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Experimental studies of the vapor phase nucleation of refractory
compounds. V. The condensation of lithium
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Lithium nucleation was studied over the range of 830—1100 K in a gas evaporation apparatus
yielding supersaturation ratios of approximately 300 to 7 over this temperature range, respectively,
at an estimated flux of £ocm™3s1. During runs we observed the same fluorescence phenomena
due to atomic lithium vapor and the lithium dimer as noted by other researchers. The measured
supersaturations are much higher than the values predicted by Classical Nucleation Theory.
Madifications to Classical Nucleation Theory to account for the presence of dimers in the lithium
vapor do not seem to account for this discrepancy. The data and Scaled Nucleation Theory agree
fairly well at the lower temperature range, but at the higher end of the temperature range the data
have a steeper drop in the supersaturation values than predicted by Scaled Nucleation Theory.
© 2000 American Institute of Physid$50021-960600)01234-4

I. INTRODUCTION cloud chamber study is the only known agreement between
There has been considerable experimental and theorettlr—]e Classical Theory and refractory nucleation—the only

cal research on the gas phase nucleation of volatile subo—ther agreement between experiment and theory is for sev-

stances such as water, alcohols and a variety of organic con‘?—r?jl gsgasl e(;/aNporIatl?_n SEIl-Jr? Ie? ?\TT? Ill\{,elg'l S10 andl :rr]]agdnetsmm
pounds. These materials typically nucleate under lowpNd =caled Nucleation Theo $NT). h general the data

supersaturation, low nucleation flux conditions and, despitérom th;as; tr;r%e Nexp|er|ment_srr?re cons;litentk:/w.th trr:e %eglc-
its obvious shortcomings, the Classical Nucleation Theor)IIons of Scaled Nucleation Theory, although it shou €

(CNT), often does a fair job in predicting the condensationnOted that a more detailed inspection of thg magnesium study
behavior of these compounds. In contrast, experimenta‘fhowed that some of the parameters derived from the data

nucleation data on metals and other refractory compound¥€e slightly outside the range predicted by the thedry.
are typically characterized by high degrees of supersaturation | "€ goal of this work is to provide additional data on the
and fluxes and little, if any, agreement between data and thgPndensation of refractory materials and to compare these
Classical Nucleation Theory or its modifications such as thaflata with the predictions of both Classical Nucleation
by Lothe and Poung? Theory (CNT) and Scaled Nucleation Theo8NT). We

To date, the only agreement between experimenteﬁ'?ve cho;gn .Iithium in _this st_udy because of its relatively
nucleation data for a refractory species and Classical Nucldligh volatility in comparison with other refractories and be-
ation Theory is a study of cesium by Cleal. using an  cause of its predicted similarity to previous work on magne-
upward thermal diffusion cloud chamb®Rudeket al. have sium. Another interesting feature of lithium is that the equi-
recently repeated these cesium experiments using a newl{prium vapor contains a small quantity of lithium dimer at
redesigned thermal diffusion cloud chamber and were able tBigher temperatures.
extend the temperature range of the cesium data by operating Several researchers have studied the evaporation and
the chamber in the downward moti&In the upward mode, condensation of alkali metals in the past. Mann and Broida
phoretic forces placed a lower temperature limit on the availstudied the plasma resonance light scattering of these species
able data range. By operating in the downward mode thesesing a gas evaporation apparatus over pressure ranges from
forces become negligible and these researchers were able @ to 200 Torr:® Vapor leaving the furnace condensed into
extend the range of critical supersaturation data for cesiurparticles which the authors estimated to be approximately 5
over the temperature range of 289-554 K. In order tonm in diameter and these particles tended to grow as they
achieve reasonable agreement between the Internally Consisaveled in the flowing inert gas stream. For lithium in par-
tent Classical Theor(iICCT) and the data, the ICCT needed ticular, Mann and Broida observed fluorescence from the
to be modified by a factor of 2. It should be noted that this670.8 nm resonance transition of the lithium atom and be-
behavior is quite similar to that found in lower-temperature,tween 460—550 nm due to the lithium dimer. Mochizuki and
nonmetallic systems such asalkanes. Sasaki recently made a more refined spectral analysis of the

In addition to the diffusion cloud chamber, refractory thermal evaporation of lithium, measuring the extinction
nucleation has been studied using the shock tube tecHrfiquespectra as both a function of heating time and position above
and the gas evaporation methtd! The cesium diffusion the crucible sourcé& Depending upon operating conditions,
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150 Liter Bell Jar ments of the vapor/smoke interface. A thin-wire, 0.0254 cm
(0.010 in) diameter, uninsulated type-K thermocouple is
stretched across the two leads such that the junction is placed
directly over the center of the crucible. Placing the thermo-
couple in this manner provides the maximum amount of ri-
gidity in junction location, while maintaining a minimum
amount of disturbance to the smoke cloud.

In previous work, the concentration of the generated va-

4— pors was not measured directly, but estimated using a simple

model of the vapor transport. Because of the strong convec-
tive currents in the system it has typically been assumed that
the refractory vapor is confined to a buoyant plume and is
Xe Arc Lamp undiluted from its crucible source. The vapor pressure at this
source can be estimated from the measured temperature of
~ Graphite Furnace the crucible and equilibrium vapor pressure data.
L To test this assumption and to provide a more direct

Monochromater

o

Moveable
Thermocouple
Assembly

method of measuring the vapor concentration we have added

a monochromater to the gas evaporation system so that the
concentration can be measured directly using a simple

To Mechanical and atomic absorption measurement. Signal intensity is measured

Diffusion Pumps using a photomultiplier detector and the monochromater can

l be scanned over the desired wavelengths via computer con-
trol. A xenon arc lamp provides a continuum light source for

FIG. 1. Cross-sectional diagram of the experimental apparatus. the absorption measurement and is also used to illuminate
the smoke cloud for viewing. To provide an estimate of the

the authors were able to produce two distinct zones: onfucleation flux a series of particle extinction measurements
consisting mostly of lithium atoms and dimers and a second/€re made using the same arc lamp and monochromater sys-
containing larger aggregates or “microcrystals.” Like Mann tem. Unfortunately, because of the lack of available ports

and Broida, Mochizuki and Sasaki measured a sharp spectr@id space these extinction measurements could not be per-
line at 670.8 nm due to th&—P electronic transition of formed in conjunction with the nucleation measurements, but

atomic lithium. Later as the temperature of the cruciblewere performed under conditions as near to those of the
source increasefthereby increasing the lithium vapor con- nucleation measurements as possible.

centration broad bands appeared at 600-800 nm and at In previous experiments with magnesium, the metal was
450-550 nm; both of these features are evidence of thBeated within an alumina crucible surrounded by a tungsten

Gear Motor

lithium dimer. heater basket. This assembly did not work for lithium be-
cause of the extremely corrosive nature of the hot liquid
Il. EXPERIMENT lithium. When heated, the liquid lithium would quickly cor-

. . .. rode and destroy the alumina crucible. Mann and BrGida
A cross sectional diagram of the apparatus used in this . : e L
.noted this same corrosive attack by lithium and it is presum-

work is shown in Fig. 1. The gas evaporation apparatus is o . .
similar to the one used in previous experiments and th bly the reason Mochizuki and Sasaki used a stainless steel

. . . 4 .
reader is referred to these works for more detaileocruc'ble in their work!* Because of this problem the furnace

description$~** The material to be vaporized is placed assembly has been changed from the design used in previous

within a small electrically heated furnace and this furnacetXPeriments to the one shown in Fig. 2. To contain the

assembly is enclosed within a stainless steel bell jar. Duringthium we fabricated a crucible from a cylindrical rod of
an experiment the chamber is evacuated using a combinatig@inless steel. A 1.27 c@.5 in) diameter hole was drilled
of mechanical and diffusion pumps and filled with a moder-in the top to accommodate the lithium metal while a ther-
ately low (100—300 Tory pressure of helium. Heating is ini- Mowell was drilled through the bottom for the crucible ther-
tiated and, at a sufficiently high temperature, a buoyanthocouple probe. This allowed accurate measurement of the
plume of condensing refractory material forms approxi_crucible temperature without intimate contact with the corro-
mately 1—-2 cm above the crucible. There is a distinct intersive lithium, thereby increasing thermocouple life. The tem-
face between the vapor-rich region just above the crucibl@erature inside the furnace was checked by placing a ther-
and the particle-rich region of the smoke plume. mocouple in an empty crucible and running the system over
Temperature at the crucible source is measured using e temperature range of interest. This steel crucible was
stainless steel sheathed, 0.32 @25 in diameter, type-K  electrically insulated from the furnace using an alumina tube.
thermocouple while the temperature at the smoke cloud inFor the furnace element we opted to switch to a graphite
terface is measured using a movable thermocouple assembRarnace which provided more uniform heating of the crucible
This assembly consists of two stainless steel rods attached &nd a greater temperature operating range than the tungsten
a moveable stage which can be used to track the slight movéaskets used previously.
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During a calibration run, lithium metal is placed within
the cell and heated to various temperatures at a total helium
Stainless Steel pressure of approximately 200 Torr. When the temperature

Graphite

\ N
\Il:
N
Furnace t g Crucible of the cell is steady, the absorption spectra of the lithium
= t vapor is measured using the arc lamp and monochromater.
Alumina \ t The concentration of lithium vapor used in this work is rela-
'Snlzg:,aet'"g t = tively high and the absorption features are significantly
t \ broadened by the pressure and doppler terms. Therefore, a
t t curve of growth analysis is used to correlate the vapor con-
\ t centration with the measured absorption signal.
t N The equivalent widthW,,, of a spectral absorption line
is given by®
lo—1 I
Molybdenum o 0 'y _ v
Leaé!s ) W,,—j B dv—j 1 B dv, 1)
}?urn::% e Type K Thermocouple

where |, is the intensity of the light sourcé,, is the fre-
quency dependent intensity after absorption, and the integra-
FIG. 2. Cross-sectional diagram of the stainless steel crucible and furnadéon is taken over the frequency range of the absorption fea-

assembly. ture. Substituting the Beer—Lambert Law gives
. RESULTS Wﬁf 1—-exg —k,L]dv. )
A. Calibration and test of the absorption system wherek, is the absorption coefficient ardis the path length

To test and calibrate the absorption system we conover which absorption occurs. The absorption coefficient of a

structed the small cell and furnace assembly shown in Fig. dine at a frequencyy,, is assumed to follow a Voigt profile,
As shown in the figure there is a small, hollow steel calibra-namely,
tion cell which has caps on both ends. A small hole is placed

in the body of the cell and a thermocouple is inserted into | —k

. 0
this thermowell to measure the temperature of the cell. The ™

_ceII IS enclos_ed W'“"T‘ a I_arge _graphlte heat_er and this heat%hereko is the absorption coefficient broadened by the Dop-
is covered with a cylindrical piece of steel in order to mini-

. _ . . ler term alone. The terna, is the natural damping ratio or
mize radiative losses from the heater. Two different size Ce"{he Voigt damping ratio of the distribution and is given by
are used to provide different absorption path lengths, bu
both are shorter in length than the graphite heater so that
temperature gradients within the cell are minimized. The sys- a= Vin2 (4)
tem is oriented in the bell jar apparatus such that the arc
lamp/monochromater optical path falls through the centerline@nd represents the ratio of the natural;, and Lorentzian,

af“c exd —y?]

P (osy) dy, Q)

AVN+AV|_
AVD

of the cylindrical steel cell. Av_, broadening terms to the Doppler broadeniagy . In
Eq. (3),
Steel Thermal Radiation Shield _2(v—vo) —
Thermocouple @TTA vp n2 ®)
/ Graphite Furnace
( and
=

— 26
y=-—In2, (6)

I NANNRN'NNNNNY - Avp

0 ——— TR = — = — — -——— =

where é is a variable distance from the point; < v).
The termk, is the purely Doppler-broadened absorption
coefficient and is given by

) 2 /In27-re2Nf .
" Avp V 7 mec ™

_ whereN is the number of absorbing species, ande are the
TZM Electrical Leads mass and charge of an electron, respectivelig, the speed
Steel Calibration Cell of light, andf is the oscillator strength of the absorption line.

FIG. 3. Steel cell and graphite furnace assembly used to calibrate and test WWhen the_ absorbiqg se_lmp_le is optically-thin, i.ek,L(
the absorption system. <1), the equivalent width is given by
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TABLE |. Table of absorption lines and oscillator strengths for the lithium TABLE Il. Table of the vapor pressure equation constants used in this work

atom. for the lithium atom and dimer.
Wavelength(nm) Oscillator strength Species A B C D
323.26 0.00552 Monomer 10.345 40 8345.574 —0.00008840 —0.68106
670.79 0.753 Dimer 18.37849 11139.618 0.000 163 42—3.032 09
e2
W,= NfL. (8 respectively. Also shown as insets in these graphs are repre-
MeC

sentative plots of the absorption coefficients from which the
Therefore a plot of logl,) vs log(NfL) gives a straight line curve of growth plots were constructed.

with a slope of 1.0 at these concentrations. It is important to  The axes in each plot are scaled by the Doppler width,
note that if the oscillator strength and path length are accudvp. The 670.8 nm line has a stronger oscillator strength
rately known, then there are no other free parameters in thand, at the level of detection of the system, most of the
relationship between the equivalent width and concentratiogontribution to the equivalent width comes from broadening
in the optically-thin regime. This is not true of samples atof the wings of the absorption feature. This region of the
higher concentrations. If the sample is optically thick,l(  curve of growth is dominated by the damping parameder,

>1), the equivalent width is The theoretical curvezalso shownlien :29' 4 is based on an
optical cross sectiong{ of 9.8X 10 *° cnmr. This value was
W, \(NFL), 9 YL

computed based on a best fit to both the 670.8 and 323.3 nm
so that the slope of the curve changes to 1/2. The point wher@bsorption data. For comparison, the gray-shaded area in Fig.
this transition in slope occurs is governed by the Voigt4 shows a 50% variation in this value of the optical cross
damping ratio,a. Consequently, at these higher concentra-section. This value for the optical cross section for the
tions there is an additional unknown which arises in thelithium—helium system compares favorably with the experi-
Lorentzian broadening term, mentally measured value of 2210~ 6 cn?? for the lithium—

X 1 nitrogen system given by James and Sug@en.
In Fig. 5, the lower concentration region of the 323.3 nm
AVL:—O'ENZ\/Z’JTRT{—-F— 9 9
e Ml M2

: (10 data lies on the theoretical curve. This is encouraging since

. there are no adjustable parameters in this section of the curve
In Eq. (10), N andM, are the number density and molecu- ¢ growth. This lends confidence to the fact that the absorp-
lar weight of the background gas, respectively, 8hgis the  jon system, the method of data analysis, and the vapor pres-
molecular weight of the ab;orblzng.spemes in the system. Theyre data used are fairly accurate. Unlike the 670.8 nm data,
unknown term in Eq(10) is of; it is an effective cross e 353 3 nm data has a region where much of the increase in

section or optical cross section. ~ the equivalent width comes from an increase in the peak
To characterize the system over both the low and high

concentration regions, six parameters are needed: the tem-
perature,T, the pressureR, the number of absorbersl, the
oscillator strengthf, the path lengthl., and the optical col-
lision cross sectiong? . Table | is a list of the two absorp-
tion lines for lithium and their oscillator strength&If the
temperature and pressure are known, &hds accurately 20
described by the vapor pressure data in this approximately
isothermal system, then the only unknown parameter is the ——
optical cross section. Again, it is important to note that this §|§
parameter only influences the higher concentration region ofT1~0
the curve of growth. i
Throughout this work, vapor pressure data for the
lithium atom and dimer were calculated using the following

3.0 T I T T T I T T T T T T |

———  Theory
O Experimental Data

Absorption Coefficient

973 K

i

- 0.0 875K

expression:
B 756 K
Iog(PU):A—?+CT+D log(T), (11 : :

whereP,, is the vapor pressure in Tor#, B, C, andD are 20 40 Nt 60 8.0
constants in the vapor pressure equation, @ns the tem- log [Aud]
perature in Kelvin. The vapor pressure constants for both the
monomer and dimer are given in Tabletl. FIG. 4. Curve of growth plot for the 670.8 nm absorption feature from the

. . calibration cell data. The theoretical curve of growth is based on an optical
Data for the equivalent width for the 670.8 and 323.3 NMeross section obr? of 9.8x10716 cn? and the shaded area shows a 50%

absorption lines were taken for two differer_]t ab_sorption Cellyariation in this cross section and its effect on the theoretical curve of
path lengths and the results are plotted in Figs. 4 and Syrowth.
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M ] Mochizuki and Sasaki* As heating continues the glow be-
4 comes stronger and spreads farther from the crucible. Later a
4 green glow appears directly above the top of the crucible—at
@Q) . this time the green glow is still surrounded by the red zone.
1.0 - @& - Smoke eventually begins to form directly above the green
%;3;-_-;__‘_’;.----"" region and the red glow is barely visible by eye. Examples of
L o0& 4

Theory o %) P
O Experimental Data @

§|§ i o 2 Abssintion Cosmalant i this green fluorescence and smoke formation are shown in
P i Fig. 6.
§° 0.0 ,/\ ek || As shown in the figure there is a strong green glow, due

4 to lithium dimers, and a condensed smoke cloud directly
4 above the glow. Both the green glow and smoke plume are
8 of comparable diameter; the condensed smoke cloud consists

875K T of a strong white core with blue edges.
7] Being able to view the lithium dimer in our preliminary

PN IS EPIVIAriS v ASrSir S experiments gave us some insight into the mechanics of the

1022 K

20 3.0 4.0 5.0 6.0 vapor transport. It is quite likely that the glow of the dimer is
log [%/ﬁ] a visual indicator of the region of highest concentration. In
d

our previous work with magnesium it was assumed that the
FIG. 5. Curve of growth plot for the 323.3 nm absorption feature from the VApOr leaving the top of the crucible was confined to a buoy-
calibration cell data. The theoretical curve of growth is based on an opticaint plume and that the magnesium vapor concentration was
cross section ofrf of 9.8x107'° e and the shaded area shows a 50% essentially undiluted from that of the vapor source. Since in
\é{:\g\zﬁlﬁn in this cross section and its effect on the theoretical curve Ofthe old configuration the crucible opening was very nearly

the same diameter as the heater itself, the diameter of the

condensing smoke plume was almost always the same size as
height. Later, with increasing concentration, most of the conthe crucible diameter due to the upwelling, thermal convec-
tribution to the equivalent width comes from broadening oftive currents along the side of the heater basket. In the new
the line. configuration, the cross-sectional area of the crucible open-

In the 323.3 nm data there is some deviation between thi#g is roughly 1/16 of the size of the total furnace cross-
data and the theoretical prediction. These data represent tisectional area and hence there is much more spread in the
highest temperaturegnd hence concentration® the cell.  vapor with increasing temperature and/or decreasing pres-
There are end caps which enclose the cylindrical steel celgure. To test this hypothesis we varied the chamber pressure
but vapor can still escape through the tiny holes used fowhile maintaining a constant source temperature. We found
optical access. At the very highest concentrations we believéhat with a decreasing pressure there was a conical spread in
the amount of escaping vapor effectively increases the pattie lithium dimer glow and a corresponding spread in the
length and therefore leads to higher values for the equivalerstiameter of the smoke cloud. In addition the measured con-
width than expected for this region. densation temperature also dropped with decreasing pres-
sure. Examples of this spread are shown in Figa)-@(c).
In each digitized photograph the temperature of the crucible
In our experiments we observed the same lithium vaposource is approximately the same, but the vapor cloud has

fluorescence phenomena as recorded by Mann and Bfoidaspread as the pressure has been dropped from 195 Torr as
and Mochizuki and Sasakf.As the temperature is increased shown in Fig. 6a) to 25 Torr as shown in Fig.(6). Also as
during a typical run, a faint orange—red glow appears by ey¢he spread has become greater, the density of smoke particles
extending radially above the crucible; this glow is due to theappears slightly lower than at the higher pressures and the
670.8 nm transition noted by both Mann and Brdidand  edges of the smoke plume appear bluer in color. These tests

B. Lithium evaporation

{h)

FIG. 6. (Color Changes in the lithium smoke cloud vapor transport with pressure. The crucible sources shown in each of the photographs are at approximately
the same temperature-1230 K). The chamber pressure in each cas&jsl95 Torr,(b) 50 Torr, and(c) 25 Torr.
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suggest a drop in vapor concentration due to dilution. This 40 1~ T T [ v T T T "]
dilution may be due to enhanced diffusion at lower L O
pressures/higher temperatures or decreased confinement by | T Q;;;‘::::’ZZ‘I’I"D‘:: Pate o i
the convective flows, or a combination of the two. In sum- et

Plume Data

mary, we decided to apply a simple correction for the spread & QO

of the vapor based on the width of the dimer—smoke inter- £ - o %/ o ’

face relative to the diameter of the crucible source. e 185 - C@/ N
As in the work with magnesium it is assumed that the & i T

vapor concentration within the crucible can be given by the g i / T

equilibrium vapor pressure of the metal at the temperature of . B 8 O = n

the crucible. During a run the resulting smoke cloud is cap- 2 - Dimer Abs. Coeff.

%
tured on videotape. Later this video is digitized and these 130 | D/ o -
digitized data are used to calculate the diameter of the con- L 4
densation plume. If the plume diameter and crucible opening
are of comparable size, then the vapor concentration should oy Yy T
be nearly identical to that of the source. Otherwise a correc- 10.5 11.0 115
tion factor based on the ratio of the cross sectional area of the
plume and of the crucible opening is applied to the calcu-
lated vapor pressure. In the runs that we have performed thﬁG. 7. Comparison of the equivalent widths of the lithium dimer feature
correction ranges down to about 0.0®r a smoke plume and the equivalent width for the monomer at 323.26 nm. Shown in the inset
several times larger in area than the crucible opéenihg- is a typical dimer absorption coefficient spectrum used to prepare the plot.
plicit in this assumption is that the vapor spreads out uni-
formly from the source.

The atomic absorption measurements will provide a test  Spectral scans were made of the monomer and dimer
of whether this assumption about the spread of the vapor iteatures in the calibration cell and the results are shown in
justified when the data collected by the two methods is comFig. 7. These cell data are plotted as circles in the figure and
pared. Even before this comparison, there are several indica'€ fitted by a least squares line. Also shown as an inset in
tions that this is probably the case. First, as shown in Fig. ethe figure is a representative plot of the dimer absorption
there is obviously a spread in the lithium vapor. As the Vapo,coefficient used to calculate the data. Although there is con-
spreads, though, both the dimer concentration and the deslderable scatter in this fit, there seems to be a direct, roughly
sity of the smoke cloud appear to be uniform by eye in thdinear relationship between the strength of the dimer feature
radial direction. Second, the lithium nucleation front usuallyand the monomer absorption. The unconfined plume data are
tends to be flat and probably lies on an isotherm. If the vapofhown as gray squares in Fig. 7. Most of these data points
profile were concentrated in a certain region, e.g., along théllow the same trend, while there are a few points above and
centerline, nucleation would occur closer to the heater at thif0 the left of the fitted line. From these data it appears that
point and farther away from the heater at the edges Fig. there is no significant enrichment of the dimer in the plume
6(a)]. The only way that the nucleation front would remain over the data obtained in the equilibrium cell.
fairly flat with an uneven spread in vapor is if the tempera-
ture profile was exactly tailored to compensate for the variap  Extinction measurement
tions in the concentration, a highly unlikely situation.

log[W, ] for Monomer

In a previous study with magnesium we did not attempt
C. Concentration of the lithium dimer to measure the nucleation flux, but merely reported our best
o ) _ ~ estimate of this value. To provide a more confident estimate
The green fluorescence of the lithium dimer is quitesf the flux in this case we performed a simple particle ex-
strong and the question arises whether there is a significag,ction measurement using the same monochromater/arc
enhancement of the dimer concentration in the plume ovefymp system as used in the absorption measurements. This is
that expected from its equilibrium vapor pressure. At theggne by moving the heater assembly down slightly so that
typical temperatures of the experiment, the equilibrium molgpe optical path passes through the condensed smoke par-
fraction of the dimer is roughly 0.5%-3%. Using the cali- jjcjes.
bration cell data and several measurements of the typical The attenuation of the light intensity, by the smoke
plume found in our nucleation experiments, we were able tcbarticles is given by the Beer—Lambert law,
check for any significant departures from these equilibrium
values. I=loexd —yL], (12)
This check was done by measuring the equivalent widthyhere |, is the unattenuated intensity, is the extinction
of the lithium dimer feature with respect to the equivalentcoefficient, and. is the length over which extinction occurs.

width of the lithium atom absorption feature. By comparing For a polydisperse system of spherical particles, the extinc-
equivalent widths of these features and not converting tgjon coefficient at any wavelength, is given by

absolute concentrations, departures from equilibrium are eas-

) . ) ) i -
ily seen without introducing possible errors due to path 7’(7\):2 (_di2>N(di)Qext(dia}\am)v (13)
length measurements. T \4
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LA LN BLELELELE RN BRI BLELL Particles produced by gas condensation tend to have a fairly
Measured Extinction narrow size distribution and these data seem to indicate that
0.930 - = = = Lognommal Fit ] H ithi H :
this is the case for these lithium particles. These particle
sizes and the size-distribution data are also similar to mea-
surements made in our lab by two different meth@uisoton
correlation spectroscopy and SEM analysis magnesium

o 0920 using a similar gas-evaporation appar&li.is also impor-

S tant to note that at the point where the extinction is mea-
sured, the particles have probably undergone most of their
growth. The initially condensed particles are expected to be

0.910 much smaller.

To calculate the flux of particles we must still estimate
the velocity of the particles in the plume at the point of
measurement. Based on numerical simulations of the flow

Glov il b biinn been b 1 we estimate a plume velocity of 30 to 50 cm §, and this
3500 400.0 450.0 5000 5500 600.0 650.0 implies a nucleation flux of-1¢° cm3s ™%,

Wavelength (nm) E. Nucleation data

FIG. 8. Plot of the measured particle extinction spectra and of a least- AS Stated earlier, a xenon arc lamp was used to illumi-
squares lognormal particle size distribution fit to the data. The fitted datgnate the lithium smoke front. Because of the low ionization
yield a geometric mean particle diametdy,, of 267 nm anq a geometric potential of lithium(5.4 eV), it is possible that the arc lamp
standard deviation ofg, of 1.13. The total number density of particles . . . . .
is calculated as-2.0x 107 cm3. could cause ion-induced nucleation. To test for this possibil-
ity we made a series of runs in which the position of the
smoke cloud was compared using the arc lamp and a He—Ne
whered, is the diameter of particles of sizeN(d,) is the laser bean(632.8 nm. If ion-induced nucleation is signifi-
total number of particles of sizé, andQ.y is the extinction ~ cant, the position of the nucleation fron_t shquld.change Wlth
efficiency factor of particles of sizé, at wavelength), and  the switch from thg arc lamp fo laser |II-u.m|nat|on. We did
complex index of refractiomm. In Eq.(13), the summation js Not observe any discrepancy in the position or shape of the

over all particles sizes. nucleation front and conclude that ion-induced nucleation is
Assuming a lognormal distribution of particle sizes NOt @ significant effect in this work. -
(typical of gas condensed particlethe functionN(d;) can Data were collected over an ambient pressure range from

be described by three parametes;,, the total number of 100 to nearly 300 Torr. At lower pressures the spread in the

particles in the system and the two parameters characterizirgfnoke cloud was more pronounced and at higher tempera-
the size distribution, the geometric mean diamedegr, and tures the flow within the chamber became less stable and

the geometric standard deviation, . more “turbulent.” An ambient pressure of approximately
In this work, the extinction was measured over the wave200 Torr provided a good compromise between these two
length range of 350—650 nm. This measurement was madffects and most of the data were collected at this pressure.
while the plume was extremely steady and typical of the kind ~ As noted earlier, nucleation data were collected by two
observed during the nucleation runs. The pathlength oveiethods: the temperature at the point of nucleation was mea-
which extinction occurred was measured from digitizedsured and1) the vapor-phase lithium monomer concentra-
video images of the plume during the run and the extinctiorfion was estimated by a spectroscopic measurement of the
efficiency factor was calculated using Mie scattering theoryvapor concentration, @) the vapor-phase lithium monomer
for the various particle sizes, wavelengths and refractive inconcentration was estimated by measuring the temperatures
dexes. Data for the wavelength dependent refractive indexe¥ the crucible source and assuming uniform expansion for
were taken from Ref. 19. the vapor transport. In both cases the width of the condens-
With these data available, the only unknowns in the sysing plume was measured. For the spectroscopically-
tem are the total number of particles and the two parameteidetermined data, this width was used as the path length over
characterizing the lognormal distributios, and o . Figure which absorption occurred. For the temperature/model-
8 is a plot of the measured extinction spectra of the lithiumdetermined data it was used to determine the dilution factor
smoke plume. At each of these points, there will be an exapplied to the vapor concentration. As explained earlier, this
tinction that depends on these three unknowsg;,, dy,  dilution factor was taken as the ratio of the area of the vapor
andoy. A least squares fit to the data points making up Fig.source(area of the crucible openingo the cross-sectional
8 yields a geometric mean diametdy,, of 267 nm, a geo- area at the point of condensatiteross-sectional area of the
metric standard deviation, of 1.13, and a total concentra- base of the condensing pluine
tion of particles 0f Ny Of ~2.0x10" cm 3. This fitted The spectroscopic data are plotted in Fig. 9. These data
result is also shown by the larger, dashed line in Fig. 8. Forover a 270 K temperature span and the supersaturations
a lognormal distribtuion, 67% of the particles lie within the range from~200 at 830 K to~10 at 1100 K. Unfortunately,
size ranges ofdy/og) and dgog). In this particular case, there is a large amount of scatter in the data and fewer points
these limits correspond to 235 and 303 nm, respectivelyat the highest temperatures.
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sium condensation temperature data fell below the melting
point and presumably the solid magnesium would have a
higher surface energy than that of the liquid, the fluxes cal-
culated via classical theory could be even smaller. In the case
of lithium, all of the data has been collected above the melt-
ing point and therefore the surface tension should be lower
than the melting point value used in this analysis. Yet, a
lower value of the surface tension would predict even higher
fluxes, thus increasing the discrepancy between the data and
classical theory.

Lithium has a small, but appreciable concentration of
dimer in its equilibrium vapor. Katz, Saltsburg, and Reiss
i (KSR), developed a madification to CNT to account for the
- presence of such associated spetigSounter to intuition,
1 higher critical supersaturations are needed when associated
850.0 9000 950.0 1000.0 1050.0 1100.0 species are present over the case where only the monomer is
present. Alternatively, this means that, for a given supersatu-
ration, the flux of particles is reduced in the presence of
FIG. 9. Nucleation data collected from the absorption spectra of the 323 nn@Ssociated species. For some vapors in which only
line. Also shown in the plot are the predictions of Classical Nucleation~19%—2% of the vapor is associated, the effect can be so

Theory(CNT), Katz—Saltsburg—Reiss Theof(SR) for associated vapors, small as to be masked by the uncertainty in the experiment.
and Scaled Nucleation Theof$NT). The gray shaded area are the predic-

tions of Scaled Nucleation Theory based on a lithium critical temperature of<@1Z €t al. does give an _exan_1p|e for bismuth n which the
2700100 K. results are more dramatic. Bismuth at 1100 K is nearly an

equimolar mixture of the monomer and dimer. Classical
Nucleation Theory would predict a critical supersaturation of
For comparison, the predictions of Classical Nucleationl3.9 at this temperature. In contrast, after accounting for the
Theory are also plotted in this figure. Classical Nucleationassociated species, this value is increased to 46.0—a dra-
Theory predicts the following relationship for the condensa-matic change in the critical supersaturatin.
tion flux, J: Talanquer and Oxtoby have recently re-examined gas—
2 3\ 2 liquid nucleation in associating liquids using a density-
20 ) — 1670V .
J= <_) VN3 EXF{W , (14)  functional approach to such systefisThey note that CNT
mm 3k°T*(In'S) tends to fail rather drastically in associating systems, yield-
where ¢ is the surface free energyn is the mass of the ing critical supersaturations that are often significantly lower
condensing moleculey is the volume of the condensing than the experimental data. For example Hetsal. studied
molecule N, is the number density of the monomer, dnid  the nucleation of acetic acid which has a very significant
Boltzmann’s constant. The Classical Nucleation Theoryconcentration of dimer in the vap&t.Much of their mea-
curve shown in Fig. 9 is found by solving EG.4) for Sover ~ sured critical supersaturation data were nearly twice as high
the temperature range using the bulk density of lithium, theas the predictions of typical CNfassuming all monomer in
lithium surface free energy of 398 erg ch(Ref. 21 (value  the vapo), and their results were more closely aligned with
of the surface free energy at the melting ppirand our the KSR predictions. Later experiments with formic and pro-
estimate of the flux £ 10° cm>s™1) calculated in the pre- panoic acids gave similar behavior—experimentally mea-
vious section. All of the spectroscopically determined datasured critical supersaturations much higher than the typical
points lie above the CNT predictions. CNT predictions and just slightly lower than the KSR
Because the flux in Eq14) is so sensitive to the value predicitions?® Talanquer and Oxtoby note that CNT tends to
of the surface free energy, the large discrepancies betweemderestimate the nucleation barrier height and that KSR
the CNT and the data can be resolved by using a larger valueorrects much of this error. Talanquer and Oxtoby’s density
of the surface tension. For example, using the melting pointunctional approach to the problem predicts critical super-
value of the surface tension, 398 erg@nCNT would pre-  saturations slightly lower than KSR, yet well above the CNT
dict fluxes as high as 8- 1?2 cm 3s ™ for the supersatu- estimate®
ration values measured in this work. Yet these fluxes are To check whether this result would have any signifi-
reduced to~10° cm st if the value of the surface tension cance in this work we recalculated the Classical Theory pre-
is increased to approximately 550 ergcm?—a roughly  dictions using the modifications as suggested by Katal.
40% increase over the melting point value. for associated species. For the concentration of dimers as
There is an interesting contrast between this work withgiven by the vapor pressure expressions in Table I, the CNT
lithium and previous work with magnesium. A comparisonresult and its modifications due to associated species were
between the magnesium data and classical theory showedttually indistinguishable. Because these vapor pressure
that, using a value of the bulk surface tension for magnesiundata can vary, we also calculated the results based on the
at the melting point, classical theory greatly underpredictediimer data given by Douglast al?® The dimer pressures
the possible range of fluxes. Also since much of the magnegiven in this reference are roughly a factor of 2 higher than
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those given by the vapor pressure equation in Table II. LN TR N U R U U N U

Using these new dimer vapor pressure data, a plot of 6.0 L
CNT modified to account for association is shown in Fig. 9.
Although these data produce an effect on the supersaturation
which is noticeable, the change in supersaturation with re- 5.0
spect to typical CNT values is many times smaller than the
experimental error in this work. In this case the predicted
change over the CNT is slight, and the differences between o2
the two predictions increase very slightly towards higher —
temperatures where the relative amount of dimer in the vapor 3.0
increases.

Scaled Nucleation Theory predicts the following rela-

[
>
D

KSR

. . .. R ) o Y A SNT =
tionship between the critical supersaturan?g},alng the con- 20 0 Spectroscopic Data e :
densation temperaturé,for a flux of 1 cm s -, L A Temperature Data ]
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The quantityQ) denotes the negative partial derivative with ) ) ) )

f the surface tension per molecu IG. 10. Comparison of spectroscopically obtained nucleation data and data
respect to temperature o u p llected from temperature measurements and assumption about the vapor
(also known as the excess surface entropy per molgaul®  transport. Also shown in the plot are the predictions of Classical Nucleation
typically ranges from 1.5 to 2.2—for most substanfesas  Theory(CNT), Katz—Saltsburg—Reiss TheofSR) for associated vapors,

a value of approximately 2 (.. is the critical temperature of and Scaled Nucleation Theof$NT). The gray shaded area are the predic-
. . e . tions of Scaled Nucleation Theory based on a lithium critical temperature of
the material, and’ is a weak function of the temperature and 500+ 100 k.
supersaturation, approximately equal to 0.53. For fluxes
larger than 1 cm®s™?, the critical supersaturation is modi-

fied as follows:
a value for In§ of 3.0. Even if the flux was dropped to 1

cm 3s71, SNT would predict In§) of 2.6—still higher than
=InS¢- Q, (16)  the experimental data at this temperature.
The data collected by simply measuring the temperatures

where the term In,,) is approximately equal to 723 andQ ~ @nd assuming a uniform spread in the vapor are shown in
represents the bracketed term. For materials in which th&ig. 10 as the small triangles. For comparison, the same plot-

critical temperature is not known, E(L5) can be rearranged ting scale is used as in Fig. 9 and predictions of CNT and
to SNT are also shown in the plot. There tends to be better
agreement between the two data collection methods at the
lower end of the temperature scélee note that at these low
temperatures, the dimer concentration is quite)lovhis is
encouraging since the spectroscopic data provide a method
such that a plot of Ir§)?® vs (1/T) should produce a straight of checking the accuracy of the results and the previous data
line. collected using this apparatus and method. The temperature-
Although the critical temperature is unknown, it can becollected nucleation data tend to have a slightly steeper tem-
estimated a3 .~ (T,/0.6) whereT,, is the boiling tempera- perature drop than those collected spectroscopically. The su-
ture of the material. The predictions of Scaled Nucleationpersaturations for these data range frerB80 at 830 K to
Theory for lithium, assuming &.~2700 K and a flux of 1~ ~5 at 1090 K. The scatter in the temperature-collected
cm 3s ! are also shown in Fig. 9. In this plot, the shadednucleation data is still high, though not as great as for the
gray region representsal00 K range in the estimated criti- spectroscopically collected data. Finally, these data also tend
cal temperature. to produce supersaturations more closely aligned with the
Scaled Nucleation Theory predicts higher supersaturapredictions of SNT than CNT. Taking both sets of data to-
tion values over this temperature range than does Classicgkther, we find the supersaturations range freB00 at 830
Nucleation Theory and these higher values tend to correK to ~7 at 1100 K.
spond better with the measured data. At the lower tempera- In Figs. 9 and 10, the predictions of SNT are plotted by
tures, this agreement is fairly good, but the data tends to havestimating a value for the critical temperature and assuming
a steeper drop in supersaturation with temperature than pré2~2.0 andI’'~0.53. In previous work we have used our
dicted by Scaled Nucleation Theory. It is assumed that thexperimental data to calculate these quantities as well as
fluxes in this work are fairly constant, very nearly 10 such quantities as the critical cluster sizes over the tempera-
cm 3s7L It is very unlikely that a change in the flux could ture range studied. These calculations have been done for our
cause such a steep drop in the supersaturation values. Fexperimental data and the results are shown in Table IIl. The
example, consider the data at 1100 K. The supersaturaticguantities are given for the spectroscopic and temperature-
for SNT was calculated for a flux of 2&m 3s ! and gives collected data separately as well as for these two data sets

InS~InS,

1+ —nJ
(21nJ;)

(In 5)2’3=(FQ)2’39[%—1} 17
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TABLE lll. Experimental data sets and predictions of the Scaled NucleationModifications to Classical Theory to account for the pres-

Theory. ence of the dimer in the lithium vapor do not appear to be
Data set Slope  Intercept 2 T, (K) Q  n, large e_nough to account for .such a dlscrepan(_:y. Sca}led

S 3 P— 066 2080 220 - Nucleation Theory predicts higher supersaturation ratios
pectroscopic data 4470 —2.15 . . 11— ver thi mper re ran nd th nd this theor n
Temperature data 6390 —4.29 091 1490 440 1-11 0 eb this te ple atlu era ?]egl d tfe data al d; SltdeONy tle d

Both sets 5600 -352 081 1620 361 8-21 to' e more closely matched. Un ortungtey caled Nucle-

ation Theory also fails to offer a perfect fit to the experimen-

tal data.
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