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Abstract

An experimental Button Electrode Levitation (BEL) diffusion chamber for the
growth of small (15umto 100 umradiug ice crystals has been developed and used to
produce newde crystal growth measurements at temperatures3@aC. The use of a
diffusion chamber allows for controlled growth in stable conditions for high and low
supersaturationsver iceranging from 2o to 25%. The temperature inside the chamber
can be determed with relatively high precision (to about 0.1, Kbwever determination
of the saturation state has greater error (typically around 20% reaatigggmumof
50%). Both the accuracy and the practical use of the device were greatly improved by
developng software to automatically track, control, and record the growth of the
particles. Mass growth data from the BEL chamber are used to test the traditional
capacitance model and the Kinetically Limited Adaptive Habit (KLAH) model. The
KLAH model is able taeproduce the shape and magnitude of the laboratory data within
measured precision that the universally used capacitance is unable to replicate. The
KLAH model was also used to determine the critical supersaturations and their
dependence on temperaturenfr-30 ‘C to -35 'C. Critical supersaturations derived from
minimizingthe error betweethe KLAH solutionsandthe laboratory data compare well
with values derived from prior studieBetween-30 'C and-34 'C, the critical
supersaturation is typically the range of % to 5%; however a substantial rise in the
critical supersaturation occurs-86 C. KLAH predicts the axigveraged deposition
coefficients (U) bas e dupersaturatigrand thesewpeeer at ur e

determined to be below 0.1 for most cases, and as low as 0.004. These results are similar



to a number of prior laboratoryuslies, but are at odds with recent measurements taken in
the AIDA chamber. Finally, results from the BEL diffusion chamber suggest that ice
particle growth may depend on initial size, as has been postulated. Particles grown in the
same BEL chamber envirorent tend to become more massive if their inraaliusis

below9 pm.
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Chapter 1

Introduction and Motivation

Macroscopically, ice crystals represent
inconvenience féng from the sky, or the building blocks of cirrus clouds and mixed
phase precipitation. The dendritic ice crystals familiar to the world are only a small
portion of the ice crystal types found in nature. Each ice crystal begins its existence high
in theatmosphere as water vapor. This vagititerdeposits onto an ice nucleus or forms
a supercooled water drop withradiusof several micrmetersbefore freezing. The newly
formed ice cryst al 6 supogthetharmahand saturdtionghl vy depe
chaacteristics of the environment surrounding the particle. In situ measurements of ice
growth within clouds would be invaluable. The remoteness of clouds, however, as well as
the inability to obtain data beyond snapshots of ice crystasents direct icgrowth
measurements in clouds. Laboratory instruments simulating thieem#ing
environments experienced by growing crystals in clouds are a common solution to

studying individual ice crystal growth.(e Libbrecht, 2003).

The basic shape of individuigle crystals, excluding polycrystals,generally a
hexagonal prism with two basal faces capping six prism faces. Not all crystals possess
regular hexagondhcets(i.e. one set of basal and prism facésit a hexagonal prism
provides a useful proxy faheir underlying structurédtmospheric ice at nearly every
temperature has a crystallographic structure consistent with this hexagonal syrRoretry.

example, dendritic snowflakes are complex strucfumetheycan form from an initial



hexagonal partiel. Dendrites can also often be characterized by a circumscribed
hexagon. These crystals are commonly calle
c-dimension equal to half the distance between basal faces ardirarresion equal to

the radius of @ircle circumscribing the basal face. Together, these axes define the
primary habit (or shape) of ice crystals a
cla);forplatd i ke particles-li Kelpantdi Ebescéblmn Cc
growth arise depending on the temperatsaturationand even nucleation (Bailey and

Hallett, 2004, causingvariation of crystal habit. While temperature appears to define the
primary habit of most crystals at temperatures above aBOUE, saturatia determines

the secondary habits of ice crystdilkaya, 1954; Kobayashi, 19@ailey and Hallett,

2009). For instance, at temperatures betw&2nC and-16 'C, dendritic and stellar

crystals form from the underlying hexagonal plate structure. Ateesyres neas C,

needle crystals appeas well ahollowed columns (see Fig 1.1).

Crystals can take on multiple growth characteristics if they are transported to
different growth environments. Plates may grow in one region of a cloud (k5 @),
but columns will grow from theegions of thénexagonatips of the plates if they are
advected into a temperature regime where columnar growth domisat€sg -9 C).
Similarly, columns may begin growth at one temperatefeq for examplg, but
adwection to temperatures where plate growth is favors@l C to -20 'C) can cause
platetoppedi ¢ a p pokuming to form. Clearly, it is important to understand the growth
rates and pathsf singlecrystals under a variety of environmental conditions ireotd

predict the mass growth rate of the particle for use in cloud modeling applicatighs
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Figure 1.1. The snow crystal morphology diagram depicts conditions in which common ice
crystal growth forms are found in theraisphere. In addition to a strong functional dependence
on temperature, the complexity of crystals is proportional to supersaturation (Libbrecht, 2003).

stage, however, it is impossible to model the detailed growth of complex crystals and
thereforeit is necessary to use simple shapes to describe crystal evolution. Nevertheless,
much can be learned by studying the growth of relatively simple single crydtalsls

that react according to changes in ambient conditions are crucial for predicting the

growth mths ofeven simple single crystals
1.1 Ice Crystal Growth Modeling

Currently, the capacitance model is in reaiversal use by the cloud modeling
community (Pruppacher and Klett, 1997; Meyers et al., 1997; Chiruta and Wang, 2005;
Westbrook et al., 2008Voods et al., 2008). The capacitance growth model is derived
from an electrostatic analogy with diffusion; the capacitance acts as an analog to the

crystal shape and size. While the capacitance can be computed for any shape (Westbrook



et al., 2008), sommodels have made use of spheroids as a general approximation for the
nonspherical nature of ice crystals (Chen and Lamb, 1994; Hashino and Tripoli, 2007;
Harrington et al., 2018 b). The capacitance model provides only the mass diffusion rate
to a nonspherical particlethe model itself does not have a habit generation capalmniity.
fact, the vapor fluxes to thee andc-axes from the capacitance model are such ithat

they are applied to each axis lendtie aspect ratio remains constant in time.(e.g

Nelson, 1994; Sulia and Harrington, 2014abit evolutionrequires a method to

distribute the gained mass over the crystal.

Traditionally,masssize relationships derived from-situ dataareutilized to
approximate habit developmeartd distribute gaed mass over the crystdass gained
during growth is presumed to increase the maximum dimension of the ice crystal in
accordance to the maske relationand therefore aspect ratio changes are implicitly
included in this relationThis method is edgiimplemented and used in most numerical
cloud models, but it does have limitations. In the first place, numerous ice shapes must be
used if a cloud model is to cover a reasonable range of possible habit types (e.g. Walko et
al., 1995; Woods et al., 2008 the second place, masige relations are traditionally
found by fitting curves to aircraft or surface dat@wever the entire growth histories of
the ice crystals sampled are implicitly included in the rs#&s relations, which is

inconsistent wh the deterministic growth laws.

Mechanistic methods for evolving particle aspect ratios that are rooted in physical
theory are arguably preferable to masse methods that are largely-ldc. However,

evolution of theparticle aspect ratios requires atjans for axis growth rates, but these

ulti mately depend on ,thdambienrtgmpdratytels sur f ace



saturation state (Kuroda and Lacmann, 1982; Nelson and Knight, 1998). Consequently,
models that evolve particle axes are typicallgnptex (e.g. Nelson and Baker, 1996;

Wood et al., 2001). Simple methods for evolving particle axes do exist (e.g. Cotton,
1972; Demott et al., 1994), but depend on laboradietgrmined axis growth rates that

are only implicitly tied to fundamental physiqaoperties of the particle.

An alternative method for mechanistically changing the particle aspect ratio that
depends on laboratodetermined parameters is the mass distribution hypothesis
developed by Chen and Lamb (1994). This hypothesig,1EQ, assumes that the ratio of
the axis growth rates is proportional to the ratio of the deposition coefficients for each

axis
n ~~ o~
— —n—l_<34BAhAh (1.1)

wherelz is the aspect rati, is the inherent growth rati@nd” is the densityln Eq.

(1.1) the parametds , or aspect raticccaunts for the nonspherical shajoe habit)of

the crystal The deposition coefficies{ {h n d) areessentiallygrowth efficiendes

valued from zero to unity (e.g. Kuroda and Lacmann, 1882ach axisChen and
Lamboés (1994) ma sss, wian sombiredwith theacapachange growthe
model, results in enodel we refer to as thf@adaptive habit modéthat is able to capture

the changes in the andc-axes over timeThe Chen and Lamb (1994) method is able to
accurately predict the growtt single ice crystalat liquid saturationlt is noted that due

to the complexity of tracking two axis lengths, this metivad only recently developed

for inclusion withn cloud models (e.g. Hago and Tripoli, 2007; Harrington et al.,

2013a and b)



Initial success was achieved when the adaptive habit method of Chen and Lamb
(1994) was shown to be in reasonable agreement with laboratory measurements.
Additionally, it was demonstrated that simulated ice crystals with aspectmato unity
demonstrated shift in primary habit in responsetemperature changéhat effectively
changed the habit regimé&his is notable because it demonstrated the feasibility of Chen
and Lambos mass di slargerclystats with an abpggbratio fare s i s .
from unity, the initial habit is preserved despite temperature changes (Chen and Lamb,

1994).These features are notablecauseéhey adherg¢o observed crystgroperties

In addition to matching laboratory data, the method of Chen and Lamb ({&994)
usedas a basis for recent models thegdict particle properties insteadusfingarbitrary
ice classes (Hashino and Tripoli, 2007; Morrison and Grabowski, 2008; Harrington et al.,
2013a,b). The adaptive habit methodology has been developed into a bulkhysical
model by Harrington et al. (2013afatmatches well to binned model simulations
(generaly within 5%). The creation of a bulk microphysical model that is linked to
fundamental laboratory data allows for the immediate incorporation of improt®men
madeto fundamental ice growth databas@hile single crystal methods demonstrate the
robustness of theory when scrutinized with laboratory results, bulk models allaw for

habit evolution method to be incorporatatb weather and climate models.

Although the adaptive habit method of Chen and Lamb (1994) is successful, the
method is theoretically only valid for diffusidmmited vapor growthHowever, gowth
of ice crystals from the vapor is composed of two related processes: vapor diffusion and
surface incorporation of molecules onto the parti€dfusion limited growth isdefined

asgrowth limited by the diffusion rate of water vapor through the surrounding



atmosphere. Near liquid saturation, a common environment where ice crystals grow in
mixed plase clouds, growth is entirely diffusion limiteadregime where the adaptive
habit method is most suitedis the saturation state decreases below liquid saturation,
molecular incorporatiosan limit the rate at which crystals growhis is typically cakd
kinetically limited growthor growth which is limited by the mechanisms required for the
attachment of individual vapor molecules to the ice particle surface (see below).
Recently, a general theoretical method for including suhased kinetically mited

growth in the adaptive habit model has been developedindically Limited Adaptive
Habit, KLAH , method;Zhang and Harrington, 2013 This model is advantageous

because it can be used direatlyh laboratory datdor single crystagrowth

Suface kinetic resistance pmrameterizeth modelsb y (sék above)nd
requires a quantitative modél.theoretical model incorporating kinetic resistance
(measured by U) is therefore known as a ki
U is believed to pr i ma rstribujonadofgithe axgsandabi t ev
only indirectly affect growth rates at high saturations (c.f. Chen and Lamb). 22%w
supersaturation@speciallythose approaching the critical values)rface incorporation
(and theref or e sirowh. Moreovay, isread paitigles with sizesc(afew
microns) near that of the mean free paitla water moleculean have substantially
reduced growth rates even wheeis near unity (Lamb and Verlinde, 2011, pg. 355).
Under these conditions, the approachethefcapacitance and adaptive habit models are
not valid (Zhang and Harrington, 201&)d this is importantbecause c an gr eat | vy

influence cold clougvolutons Changing U from a typically

suggested by laboratory experiment® ®06 (Magee, 2006) increases ice number



concentration by a factor of 14 (Lohmann et2008). The deposition coefficient was
also shown to have strong influence on cirrus dynamics, feeding bat¢kenbooader

cloud structure and lifetime (Harringtet al.,2009).

Surface kinetic processes differ betweendahandc-axis (Kuroda and Lacmann,
1982; Wood et a]2001). Axisspecific growth efficiencie€ka n @) artlresponsible for
the change in primary habit under any conditjdravever the ice surface physit¢kat

underliethemarenotwell understood (Libbrech2003 Libbrecht 2005).

TheKLAH modelassumes that the kinetic theafyfluxes detemines mass
incorporationalong thea- andc-axesatthe crystal surfacand diffusive(capacitance)
fluxes in the far field control the overall flow of vapor mass to the particle. In essence,
theKLAH modelis a joining of a diffusive growth model for tifer field (capacitance)
with surface kinetic resistander the near fieldlt differs fromthetraditional spherical
model(Lamb and Verlinde, 201pg. 354) by applying fluxes independently to model
the mass flow of each axis. Despite decoupled modelig of each axis, this method
appears to work well to predict habiépendent kinetically limited grow{Zhang and

Harrington, 2013)

The KLAH model predicts U ovebasedonme acc
thecritical supersaturation &), whichitself depends on temperature (see for instance
Nelson and Knight, 1998%.i: represents the minimum supersaturation required to form
attachmentedgesonthe face of a crystaCurrently, \aluesusedfor S;i; were
experimentally determinedom Libbrecht (2003). Zhang and Harrington (2013)
compared the KLAH model to the hexagonal growth model of Wood et al. (Z0014).

hexagonal model numerically solves diffusion and surface kinetics over a triangular grid



overlaying the particle facetResults fronthe comparisoimdicatethatthe KLAH
modelexhibitsaxis-dependent growth beyond the capabilities of the adaptive habit
method of Chen and Lamb (1994) and well beyond that of the capacitance model (Zhang
and Harrington2013).TheKLAH modelis able to cpture axisdependent evolution at

high and low supersaturations well in comparison to the hexagonal ,racidgdability

that isnot possible with the Gm and Lamb 1994 model or the traditional capacitance
method.TheKLAH modelis also sufficiently simig toremain viable for larger scale

cloud modelingunlike the hexagonal model, which is too computationally costly and

simulates only solid hexagonal crystals)

One majoiissue with using axidependent growth models of any kind is the lack
of laboratoy data at temperaturéglow-22 'C and at ice supersaturations well below
liquid saturation (Harrington et al., 2013blere, he lack of datas improved upon by
usinglaboratory measuremertsken fromthe Button Electrode Levitation (BEL) device
in conjunction with he new theoretical framewogtovided by the KLAHModel gee
Chapter 2)Becausehe KLAH modelis built with few adjustable parameteitsrequires
only the temperature, ice supersaturation, pressure, and the critical supersaturation as
input dataS., in turn,canbe mechanisticallyetivedfrom laboratorygrowth
experimentssuch aghose with théBEL instrument. Further details ¢ime KLAH model

and its applications are discussed in Chapter 3.



1.2 Laboratory Measurements

Ice crysal growth chambers exist in many fornmrecluding vacuum devices, wind
tunnels, diffusion chambers, and combinations thereof. Particles in these devices are
supported by various meamscluding dynamic air flow, substrates, or electrodynamic

levitation.

Extensive use of vacuum chambers by Libbrésthto thecreaton of large data
sets of growth on substrates (Libbrecht, 2003). Libbrecht (2003) nucleated particles by
conditioning compressed nitrogen gas2@8 tor) to high saturation and chamber
temperature(typically near-10 'C), then rapidly expanding a small volume into the
environmental chambéo cause crystal nucleatiofihese crystals gremto nearly
perfect hexagonal prisms gsvity pulled them to the chamber floor to be recorded on a
subgrate. Theecrystak weresubsequentlyransferredy suctioninto a secondary
chamber for growth observations, and temperatures were reduced to experimentally
desired temperatures betweds ‘C and-40 ‘C. This secondary chambees evacuated
to 2-4 torr to ensure pure water conditioasdto preventvapordiffusionthrough a
gaseous medium (i.e. dry afrdm hindering growth (Libbrech003).Li bbr echt 6 s
(2003) work provided one of the few sources of deposition coefficient data for kinetically

limited conditions (neaeero diffusion) for a large range of temperatures.

Vacuum chamber wonlas also conductday Magee et a(2011) with the
Levitating UppefTropospheric Environmental Simulator (LUTES) devibdfusion
limited sublimation experiments weeconducted with larger 0 um) particles using

electrodynamic levitation.

10



Wind tunnels are most commonly used for suspended large particle gsawaith,
asforming graupel by riming at high saturations (Pflaum and Pruppacher, i&®v9
Blohn et al., 2009; Kanji et al., 2011 Singlecrystalswere grown from the vapdry
Rodgers (1988With air conditioned by flowthrough a diffusion chamber upstream of the
growth location. Magee et al. (200@3edelectrodynamidevitation to support particles
during gowthin aslow, conditioned flow wind tunnel. Magee (2006) demonstrated the
ability to levitate particles, yet also revealed difficulties in maintaining desired growth
conditions. Mageeds (2006) work measured t
paticle over a cycle of temperatures and saturation states. More importantly, it was
demonstrated that no single deposition coefficient is able to describe particle growth
under changing condition¥ his matches theoretical descriptions showing that depositi
coefficients depend asupersaturation through tleystal surface structure (e.g. Lamb
and Scott, 1974), suggestiagieed for deposition coefficient evolution depamen the
environmental conditions. Strong evidence was also found to suggest ibeposit
coefficients were well below unigbout 0.006at temperatures betweet C and-59
“C (Magee 2006). For small particlegess than about 1Q@m), ventilation effects are
negligiblebecause of thivw particlefall velocities (Bailey and Hallgt2002).
Therefore static diffusion chambers are well suited to growing small single ice crystals in
stable, prescribed conditions. For small particles, the enhanced temperature and

saturation stability of a diffusion chamber is desirable over-tlomen cevices.

Diffusion chamber growth is well documented with device&bler (1980),
Nelson and Knight (199, Swansoret al. (199), Bailey and Hallgt(2002,2004), and

Bacon et al. (208). While the ability to control the conditions inside a diffusibamber

11



is well proven growing a particle in the center of the device is historically wrought with
challengesin order to grow a particli the region of high supersaturatigtass

filaments and tips as well as filaments coated with powdered silveleiadikaolinite

were used as substratagnany studieso support thece crystalge.g. Bailey and

Hallett, 2002) These studies exhibit uncertainties becaubstsates may significantly
impact growth rates (Libbrec2003). For example, substratssprovide a continuous
molecular incorporation ledge source, causing accelerated growth. Electrodynamic
levitation eliminates conta¢and therefore substrate effectg)h the particle through the
use of charge repulsion on thexis (vertical)and with astabilizing current in the xy
plane(horizontal) This stabilizing potential has been produced in various ways. For
instance, Swanson et £199) used ringshaped electrodes supplied with alternating
current above and below the particle location fagritstability. These rings produced a
electrodynami@otentialwell, holding the particle in place laterally. The proximity of
electrodes to the growing particle proved troublesome, and ice growth accumuwations

the electrodes altered the ice supersditon near the particle (Bacon et, 2003).

The Button Electrode Levitation (BEL) deviags designed to levitate crystals
inside a thermal diffusion chamber withawniterferenceof the stabilizing electrodesn
particlegrowth This thereby improvedroprior designs such as ring electrodeg.(e
Swansoret al.,1999) and substrates.¢.Bailey and Hallett 2002). The BEL chamber
was conceived and built to provide insight into the early stages of ice growth. Further

details on the development and idesof the BEL chamber are discussed in Chapter 2.

Instrument datareinvaluable; howevelts value is further increased in

conjunction with a modehat providesa frameworkor interpreing the results

12



Important parameters like the deposition cogfit( Uahd critical supersaturations can
be derived from the BEL data if used in conjunction li@KLAH model(Zhang and
Harrington 2013). Theombinationof laboratorygrowthdata atemperatureand
supersaturation®r which data are spars@pngwith ice crystal modelingvith the

KLAH model, will be usedn this studyto estimateaverage critical supersaturations
(Scrit) and deposition coefficients at low temperatuidsee KLAH modelmay also

provide insight into the theoretical mechanisms ofgie@vth (eg. spiral dislocatiosior
two-dimensionahucleation of attachment sites). Growth mechanisms and analysis of

BEL chamber datarediscussed in Chapter 3.

13



Chapter 2

Button Electrode Levitation Diffusion Chamber

Description

2.1 Review of Past €chniques and Designs

Measurements of the growth of ice crystals in a laboratory environment emulating
cold-cloud temperaturesnd supersaturatiorse crucial for improving ice growth
knowledge andiata required as input for, and corroboration of, icevgrdheories
including thosaused in cloudnodeling. Laboratory growttchambers allow foprecisely
controlledgrowth experiments anmbservation of ice crystals over timalike in situ
data. As noted earlier, while-Bitu measurements are vital, th@pvide only a snapshot
of ice particles at a particular point in their respective growth history. While such data
may be useful for characterizing the structure of clouds and identifying the particles they

contain, it is less useful when attempting toensthind ice growth processes.
2.1.1 Instrumental Designs

Laboratory ce growthstudies wereonceivedo probe theainderlying physics of
ice growthin an environment where variables can be tightly constralredgbratory
crystal growthchamberdave beenleveloped in the form of a vacuum device, wind

tunnel, and diffusion chamber design.

Vacuum devices cdime a growth chambewithin a vessethat can be evacuated

of atmospheric gashusredudng the pressuréand therefore the effects of diffusian,

14



the growth regioj Pressure reduction is usedoothemulate environmental conditions
of clouds (e3. Magee et al., 201ndto preventvapordiffusionthrough a carrier gas
from hindering pure vapor growth.¢e Libbrecht, 2003). Vacuum chambers often
require ice crystals to be generated prior to the evacuation of the instrument. The
Levitating UppefTropospheric Environmental Simulator (LUTES) dewssloaded
with 10-75um cylindrical ice particles in a divot located in the center of its levitation
electrode. These particlegere generated by spraying a fine mist of water into liquid
nitrogen. Particle sizevas limited with a 75um sieve (Magee et,&011). Libbrecht
(2003) generateparticles by expanding saturated compresseg$ditrogen gas o a
free-fall chamber. The initial chamber was conditioned to gramvironments
conducive to plates15 C) or columns<6 ‘C) (Libbrecht 2003). These particles are
allowed to growin free falluntil settling on a substrate. These crystals are &eaesf into

a vacuum chambday suctiononto a second substrateconduct the primary experiment.

Both devices are evacuated after an existing crystal is inserted. This process is
slow, and particles are subject to environmental conditions while the ehasiieing
reduced in pressure. Particles are not launched directly into their gemuties hence

it is difficult to control the initial growth or sublimation of the particles.

Wind tunnels are most commonly ugedguspendarge particle during
diffusional or riminggraupel)growth at high saturations (Pflaum and Pruppacher,;1979
Von Blohn, 2009Kanji et al., 2011 Flow is conditioned upstream of the growth
location For example, Rodgers (1988w single particles from the vapor by
conditioning the air to specific thermal and vapor conditionghgsing the aiitow

through a diffusion chamber. Wind tunnels are well suited to large particle graotth
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only do they emulate real conditions, they alsocontainthe ventilation effects
experiencd by a falling particle. A good example of a modern wind tunnel déxide

for growth at low saturations the environmental chamber developed by Magee (2006).
While this device was successilfulfilling its mission, it lacked sufficient control of
thesupersaturation and temperatiineroduced Supersaturation was produced by
passing the vertical air flow ové&ozen coils as itraveledupwards to the growing
particle.Ventilation effects are a majadvantage ofvind tunnel designs. For small
paticle growtts, such as those studied heventilation effects are negligible at low fall

velocities (Bailey and Hallgt2002).

Diffusion chambers are well suited to maintaining steady and well characterized
growth conditions. Diffusion chamber growdtudies have a rich history wittevices by
Nelson and Knight (199, Swanson et al. (1999), Bailey and Hal(@002, 2004), and
Bacon et al. (208). A diffusion chamber is composed of two plates coated with ice to
provide a vapor sourcehere theop platehas a higher temperature than tioétom
plate Thistemperature offsetot only maintains thermal stability, but in combination
with diffusion italsoproducesdinear gradients of temperature and water vapdine
chamber (hereby known as diffusion thgo Supersaturations in a diffusion chamber can
be increased bgxpandinghe temperature difference between the upper and lower plates
(e.g. a5C to a 10C or 15 C separation). The greatest temperature difference between

the plates produces thargest supersaturation in the chamber celfEegure 2.).

In review of past designs, the diffusion chamber is most advantageous to this

projectds goal of small particle growth
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Figure 2.1.Schematic of the supgaturation development in a diffusion chamber. Linear profiles

of temperature and vapor pressure produce supersaturation highest near it$,cattdp.are

the plate temperatures of §H¢g RO)eErethasdtatiorot t om p
and absolute vapor pressure, and d is the plate separation.

ranging from low to highWind tunnels lack the control to study particle growth over a
range of temperatures and saturati@msl vacuum chambers are unsuitable because they
are generajl inaccessiblgrequire particles to be generated externally to the growth
device and cannot be used at high ice supersaturattodsgfusion chamber provides a
consistent environmemtlowing for long growth periods without drift in environmental
condiions. While a diffusion chamber is an ideal design to producedeéhed
environmental conditions, a mechanism to hold particles in its saturated center region is

also needed.
2.1.2 Particle Levitation and Support

To grow ice in a diffusion chamber, tparticle is brought into a central location

where supersaturation is developed. In the past, ice crystal growth experiments utilized
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substrates such as glass fibers or filaments (Peterson €4l; ,Bailey and Hallet

2002).In the case of Bailey andaHett (2002), crystalsverenucleated with a slight
adiabatic expansion, allowirfigr multiple nucleation sitet occuralong their glass

filament substrate. Multiple crystals competing for growth can be difficult to avoid in the
case of substrate nuctem, and vapor competition is likely to be important during the
early phases of growtlsubstrates may also significantly contribute to altered growth
rates (Libbrecht2003). While the effects of substrates can be attempted to be removed
using theoryit can be difficult to do so in practice. However, substrate effects can be
critical as Libbrecht (2003) suggestibatsubstrate interactions produced abnormal
growth anahatit could potentially increase growth rates much as factor of five over

substatefree growth rates (Libbrecht, 2004).

To grow ice particles without substrate interactioos particles can be
electrially charged prior togrowthand be subsequently levitatétlectrodynamic
levitation has roots dating back to 1910 when Millikarblished his famous Odrop
Experiment (Millikan, 191) . Millikanb6s original techniqu
levitated by a lower charged plateowever there was no method for providing lateral
stability. The firstquadrupoldrap was developed in 19%y Paul and Steidwell as an
electric mass filter (Davjd997). These ideas were modified for growing ice crystals by
including aquadrupolecomposed of four vertically oriented cylindrical electrodes. An
alternating current is supplied to the electramestabilize a charged particle, with that
particle being levitated by a fifth electrode supplied with direct current of opposite charge
than that othe particle (Hu and Makin, 1991; Mag@e06 Magee et al., 2031

Levitation stability is maintained ladjusting the frequency of the alternating current
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Figure 2.2.The instantaneous threlémensional potential function for an idepladrupoldrap.
As the "saddle" alternates configuration as the alternating current flips, a hypothetical particle is
located at the null point. Arrows indicate instantaneous unstable directions (Davis, 2010)

supplied to thejuadrupole such that the particle maintains its position in the saddle point

of the electric field (see Fig 2.2).

Mageeds ( 200 6 )caldirdlaw tacsappart she phrticledromnt bielow,
while a charged electrode above provided a downward force to levitate the particle and
surrounding quadrupole electrodes stabilized the par@theer levitation devices have
been builtinside diffusion chembers such as the rinpased electrode configuration of
Swanson et al. (1999). In this configuration, two identical ring electrodes separated by a
small amoun{3-5 mm)vertically levitate the ice particle against gravity. These ring
electrodesarelocateal near the growth region, howevandwere problematic. Ice growth
was observed on the rings despite angeticoating, creating diffusional interference to

the growing particle (Swansat al, 1999). Unwanted ice growth would also affect a
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traditionalquadrupoledesign (eg. Magee2006) if placed in a diffusion chamber.
Significant ice acumulationand vapor field disruption would occlike the growth on
the ring electrodes observed by Bacon et al. g@elowin Section 2.2, a chamber
design (Btton Electrode Levitation, or BEL, diffusion chamber) is presented that

reduces or removes some of the problematic aspects of prior ice growth experiments.

The mrerits of electrodynamic levitation are numerous, includivegemoval of
substrate effectandthe ability to move particles to different regimes during growth
Electric fields, howevercan contribute to significantly enhanced growth. For example,
the dendrite in Figure 2.3 demonstrates electrically enhamrgtbwth Dendritic ice tip
growth rdes have been shown to increase rapidly with increasing electrical potential
above a threshold value of between #80m and 1000 V/cmBartlett et al., 1963;

Crowther, 1972Libbrecht and Tanusheva, 1998 is noted that dendrites are not grown

Figure 2.3.An example of electrical enhancement in a dendritic needle. Its growth velocity was
observed to increase by a factor ofafter electric potential was increased over a threshold value
(Libbrecht and Tanusheva, 1998).
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in this experimensince the pdicles are likely polycrystallineand polycrystals do not
possess distinct tipghere electric potentials can be maximized. (The tips work similarly

to a capacitor, and have a very high capacitance).

In the BEL device, ambient direct current fields remaar 100 V/cm, an order
of magnitude below the threshold vaduguoted abovéDavis, 2010). Working with a
similar electric field, Swanson et al. (1999) showed thatilgpsoidal particle with an
aspect ratio of 10:1 would experience a maximum elefogtit on the order of 240 V/cm.
This isalsowell below the threshold value for enhanced growth. Alternating current
fields from the button electrodes produce a larger maximum voltage nearet0 V/
however the field experienced by the particle levitgtinelowthe electrodess likely
lower (Davis, 2010). This value is still below the minimal threshold value of 460 V/cm. It
hasalsobeen demonstrated that alternating current fields &z50o not cause
electrically enhanced growth, even with peak fidids times greater than threshold
values (Batrtlett et al., 1963; Evans, 1973). In a sineqerimental setyfBacon et al.
(20®) did not observe morphology changes or dendiikie growth projections
associated with electric effectdoreover, the radts from the studies presented here in
Chapter 3 do not show a distinct shift in the particle mass evolution that would occur if
the particle growth characteristics changed, as would certainly occur if an electrically
enhanced tip were to formhereforejt can be tentatively concluded that electrical

growth effects are negligible for particles grown in the BEL chamber.
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2.2 BEL Chamber Design

The Button Electrode Levitation (BEL) chamber was designed to advance the
knowledge of small ice crystélO umto 100 um)growth at low temperatures (below
243K). A diffusion chambebased design was chosen for its stability and capability to
steadily achieve high supersaturation states. To achieve more accurate growth,
electrodynamic levitation was chosen to aveiubstrate effecsuch as thosexperienced
by past designs (@ Libbrecht 2003). Additionally, a design able to remove electrode
interference effecten the vapor fieldn the growth region (g. Swanson et al1999)

was desired. The BEL device waetresult of innovating to resolve shortcomings and

Conditioning]
Chamber

(removed) Coolant

Coolant
Supply

Quadripole
Electrical
Leads

Figure 2.4.Photo of the extericcomponent®f the BEL Chambewithout insulation
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limitations of past devices (see Section 2.aridto develop a&hamber capable of
growing small ice particles &w temperatures and over a range of saturation sttges

design and preparation for use in experiments is described below.

The heart of the BEMiffusion chamber is the levitation system that is a modified
version of that used by Magee (2006) &whn®net al. (1999). In order to remove
interference from thquadrupoleslectrodes in the grawregion, the electrodes are
reduced t o @but tnmmdodthe enambdas seennngFigara2.5yand?2
2.6). The buttorstyle electrodes are designedstabilizelevitated particles below the
electrodestherefore allowinghe stabilizingquadrupoleto belocated above the growth
region(in a region of low supersaturatiofhe button electrodes are insulated from the

grounded top plate by@m of Delrin® plastic.In addition to the stabilizing electrodes,

=T

Figure 2.5.Schematicofa)a fAbutt onodo el ect(b)ataditiomalguadrupageur at i on
designasused by Magee (2006Jhe location of the levitated particle is demonstrated by a
hexagonaprism.
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the bottom plate of the chamber is charged to provide a levitating force counteracting
gravity. Together, the bottom plate and button electrodes provide a stable electrodynamic

levitation system.

The diffusion chamber is composed of two 2.54 biokt copper plates that form
vertical boundaries of the diffusion chamber (see Figure2Z 3 ,Coppemwas chosen
due to its high thermal conductivjtwhich ensures thalhe twoplates maintain
homogeneous temperatar€oolingpoweris provided by twdNeslab®ULT-95 (Ultra
Low Temperatureghillers that circulate fluid (Syltherm®) through two cooling
reservoirs attached to the external face of each copper(gdateigure2.7). This coolant
was chosen due to its low viscosityhich allowsit to circulate freely at low
temperatures=ach chiller operates independeritlgne for each platé andeachis
capable of cooling a bath to temperatures betw®@@rC and-90 'C with a temperature
stability of +£0.02°C (Thermo Scientific2013). The coolant resvoirs arenade of
cylindrical Plexigla® with walls secured to the face of the copper plates to maximize the
surface area of contalsetween the plates and ttieculating Syltherm® coolant. The
coolant flow into the reservoirs is supplied at an anglthat a directionaliynduced
circulation takes place in each reservoir. This ensures the production of turbulent mixing
insideeach reservoithe maintenance of a homogeneous Syltheterfiperature, and
consistent coolant contact with the bottom platefeventing air bubbles)The
moisture source for the diffusion chamber is filter paper wetted with 3rfilteséd
deionized water applied to the plate surface. The wet filter paper is applied just as each

plate reaches subfreezing temperatwsethefilter paperis held in placdy freezing.
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Once the vapor source is secure, the chamlsacurely closedndsealed with eings

to prevent contamination.

The vapor source located the surface adach plates determined by thiee
equilibrium vaporpressureDiffusion chamber theorgredictsa linearvapor profile and
becausehe equilibrium vapor pressure varies exponentially with temperature,
supersaturated environment between the plateducedSupersaturation in the

chamber (hereby referd to as diffusion theorsupesaturation) is calculated by
— (2.1)

where” ,,(d) is the theoretical vapor press@a®a function of heightl in the chamber,
and " (T(d)) is equilibrium vapor pressure over idgquilibrium vapor pressure
calculations were madeith a 6" order polynomial fit (Eq[2.2]) t o Veguilibrierm 6 s

vapor pressure expression over ice (Flatau g1 29.1)
QY @AY Y @YY O QY QY Y @YY . (22

In Eq. (2.2), T is the evaluation temperature (in Celsiug)isthe triple point(273.15K),

and coefficientsy throughacanb e f ound i n Appe@@®i)x A. FIl at e
polynomial fit of Wexl| er 0s ormmpreeatenton i s cho
experimental data than the equations developed by Goff and Gratch (1946) (hereafter

Goff-Gratch)

Ice saturationdeterminations neededo characterize the growth environment
surroundinghe particle The theoretically derived valwean also be usdd confirm

adherencef the chambeto diffusion theoryif we compare it to saturations derived from
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measurements ugj sulfuric acid drops of a known composition (e.g. Magee, 2006).
However, agap in the top vapor sourgepresent, because filter paper must be removed
to allow forthe button electrodes and particle launplening(see Figure 2.6and this
causes redwtion in vapor flux from the top plat€onsequently, thehamber
supersaturation will be lower than predicted by diffusion theory. Deviations from theory
will be largest at the center of the chamber ke lateral diffusion necessary for vapor
to diffuse under the vapor gap. Characterizatibtihe chamber using supersaturation
derived from equilibrated sulfuric acid dropas also needed to quantthe degree of
supersaturation reductiom comparison to diffusion chamber theorpetails on

saturaion profile characterization are discussed in section 2.5.

Temperature in the growth chamber is determined from diffusion theory, which
requires knowledge of the temperatures oftth@copperplates. In order to measure the
plate temperatures, type T theocouples arembeddedwvithin two millimeters from the
interior surfaces of each copper plate. A type T thermocouple (composed of copper and

constantan wires) was chosen due to its application rangé®fC to 300°C

Figure 2.6.Photos of the lid ofthe BEL chambedemonstrating the extent of tremoval of
vapor source from vapor source filter pa@rdue to the button electrodes.(b)
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(Haynes, 2008 Due to the inaccessibility of the interior surface of each copper plate, and
to avoidvapor gradent disruptions due to internal thermocouples, embedded
thermocouples are the most practical method of temperature measurgypenit.
thermocouples measuae/oltagedifferentialrelative toa known temperatureyr

reference bath (typically zero degréasisius).In order to maintain accuraogach
thermocouple is compared against a zero degree Celsiugrbatbely measurdaly an

Omega DP25precisionthermometer

Copper plates at known temperatures make up the vertical boundaries of the
diffusion chanber, and a Plexiglas® ring provides passive lateral wWake Fig 27).
Plexiglas® was chosen due to its lack of thermal conductivity and the ease with which

windows can be created for viewing inside the chamber. Cellophane is used to seal these

Drop Launcher

Q-Pole Voltage Leads Launching Cylinder

Viewing Window

Coolant Reserviors

Z-Voltage Lead

Figure 2.7 lllustration of the BELchamberdesign indicating the location and design of its
componentgcoolant supply tubes and insulation are excluded)
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windows. The use of cellophane is possible due to the extension of the copper plates
beyond the edge tfie enclosed chamber, drastically reducing the thermal gradient
across the windovsee Fig 2.7)Thermal characterization was necessary to confirm

temperature profiles inside the diffusion chamber. Results are presented in section 2.4.

Finally, in order o chill each copper plate to temperatures be®WC, the
chambeis insulated from the ambient conditions inside the lab. High density home
insulation foam 4.8%m thick was used to encase the entire chamber, helping to
consistentlymaintain the low teierature of the diffusion chamber plates. Thermally, the
insulation functions very welhowever ambient moisture in the lab was able to readily
permeate the foam enclosure. This caused significant ice accrual on exterior surfaces of
the chamber and windg. Ice formations on the windewbstruct the crucial view into
the chamber used to track améasurehe particle insid¢see Appendix B)To
remediate ice buildup, the BEL chamber is encapsulated in thin plastic that is provided
with a dry air flow hawiig a dew point below45 ‘C, therefore preventingjgnificantice

buildup on the chamber windows.

Further details into the developmental background and design of the BEL

chamber can be found in Davis (2011).
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2.3 Particle Tracking and Measurement

2.31 Particle Tracking

Thedesign of thaButton Electrode Levitation (BEL) diffusion chamber limits
methods that can be used to access information about the particle growing inside
Microscopesalthough theyhave been used in other studies (Bailey and Hal604),
are not practical with the BEL device. This is in part because the growing particle is not
supported by a substrate, and hence rotates rapidly in the quadrupole fields. To obtain
information from the growing particle and to track its positibe, particle is illuminated
with a HeNe laser with @33 nmwavelength. The illuminated particle is viewed by two
cameras looking through windows on opposing edges of the chamber. One camera

providessizeinformation while the other tracks, maintains, aedords its position.

Maintenance of the exact vertical location of a crystal inside a diffusion chamber
is crucial due to the vertical vapor pressure and temperature gradients. Deviation from a
particular location results imeasurement errari orderto ensure accurate positioning
of particles inside the chamber during experiments, automated tracking software was
created An automated videbased voltage contrprogramwas implemented, as
suggested by Mgee et al(2011), to improve data sampling fewitated particles. This
software is written in MATLABUtilizing the prebuilt Data Acquisition Toolbox (DAQ)
to control voltage and the Image Acquisition Toolbox (IMAQ) to capture and import
camera frames. Pi xel s f r om sshopper @K2Nearea 6 s
designated black (background) or white (particle) based on a desired sen3itinty.

sensitivity is adjustable to allow for small particle detection as well as reflection filtering
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for largerandbrighter particles. An example of tBensitivity controls is shown in Fig
2.8. Pixel location is calibrated teaxis position inside the chamber prior to each
experimenby viewinga ruler(graduated to 1/6%of an inchand secured in the center of
the chamb@grthroughthe tracking camer&onsequently, the relative vertical location of
each pixel is known with high precision, and maximum errors in vertical location are
systematic and on the order of 1/&f an inch.

The particle location is determined by calculating its geometric meaentroid
from the generated black and white bitm&pe centroid of a 2D shape is also its center
of mass. Centroid tracking was chosen to allow for irregular reflections from the particle
to occur without significantly impacting the recorded partidsifion. This geometric
mean supplies a simple, reliable, and automatic measure of the particle location. To
maintain the particle positionith the softwarethe desired height in the chamber is
chosen along with maximum deviation bounds (sdBw dottel height designation in

Figure 2.8a).

Figure 2.8.Live view of particle trackinga) during early growth an¢b) during later stages of
growth. As the particle grows in size, its facets reflect laser light, creating erratic reflections
around its truedcation. By decreasing sensitivity, the particle is sucessfully tracked without
detecting any errant light. Softwadetected position is visually represented by a green

i +desired particle height is denoted by yellow dots, and a deviation bound (totprekeed
oscillations and to automate particle capture) by red dots.
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2.3.2: Automated Particle Control and Recording

The MATLAB software automatically adjusts the particle position, as measured
by its centroid viewed on camera (see Section 2a&hdby modifying the bottorplate
z-voltage accordingly with ISB PMD-1208FS by Measurement Computing. The RMD
1208FS is a digital to analog converter that translates comgemerated digital signals
to analog signalthat are receivabley the voltage supply/oltage is increased when a
centroid is detected below the desired growth location, dendtedlly as yellow dots in
Figure 2.8. Red dots denote a top thresljotdieviation boundised primarily for
particle capture. Particlgosition (pixel) z-voltage, and a timestamp are recortied
every frame a centroid is detected (uptdH2). The sof t ware mai ntai ns
verticalpositionwith an accuracy of 0.tam (4 pixels). The tracking camera and the BEL
chamber are locked down to the taleiesiring the maintenance of the aforementioned

pixel-to-height calibration throughout the experiment.

The particle tracking system is initially calibrated with bare plates. Plate
separation does vary slightly due to the application of wet filter gapgece vapor
source of each diffusion chamber boundaFpr consistency, B1L of deionized water is
applied to a new piece of dry filter paper prior to adhesion to the plate surfaces. Any
variation in frozen filter paper thickness, albeit slight, is recoptint to the sealing of
the chamber to maintain the accuracy of the particle location above #ieditlee plate
separatioomeasurementeight measurements in the chamber are measured from the ice
surface, andiffusion theory saturatiooalculations aradjusted to account for these
small deviations. This process ensures an accurate and consistent representegion of

particle location in each experiment. It is noted thasteelmeasurement device is
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chilled prior tothethickness measurementorde to prevent irregularities in the ice
surface due to melting yontactof the measurement device with the ice surf#osot
chilled prior to measurement, th@er will interrupt themolecularly smooth surface of
the icetherebycreating a region momonducive to vertical ice growth from the bottom

plate that may interfere with particle growth at high saturation states.

The particle levitation system works bgisuringthata preexisting charge resides
on the particle prior to launchio allow for eletrodynamic levitation, the drop is
provided a charge before entry into the chamber. This is accomplished by applying
voltage to the launching apparatus. A voltageplying wire is connected tbetop of
the launcher, as seen in Figure 2.9. Chargendwded to the water inside the stainless

steel enclosure. As a result, drops are launched bearing an initial charge.

Thevol tage increase of the | ower plate t«
recorded precisely at up to Blz with the MATLAB softwae. Without automated

particle trackingthe precision of the particle locatiateterminatiordecreases

Figure 2.9.A 3-D modeled visualization of the launching apparatus for the BEL chamber.
Solution is contained withia glass tube witla 30 micromeer capillary tube embedded in its
base (not shown). Charge is applied to the launcher (black wire) to provide particles with the
initial charge necessary for electrodynamic levitation.
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substantiallydue to visual voltage adjustmenééd data point fopiency decreases to
0.02Hz. The effect of switching from automated to manual control is clearly evident in
Figure 2.1Qwhere variability in the mass trace with time is showmior to manual
control, the particle growth curve is continuous and-gefined. Once manual control is
undertaken, variability in the growth curve is evident due to heimdurced errors. @l
manual control requires simultaneousgattage control, data recording, timer

managemeniuadrupole frequency adjustmeand manual padie positioning: all

BEL Chamber Mass Trace
T=240.57K (+/-0.15), s=0.06834 (+0.015/-0.006) r=10.439um (+0.15/-0.15)
20 T ] T l
15— —
§ L .
8 (
2101 Automated Control 7]
£
2 L Manual Control -
5 — —
0 : | . |
0 500 1000

Time (s)

Figure 2.10. Example BEL Chamber growth measurensgibtted as a normalized mass (see
Section 23.3 below). Automated particle control and recording failed midway through the
experiment. Manual control wastiated within 5 seconds of failure. Automated control (10,000
data points at up to 30 Hz) provides a high level of detail and resolution versus manual control
(8 data points, 0.02 Hz).
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potential sources of errand all extremely timeonsumingAn automated videdased
voltage control program improves the frequency and accuracy of data acquisition and

levitation control.

It is noted that elements of manwahtrol exist with the softwar&he
guadrupoldrequency must be decreased manudl3bs Hz b 15 Hz)as patrticles grow to
maintain a stable saddb®int, thevoltage step size is increased manually as the patrticle
becomesnore massiveand centroid detection sensitivity controls are available to
prevent extraneous centroid detectibhe effectof thesesupplementamanual
adjustmentshoweverare minima) as is evidenced by the lack of any noticeable

variability in mass traces that use automated vertical tracking.

2.3.3: Mass Measurements

The zvoltage required to levitate the particle at astant height inside the
chamber providea measuredf he particl eds mass. An initi
launched drophat isgreat enough to levitate it in the chamtzerd thischargeremains
constant. Consequentlgsthe particlegains massthe voltage of the lower plate must be
increased to maintain the particleds |l evit
voltage is proportional to the change in the particle mass. Given an initial mass and an

initial z-voltage,the normalized massifthe particle can be determined from
y v

, (2.3)

and hence a mass trace for the particle can be created, as shown in the figure above.
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Particle mass measurement utilizing a chdogeass proxy is necessary in part
because théspringpoint methodlof Magee (2006) isot viablefor the BEL chamber
The springpoint method consistEvarying thequadrupoldrequency until the particle
position becomes unstable and begins to oscillate. The oscillation poistingt ands
directly related to the mass of the particlhe small vertical extent of the button
electrodes do natllow for a clear instabilityinducing frequencyrather a slow loss of
stability), hence it is difficult to determine the precise conditions that start the oscillation.
Using this method would selt in substantial errors in the particle mass that would
depend on where the springpoint is defined. Therefoeespringpoint method is not
applicable to the BEL chamb@avis 2010) and the normalized mass method described
above will be used alongith Mage® €006)initial size measurement technique using
Mie scattering fringedJnlike the BEL chamber where the z voltage counteracts only
gravity, Magee (2006) was not able to use a direct normalized mass method because

vertical airflow was used todtance the particle against gravity.

The growth measurements provide a change in the relative mass. Determination
of the actual mass requires knowing the initial mass of the particle, and this can be done
using Mie scatteringl'he real part of the refrace index of water at the laser wavelength
used herés well known (1.35) (Schiebener et,dl990).The angle oscatteringnto the
camera lens (4% and wavelength of the laser light (68@) areknownas well. The
refractive index isveaklydependent o temperature; howevghis variation is negligible
over the ranges of temperatures used in this experiment (Schiebenet3@L. The
result is a weldefined number of Mie fringes per degree that corresponds to a specific

particle sizeand hence ns=z
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A Point Grey Grasshopper 03K2M cameegpturedMie scattering fringes over a
20 rangeof angles (35to 55 forward scattering a known field of view is necessary
for Mie scattering analysishat isoptically directedoy a glass lenthat enables #h
camera to capture the entire 2igld of view. Particles must be measured before freezing
to obtain welldefined scattering fringes; therefore a high frame (@@erames per
second, i.e. 30 Ha} necessary. After processing the Mie fringes, thedfitiee particle
is determined and therefore the initial particle masdso knownRecorded Mie fringes
are manually processed in MATLABhenumber offringes present in the 2@iewing
frameis counted andthe particle size is calculatday comparingheobserved number of
fringes tonumberdrom computedVie scattering fringes generated by a model which
has beemised successfully in a number of prior experimédtaw et al.200Q Xue et
al., 2005 Magee 2006. These fringepatterns are simulated emthe same0 range(35-
55 of forward scatteringised inthe arrangement of the laser and camera in the
experimeral configuration The initial mass of the spherical particle is calculated from

this initial size and appropriate density (Haynes, 2008)

Becaus¢ he voltage supplied to the | ower pl
position is known, changes in plate voltage during growth are directly related to changes
in masgsee Eg. 2.3)Determining mass through a masdtage calibration like tils is
possible because of the constant charge contained on the particle after launch. As mass
increases in timehe chargd¢o-mass ratio on the particle decreases, amaportional
increasetothex ol t age 1is required tmThmsonytreifn t he
the particle does not accrue or lose charge over time. Cliasgyand acquisitioaccur at

time scales far longer than experiments performed with the BEL chaamaksverenot
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observed wittsulfuric acidparticles levitated for tehours which isten times longer

than our experiments. Additionally, particles levitated on a similar system were levitated
for days without any appreciable charge loss (Moyle, personal communication).
Additionally, charge leakage was determined to bg skEw for salt particles levitated

for several days in the LUTES device (Magee et al., 20kiBrefore we have no reason

to doubt thahormalized mass derived from voltage measurementsas@uratenethod

for measuring the mass of particles insideBE& chamber.

2.4 Thermal Characterization

Diffusion theory predicts a linear temperature profile within the BEL chamber;
however, this is only strictly true if boundary effects can be ignored. The existence of
electrodes and cellophawgevered windows maskew the diffusion theory predictions
andthereforet requires confirmation through experiments. Thermal characterization
experimentsvereconducted using the chamlees it would be configurefbr actual

growth studies

To examine the thermal profitd the BEL chamber, a Type T thermocouple
constructed of narrow gauge wire mounted to a small wooden pole was inserted ¢hrough
slot created in one of the chamber windoWse vertical location of the thermocouple
was calibrated using the particle tragksoftwar@ pixel calibration capabilities.

Resultant temperatures in the center of the chamber (at particle growth location) were
measured to be within 1% of diffusion theory. Additional measurements were conducted
one inch from t haretbenpeesebce & bosmmogeneéayeenviranmentn s

inside the chamber. Consistent profiles were measured except near the insertion point of
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the probe, where a warm bias was present. This anomaly was attributed to small gaps in

the seal around the probe allogiambient air intrusion.

To confirm the thermal properties inside the BEL chamber, two additional
calibration experiments were conducted on a fully sealed chamber. Thermocouples were
inserted through the particle launch tube {tigpvn) as well as underdtPlexigla® ring
enclosinghe chamber (bottorap). Measurement location wasceagain vertically
calibrated withthe particletracking software. Thede/o methods eliminated the window
leakage bias from the initial experiment. Independently, bottoflhddwn and bottom
up methods produced conflicting results (seaifé@.11). Each method was biased
towards the plat® which the thermocouple wire came in contélogrebycreating a
warm bias for the todown method and a cold bias for the bottopnmehod. The
magnitude of the bias is nearly identical for each method, indicatinthéhadntact of
the thermocouple wire with the platgroduced the bias. After biasrrection thermal
profiles matched diffusion theory and the corass lateral therocouple method to
within 1.1% (0.5% in growth location). These results thereby confirm the adherence of
the thermal profile inside the BEL chamber to diffusion chamber theory (see Figure

2.11).
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BEL Chamber Thermal Characterization
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Fig 2.11.Thermal characterization experiments conddietéh (red)the topdown, (green)center
window, and(blue) bottomup methods. For the tegown and bottorup results, vertical position
for the topdown casés plottedon the (red) topJaxis and the remaining cases on the (black)
bottom xaxis Bias renoval results (*) are plotted as walhdthe region at which ice growth
experiments take plagég indicated by thgellow shading.

2.5 Saturation Profile Characterization

Before the BEL chamber issed for growth studieshevapor pressurprofile
wascharacterizedy comparing diffusion theory to measonens of supersaturation

using equilibrated sulfuric acid drops of known compositiaturation profile analysis
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was notably important for this chamber due to the vapor source gap on the top plate

disaussed earlier in Section 2.2.

Due to the small dimensions of the chamber, instruments such as a dew point
hygrometer cannot be usammeasure its saturation statdagee(2006) utilized a
method thatombinal Mie scattering with Khler theoryfor sulfuric acid dropsn order
to determine the vapor pressure in the chamBeéhler theory predictthe equilibrium
size of a sulfuric acid solution drop for a givieimidity, pressureand temperature. A
detailed model of this process was developed by Cartlav (1995) for complex
chemicalsolutions. Requisite information for the Carslaw et al. (1995) model is the
molality of the aqueous sulfuric acid solution, temperature, and ambient pressure. Model
output is the ambient partial pressure of wasgyor, which is converted into a
supersaturation value witgquilibriumvapor pressusfrom Flatau et al(1992). This can

be compared to theoretical supersaturation values derived from diffusion theory.

In order to measure the saturation state inside the B&inber, the final molality
of the acid solutiomroplevitated inside the chambesas required in addition tthe
temperatur@and ambient pressuad the particldocation Particle temperatungas
derived from diffusion theory (sekection 2.1.-and 2.4. When a sulfuric acid solution
drop is launched into the chamber, it will immediately swell in size depending on the
ambient conditionand its concentratio he final molality of the sulfuric acid solution
was determined from its initial molality anal measuremenf its growth (or swelling).

For this experiment, the sulfuric acid solution usea4%3 molal (31.4% acid by mass)
solution prepared with one part (by volume) pure 18 molar laboratory sulfuric acid and

four parts deionized wat@urified with a Barnstead Nanopure This concentration was
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chosen to ensure sufficient growth (or swelling) of the acid solution while minimizing

aciderosion damage tihe instrument

Measurement of the drop sia@s accomplished with the same particle tracking
system and Mie scattering fringe method used for tracking and sizing water drops. A
sulfuric acid drop (4.63 molal) is launched into the chamber and elgoamically
captured. It must immediately pass through the {alseninated locationn orderto
capureMie fringe patterns at its initial size. Images are recorded Biz30 guarantee
capture of solution drops at the moment they enter the laser beam. Solution drops that do
not fall through the laser beam immediatahdlauncles that produceultiple levitated

drops are discarded.

Any gap in time between launch and fringe image capture will result in error. A
certain amount of error is unavoidablecause there is a finite, though small, amount of
time between the sulfuric acid launch and arrivahatlaser beam. This error is
characterized by considering the first Osl@&n estimate of the maximum time between
launch and illumination) of growth after initial Mie fringe recordamya maximum error
This estimate is considered the maximum error lisethe acid drop experiences lower
supersaturation, and therefore less growtlhe first 0.15 s before illuminatidhanthe

0.15 safter.

The launched sulfuric acid drop is allowed to grow at a fixed location in the
chamber until it reaches equilibm with the surrounding vapor field and stops swelling.
This is determined to occur when the particle remains at its location to withiménQ3

pixel) without requiringany voltage increasdsr two minutes. At this time, itslie
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scattering fringe patte is recorde@nd this is used to determine the particles equilibrium

size.

To obtain the final molality o& sulfuric acid drop once it has reached equilibrium
with the vapor, a measure of its growth is needed. The initial and final sizes of the
suspenda dropweredetermined by Mie theory. Mie scattering fringesreanalyzed
using a refractive index of388which is validfor a 35% by mass sulfuric acahda
Helium Neon laser avavelength 0633nm near 24X (Krieger et al. 2000). The
refractive in@x error between the solution used (31.4% by mass) and simulated (35% by
mass) was evaluated and considered to be negligithtionally, the refractive index of
the particle may fall by as much as 0.03 as a result of water adsorption dilution. This was
found to cause an uncertainty in sizing of 1% or lAssa result, the size of the 4.63
molal initial dropwasmeasured as well as the size of the final drop of unknown
compositionSizes are determined using the methodology described in sectionPh2.3.
growth experienced by the particle is a result of water adsorption into the solution with a
fixed mass of sulfuric acidBecausehe vapor pressure of sulfuric acid is very low,
negligible amounts are lost as vapamdthereforeany additional volumgrowth by the
particle is attributed to water gain. Using radii from the Mie scattering fringe
measurements, the volume of the additional water acquired by the paesaalculated,

therebyallowing the final molality to be determined.

The vapor presse in the chambeawvas then determineffom the final molality
results with the bulk sulfuric acid solution equilibrium model developed by Carslaw et al.
(1995). Experimental temperatungsre below 253K and therefore are well within the

range of applicabty of the Goff-Gratch equationased by Carslaw et al. (1995)
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Sulfuric acid solution morphology is extremely well characterized in the field of
chemistry,andtherefore the bulk sulfuric acid model is accurate (Carslaw et al., 1995). It
is noted that bps smaller than Bm are excluded to avoigotentialcurvature effect

errorsthat areexcluded from the bulk models (Carslaw et al., 1995).

Characterization experiments were done over a large range of saturations and
temperatures. The temperature in¢bater of the chamber was varied by setting the
bottomplate temperature between 38 K and 23K while holding the top plate at
243K. Supersaturations in the chamber were increasedd®ningthe temperature
difference between the upper and lowkatgsto 5 C, 10 'C and 15 C. The greatest
temperature difference between the plates produces the greatest supersaturation in the
chamber center. Results are displayed in Figure 2.12.

Results from the sulfuric acid drdgased saturation characterizatexperiments
were initially unexpected. In addition to a large variatiothemeasured supersaturation,
measurements were, on average, 42% lower than diffusion tivébrg standard
deviation of 30.1%Several results have large deviations from theame but have been
deemed erroneous (i.e. the circled,-saturated, and greater than theoretical values) and
were excluded. Therefore, a more reasonable range deviation of 20% from the average
42% reduction from diffusion theory is considered the dyoamds for this studylhe
primary rationale fothese comprehensigaturation statemeasurementsas that the
electrode configuration and launcher location on the upper @lad¢ed a vapor source
void above the particle location (as describe8ection 2.2. In diffusion chamber
theory, the entire surface of each plate is a vapor source. The BEL chamber, however, has

a symmetrical 2.58m diameter region at its center where electrodes are present instead
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Saturation State Measurement by Sulfuric Acid
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represents one sulfuric acid drop launch. The supersaturation of an ideal diffusion chamber
(blue), saturation over ice (red), and average experimental supersaturation (green) are also
plotted.Experimentakaturation state increases left to right. A value of 60 represents 6t of

diffusion theory saturatio(60% of the correspondingaxis value)Shading represents plausible
ranges of measured supersaturatfdincled values are suspected to be invalid tb

contamination of the vapor source.

of avapor source. The extent of the vapor source gap is shown in Figure 2.6a. This gap

was initially hypothesized to induce a small but consistent negative supersaturation

deviation from diffusion theoryThis isdue to the need for water vapor to also diffuse

laterally (as well as vertically}o reach the center of the chamber.

Resultsfrom saturation characterizatiomdeedproduced anegativedeviation

from diffusion theoryalthough a rather large one walsignificant standard deviation

An aggregate view of all the measuremgmtsduced amverage saturation state with
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respect to theorf41.9% reduction)lt was also evidenh the clustering of data points
closer to the global averagbove $=0.15thatdata precision increasaslarger
supesaturatios. It is noted that a stronger signal (more swelling growth in sulfuric acid
drops) is observetbr measurements taken at higapersaturations in the chamber.
One exception is three measurements takanl&t3% theoretical supersaturation
(ercircledin Fig 2.13. These data points, all taken during the same experinsanias

are suspected to be erroneous due to possible contamination of the vapor source by
sulfuric acid. Sulfuric acid contaminatiar the top filter papereduces the effectiveness
of the vapor sourcky creating a lower vapor pressure for the resultant sojutiereby

decreasinghe supersaturation in the chamber.

Although an overall average solution was obtajmedividual measureents of
chamber saturation exhibit low precision. Large variation in the difference between
theoreticaland the laboratory results is most pronounced at smaller saturation states
below $=0.15; however, at this time significant uncertainty is presentlfeulfuric acid

measurements

Information can be gathered on the average, but individual saturation results are
scattered. These lower precision results may be attributed to the use okstfalhg
radiug solution dropss a result ofising the samezed launching tips athewater
growth experimenttor which small dropsvere desiredSmall drops have fewer well
defined Mie scattering fringes than larger drops. Thislead to a weaker signal in
fringe changsgenerated from acid drop swellifgerce more error prone size
measurements$n contrast, argersulfuric acid drops produca stronger signal through

increasedchumbes of Mie scattering fringesThis isexpected to increase the precision of
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themeasurementsllowing for generatn ofa morerobustsaturatiorcharacterization of
the BEL chamberit is worth nothing that characterizing supersaturation in diffusion
chambers is difficult, and a number of investigatorslesther diffusion chamber theory,
or derival an effective ice supersatur@ti by minimizing theoretical ice growth curves in
comparison to the data (e.g. Bacon et al., 2003).Regardlesagasurements will be
revisited using larger solution drops in the future to confirm and improve on current

results.

While the temperatur@ the chamber is well characterized and predicted by
diffusion theory, the saturation state is more highly variable and hence uncertain. The
variability in saturation state is not atypical of diffusion chamber measureraadtthe
range of possible erredetermined above will be used in the interrogation of the

laboratory growth data presented in the next chapter
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Chapter 3

Determining Critical Supersaturation and Deposition

Coefficients from BEL Chamber Data

3.1 Introduction

Ice crystal growth fromapor is a complex process because of the formation of
largely varied crystal shapes (Bailey and H§l2909) and the many gaps in
understanding the physics behind crystal growth (Libbrecht, 2005). The general crystal
shape is often characterized by apeas ratio (i=c/a) rooted in theébasal (hexagonal) and
prism (rectangular) faced a hexagonal particl@ he aspect ratio is a measure of the
crystal 6s pr iamhalf the distarce acroabasdl faace andis half the
height ofa prism fae. While temperature appears to define the primary habit of most
crystals at temperatures above ab@0t C, saturation determines the secondary habits of
ice crystals Fletcher, 1973Bailey and Hallett, 2009}-or instance, at temperatures
between12 'C and-16 'C, dendritic and stellar crystals form from the underlying
hexagonal plate structure. At temperatures HeaE, needle crystals appear as do
hollowed columns (see Fig 1.1). Moreover, crystals can take on multiple growth
characteristics if thegre transported to different growth environments. Plates may grow
in one region of a cloud (say-dt5 C), but columns will grow from the hexagonal ends
of the plates if they are advected into a temperature regime where columnar growth
dominates4 'C to -9 'C). For simplicity, thediscussiorbelowwill be limited to single

crystalsbecauseolycrystalline ice is more complex.
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The difficulty with all theoretical approaches to ice growth is that two problems
must be solvedhatof surface incorporatiqgmndthat ofvapor diffusion througliidryo
air (primarily moleculamitrogenandoxyger). The details of grface incorporatiolare
not well understood, and #as typically characterized by a growdfficiencycalled the
deposition coefficienty)) which varies between zero and unitidabit formation requires
the growth efficiency to be different for each axsthisis the only waythata particle
with a nonisometric shape can be producBdferences in the growth efficiency along
each axis influencthe diffusion of vapor to the particle, effectively coupling the surface
and diffusive processes that control grodh. Libbrecht 2005;Zhang andHarrington,
2013) The inherent difficulty with solving the combined growth problemwofold.
First, thediffusion problem must be solved for faceted crystals with sharp edges and
varied geometries for which no known analytical solutions exist. Second, a model of the
deposition coefficient that connects surface incorporation to the supersaturation field
abowe the crystal is requirdalit not yet developedifficulties in solving the diffusion
problemalong with uncertainties regarding how the surface should be modeled naturally
lead to the use of simple ice growth models in the atmospheric sciences. Mgny earl
models began by forcing the axis growth rates of crystals to be identical to those
measured in thiab (e.g. Cotton, 1972; Demott, 1994). Such methods allow multiple
crystal axes to grow, but were not mechanistic because the axis growth was fixed, and no
dependent on the evolving properties of the crystal. Hence, these methods were limited to
specific conditions. In addition, the use of two crystal axes was too complex for most

cloud modeling worlat that time

48



Simplified methodshat usednly a singleaxiswere developedsingthe
capacitance method as a way to solve the diffusion problem fesptwerical ice. The
simplest models used spherical approximations for ice particles with a reduced density,
and more complex versions related mass towittein-situ derived data (e.g. Mitchell,
1994; Walko et al., 1995; Woods et al., 2008). These methods are still generally
employed todayboth in numerical cloud models and in detailed studies of ice growth
More complete methods were later developed thatveddlwo axes of a spheroidal
model of ice (Chen and Lamb, 1994; Zhang and Harrington, 2013). These frameworks
are simplified, yetheyallow some freedom fahecrystal axes to evolve based on

surface physics (see below).

It is only recently that modelsexre developethat includedletailed theoretical
aspects of ice crystal surface physietare computationally efficient enough to be used
for single particle and parcel model studies. The hexagonal growth model of Wood et al.
(2001) is one example. Thisodel solves the growth problem by placing a triangular grid
over the surface of tHeasal angrism faces of a hexagonal crystaécausaet is able to
model hexagonal shapes through the use of triangular gnsigdetailed solutiorthat is
capableof implementingmodern theories for surface incorporatitiris however still
computationally expensive and limitedttee growth of asinglehexagonal prisnerystal.
Models (e.g. Zhang and Harrington, 2013) have been developed using parameterizations

to match the products dfexagonal models (e.g. Wood et al., 2001) and laboratory data.

Ice growth measurements are confinethilaboratory because in situ data
provides only a snapshot of a crystal at a given point in its growth histaitherefore

information on the growth ratésnot obtainabléBailey and Halldt 2009). Past
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laboratory datasets have been produmechultiple methodologies includirgnear
vacuum chambed(ffusion excludediby Libbrecht (2003), a wind tunnel combined with
levitaion by Magee (2006), and a diffusion chambeSkanson et al. (1999) aibg
Bailey and Halldt(2002,2004) A vacuum chamber is advantageousstodyingsurface
processes under pure water vapor conditibomsuch a situation, the low pressures
effectively remove diffusion and it is therefore surface kinegicgiethat control growth.
However vacuum chambers are faced with several limitations that insluloistrate
effectsand the lack of diffusiofalsoan advantagebecaus@assumptions must be made
in order to extend the measurements to atmospheric condAiddisionally,

observations may only begin after evacuation of the chartite¥efore allowing changes
to the particle to occur before the experiment bediiad tunnels are most
advantageous faiming studies (von Blohn et al., 200®) the diffusional growth of ice
near liquid saturation (Fukuta and Takahashi, 1888gee, 2006 Wind tunnels,

however are limited in application because theperiencdrouble producing high
supersaturationg éower temperatures (Magee, 2006). For the purposes of growing an ice
crystal from its inception in a stable, weharacterized environment analogous to the

atmosphere, a diffusion chamber is ideal.

A diffusion chamber éds r aiglomtad abtie mida x i mu m
point between its plates, and therefore a particle needsstallgsupported during
growthto keep the supersaturation of the environneeperienced by the particle
constantIn the past, glass fibers have been used as nuclesigwas well as a substrate
for growth (Bailey and Hallét2002). Substrate effects are suspected of accelerating

growth ratesnitially possibly due to a continuous ledge source at the point of contact
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(Libbrecht, 2003)At present, it is not known véther contact with the substrate
conditions the crystah such a wayhat its later growth is affected. Moreover, when the
crystals are relatively small their proximity to each other will affect the vapor fields of
their neighbors, and hence their growtleverthelessarguments have been made that
growth rates determined after the crystals have become suitablytarget affected by
the substrate areighboring particlesThis argument, howevedpes not apply to the
measurement of growth rates for $heaystals.Alternativelyto substrates
electrodynamic levitation has been used to hold particles in place without electrically
enhanced growtheing observe(Libbrecht and Tanusheva, 1998; Swanson et al., 1999).
The use of such a system with electrodethe growth region of the diffusion champer
however created vapor competitiafue tounavoidable ice growth on the electrodes

(Bacon et al., 2003).

In this study, a new diffusion chamber instrument featuring electrodynamic
l evitationonalkledttrobedenbetvi tati ond (BEL) ¢
15 pmradiug ice crystals. This chamber will serve as a laboratory data source for
analysis with and parameter determination for the new kinetically limited adaptive habit

(KLAH) model develgped by Zhang and Harrington (2013)

3.2 Modeling Methodologies the KLAH Method

To interrogate and interpréigice growth data from the laboratoeymodel is
required All prior lab studies have used the capacitance model for spherical ice growth
modified for constant deposition coefficients following the treatment in Pruppacher and

Klett (1997) for liquid drops (e.g. Magee, 20@krotzkiet al.,2013. This has been
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donedespitetheoretical ice growth research and careful lab stualiggestinghatthe
deposition coefficient depends on the supersaturation, and that a critical value of the
supersaturation typically controls growth (e.g. Lamb and Scott, XQ#Bpa and

Lacmam, 1982 Nelson and Knight, 1998; Libbrecht, 2003). Prior works that have
attempted to derive critical supersaturatigasd their relations to deposition coefficignts
have done so either through vacudmambemeasurement@o diffusion) Libbrecht

2003 or through methods that allow the growth of a facet to be detettiéeithe
supersaturation islowly increased (Lamb and Scott, 1972; Nelson and Knight, 1998).
model that connects diffusive growth to the predictions of deposition coefficients based
on temperature and supersaturation was not readily avatelever, andt was not

easily possible to connect deposition coefficients to critical supersaturations.

The Kinetically Limited Adaptive Habit (KLAH) modelolves the issuesutlined
above by connecting the axdependent diffusive fluxes along twaes(a andc) to a
model of the deposition coefficient thiatdependnt on the ambient and critical
supersaturations. Therefore, the madelsed here because it is uniquely suitestudy
growth at lowsupesaturationsCurrently, the capacitance model is in Reaiversduse
by the cloud modeling community (Pruppacher and Klett, 1997; Chiruta and Wang, 2005;
Meyers et al., 1997; Westbrook et al., 2008; Woods et al., 2008). The capacitance growth
model is derived from an electrostatic analogy with diffusibierethe capaitanceacts
as an analog to the crystal shape and #igdong as the capacitance is known, vapor
diffusion rates may be rapidly computddhe capacitance isftenprescribed for specific
conditions as determined in a laboratory (Westbrook 2@08;Westbrook and

Heymsfield, 2011). The capacitance model for vapor diffusion can be written in the form
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— 1* 6dhvoa & & Yh (3.1)

whereC(c,a) is the capacitance dependent on the particle &xas,the vapor diffusivity,
my is the molecular mass of water, is the far field vapor number density, énd Y
is the crystal surface equilibrium vapor number density that is dependent on crystal

temperatureT;) (Pruppacher and Klett997, p. 547).

The capacitance model fluxes, however, hold the aspec(iiatonstant in time
(Nelson, 1994Sdia and Harrington, 2011)n order to evolve the aspect ratihen and
Lamb (1994)ollowed crystal growth theoryandu | t i pl i ed t he capacit:

f or eagan @ in@ ratio {forth to produce their mass distribution hypothesis:
n ~~ s~
— — —kz34B Abh (3.2

wheres 4 = Uk the inherent growth ratio and is assumed to only depend on
temperature. This assumption was deemed to be a gagd@smnfrom comparisons of
habit evolution calculations to laboratory data at liquid saturation (Chen and Lamb, 1994

Sulia and Harrington, 2011).

The addition of surface kinetic resista
distribution hypothesis is the &ia for the KLAH model. The inclusion of surface kinetic
resistance for spherical particaswell documented (Lamb and Verlinde, 2011, 331
339) and served as a guide for repherical growth. Thephericalpproaclused here
divides vapor flow intotwo e gi on s : a kinetic redagtheoen withi
surface where surface kinetics limit growth and a continuum region considered to follow

diffusion theory (Zhang and Harrington, 2013). Theffeld diffusive fluxes provide a
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guantity of vapor flav to the crystal while nedreld kinetic theory fluxes determine mass

distribution along the axes.

Unlike spherical particles, the vapor density around a faceted ice crystal varies
with angle around the crystal. In order to account for-&esed growththe fluxesof a
spheroidal crystadlong thea- andc-axes from capacitance theory are modified to
include surface kinetic theory. To include surface kinetics, each axis is treated
independently and the kinetic theory fluxes are matched to the diffllskes ffor that
axis. This allows for the prediction of th
(no incorporation) and unity . drmd)nipd ete inc
deposition coefficients are then used to compute the oveffaion rate to the particle.
Despite the independent calculations of the deposition coefficients for each axis, the
growth rates matcto those computed with a detailedxagonamodel (Zhang and

Harrington, 2013).

The underlyingsurfacephysicsthat cottrol Uare not completely understood
(Libbrecht 2005) and sdJis often implementedsing simplifiedparameterizationsven
in detailed models like that of Nelson and Baker (1996). For molecular incorporation, the
two most common conceptual models considersiiirface to be a continuous source of
ledges due tecrewdislocationsor molecularly smoothequiring the nucleation d#vo-
dimensional (2D) islands to initiate growth (2D nucleatidviai(kov, 2003. These
processes are visualized in Figure. 3 simpegeneramodel for U is the

method used in Zhang and Harrington (2013), which originated with Nelson and Baker

(1996):
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— OAT E— 8 (3.3)

In this parameterization,ogy is the supersaturatiat the crystal surface (also
dependent casthe triical supersaturdion. It is thought that Sepends
primarily on the crystal surface and the temperatéi@.2D nucleation, §; is the
minimum supersaturation required to form 2[amls (Nelson and Baker, 1996nr
dislocation growth &; is not required because a defect is already present on the particle
surface, but it provides insight into the range of supersaturation where growth rates
increase more rapidiyn Eq. (3.3), the @arameterm, is used to roughly differentiate
between dislocation and 2D island growth. A valuenef 1 produces a continuous rise
in U (wit hea)consisteatiwithpermanedt ledd8sirton et al., 1951\hile

mvaluesb et ween 10 and 30 produce a very steep

Dislocation
MNew terrace — |
NS gie p ™~ Supersaturated

slafe

// Same .H\.I
Y. critical radii Equilibrium
\‘um___ ___---/ stafe

Figure 3.1.Schematic of the surface processe®ivied in(left) 2D nucleation growth angight)
dislocation growth. In 2D nucleation, islands form on the otherwise molecularly flat surface once
a critical supersaturation is reached. For dislocation, growth is steadier and varies in speed based
on supesaturation values. (Lamb and Verlinde, 2011, Bi6)
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nucleation growth (Nelson and Baker, 1996). Valuas between 1 and 10 have been
suggested to describe additional surface types. Zhang and Harrington (2013) used a value

of m= 15 to derivecritical supersaturations from the growth data of Libbrecht (2003).

Experimentallyderived values for & are sparse at low temperatures. Goerce
of laboratory dat#s Libbrecht (2003), where.s was found to be nearly identical for
eachcrystal facetIn contrast, Zhang and Harrington (2013) derived typ\@lues (one
for each axis) by usintheKLAH modelt o  m avalwesmedsured by Libbrecht
(2003)following the parametric approach aboVdis was done witin= 15as the data
from Libbrecht (2003) sugge®D nucleatioras the primary growth mechanism at all
temperaturedt is important to note the défences in the two approach&ke analysis
of Libbrecht (2003suggests thdtabit variatioroccursthrough differences in the leading
coefficientA(T) for 2D nucleation wittEq. (3.4). This is an alternative parameterization
method to Eqg. (3.3 which A(T) was determined to provide the best fit to laboratory

data, where
| 0 "'YAgDPp—. (3.4)

However, he parametric method utilized theKLAH model(Eq. 3.3) has a leading
coefficient that depends onr.Sand not A(T) hence habit variation depends only Qi S
in this model. While this is incorgtent withL i b b r @@038) tmdadsl, evidence from
prior lab studies dsssuggest that habit variation may depend primarily gn(&.9.
Lamb and Scott, 1972; Nelson and Knight, 1998). Moreovetetuting coefficient in
Li bbr echt 6 sthalcdht®ol® Bapit variatidreid due tbe manner by which the

data were fitted. Unlike parametric modelad in contrast to classical 2D nucleation
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