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ABSTRACT
The particle-averaged deposition coefficient of ice ( ) influences the evolution of cloud
microphysics, cloud structure, and cloud dynamics (Lin et al., 2002; Gierens et al., 2003; Kay and
Wood, 2008; Harrington et al., 2009), yet most models assume a deposition coefficient of unity.
The deposition coefficient of ice remains relatively uncharacterized over the broad ranges of
temperature and supersaturation characteristic of atmospheric clouds. Early laboratory studies
provide values of the deposition coefficient that range from

to

at temperatures of

to

(Haynes et al., 1992; Pruppacher and Klett, 1997). More recent studies (Magee et al.,
2006) suggest a deposition coefficient of

at temperatures near

.

Here we introduce a new Button-Electrode Levitation (BEL) device coupled with a
parallel plate thermal-gradient diffusion chamber to achieve electrodynamic levitation and growth
of small

) ice crystals. The lack of a supporting substrate ensures that the

particle growth depends only on the surface properties of ice. By controlling the temperature
difference between two ice-coated copper plates, a wide range of temperature and supersaturation
is achieved. Commercially available SNOMAX is added to pure water at ∼

to aid in

nucleation at higher temperatures and the growth of levitated ice crystals is observed at
temperatures as low as

.
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Chapter 1

Introduction

Crystal Growth Theory
A close look at your sleeve in a snow storm will reveal a stunning array of crystal forms,
many more than just the idealized ―six-point‖ snowflake. In fact, one is likely to see a broad
range of intricate, sometimes exotic, shapes and sizes. These various shapes are tangible proof of
the complex processes of vapor-grown ice crystals in our atmosphere. From simple plates and
columns to delicate dendrites and needles, the basic habits of ice crystals can be quite different
depending upon the environments in which they grow. Because ice crystals rarely remain
spherical, water vapor must be taken up more efficiently on some faces as compared to others. Ice
Ih has a hexagonal structure, and is the ―normal‖ form of ice that occurs at most atmospheric
temperatures (Figure 1-1).

Figure 1-1: The simple hexagonal prism is the basic form of ice Ih found in our atmosphere. The
major axes, dimensions, and primary growth faces labeled above will be referred to throughout
this paper.
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A simple hexagonal crystal is composed of six prism faces capped on either end by two
basal faces. The primary growth axes are shown in Figure 1-1. Growth along the c axis is
perpendicular to the basal face, whereas a axis growth is parallel to the basal face and directed
toward a point on the hexagon. The primary habits of ice are defined by their aspect ratio ,
where

. When

the particle is plate-like and when

the crystal resembles a

column. The primary habit is a function of ambient temperature whereas the saturation state
defines more complex growth forms such as dendrites and needles (Figure 1-2) (Nakaya, 1954;
Hallett and Mason, 1958; Kobayashi, 1961).

Figure 1-2: The snow crystal morphology diagram shown above depicts some of the common ice
crystal growth forms found in the atmosphere. Simple growth forms, such as basic plates and
columns, have a strong functional dependence on temperature. Increased supersaturation with
respect to ice will cause more elaborate growth forms, such as dendrites and needles (Libbrecht,
2005).
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As seen in Figure 1-2, crystal growth forms in air resemble plates at
columns at
below

, plates from

,

, and a mix of columns and plates

(Kobayashi and Kuroda, 1987; Bailey and Hallett, 2004). The differential

uptake of water vapor, which is thought to determine the primary habits of ice, is driven by
surface physics. For a water vapor molecule to build into the crystal, an attachment point must be
reached before the molecule desorbs from the surface. Only a fraction of molecules find and
incorporate themselves into these attachment points; consequently, not all molecules incorporate
into a growing face. This fraction is parameterized by the deposition coefficient ( ) and it
characterizes a kinetic resistance to growth at the crystal surface.
The deposition coefficient is the ratio of impinging water vapor molecules that are
incorporated into the ice crystal lattice to the total number of water vapor molecules which reach
the surface. Values of

may range from , or no molecular incorporation, to

for which all

impinging water vapor molecules are incorporated into the lattice. One can quantify primary habit
development through the deposition coefficients

and

over the crystal‘s basal and prism

faces, respectively. How water vapor molecules incorporate into an ice crystal lattice is still a
topic of research (e.g., Nelson and Knight, 1998; Libbrecht, 2008), however, the basic ideas are
relatively straightforward (Figure 1-3). Once adsorbed onto the crystal surface, admolecules
move about until either desorbing or reaching a kink site - a favorable location on the crystal
surface with increased edge free energy (Hobbs and Scott, 1965).
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Figure 1-3: Idealized here as small cubes, admolecules arrive on the crystal surface according to
the bulk water vapor flux ( ). Here represents the flux of admolecules toward a molecular step
and
is the mean migration distance an admolecule travels before desorbing back to the
surrounding vapor field (Markov, 2003, pp. 194).
Nelson and Knight (1998) suggest three regimes of crystal growth: growth at a rough
surface, growth controlled by screw dislocations, and growth controlled by layer nucleation (2-D
nucleation). Many studies have suggested layer nucleation to be the primary growth mechanism
of ice crystals, (Keller et al., 1980; Kuroda, 1982; Kuroda and Lacmann, 1982; Fukuta and Lu,
1994; Nelson and Baker, 1996; Nelson and Knight, 1998) pointing to the low supersaturation at
the crystal surface of ∼1% required in some cases to produce a critical embryo (Fukuta and Lu,
1994; Nelson and Knight, 1998). Nelson and Knight (1998) found that surface supersaturation
( ) was an important parameter for ice crystal growth, showing that critical supersaturations for
basal (

) and prism (

) faces crossed at two key temperatures,

coincide with primary habit shifts seen in morphology diagrams.

and

. These points
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Due to rapid depletion of the surrounding water vapor by the growing crystal,
less than the ambient saturation (

is much

). To be consistent with layer nucleation theory, however,

must be slightly larger than the smallest critical saturation. This causes

to remain close to the

smallest critical superstation, and so nearly all growth can occur on one face and little on the
other (Nelson and Knight, 1998). This result differs greatly from that of Libbrecht (2003). He
concludes that the critical supersaturation over basal and prism faces is nearly equivalent and
roughly monotonic over a large range of temperature. Libbrecht (2003) speculates the differing
conclusions are produced by diffusion-limited growth and are due to the experimental conditions
of Nelson and Knight (1998).
While some research focuses attention on the physics of molecular incorporation, other
work strives to provide an all-encompassing crystal growth theory which is simple enough to use
in cloud models while reflecting the habit dependence of ice on temperature. In one such study,
Chen and Lamb (1994), introduced a parameterization of ice crystal growth and habit evolution
that captures the first-order processes, although much of the detailed physics of other theories are
left out. Rather than calculating the vapor flux over each face, the Chen and Lamb (1994) model
accounts for the total molecular flux at the vapor-solid boundary assuming that the crystals may
be approximated as spheroids. Justification for the use of spheroids was provided by Jayaweera
and Cottis (1969) who showed that spheroids can be used as analogs to simple plates and
columns. Moreover, spheroids can be used to approximate a wide variety of complex particles,
such as dendrites and rosettes, where the details of crystal growth are unknown but a suitably
simple approximation is still required. In Chen and Lamb‘s (1994) theory, the distribution of
mass on each axis is controlled by the inherent growth ratio

, which is consistent

with existing habit diagrams. They also show that the ratio of the linear growth rates can be
simplified to
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.

(1.1)

This equation can be derived directly from the capacitance model for crystal growth.
Physically, multiplying

by

captures the fact that crystals tend to retain their shape as they

grow. This parameterization differs from that offered by Nelson and Knight (1998) in which they
assume a constant vapor flux over each face. Each face then grows at a constant rate determined
by its deposition coefficient. In this case the ratio of the linear growth rates is expressed as
,

(1.2)

which in our notation is equal to the inherent growth ratio . Although both formulations cannot
be simultaneously correct, there is a possibility that Nelson and Knight‘s (1998) may be correct at
low supersaturations while Chen and Lamb‘s (1994) may be correct at high supersaturations
(water saturation).
Testing our existing theories requires a systematic approach through carefully designed
laboratory experiments. Due to the difficult nature of in situ ice growth studies, laboratory
measurements are necessary to provide a controlled and well-defined environment in which to
test them.

Laboratory Measurements
Often times a fundamental disconnect exists between lab experiments that measure mass
growth rates, crystal growth theory, and the use of approximate representations of ice growth
from vapor in cloud models. While the importance of

to cloud processes is well documented

(Lin et al., 2002; Gierens et al., 2003; Kay and Wood, 2008; Harrington et al., 2009), there
remains a great deal of uncertainty as to what value of a particle averaged
include it in cloud models. Laboratory studies currently offer values of

to use and how to

ranging from

to
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(Haynes et al., 1992). An example of this spread in the data is seen in Table 1-1 (Pruppacher and
Klett, 1997). Deposition coefficient values generally trend from near zero at higher temperatures
to unity at lower temperatures.
Haynes et al. (1992) measured the deposition coefficient of ice at low temperatures
) and found
from

at -

decreased linearly with increasing ice surface temperature

to

at -

. Unfortunately, the study was

limited to only these very low temperatures and, while providing interesting information, did not
encompass common tropospheric conditions.
Table 1-1: Accomodation coefficient (deposition coefficient),
surface. Adopted from Pruppacher and Klett (1997).

, for water molecules on an ice

A recent laboratory study by Magee et al. (2006) suggests inefficient growth at low
supersaturations. They obtained a deposition coefficient of
growing at

for a particle

. In these experiments particles were nucleated and levitated in a vertical wind

tunnel while the saturation ratio over ice was systematically varied from

to

. While the

experiments of Magee et al. (2006) only exposed particles to modest supersaturations, Isono and
Iwai (1969) achieved supersaturations much greater than 100% and in turn found higher
deposition coefficients although still less than

.
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The results of Magee et al. (2006) are consistent with the ideas of Gierens et al. (2003)
who suggest small particles (or small facets) reduce growth efficiency. Small facets may be
relatively free of screw dislocations and will have a lower probability of nucleating critical
embryos needed for layer nucleation and growth, the chances of which scale with area of the facet
and increase with local supersaturation.
The particle-averaged deposition coefficient depends only on the total number of vapor
water molecules that incorporate into the crystal lattice regardless of the location on the crystal.
An alternative approach is to grow simple columns and plates, while measuring the growth
velocity of a single crystal facet. Effectively doing so provides information on

and

, the

There have been many attempts to measure crystal growth velocity, and hence

and

deposition coefficients over the basal and prism faces respectively.
,

in the literature using a variety of unique techniques (e.g., Lamb and Scott, 1972; Beckman et al.,
1982; Nelson and Knight, 1998; Libbrecht, 2003; Libbrecht, 2009). Detailed measurements of
and

at temperatures of

and

for simple needles and plates have been collected by

Libbrecht and Arnold (2009). Libbrecht and Arnold (2009) grew crystals in a convection
chamber driven by the instability of a heated water reservoir (Libbrecht and Morrison, 2008).
Rapidly expanding gas is used to nucleate particles, which are allowed to grow while in free-fall
for a period of

to

minutes. A small glass substrate at the bottom of the chamber collects

falling particles and the crystal dimensions are measured using both direct imaging and
interferometry (Libbrecht and Morrison, 2008). As one might expect,
temperatures around

is greater than

for

which coincides with the needle peak of the morphology diagram.

Figure 1-4 shows the -dependence on surface supersaturation for both basal and prism faces at
.

9
A physical interpretation of Figure 1-4 is not provided by Libbrecht and Arnold (2009)
but a feasible explanation may be the following. When surface supersaturations are low, the
deposition coefficients over each face are relatively high. Low surface supersaturations indicate
small amounts of excess vapor, which implies that a relatively large fraction of impinging water
vapor is being incorporated into the crystal lattice. Molecular incorporation of water vapor at
these low surface supersaturations is likely due to a set number of steps formed during nucleation.
As the surface supersaturation increases, less of the total excess vapor is incorporated into the
available steps and the deposition coefficient over each face decreases. Once the surface
supersaturation reaches the critical supersaturation required for two-dimensional nucleation, a
balance is reached between the increasing area of the growth steps and the increasing surface
supersaturation. This balance is seen in Figure 1-4 as the deposition coefficient becomes
relatively constant over each face.

Figure 1-4: The -dependence on surface supersaturation for columnar ice crystals grown at
(Libbrecht and Arnold, 2009).
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Similarly,

and

have been obtained for ice crystals growing at

which

coincides with plate-like growth in the morphology diagram, though this temperature is quite
close to the column-to-plate transition. As expected at this temperature,

is larger than

,

although both ‘s seem to converge as the saturation level increases (Figure 1-5).

Figure 1-5: The -dependence on surface supersaturation for plate-like ice crystals grown at
(Libbrecht and Arnold, 2009).
A physical mechanism for converging ‘s is not discussed by Libbrecht and Arnold
(2009) but a possible mechanism for this behavior may be the following. The decrease in the
deposition coefficient over the prism face causes an increase in supersaturation over that face.
One can imagine a case near this transition temperature where a lateral vapor gradient forms
between the basal and prism faces. Excess vapor from the basal face (smaller deposition
coefficient) then moves toward the prism face (larger deposition coefficient). The excess vapor
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over the prism face causes

to decrease while

increases. It would be interesting to

see whether the deposition coefficients over each face converge as supersaturation rises, leading
to isometric growth which might be expected near the habit transition.
A similar study was conducted by Libbrecht et al. (2008) over broad ranges of
temperature and supersaturation (Figure 1-6).

Figure 1-6: Filled dots depict a temperature and supersaturation pair at which measurements
were taken. Unfilled dots represent conditions under which no crystals could be grown.
(Libbrecht et al., 2008).
A graphical summary of the measured -dependence on temperature over a range of
supersaturation is shown in Figure 1-7. General agreement with known crystal morphology
diagrams can been seen with growth efficiency peaks collocated with known primary habit peaks.
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Figure 1-7: A graphical summary of measured
ranges of temperature (Libbrecht et al., 2008).

(

) and

(

) values over broad

While recent laboratory measurements are useful in helping to understand basic crystal
growth dynamics, a theory to explain ice crystal growth as a function of temperature and
supersaturation remains elusive. The deposition coefficient has long been recognized as an
important ice growth parameter with far reaching radiative and dynamical effects, however,
current cloud models often consider

to be constant, and in some cases omit it altogether.

Modeling
It has been hypothesized that the deposition coefficient is a function of temperature,
supersaturation and particle size (Sei and Gonda, 1989; Lamb and Chen, 1995; Nelson and
Knight, 1996; Libbrecht, 2003; Harrington et al., 2009). Kay and Wood (2008) suggest that
increases with ice supersaturation and/or decreases with ice particle size. Libbrecht (2008) has
made compelling arguments for the importance of gaseous impurities in determining crystal
growth morphologies and suggests that the classic morphology diagram would be markedly
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different in perfectly clean air. More-recent studies also allude to the possibility of feedbacks
between the deposition coefficient, cloud microphysics, cloud structure, and cloud dynamics
(Harrington et al., 2009). Varying values of the deposition coefficient may produce substantially
different simulated cloud environments. Lin et al. (2002) showed ice particle concentrations ( )
displayed a great sensitivity to the deposition coefficient. Their study found that
only slightly over deposition coefficients between
increase

will vary

and , while small changes in

below

drastically. This effect is explained by the exponential dependence of the

homogeneous freezing rate (

on the supersaturation with respect to ice ( ). As

decreases, ice particle growth becomes less efficient, which causes the supersaturation to
increase. An increase in supersaturation then drives up nucleation rates, and thereby
exponentially increases

.

The INterhemispheric differences in Cirrus properties from Anthropogenic emissions
(INCA) field campaign (Kärcher and Ström, 2003) produced simultaneous measurements of
mean ice concentration ( ), aerosol concentration (

), temperature ( ), and updraft speed ( ).

In order to match these observations Kay and Wood (2008) required
suggested by Magee et al. (2006) produces

, while

as

an order of magnitude larger than INCA

observations. Furthermore, adding the effect of ice crystal shattering by the aircraft probes (e.g.,
McFarquhar et al., 2007) and ―aging‖ of ice crystal size distributions only serves to reduce
further, which necessarily increases

values required to match measurements (Kay and Wood,

2008). Kay and Wood (2008) also point out the sensitivity to
allow for a greater range of deposition coefficients
with observed

( to

) which would

while remaining consistent

.

Simulations by Harrington et al. (2009) showed that smaller

tended to produce

cirrostratus or cirrocumulus clouds with higher ice particle concentrations, inefficient growth, and
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low precipitation rates. Larger

) produced clouds with smaller

and larger

precipitation rates more common to cirrus uncinus. The development of cirrus uncinus produced
a scenario with smaller cloud fraction and shorter lifetime due to fallout. The nonlinear
dependence of cloud properties on the deposition coefficient produces a very difficult problem for
cloud simulations. Until a proper representation of the deposition coefficient can be found which
accounts for its dependence on temperature, supersaturation, particle size and so forth, cloud
simulations will continue to lack an important connection to the microphysical level of ice
growth.
While few cloud models parameterize the effects of ice surface kinetics, others do not
even have the capability to predict habits. The

and axes are not predicted in dynamic cloud

models (with the exception of Hashino and Tripoli, 2007) due to the large computational costs.
Carrying ice water mass and number concentration, most bulk microphysical models predict only
one average size (e.g., Ferrier, 1994; Walko et al., 1995; Meyers et al., 1997). Also, most bin
microphysical models carry only the maximum dimension of the crystal (e.g., Reisin et al. 1996),
and in many models the particles are assumed to be spherical (e.g., Morrison et al., 2005a;
Fridlind et al., 2007). The question now becomes how a particle-averaged deposition coefficient
can be used in cloud models, while still allowing for ―realistic‖ habit formation and evolution as
predicted by the more detailed models. This can be achieved with Chen and Lamb‘s (1994) mass
growth hypothesis at water saturation, but must be modified for kinetic effects at low saturations
(Zhang and Harrington, 2010). To improve upon the current ice parameterizations, we require an
extensive data set of the particle-averaged deposition coefficient over large ranges of temperature
and supersaturation, which is still currently unavailable.
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Chapter 2

Experimental Design
A better understanding of the basic physics of the morphology diagram may only be
obtained through careful laboratory measurements which improve on past techniques and provide
growth conditions similar to those of the atmosphere. These underlying physics contain a host of
mysteries, and pose several still-unanswered questions. The apparatus described in this chapter
was designed precisely to help answer these questions. Stable single-particle levitation has
proven to be useful in many scientific applications, but common electrode configurations pose
problems of unwanted ice growth in supersaturated and subfreezing environments. Due to these
difficulties there have been very few ice growth studies which utilize single particle levitation.
What follows is a brief history of the parallel-plate diffusion chamber and single-particle
levitation systems from which our chamber draws its inspiration, followed by an in-depth
description of the new button-electrode levitation (BEL) design. This novel BEL design has been
coupled with a classic parallel-plate diffusion chamber to provide accurate mass growth rates
over broad ranges of supersaturation and temperature.

Particle Levitation
Modern single-particle levitation owes its success to Robert A. Millikan and his famous
oil drop experiments of 1910. Using an atomizer, Millikan introduced a fine mist of oil droplets
into a space above an air condenser made from two circular brass plates and held apart by an
electrical insulator. A small pinhole allowed a number of droplets to fall into the chamber where
they were accelerated toward the bottom plate by gravity. Before reaching the bottom plate an
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electric field varying in strength from

to

was applied between the two plates

providing a resorting force against gravity for droplets of the correct charge (Millikan, 1910).
Due to the uniformity of Millikan‘s chamber, levitated particles were not stable to vertical or
horizontal perturbations of position. To account for particle drift, a colleague of Millikan‘s
modified the initial design by adding a component which created a radial potential gradient and
provided lateral stability. Millikan‘s first experiments using his electrostatic balance were done
using water, but he soon changed to oil droplets after having problems with droplet evaporation.
Subsequent to the Millikan Oil Drop Experiment (MODE), various techniques for singleparticle levitation were introduced for application to studies including aerosols, mass
spectrometry and ice crystal nucleation. In 1953 Paul and Steinwedel were credited with the
introduction of the quadrupole ion trap, although other groups around this time had developed
similar ideas (March and Todd, 2005). The electrode arrangement of the Paul and Steinwedel
quadrupole mass spectrometer is shown in Figure 2-1. With this configuration a particle may be
trapped along the central x-axis by a cylindrically symmetric electric field (Paul and Steinwedel,
1960).

Figure 2-1: Original design drawing of Paul and Steinwedel‘s (1960) quadrupole trap.
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Charged particles launched down the central axis of a quadrupole trap are stabilized by
sinusoidally time-varying forces in the and

directions, the strengths of which are dependent

on a particles distance from the x-axis. A visualization of the potential function between the
electrodes of a quadrupole trap can be seen in Figure 2-2. In Figure 2-2 the quadrupole trap has
been turned on end, and the hyperbolic electrodes have been replaced by the more commonly
used cylindrical ―pole‖ electrodes. By applying an alternating current voltage to each pair of
opposing electrodes a well-defined null point forms in the electric field that is collocated with the
central axis of the electrodes. Once trapped, a particle will experience a net time-averaged
horizontal restoring force aligning it with the null point. At the time shown in Figure 2-2 the
particle, represented by the small white circle, experiences a potential well in one plane and a
potential drop in the other. Before the particle is drawn toward either direction in the plane of the
potential drop, the potential surface will invert at a rate according to the AC frequency applied to
the electrodes. This behavior provides a stable saddle point, trapping the charged particle.

Figure 2-2: The three-dimensional potential function calculated for an ideal quadrupole trap.
Here, a hypothetical particle is shown as a white circle located at the null point. The arrows
represent the instantaneous unstable directions.
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Many groups have modified the design of Paul and Steinwedel by turning it on end and
adding a fifth electrode carrying direct current voltage to counter gravity, drag effects or both
(e.g., Hu and Makin, 1991; Magee et al., 2006). Other electrode configurations achieving
electrodynamic levitation, including octopole (Zheng et al., 2001), spherical void (Carleton et al.,
1997), cubic cell (Shaw et al., 1999) and ring designs (Swanson et al., 1999), have been used to a
similar effect.
Single particle ice growth within an electrodynamic balance (of any configuration) offers
the ability to monitor the growth history of a single ice particle in a well-defined environment,
something that cannot be done in the atmosphere. Despite many years of single particle levitation
experiments, there are very few studies which take advantage of levitation techniques while
growing ice. A primary reason for this is the difficulty of creating and maintaining a known
supersaturation at sub-freezing temperatures.
One of the first known ice growth studies using single-particle levitation was conducted
by Swanson et al. (1999), in which they developed a ―double-ring double-disk‖ levitation system
and produced supersaturation by housing the electrodes in a thermal diffusion chamber (Figure 23). Several particles were grown and sublimated within the chamber of Swanson et al. (1999);
however, the humidity at the location of the particle was not well defined. The aspect ratio of the
chamber was

which meant the temperature and humidity characteristics of the sidewalls could

influence the growth conditions of the particle in unquantifiable ways (Elliot, 1971). Furthermore,
the levitation electrodes are located in a region of high supersaturation and in close proximity to
the growing particle. While it is noted that a surfactant was applied to the electrodes to inhibit
spurious ice growth, the extent to which this was successful and a quantification of vapor
competition effects was not discussed. Therefore, the results are likely not sufficiently accurate
to determine the deposition coefficient. Subsequent experiments with this apparatus are
discussed in Bacon et al. (2003) during which they observed frost formations on the inner walls
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of the chamber as well as on the ring electrodes themselves. The supersaturation during these
experiments never exceeded

and higher supersaturations would only increase unwanted ice

growth.

Figure 2-3: The ―double-ring double-disk‖ ice particle growth chamber designed by Swanson et
al. (1999). Ice particle levitation is achieved between the ring electrodes, and supersaturations are
maintained through thermal gradient diffusion from the upper to lower vapor source regions.
Ice growth experiments performed by Magee et al. (2006) first utilized a cubic levitation
cell coupled with a vertical flow wind tunnel, but also had problems with vapor growth of ice on
nearby electrode surfaces. In this case growth occurred on the bottom (upstream) electrode of the
cubic design. By altering their design to a five-electrode quadrupole arrangement similar to Hu
and Makin (1991), this effect was greatly reduced, but unlikely eliminated.
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In order to eliminate this source of error, it is necessary to augment current levitation
electrode designs to remove them from regions of high saturation. A way to limit the effect of
vapor competition between the electrodes and the growing particle is to increase the distance
between them. Stable levitation regimes in a quadrupole design, however, are based on the ratio
of the electrode radius to the distance to the particle. By increasing the spacing of the four
electrode poles one must compensate by increasing the pole diameter, which in turn increases the
surface area of the unwanted vapor sink. With larger electrodes, any benefit gained by farther
spacing may be compromised and therefore does not provide a complete solution to the problem
of unwanted ice growth.

Thermal Gradient Diffusion Chambers
The first thermal gradient diffusion chamber was built by Alexander Langsdorf in 1939,
when he introduced his ‗Diffusion Cloud Chamber‘. Langsdorf noted that his apparatus would
maintain a supersaturation by ―the steady diffusion of an initially warm saturated vapor
downward through a non-condensing gas to a horizontal refrigerated plate‖ (Langsdorf, 1939).
While Langsdorf‘s diffusion chamber was used to study cosmic radiation, this new technique for
developing supersaturation caught the attention of the cloud physics community. Those
interested in the study of cloud condensation nuclei (CCN) found that the thermal gradient
diffusion chamber provided a stable, well-defined region of supersaturation that could be used to
determine the activation spectrum of atmospheric aerosols. Increasing use of this method led to
improvements on the static design to incorporate a continuous flow sampling technique
introduced by Storozhilova (1961). Many interesting modifications to these basic diffusion
chamber designs have been described in the literature, including: horizontal thermal gradients
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(Fukuta and Saxena, 1979; Schaller and Fukuta, 1979; Hudson, 1989), annular gaps (Rogers et
al., 2001; Salam et al., 2006) and columnar chambers (Roberts and Nenes, 2005).
Operating these chambers at sub-freezing temperatures allows for the study of ice
nucleation, growth, and habit formation. The walls of an ice thermal-gradient diffusion chamber
function analogously to those operating at temperatures above freezing, providing a well-defined
region that is supersaturated with respect to ice. For the long experimental times experienced by
an ice particle in these types of chambers, a thin hydrophilic fiber is strung between each plate to
provide a site for the particle to nucleate and grow. The fiber, most commonly drawn from
heated glass, provides ubiquitous sharp edges and fissures in which ice embryos form (Bailey and
Hallett, 2002) (Figure 2-4).

Figure 2-4: The thermal gradient diffusion chamber used by Bailey and Hallett (2002, 2004). The
crank thermocouple allowed mapping of temperatures throughout the chamber. Ice particles were
nucleated and grown on the central glass filament.
The most comprehensive set of ice growth experiments utilizing substrates in a thermal
diffusion chamber were performed by Bailey and Hallett (2002, 2004) over a wide range of
temperatures from

to

. Arguing for the validity of using a drawn glass substrate as

a growth surface, Bailey and Hallett (2002) point out that the glasses used for their substrates are
composed of a mixture of silica and metal oxides, similar to aerosols originating from crustal
materials. The glass filaments have a much larger diameter than common ice nuclei, but Bailey
and Hallett suggest this may be compared to large clay particles, which when acting as ice nuclei
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may be much larger than a critical ice embryo. Substrate-particle interactions have, however,
been shown to create systematic errors in measured growth rates (Beckmann et al., 1983; Nelson
and Knight, 1998). In fact, Libbrecht (2004) suggests that substrate interactions can cause an
increase in growth rates of up to - times that of substrate-free growth. It is thought that the
increased growth rate may be caused by an increase in molecular steps on the facet in contact
with the substrate.
Ice nucleation in the chamber of Bailey and Hallett (2002, 2004) was achieved through a
slight adiabatic expansion, raising the saturation level to the critical supersaturation long enough
for ice to form before returning to the preset ambient pressures. Nucleation occurred on the most
active nucleation sites first, but inspection of photographs taken during growth reveal neighboring
crystals that compete for the available vapor. In some cases particles at active sites were assumed
to be given a ―head start‖ and were grown free of vapor competition while creating a vapor
―shadow‖ to nearby crystals (Bailey and Hallett, 2004). Bailey and Hallett (2004) also noted that
at higher supersaturation levels vapor competition was difficult to avoid until certain particles
grew faster than others (further from the glass filament) and into a region of less vapor
competition.
Necessary improvements in single particle levitation techniques would include removing
the substrate entirely and levitating a single isolated particle. Doing so removes any nucleation
and habit bias due to substrate interactions, and fosters growth conditions free of vapor
competition from neighboring particles.

Button-Electrode Levitation Design
After a thorough study of both levitation and cloud chamber designs, we developed a new
way to combine single particle levitation with a well-characterized crystal growth environment.
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This new Button-Electrode Levitation (BEL) chamber introduces a novel electrode configuration
in tandem with a traditional thermal gradient diffusion chamber (Figure 2-5, Figure 2-6).

Coolant Reservoirs

Copper Plates
Collimating Lens

Figure 2-5: The BEL design housed within a classic parallel-plate thermal gradient diffusion
chamber. Also pictured is the collimating lens, and the upper and lower copper plates which are
cooled by their respective coolant reservoirs.
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Microscope

Electrode Connections

Droplet Launch Location
Coolant Tubes

Illuminating Laser

CCD Camera
Figure 2-6: A top view of the BEL chamber. Also pictured are the illuminating laser, CCD
camera, microscope, coolant tubes, electrode connections and droplet launching location.
Inspiration for the Button-Electrode Levitation (BEL) design was drawn from experience
with standard quadrupole levitation and, in practice, performs much like other proven fiveelectrode systems: four pole electrodes for lateral stability and a fifth ‗z‘ electrode (in our case
the lower copper plate) to counter gravitational and/or drag forces. The outstanding difference
between the traditional five electrode designs (i.e., Hu and Makin, 1991) and the BEL design is
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the location of the particle during levitation. Rather than being confined between the four pole
electrodes, the BEL design allows the particle to levitate below the pole electrodes (Figure 2-7).

Figure 2-7: The schematic on the left shows the standard quadrupole electrode configuration.
Here particles levitate between the four pole electrodes. The schematic on the right depicts the
BEL design in which the particle levitates below the shortened button-electrodes.
With the capability to levitate a particle below the ends of the four pole electrodes, the
length of the electrodes was reduced. By shortening the pole electrodes to compact cylindrical
plates the new configuration can be attached to the upper plate of a standard thermal gradient
diffusion chamber while retaining the required aspect ratio. Figure 2-8 below, depicts one of our
button-shaped electrodes which is all that remains of the original standard quadrupole design.
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Figure 2-8: Two views of our new button-electrodes: a top view (upper diagram) and a vertical
cross section (lower diagram).
Each button-electrode has a diameter of

in, and is electrically insulated from the

upper copper plate of the diffusion chamber by a thin delrin washer. Button-electrodes positioned
diagonally from one another are electrically connected, as well as

out of phase with the

adjacent electrode pair. The button-electrodes are spaced according to the ratio
,
where is the radius of an electrode and

(2.1)
is the shortest distance from the central levitation axis

to the edge of an electrode (Figure 2-9, Figure 2-10). Rigorous studies of quadrupole mass filters
performed by Gibson and Taylor (2001) showed that a maximum levitation stability is achieved
when this ratio lies within the range from

to

while other theoretical estimates suggest a

slightly higher value (i.e. Hu and Makin, 1991a). Tests of particle stability with the current ratio,
however, also exhibit excellent particle stability.
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Figure 2-9: Schematic depicts the button-electrode configuration of the upper plate electrodes
responsible for lateral stability of the particle.

Figure 2-10: Picture of the under-side of the upper plate of the diffusion chamber. The four
button-electrodes are positioned around a central particle-launching hole. The outer recessed
circle locates the Plexiglas® ring which defines the active diffusion chamber.
The bottom copper plate of the diffusion chamber acts not only as a vapor sink but dually
functions as our ―fifth electrode‖. This is accomplished by applying an adjustable direct current
voltage to suspend the growing particle, countering gravity as well as changes in particle mass.
By adjusting the DC voltage through the bottom plate, the particle‘s vertical position within the
chamber is controlled, maintaining its position at the center of the chamber.
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Thermal Energy and Vapor Diffusion
The upper and lower copper plates, which form the top and bottom end-caps of the
diffusion chamber, are responsible for thermal conditioning of the chamber (Figure 2-11).
Copper was chosen for its high thermal conductivity (

), helping to reduce internal

temperature gradients within the plate which cause uncertainties in the calculated temperature at
the location of the growing particle.

Figure 2-11: The rounded square above defines the outer edges of the upper copper plate. The
solid inner ring defines the location of the Plexiglas®. The five circles in the center of the plate
define the locations of the four levitation electrodes (outer circles) and the central access point
(inner circle) where the particles enter the diffusion chamber.
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The copper plates are

thick and generally circular with a radius of

. Flat faces

have been machined on four sides to create convenient attachment points for optical components,
including microscopes and lenses, while preserving symmetry.
The plates are held

apart by four delrin spacers. A gap of

allows for large supersaturations with respect to ice at its centerline while providing ample room
for particle growth and optical access to the particle. Located between the copper plates is a
Plexiglas® ring (Figure 2-12) whose inner edge defines the radius of the active diffusion chamber
at

.

Figure 2-12: Two views of the Plexiglas® ring which separates the upper and lower copper
diffusion plates. The top view (left) shows the locations of the four viewing windows through
which particle sizing and monitoring are done. A side view (right) shows how the viewing
window size is determined by a central angle of
.
The inner surfaces of the upper and lower copper plates are coated with ice by saturating
diameter pieces of filter paper with deionized water and applying them to the copper
surface. The wetted filter paper clings to the copper plates until the temperature of the plates is
sufficiently low enough to freeze them into place. The ratio of the ice surface radius to the
separation of the plates has been discussed by many authors; in our studies this aspect ratio is
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~

. Twomey (1963) was among the first to suggest that diffusion chambers must be short and

wide in order to avoid wall effects, noting in his studies that

was insufficiently large. Later,

Elliott (1971) calculated the required dimensions to produce the theoretical supersaturation
profiles at the centerline. Elliott (1971) showed that chambers should be between

and

tall and that the aspect ratio should be no less than

or larger.

with a preferred ratio of

Supersaturation at the levitated particle in our chamber is achieved through static vertical
thermal gradient diffusion. The top plate is held at a higher temperature,

, than the lower plate,

, to ensure a region that is thermally stable. In this region the temperature and water vapor
density

profiles are approximately linear (Figure 2-13). The equilibrium vapor density

given as

at the upper ice boundary and

at the lower ice boundary varies

exponentially with temperature as governed by the Clausius-Clapeyron equation. Thus at the
location of our particle, midway between the upper and lower plates, the ambient water vapor
density is larger than the equilibrium vapor density, creating a supersaturation with respect to ice
defined by the temperature difference between the plates. Therefore, a greater temperature
difference results in a larger supersaturation.

Figure 2-13: Schematic of a classic thermal gradient diffusion chamber. Approximately linear
temperature and vapor density profiles produce well-characterized growth conditions. The
nonlinear dependence of the equilibrium vapor density on temperature (dashed curve) creates a
supersaturation with respect to ice at all locations between the plates.
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Both the upper and lower copper plates are in direct contact with circulating thermal
reservoirs. The upper and lower reservoirs are separately connected to ‗Ultra Low Temperature
80‘ (ULT-80) and ‗Ultra Low Temperature 95‘ (ULT-95) refrigeration units, respectively. Both
baths circulate chilled Syltherm and continually replenish each reservoir to maintain constant
plate temperatures of

and

. Temperatures of the upper and lower copper plates are

continuously monitored by two separate ―Type-T‖ thermocouple junctions imbedded into the top
and bottom plates. Each thermocouple is located approximately

from the copper/filter-

paper interface to reduce temperature uncertainties. Temperature uncertainties are thoroughly
examined in the discussion section of this paper.

Advantages of the Button-Electrode Thermal Gradient Diffusion Chamber
The BEL design mitigates many problems experienced by both our previous laboratory
experiments and those of other researchers. Developing a supersaturation within a cloud chamber
can be achieved in many ways, among the most common of these being the thermal gradient
diffusion chamber due to its simplistic design and well-characterized operating conditions.
Previous ice growth studies employing these types of diffusion chambers have relied either on a
growth substrate (Bailey and Hallett, 2002; Bailey and Hallett, 2004), or ring electrodes to
suspend the particle (Bacon et al., 2003). The ring electrodes, although successful in removing
the substrate, are located in the highly supersaturated center region of the cell and suffer from
vapor competition effects due to spurious ice growth. The BEL configuration keeps the
electrodes out of the center of the cell by extending only

(

) down from the

upper copper plate, thereby occupying a much less supersaturated region of the chamber.
The novel technique of particle levitation below the ends of the four quadrupole
electrodes enables the entire configuration to be nested within the diffusion chamber while easily
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retaining acceptable diffusion chamber aspect ratios. If a standard five-electrode quadrupole
configuration were to be used, vapor competition effects similar to those of the ring electrodes
used by Bacon et al. (2003) would likely occur. Moreover, the conductive metal electrodes
spanning a wide range of temperatures would likely cause unknown thermal instabilities. Finally,
levitation of particles below the ends of the poles allows the BEL configuration
angles, which is not possible in standard five-electrode designs.

viewing
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Chapter 3

Methods
A typical ice crystal growth experiment begins with a thorough cleaning of the primary
components of the chamber. Once clean, the chamber is lowered to a temperature slightly above
freezing and wetted filter paper is applied to both the upper and lower plates. At this stage the
temperature is reduced to the desired operating conditions, optics are aligned, and the active
diffusion chamber (defined by the Plexiglas® ring) is sealed and ready for the first particle. Each
particle is monitored through a complete nucleation and growth period, and then discarded by
momentarily turning the levitation voltage off. The experiment in its entirety may take up to one
hour to complete. The following sections explain the processes of chamber preparation, droplet
launching, particle monitoring, and the calculation of supersaturation within the chamber.

Chamber Preparation
Prior to each experiment, the main components of the diffusion chamber, including the
droplet launcher, Plexiglas® ring and copper plates, are bathed in deionized-filtered water
(Barnstead NanoPure II) and soaked in an ultrasonic bath for approximately one hour. When
removed from the bath the chamber components are given a final rinse, reassembled and dried.
While the main chamber components are drying, the two Neslab coolers responsible for the
temperature control of the top and bottom copper plates are set to

.

Whatman filter paper is placed on the upper and lower copper plates and then wetted,
which allows the surface tension of the water to hold them in place. The chamber is quickly
sealed and the set-point temperatures of the coolers are reduced to the desired operational
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conditions. The wetted filter paper freezes to the copper plates and creates a smooth ice vapor
source. The time required to reduce the chamber temperature to the set-point temperature rarely
takes more than a half hour, but depends on the set-point temperature as well as the current room
temperature. Our current chamber is surrounded by a

thick insulated housing, and is

continuously flushed with filtered air (Balston filtration system) to minimize frost build-up on the
various optical devices as well as the viewports on the Plexiglas® ring.

Droplet Launching
Liquid droplets are introduced to the cell by lightly tapping the plunger of a custom-made
compression droplet launching system (Figure 3-1). The plunger forces small amounts of liquid

High voltage connection

Drawn glass tip
Plunger

Figure 3-1: The compression droplet launcher used to launch liquid droplets into our levitation
cell. The housing of the launcher is charged through a high voltage source, and slight taps to the
plunger expel liquid drops through the drawn glass tip.
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through a fine-tipped drawn-glass tube. The tip of the tube resides just within the copper plate
and slightly recessed from the ice layer. Applying a voltage to the housing of the plunger
polarizes the droplets as they pass the grounded upper-copper plate of the diffusion chamber and
an estimated charge of

(

) is applied to each drop.

While the chamber is cooling to its set-point temperature, the launcher is assembled and
filled with filtered water containing

of the bionucleant Pseudomonas Syringae,

commercially available in pelletized form as SNOMAX. Ski resorts commonly use SNOMAX as
a nucleating agent for the production of artificial snow. Solution droplets containing SNOMAX
freeze at much higher temperatures than pure water, and facilitate artificial snow making over a
greater range of temperature. Homogeneous freezing of pure water droplets occurs near
while heterogeneous freezing of droplets containing SNOMAX occurs at

(Wood et al.,

2002).
When the launcher is full and the set-point temperature of the coolers has been reached,
the launcher is inserted into a small access hole located on the top of the upper copper plate. The
levitation power supply responsible for charging the button-electrodes is turned on along with the
power supply that charges the droplet launcher housing. Slight taps to the launcher‘s plunger
expels droplets into the view of our CCD camera and the direct current of the lower copper plate
is adjusted to levitate them.
During the launching process we work quickly to catch a suitable droplet before the water
in the launcher freezes, clogging the drawn glass tip. Launching and catching is not always
immediately successful, and often times the launcher must be removed from the chamber and
thawed using a heat gun. Furthermore, once caught, liquid droplets may not freeze before
evaporating. Thus, launching may require several attempts before a successful particle is ready to
be grown.
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Particle Monitoring
Stably levitated particles are continuously illuminated by a

helium-neon laser

whose beam enters the chamber through a viewport on the Plexiglas® ring (2-12). Perpendicular
to the illuminating laser, particles are observed through both a Zeiss stereomicroscope and a Point
Grey CCD camera. The CCD camera has the ability to record 60 frames per second, with frames
saved directly to an external disc drive as a raw video file.
Prior to freezing, the scattered light from a single liquid drop is collimated to produce an
image of light and dark fringes known as Mie fringes (Figure 3-2). Mie scattering fringes are an
excellent tool for determining the size of a liquid particle (see Shaw et al., 2000; Xue et al., 2005;
Magee et al., 2006), and are used here to determine initial particle size during our experiments.

Figure 3-2: Mie scattering fringes from an observed sulfuric acid solution droplet suspended in
our BEL chamber.
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Once nucleation occurs and a drop freezes, changes in particle mass during growth are
calculated via the force balance
,
where

(3.1)

is the charge on the particle,

due to gravity, and

is the strength of the electric field

is the acceleration

is the mass of the particle. Assuming the charge on the trapped particle

remains constant (see discussion section), changes in particle mass may be directly balanced by
the electric field of the cell. As a particle grows, its position in the chamber shifts downward. By
continually adjusting the DC of the bottom plate to keep the particle at a fixed position within the
cell we are able to record the change in the relative mass of the particle.

Calculation and Verification of Supersaturation
Determination of the supersaturation profile within the chamber is of the utmost
importance. The following process has been described by many authors (e.g. Shaw et al., 2000;
Xue et al., 2005; Magee et al., 2006) and will be used in the future to characterize the
supersaturation within the BEL chamber.
A solution of 1-molal

will be prepared and loaded into the droplet launcher. Upon

levitation, the acid droplets will equilibrate with the ambient water vapor density at their location
within the cell. Because the solution droplets remain liquid at low temperatures, the Mie
scattering fringes can be recorded and the particle size can be determined. This process may be
repeated over a wide range of temperatures and supersaturations coinciding with subsequent ice
particle growth conditions.
Using the model of Carslaw and Clegg (1995), the equilibrium water activity as a
function of acid concentration may be calculated for each set of growth conditions. This
calculation allows for the conversion of acid concentration to the normalized mass and the water
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activity to the saturation ratio at the location of the growing droplet (Magee, 2006). Through this
process the water vapor density characteristics for any combination of temperature and
supersaturation can be accurately quantified before each experiment.
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Chapter 4

Discussion
Many previous ice growth experiments have struggled with systematic errors of one form
or another. During the design stage of this chamber, the errors of previous works were taken into
consideration and a novel BEL design was developed. While no experiment is free of error, the
BEL was specifically designed to reduce the common errors of previous experiments. What
follows is a discussion of the most common concerns and errors which affect modern ice growth
chambers including diffusion limited growth, effects of electric fields on crystal growth,
constancy of particle charge, and temperature uncertainties.

Rate Determining Processes
Libbrecht (2004), in a relatively comprehensive review of historical ice growth data
published in the literature, points out several systematic errors which have plagued experiments
dating back to the 1970‘s. A prominent conclusion from Libbrecht‘s review is that many past
experiments were carried out under conditions which will not produce accurate values of the
deposition coefficient since most occurred under diffusion limited growth. Kuroda (1984)
describes the vapor growth of ice crystals using the following three processes. First, volume
diffusion brings water vapor to the growing crystal. Second, a surface kinetic resistance exists
which is characterized by the deposition coefficient. And third, there is a transport process which
involves latent heat of sublimation by conduction with the surrounding air. All three of these
processes can be important during ice growth experiments depending on ambient pressure,
particle size and growth technique. If the deposition coefficient is to be accurately quantified,
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great care must be taken to reduce the contribution to the total kinetic resistance by both the
volume diffusion and heat conduction processes.
To determine the relative importance of each of the three processes described above, it is
informative to consider the growth of a fictitious spherical crystal. The following solution of the
diffusion equation for a spherical particle yields the growth velocity, as previously shown by both
Yokoyama and Kuroda (1990) and Libbrecht (2003).
Volume diffusion of water vapor through a background gas (air) to the particle is
described by the diffusion equation
,
where

(4.1)

is the vapor concentration surrounding the spherical crystal and

is the diffusion

coefficient. To simplify the example, latent heat of deposition from the admolecules is ignored,
which allows for a uniform temperature. Also we will work in terms of supersaturation,
,
where

(4.2)

represents the equilibrium vapor concentration over a flat ice surface. It can be shown

that the growth rate of a crystal surface is much slower than the relatively quick movement of
water vapor molecules by diffusion, which allows for the simplification of the diffusion equation
to Laplace‘s equation

, which has the spherical solution
,

(4.3)

where the constants A and B are determined by the boundary conditions. By assuming a sphere
of radius
gives

growing inside a large sphere of radius

, the outer boundary condition

. The growth velocity of a spherical surface is determined by the time rate of

change of the particle radius . Flux matching at the surface gives
.

(4.4)
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Here,

is the number density for ice, where

, the density of ice is

and

is

the mass of a water molecule. (XX) may also be written as a growth velocity:
.

(4.5)

We can also write the growth velocity in terms of the Hertz-Knudsen formula to yield
,

(4.6)

where α is the deposition coefficient,

, and the kinetic velocity is

.

(4.7)

The Hertz-Knudsen formula describes the linear growth rate of a crystal surface from vapor and
has the general form
,
where

(4.8)

is the specific volume of a single water molecule,

temperature, and

and

is the Boltzmann constant,

is the

are the vapor and equilibrium vapor pressures respectively. By

combining (4.4) and (4.5) we arrive at the mixed boundary condition for the inner radius:
.

(4.9)

The solution of the diffusion equation gives the growth velocity
(4.10)
where
.

(4.11)

Equation (4.9) demonstrates the direct dependence of the growth velocity on

and

.

A larger diffusion coefficient will increase the flux of water vapor to the particle, while a larger
ambient superstation will increase the concentration gradient of water vapor around the particle,
which will also increase the water vapor flux. An inverse dependence on particle radius is also
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seen in equation (4.9) where decreasing particle radius increases the growth velocity. This effect
can be explained by an electrostatic analogy, in which a sharper radius of curvature enhances the
electric field due to an increased potential gradient. In the same manner, a smaller particle (with
a smaller radius of curvature) increases the vapor gradient, thereby increasing the vapor flux to
the particle.
A lot can be learned from taking the limits of (4.9) as
case of

, the growth velocity in (4.9) reduces to

of diffusion limited growth when

and

approach zero. In the

, which describes the scenario

. In the opposite case, the growth velocity gives

, which describes kinetically limited growth. These limits demonstrate why one cannot
use crystal growth velocity measurements to determine
limited. In order to maximize

if the growth conditions are diffusion

, (4.10) shows that one must either use very small crystals or

increase the diffusion coefficient, which can be done by reducing the ambient pressure (Kuroda
and Gonda, 1984a; Libbrecht, 2003).
A best estimate of the diffusivity of water vapor in air between the temperatures of
and

was given by Hall and Pruppacher (1997) as
,

where

,

(4.12)
, and

carries final units of

. To achieve growth

limited by surface kinetics Libbrecht (2003) suggests operating at a diffusivity ratio
when measuring the growth of small particles (

). Figure 4-1 depicts the

diffusivity ratio described above versus ambient pressure. To operate at a diffusivity ratio of
as suggested, the chamber pressure of the experiment must be

.
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Figure 4-1: For particles of small radius
, Libbrecht (2003) suggests an
experimental pressure of
as indicated by the diffusivity ratio
.
Kuroda (1984a) also discusses rate-limiting growth processes in great detail arriving at
similar conclusions. Kuroda derives an expression for the volume growth rate in which the
numerator represents the macroscopic driving force for growth (supersaturation) and the
denominator is a sum of the three resistances to growth: surface kinetics, volume diffusion, and
heat conduction. In this formulation, the kinetic resistance must be much larger than the others in
order to derive information about the deposition coefficient. The resistance of the surface kinetic
process is given by
,

(4.13)

and the resistance of the volume diffusion process is given by
,
where

(4.14)

is the thickness of the diffusion boundary layer which in our spherical approximation is

equal to the radius of the particle (Coriel and Parker, 1965; Kuroda, 1984). Figures 4-2 and 4-3
illustrate the effects of particle size and air pressure on the resistance ratio

.
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Figure 4-2: The ratio of surface kinetic and volume diffusion resistances with increasing particle
radius. This plot demonstrates the necessity for small particles when deriving surface kinetic
resistances.

Figure 4-3: Depicts the ratio of surface kinetic and volume diffusion resistances with increasing
ambient air pressure. This plot demonstrates the necessity for low pressures when deriving
surface kinetic resistances.
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From (4.12) we notice the influence of the deposition coefficient. Small ,
corresponding with inefficient growth, will have a large surface kinetic resistance, while a large
will encourage efficient growth, demonstrated by a small surface kinetic resistance. Equation
(4.13) reinforces the conclusions of Libbrecht (2003); to reduce the effect of

and increase

,

crystal growth experiments should operate at low pressures and observe small particles.

Effects of Electric Fields
It is necessary for our study to examine the effects an electric field may have on a
growing ice particle. Growth rates of dendritic ice crystal tips have been shown to increase
quadratically with increasing electrical potential upon reaching a certain threshold value
(Libbrecht and Tanusheva, 1998) (Figure 4-4). This threshold has been observed to be between
460 and 1000 V/cm (Bartlett et al., 1963; Crowther, 1972) for dendrites grown under varying
conditions.

Figure 4-4: This image shows an example of an electrically enhanced needle. By increasing the
potential over a threshold value, the growth velocity of this dendrite tip went from
to
, while exhibiting suppressed side branching (Libbrecht and Tanusheva, 1998).
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The ambient direct current fields near our particle vary little from 100 V/cm, an order of
magnitude less than the measured threshold. Swanson et al. (1999), using a similar electric field
to ours, showed that for an ellipsoidal particle with a length of

and an aspect ratio of

10:1, the maximum field at the particle tip will be on the order of 240 V/cm, still well below the
threshold. Peak alternating current voltages of 400 V/cm are experienced in our chamber, but
enhanced or ‗electric‘ growth has not been observed in 50 Hz alternating fields, even when peak
voltages were five times greater than the threshold value (Bartlett et al., 1963; Evans, 1973).
Given this information we tentatively conclude that any electrical effects to the growth of our
particles are minimal, and do not greatly influence our results.

Constancy of Particle Charge
Accurate and precise measurements of relative particle mass are paramount to improving
growth observations. As particles grow, they may acquire charge which can bias the growth data.
Dong and Hallett (1992) have shown that a positive charge is acquired by growing ice under
atmospheric conditions. The average current density for particles up to a saturation ratio of 200%
with respect to ice is

. Therefore, it is necessary to explore how much charge a

typical particle grown in our chamber may gain over a standard growth lifetime. For this
calculation we will assume a spherical ice crystal with a radius of

. Multiplying the

surface area of the crystal by the current density gives
,

(4.15)

which is the charge accumulation rate.
We next seek to estimate the length of time a particle must grow in our chamber before it
accumulates an appreciable charge. What may be considered an appreciable charge is subjective,
and for this calculation it will be chosen as 10% of the initial charge on the particle. We must
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make an assumption about the charge imparted on each particle as it enters the chamber. A force
balance calculation of

, where

suggests an initial particle charge of

is the charge on the particle and
(

). A quick way to assess the effect

of accumulating charge is to calculate the time required to gain
particle, a gain of

of the initial charge on the

. Dividing the charge accumulation rate by this value

produces a required growth time of over
times of

is the electric field,

hours, which is much longer than our experimental

hour.
Based on these calculations we conclude that the charge accumulation on the relatively

small ice crystals, and the short growth times experienced in our chamber is negligible. A similar
conclusion has been reached by Swanson et al. (1999), in which they concluded that electrical
artifacts introduced into their experiments over growth times of less than one day are
insignificant.

Temperature Uncertainties
To insure accurate representations of the temperature and vapor density profiles in a
static diffusion chamber, measured temperature differences must take into account the separation
of the measurement location from the actual vapor surfaces which define the upper and lower
boundary conditions. The junctions of our ‗Type T‘ thermocouples are necessarily recessed from
the inner filter paper boundaries and are embedded into the temperature conditioning copper
plates. To reduce the distance between the temperature measurement and the vapor source
regions, small holes were tapped into the copper plates and the thermocouple junctions were
inserted within

of the copper/filter-paper interface. This location was chosen for two

reasons: first, the thermocouple junction will not interfere with the smooth ice surface responsible
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for producing the vapor field and second, the large copper plate provides a convenient partner
metal to complete the thermocouple junction.
When estimating the temperature uncertainty of the vapor source, all materials between
the thermocouple and the vapor source must be considered, including the remaining copper, ice,
and filter paper. Each material has its own thermal resistance and will contribute to temperature
estimate errors. Moreover, through continuous operation of the chamber, vapor is deposited on
the lower copper plate at the expense of the upper copper plate. This process increases the
thickness of the ice layer on the bottom plate and adds to the temperature uncertainty of the
thermocouple reading due to the increasing thermal resistance of the ice layer. Figure (4-5) shows
a schematic of an idealized static diffusion chamber, labeled with the variables that will be used
in the following discussion.

Figure 4-5: Idealized thermal diffusion chamber. In our chamber, thermocouples are embedded
into the upper and lower plates within
(
) of the copper/filter-paper-ice interface.
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Nenes et al. (2001) describe the uncertainties of wall temperature for four different types
of CCN instruments. The uncertainty analysis for this instrument follows their treatment of the
static diffusion cloud chamber (SDCC).
The heat flux between the actively cooled top and bottom copper plates,
the heat flux between the top and bottom ice vapor-source surfaces

, is equal to

, and we can express

these fluxes as a function of their temperature differences:
,
where

and

(4.16)

represent the overall heat flux between the upper and lower copper plates

and the upper and lower ice vapor-source surfaces, respectively. Borrowing an analogy from
electrical theory allows us to represent these heat transfer coefficients as a series of resistors:
,

(4.17)

.

(4.18)

In (4.17) we see that the resistance between the ice surfaces is dependent only on the thickness of
the air gap while the resistance between the upper and lower plates (4.16) depends on the copper,
the air gap, and the resistances of the upper and lower filter paper/ice regions. The resistances of
the copper and air layers are
,

(4.19)
,

where

and

(4.20)

are the thicknesses of the top and bottom iced filter paper while

and

are the

thicknesses of ice on the top and bottom filter paper layers. The resistance of the vapor source
region of the upper plate consisting of both filter paper and ice is given by
.

(4.21)
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Here, the first term on the right-hand-side represents the iced filter paper, roughly equal parts ice
and paper; thus they are combined in parallel. If this situation occurs, the second and third terms
will be zero. We can assume that this is the condition of the chamber near the beginning of the
experiment. As the experiment progresses and ice is deposited on the bottom plate, a situation
will occur where the vapor source at the top is mostly filter paper and the bottom mostly ice. The
effect this has on the temperature uncertainty will be explored at the end of this section.
Combining equations (4.16) and (4.17) with equation (4.15) and solving for

, we

find

,

(4.22)

and therefore the uncertainty can be defined as
.

(4.23)

Sample calculations have been done to determine the uncertainties in both temperature
and supersaturation at the center line of the chamber for two likely scenarios. State ‗A‘ will be
defined as the initial chamber conditions under which the filter paper/ice surfaces will be
composed of

ice and

filter paper. State ‗B‘ will be defined as some later state

when the upper filter paper/ice surface is composed of
lower surface gains ice to reach a composition of

ice and
ice and

filter paper and the
filter paper (Table 4-1).

Table 4-1: Temperature and Supersaturation Uncertainties.

% Uncertainty (Temperature)
% Uncertainty (Supersaturation)

State ‘A’
20
19.996
0.02
~0

State ‘B’
20
19.991
0.04
0.11

51
Table 4-1 shows that if the operation parameters fall within these two states, we will see,
at most, an uncertainty of

in the supersaturation at the center line. The very low

uncertainty values are not surprising, since the gap between the thermocouple readings is
comprised mostly of air, which has a much lower thermal conductivity (higher resistance) than
either the filter paper/ice surface or the copper. Due to the large thermal resistance of the air, the
chamber is relatively insensitive to the thin layers of ice, filter paper and copper. It follows that
changes in the consistency of these layers as ice is deposited on the lower plate also shows no
large impact on temperature uncertainties. For these reasons we conclude that the uncertainty
introduced by taking thermocouple measurements embedded in the copper plates and behind thin
layers of ice is negligible, and

.
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Chapter 5

Results and Conclusions
Progress in understanding the vapor growth of ice crystals may only be realized through
the combination of theory and laboratory observations. To bridge the gap between modeling
studies, which depend on ice growth parameterizations, and laboratory work, focused on the
physics of ice growth, specially designed experiments must be carried out to provide data which
can be interpreted in cloud models. At this point in time a data set does not exist which describes
the particle-averaged deposition coefficient over suitably wide ranges of temperature and
supersaturation. As a consequence, it has been a primary goal of this research to design an ice
growth chamber to provide these data. What follows is a description of the current capabilities of
the BEL chamber, suggestions for future experiments, and a concluding summary.

Current Capabilities of the BEL Chamber
A series of laboratory experiments were carried out to determine the ability of the BEL
chamber design to effectively levitate and grow small

) ice crystals under

atmospheric conditions. Laboratory experiments have proven that the BEL design can levitate
small ground-glass beads, sulfuric acid solution droplets, pure water droplets, and SNOMAX
solution droplets at various temperatures and supersaturations.
A primary objective of this research was to trap and grow single ice particles, while
providing a stable growth environment and avoiding vapor competition from spurious ice growth
at the levitation electrodes. Two experiments have demonstrated our success, one using pure
water droplets and the other using SNOMAX solution droplets. Pure water droplets were
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launched and trapped within the BEL chamber at an AC frequency of 95 Hz, and upper and lower
plate temperatures of -40 and -43

, respectively. Droplets were observed to evaporate for a

short time before a fraction subsequently froze. Once frozen, ice particles were successfully
levitated and grown, as suggested by the occasional slight increases in DC required to maintain
the position of the crystal at the center of the cell. SNOMAX solution droplets containing 0.174
of the bionucleant Pseudomonas Syringae were also trapped under similar electrical conditions
at upper and lower plate temperatures of -14.0 and -15.0 ℃, respectively. In a similar manner to
the previous experiment, a slight evaporation was followed by nucleation of approximately onein-five trapped droplets. Again, those particles that nucleated were observed to grow as
suggested by the occasional slight increases in DC required to maintain the position of the crystal
at the center of the cell. Critically, no spurious ice growth was observed on the button-electrodes
during these growth experiments and, as a consequence, vapor competition was negligible.

Future Experiments and Design Considerations
To quantify the local supersaturation at the particle during growth, the saturation
conditions should be calibrated using sulfuric acid droplets. Droplets should be launched, trapped
and held at the same location as subsequent ice particles while experiencing similar temperatures
and water vapor mixing ratios. This technique for quantifying the water vapor saturation within
the chamber is discussed thoroughly by Magee et al. (2006).
Specifics of the electric field produced by the new BEL design are unknown. Our
experience with similar quadrupole designs, however, makes us inclined to believe that it behaves
similarly to the standard five electrode quadrupole field. It would be a great advantage for future
designs if the details of this new electric field were to be determined.
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With fully characterized supersaturation and levitation fields, the BEL design should be
used for observing ice particle growth over time at known supersaturation and temperature.
These mass growth traces may then be interpreted using the kinetically-modified capacitance
model developed by Zhang and Harrington (2010) in order to determine particle-averaged
deposition coefficients over large ranges of temperature and supersaturation.
Improvements upon the existing chamber may include a variable pressure housing which
would allow growth studies under varying pressures of a chosen background gas. Response times
to a temperature change at the centerline of the chamber as the set-point temperature is changed
are assumed to be slow. Therefore, experiments with a single particle over a range of
temperatures would be difficult. Previous experiments have proven the capability to transfer
particles from one set of diffusion plates to another. If multiple diffusion chambers were stacked
atop each other, a single particle could be grown and transferred between multiple well-defined
environments.

Summary
Accurate cloud models require a realistic parameterization of ice growth. Traditionally
this process has been parameterized by the deposition coefficient of ice, although laboratory
studies have produced widely varying values. This document has discussed prior and current ice
particle growth and levitation techniques as well as introduced the new BEL configuration for
single particle levitation. Liquid water drops have been successfully launched, levitated, and
frozen and ice particle growth has been observed. It has been a priority throughout this process to
consider the errors introduced by previous ice growth experiments and actively seek new design
solutions. This document and the chamber which it describes will provide an effective
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environment to better characterize the deposition coefficient as a function of ice growth
conditions.
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Appendix

Trial and Error
Much of the final BEL design can be attributed to countless ―chalk-talks‖ with Dennis
Lamb and Al Moyle. During this time countless design ideas were brainstormed and discussed in
great detail. In most cases new ideas were picked apart and deemed flawed for some reason or
another and only a select few were chosen as ―feasible‖. Passing the ―chalk-talk‖ phase, our new
ideas went to the drawing board, where numerous iterations of prototype designs were created
and rehashed before a final design was drafted and sent to the machine shop for manufacturing.
The intent of this Appendix is to draw attention to several ideas that may have sounded good on
paper, but were difficult to implement in ―real life‖. The hope is that whoever should follow this
research will learn from our experiences and avoid some of the pit-falls that beset us.

Supersaturation
My first task was to determine a method to develop the needed supersaturation for growth
of our ice particles. Several widely known methods have been used in prior studies, including
diffusion chambers (and their various forms), expansion chambers, and vertical wind tunnels (via
mixing). Of these choices, a static parallel-plate diffusion chamber was chosen to accompany the
BEL design.
Initially, a primary design goal was to fit the new chamber within a preexisting low
pressure housing. The space with which we had to work was very small (approximately the size
of a football) and difficult to access, which greatly limited our design ideas. While reading about
thermal diffusion chambers, I happened upon Fitzgerald (1970) which discusses transient
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supersaturations in continuous flow diffusion chambers. Transient supersaturations develop due
to the difference in the diffusivities of thermal energy and water vapor in air;
respectively at

and

and

(Fitzgerald, 1970). Water vapor in our chamber

has a smaller total mass as well as a lower concentration when compared to air (

). Water

vapor diffuses more quickly than thermal energy, which is primarily transferred through
collisions of the larger

and

molecules (Roberts and Nenes, 2005). Therefore, as a saturated

flow at the temperature of the bottom plate enters a parallel-plate diffusion chamber, the water
vapor density approaches its linear steady-state profile more quickly than the temperature and
results in a brief (transient) spike in supersaturation (Figure A-1).

Figure A-1: Evolution of a supersaturation profile as it approaches steady state (dashed line).
The height of the chamber is
, the temperatures of the top and bottom plates are
and
respectively, and the air is introduced to the chamber saturated at the temperature of bottom
plate (Fitzgerald, 1970).

Trying to capitalize on the spike of supersaturation induced by this transient effect
brought on the idea to advect the transient region past a levitated particle (Figure A-2).
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Figure A-2: An early design sketch of our continuous flow diffusion chamber. The red color
signifies the warmer upper plate and the blue color the cooler lower plate. The flow would be
preconditioned and then advected out of the chamber past our particle trapped in the levitation
cell.
Before designing a prototype there were several questions to answer, such as how the metal plates
of the diffusion chamber would affect the stability of a levitated particle, and what would happen
to the flow after it exited the parallel plates? Ultimately it was the behavior of the flow after
exiting the plates which became a serious problem. How long after the flow exits the parallel
plates, could we expect the conditioned flow to retain its properties? This question led to the first
extensive set of experiments during which we constructed a prototype parallel-plate diffusion
chamber (A-3). By introducing a slow flow to one end, the air was conditioned through the
length of the chamber and advected past a thermocouple. The diffusion chamber housing was
allowed to come into equilibrium with the temperature of a large chest freezer in which it was
placed while a pair of thin electric heaters slightly warmed the upper plate. For simplicity we
measured only changes in temperature between the exit region of the plates and the location of
the levitated particle. Unfortunately these measurements revealed a substantial temperature
differential. After an extended period of troubleshooting it became apparent that transferring the
flow properties from the center of the chamber past the point of levitation would not be feasible.
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Figure A-3: Our first prototype diffusion cell. A set of Kapton flexible heaters were fixed
between the two upper plates to create a temperature gradient within the cell. By placing a
thermocouple junction at the outlet of the flow, we were able to measure the temperature at the
particle location and compare it to the conditioned flow within the chamber.
The experience gained with this continuous flow diffusion chamber led us to reconsider
the levitation geometry. If the electrode configuration could be made smaller, the levitation cell
could then be moved closer to the diffusion chamber, and the flow would have less time to
deteriorate. We also considered continuing the diffusion chamber plates to the downstream side
of the particle - essentially surrounding the levitation cell with a diffusion chamber. The primary
difficulty with all of these ideas was devising a way to integrate the levitation cell with the
diffusion chamber. The only literature currently available on quadrupole levitation focuses on
optimization for quadrupole mass filters. Our experience, however, suggested that the spacing
and sizing of the electrodes could likely be changed for our purposes with little impact on particle
levitation. Consequently, we began to explore the limits of the standard quadrupole levitation
design and ultimately arrived at our final BEL configuration.
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Levitation
Previously, our lab has utilized both cubic cell and standard quadrupole levitation
designs. For this project, the quadrupole levitation design was augmented to fit within a parallelplate diffusion chamber. It was hypothesized and later demonstrated via experiment that by
splitting the electrode poles in half and separating them a small distance, stable levitation may
still be achieved. This discovery had two benefits: first, it allowed for a flow to pass the particle
(if desired) with minimal influence from the electrodes, and second, because the electrodes are
further removed from the supersaturated region near the particle, spurious ice growth was
mitigated.
In-depth discussions on quadrupole mass filters can be found in Gibson and Taylor
(2001) as well as March and Todd (2005). These discussions are limited, however, to optimal
configurations most desirable for quadrupole mass filters; for our purposes we simply desire a
stable, well-behaved particle. Though we had initial success with the ―split-quadrupole‖
levitation system, we continued to test its levitation capabilities. The idea of inserting the split
quadrupole system into a static diffusion cell arose and prompted a new set of experiments. We
wondered if it may be possible to cover the ends of both the top and bottom electrodes with
various materials while retaining our levitation abilities. If the exposed ends (formed by the
splitting of the electrodes) could be covered with a thin surface, this surface could then be coated
with ice. We tested a number of materials including: Plexiglas®, delrin, and transparency films.
After several tests, we concluded that at least a portion of the electrode ends must be exposed for
successful levitation.
This too was an important discovery, and suggested that the main contributions to the
electric field which held our particle were being produced primarily by electrode surfaces closest
to the trapped particle. This indeed was the case, and we discovered that the rest of the electrode
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could be eliminated altogether. What remained of the standard electrode poles was the BEL
design used in our final chamber.
Pushing the levitation design further still, we removed the bottom button electrodes, as
well as the small ―fifth‖ electrode which carried the direct current balancing the particle against
gravity. Tests in the lab showed that the lateral stability of the particle remained, despite
removing the lower button-electrodes and instead of the ―fifth‖ electrode we charged the lower
copper plate. Removing the electrodes from the bottom plate reduces complexity in both the
design and the boundary conditions of our chamber.

Difficulties
One consistent problem we have run into regardless of the levitation configuration has
been launching and catching the particles. Catching the particle requires an understanding of the
launcher, as well as the electric field. There have been two versions of particle launchers used,
one for liquids (water and

solutions), and one for glass beads. Both consisted of a metal

housing connected to a high voltage source. The bead launcher when lightly tapped expels beads
through a small hole at its base. The liquid launcher (Figure 3-1) also requires a small tap,
compressing the liquid and ejecting small droplets through a finely drawn glass tip.
The bead launcher is straightforward and relatively easy to use, but often times produces
a large spray of beads. These beads are not easily directed, and in fact can cause quite a mess
after several unsuccessful launch attempts. During experiments that required launching through a
Plexiglas® hole, glass beads were observed to pile up around the edges of the hole, building up a
static charge. If enough beads accumulated, the static charge was sufficient to repel subsequent
falling beads. This effect was also seen with the droplet launcher through the buildup of errant
liquid drops. This effect was proven by swapping the high voltage supply responsible for
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charging the particles, with another supply of opposite sign. Particles of the opposite sign were
initially able to pass through the Plexiglas® hole until more errant buildup repeated the process.
Launching-problems aside, we currently lack the tools to properly model the behavior of
the electric field produced by changes in the electrode design. This valuable information could
substantially speed up the design process by eliminating ineffective configurations before taking
the time to build and test them manually. Software is available through SolidWorks in a package
called ElectroMagneticWorks, which offers the electro-thermal coupling we desire.
Unfortunately this software at a university discount still costs $6,250, which is much too pricey
for most research projects.

