains might condense in the atmospheres of cool,
carbon rich stars (Donn et al., 1968; Fix, 1969). Salpeter (1974a)
used a form of nucleation theory, modified to account for the
temperature increase of the clusters because of the high latent heat
of condensation of crystalline species, to treat the condensation
process in both oxygden and carbon rich stars. He then predicted the
conditions under which either dust alone, or a mixture of both gas and

dust might be ejected from the atmospheres of si:zi. stars (Salpeter,

1974b) .
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An excellent summary of the problems encountered in the
application of nucleation theory to condensation processes in stellar
ataospheres i3 given by Tabak et al.(1975). These authors
specifically discuss the effects caused by the assuaption of bulk
parameters (aG, y, crystal structure) in such calculations. These
authors also discuss the result of using the Lothe-Pound formula
rather than the classical model. They show that the nucleation of
carbon grains is extremely sensitive to the value adopted for y. They
also note that the value for the surface free energy, y, which might
be appropriate for graphite clusters, is a matter of considerable

uncertainty.

Yamamoto and Hasegawa (1977) ~hereafter YH- independently
formviated a time dependent model of nucleation to calculate the size
distribution ot the grains formed in astrophysical systems. In
general, their fonsalism is quitve similar to that of Draine and
Salpeter (1977) - hereafter DS - in that nucleation is found to depend
sensitively on two parameters, y and A, which are analogous to @ and n
ot DS. The application of YH theory is made much easier due to the
inclusion of some extremely useful tables; one of which tabulates r.-
the radius of the finas clusters - as a function of y and Logp is

particularly valuable,

YH apply their mouel to caiculate the condensation sequence of a
gas of solar composition, They obtain qualitative verification of the
conclusions derived by Blander and Katz (1967), i.e. that nucleation

barriers can effectively disrupt the themodynamic condensation
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ssquence proposed by Larimer (1967) or Grosmaan (1972). Of special
interest, i are careful to note most of the possible problems which
ocould alter their conclusions. Such problems include uncertainties in
v, effects of the condensation of species formed by chemical reactions
in the gas phase und possible effects of heterogeneous nucleation on
the surfaces of 'pre-existing' grains., In the case ¢f nucleation in
stellar atmospheres, these would be the grains which condense first
and could therefore lower the condensation barrier for less refractory

materials,

Deguchi (1980) has used tne combinea YH-DS nucleation model to
study the effect of grain formation on the gas phase chemicai
composition of cool circuastellar envelopes. He shows that although
the YH-DS model 18 based upon classical nucleation theory, inclusion
ot the correction factor proposed by Lothe and Pound (1962) only
changes the total nunber of predicted grain nuclei by a factor between
8 and 64. Due to the other uncertainties innerent in the analysis,

this disagreement is unimportant.

Deguchi (1940) finds that v90-yy% of the metals in the 2jected
gas condense into grains when the mass loss rate is eoual to 10‘5
Solar masses per year. More than 993 ot the retractories condense at
mass loss rates less than 3 x 10'6 Solar masses per year. He also
calculates taat nucleation occurs at w4-6 times the steilar radius,
Given the uncertainties in the model, these conclusions are in

reasonable agreewment with the calculations of Hagen (1978). However,

this mdy be fortuitous since Hagen (19738) concludes that grain
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formation occurs as a consequence of stellar aass loss while Dejyuchi
(1980) finds that nucleation drives it in stars heavier than 1,5 solar

Draine (1979) has applied the time dependent nucleation model of
DS to the condensation of graphite in carbon rich protoplanetary
nebulue and novae, although tne theory successfully predicts the
formation of graphite in such sources, it cannot fora silicate grains
in the outflow trom noral giants and supergiants without the
invocation of density enhancesents on the order of factors of 100 over

the densities derived using the assumption of a steady flow.

In a later paper (Draine, 1981), condensation in such outtlows is
snown to be possible due to the fact that both the $i0 wonowmer and
small (10 atom) 'olivine' grains can be characterized by temperatures
considerably less than that characteristic of the translational
velocity of the gas. Even with these approxiunations however, the size
of the critical clusters tnought to nucleate in such enviromments is
barely larger than that for which the DS model begins to faii. In
addition, one can only speculate about the properties of a 10 atom
'olivine' cluster since olivine 'monomers' already require at ieast 7
atomns. Condensation processes in such systems ust surely ve
influenced by the reaction rate o' MO (or FeO) + Si0 molecules to
form critical clusters in the gas phase. This problea is discussed in

sonewhat more detail in Chapter 6.
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Lefevre (1979) has shown that the growth of grains which nucleate
in stellar sources is very sensitive to the temperature of the
clusters and that this temperature is, in turn, likely to be different
than that of the mabient gas. This result is not dependent upon the
formation rate of coritical clusters but rather considers only the
subsequent growth of these clusters into macroscopic grains. He
concludes that the supersaturation ratio used in theories appliied o
astrophysical regions should be defined in terms of the equilibrium
temperature of the critical cluster rather than that of the ambient
sdas. This, of course, requires that one be able to calculate the
temperatures of monomers, dimers,,,.n-uers,...%xall grains. Tnis

problem is discussed in more detail in Chapter j.

IV. Nuzleation Experiments at Hign Supersaturations

Very little experimental work has been done on the condensation
ot refractory materials, although the nucleation of more volatile
species - i.e. water - has been studied for decades., Such work formed
the experimental basis upon which cldssical nucleation theory was
ouilt. It is only more recently that the vapor phasc nucleation of
refractory species became interesting. 1his is due irn large measure
to the importance of such processes in the formation of particulates
in tne combustion of coal and other ftuels, aind the desire to control
poliution from such sources. Retractory aerosols are ulso produced by

the recondensstion of meteoric materials in the upper atmosphere and
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in nuserous industrial processes. It should be obvious from the
previous sections that these processes are also important in

astrophysics,

Dorfeld and Hudson (1973) atteapted to experimentally i~teraine
the degree of graphite condensation which might be expected in the
expanding envelopes ¢f cool, carbon rich stars. This was done by
allowing hot («2000K) mixtures of methane and hydrogen to expand
through a small orifice into a vacuua. The final cu“/uz ratio was
determincd by mass spectroscopy and coapared with the initial ratio.
A decrease was taken to be indicative of the formation of graphite in
the expansion, It should be noted that the formation of graphite
could not be directly observed in this system, The expansion was
scaled S0 that the number of termolecular collisions in the experiment
was equal to the nuaber expected over the timescale of the stellar
outflow., They concluded that little or no graphite condensation could

be expected in such sources and obtained an upper limit of 10% of the

available carbon condensed into grains.

These results might be due to the short timescaies over which the
reactions were followed in the laboratory as opposed to those
avallable in stellar sources., They might also be explained by the
fact that, in this experiment, carbon atoms were not readily available
but had to be produced by the dissociation of CH“. However, the
dissociation of methane should become increasingly difficult as the
8§88 expands due LW the decrease in tne average energy available to

break the C-H bonds as the gas cools. An equilibrium carbon atom
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concentration was probably never approsched in this system and their

conclusiona are therefore at least suspect.

Baver and coworkers heave Studied the nucleation of supersaturated
wetal vapors a® @ funotion of ambient temperature in a series of shock
tube eiperiments, Freund and Bauver (1977) experimentally determined
the binding energy per atom for the reaction nFe » Fen. They found
that the expression AE“/n z AE.(I-n'O‘ES) adequately represented their
data. AE_ is the sublimation energy of the bulk metal. This result
is interesting in that it demonstrates that moaomers are bound much

less strongly to small clusters than to the bu k metal.

Frurip and bauer (1977a) determined the temperature dependence of
the critical supersaturation ratio for iron, lead and bismuth. They
showed that, even allowing for a substantial degree of experimental
error, neither the classical nor the lothe-Pound theory could be used
to predict their results, 1n addition, due to the probable dependence
of the surface tension on temperature, they questioned if such
measurements ocovlid reasonably be used to distinguish between these

theories.

Frurip and Bauer (1977b) developed a technique by which an
independent determination of the nuclestion flux could be made. They
then used this technique and their previous results on the temperature
Jdependence of the condensation of lead, biamuth ana iron to develope a
kinetic theory of nucieation (HBauer and Frurip, 1977), This theory

cospletely abandoned the liquid drop approximation and the concept of
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a 'conatrained equilibrium distridution'. Unfortunately, this theory
is extremely difficult (if not impossible) to apply to moat aystems of
astrophysical interest since it requires the input of detailed
reaction rate constants for all species ot importance. 3Such detalled
information is obvioualy not available at the present since even the
chemical composition of some grain forming regions is still a matter

ot debate (Zuckerman, 1980).

Recently, Stephens and Bauver (1951) have reported messureaents ot
the critical pressure for the onset of avalanche nucleation as a
function of mnbient temperature for the condensation of ke, Si, Fe/Si,
l-'eox and sxo‘. In all cases there was substantial disagreeanent
between the measurements and predictions based on cither the classical
or the Lothe-Pound tormulations of nucleation theory.
Supersaturations observed in these shock tudbe experiments ranged from

+10 tor iron to several orders of mugnitude tor the 510‘ system,

A comparison of the shock tube Jata of Stephens and bever (1941),
obtained at temperatures between 1250K and L200K, and that obtained in
4 QUESL Steudy state system at temperatures between 750K and 1000K is
presented in Chapter 5. This chapter reports measurements ot the
-emperature Jdependence of the onset of uvalanche nucledtion in un
&0-&!2 systen &3 & lunction of temperature in @ system similar to that

used In the work ot Day and bonn (197da,b). When the asgnituwie of the

po8siLie error in both experiments is casbined with the tucl Lhat ihe

tenperature ranges of the weasurviments Jo not overlap, « detdlled
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comparison of these two sets of results meaningless, However, the
overall ajgreement between these different methods appears to be quite

good .

V. Sunmary

It hus Leen demonstrated (Kr¥tchmer and Huffwan, 1977; Day, 19/9,
1981) that an amorphous iron or magnesius silicate can produce
infreared extinction (8 microns < A < 2% microns) which is quite
similar to that observed in obscured, oxyien rich, stellar sources,
Tne spectra of more crystalline waterials Jdoes not reproduce such
observations. MNost theories of nucleation rely upon the attaimment of
equilibriun conditions (at least betore the onset of nucleation) and
predict the formation of a thermodynamically stable (in most cases a

crystalline) solid.

The results of nucleation experiments on retractory wmaterials,
sinilar to those which might condense in astronomical enviromments,
deviate considerably frowm the predictions of boih the cldssical and
Lothe-Pound tomaulations of nucleation theory. It must be emphasiied
that tnese experiwnents were pertormed 1n terrestriul laborutories
where the kinetic temperature of the gus, the vibrational teamperature
Ot the clusters and the surface Lemperatures of tne graing were
virtually identical. This is not likely to be the case in most of the

regions currently believed to be sources of tresh intersteilar gruins.
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This point is discuased in more detail in Chapter 3,

] Experimental results for the avalanche condensstion of sxo-az and

Mg-S10~H, systems a3 a function of the ambient gas temperature are

e
reported in Chapters S and 6 respactively,
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Chapter 3. Vibrational ’Dtuguxubrim in Regions of Grain Formation

It is well known that in diffuse interstellar clouds the internal
energy of atoms and molecules shows extreme deviations from thermal
equilibrium,. Donn (1975, 1979) pointed out that significant
deviations for molecular vibrational energy levels would occur in the
much denser regions where grain formation has been postulated. These
regions include novae and supernovae ejecta, the shells surrounding
cool stars, planetary nesbulae and several models of the primordial
solar nebula. An approximate calculation by Thompson (1973) indicated
that nonequilibrium vibrational distributions are possible in the
atmospheres of cool supergiants. Unfortunately, the criterion adopted
by Thompson (1973) for the onset of non-LTE in astrophysical systeas
lacks precision., Further, it does not permit the quantitative
analysis necessary to facilitate improved calculations of molecular
abundances or to gain a true understanding of the nucleation process
in such systems. In addition, his analysis suffers from the adoption
of incorrect uam-co relaxation etficiencies, Geballe and Wollman
(1972) have observed an apparent non-equilibrium temperature
distribution in the CO spectra of cool stars. More thorough model
calculations by Carbon et al. (1976) have shown that such effects

might indeed be expected.

In this chapter we first calculate the vibrational distribution

and corresponding vibrational teaperatures for the distomic molecules
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carbon monoxide and silicon monoxide over a wide range of gas kinetic
temperatures and pressures for several values of a diluted black body
radiation field. We then estimate the vibrational temperature of an
idealized polyatomic molecule under similar conditions. Carbon

monox ide was chosen because of its abundance in most regions of
interest and silicon monoxide because it plays a major role in the
condensation of numerous predicted grain materials. Most of the

necessary molecular data are available for both.

The factors reponsible for the disequilibrium at low pressures
are (1) low collision frequency, (2) general inefficiency of
translational-vibrational energy exchange during collision
(Kondrat'ev, 1964; Cottrell and McCoubrey, 1961) and (3) radiative
lifetimes for vibrational transitions, which are generally in the
range 107 - 103 s (Penner, 1959). The net eftect is to make
radiative decay comparable to or faster than collisional excitation.
Consequently, at low pressures the vibrational energy distribution
will be seriously perturbed from an equilibrium Boltzmann distribution

by the radiative depletion ot higher levels,

This effect can have a significant influence on a number of
physico-chemical processes in low density cosmic clouds as is showi by
the quantitive calculations of Dalgarno and Roberge (1979). This
et'tect is of particular significance for molecular abundance
distributions and condensation processes. It raises serious gquestions
about anal yses ot these phenomena using the assusption of thermal

equilibrium.
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1I. Method of Analysis

a. Model

As noted by Thompson (1973), at temperatures below 4000K
electronic transitions are rare and do not significantly contribute to
tne vibrational population of CO., Furthermore, condensation of grains
is expected to occur at temperatures below 2000K in regions where the
radiative energy density has been considerably diluted, At such
temperatures, the bulk of both CO and SiO occupy low vibrational
states even at equilibriun., We treat both systems as multilevel
molecules and solve for the populations of the lowest twelve levels at
which point more than 99.99999% of the population has usualiy been

accounted for,

A "vibrational temperature" can be defined by the ratio of the

populations of two states such that

Nu -hcy
- = X P wo—— ( 1 )
N kT

L v

where “u and N!. are the populations of the upper anu lower states, u
is the transition energy in cm", h, ¢, and k have their usual
meanings and Tv is the viorational temperature, In equation (1) tne
statistical weights have been set equal to one as for the case of a
narmonic oscillator., Tnis is a good approximation for the low

vibrational levels which are important here.
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An exact csloulation of the population of vibrastional levels
requires knowledge of the radiation field, collisional cross ssotions
for the excitation of individual levels by all colliding species, as
well as the radiastive transition prooabilities from occupied levels,
In addition, the chemical composition, temperature and pressure of the
region must be known. Because of these restrictions an exact
calculation for any particular region cannot be carried out. However,
8 solution utilizing a “sw reasonable assumptions and somewhat
idealized conditions can be expected to yield results sufficiently
accurate for the treatment of problems in which the vibrational

populations become important,

Vibrational equilibrium for harmonic oscilletors has received a
very general treatment by Rubin and Schuler (1956a,b; 1957). Their
analysis is a good approximation for the low vibrational levels of
molecules such as CO and Si0O. We adopt their n level system and
introduce diluted black body radiation through a dilution constant, W.
We then determine ‘he steady state vibrational distribution rather
than the relaxation rate which was of interest in the much higher
pressure systems of Rubin and Schuler and in which equilibrium is

ultimately attained.

For n level systems we obtain the following set of differential
equations for the steady state population of a given level, with the
approximation that collisional and radiative transitions occur only

between adjacent levels and all energy level spacings are the same:
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dl‘
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- NG g Lot * Cxxat *ix a1 * A g2 2 C

where Nx is the population of level x and C‘y. A"y and Ixy represent
the probability of collisional, spontaneous radiative and induced

radiative transitions from level x to level y, respectively.

We use the following relationshipas (Rubin and Schuler, 1957).

cJ.J*1 z CJoi.J exp (= eg) (:‘j”“j 2 (Je) C"o
Aot 2Bjeryy Blets ® By, gel

o, * ulelp(ég -1)]_1 £ o a = O¥ h«n:\s‘j"“1
Ajarng ® (IS AL

where A and b are the Einstein coefficients, and o, is the black body
rajiation density at the energy of the transition of interest.

Equations (2) and (3) are solved for population ratios and yield:

109



NO c10 + (1 + WQ) “10
Nx-1 “xo!
“x . "o (x)((:,'c exp(=-hcw/kT) oHQAw)-o No (x+1)(Cw+(1¢ HQ)Aw) )

N, (h”(Cw exp(- how/KT) + HQA1'0) + (x)(Cm + (1« HQ)Aw)

where T is both the kinetic and color temperature of the system. This

approximation for T will be considered further in section V.

b. Molecular Constants

Tne Einstein A's for Si0 were taxen {iom the work of Hedelund

end Lambert (1972). For CO, A was estimated using the

Je1.)
approximation
AJ.J‘M = (j+« 1) Ao where A, was calculated from Cnakarian (1Y70):
Ay = (obet/3m 2o® () (6)

where TM is the transition moment (for Cu, ™ = 1.04 x 10-19) and Z is
a constant which depends on the particular vibration - rotation
transition of interest. For the P branch = (Ju + 1)/(2Ju + 1)
whereas for the R branch Z = Ju/(aJu + 1) where Ju is the rotational
Quantum nusber. Since we are concerned only with the total nusber of
transitions per vibrational level we sum the K and P branch transition

rates and ¢ theretore equals 1, Equation (6) was also used w
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calculate values of ‘10 for our model polystomic molecule using

reasonable values for y and ™,

Cw for CO, Si0 and the model polyatomic molecule was initially
" calculated frum the work of Millikan and khite (1963) as adopted by
Thompson (1973) for a harmonic oscillator (see Herzfield and Litovitz,

1959) .

. P
“ ° (1)

exp(1.16x1073 & V/ e¥3 (1713 0150 )-18.42) (1-exp 3/T)

where P is the total pressure in atmospgheres, y is the reduced mass of
the ceolliding system in units of molecular weight, 8 is the energy of'
the transitior in units of ° and T is the kinetic temperature. The
expression from which this tormula is derived, an empirical relation
fitted to a large number of experimental relaxation measurements under
a very wide range of parameters (i.e., T, P, u, 8) 1is good to better

than a factor of 2 in most cases (Millikan and wWhite, 1963).

The tormalisn of Millikan and White (1963) does not appiy to the
relaxation of diatomic species by atoms with open electronic shells.
These stom-molecule collisions have been shown to be much more
eftective than previously predicted in transferring energy from the
translational to vibrational degrees of freedcm (von Rosenberyg, Taylor
and Teare, 1y71; West, weston and Flynn, 19Y77; MacDonald and Moore,

1978). Nikitin (1974) has proposed that Stark splittu.ng of degenerate
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electronic spin-orbit components can lead to resonant collisions and

thus to more efficient translational to vibrational energy exchange.

Non-adiabadic electronic energy transfer will also be important
in colliding systems where a stable reactive complex can be formed
(see the review by Imith, 1976). In this case, Av can be greater than
+ 1. Carbon et al. (1976) have demonstrated that these energy
exchange mechanisms can have a significant effect on the calculated
deviation of CO from local thermodynamic equilibrium in the

atmospheres of cool stars. These effects will be discussed in section

v.

Because Cw for H atom-CO collisions is at most a factor of 103
higher than predicted by Millikan and White (1963) (see Figure 1 of
Carbon et al. (1976)) we have for simplicity used a collisional rate
(Cw) which is a factor of 103 higher than that calculated from their
equations for this system. Similarly, because Fe atoms also very
efficiently excite CO vibrational levels (von Rosenberg and Wray,

3

1971) and because this discrepanucy is also of order 10. , for iron we
have again used a collisional rate which is 103 times that calculated
from the work of Millikan and white (1963). These approximations
should underestimate the disequilibriun of the system. C10 for O
atom-CU collisions was derived from the work of Center (1973). C10
for H atom-Si0 and CO-CO collisions were used as calculated from the
equations of Millikan and white (1963). Although the use of tnese CIO
values probably overestimates the degree of disequilibrium for H

atom-310 collisions, they should be correct for the CO-CO system.
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The collisional relaxation rate, 010. is proportional to the
product of the pressure and the collisional efficiency. An increased
efficiency combined with a proportionate decrease in pressure will
leave the system unchanged. Therefore in the Figures the effect of a
different choice of collisional efficiency is to multiply the pressure
Scale by a factor equal to the ratio of the original etficiency to the

new efficiency.
Using equations (1), (4), and (5), the vibrational temperature of
a particular excited state with respect to the ground state can be

calculated,

III. Disequilibrium of Diatomic Molecules

Figure 1 is a plot of the vibrational temperature of CO as a
function of H-atom pressure at a kinetic temperature of 2000k for
various values of the radiative dilution coefficient W, (W = 1 for a
black body radiation field, W = 0 in the absence of radiation). It is
obvious from the figure that although the radiation field provides a
lower limit to the vibrational temperature it has little efffect on
the pressure at which the system begins to depart from equilibrium,

It snould be noted that there is little difference between the degree
ot disequilibrium for W equal to zero and W equal to a few tenths
until the vibrational temperature is well below thne kinetic

temperature,

13
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Figure 1. Vibrational temperataure of CO as a function of total

pressure in an H-atom gas at a kinetic temperature of 2000 K for

various values of the radiative dilution coefficient, W. (W = 0 in

the absence of a radiation field.)
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It should be noted that for sbundant molecular species such as CO
the optical depth at the wavelength of the fundsmental frequency could
be considerably higher than average due to the trapping of resonance
radiation by the CO molecules, In most cases of interest however, the
density of molecular species should be low enough that this effect

does not became important.

Another interesting feature is that under any particular set of
conditions, all vibrational level populations can be represented by a
Boltazman distribution at a characteristic vibrational temperature.
This results from the fact that our model for diatomic molecules has

an analytical solution which is independent of the vibrational level;

T - T
Y
1 KT . 14Cy /Ay o+ W0 (8)
* hcw T 72 + WQ exp{hcw/KT)
1,0'™1,0

Unfortunately, this equation requires that both the Einstein A
coefticients and the collisional efficiencies for the higher
vibrational levels be given by the idealized formulae of Rubin and
Schiuler (1957). Tnis precludes the use of more accurate results, suc
as the calculation of the Einstein A coefficients for 510 by Hedeluni
and Lambert (1972). Although equation (4) assumes the same ideal ized
dependence of the C and A coefficients for higher vibrational levels

as does (8), it is a trivial task to seperate the variables in such a
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way that equation (4) could accomodate better data as it becomes

available. This is not true of equation (8).

Thompson (1973) stated that non-LTE effects become important when
the rate of downward collisional transitions equals that of
spontaneous radiative transitions. Wwe find from equations (1), (4)
and (5) that wnen these rates are equal at a kinetic temperature of
2000 K and a dilution coefficient, W, of 0.5, the vibrational
temperature of CO i1s 1705 K. In the absence of a radiation field (W =
0) the above conditions yield CO vibration tempsratures of 1380 K.
When Thompson's criterion is satisfied the system is already far
removed from equilibrium. Further, his criterion provides only a
qualitative measure of disequilibrium and cannot be used to determine
the consequences of the disequilibrium upon other phenomena, for

example, molecular equilibriun or particle condensation.

Figure 2 is a plot of the average vibrational temperature of CO
as a function of H-atom pressure for various values of the gas kinetic
temperature in the absence of radiation. Figure 3 is the analogous
plot for 5i0, Because of the use ot classical collisional
efficiencies for H-SiO, the SiO pressure scales will be too high. If
this system benaves as does H-CO, the correction factor may be as high
as 1000. As there are no experimental measurements for Ha

tom~S10

collisions, the classical results were retained,

19



Figure 2. CO vibrational temperature as a function of total pressure

in an H atom gas. Each line represents a calculation at the gas

kinetic temperature of the Tv intercept, W = O.
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Figure 3. 810 vibrational temperature as a function of total pressure
in an H-atom gas. Each line represents a calculation at the gas

kinetic temperature of the Tv intercept, W = 0.
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1V. Disequilibrium of Polyatomic Molecules

The extreme vibrational disequilibrium found for diatomic
molecules in clouds and its consequences for dissociation (Dalgarno
and Roberge, 1979) calls for an investigation of the vibrational
behavior of polyatomic molecules., These more complex species with
many vibrational modes cannot be analysed as accurately as can
diatomic molecules (McDonald, 1979). Lambert (1962, 1977) reviewed
intramolecular vibrational energy conversion, Generally, the
relaxation process can be characterized by a single rate, indicating
rapid collisional internal energy transfer, if the energy of the more
energetic fundamental is less than twice that of the lesser,

Otherwise each mode has a separate relaxation rate,

In order to carry out an analysis for polyatomic molecules
similar to that for diatomics we used a hypothetical molecule with two
fundamental modes. In our initial calculations the energy of mode 2
was assuned to equal three times the energy of mode 1, We then assume
that collisionally induced enerygy exchange between modes is relatively
rapid compared to other relaxation processes (Figure 4). This is
based in part on Lanbert's discussion cited earlier and in part on the
eftectiveness of internal energy transfer when long lived complexes
are formmed (Mcbonald, 1979). The latter appears possible in
atom-molecule collisions. We also assune that our hypothetical
molecules are not excited in both vibrational modes simultaneously.

We therefore ignore all transitions wnich would either originate or

end in such a state. 1his greatly simplifies the kinetic equations
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Figure 4. Schematic representation of transfer processes in
hypothetical dual mode volyatomic models with a 3:1 and 3:2 ratio of

vibrational fundaumental enerygies,
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which describe the steady state population distribution and allows us
to creat seperately the high and low energy modes in a manner which 13
aralogous to our treatment of diatomic molecules in equation (3) by

‘.ya3!'y) where Gx,ry is the rate
of transter between resonant leve.s of modes 1 and 2 and the Kronecker

the addition of terms of the form I,(G

delta allows transfer between modes only at resonance., ic validity
of this assumption will be discussed at the end of this section after

the model and its results have been presented.

Because of rapid intermode relaxation and the occurrence of

several high energy modes in polyatomic wolecules (Herzberg, 1945) our
two mode wolecules can be taken as an approximate representation of
real, mor: complex polyatomics., To calculate the vibrationai
distribution we allow the following set of relaxation processes: (1)
radiative excitation and de-excitation involving adjacent levels
within a mode; (2) similar collisional processes and (3) rapid
internal energy transfer between modes near resonance. Qur initial
treatment a3sumes that (3) is much more rapid than either (1) or (2).

We therefore obtain the steady state populations in mode 1 from

equation (Y)

Do N Gt T ) T NGy Sy

) = 0 9)

dN
Je* Nx+1(Ax+‘l 'X+C“’1 .x*Ix+1 WX

- Nx( A .x—1*cx .x-I*Ix .x-l"‘x .xol"’cx .x+l'c'x .y‘3x,y

where the subscript x indicates vibratioral levels of the low energy
mode, and the subscript y indicates levels of the nigh eneryy mode.
Similarly equation (10) was used to obtain the steady 3tate

populations in mode 2,
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d
§¥° = Ny Oy, y* ety Tyan,y? * Nyoa(CGyoa Ty, y? * NGy y85, )

- N_(A +C I ) =0 (10)

I +C .
Yy Y.yl YoY"?‘ Y. y-1 YtY"“* YOy'."*Gyix‘jx.y

In this case, every level in the high energy mode will be in resonance

with a low energy mode.

Figure 5 is a typical plot of the vibrational temperature of our
hypothetical dual mode polyatomic molecule as a function of H atom
pressure. The plot was generated in the same way as were those for

the diatomic molecules r'sing the following parameters; T
1

kinetic ° 2000
1

K, W=0.,1; mode 1, w = 1600 cn~', ™ = 10'Y; mode 2, w = 600 cn™'.

-2C

™ = 10 cm"; molecular weight of polyatomic molecule = 60. Each

of the upper four curves represents the vibrational temperature of the
low energy fundamental when the rate of intermode transfer (Process A
in Figure 4) is set at 1072, 10-2. 10”! and 1 times the collision rate

(C). Similarly each of tne lower curves represents the temperature of

the higher energy mode at these same intermode transfer rates.

In contrast to our diatomic calculations, temperatures of various
levels in a single mode normally differ by up to about 30% from the
average, As coupling between the modes is increased this discrepancy
increases until in the highly coupled systems the lowest levels of the
low energy mode are at considerably higher temperature than are the
upper levels. These upper levels have teaperatures comparable to
those of the higih energy mode and are therefore far from equilibrium.

It s.ould be noted that variation of the molecular parameters used to
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Figure 5. Vibrational temperature of 3:1 polyatomic model as a

function of total pressure and intermode coupling efticiency. Upper

curves are the temperatures of the low-energy fundamental, lower

curves are the temperatures of the high energy fundumental.
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generate Figure 5 does not change the gensral trends. For inastance,
decreasing the energy or transition moment for either mode atill
shifts the curves to lower pressures. Similarly, increasing ¥ would
set A lower limit Lo the vibrational temperature as in the case of CO
or 310, without effecting the pressure at which non-LTE effects begin.
However, variation of the collisional efficiency can no longer be
coapensated for by a Simple shift of the pressure scale since this

change now etfects the relative importance of processes (2) and (3).

It might be argued that our model allows too few intramolecular
transitions to give an sccurate representation of the upper levels ot
the molecule. However, the addition of more intramolecular
transitions should tend to increase the rate of depopulation ot the
upper levels by allowing quicker access to the higher enerygy
transitions which first depart from thermal equilibrium. In this
respect our model appears biased towards thermal equilibrium, yet

sigauificant non-LTE effects are observed,

In order to test the above hypothesis and so that we might have
data on the behavior of systems where the ratio of the fundamentals is
less than two to one, we constructed a model in which every third
level of the lower energy mode was in resonance with every second
level of the higher eneryy fundamental (Figurc 4). Wwe then calculated

the vibrational temperatures for two cases,

In the first case we allowed only resonant intemode transfer,

In the second we allowed both resonant tranfer and non-resonant
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intermode transfer., The rate of non-resonant tranfer was calculated
using the tormula of Millikan and White (1963) and the appropriate
energy difference between ilevela. In both cases we obaerve
signiticant depsrture from LTE as the pressure and radiative dilution
coefficient decrease., towever, when off resonant transfer was allowed
we find that vibrational temperatures in the transition region were
significantly (>158) lower than when these transitions were forbidden,
As the pressure continues to decrease however, the vibrational
temperatures of these two cases converge. It should also be noted
that the onset of non-LTE effects occurs at virtually the same
pressure in both calculations, only the degree of disequilibrium in

the transition region is effected.

We now discuss our assumption that no molecule is simultaneously
excited in both vibrational modes. Only about twenty percent of an
equilibriun distribution of our 3:1 model polyatomic molecules

(u1=18000m'1

1,2600cn™") at a temperature of 2000K will be excited in
both vibrational modes. As the vibrational temperature of tne
molecule decreases with decreasing pressure and radiation density this
fraction rapidly approaches zero, Furthermore, inclusion ot all of
the transitions which were excluded by this assumptior would simply
increase the coupling between vibrational modes. We have shown in
Figure 5 that as the coupling between modes increases, the vibrational
temperatures ot the modes approach one another. Inclusion ot these
transitions would therefore not tend to keep any mode in thermal

equilibrium, Since we are not attempting to calculate exact

vibrational temperatures for any specific molecule, but insteud are

130



interested in discovering the general trend of polyatomic molecules in
regions ot low pressure and radiation density, we feel that this
assumption has little effect on our conclusions, We emphasize again
that these model polyatomic molecules are used only as an aid to
understand the effects of interaction between coupled modes in a large

molecule,

We are concerned primarily with the effects of vibrational
disequilibrium on chemical equiiibrium and grain nucleation. Thermal

dissociation is a major process in such phenomcna and occurs mainly
from vibrationally excited molecules in states near the dissociation
limit (Kondrat'ev, 1964). Unimolecular dissociation experiments
(Rabinovich and Tardy, 1977) show that extremely rapid intramolecular

'123) occurs above the dissociation liimit, In

energy transfer (~10
addition, high vibrational levels are more closely spaced than are
lower ones. This tends to increase tne importance of near resonant
transitions in int2rmode energy transfer, A third effect is that at
high vibrational eneryies the molecule becomes appreciably distorted
and a normal mode description is no longer applicable. Recent

discussions ot molecules in such highly excited states are given by

McDonald (1979) and Rice (1975).

Our treatment of the lowest vibrational levels ot pulyatomic
molecules indicates that a considerable degree of disequil ibrium can
be expected in regions of low pressure and radiation density., Because
such disequilibrium increases as the coupling between vibrational

modes is increased and because such coupling increases as the modes
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becaome increasingly excited, one should expect that the vibrational
modes most likely to be out of equilibrium are those near the
dissociation limit. Since these modes play a major part in the
dissociation of polyatomic molecules and since our analysis tends to
underestimate the importance of vibrational disequilibrium in
polyatomic systems, polyatomic molecules are expected to be more
abundant in regions of low pressure and radiation density than would
be expected on the basis of equilibrium kinetic or tnermodynamic

calculations.

V. Discussion of Results by Region

a) Atmospheres of Cool Stars, Circumstellar Shells and Planetary

Nebulae. In these regions, H atom collisions will be the dominant
contributor to translation-vibration relaxation, Figures 2 and 3 are

applicable in such regions,

It can easily be seen from Figure 2 that CO is significantly out
of equilibriun at pressures .ess than 10'B atm. bBecause we have
deliberately overestimated the efficiency of collisional relaxation,
this should be an underestimate of the disequilibrium in the system.
From Figure 3 we see that 5i0 begins to depart from equilibrium at
pressures less than 10’6 aum. If Si0-H atom collisions a e more
efficient than predicted by Millikan and White (1963) then these
curves will overestimate the disequilibrius in the system. Dby using

the proceedure previously discussed, if H atom=Si0 collisions were
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found by experiment to actually be 103 more efficient than predicted
by Millikan and White (1963) then the pressures in Figure 3 would be
multiplied by 1073, Si0 vibrational populations would then depart

from equilibriun at pressures less than about 10-9 awm,

As can be seen from Figures 2 and 3 it is likely that CO and Si0O
will only be significantly in disequilibrium in the uppermost regions
ot cool stars. This is consistent with the conclusions of Carbon et
al. (1976). According to Figure 5 and the previous discussion, this

behavior will also apply to most polyatomic species., However, in the

lower pressure environment more characteristic of circusstellar shells

-12

where pressures are expected to be in the range 10'”-10 aun,

(Hagden, 1978) both CU and Si0 will significantly depart from therwmal
equilibrium. Similar departures should occur in the low pressure
grain forming stage of an evolving planetary nebula where pressures

10 atm. (Draine, 1979y). For these regions the color

are of order 10~
temperature of the steliar radiation field and the kinetic temperature

of the gas should be comparable during the epoch of grain formation.

b) Novae and Supernovae, Vibrational relaxation in expanding

novae envelopes, and to a lesser degree in the outer envelopes of
supernovae, will be dominated by H atom collisions, Therefore,
Figures 2 and 3 also apply to these regions. In regions where H atoms
are effectively absent, such as the innermost zones of supernovae,

metallic atom collisions dominate., In an intermediate zone, U atom or
CO molecule collisions could be the dominant interaction. Figures 6,

7 and 8§ are applicable for Fe, O or CO rich envirorments respectively.
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Figure 6. CO vibrational temperatures as a function of total pressure
in an Fe-atom gas. Each line represents a calculation at the gas

kinetic temperature of the Tv intercept, W = 0.
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Figure 7. CO vibrational temperature aa a function of total pressure
in an O-atom gas. Each line represents a calculation at the gas

kinetic temperataure of the ’l‘v intercept, W = 0,
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Figure 8. CO vibrational temperature as a function of total pressure
in a CO-molecule gas. Each line represents a calculation at the gas

kinetic temperature of the ‘l‘v intercept, W = 0.
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Photospheric temperatures for novae are of order 10‘& 2t the
tine of observed grain condensation (Sparks, Starrfield and Truran,
1978). The dust condenses at r ¢ 5x10' as (Ney and Hatfield, 1978)

2 om (Sparks, Starrfield

whereas the photosphere occurs at r 4 2:101
and Truran, 1978). The ultraviolet flux (A < 2000 R ia comparable to
that at the surface of a 4000K star and electronic transitions can be
ignored. The energy density in the infrared (A > 1 micron) on the
other hand is only a few percent of the 4000K black body flux.
Condensation of grains is generally postulated at pressures near 10-10
atm, Under these conditions the system should significantly depart

from equilibrium,

Supernovae pnotospheric temperatures at the time of condensation

(¢« 107

sec) are approximately 5-7&103K (Kirshner et al., 1973). At
this time the outermost zone of ejecta will be at a radius 15-100
times larger than the photosphere (Arnett and Falk, 1976). The

innermost material (at r s 15r ) will experience a UV flux which

pnot,
is comparable to that on the surface of a 400UK star so that

electronic transitions can again be ignored. As in the case of novae,
the infrared flux will be only a few percent { that of a 4000K black
body. Pressures will be below 10°"Y uta. Condensation would

therefore occur in a system which i3 again out of thermal equilibrium,

c¢) Primitive Solar Nebula. Figures 2 and 3 uoply to models ot

the primitive solar nebula, bBecause of the enhanced efficiency of

non-adiabadic H atom collisions iv appears probable that many, if not
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all, molecular species will oe in thermal equilibrium under the
conditions predicted in most models of the nedbulu (see for instance
Caaeron and Pine, 1973} Cemeron, 1978). Only the lowest pressure
reglons (p § 10~7 utm) will snow non-equilibriue population

distributions.
VI. Diacussion of Results: Molecular Distributions

a) Molecular Parumeters. In systems containing numeroua

nolecul ar species, many combinations of molecular parameters are
possible. A wolecule with low Einstein A and relatively hign cw.
wnich would be the characteristics of & species with small dipole
morent and a low fundamental vibration frequency, would remain close
w equilibrium even at relatively low pressures, Conversely, one witn

high A and relatively low C .. - a species with & high dipole moment

10
and more eneryetic vibration fundamentul -« would depart from an

equilibrium vibrational distribution at higher pressures, Therefore,
difterent molecular apecies in a particular region might be expected

to be out of equilibrium to different degrees.

For diatomic molecules it is possible to estimate the vidbrational
temperature of » particular molecular species if one knows both the
transition moment (TM) and vibrational fundamentul (w) by the use of
Figures vy and 10, Figure 9 is a plot of the vibrational temperature
of a distomic molecule as a function of H atom pressure in the absence
of radiation at a yas kinetic tamperature of 2000K for lines of

constant transition mament., The molecular weight and vibrational
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Figure 9, Vibrational temperature as a function of H atom preasure at
a gas kinetic temperature of 2000K in the absence of radiation for

lines of constant transition maoment. All other molecular parsmeters

are those of CO.
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fundamental are those of CO. Figure 10 is a similar plot for lines of
constant w., Again the molecular weight and transition moment are
those of CO. For both figures the c1.0 caloculated from the work of
Millikan and Mrite (1963) has been multiplied by 10° and should
therefore underestimate the vibrational disequilibrium of the systea.
The use of the molecular weight of CO in the calculation introduces no
error into our estimate since only the reduced mass of the colliding
systea is of importance. Since we already assume that all collisions

are with atomic hydrogen this term is very nearly unity for most

molecules of interest.

The following procedure will yield an approximate vibrational
temperature for a diatamic molecule of known w and ™. First find the
line of constant transition moment corresponding to the molecule of
interest on Figure 9 and note the difference (in units of pressure)
between this line and that of CO (1 x 107'7). Next, add or subtract
this difference from the pressure scale of Figure 10. Now find the
line of constant u which corresponds to the vibrational fundamental of
the molecule of interest and read the vibrational temperature as a
function of H atom pressure directly from the previously modified

pressure scale,

b) Non-Adiabadic Collisions. KRelaxation of molécules via

non-adiabadic electronic or "complex forming" reactive interactions
(smith, 1976) is again expected to depend specitically on the dominant
colliding species. These species can vary in efficiency by factors of

10“ (Glanzer and Troe, 19Y75) for the relaxation of the same molecule,
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Figure 10, Vibrational temperature as a function of H atom preasure
at & gas kinetic temperature of 2000K in the abaence of radiation for
lines of constant energy of the fundsumental vibrstional mode. All

other molecular parameters are those of CO.
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Although it seems likely that atomic hydrogen will be the dominant
colliding species in most systeams of astrophysical interest, few
measurements have been made of its relaxation efficiency for molecules
expected to occur in these regions. Such measurements are necessary
before more exact calculations of the vibrational populations of these

molecules is possible.

c¢) Assumption of Thermal Equilibrium, Molecular dissociation

preferably occurs from the upper vibrational levels (Smith, 1976, Yau
and Pritchard, 1979). If these levels are depleted for any reason,
then the molecuie is more stable with respect to its atomic
constituents. This is amply demonstrated by the calculations of
Dalgarno and Koberge (1979), cited earlier, which found that the
molecular dissociation rate for CO and, to a lesser degree, for HZ'
decreased by orders of magnitude as the total density decreased.
Molecular equilibrium caiculations, such as those by Tsuji (1964,
1973), can therefore not be applied to regions of lower pressure. It
secms clear that new calculations which account for the varying
degrees of vibrational disequilibrium in regions such as circumnstellar
shells, novae and planetary nebulae are called tor. Before such
molecular distribution calculations can be attempted however, one
needs Einstein A values for ground electronic state vibration-rotuation
transitions and H atom-molecule relaxation efficiencies for each
molecule of importance in the region under consideration. In
addition, a suitable model of the rate of internal energy transfer for
polyatomic molecules is required, Jdeally, state selected reaction

rates for individual vibrational levels should be used in such regions
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although, due to the camplexity of the syateas, saome suitable
approximations might need to be made, Unfortunately, alwost none of

these data asre currently available in the literature,

The implications of these results for grain condensation are
considerable. The non-equilibrium character of nucleation for comic
systems has been discussed in several papers (Donn, 1975, 1979a) and
experimental evidence applicable to astronomical systems has been

obtained (Day and Donn, 1978a, b). Tne analysis of the present ,. "
e

chapter shows that the gas can deviate significantly fr quilibrium
before condensation begins. Thus, it is unlil that classical
nucleation theory is applicable. A procedure for treating

condensation on a purely kinetic basis has been proposed by Donn

(1979b) and is being developed further (Dorn et al, 1980).

It is interesting to note that Arrkenius and De (1973) and De
(1978) have determined that amall grains embeddc: in a low density gas
may be much cooler than their surrcundings. The present work has
indicated that manf molecular species are similarly out of equilibrium
at low pressures. 1The evidence is now compelling that thermal
equilibriun in low density clouds is po longer an acceptable
approximation. Tne extent to which such an assumption may be a useful
approximation must be examinred for the specific problem under

discussion,
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VII. Conclusions

vibrational disequilibrium becomes increasingly significant in CO
and Si0 as the total density of particles and radiation decreases.
Some degree of disequilibrium, which will depend on specific molecuiar
properties will occur for most heteronuclear molecules--including
pol yatomic species--in low density clouds such as the expanding shells
of cool stars, novae and supernovae, Previous work which assumed inat
thermod ynamic equilibrium had been attained in such regions must be
reexamined in light of the present calculations., Einstein A values
and H atom relaxation efficiences for di and tri-atomic metal
hydrides, carbides, nitrides, oxides and sulfides are necessary before
more accurate calculations of molecular abundances under these
conditions can be made. Vibrational disequilibrium has significant
implications for the calculation of many chemical processes and

characteristics of low pressure, low optical depth regions.
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Chapter 4,

Extinction Heasurements of Small Iron and Magnetite Grains

Bath [*>n (Fe) and Magnetite (Fe 0“) have previously been praposed as

3
caonstituents of interstellar grains (Huftman, 1977). Fe grains have
been praposed an the basis 2¢ cIosmic abundance (Schalen,1430), as a
universal condensate (Lewis and Ney, 1979), and as a possible cause of

1

tne 4.6 @ (220 nm) feature iu the Interstullar kxtinctiosn curve

(Huf fman, 1977). FeBU“ has been considered because it nas been found
in metedrites and because 1t 13 a4 pIssible cause 2f tne Very Broad
Structure in vhe Inverstellar kxtinction curve {(Huffman, 1977;
winittet, 1901). If eltner type >f magnetic graln exists it would nelp

t2 explain the polarizatian of starlight which is tnought tO be caused

by 4mains aligned by the intersteilar magnatic fieid (dutiman, 1;77).

This chapter reports laboratory weasuraaentis 2f the jptical
properties o2f Fe and Fe30“ grains. Tnese results are discussed in
terms of the effect 7f suct puarticles 2n the extinction observed in
the intersteilar medivvm 2* in circuastellar shells. Special regard is
given L2 tne recent repdrts 21 anocmaldus extinciion curves which lack

! feature. This chapter represents a ¢2llabdracive etftory

the 4,0 p
between Lr. James Hecht (NASA/NKC Resident Kesearch hssociate at

Goddard Space Flight (enter) and myself. Dr. Hecht pertorged




theoretical Mie calculations 2n mmali ‘v-n and magnetite particles.
My primary responsibility was to dbtain tne experimental extinction

and size distvributisn measurements,

Il. Experimental Procedure

Tne thermal dissaciatisn 21 irsn pentacarbonyl, via the reactiosn
Fe(C0)5 + Fe « 5C0, Jccurs at teaperatures in excess of 200°¢C
(kellor, 1962). The reactisu praauces an extremely supersaturated
iron vapor whicn quickly nucleates (Frurip and bauver, 1977) ylielding
s3l1d iron particles. In Jur experiments very small iran grains
(+25mm in radius) were praoduced by the therwal decompdsition 2f dilure

mixtures 2t Fe(LU)_ in either an argon or nydragen carrier jas.,

5
Dilution was such that 1:10 & Fe(CO)S: Carrier Gas ; 1:1000.  Trtal
pressures were from 10-50 tor~, Dissdciation sccured at temperatures

in excess 2f 275°C and was accoaplished as tdllows.

Carrier gas, the f'low rate 2f which was "egulated by 4 needle
valve, was alliwed U2 1'low intd> a4 flask c¢ontalning Fe(CO)S. The tlas«
was iwaersed in a slush bath t) redulate tLue parvial pressure 9¢
re(cu)b. The use 2t variosus slush baths yielded a range >t l-'e(cu)5
pressures barween 0,05 torr (cnl2™2form slush) and 2.b tor (ienzyl
Alcondl slusn) 1n discrete steps. The ga3 mixture was then alloiwed td
flow 1Nt Lhe LOLLOM 21 a furnace which was encildlsed within o 150 1

stainless steel bell jar. Constant pressure was maintalned within the
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system by puaping at the top >f the furnuce using an auxiliary
mechdnical pump. bBetsre each "un the bell jar was puaped for 4t least
twd hours, and in @28t cases Jvernignt, L pressures less than 5 X
1072 tarr at teaperatures in excess of 300°C,

1he furnace is a resistively heated mullite cylinder ¢ inches in
ulamerzv and 14 inches high through which tJur equidistant,
equatasrial, one i1nch Jdiamneter, holes had been drilled. Six incn long,
one iach ID alumina tubes had baen i1nserted 1ald each ndie and
aligned with the 1'ur window ports of the bell jar s> that the
interior of the turnace cduld be viewed. lThese tubes eliminated
signiticant perturbation of tne temperature prafile 2f the system. A
300w Xe arc lamp was placed in front 21 one 2f che MgF2 windows and
qualitative Jbservations 2f the aadke ¢2lor and inteasity could be
btained Dy lodking through tae window port wiich wWas 90° Lo the lamp
port. by usindg a pdlarizing filter an estimate cdould als> be made of
the polarization ot tne iight scatuered Ly tne smoke turaugh an angle

R 2 S )
2f YU~ 12 the incident beam., ExtinclLlsn measuranents were mnade dYy

placing a adndlenxaator by tne pIrt J2ppIsite LI Lhe iamp pori.

Measurements were amade with a 0.3a scanning wdondichromaid™ in the

! becween I.H—S.lu-l(x between 1yu=-uHUma)., A Steady Tale

range Iran A~
ot particle production was estabiished within the 3ystem and an
extinction specirum Iext (A) was recorded. Tne uystem was ihen
wechanically punmped t2 remdve all particles fran the gas phase and an

undbscured lamp spectrun, 13 (A) was vaken, The yuantity in (Iollext)

1S propopIrticnal o> the extincuion 21 the smoke, bBecause 2f the

155




large range in the intensity >f the Xe lamp, aeasurements were made in
eight spectral ranges and scaled t> Jne andther in regions >f mutual
overlap. The results, shown in Fig. 1, will be discussed in a later
seclisn., A braadband filter (FWHM=40nm) centered at “.6u-1(216ﬂl) was
used to dbtain the data tor x" > M.3u'l(x < 23%nm), This filter,
placed befarre tne entrance slit, eliminated background caused by

scattering of visible light within the monachromator,

Particles collected during Sur runs and anaiyzed by x-ray
difrraction within several hours >f their praoduction were found td
cainsist 5t o-Fe, Fe30“, and y-Fe, We belleve that the Fe30“ eitner
formed in transtfer to the diffraction apparatus >r from 17w level 02
contamination which redcted with Fe particles 2n the walls ot the
system. ‘inis could have 2ccurred during the twd hour peridd while the
system was ¢221ling Lo r2om tenperature. (ranqvist and Bubrman (1Y706)
alss reported tindaing Fe30u in their Fe particles even under extremely
ciean conditions, We d2 nat teel that such cointamination could have

atfected 2ur measurements 2f lFe particle extinction for the following

redson,

Our wmeasurements involved 2nly tndse grains suspended ia the gas
phase. (bservatidns lindicated that tne residence time >f indiviaual
pariicies, in tone gas phdasz, was 2n the drder 51 minutes even at the
nighest system pressure used, AS the particles settled 2r were puaped
away they werc replenisued by fresuly nucleated grains, Tha2 leak rate
necessary to 2xidize a measurable fractisn o1 these grains an thas

short time Scale would De ¢omparable LI the rdte 4 which l-‘e(cu)5 was
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Figure 1, Lxperimental dats paints represent measureaent >f

extinctian vs A" from 1.5 t3 6.0 n"1

10 elght sverlapping spectral
regions (see text). The light scatterea at Y0° was 100% palarized 1in
all spectra. JUverlapping polats are scaled LY one an stner. The
absolute scaling >f the extinction is arbitrary. The soliu (dashed)
line represents calculations usiag JU(MC) data, as descr~ibed in the
text, 2f bk, the extinction per unit length. For tne JC calculation

the painy 4t 2.5u°1 is urbitrarily f1t U2 the data. Fir MO the plint

at 5.0 u-‘ is arbitrarily tit.
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invroduced int> the furnace, Such a leak rate wdould have mude it
impossible t2 punp the system balow 10 micrns much less below 02

torr,

Particles allowed ¢d accuaulate In the walls 31 tae turnace tor
TW) WeeKS At teuiperatures greater than 50090 were ound L2 dDe pure
FeBOu. Analysis by a scanning electron wicrascope (3EM) indicuated
that a typical particle had a radius 2f 2%ma althougn 5-10% o1 the
Lital nad vadii as large as S0ma, A c¢dasiaeravle amdount 21 cluaping
could be seen in the SEil pnatographs aluhdugh we feel, because of

palarization measurements discussed later, that most, it ndtv all, of

this 2ccurred o2n the walls rather than in the gas paase,

The extinction spectra 21 the fesou grdains collected traa our
System was dbtained vy first dispersing them in ethanol and then
despisiting this 21 d4 clean sapphire window, The ethandl evapdrated
and Iext was recorded., Tne window was then cleaned and Ia was taken,

Ln (Io/Iext) is stowa in Fig. 2 aud discussed later,

Finally, weasureasents 21 1 (Iollext) were wade for large ( > 50
nm radius) Fe particles using a low dispersion (1dma/ua) wandcn™xatdir
2quipped with an Jptical mulvichannel analyzer, This allowed the
4Cuilsition 2t spectra, in the rauge 21 1.2:';;-1 (8350mu) t> 2.65u-‘
(5750m), t> be conpleteu in seconds., It tnus becane prssible Lo
Jbtain Iext aver the entire speciral range 1n a tine Sinall coxapared LD
the rate at which the size distribution 51 the cliud was changing. An

exanple 2f tnis is shown in Fig. 5. Fig 3A was taken just after a
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Figure 2. 5olid line is a plat »f E VS x" arbitrarily scaled to 100,

for a "distribution" of Fejon particles wnere N(25mm) is 13 times

N(50nm). Points represent experimental measurements >f the extinction

of Fejou particles, collected froa Jur system. Tne experimental paint
1

at 5,0p" ' is arbitrarily scaled t2 the tnedretical curve,
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Figure 3. The s8olid lines are plats >f mweasured extinclion minus a
canstant (Yo) Vs 1-1 taken with an splical multichannel analyzer. The
s2lid points are a theoretical calculation of Lk, for a best fit to

this data, using a distribution 2f particle sizes (see text) of radius

65 2 100 nm in 5 nm bins.

A. Taken after a steady state clowl was formed. NC fo= a < 75 am
1S four times KC far a > 75 mm,
B. Teken after cloud has settled far 100 seconds. Nc 1" a <

T5nm is ten times NC for a > 75 mm,
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steady state particle distribution had been established. 7The flask

contuining Fe(Cu)_was then immersed in liquid N2 ahilch eliminaved

5

particle praduction, Fig 38 shows 1n (I_/1

5 e“') taken 100 seconds

later af'ter some 21 the larger particles had settled Jul., SEM
plctures o1 the snd2ke settled on tne furnace walls showed particles

troam 50 t2 1000nm in rudius,

111. Computatisnal Pracedure

I'He FOLLOWING IS A SUMMARY OF TdkE COMPUTATIONAL PROCEDURE USED IN THIS
STULY AND WAS WRTITEN 8Y DK, HECHT, WHO ALSU PERFORMED THE

CALCULATIUNS.

Tne use of Mie tnedry L5 calculate tue extinctioan, 1n (I2/[), nas
been di1scussed by many authors (see for exanple Hecht, 1979y or
Huftman, 1y77). obrietly an etficiency tactor, §, cudn Le calculaled
tor a given particle radius, a, and incident photon wavelengtn, A.
E(u) tne extinction per unit length, 1S tnen equal t2> ¢ times thez
particle nunber yensity, N, and the geomerric crass-section, C. The
Lotal extinctilon per” unit lengtn, c, 27 4 given wavelength 1s eqgual
t2 tne sua 2f E(a) vaken over all particle sizes, Thls can be
Compuared wilh experinens. DYy ndrwmallzing the peak 21 eacn curve (Loedry
and experinent) T a coamndn value dna coaparing the shape 21 Lhe

resullant curve 4s d tuncLlon 21 wavelengtn, T2 make these



calculations, the complex dielectric constant, € = ¢, + 1 ¢, i8
n2eded., For Fe these were taken from Johnsan and Christy (1974,
hereafter JC) and from Moravec, Rife, and Dexter (1976; nereafter
MO);for Fejon these were taken from Schlegel, Alvarad? and Wachter
(1979)).

Calculations of E(a) were made from 124 to 6020m(8.1 t2 1.7y~ )
in 6 nmm steps, for particle sizes from 5 nmm t2 100nm, in radius, in
S5mn intervals, HMie tnedry als? ullows tue palarization of tne light
scattered av 9U° L2 be calculated and this was d2ne dver the same

rdn&es .

In some calculatiosns it was tOund necessary to calculate Lk(a) for
a coated grain sucn as l-'ejuu clated with HZU ice, Calculations were
made fram 130 to2 290 ma(7.6y v2 3.4 u") in Znm steps. In these
calculations a m2aified Mie thedry is used (Kerker 1969Y; Hecht 197Y).
The € (A) tor '.,0 ice were Laken from greenvery (1908) and Dressler

2

ana Schnepp(1960), Linear 1nterpoldations were made vetween plints,

Mathis, Rumpl, anu Norasieck (19Y77; hereafter MhkN) have shown
that tne Interstellar Ekxtinction curve can be it wnen N(a) da, the
nunber densily 21 particies between a and a+dd, 1S glven by

N(a) da = Ka ~2°? da (1)

wnegre K 1S a constant uepending 2n the particle material. oince 1in

Lnls paper only reiative extinction curves are calculated, Kk can be
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set equal to2 1, For Fe and Fb30“ we have calculated E tor a MRN type
distribution of particle sizes from 2.5 t2 102.5 na. Tnis was done by
taking 20 bins 5nm wide starting at S5m and ending at 100ma. The
far each bin is constant (1.e., Q(5mm), Q(10mm)...Q(100m) and E(a)
for each bin is integrated using eq. 1. The 20 values 2f E(a) are

then added t> give a MKN type extinction curve for Fe and Fejuu.

IV. kesults

Iron

Calculations: Using values tor € from eitner JC or MO it was faund

U (130ma) > 1.7y (580mm)

that k(a) could peak anywhere from 7.7y
depending 2n particle size, MIsSt of these peaks are extremely broad
Lhalf wiath at half maximun (HWHM) > 100mmj., [orever, tue pasition of
tne calculated peak 1S extremely ue;;naent on particle size., Using
tne consvants 21 JC(MO) a 25 nn particle had 4 peax atl 6.0u'1(b.6u'1)
and @ HWHM 2f 144nm (105 nm)., For comparison e sUmm radius particle
had a peak 2t D.UU-I(D.ip-l) ana a HWHM 21 135 nm (120 nm) . Tne HKN
results, plotted in Fig. 4, sn3w that using the data from JC, b
increases witll energy, wnlle the duta trom MU predicts a pedk near

b.Uu-1.

Measurements: Particle sizes determined frou SkM plcurures indicated

that individual particles were nea” ¢Z° mn 1n radius with & few larger
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Figure 4, Calculations >f Lk vs x" for a MRN type distribution of Fe

A.

parvicles (See text).

Taken rras Miravee el al,.(HO) data for the dielectric

consianes,

Taken froa Johnson and Caristy(JC) aata tOr the diclectric

constants,

T R AP o' rramERNTTNTR———.,,

ine peaxk value 2f L 1s aroitrarily ndormalized o2 10U.
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particles present (50nm). Formation of larger particles, via

cluaping, probably did not sccur in the gas phase.

Visual measurements >f the oJptical polarization indicated that
tne light scattered at 903 was 100% vertically polarized. From
previsus work this indicates that the ratio of vertically t>
horizontally polarized light was better than 100:1 (Hecht,1930). Mie
calculations indicate that this 1s consistant with a gas phase
particle size 2f less tnan 40 mm,

Fig. 1 shows tie results 2f the measurements from 1.5 td2 4.9 u-1-
Als> shown are some thedretical calculations for a twd bin
distribution where N(25mm) is 13 times N(50mnm). AsS can be seen the MO
points lie within the experimental uncertainty while the JC points

glve a sligntly poorer fit,

Fig. 3 shows the results for the OMA eperiment where the dust
cloud was allowed t> settle., Notice that the plateau which beglns at
2.4 u-‘ has disappeared atter 100 seconds. The model usea to fit
trese curves results in relatively fewer larger particles being
pre2sent after 100 secands. Thils is consistent with larger particles
settling 2ut taster, ‘The plateau 1s ndt a small particlie resonence

feature,

10y



Magnetite

Calculations: Tne E(a) for l-'e3o“ can peak sver a wide range from
.6u"(178nn) to 2.0 u-‘(SOOnn). The variability in E(a) witn
particle size is much less severe than with Fe. A 25mm particle has a
peak at 196 nm and HWHM of 114mm, while a 30 nm particle peaks at 202
nn and has a HWHM 2f 120 nm. Thls suggests tnat a real absorption
occurs and it snould be noted that the measured absorption coefficient

of magnetite d»>e2s sShow a peak near 200 mm,

A ARN type curve was als> calculated and 1s shown in Fig. 5a.
Notewdrthy is the shoulder starting near 5u°‘ (200mm) . Als> shown is
a madificd MRN curve, Fig 5b, where an additional number of 40 mm
particles, equal t> .007 the density 2f Smn particles in Jur standard
MEN distribution, are added t> the distributisn shown in Fig. 3a.

Note thnat tne sndulder shifts to> longer waveliengtns.

Heasurements: Since the Fe30“ particles were presuilably Fe particles,
which were oxidized af'ter naving inltlally settled 2n the furnace
walls, the size distribution should be similar t> that of the Fe
experiments although clumping could add a signiticant nuanber >t larger
particles. Shown 1n Fig. 2 1s the l-‘ejo‘l extinction data plotted on
Liie same graph a4s a dual vin distribution ot Fe uq particles waere

3
N(25 nm) 1s 13 times N(50 nwm),
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Figure 5. Calculation of E VS x" for a MRN type distribution of

A.

B.

Fejun particles (See text)

Standard MRN distribution

Same as A with some additional 40 nm radius particles (See

text).

E is arbitrariiy normalized, at 1ts peak value, to> 100.
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V. Discussion

The results and procedures 2f the previous sections will be
discussed in relation t2 (A) the 4.6 u'1(220 nm) peak in the
Interstellar Extinction curve, (B) the Very Broad Structure in the
Interstellar kxtinction curve, and (C) the recently anndunced (Sitko,
Savage, and Meade, 19351, hereafier SSM; Snow and Seab, 1980) anamalous

extinctlion curves which snow n> prominent u.ou'1(220 nm) feature.

(A)- Hurfman (1977) in his review article 2n interstellar grains
suggests that Fe might be responsible for the M.bu_l(ZZO nm) feature
in the Interstellar Extinction curve. It 1S kndown that, for smail
spherical partic.es, when € is equal to -2 and €, is near 0, a
resonance dccurs in the small particle (less than 50 nm) extinction
curve, because the MU ana JC data for € are 1n disagreement Huffman
stated tnat 1if thelr measured values of €50 wnich were in agreementu,
were tdod high by a factor of 2 then this resonance might be expected
2 occur anywhere batween 5,04 (200 mm) and 1.66y (600 nm) depending
on tne true value 2f e¢.. The reason Huffman gave for the possible

1

errar 1n the measurement >f €, was J2x1de cantamination,

In Jur exrerinents we Saw no evidence 2f any resonance peak
between 4.70u-l(210nn) and 1.0au-1(600nm) even wnen small (less than
50 nm) particles were present. In fact 2ur data 1S consistant with
extinction curves derived from the MU data and passibly even fram the
JC data. This 1s because, except wnere €5 is near 0, the extinction

1S strongly dependent 2n €, (tne value 21 whicn DILn groups agree
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upan). Theretore, .ile Fe could certainiy contribute to the
Interstellar Extinction it d2e¢s not seem t> be responsible for the

M.bu" (220 nwm) feature,

(B) While Jur experimental data did nat try to> resolve the Very
Broad Structure, the thesretical calculations 5f E which we made
showed some interesting consequences >f tile nypothesis that the Very
Broad Structure is caused by magnetite, (Huffman, 1977; Van breda and
Wnittet, 1981). If the approximate 0.025 mag/kpc VBS is caused by
Wagnetite than the magnetite contribution to> the Interstellar

' (200 nm) would be absut 2ne fifth tne tatal

Extinction curve at 5.0y
extinction, This would make magnetite an important component ot tne
mid UV portion of the Interstellar Extinctinn especially in regioans
where grapnite may nst be present. However, magnetite is known t2
have twd strong IR aosorption bands nea= 10 and 2>um. Tnese features
have been tentatively identified in Cl carbonacedus chondrites which
are known td contain magnetite (Huftman 1977). 1t magnetite 1s a

major companent 2t interstellar dust grains then Lhese features should

be seen as either IR avsdrptisn Ir emission features near IR sources.

(C) HRecently SSM and Snow and Seab (1950) have reported
extinction measurements which d2 ndt show a 4.0 u“(eJOnm) feature,
These spectra d> seem LY Show a snoulder which begins at somewhere
between 4;'1(290 ma) and 5u°‘(200nm). For discussion purpises we will
divide these spectra 1ntd three catagories: (1) thase which show a
change in the slope at about p.bu'1(170un). (2) those whicn stay

nearly tlat past b.du-1(170nm). and (3) the spectrun 21 HDU417y.,

g
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The extinction spectra of HD163296, HD31648, HD190073, AB AUR,
were discussed in SSM and all seem t> show a moderate silicate IR
feature at 9.7un. SSM note that recent work Dy iumpl indicates that a
rise in extincti>n at A'I > 5.8u-1(x < 170 ma) i3 typical of
silicates. We als?> nate that recent calcuiations by Mathis and
Wallenhorst (1981) confirm tnis increase, especially when the size
distributions include small (10nm radius) silicate particles.
Therefare the increase in extinction past 5.8u'1(170nm) is probably
due U2 silicate particles. Although no IR spectra are available for
HD 29547(Snow and Seab, 1980) tne silicate explanation prabably als>

accounts for the increase in its extinction curve,

These spectra als> show a weak UV punp and/2r shoulder beglnning
near 4.2 u-1(240nm) in HD 3164%, HD 163296, and HD 190073, and near
5.0 u~'(200 mm) in AB AUR and HD 29647. Sucn features are
qualitatively similar t> the magnetite features shown in Fig. 4. 12
make a quantitative tiv tne exact particle size disiribution is
needed, IL woulc seem t2 be more praofitable LD atcempt odbservacion of
tne IR features of magnetite, If sucn teatures were Seen then there

would be strong evidence fo" the presence 2f Fejou.

Tne extinctiasn speclra 21 HD 259431, HD 45077 and HD 50138 saow
n2 1ncrease in UV extincuion and nd silicate I feature, Presumably
nd silicates are present avouad these stars., Tne shoulder Jbserved 1n

HD 259431 and HD 50136 wre qualitatively similar tL> magnetite




extinction, As avbave, a search for magnetive [K features wxuld

provide more detrinitive pradt 2f the presence >f magnetite,

We d2 not believe the SSM suggestion that Fe grains have
condensed arsund these stars accionding td the scheme >f Lewis and Ney
(1978). This schemne was based on the assumptiosn of equilibriua
condensation yel 1t 1s known from labdratory sctudies (Frurip and
Bauver, 1977 and bauer and Frurip, 1977) that Fe condensation 1s a
strongly non-equilibrium reactidn., Als>, at low densities around
stars, the vibrational disequilibrium problems discussed by Mth and
pran (1931) can becdine 1mpIrtant, Tnererdre while pure Fe
condensatioan 1S not 1mpassible, 1t 1S not as likely as Lewis and Ney

propased (Donn et al. 1901).

Finally, 1t snould be ndted that HD 4567 1s praobably ndot a gdod
candidate tHOr magnetite dust, That spect”ua ShOwS a Sharp increase

: (250 t2 220 nm) with tlat extinction befare and al'ter

fron 4 to> 4.5,
those energies. This resembles what wouid be expected from the saall
Mg0 particles proposed by Duley, diliar, and Wiliiams (197Yy). Tnere

1s even an IR feature near 20 uyn whicn wdould be expected tram suchn

particles.

The extinction spectrun >f HU4417y, the 1llunination source for
the ked Rectangle heoula, is unique. It shows a shdulder beginning at
u.ou'l(dlunn) wnich mignt be due LI majnetice., rHowever, 1L alsd Snows

. . v -1
a large increase in extinction wnich begins near b.3p (153 nm) and
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continues td abdut b.Bu"(lM7nn). SSM suggest this could be due t> the

presence >f either dust, molecular, or atamic spa2ces,

In Fig. 6 we show a calculation for the E(a) of a 15 nm F°3°u

particle coated with a 7.5 mm H20 ice shell. Als> shown are selected
paints of the HD 44179 spectrun taken from SSM and scaled td this
curve, This figure shoula b2 viewed with the Knowledge thai tnere are
23 ice between 6
and 7 u"(lb? and 143 nm), tne size distributiosn 2f magnetite

several variables, 1.e. the exact values for f of H

particles, and the thickness 2f tne ice snell. Nevertneless the
feature 1s nearly reproduced. (Note that a separate distribution of
unclated magnetite particles and d20 ice particles could als> be found

$2 thal tne feature 1S repraiiuced).

IR spectra 21 tnis sbject are available (Russell, So1fer, and
Willner 1978) and nd 5.1 pm d,0 feature is seen, However the IR
spectrun appears U2 arise from an 2ptically tnin snell and in Jraer
1or the “20 clatings Uo exist they must be i1n a c¢221 regiosn far away
fron tne excitation ssurce, From the strength 21 the UV extinction,
tne 5.1 wa extinctiasn should be abdut 0% 21 the incident lignt.
Furtherm?~e, since tne UV and 1K radiation appedr td cane from
different regions (Lonen et al., 1975) the ice codted dust may be a
seperate grain population from thal respansible 1or the infrared
emission., The ;,1pyn featurs woula then ndot be present as a dip in the
@Mlss1lon specirun, Agdaln the ldentificuacrldn 21 magnetite would b2

conf'irmed if tne IR wagnetite oands cdould be detecteda,
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Figure 6. Solid line is a plat of E(a) vs x" for a 15 nn FeBO“
particle wnich has a 7.5 nmn thick Hzo ice shell. Tne crosses are
experimental points téken from Sitk> et al.(SSM). The error bars
represent Jur estimate 2f the uncertainty >f selected paoints., The twd

paints at 3.5 and 4.0 u" are arbitrarily scaled t> the plot.
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VI. Summery

Inls study nas demonstrated tnat small 1ron particles are most

! (220nm) feacture 2f the

likely nat respansible tor the 4.6y
Intersteliar kxtioction curve, Our uata 1S consistent witu bdtn ot
the previous measurements 21 the dielectric constants 21 iran,
altoougn the values °f Moravec, Rife and bexter (1Y76) yield a
siightly better tit than do thdse o1 J2hnsdon and Caristy (1974).
Measurenents 2f tne relative extinction efficiency 21 small magnetive
grains are quite consistent with the r.cent determination 2f the
Jptical constanis 21 thin magnetite tilas oy Schlagei, Alvarcedd and
wacnter (197y). Calculatiosns indicate tnat 1f wagnetite is indeed
reSponsiole 1Or the Very droiad Structure 21 the lnterstellar
Extinction Curve, tnen 1t snould alsd account fOr about 203 2f the
Lotlal Jbscrved extincetlon at 200nmn. If grapaite were absent ihen une
contribucion of magnetite ©d2 the line 3¢ sight extincilaon co2uld be
much md"e signiflcant. we nDeve Snown that r..s could actually ve an
explanation f3r tne anandlius extlnction curves recently reparied
Lowara s2veral sidars (S1iK2, davege and MNeade, 1491 ; Snow ana Seab,

1900).

We nave demonstrated thal Lie elperlaental apparatus descrited in
Lhe previdous <ectlion 1S sultablie 12¢ Lne praductlian 2f very small 1ron
particles., Ine size Jistributlon and concentratlan 21 these particles
can be controlled yuite easily for relatively long peridds 2f tine S92
Lidl measurements 21 toe J2ptical extinetlan 2 Lhe SmdKe Call be made,

Incorporation 21 an UMA int> tue system allows Jala aquisition 2n a

160
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much shorter timescale. If this were combined with a real time
particle collection system it should be passible td> sbtain nigh
resalution extinction spectrz of very well characterized particle

distributions. Sucn a system may become available at GSFC within a

y‘ar -

It should als> be noted that the flow system us=d ©2 praduce ! @
iron particles can easily be adapted t2 praduce dther types of
particles such as amorphous silica, silicon carbide, 1ron carbide and
iron silicate by the use of suitable gasedus precursers. These inclwde
acetylene, iron caroonyl, silane and watzr vapdr. Such a system
siduld be able t> establish a significant bady 2f data f>= tne Jptical

properties o>f small amorphous grains of astraphysical interest.
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Chapter 5 The Temperature Dependent Nucleation of Si0

The nucleation of refractory materials: metals, metal oxides,
carbon and its compounus is a problem of cons:derable importance in
astrophysics tor which no suitable framework ¢ c¢xperimental data is
yet available, Host nucleation experiments involve either simple

1,2

metals or relatively low temperature organic coapounus.3'“ Few

experimental studies have been pertormed involving more ccaplex high

temperature specles.b'b Yet recondensation of such species from

meteoritic materials could aftect the earth's ozone balance’ or be a

source of particulate pollution frcam the utilization of low grade coal
resources, we have therefore initiuted a systematic study ot the
condensation of highly refractory species under carefully controlled
laboratory conditions, These studies were initiated primarily to

understand the tormation and physical prcperties of the iaterstellar

dust..8

Section II contains a complete description ot the apparatus and
procedure used in this work. Section III presents typical data
obtained in the system as well as the wethods by whicnh such data can
be analyzed in order to Jdetermine values of y, the surface free energy
of the condensate or J, the particle flux observed in the system,
Section IV presents a comparison of the results obtained in our new
system with those from the literature, In particular, we compare Lhe

value of y obtained by our analysis with that which wmight be expected
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of 810‘ (X . 1.5). We also discuss the applicability of an analysis
based on the usual theories of homogeneous nucleation for a compound
which does not condense to a solid which is thermodynamically stable
under the conditions at which it forms. Si0 condenses to 810‘ rather
than to the predicted Stoa
5 We also compare our results with the recent work of Stephens

in agreement with the work of Day wund
Dorn,
and bluorb on the condensation of Si0 at the much higher teamperatures
observed in their shock tube-laser scattering system, We find that
our results, obtained at 700 K < T < 1000 K, extrapolate fairly well
to those obtained in their system at 1250 K < T < £200 K. Section V
presents the conclusions which we believe cun be drawn from this

study.

II. EXPERIMENTAL PROCEDURE AND EQUIPMENT

A schematic representation of the apparatus used in this study is
shown in Figure 1, Si0 is evaporated from a resistively heated
ceramic crucible 1/2" inside dJdiameter, 1-1/2" deep. The temperature
ot the crucible is measured by a Pt/Pt 13% Rd thermocouple encased
within a steel sheath and further shielaed by a ceramic tube which is
placed within the top of the crucible, Because it was found that the
S10 tended to form a cap over the crucible which then served as the
source of S10 vapor seen in the system, the thermocouple is situated
SO as Lo measure the temperature of the cap rather than the
temperature of the interior of the crucible, It was found that tnis
temperature could be kept within 25 K for extended periods even when

the temperature of the ambient gas varied significantly,
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Figure 1. Schematic Diagram of Experimental Apparatus (see text

for detailed description).
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The Si0 evaporator is enclosed within a 12" high, 4" inside
diameter cylindrical, resistively heated mullite furnace. The furnace
is used tc control the ambient temperature at which condeusation
occurs, At right angles around the equator are four 1" inside
diameter 1" long alunina tubes. The temperature profile of the
furnace has been determined as a function of evaporator temperature
and total pressure, The primary uncertainty in our experiment is the
effect of the evaporator on the tcmperature and position at which
nucleation occurs. This uncertainty increases at higher evaporator
temperatures and lower total pressures since our observed temperature
gradient increases under these circumstances. QOur overall estimate of
the uncertainty in the temperature at which particle formation occurs
is * 20° K. The range in ambient temperature within which

measurements were possible lay between about 700 and 1000 K.

The furnace itself is enclosed within a 1508 stainless steel bell
Jar equipped with 4§ ports, eacir of which is aligned with one of the
tubes leading into the furnace. The system is pumped via mechanical
and liquid nitrogen trapped ditfusion puaps. We attain pressures in
the 10-0 torr range even when the furnace is baked at temperatures
near 750" K. The system is typically baked out for about 18 hours
after it has been opened to the atmosphere betore condensation
experiments are begun, The total leak rate of the vacuum system is
less than 2% um/hour, Qur experiments are typically carried out at

total pressuires in the range of 2 to 50 torr,
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A high pr ssure Xenon arc lamp, mounted on the bell jar, is
beamed through a "‘FZ window and through one of the alumina tubes,
Observations at 90° to this beam give qualitative data on the
condensate such as color and degree of polarization of the scattered
light. «e can also get some idea of the spatial extent of the
particle formation in this way. A 0.3 meter monochrometer is mounted
in line with the beam on the opposite side of the bell jar,

Extinction measurements at 200 nm are used vo Jdetermine the onset ot
condensation, In addition, the extinction spectrum of the condensates

can be determined in situ from 195 nm to 800 nn.9

The vapor pressure of 510 as a function of temperature was
determined thermodynamically. The experiments were done under

reducing conditions (in H, gas) and Peq(sdo) is therefore given by

2
equation (1) over the evaporator.‘o A simple model of the

P (8i0) = (760 torr) exp(12.81 (1 - 2390:9 ), (1)
eq T

diffusion ot the Si0 vapor from tne crucible to the region in which
condensation is observed to occur, will reduce the partial pressure of
S10 in this region by about a factor of 10, If convection 1is

important this pressure could be further reduced.

Our measurements were obtained as follows, First, the system was
cleaned and the evaporator filled witn Union Carbide Select (rade
silicon monoxide, ‘Tne system was then evacuated and punped overnight
with a diftusion pump while the furnace remained at a temperature of

approximately 300°C., bBefore a run, liquid N, was added to the trap

2

189



and the system was pumped for at least two more hours, The pump was

then isolated from the system and H, gas introduced, Atfter the

2
temperature of the ambient gas reached equilibrium, the temperature of
the 510 evaporator was increased until condensation was observed,

This was indicatea by a decrease in the intensity of light transmitted
through the furnace ana by the visual observation of scattered light

at 90” to the beam of the Xe arc lamp,

We now increased the temperature of the ambient gas until the

scattering (or extinction) disappeared. AL this point we reinitiated
condensation either by lowering the temperature of the ambient gas or
by raising the temperature of the Si0 evaporator, This cycle was
repeated numerous times -- usually until the Si0Q evaporator was

emptied,

We usually found that an increase (decrease) in the temperature
of the ambient gas tended to increase (decrease) the temperature of
the Si0 crucible and vice versa, Tnis change could be compensated for
by a slight decrease (increase) in the voltage across the crucible,
Although care was taken to hold the temperature of the crucible
constant during a change in the furnace temperature, the temperature
of the ambient gas was allowed to float freely as the temperature of
the crucible was varied. because of this, the temperature of the
furnace generally increased during a run and yielded data at several

condensation temperatures (see Figure 2).
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Figure 2. Typical Data vs, Time. Shown are a) the current from the

photomultiplier tube, b) the ambient temperature of the gas, (T >

450“C), and c) the temperatuare of the Si0 evaporator (T > 925°C).
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Thermocouple temperatures were monitored via strip chart recorder
and the data read off at one minute intervals after completion of a
run, The PM current was similarly treated using a separate,
synchronized recorder, The conditions under which condensation began
(ended) were usually determineq visually by the onset (disappearance)
of scattering during a run, the final data analysis was made more
self-consistent by the use of the PM current which is a direct,

quantitative measurement of the particle extinction in the system,

We arpbitrarily defined the <.iset of particle formation to be the
period at which +»1% extinction was observed. It should be noted that
the transition from 0% extinction to ,5% extinction usually occurred
on a time scale of only about 10-15 seconds, because the temperatures
of both the Si0 evaporator and the ambient gas cnanged more slowly
than did the measured extinction whenever avalanche nucleation
occurred, these temperatures were quite well determined and changed
oniy a total of 10-20 degrees between the time just prior to
nucleation and the point &t which signiticant extinction (»10%) was

observed,

III. RESULTS AND ANALYSIS

a, First Order Analysis

Figure 2 shows typical data collected during one experimental

run at 50 torr, Shown are the furnace temperature, the evaporator
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temperature and the current from the photomultiplier (PM) tuoe as a
function of time., One can immediately notice that the PM current
gradually decreases with time, We believe that this is due to a thin
film of condensate which accumulates on the &FZ windows during the
course of the experiment., One also notes that the PM current varies
approximately inversely with evaporator temperature and directly with
ambient furnace temperature, Since the current from the PM tube is
proportional to the transmitted light at 20C nm, as the particle
concentration increases, the PM current decreases, As expected, an
increase in the evaporator temperature increases the partial pressure
of Si0 and therefore the rate of particle formation. This, in turn,
increases the extinction., Conversely, a decrease in the furnace
temperature causes an increase in the extinction, since such a
decrease increases the supcrsaturation of the vapor and therefore also

increases the rate of particle tormation,

M estimate of the partiicle density can be obtained from

extinction measurements using the relation'1

_ 2 ¢
I= Io exp(- Nw a"g Qext) (2)
where I is the transmitted intensity, Io is the incigent intensity, N
is the average particle density, a is the radius ot the particles, &

is the path length and the extinction efticiency, an;' is given by

equation (3) for small particles.
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Qext * y 2 3 (3
ley + 2|7 *+ ¢,

The light scattered from the particles at right angles to the
incident beam was extremely blue anu «1008 polurized, We estimate
that the everage particle radius (a) lies between 20-40 nm (see
Kerker, 1909). The pathlength over which extinction occurred was
Seldom less than 2 c¢a and probably not wmore than 6 om in length, Our
extinction measurements were mude at A = 200 nm, If' we use tne
+ 0.1 ang

optical constants for 5120. at 200 nm (c‘ = 2.0} ¢

3 2
choose 1% extinction as the point below which we define particle

formation Lo cease, we find that log N = §.7 ¢ 1.7,

The Lime scale over which nucleation occurs is not well defined,
A lower limit Lo the nucleation rate can be obtained by oLserving the
Lime needed for a stable cloud oOf perticles Lo disperse atter the 510
evaporator 1s turned oft', In a typical experiment, & clouwd causing
125 extinolion disappears (< 1% extinction) about % seconds after
power Lo the 510 evaporator 1s shut off, This yields & minlmum

3 &1,

formation rate of about 10° particles om™
A maximum rate can Le estimated frowm Kinetic arguments in Lhe
following manner, First, assume Lhat 510 wolecules sLick on every
Collision and grow Lo »20 nm radius particles, Each of these
particles contains #10° molecules if we assume LA 1 for a tlutty
particle, For an $10 partial pressure on Lthe order ¢l 10'“ alm &nd an

amblient gas temperature of approximately Y00 K, the 510=810 colliision
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frequency is on the order of 10° &~ ', Therefore a typical particle

forms in less than lD" S, Observations indicate particle tormation
(more than 1% extinction) can occur less than 1 second after a
decrease in furna~e temperature, Tnis supports vur estimate and

0 particles om™3 571, s

implies a formation rate of at least 10‘
calculation ignores the fact that the collision cross section for a
growing cluster increases &s the 2/3 power of the number of molecules
already incorporated within, as well as the fact that particles may

2

only nucleate into clusters containing as few as 10 =103 molecules

betore coagulation becomes an important growth process. If we include

such factors our nucleation rate could easily be as high as 1015-10‘6

particles ca~3 s~' since each 20 na particle could represent 102103

clusters each containing 103-102 Wwonomers,

The supersaturation was calculated in the following manner,
First, we assume that the temperature of the Si0 cap determines P(Si0)
in the region Just above the crucible and that this pressure can be
determined using equation (1). Next, we assume that the S5i0
concentration gradient above the crucible can be modeled as a simple
1/re diffusicn process, Finally, we assume that the equilibrium
partial pressure of Si0 at the point at which nucleation 1s observed
to occur is determined by the temperature of the ambient ygas through
equation (1). Nucleation always occurred approximately 1/2 to 1 inch
above the crucible, Theretore, as an exaample, if the crucible
temperature was 1325k and nucleation occurred al an ambient

temperature of 879K, the supersaturation would be » 10“.
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Figure 3 is a plot of the calculated supersaturation (S) of SiO
vs ambient temperature (T) at times when extinction is just observable
(between 0-1%). Data obtained wnen extinction is "turned off" due to
an increase in ambient temperature is indistinguishable from that
obtained when it is "turned on" due to a decrease in the ambient
temperature. The experimental data from which the points in Figure 3
were calculated was obtained at total pressures of 50, 35 and 20 torr,
Although the data obtained at 35 and 50 torr is quite similar, the
points obtained at 20 torr seem uniformly high. This could be the

result of a number of factors,

First, it is possible that diffusion at 20 torr could reduce the
partial pressure of SiQ in tne region of nucleation by as much as a
factor of »0.75 as compared to data obtained at 35 or 50 torr. This
small correction would suffice to lower all 20 torr data taken at
temperatures less than 925 K into agreement with higher pressure
results, Second, it should be noted that even the 50 torr data at 950
K is slightly nigher than expected from a simple extrapolation of data
taken at lower temperatures. This suggests the possiblity that as the
crucible temperature increases, the region of nucleation moves away
from the crucible, This would mean that the measured ambient
temperatures in the region of nucleation coulad be too high by as much
as 10-15 K while ihe estimated pressures for Si0 could be high by as
much as a factor of 6 due to the additional diffusion of the monomer
away from the crucible betore nucleation occurs., From previcus
temperature calibration measurements, we know that the temperature

gradient away from the crucible increases as the temperature of the
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Figure 3. Supersaturation vs, Ambient Temperature. Shown is data
taken at 50 torr (filled circles), 35 torr (crosses) and 20 torr (open
circles)) for Si0 evaporator temperatures of 1525° K (region A), 1475°
K (region B), 1445¢ K (region C) and less than 1370° K (all other

data). These represent points at which condensation could just be

noted (J » 10" w3 -,
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crucible itself increases and as the total pressure decreases,
Tnerefore, the uncertainty in the exact region of nucleation could
account for the observed discrepancy of the low pressure, higher
temperature data, Tnis explanation seems even more reasonable when
one realizes that the data in region "A" of Figure 3 was taken at a
crucible temperature of approximately 1525°K, that in region "B" at
1475°K, that in region "C" at 1445°K and all other data at a crucible
temperature below 1370"K. It should be noted tnat the slope of the
data in region "A" is approximately the same as that in regions "pB"
ana "(" and also the same as the slope ot the low temperature portion
of the curve, These regions are merely displaced %o higher T and/or

S as the temperature of the crucible increases,

b. Analysis via Nucleation Theory

Nucleation theory predicts that the particle formation rate

(J) should be related to S and T by the following relationship‘3

oy V2 - 165 3V
J= — N1 exp ————e (4)
nin 3Kj T’(gns)e

where y is the surface tree energy, m is the mass of the condensing

molecule, V is the volume ot the condensing molecule, N1 18 the number
density o! the monomer and k 1s boltzman's constant, It the variation
in N, is small, 1t is easvy to see that ftor constant J, an increase in

T necessitates a corresponding decrease in S,
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Equation (4) can be rearranged to the following expression,

3
C,y J
2 + a0 (

13(4n$)? i

) = sn (n,z) (5)

i ((2v®)/(xm)1 "2 and C, = 16 v V2/(3k%). A plot of

2)-1

where C
(13(208) vs gn(N12) should be a straight line if y remains
approximately constant over the teuperature range of the experiment,
An average value for y can be obtained from the slope of this line if
V can be estimated. This in turn allows one to calculate J
independently f~om the value of the tn(N12) intercept. Figure 4 is a
plot of ('l‘j(g.nsa)z)'1 Vs gn(N12) in which the calculated
supersaturations have been corrected empirically for the temperature
of th2 crucible. As can be seen, the slopes o! the three sets of data

obtained by a linear regression analysis lie between 4.7 X 10’1 and

5.2 x 1011 with an average slope of 4.9 x 1011. If we use a value of

2.4 x 10723 cn3 for V, this implies a value of & 500 erga/cmz for the
surface free energy of the condensate, If we then use tnis value for
23

ys @ssune a value of 7.3 x 107°° g for m and use the value of the

overall gn(ulz) intercept given in Figure 4, we calculate J to be

3. This is in reasonable agreement with

about 5 x 1013 particles/cm
our previous estimate ¢or J from the optical extinction measurements

discussed above,
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Figure 4, LI? (!nS)zl" vs, 59("12?' Shown are the slope, intercept
and correlation coefficient for runs at 50 torr (filled circles), 35
torr (open circles), 20 torr (crosses) and the combined data as

obtained from a linear regression analysis, Also shown is the

resulting best fit through all of the data.
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A modification to Becker-Doring thoory‘“ predicts that the
nucleution rate derived from classical theory shculd be modified by an

additional factor of X/S such that

V2
X 2y VX ula 16w 3 V2
Pa=eds — —Loap - — 5) (6)
s - s 3 k3 13(1ns)

where X is a factor which accounts for statistical mechanical
contributions to the free energy of formation of the cluster due to
previously ignored vibrational and rotational uegrees of freedom, If
we assume that X is approximately constant over the temperature range
of the experiment (725-950K), then a plot of (‘l‘;’(._naz)"’)"l vs gn(N12/S)
will again yield a straight line, the slope ot which is equal to 0273.
The ln(N12/S) intercept, however, now equals l;n(J/,,‘le) - ynXJ.
Recalculation of the data plotted in Figure 4 according to equation
(b) yields a value of 0650 er;s/cmz for y. If' we assume that our

10

particle production rate must lie between about 109 and 10" particles

em™3 57! as discussed previously, then we find that 11.5 § LnX $ 25.

IV. DISCUSSION

we nave derived values for the surtface free energy of our
condensatenominally 31203-rrcm plots of (‘1"“(|,n5)‘?)'l vs either |n(N‘2)
or gn(N‘2/S)) ot 500 and 650 crga/emz respectively., Earlier

calculations of Y based on extrapolation of measured values for
silicious slaygs to concentrations ot 100%» 510, yleld values in the

region 180-273 eru/cuz.‘s"b A value of 2% erga/cnz was derived
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from measurements of the heat of solution of amorphous silicic acid
while Elliot, Gleiser and lanakrtanna'“ give a value of 350 ergs/om
for liquid silicates in general, Blander and Kat:‘9 estimate tha

2

. pBruce?

surface free energy of solid silicates to be 8§50 ergs/cm
gives the following formula for the average surface tree energy of

g-cristobalite as a function of temperature
y= (925 - 0.193 1) ergs/cn?, n

It should be noted that y fur this allotrope of 8102 varies only

20 oxpects y for tridymite, which has a

slowly with temperature, bruce
lower density, to be lower and y for quartz to be higher, Since it is
probable that our amorphous condensate has a lower density than any

, 1t5 surface free energy should be still
12

crystalline form of SiO2

lower, It should be noted that Phillip feels that the optical
properties of compounds of the type 810l (0 <2< 2) vary continuously
throughout the series. If this applies to other properties as well,

3 should be between that for silica (; 300

erga/cuz) and that of silicon metal («» 728 erga/cnz). Theretore, the

then the value of y for 8120

values which we derive (#5500 <y € 650 er;s/mz) seem qQuite

reasonable,

In spite of the fact that we derive reasonable values for both y
and J using technigues based on nucleation theory, one must still
yuestion whether such results could ve fortuitous., The fundamental
question in this system is, "what does S meun?" We evaporate S5i0 and

nucleate stzu This has previously been noted by Day and Donn5 and

j.
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is confirmed in these samples by the presence of a characteristic
feature in the infrar.d aosorption spectrum at 11.5 u-21. Although

the structure of 8120 has not been definitely dctorltnodzz.

3
measurement of the Si concentration in our sample via x-ray
tfluorescence confirms this stoichiometry. One possible structure that
has been suggested for this compound is that of a typical 810“
tetrahedral network in which every fourth O & cm is lissingzz.

If the sample is annealed under vacuum at 750 K for periods on
the order of 10-20 hrs the 11.5 um peak disappears and is replaced by
a peak at 12.5 uym which is characteristic of amorphous silica. It is
not unusual for samples collected in our system to show both 11.5 um
and 12.5 ym avbsorption bands, It is known that SiO is the primary
silicon bearing species in the vapor when either Si0O or 5102 is
vaporized under reducing conditions.‘o Nevertheless, supersaturation
is defined in terms of the partial pressure of a gas phase species in
equilibrium with a solid phase, If the solid phase which actually
nuclectes is itself unstable at the temperatures at which nucleation
occurs, then a thermodynamic formulziion ot the problem could be in
serious error. Under such conaitiouns, nucleation might easily be
controlled by such kinetic considerations as wnich polymorph rirst
forms a metLastable pnase even if this phase 1s not ultimately the most
23,24

thermodynamically stable under the conditions of the experiment.

In fact, Ostualdzs concluded that the most stable phase will generally

not be the first to nucleate,
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A further problem arises if one uses our values of y, T and S in
order to calculate L the number of monomers in a "critical" sized

cluster, This is given by standard Becker-Doring theory as
n, = 32 x y> V2/3(KT wn8)3, (8)

Typical values of nc derived from our data indicate that the critical
sized cluster at a temperature of 750K is the monomer, At 900K tne
critical nucleus becowes the dimer while at a temperature in excess of
950K n, is the trimer. At such small values of n, the applicibility
of the liquid drop approximation upon which classical nucleation
theory is based becomes extremely doubtful., This in turn leads one to
doubt the validity of a calculation of y based upon nucleation theory,
even if the value derived seems reasonable, since nucleation theory

itself may not be applicable to this sytem,

In light ot the above argunents, it might seem more appropriate
to report the results ot nucleation experiments on very reiractory

species in the manner adopted by Bauer ana co-uorxers.1'26-28

They
present plots for log Pc Vs Tc of the conaitions which yield avalanche
nucleation, Pc is defined as the critical partial pressure of the
condensing species (in torr) ana TE is tne condensation teamperatiure,
Stephens and uﬂuero have recently completea a study of the nucleation
ot 510‘ using a shock tube at amblent temperatures between » 1250 K
and «+ 4000 K. Figure 5 1is a plot of log Pc Vs Tc under conaitions of
avalancne nucleation which combines our data (700 K < T < 1000 K)with

that of Stephens and Jauerb in the range 1250 K < T < 2200 K. Their
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Figure 5. Log Psic vs, Ambient Temperature. Shown is the Critical

Pressure (PSio) vs. Condensation Temperature at winich avalanche

nucleation was detected in this work (filled circles) and in the shock

6 for oxygen to silicon ratios

tube experiments of Stephens and bauer
of 3.1 (squares), 1.6 (copen circles) and 1.4 (triangles). Also shown
is an exponential regression best fit to our data (correlation

coefficient of .9Y5) extrapolated to that of Stephers and Bauer.6
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dats was obtained at calculated 0/Si ratios of 3.1, 1.6 and 1.4
respectively and indicates a tendency for nucleation to occur at lower
Pc at a given temperature as the ratio 0/Si increases. Also shown in

Figure 4 is a linear regression fit to equation (9)
Ln Psio(torr) = b anT - 2n a 9)

which used only data obtained in this work (700 K < T < 1000 K) and
was extrapolated to higher temperatures, We find that tn a = 70.52, b
= 9.66 with a correlation coefficient (rz) of 0.95. The agreement of
our work with that of Stephens and Bauer seems quite good. This is in
spite of the uncertainty in the exact polymorph of silica which
actually condenses in either system, Stephens and Bauer report
finding amorphous 8102 in high O/Si experiments and a combination of
Si metal and amorpnous 8102 in low 0O/Si runs.b

V. CONCLUSIONS

We have demonstrated that controlled, r2zroducible nucleation
experiments involving refractory oxides can be performed in the
apparatus described in this report and that the nucleation of SiO is
extremely sensitive to the temperature of the ambient gas. We have
found that the vapor phase nucleation of SiO in “2 yields the solid
phase Siox (where X 4 1.5) rather than the thermodynamically favored
product SiQO,. This is in agreement with the earlier work ot Day and

2
[X)nn . “
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Analysis of our data within the framework of the Becker-Doring or
Blander-Katz theor‘es of homogeneous nucleation yield values for the

2

surface free energy, y, of our condensate of 500 ergs/cm”~ and 650

erga/cnz respectively., This is within the range which could be
expected of a silicate compound, the composition of which lies between
that of amorphous silica and silicon metal. However, because of the
difficulty in the formulation of a realistic definition of the
supersaturation ratio, S, for a material whicr preferentially
nucleates into a form which itself is thermodynamically unstable,
standard theories of homogeneous nucleation which rely on
thermodynamic arguments may not be applicable. In such a case, a
kinetic theory of nucleation, such as that proposed by Bauer and

26

Frurip,” may be the preferential way to describe the condensation

process.

Finally, we find excellent agreement between our results,
obtained at relatively low temperatures and high supersaturations, and
those of Stephens and h.auer6 obtained at much higier temperatures.
Yoth experiments demonstrate that the vapor phase nucleation of SiO

requires a very high degree of supersaturation,
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Chapter 6

The Nucleation and Infrared Spectra of Amorphous Mg-Si0 Smokes

Binary nucleation processes are expected to be 2f considerable
importance in the chemically complex astrophysical enviromments in
which interstellar grains are likely to> form (Dann, 1976; Donn et al,
1981). Unfortunately, theoretical treatment of this problem is much
more difficult than for the case of homogeneous nucleation.
Consequently, few theories of binary nucleation exist (Wilemski, 1975
a,b; Reiss, 1950; Hirschfelder, 1974) and these have usually been

developed t2 treat nucleation in relatively low temperature systems.

Since most theories of binary nucleation build upon the classical
theory of hamogenesus nucleation, all of the problems inherent in this
framewdrk are intensified. This is especially true for the vapor
phase nucleation o>f highly refractory species (Stephens and Bauer,
1981; Nuth and Donn, 1981a). It is interesting to note that many of
the treatments of the formation >f grains which have appeared in the
astronomical literature (Draine, 1981; Yamamot> and Hasegawa, 1977;

DeGuchi, 1980) have been based upon hamdgenesus nucleation theory.

Few quantitative studies of the binary nucleation of refractory
materials have been published (Stephens and Bauer, 1931) although the
work 2f Day and Donn (1978) indicates that considerable

supersaturation is necessary before condensation dccurs in such

214



systems, In a previous study (Nuth and Donn, 1981a; hereafter Paper
I) we reported measurements of the vapar phase nucleation of Si0 in H2
gas as a function of temperature for the range 750K < T < 1000K. We
report here measurements of the binary nucleation from the vapor, of a

Mg - Si0 - H, system in the range 750K < T < 1010K.

2

Section II presents a brief description 2f the apparatus used in
this study as well as an Jutline of Jur experimental procedure.
Section 1II presents the experimental data for the nucleation 2f the
Hg-SiO-Hz system as compared to that for the "hamageneous" nucleatioan
of Siu-H2 (Paper I). Section IV presents the infrared spectra of
representative samples of condensate both as collected and after
annealing at 1000K and 1250K. Section V discusses the relevance of
this study to the condensation of refractory grains in various

astrophysical enviromments.

II Experimental Apparatus and Procedure

The experimental apparatus used in this study was similar to> that
reported in Paper I with several relatively minor modifications. Mg
was introduced intd> the furnace system by placing a crucible
containing the metal (and a themocouple) within the furnace. The
temperature of the ambient gas therefore controlled the partial
pressure >f Mg within the furnace. Several methods to independently
vary the Mg pressure were tried, but all failed t> produce a uniformly
mixed vapor and reproducible results (Work t> overcome this limitation

is in progress).
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The Mg partial pressure within the system could be monitored
independently by measuring the strength >f the Mg 285.2 nm ressnance
line in absorption. Because the line was saturateud under mast >f the
conditions of the experiment 2nly relatively qualitative information
could be obtained. This did show however that the partial pressure of
Mg within the furnace was repraducibly contralled by the furnace
temperature. The actual Mg pressure was calculated empirically using
the data in the Handbook >f Cnemistry and Physics (53rd Edition).
This is plotted in Figure 1. As discussed in Paper 1, the partial
pressure of Si10 in the regiosn of condensation was determined from the
thermddynamic relationship given by Schick (1960) combined with a

Suitable model for the expansion 2f the SiCU vapar from the crucible.

The experimental procedure used in this study differed in two
major respects from that reported in Paper 1. First, in our previous
study, the temperature >f the Si0O evaporator was held approximately
constant while the temperature 51 the ambient gas was varied o
initiate or halt condensation. In this study, because of the
dependence of the Mg partial pressure on the temperature Jof the
anbient gas, we attempted to hold the furnace temperature constant and
varied the temperature of the Si0 crucible. 7Tnis procedure tends u>
increase the error in the measurement >f the partial pressure 2f Si0
necessary for nucleation since it increases the uncertainty in the
temperature of the Si0 crucible at the time avalanche nucleation

pegins,
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Figure 1. The partial pressure >f magnesium as a functiosn of

temperature,
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Second, because we used the Xe Arc lamp - Mondchromater system %O
monitor the Mg concentration within the furnace, the time at which
nucleation began or ended was determined by eye from the presence or
absence of light scattered at 90° to the beam. As in the previous
study, light scattered from these grains was extremely blue and 100%
polarized. Experiment showed that for the Mg-SiO system, this methdd
was, on the average, as sensitive to the onset >f condensation as was
monitoring the extinction of the newly formed particles at 200 mm.
Unfortunately, this technique certainly was neither as precise nar as
quantitative as that used in the previous study (Paper I). All runs
were done at a total pressure of 35 torr of H

2.

III Results

Data collected in this study was analyzed using the same
correction factors determined from our previous work (see the
discussion in section III of Paper I). Figure 2 is a plot of the
partial pressure of Si0 at which avai anche nucleation occurs as a
function >f ambient temperature for the condensation of “pure" SiO

(2a) and for the Mg-Si0 system (2b).

Similarly, Figure 3 is a plot of the supersaturation 2f Si0O (with
respect 2 Si0O solid) necessary to initiate avalanche nucleation for
the Sio-&-l2 system (Figure 3a) and for the 0\;-5‘10—&13g system (Figure
3b). In both of these plots, it 1s obvious that although the presence
91 Mg lowers the required Si0 partial pressure td induce avalanche

nucleatiosn at temperatures less than « Y00-950K, it appears that Mg is
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Figure 2a. The partial pressure of Si0 at which avalanche nucleatiosn
18 dbserved in the s“"“z system as a function >f tha temperature of

the aubient gas.
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Figure 2b. The partial pressure of Si0 at which avalanche nucleation
18 observed in the n-sxo-n,‘, system as a function 2f the temperatur:

of the ambient gas.
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Figure 3a., The supersaturation of Si0 vapor at which avalanche

nucleation is observed in the SiO-H., system as a function Of the

2

temperature 2f the ambient gas.
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Figure 3b. The supersaturation of SiO vapor at which avalanche
nucleation is observed in the m-sxo-ua system as a function of the
temperature of the ambient gas. It should be noted that the
supersaturation >f this system with respect to a mineral such as

odlivine is likely to be much higher.
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of little, if any, importance for the onset of condensation at higher
temperatures, This is in spite of the fact that much more Mg is
present at temperatures in excess of 950K in >ur system, than at the
lower temperatures where it is effective (see Figure 1). The
implications of this rinding will be discussed in more detail in

section V.

IV Infrared Spectra >f Typical Condensates

The infrared spectrum of an average of the material collected
from three seperate nucleation experiments is presented in Figure 4,
Als> shown are the spectra >f samples of this material annealed under
vacuun for 1, 2, 4, 8, 16.5 and 30 hours at 1000K. All spectra were
obtained by dispersing the sample in finely ground Kbr powder and then

pressing the mixture at 10,000 psi int> a clear disk.

Figure 5 shows the spectrum of the material collecte. when pure
Si0 vapor was condensed in H2 gas (Paper I). Alsd> shown in Figure 5
1s the spectrun o>f a sample of 51203 snoke annealed at 1250K for 30
minutes. It should be noted that the condensation 2f Si0 vapar in 35
torr of H2 gas at temperatures in excess of 750K produced a mixture of

amorphous 5102 and Si grains (Paper I). This 1s dbvidus from the

23
spectrum 2f tnhe material since it contains peaks at both 11.4 and 12.5

microns as well as the more familiar peaks near 10 and 20 microns.

,) disappears when the

Tne peak at 11.4 microns (attributed t> Slzoj

220




Figure 4, The infrared spectrum of an average Mg-Si0 smoke, as well as
the spectra >f smoke samples annealed in vacud> at 1000K for 1, 2, 4,

8, 16.5 and 30 hours.

A. Unannealed amorph>us magnesiumn silicate smoke
B. Smoke annealed at 1000K for 1 hour

C. Smoke annealed at 1000K for 2 hours

D. Smoke annealed at 1000K for 4 hours

E. Smoke annealed at 1000 for 8 hours

F. Smoke annealed at 1000K for 16.5 hours

G. Smoke annealed at 1000K tor 30 hours
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Figure 5. The infr _.red spectrum of amorphous silica species,

A. The spectrum of a sample of amorphous quartz prepared by annealing
81203 smoke in vacud at a temperature 2f 1250K for 30 minutes.

B. The spectrum of a smoke produced in the SiO-H2 system at a
condensation temperature of 750K which shows both the 12.5 micron
feature characteristic of amorphous quartz and the 11.2 micron
feature associated with 81203.

C. The spectrua of 'pure! 51204 smoke prepared at room temperature.

3
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sample is annealed in vacuum for + 30 minutes at 1250K. This is
indicative of the transformation of the 81203 into amorphous quantz,

v Discussion

OQur results will be discussed in terms of both their implications
for nucleatisn theory in general and their relevance t> condensation

processes in the circunstellar shells of c22l stars,

a. Nucleation Theory

Paper I emphasized that, although the data for pure Sio-ﬂz
nucleation could be analy'ed in terms of Classical Nucleation Theory,
this analysis led to some ldogical inconsistencies. For instance,
using the value for the surface free energy of the (SiO)x condensate,
one calculates that the monomer, dimer and trimer constitute the
critical sized cluster at 750K, 900K, and 950K respectively. An
additional problem stems from the fact that the condensate in this

system 1s found to be 8120 rather than the thermodynamically stable

3
species 5102. This causes a problem in that a 12gical and physically
meaningful definition of supersaturation is difficult to> formulate
since the usual definition involves the free energy 2f formation of

the stable species, while the application refers to the clusters whicn

actually nucleate,

Because theories »f binary nucleation are generally anly

extentions >f Classical Homdgenedus Nucleation Theory, we might expect
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similar problems to emerge if such theories were applied td our
results, Unfortunately, additional problems arise since theories of
binary nucleation are really formulated t> account for the

prec pitatior of nearly ideal liquid mixtures from vapors of tw
completely miscrible components. In such a system it is typical that
both cspecies are at least slightly supersaturated. In our system,
although Si0 is always supersaturated, the pressure of magnesium never
exceeds the equilibriun vapor pressure, In fact, the magnesiun
concentration mo>st likely remains below the equilibrium value due to
delays inherent in the diffusion of the vapor from the source into the

region of condensation,

Furthermore, we actually condense an amorphous magnesium silicate
(Day and Donn, 1978) rather than a mixture of magnesuium metal and
silica., In this sense, it would be more appropriate to use a theory
of nucleation developed for systems in which the monomer form of the
condensate must first appear via chemical reactisn in the vapor. Such
a theory has been developed by Katz and Donohue (1982). In order td
apply this theoretical treatment t2 Jur data we need T2 kndow the
surface tension of Jur clusters as well as various reaction rates for
the formation 2f 2u= "monomers" from a magnesium rich, Si0 vapor
diluted in h‘2. Unfortunately we don't know the exact compasition of
our "critical" clusters., Furthermore, we really don't even know the
exact canpasition of the important vapor phase monomers - i.e, Mg-Si0,
Pc-(sw)z. Mg=-S1i0-Mg, Si0-Mg, etc., - wnich condense. Although we do

plan t> study this problem in the near future using a quadrapole mass

spectrometer t> monitor the pre-nucleation vapor composition as a
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function of temperature, pressure and initial chemical componition, we

can now simply state the qualitative implicatisns of our resuits.

Inspection of Figures 2 and 3 indicates that the presence >f
magnesium vapor reduces the concentration of Si0 needed t2 initiate
avalanche nucleation for temperatures less than about 925K. This is
to be expected if Mg-S10 clusters are important nucleating species.
At temperatures in excess of 925K, such clusters apparently become
less stable than those involving only Si0, =2ven though the
concentration of magnesium in the vapor is 2 or 3 orders of
magnititude greater than that >f Si0 (see Figs. 1 and 2). MNucleation
under such conditions is therefore initiated by the precipitation of

(sxo)x irom the vap.r.

Inspection 2f the infrared specturm 9f Su~ "magnesium silicate"
(Figure 4) shows substantial differences from that of 81203 smoke
(Figure 5) nucleated from a SiO-H2 system (Paper I). Tnis inaicates
that although formation of (S&O)! clusters may initiate the nucleation
process in our Hg-SiO-H2 system at high temperatures, magnesium 1S
apparently still incorporated into the grains during the growth

process.
b. Astrophysical Implications

These results have twd major implications with regard t> the
formation of refractory grains in the regions surraunding c221 stars.

First, condensati>n 1n such sj>urces may be initiated by the formation
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of (Sw)x clusters, although the compasition of the resultant grains
would then be subject to> modifications by subsequent reaction with
other refractory constituents also present in the gas. Second, it may
be passible to> observe distinct chemical differences in the infrared
spectra of grains newly formed in stellar sources, especially compared
to> those grains which may have undergone significant reprocessing such
as those in molecular clouds. These implications will te discussed in

more detail below.

Grain Formation: It has been shown that the vibrational population of

Si0 molecules in circumstellar regions is characterized by a
temperature significantly below the Kinetic temperature of the ambient
gas (Mhth and Donn, 1981b). It is well known that the rates of gas
phase reactions are very sensitive td> the vibrational states 31 the
reactants (Polanyi, 1973; Bartozek et al, 1981). It is quite
pIossible, therefore that nucleation in stellar sources could still be
initiated by Mg-S5i0 clusters if such clusters could be further
stabilized by radiative cooling. Of course, there 1s the additional
possibility thnat Fe-SiU or any number >f combinations >f the more
abundant refractory elements might als> be important sources of
candensation nuclei. This possibility can however be checked by

laboratory studies similar t> thise reported in this work,

Infrared Observations: Figure 6 is the spectrum 2f OH26.5 + 0.6 from

the work of Forrest et al (1Y78) taken 1n April/May 1475 and again
May/June 1976. Several points should be noted., First, in the

Spectrum obtained 1n April/May 1475, it is possible Lo identify winima

237



Figure 6. The infrared spectrum of OH 26.5 + 0.6 obtained over a two
year period after an infrared brightening (Forrest et al.,1978) and
which shows features at 11,2, 12.5, 18-19, 20 and 22-23 microns
suggestive of the features in 51203. amorphous quartz and partially
annealed Mg-Si0 smokes.
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at »10, 11 axd 12.5 microns. This could easily be attributed t> a
snall population of S£203/|noryhous 8102 grains (see Figure 5)
combined with a more numersus population of partially annealed Mg-Si0
grains, There is even the suggestion of the peak at v9.2 microns due

to> amorphous quantz, although this is much more speculative,

A second point td> nate is that the spectrum of this object
changes with time in a manner suggestive >f the annealing of our
Mg-Si0 smoke (Figure 4). In other words, definite structure begins to
appear within the 10 micron band suggestive of the formation of a more
crystalline solid. The irregular scatter in this spectrum is not due
to random noise but is real (Merrill, 1981) and due to the pointwise

procedure used to obtain the measurements,

The third interesting point is the similarity of the 16-25 micron
spectrun of this 2bject L2 that >f ocur amorphous magnesium silicate.
OH26.5 + 0.6 may show weak features at »18-19, 20 and «22-23 microns,
At least twd> of these components can be reproduced in the laboratory
(Figures 4 and 5). Future experiments using additional condensible
species (i.e. Fe or Ni) may allow 2ther residuals within these rather

broad features t2 be better identified.

The previous remarks indicate that much more informatiosn about
the chemical nature >f the grains in circumstellar sources can be
obtained from infrared Jbservations than has hithert> been expected.
In this regard, high resolution continuous spectra in the 8-13 and

16-25 micron regions >f grain forming circunstellar shells could be
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especially interesting since such material represents new interstellar
grains which have undergone little reprocessing or annealing.
Comparison with the chemical state >f "average" interstellar material
might reveal the proacess by which such fresh grains are annealed,
hamoginized and mixed td> yield the nonmmal population of "silicates"

seen in dense clouds.

Even in such homogenized materials it should be noted that some
structure within the 10 micron feature is evident in the literature,
For instance, the spectrun 9f the Trapeziun shows a peak near 11
microns (Forrest, Gillett and Stein, 1975) while that >f the BN-KL
complex shows a definite feature at 12.5 micrans as well as passible
structure within the 10 micron peak itself (Gillett and Forrest,

1973) .

VI Conclusions

We have demonstrated that the nucleation barrier in the system
hg-bio-uz at temperatures less than «925K is lower than that for
SiU-H2 alone., At temperatures in excess 2f v925K however, nucleation
in the Hg-Sio-Hz system 1S unaffected by the presence >f magnesium,
This could have interesting applications t> the problem of

condensation in the atmdospheres o2f cdool stars.
We have alsd demonstrated an interesting correspondence between
snall residuals seen in the infrared spectra 2f variojus astronomical

sources (8 microns < A < 25 microns) and the spectra 2t specific
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laboratory condensed silicates. We suggest that more careful infrared
observation of such sources could reveal valuable information about
the chemical state of the grains. This could in turn lead to a better
understanding of the processes which tranform newly formed dust intd

the relatively hamogeneous material ooserved in the general

interstellar medium.
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