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The universe is full of magical things 
 patiently waiting for our wits to grow sharper 

 – Eden Phillpotts 
A Shadow Passes, 1919 

 
While the previous chapter looked at growing 
smaller, simpler snow crystals for investigating 
the molecular attachment kinetics, this chapter 
examines a particularly useful technique for 
producing and studying larger specimens with 
more complex structures. A primary goal in 
making these larger crystals is to examine the 
science of pattern formation in diffusion-
limited growth, comparing synthetic snow 
crystals with their computational counterparts. 
Producing quantitative models that reproduce 
both morphologies and growth rates over a 
broad range of environmental conditions 
would be a substantial milestone in our 
understanding of the science of snow crystals.  

A second goal is purely artistic – to create 
beautiful ice structures simply to watch them 
grow and develop, using the rules of snow-
crystal growth to sculpt whatever nature 
allows. Both goals offer much appeal, and both 
require a nontrivial technical acumen to 
accomplish. This chapter is about developing a 
method that allows the formation of high-
quality individual snow crystals over a broad 
range of growth conditions. 
 
8.1 A Tool for Creating 
Isolated Single Crystals 
Figure 8.1 shows a typical set of c-axis electric 
ice needles, which I also call e-needles. One 
begins with a metal wire exposed to highly 
supersaturated air in a diffusion chamber, so 
the wire quickly becomes covered with frost 
crystals. In Figure 8.1, one end of the wire is 
seen at the bottom of the photograph, covered 
with a collection of small frost crystals growing 
on its surface. In this example, the temperature 
surrounding the wire tip was near -6 C, so the 
frost crystals grew in random orientations with 
a generally columnar morphology, as expected 
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from the snow crystal morphology diagram 
(see Chapter 1). The wire extends down to the 
bottom of the growth chamber where it exits 
and is connected to a high-voltage power 
supply. 
 When a high voltage (typically +2000 volts 
DC) is applied to the wire, slender ice e-needle 
crystals spring forth from the frost crystals in 
just a few seconds, provided that the 
conditions are right. When the temperature at 
the wire tip is close to -6 C and the water-vapor 
supersaturation is near 100 percent, and the air 
contains trace quantities of acetic acid vapor, 
then the e-needles will typically emerge 
growing along the crystalline c-axis with tip 
velocities of around 100-150 microns/second 

[2002Lib]. Thus the 3-mm-long e-needles 
shown in Figure 8.1 can be grown in under a 
minute.  

While electrically modified growth is an 
intriguing phenomenon in its own right, c-axis 
e-needles are also quite useful as seed crystals 
for a broad range of snow crystal 
investigations. Normal (non-electrified) 
growth commences as soon as the applied high 
voltage is removed, yielding well-formed 
single-crystal specimens growing on the tips of 
the e-needles. In Figure 8.2, for example, plate-
like crystals emerge and shield the ice needles 
upon which they grow, so the plate structures 
are only moderately perturbed by the presence 
of their supporting needles.  

The e-needle method becomes an 
especially versatile tool for studying snow 
crystal growth in the dual-chamber apparatus 
described in detail below. The first chamber is 
optimized for rapidly and reproducibly 
growing high quality c-axis electric needles. 
Once created, the e-needles are then quickly 
transported to a second growth chamber that 

Figure 8.1. A set of slender “electric” ice 
needles (e-needles) growing on the end of a 
frost-covered wire. The e-needle centered in 
the image is about 3 mm in length. The 
needles formed when +2000 volts was applied 
to the frost-covered wire at the bottom of the 
photo, which was simultaneously exposed to 
highly supersaturated air at a temperature near 
-6 C. The e-needle phenomenon is the result of 
an electrically induced growth instability. 

Figure 8.2. Thin, plate-like snow crystals 
growing on the ends of c-axis electric ice 
needles. This example illustrates how e-
needles can be used to cleanly support isolated 
snow crystals as they growth and develop.   
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is optimized for observing the 
subsequent normal growth under a 
variety of carefully controlled 
conditions. With such a dual-chamber 
set-up, the entire morphology diagram 
can be explored using quantitative 
growth measurements. The challenge 
then becomes creating realistic 
computational models that can 
reproduce both the observed growth 
rates and morphologies. Figure 8.3 
illustrates just a few of the possibilities. 

Figure 8.4 shows a more 
quantitative example investigating the 
formation of a thin, plate-like crystal 
on the end of an electric needle via the 
Edge-Sharpening Instability (see 
Chapter 3). In focused studies like this 
one, comparisons with computer 
models can greatly inform our 
understanding of the molecular 
dynamics underlying snow crystal 
growth. It is likely that many additional 
studies covering a broad range of 
environmental conditions will be 
necessary to fully comprehend the 
enigmatic origins of the morphology 
diagram.  

If there is one thing I have learned 
with great certainty in this field, it is 
that ice growth exhibits a mystifying 
variety of complex growth behaviors 
that will require much additional work 
to appreciate. A first important step is 
to continue developing a broad range 
of experimental techniques that can be 
used with numerical models of 
diffusion-limited growth to better 
understand the attachment kinetics.  
From there, molecular dynamics 
simulations can address the 
fundamental many-body molecular 
processes involved in ice crystal 
growth at the nanoscale. It will be a 
long journey, and I believe that 
experiments using electric ice needles 
will play an important role in advancing 
the science of snow crystal formation.  

Figure 8.3. Electric ice needles make excellent seed crystals 
for studying the development of complex snow-crystal 
morphologies, as shown in these examples. Once a c-axis e-
needle has grown to a desired length, the high voltage is 
removed and normal growth commences on the needle tip. 
Each single-crystal structure shown above was grown in air 
at a constant temperature and supersaturation, and time-
lapse photography can record the full growth history as 
desired. Observations like these are wonderfully suited for 
comparing quantitative growth measurements with detailed 
numerical models, hopefully leading to a better 
understanding of the physical dynamics of snow crystal 
formation. 
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Advantages…  
I believe it is instructive, at this point, to 
examine what makes the e-needle method 
especially useful as a scientific tool, and to 
compare it with other experimental 
techniques for creating snow crystals for 
quantitative study.  
 
Single-crystal specimens. One 
normally thinks of a seed crystal as being 
a tiny crystalline speck, for the case of ice 
a minute hexagonal prism. A single-
crystal specimen is almost always 
desirable, as polycrystalline samples are 
unnecessarily complicated and less well 
suited for investigating the underlying 
crystal growth dynamics. But being small 
in all three dimensions is not an essential 
requirement, and a slender e-needle, small 
in two dimensions only, can still be 
considered a seed crystal. Moreover, with 
a well-defined crystal orientation and a 
sub-micron tip radius (at least while it is 
growing) [2002Lib], a c-axis e-needle 
embodies many qualities one seeks in an 
ideal seed crystal. 
 
Versatile support. Once a seed crystal 
has been created, the question of 
supporting it while it grows must be 
addressed. In the case of e-needles, this 
question answers itself, as the support is 
already provided by the wire from which 
the needle originally grew. This support is 
robust and is easily manipulated, so the e-
needle can be moved to a second growth 
chamber and positioned in front of a 
camera lens with relative ease. Moreover, 
a complex snow crystal growing on the 
end of a long, slender e-needle is well 
isolated from other parts of the 
apparatus, so its surrounding 
environment can be carefully 
manipulated and controlled. 
 
No substrate interactions. When a seed 
crystal is supported by a non-ice surface 

Figure 8.4. These figures show one example of a 
quantitative comparison of laboratory and 
computational snow crystals [2008Lib, 2013Lib]. (a) A 
composite image made from five photographs showing 
the growth of a plate-like snow crystal on the end of an 
electric ice needle, viewed from the side. (b) A 
computational model of the same crystal, showing the 
water-vapor diffusion field around the crystal. (c) A 
quantitative comparison of experimental data (points) 
and the computational model (lines). The inset photo 
shows the crystal in (a) from a different angle. 
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(e.g., a supporting surface, filament, capillary 
tube, etc.), there is a good chance that the 
substrate will influence the ice growth rates. I 
discuss the topic of substrate interactions in 
some detail in Chapters 6 and 7, because this 
has been a significant issue in many of my own 
ice growth experiments. Moreover, the 
substrate-interaction problem was often not 
fully appreciated by other researchers, 
sometimes yielding growth data of dubious 
quality [2004Lib]. With crystals growing on the 
tips of e-needles, there are no non-ice surfaces 
present, so substrate interactions are 
completely absent. With the entire structure 
made of ice, it all becomes part of the same 
numerical modeling problem. 
 
No water condensation. Another problem 
with non-ice surfaces in a supersaturated 
environment is water condensation. If the 
supersaturation is above the dew point, then 
water droplets tend to condense on all available 
surfaces, greatly perturbing the surrounding 
supersaturation field. With seed crystals placed 
on a planar substrate, for example, droplet 
condensation readily occurs around the 
crystals, and this effectively precludes any 
useful studies at high supersaturation levels. E-
needles avoid this issue, as the ice surfaces 
lower the nearby supersaturation so water 
condensation cannot occur. With e-needle 
support, therefore, one is free to explore quite 
high supersaturations with relative ease 
compared with other techniques. 
 
Witness surfaces. Another persistent 
problem in studying ice growth is that the 
supersaturation level is difficult to know with 
high accuracy, as I discussed in Chapter 6. E-
needles provide a way around this problem, at 
least partially, as the columnar body of the 
needle can serve a “witness surface” for 
determining the surrounding supersaturation. 
In many circumstances, the columnar growth 
satisfies 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≪ 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 (see Chapter 4), and 
in this case the radial growth of the needle is 
determined to a good approximation by just 

the needle radius and the far-away 
supersaturation (see Chapter 4). In practice, 
this means that the measured growth of the 
body of the needle can be used to effectively 
measure the far-away supersaturation. 

In Figure 8.4, for example, the outer-
boundary supersaturation was adjusted in the 
computer model so the computed needle 
radius 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) was a good fit to the data. 
The value of 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 did not matter in this part 
of the calculation, because 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≪ 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 
was a good approximation. A good fit to 
𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡)  thus constrains the supersaturation, 
as this is the only variable that significantly 
affects the radial growth rate 𝑑𝑑𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛/𝑑𝑑𝑡𝑡. 
Having constrained the supersaturation in this 
way, the value of 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 was then adjusted in 
the model to fit the plate growth.  

This fitting procedure may sound like a 
circular argument at first blush, but its 
usefulness (and correctness) becomes apparent 
as one starts exploring quantitative modeling in 
detail. It soon becomes clear that a suitable 
witness surface allows for much more accurate 
numerical modeling, thus allowing a better 
understanding of the desired growth processes. 
I discuss examples of this in more detail later 
in this chapter. 
 
Rapid turnaround. To make any real progress 
toward understanding the physics of snow 
crystal growth, one must measure a lot of 
crystals. The underlying molecular processes 
are complex and difficult to isolate, plus 
everything changes substantially with 
temperature and supersaturation (and perhaps 
other variables also). One of my favorite 
features of the e-needle method, therefore, is 
that it is possible to grow a lot of crystals in a 
short period of time, while still examining each 
one as it grows. 
 Because several e-needles typically form 
simultaneously on a wire tip (for example in 
Figure 8.2), the observer can select the best of 
several specimens, while examining the others 
to gauge the overall variability in growth and 
morphological development. The wide spacing 
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between needle tips results in only minor 
interactions between the growth of the 
different crystals in a cluster. 
 Equally important, a new cluster of e-
needles can be created in about a minute’s time, 
allowing a large number of observations in a 
single observing session. By comparison, many 
other techniques look good in a first 
demonstration experiment, but soon lose their 
luster when it ends up taking all day to produce 
just two or three useful measurements. 
 
Simple geometry. Another surprisingly 
beneficial feature of the e-needle method is 
that a needle tip contains only one exposed 
basal facet, compared to two basal facets on a 
small hexagonal prism. Looking at Figure 8.4, 
for example, a similar experiment performed 
with a hexagonal-prism seed crystal might yield 
a double plate during subsequent growth, and 
the competition between the two plates could 
then lead to one plate dominating over the 
other. Using an e-needle seed as in Figure 8.4, 
however, there is no possibility of a double 
plate forming. 

Often the presence of two basal surfaces 
complicates the analysis, as numerical models 
must somehow deal with this double-plate 
competition effect. This is a nontrivial issue 
that may preclude the use of mirror symmetries 
that can otherwise be used to simplify the 
analysis (see Chapter 7). When comparing 
observations with numerical models, I have 
found that the end of a slender e-needle often 
offers a significant geometrical advantage when 
compared with a more traditional hexagonal-
prism seed crystal. 
 
Useful asymmetry. The geometry of a needle 
tip and its surroundings also brings with it a 
degree of symmetry-breaking that can be 
valuable when examining morphologies and 
growth rates in detail. For example, a plate-like 
crystal growing on the end of an e-needle 
typically exhibits a slightly concave upper basal 
surface and a slightly convex lower basal 
surface (depending on the detailed growth 
conditions).  

This built-in asymmetry means that ridge 
structures form only on the lower basal surface 
while inwardly propagating macrosteps are 
found only on the upper basal surface. In fact, 
quite a large number of morphological features 
are similarly isolated in the needle-tip 
geometry, and this fact often turns out to be 
surprisingly helpful when trying to decipher the 
structures and physical origins of these 
features.  
 
…and Disadvantages 
While the use of e-needles as seed crystals has 
numerous experimental advantages when 
examining complex snow crystal structures, 
there are some disadvantages associated with 
the technique as well. 
 
Larger diffusion effects. Because 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 <
𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 at fixed 𝑅𝑅 (see Chapter 4), the diffusion 
effects arising from an e-needle of radius 𝑅𝑅 are 
substantially larger than the diffusion effects of 
a hexagonal prism of overall size 𝑅𝑅. This is bad 
news for the e-needle method, as it means that 
e-needles are not especially well suited for 
making quantitative measurements of the 
attachment kinetics. As presented in the 
previous chapter, the smallest possible seed 
crystals are better suited for this purpose. I 
have used e-needles for some useful 
measurements of attachment kinetics, as I 
describe below, but these were done in 
somewhat special circumstances. In general, 
the e-needle method shines best when growing 
crystals with complex morphologies for 
comparison with numerical growth models. 
 
Weight restrictions. 
Although e-needles can support their own 
weight along with some build-up of material on 
their tips, there are limits. The contact point at 
the base of an e-needle is especially weak, and 
the needle will fall if it becomes sufficiently 
top-heavy. I have often found it odd that e-
needles rarely crack and break the way one 
might expect from a crystalline structure. The 
e-needle itself behaves like a rigid structure, but 
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its base support does not. When it becomes 
top-heavy, an e-needle usually pivots about its 
support point, slowly falling like a stick with its 
bottom end held in chewing gum. 
 
Complicated construction. A final 
disadvantage with the e-needle method is that 
the apparatus is complex and therefore 
nontrivial to build. I describe my dual-chamber 
set-up in some detail below, but it is impossible 
to list every nuance of its construction and 
operation in a book of this nature. A great deal 
of trial-and-error experimentation was 
necessary to produce satisfactory crystals and 
growth measurements, and much of this effort 
would likely have to be repeated (to some 
degree) with a new e-needle venture. While this 
is a nontrivial disadvantage, I certainly hope 
that the results presented in this chapter 
stimulate at least some interest in developing 
the e-needle technology to greater heights. 
 
Comparisons with  
Other Laboratory Methods 
To complete this discussion of the advantages 
and disadvantages of the e-needle method, we 
next compare e-needles with some alternative 
experimental methods that have been explored 
for supporting single snow crystals when 
studying their growth dynamics.  
 
Planar substrates. Many experiments have 
been done observing the growth of snow 
crystals on flat substrates, and this technique is 
well suited for extremely small crystals, as 
discussed in the previous chapter. Two 
characteristics make this method somewhat ill-
suited for studying complex snow crystals, 
however – substrate interactions and water 
condensation.  

Water condensation covers a flat substrate 
with a field of small water droplets whenever 
the supersaturation rises above the water 
supersaturation level. The problem makes it 
essentially impossible to perform quantitative 
studies at higher supersaturations, a region of 
phase space that is especially interesting when 

investigating complex morphologies. In this 
regard, therefore, e-needles provide a better 
means of supporting snow crystals than flat 
substrates. 

The problem of substrate interactions is 
subtler in nature, as the contact line between 
the substrate and ice surfaces can be an 
unwanted source of layer nucleation. I discuss 
this issue in more detail in Chapter 6. Here 
again, growth on e-needles involves no non-ice 
surfaces, so is immune from substrate 
interactions. 

The Plate-On-Pedestal method described 
in the next chapter provides a novel way to 
create complex stellar snow crystals for artistic 
photography, but this technique is rather 
poorly suited for precision quantitative studies. 

 
Filament support.  Ukichiro Nakaya created 
the first laboratory snowflakes in the 1930s by 
suspending individual crystals from fine rabbit 
hairs, as I described in Chapter 1. The choice 
of rabbit hair was not accidental but arose only 
after Nakaya had examined a great many other 
filamentary materials. In nearly every case, a 
multitude of frost crystals appeared on the 
filaments, whereas isolated single crystals were 
desired for study. Desiccated rabbit hair 
yielded isolated seed crystals with reasonable 
reliability, and Nakaya employed this simple 
and ingenious method to first observe and 
quantify the snow crystal morphology diagram 
[1954Nak].  

Supporting snow crystals on thin filaments 
thus has a long and illustrious history, and 
simplicity is a highly desirable feature of this 
method. On the other hand, producing a single 
initial seed crystal on a fiber was problematic 
for Nakaya, and it remains an issue for any 
studies involving filamentary support. 
 Interestingly, it appears that Nakaya’s 
rabbit hairs exhibited relatively minor substrate 
interactions compared to other filamentary 
materials. This may be because natural oils on 
the hairs, combined with their complex 
microscopic structure, created a somewhat 
superhydrophobic surface that increased the 
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ice/surface contact angle and thus suppressed 
the nucleation of new terraces. 
 Although the use of rabbit hair seems a bit 
archaic for modern use (to my knowledge, 
Nakaya’s method has never been reproduced 
by other researchers), there may be 
superhydrophobic filamentary materials that 
provide better substrates for single-crystal ice-
growth studies. Unfortunately, one must first 
find such exemplary materials and then figure 
out a way to create suitable seed crystals on 
them. Solving these two problems remains a 
challenge.  
 
Capillary tubes. Nelson and Knight replaced 
Nakaya’s rabbit hair with fine glass capillaries, 
providing an interesting new method of 
filamentary support [1998Nel]. One advantage 
is that a capillary tube is hollow, so ice can grow 
from liquid water in the tube until it becomes 
exposed at its tip for subsequent growth from 
water vapor. This solves the nucleation 
problem and yields a single seed crystal at the 
capillary tip, although perhaps with a random 
orientation of the seed crystal axes [1998Nel].  

The problem of substrate interactions 
remains, however, making quantitative 
comparisons with numerical modeling a 
challenge. This issue can be seen in [1998Nel], 
as the growth rates of basal surfaces in contact 
with the substrate were generally higher than 
isolated basal facets, which is a commonly seen 
feature in substrate interactions (see Chapter 
6). 

Another issue is that the set-up time 
between crystals can be quite lengthy, 
especially if freezing water up the capillary tube 
is the nucleation method, as was described in 
[1998Nel]. In my opinion, the long turn-
around time is perhaps the biggest factor that 
has kept capillary support in the demonstration 
phase. Water condensation on the capillary 
support is likely to be another problem that is 
difficult to surmount. 

In many important ways, the e-needle 
method is superior to all filamentary supports, 
including capillary support. E-needles can be 
grown easily and quickly, with no issues 

relating to seed-crystal nucleation, substrate 
interactions, and water condensation. 
Nevertheless, filamentary support remains a 
simple and robust method for supporting snow 
crystals in circumstances where the e-needle 
method may be problematic, for example 
exceptionally large or heavy crystals, or perhaps 
in different background gases and at different 
pressures. 
 
Freely falling crystals. I discussed free-fall 
growth chambers in Chapter 6, and this 
method has many advantages for studying 
small snow crystals, notably experimental 
simplicity and the multitude of crystals 
produced simultaneously. Also, one can start 
with extremely small seed crystals created by 
expansion nucleation, and substrate 
interactions are absent. However, studying 
complex morphologies in a simple free-fall 
chamber is problematic, as large crystals 
require long growth times and therefore long 
fall distances. The inability to view crystals as 
they grow is another distinct disadvantage of 
this method.  
 
Laminar flow levitation. Takahashi and 
Fukuta observed freely falling complex snow 
crystals without long fall distances by levitating 
individual specimens in an upwardly moving 
column of air [1988Tak, 1991Tak, 1999Fuk]. 
This remarkable method allowed growth times 
of over an hour, and the authors produced 
snow crystals that were directly comparable to 
natural specimens. From a materials-science 
standpoint, however, the technique suffers 
several drawbacks that make direct numerical 
modeling difficult. For example, small crystals 
cannot be easily investigated, plus the 
supersaturation is either difficult to determine 
or limited to 𝜎𝜎 = 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑛𝑛𝑝𝑝.  

The levitation method is also not easily 
adaptable to in situ observations, making it 
somewhat poorly suited for observing the 
growth of a single crystal as a function of time. 
And the apparatus is far from simple to build. 
None of these problems is insurmountable, but 
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updraft levitation is generally less desirable (in 
my opinion) than the e-needle method for 
making quantitative studies. 
 
Electrodynamic ion traps. Substrate 
interactions can also be avoided by suspending 
charged ice crystals in microparticle ion traps, 
as was pioneered by Swanson et al. [1999Swa]. 
This intriguing method is well suited for 
observing small crystals at low 
supersaturations, although the ion-trap 
electrodes may hinder efforts to produce a 
well-defined supersaturation around the 
growing crystal. Water condensation is also 
clearly an issue. Moreover, the charge/mass 
ratio changes rapidly as a levitated crystal 
grows, so ion trapping seems to be a poor 
contender for studying the growth of large, 
complex specimens. While early growth studies 
show promise [2016Har], many technical 
issues must be resolved before electrodynamic 
trapping becomes a workhorse for quantitative 
snow crystal studies. 
 
Broad applicability. No single technique for 
growing snow crystals is optimal for all 
purposes, but I have found that growing 
crystals on the tips of electric needles has many 
desirable features. The e-needle method is 
especially well suited for scientific 
investigations involving complex snow crystal 
morphologies in air. 
 In the dual-chamber apparatus described 
below, it is possible to grow snow crystals over 
broad ranges of temperature and 
supersaturation, beginning with a particularly 
simple and reproducible initial geometry, free 
from substrate interactions and water 
condensation. Observations can be made in 
situ, and the set-up time between samples is 
quite fast. I believe that this technique hits a 
scientific “sweet spot” for observing the 
growth of complex snow crystals and making 
detailed, quantitative comparisons with 
numerical models. 
 
 

8.2 E-needle Formation 
Electrically enhanced ice growth was 
discovered in 1963 by Bartlett, van den Heuvel, 
and Mason [1963Bar], who observed the 
spontaneous formation of fast-growing electric 
needles when large, positive DC voltages were 
applied to ice crystals growing at high 
supersaturations. Little work was done to 
understand or apply e-needles for several 
decades until Libbrecht and Tanusheva 
explained the underlying physical cause as an 
electrically induced growth instability 35 years 
later [1998Lib, 1999Lib1, 1999Lib2, 2002Lib]. 
These authors also discovered the importance 
of chemical influences on the crystalline 
orientation of e-needle growth, and they 
developed the reliable technique for growing 
high quality c-axis needles described in this 
chapter. 
 
Basic Theory 
The physical mechanism that produces electric 
ice needles can be understood by first 
considering the equilibrium vapor pressure of 
a charged ice sphere. From basic electrostatics, 
and assuming that the sphere has nonzero 
conductance, the static charge must all reside 
on the surface of the sphere, while the electric 
field inside the sphere is zero. Pulling a neutral 
water molecule off the sphere reduces its radius 
but not its charge, and this brings the surface 
charges closer together than they were before 
the water molecule was removed.  

Because like charges repel, it requires some 
energy to reduce the size of the sphere and pull 
the surface charges closer together. It follows 
that pulling a water molecule off a charged 
sphere requires slightly more energy than 
pulling a water molecule off an uncharged 
sphere. For this reason, the equilibrium vapor 
pressure of a charged sphere is slightly lower 
than that of an uncharged sphere. A high 
voltage applied to the sphere has the same 
effect. 

The argument is essentially the same as 
with the Gibbs-Thomson effect presented in 
Chapter 2, and the math is similar also. Adding 
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in the electrostatic self-energy term, the 
equilibrium vapor pressure of a charged sphere 
of radius 𝑅𝑅 becomes 

 

𝑐𝑐𝑛𝑛𝑒𝑒(𝑅𝑅) ≈ 𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤 �1 +
2𝑑𝑑𝑝𝑝𝑠𝑠
𝑅𝑅

−
𝑅𝑅𝑛𝑛𝑝𝑝2

𝑅𝑅2 �
(8.1) 

 
where 

𝑅𝑅𝑛𝑛𝑝𝑝2 ≈
𝜀𝜀0𝜑𝜑02

2𝑐𝑐𝑑𝑑𝑑𝑑𝑛𝑛𝑘𝑘𝑘𝑘
(8.2) 

 
and 𝜑𝜑0  is the applied electrical potential (aka 
voltage), while 𝜀𝜀0 is the vacuum permittivity in 
SI units (see Appendix A). 

With this additional electrostatic effect, the 
equation describing the growth of a spherical 
crystal (see Chapter 4) becomes  

 

𝑣𝑣 ≈
𝑋𝑋0
𝑅𝑅
𝑣𝑣𝑘𝑘𝑑𝑑𝑛𝑛 �𝜎𝜎∞ −

𝜎𝜎∞
𝛼𝛼
𝑋𝑋0
𝑅𝑅

+
𝑅𝑅𝑛𝑛𝑝𝑝2

𝑅𝑅2 �
(8.3) 

 
where we have neglected surface tension for 
the reasons described in Chapter 4. Extending 
the discussion in that chapter, the 

corresponding equation for the tip velocity of 
a growing parabolic crystal becomes  

 

𝑣𝑣𝑤𝑤𝑑𝑑𝑝𝑝 ≈
2𝑋𝑋0𝑣𝑣𝑘𝑘𝑑𝑑𝑛𝑛
𝐵𝐵𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝

�𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 −
𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝
𝛼𝛼

2𝑋𝑋0
𝐵𝐵𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝

+
𝐺𝐺𝑅𝑅𝑛𝑛𝑝𝑝2

𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝2
� (8.4) 

 
where 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 is the radius of curvature of the 
parabola at the tip and 𝐺𝐺 is a dimensionless 
geometrical factor. 
 Examining the individual terms in 
Equation 8.4 gives one a picture of the essential 
physics underlying the e-needle growth 
instability. The first term in the parentheses 
gives the constant tip velocity of a parabolic 
crystal when its growth is entirely diffusion-
limited. This is the Ivantsov solution discussed 
in Chapter 4, arising solely from the solution to 
the particle diffusion equation. 

The second term is rather small compared 
to the first, but it reduces the growth velocity 
as 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 becomes smaller. This term, albeit 
small, plays an essential role in stabilizing the 
normal growth of a parabolic crystal. It 
“selects” the final 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 for the growing 
Ivantsov parabola via solvability theory, as I 
discussed in Chapter 4. Together, the first two 
terms in Equation 8.4 describe the growth of a 
normal ice needle or dendrite that has an 
approximately parabolic shape near its tip. 
 The third term in Equation 8.4 tends to 
destabilize the normal parabolic growth, and 
this is the term that drives the e-needle 
instability. As 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 becomes smaller, this term 
increases the tip velocity relative to the normal 
growth, and the 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝−2 dependence means that 
this term eventually dominates over the kinetic 
term in the equation as the tip sharpens. 

Including this third term in an extension of 
solvability theory and following the algebra 
through, the resulting equation for the 
parabola tip radius can be written in the form 
of a quadratic equation [2002Lib] 

 
𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝2 − 𝑅𝑅0𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 + 𝐴𝐴𝑅𝑅𝑛𝑛𝑝𝑝2 ≈ 0 (8.5) 

 
where 𝑅𝑅0 is the tip radius in the absence of an 
applied electrical potential (the normal 

Figure 8.5. When a high voltage is applied to 
an ice needle, strong electric fields (arrows) are 
concentrated at the tip. As described in the 
text, these fields decrease the equilibrium 
water-vapor pressure near the tip, increasing 
its growth rate. This produces a positive 
feedback effect: faster growth yields a sharper 
tip, which increases the electric fields near the 
tip surface, making the growth faster still. The 
result is a runaway growth instability that 
produces a slender, fast-growing e-needle. 



286 
 

solvability-theory result) and 𝐴𝐴 is a 
dimensionless constant.  
 Solving the quadratic equation gives 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 =
𝑅𝑅0 when there is no applied potential, which is 
the normal solvability result. As the potential is 
turned on slowly, at first the solution yields a 
tip velocity that is only slightly larger than the 
normal velocity. In this regime, the normal 
solvability solution is only slightly perturbed by 
the applied potential, decreasing 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 and 
increasing 𝑣𝑣𝑤𝑤𝑑𝑑𝑝𝑝 as 𝜑𝜑0  becomes larger. Thus, 
there is no dramatic effect when a small voltage 
is applied, as one would expect.  

This “perturbative” regime remains in 
effect as long as 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 < 2𝑅𝑅0, or, equivalently, as 
long as 𝑣𝑣𝑤𝑤𝑑𝑑𝑝𝑝 is no greater than about twice its 
normal-growth result. Under typical ice-
growth conditions, the perturbative regime 
holds as long as the applied voltage is less than 
about 1000 volts. Beyond that point, the 
quadratic equation no longer has any real roots, 
meaning that the second term can no longer 
stabilize the growth as described by solvability 
theory. 
 Physically, the destabilizing electrostatic 
term eventually brings about a full-blown 
growth instability. Above a threshold voltage 
𝜑𝜑𝑤𝑤ℎ𝑝𝑝𝑛𝑛𝑝𝑝ℎ ≈ 1000 volts, the physical influence of 
the third term in Equation 8.4 exceeds that of 
the second term, providing a positive feedback 
effect that leads to runaway growth. Reducing 
𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 makes the tip electric fields higher, which 
turns up the growth rate and reduces 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 still 
more, further increasing the tip electric fields. 
All this quickly leads to an abrupt increase in 
𝑣𝑣𝑤𝑤𝑑𝑑𝑝𝑝 and the formation of an electric ice needle. 

Figure 8.6 shows a direct comparison of 
experiment measurements with the theory 
described above [1998Lib], illustrating the 
initial perturbation of the solvability solution 
followed by a runaway instability leading to the 
formation of an electric needle. Consistent 
with the solvability model, the dendrite tip 
growth increases in a well-behaved fashion 
until reaching about twice its normal (zero 
applied potential) value, at which point the e-

needle forms and the tip velocity increases 
abruptly.  

Figure 8.7 shows measurements of tip 
velocities near -5 C for normal needle growth, 
e-needle growth along axes other than the c-
axis, and for c-axis e-needles. Although the tip 
radius 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 was often too small to measure 
optically in these measurements, it is 
reasonable to estimate 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 from the Ivantsov 
solution. This dictates that 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 is proportional 
to 𝑣𝑣𝑤𝑤𝑑𝑑𝑝𝑝−1, and the inferred tip radius 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝 falls to 
values below 100 nm for the fastest growing c-
axis e-needles [2002Lib]. 

The above electrostatic theory is a natural 
extension of solvability theory, and it clearly 
fits the observations reasonably well. But it 
only describes the tip behavior in the 

Figure 8.6. Experimental measurements (data 
points) showing a gradual increase in the tip 
growth velocity of an ice dendrite at -15 C as 
the applied voltage was increased. The line 
through the data points comes from the theory 
contained in Equation 8.5, with 𝑨𝑨 adjusted to 
fit the data. Note that the dendrite morphology 
continued to exhibit sidebranching as the 
voltage was initially increased. Once a 
threshold voltage was exceeded, however, 
normal dendrite growth gave way to the 
formation of an electric needle. The inset 
image shows a similar run in which the normal 
dendrite growth transformed into a fast-
growing a-axis e-needle above threshold. From 
[1998Lib]. 
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perturbative regime, when the tip 
radius is still stabilized by the kinetic 
term in Equation 8.4. Above the 
voltage threshold, there must be some 
other stabilization mechanism that 
selects the final e-needle tip velocity.  

This necessary stabilization cannot 
be provided by vapor-pressure effects 
stemming from either surface energy 
or attachment kinetics, as these effects 
both go only as 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝−1 , as seen with the 
second term in Equation 8.4. These 
terms, therefore, cannot compete with 
the 𝑅𝑅𝑤𝑤𝑑𝑑𝑝𝑝−2  term once the tip radius 
becomes small. At the 100-nm scale, 
surface tension may provide sufficient 
mechanical force to halt additional tip 
sharpening, but this is just a guess. At present, 
the e-needle tip stabilization mechanism is not 
known. 
 
Polarizability Effects 
The astute reader will note that the above 
theory does not involve the polarizability of the 
highly polar water molecule in the electric field 
near the needle tip. It turns out that molecular 
polarizability brings about two electrical effects 
that nearly cancel one another in the theory. 
First, the vapor pressure of a charged sphere is 
increased by the polarizability because 
removing a molecule from the zero-field region 
inside the sphere to the high-field region 
outside releases energy. Second, the water 
vapor density in the high-field region is 
increased as polarized water molecules are 
preferentially drawn into this region. The 
theory becomes somewhat complex at this 
point, but the final result is that the 
polarizability of the water molecule can be 
ignored to first order [1999Bre, 2002Lib]. It 
appears that molecular polarizability 
contributes somewhat to the energetics, but it 
is not as important as the electrostatic effect for 
creating e-needles.  

The electrostatic effect is somewhat 
universal in that it does not depend much on 
the characteristics of the vapor molecules in 

the problem, including the polarizability. 
Because of this universality, one expects that 
the e-needle phenomenon should be observed 
in other high-vapor-pressure material systems 
besides ice. Indeed, Libbrecht, Crosby and 
Swanson [2002Lib] demonstrated a similar e-
needle effect in iodine crystal growth, even 
though this simple dipole molecule has a very 
low molecular polarizability. 
 
E-needle Crystal Orientation 
Electric ice needles can be persuaded to grow 
with a variety of crystalline orientations, 
depending on growth conditions, as is 
demonstrated in Figure 8.8. Near -15 C, e-
needles often prefer to grow along the a-axis of  
the ice crystal, but sometimes they grow 

Figure 8.7. Experimental measurements (data 
points) showing the tip velocities for normal 
needle growth (lower points), e-needles 
growing along crystalline axes that are not the 
c-axis (middle points), and c-axis e-needles 
(upper points). The data were all taken at a 
temperature of -5 C, and in all cases the tip 
growth velocity is linearly proportional to the 
supersaturation, as predicted by solvability 
theory (see Chapter 4). Growth along the c-
axis was stimulated using chemical vapor 
additives as described in this chapter. From 
[2002Lib]. 
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preferentially along the [11�00] axis, as shown 
in the top and middle images in Figure 8.8. I 
have not fully explored the causes of the 
different e-needle orientations, and the precise 
conditions needed to produce growth along 
the a-axis or the [11�00] axis are not presently 
known. The preference for growth along the 
[11�00] axis is especially puzzling, as this axis 
seems to play little role in other aspects of ice 
crystal growth. 
 At temperatures near the needle peak 
around -6 C in the morphology diagram, the e-
needle growth is usually not along a well-
defined crystal axis. Instead the growth axis 
appears to be roughly the same as the growth 
direction of fishbone dendrites, which is 
somewhat temperature and supersaturation 
dependent. However, we found that c-axis 
electric needles could be reliably produced near 
-6 C by adding trace quantities of vaporous 
chemical additives to the air in which the 
needles grew [2002Lib].  

A variety of chemicals were found to 
promote c-axis e-needles near -6 C, including 
hydrocarbons (e.g. gasoline vapor), various 
alcohols, and other solvent vapors. After some 
trial-and-error investigations, I found that 
acidic acid vapor is especially effective, with 
concentrations as low as 1ppm readily 
promoting needle growth along the c-axis. 
However, the best vapor I have found for 
promoting c-axis e-needles is that emitted from 
GE Silicone II caulk. Acetic acid is the primary 
solvent used in this caulk, but the vapor 
appears to include additional proprietary 
volatile organic compounds at low 
concentrations.  

The use of vaporous chemical additives to 
promote c-axis e-needle growth was a largely 
serendipitous discovery made by Tanusheva 

Figure 8.8. (Above right) Under different experimental conditions, e-needles can grow preferentially 
along the a-axis (top photo), the [𝟏𝟏𝟏𝟏�𝟎𝟎𝟎𝟎] axis (middle photo), or the c-axis (bottom photo). In many 
conditions, e-needle growth is not along a well-defined crystalline axis but appears to be somewhat 
random and likely dependent on the orientation of the seed crystal from which the e-needle formed. 
In these photos, a period of e-needle growth was followed by a period of normal growth, during which 
there was no applied voltage. The orientation of the e-needle could then be determined by the 
orientation of the subsequent normal growth. 
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and Libbrecht in 1998, as our growth chamber 
was assembled using GE Silicone II caulk, 
which produced some residual vapor before 
the chamber was thoroughly baked. In the next 
section I outline how this chemical-vapor trick 
can be used to produce c-axis e-needles with 
nearly 100 percent efficiency. The underlying 
reason why trace chemical impurities promote 
c-axis e-needle growth so effectively, however, 
remains a mystery. 

Some Remaining Questions 
Although the above theory is probably correct 
at some level, the e-needle phenomenon is 
nevertheless largely unexplored, both 
experimentally and theoretically. Some 
remaining questions and ideas for further 
research include: 
• What stabilizes the e-needle growth above 
the instability threshold? Solvability theory is 
no longer adequate for this problem, so some 
new theoretical ideas seems to be required. 
• Why do c-axis e-needles grow about four 
times faster than e-needles growing along less 
preferred lattice directions? 
• What mechanism is responsible for 
chemical impurities promoting the growth of 
c-axis e-needles? 
• How would the e-needle phenomenon 
change in different gases or as a function of 
gas pressure? No experiments along these 
lines have ever been performed, to my 
knowledge. 
• Is it possible to grow individual c-axis e-
needles in a more controlled fashion, for 
example producing c-axis e-needles that are 
oriented perpendicular to a fixed substrate? 
To date, I have only been able to grow c-axis 
e-needles from a frost covered wire, which 
leads to somewhat random spatial 
orientations. 
• Why do e-needles sometimes prefer 
growth along the [11�00] axis near -15 C, while 
other times selecting the a-axis at this same 
temperature?  
• Are there other preferred e-needle 
orientations under different growth 
conditions? The available parameter space has 
not been fully explored, leaving open the 
possibility of new discoveries. 
• What other materials exhibit the e-needle 
growth instability? Iodine exhibited some e-
needle-like behavior, but little work has been 
done exploring this phenomenon in other 
materials that grow from the vapor phase.  

  

Figure 8.9. The preferential growth of e-
needles along the [𝟏𝟏𝟏𝟏�𝟎𝟎𝟎𝟎] axis sometimes yields 
a peculiar tip splitting phenomenon seen in 
dendrite growth near -15 C, illustrated in this 
photo. When the applied voltage is just slightly 
above the e-needle threshold, an [𝟏𝟏𝟏𝟏�𝟎𝟎𝟎𝟎] axis e-
needle apparently begins to form, but the 
growth halts before the structure can turn into 
a full-fledged e-needle. Instead the 
reorientation of the crystal axis brings about a 
tip-splitting that yields two primary dendrite 
branches and two secondary branches, the 
latter perpendicular to the original branch axis. 
This split-tip structure lowers the electric fields 
sufficiently (at constant applied voltage) that 
normal growth commences from the split tip. 
In this example the two primary branches then 
grew farther apart until the electric fields 
passed through threshold again, so the two 
branch tips each underwent an additional 
splitting. This applied potential was not 
changed after the first tip splitting occurred.  
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A Serendipitous Discovery 
In 1997, summer student Victoria Tanusheva 
captured the above photograph during our 
early studies of electric ice needles. The image 
shows five beautifully formed stellar snow 
crystals growing on the tips of the five e-
needles. Notably, all five stars are 
perpendicular to their respective e-needles, 
indicating that all five e-needles had grown 
along the crystalline c-axis.  
 We had witnessed c-axis e-needles 
previously, but these were rare occurrences. 
Most of the time, the e-needle axes were 
somewhat randomly oriented with respect to 
the crystal axes, which was not ideal for 
growing snow crystals on the needle tips. 
Turning off the voltage and setting the growth 
conditions to produce stellar crystals on these 
e-needles yielded mostly lopsided, rather 
malformed stars. Seeing this image, with all five 
e-needles growing along the c-axis, we realized 
that there must be some recipe for reliably 
making c-axis e-needles. 
 During the weeks and months after seeing 
this lone photo, we were unable to reproduce 
the high yield of c-axis e-needles. We carefully 
explored growing e-needles at different 
temperatures, supersaturations, voltages, and 
other parameters in our apparatus, but nothing 

worked, and the desired recipe eluded us 
during many frustrating tests and trials. 
 Having excluded many other possibilities, 
we began to think that unwanted chemical 
vapors of our apparatus may have been 
affecting our results. The diffusion chamber 
was constructed from aluminum, styrofoam, 
glass, and other materials, and much of it was 
held together with silicone caulk, which does 
emit a characteristic odor. 
 Removing the contaminating vapors 
entirely was impossible, but baking the 
chamber would slowly reduce the contaminant 
levels. So we heated the chamber to about 50 
C and left it alone for several weeks, focusing 
our attention on other projects for the 
duration. 
 When the time seemed right, and the odors 
had clearly subsided substantially, we turned 
off the bake and tried our luck once more. And, 
lo and behold, now we saw no c-axis e-needles 
whatsoever; the bake had reduced the yield to 
effectively zero. 
 At that point the light bulb went off and we 
realized that vapor contaminants were not the 
problem, but rather an essential part of our 
desired recipe. Adding a bit of caulk vapor was 
straightforward, and in short order we were 
producing superb c-axis e-needles reproducibly 
and with a nearly 100 percent yield. 
 After additional tests, we found that many 
chemical vapor additives could bring about the 
formation of c-axis e-needles. Just about 
anything with a significant odor seemed to do 
the trick. Acetic acid (a.k.a. vinegar) worked 
especially well, and it was entirely fortuitous 
that this was a main constituent in the caulk we 
had been using all along (G.E Silicone II caulk). 
In fact, the caulk vapor ended up being slightly 
better than pure acetic acid, and better than any 
other chemical additive we tested.   
 We soon developed a highly reproducible 
procedure for creating copious c-axis e-
needles, which is presented in this chapter. As 
with many empirical recipes, however, we still 
do not understand why it works! 
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8.3 An E-needle Dual 
Diffusion Chamber 
In an effort to exploit the electric ice needle 
method for additional studies of snow crystal 
growth, I constructed the dual-diffusion-
chamber apparatus shown in Figures 8.10 and 
8.11 [2014Lib]. The basic idea here is to grow 
c-axis e-needles in one diffusion chamber and 
then move the e-needles to a second diffusion 
chamber where their subsequent normal 
growth can be observed over a broad range of 
conditions. The first diffusion chamber can 
then be optimized for the task of creating c-
axis e-needles quickly and reliably, while the 
second chamber is designed to produce a well-
controlled environment with a precisely known 
temperature and supersaturation level.  

In many respects, this is a next logical step 
in the morphological studies begun by Nakaya 
[1954Nak] and advanced by Mason [1958Hal, 
1963Mas], Kobayashi [1961Kob], Bailey and 

Hallett [2004Bai, 2009Bai] and others. The 
main difference is that we can now make 
precise measurements of single, isolated 
crystals growing in situ, avoiding the 
complications of substrate effects and crystal 
crowding. This enables the next substantial 
step in the scientific progression – making 
detailed, quantitative comparisons with 
modern computational models that can yield 
new insights into the underlying physical 
processes that govern snow crystal growth.  

 
Diffusion Chamber 1 
Referring to Figure 8.10, DC1 was designed to 
produce c-axis electric needles quickly, reliably, 
and easily. Its basic construction is a partial 
clam-shell diffusion chamber (see Chapter 6) 
with a top temperature of 59 C and a bottom 
temperature of -35 C [2014Lib]. These 
temperatures, along with the dimensions of the 
aluminum clam-shell walls, were adjusted 

Figure 8.10. A dual diffusion chamber apparatus for observing snow crystal growth on electric ice 
needles. Diffusion Chamber 1 (DC1, on the right) provides the necessary conditions for creating c-
axis electric needles easily and quickly. The needles are then transported to Diffusion Chamber 2 
(DC2, on the left), which provides a well-controlled environment that can achieve a broad range of 
temperatures and supersaturation levels. The inside height of DC2 is 10 centimeters [2014Lib].  
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(somewhat by trial-and-error) to yield a high 
supersaturation (𝜎𝜎 ≈ 100%) and a temperature 
of -6 C at the location of the wire tip of the 
support post.  
 The base of the apparatus is cooled using a 
recirculating chiller that circulates methanol at 
-35 C to a 12x18-inch aluminum base plate 
upon which the rest of the hardware is 
assembled. Four 1x1-inch copper bars 
thermally connect this base plate to the top 
surface in DC2. Three sets of thermoelectric 
modules provide adjustable temperature 
control for the bases of both DC1 and DC2, 
set by independent electronic temperature 
controllers. These and other components of 
the cold-chamber design are described in 
Chapter 6. 
 A key feature in DC1 is that the 
supersaturation must be high enough to 
reliably produce c-axis e-needles, which do not 
readily form when 𝜎𝜎 < 100%. The clam-shell 

diffusion-chamber design is well suited to this 
task, although it is difficult to calculate the 
supersaturation a priori from the design 
parameters. Some trial-and-error reckoning 
was necessary, therefore, to achieve the desired 
environmental conditions in DC1. 

The temperature profile in a clam-shell 
diffusion chamber is typically nonlinear, and 
Figure 8.12 shows the vertical profile for the 
center of DC1. This profile varies with 
horizontal distance from the walls, so the air in 
the chamber is not stable against weak 
convection currents. The resulting slow air 
circulation in the chamber complicates any 
attempt to calculate the supersaturation using 
diffusion modeling. Even quite slow air 
currents are important to consider, as the time 
necessary to establish the final supersaturation 
profile is of order the diffusion time 𝜏𝜏 = 𝐿𝐿2/𝐷𝐷, 
which is about 10 minutes in this chamber. It 
is not necessary, however, that the air be 

Figure 8.11. A laboratory photograph of the dual diffusion chamber apparatus depicted in Figure 8.10. 
The recirculating chiller that cools the chambers, as well as several temperature controllers and other 
pieces of electronic hardware, are not visible in this picture. 
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perfectly still, or that the temperature profile be 
precisely known. All that really matters in DC1 
is that the temperature be near -6 C and the 
supersaturation be at or above 100 percent at 
the position of the wire tip. 

The top plate in DC1 includes a water 
reservoir that holds about 100 mL in a shallow 
pan to facilitate evaporation. The plate, clam-
shell walls, and water reservoir are all made 
from copper, soldered together for good heat 
conduction. The top-plate assembly is heated 
using a sealed resistive heating element, using a 
temperature controller to maintain a well-
defined plate temperature throughout the 
duration of an experimental run. 
 At the beginning of a run, and for other 
testing purposes, it is often convenient to hang 
a weighted length of thin monofilament fishing 
line down the center of DC1 to observe the 
resulting ice growth at the position where the 
wire tip will be placed. Two cylindrical 
observing ports (see Chapter 6) are included in 
the DC1 walls for this purpose, and the long-
distance viewing microscope can be seen in 

Figure 8.11. When DC1 is operating correctly, 
“fishbone” dendrites appear at temperatures 
near -5 C on the filament, as shown in Figure 
8.13. These fast-growing dendrites serve as an 
effective measurement of the chamber 
temperature, and they indicate that a high 
supersaturation level has been achieved. This 
filament is removed during normal operation 
of the chamber, so as not to interfere with the 
e-needle growth on the wire tip (at the end of 
the Post in Figure 8.10). 
 Some amount of chemical vapor is needed 
to produce c-axis electric ice needles, as they 
do not readily form in clean air. At the same 
time, too much chemical vapor might 
contaminate the subsequent growth in DC2, 
which would clearly be undesirable for 
quantitative analysis. Therefore, the vapor inlet 
tube shown in Figure 8.10 is included in DC1 
so only a minute amount of chemical vapor is 
used to create c-axis e-needles. 
 The following methodology was found to 
work quite well in practice. First, a good 
amount of GE Silicone II caulk is deposited 
into a half-liter soda bottle. The caulk has quite 
a strong odor, mostly from acetic acid, and 
capping the bottle nicely traps this vapor for 
weeks at a time. When the wire tip is in place 
in DC1, a syringe is inserted into the bottle 
through a small hole in the cap, and 2 ml of 
odoriferous air is drawn into the syringe. Note 
that the caulk itself remains untouched at the 
bottom of the bottle; only the air above it is 
used. The air in the syringe is then ejected 
through the inlet tube into the region 
surrounding the wire tip. A high voltage 
(typically +2000 volts DC) is quickly applied to 
produce c-axis e-needles. The injected air 
quickly disperses in DC1, and the quantity is 
too low to significantly contaminate the air in 
DC2. 
 Surprisingly little caulk vapor is needed to 
stimulate the formation of c-axis e-needles. It 
is often sufficient to draw 2 ml of caulk-bottle 
air into the syringe, eject this air out of the 
syringe (not into DC1), then draw another 2 ml 
of normal lab air into the syringe and eject that 
air into DC1. The residual caulk vapor coming 

Figure 8.12. A measurement of the temperature 
profile along the central vertical axis in DC1. 
The parameters of the DC1 design, particularly 
the lengths of the upper and lower clam-shell 
walls, were adjusted to produce an especially 
high supersaturation and a temperature of -6 C 
at the location of the wire tip (𝒛𝒛 = 𝟎𝟎 in the 
graph). Note the especially steep 𝒅𝒅𝒅𝒅/𝒅𝒅𝒛𝒛 at this 
position. 
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from whatever is stuck to the inner walls of the 
syringe is enough to produce c-axis e-needles 
in DC1 with nearly 100 percent efficiency. 
However, completing these same steps with no 
initial caulk-bottle draw does not work, 
yielding almost entirely non-c-axis e-needles. 
Why this chemical vapor is needed to produce 
c-axis e-needles remains a mystery, and this 
procedure was developed almost entirely from 
an initial serendipitous observation followed 
by trial-and-error experimentation. As 
discussed in Chapter 3, our overall 
understanding of chemical vapor influences on 
snow crystal growth is extremely poor. 
 The swing-in Cover in DC1 (shown in 
Figure 8.10) is made from a strip of 0.1-mm-
thick plastic sheet mounted horizontally, rigid 
enough to maintain its flat shape, about five 
centimeters in width. The cover quickly 
becomes covered with frost crystals, and it is 
normally kept near the chamber walls, where it 
does not perturb the supersaturation to a great 
extent. Swinging the cover into place, so it is 
positioned above the wire tip, quickly reduces 
the supersaturation at the tip by a substantial 
(but not well measured) factor. With this cover 
in place, the voltage can be turned off and the 
simple e-needle structure remains stable for 
some tens of seconds. Without the cover over 
the e-needles, turning off the high voltage 
produces normal fishbone growth that greatly 
broadens the tip structure in just a few seconds. 
 I have also found that judicious use of the 
swing-in cover greatly improves the transfer of 
e-needles from DC1 to DC2. The best 
procedure is to first get the e-needles started 
with the cover removed, as this initiation step 
works best with the highest available 
supersaturation. After the needles grow to 
about 1 mm long, swing the cover into place 
while leaving the high-voltage on. This slows 
the e-needle growth by about a factor of 2-3, 
but their sharp morphology remains. In this 
state, let the e-needles growth another 1-2 mm, 
then turn off the high voltage (leaving the 
cover in place) and pull the wire tip into DC2. 
Following this procedure, the transfer 
efficiency is nearly 100 percent; the e-needles 

mostly survive the journey into DC2. Without 
the slower growth step with the cover in place, 
however, the e-needles frequently break off 
from the wire tip before they make it into DC2, 
which can be quite frustrating in practice. 
 The “Tapper” in Figure 8.10 is a 
convenient tool for removing built-up frost 
from the wire tip. The tapper consists of a 
small cylindrical weight on a string that swings 
into place like the cover plate. The weight 
swings from its string and effectively knocks 

Figure 8.13. An image showing ice crystals 
growing on a segment of 200-micon-diameter 
nylon fishing line hanging in the center of DC1. 
The scale bar is 1 mm long, and the crystal 
growing time was 19 minutes. [2014Lib]. The 
crystal morphology is strongly temperature 
dependent, with the fast-growing “fishbone” 
dendrites appearing near −5 C. The best wire 
tip location for producing c-axis electric 
needles is just below the fishbone peak, where 
the temperature is near -6 C. Hollow columnar 
crystals appear at this position. 
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crystals off the wire, readying it for making 
more e-needles.  

Over time, the frost buildup on the wire tip 
becomes so high that it cannot be removed 
effectively with the tapper. When this happens, 
the wire tip can be cleaned by inserting a long 
plastic rod into the top of the chamber. A 
plastic rod with a two-cm-long wire end seems 
to work best. Touching the thicker, room-
temperature wire to the thin wire tip 
immediately melts and removes the ice 
buildup. The frost-covered tapper is then 
brought in to tap the wire tip a few times to 
nucleate freezing of the remaining water. 
(Without this nucleation step, only liquid water 
condenses on the wire tip, as the temperature 
is not cold enough to quickly nucleate 
spontaneous freezing.) 
 In summary, after a fair bit of 
experimentation, the following procedure was 
found to produce c-axis e-needles with nearly 
100 percent yield: 
1) With the nylon monofilament removed 
from DC1, and the Cover and Tapper (see 
Figure 8.10) out of the way, position the wire 
tip (on the end of the Post in Figure 8.10) in 
DC1.  
2) Use the Tapper to remove frost from the 
wire tip if needed. If there is a lot of frost on 
the wire, insert a wire-tipped room-
temperature rod in from the top of the 
chamber and touch the rod to the wire to melt 
the frost, leaving a nearly bare wire tip. Then 
touch the wire with the Tapper to nucleate ice 
on the wire. 
3) Extract 1-2 ml of air from a bottle 
containing a caulk vapor and inject the air 
through the Inlet Tube that has one end near 
the base of the post. This sends a pulse of 
chemical vapor into DC1, which quickly 
disperses so some additive reaches the space 
near the wire tip.  
4) Apply +2000 volts DC to the wire tip to start 
the growth of c-axis electric needles. (This 
voltage is supplied via a wire running through 
the manipulator arm, as described below.) 
5) View the electric needle growth using a long-
distance microscope (see Figure 8.11). When 

the needles are about 1 mm long, swing in the 
Cover to lower the supersaturation above the 
needles, while leaving the high voltage on. Let 
the e-needles grow another 1-2 mm to reach 
their desired final length. 
6) Turn off the high voltage, immediately open 
the two shutters separating DC1 and DC2, and 
then pull the post assembly, with the electric 
needles, into DC2.  
 
Although the above procedure sounds 
somewhat involved, the end result is an 
efficient electric-needle “factory” that works 
remarkably well and nearly always yields a set 
of c-axis e-needles in DC2 like those shown in 
Figure 8.1. Moreover, the dual chamber has a 
rapid sample turnaround that is especially 
important for turning a proof-of-principle 
demonstration into a workhorse experiment 
that produces valuable scientific data. 
 
Diffusion Chamber 2 
DC2 was designed to be a linear-gradient 
diffusion chamber, optimized to allow accurate 
modeling of the interior supersaturation. As 
shown in Figure 8.10, a pair of aluminum 
clamshells provide a cold barrier around the 
chamber, while stainless-steel inner walls 
conduct heat vertically to establish a linear 
vertical temperature gradient along the walls 
and throughout the chamber interior. The 
thickness of the stainless-steel walls (1.6 mm) 
was chosen to provide sufficient conduction to 
define a linear temperature gradient, but not so 
thick that the resulting heat conduction is 
difficult to sustain. Figure 8.14 shows a 
measured temperature profile at the center of 
the chamber. 
 With a linear temperature gradient and 
frost-covered walls to produce the boundary 
condition 𝑐𝑐𝑤𝑤𝑤𝑤𝑑𝑑𝑑𝑑(𝑧𝑧) = 𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤(𝑘𝑘𝑤𝑤𝑤𝑤𝑑𝑑𝑑𝑑(𝑧𝑧)) at the 
chamber walls, it becomes possible to 
accurately model the interior temperature and 
supersaturation. In the limit that the width of 
DC2 is much larger than the height, the heat 
and particle diffusion equations yield linear 
profiles for both the temperature and particle 
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density inside the chamber. From this, one 
obtains the supersaturation at the chamber 
center 
 

𝜎𝜎𝑑𝑑𝑛𝑛𝑛𝑛𝑤𝑤𝑛𝑛𝑝𝑝 =
(𝑐𝑐𝑤𝑤𝑡𝑡𝑝𝑝 + 𝑐𝑐𝑏𝑏𝑡𝑡𝑤𝑤𝑤𝑤𝑡𝑡𝑝𝑝) 2 − 𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤(𝑘𝑘𝑑𝑑𝑛𝑛𝑛𝑛𝑤𝑤𝑛𝑛𝑝𝑝)⁄

𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤(𝑘𝑘𝑑𝑑𝑛𝑛𝑛𝑛𝑤𝑤𝑛𝑛𝑝𝑝)  

≈
1
2

1
𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡(𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐)

𝑑𝑑2𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡
𝑑𝑑𝑘𝑘2

(𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐)(∆𝑘𝑘)2   (8.6) 

 
where 𝑘𝑘𝑑𝑑𝑛𝑛𝑛𝑛𝑤𝑤𝑛𝑛𝑝𝑝 = (𝑘𝑘𝑤𝑤𝑡𝑡𝑝𝑝 + 𝑘𝑘𝑏𝑏𝑡𝑡𝑤𝑤𝑤𝑤𝑡𝑡𝑝𝑝)/2 and ∆𝑘𝑘 =
𝑘𝑘𝑤𝑤𝑡𝑡𝑝𝑝 − 𝑘𝑘𝑏𝑏𝑡𝑡𝑤𝑤𝑤𝑤𝑡𝑡𝑝𝑝. 

This far-away-walls approximation is not 
too far off for DC2, but the walls do reduce the 
supersaturation somewhat. Using a finite-
element diffusion analysis to calculate the 
effects of the walls and the post supporting the 
crystals yields the supersaturation model 
shown in Figure 8.15 [2016Lib]. This model 
predicts that, over a broad range of growth 
conditions, the center supersaturation is well 
described by  
 

𝜎𝜎𝑑𝑑𝑛𝑛𝑛𝑛𝑤𝑤𝑛𝑛𝑝𝑝 ≈                                                        

      
1
2

𝐺𝐺𝑝𝑝𝑡𝑡𝑑𝑑

𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤,𝑑𝑑𝑛𝑛𝑛𝑛𝑤𝑤𝑛𝑛𝑝𝑝

𝑑𝑑2𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤
𝑑𝑑𝑘𝑘2

(𝑘𝑘𝑑𝑑𝑛𝑛𝑛𝑛𝑤𝑤𝑛𝑛𝑝𝑝)(∆𝑘𝑘)2 (8.7) 

 
where 𝐺𝐺𝑝𝑝𝑡𝑡𝑑𝑑 ≈ 0.72 is a correction factor 
arising from the walls and post. Note that the 
model shows very nearly the same 𝜎𝜎𝑑𝑑𝑛𝑛𝑛𝑛𝑤𝑤𝑛𝑛𝑝𝑝~∆𝑘𝑘2 
dependence as the limiting theoretical 
expression. 
 DC2 also includes a swing-in thermistor to 
monitor the temperature at the chamber 
center, and a swing-in cover to lower the 
supersaturation if desired. The calibrated 
thermistor has an absolute accuracy of ±0.1 C 
and can be rotated in to measure the 
temperature at the location of the growing 
crystals. In principle, the center temperature is 
the average of the top and bottom 
temperatures, but small perturbations come 
from the imaging optics, optical viewports, and 
other factors. 

Figure 8.14. Measurements of the vertical 
temperature profile in DC2. Unlike in DC1, 
this temperature profile holds near the walls 
and throughout the interior of the chamber. As 
a result, there are no horizontal temperature 
gradients inside the chamber, so the air is 
stable against convection. This stability allows 
precise modeling of the supersaturation within 
the chamber. 

Figure 8.15. A finite-element diffusion model 
of the supersaturation field in DC2 at a fixed 
∆T. The supersaturation goes to zero (black) 
at the frost-covered walls and exhibits a 
broadly peaked maximum (yellow/white) 
below the chamber center. The black dot 
indicates the center of the chamber, which is 
the location of the growing e-needles. By 
running the model with different top and 
bottom temperatures, one can determine the 
supersaturation at the center of the chamber as 
a function of ∆T. 
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The DC2 Cover consists of a 0.1-mm-
thick, 1-cm-wide plastic strip mounted 
horizontally. This swings in to a position just 
above the center of the chamber, nearly turning 
off the supersaturation seen by the growing 
crystals. The cover is typically put in place 
before the e-needle transfer from DC1, which 
then allows time to position the needles and 
focus the camera under conditions of low 
supersaturation. Swinging the cover away then 
restores the normal supersaturation in a time of 
roughly 𝜏𝜏 ≈ 𝐿𝐿2/𝐷𝐷𝑤𝑤𝑑𝑑𝑝𝑝 ≈ 5 seconds, where 𝐿𝐿 ≈ 1 
cm and 𝐷𝐷𝑤𝑤𝑑𝑑𝑝𝑝 ≈ 2 × 10−5 m2/sec. The impact 
of the cover on the supersaturation can be 
verified by direct measurements of the crystal 
growth. 
 During the several-hour-long cool-down 
of the system, the bottom surface of DC2 is 
heated to produce strong convection within 
the chamber. Evaporation from bottom water 
reservoirs (see Figure 8.10) produces water 
vapor that is then transported upward to 
deposit as frost on the walls and upper surface 
of the chamber, and this frost provides the 
water vapor source for normal operation of the 
diffusion chamber. At the start of cooldown, 
the DC2 bottom temperature is set to +35 C, 
and it remains at this temperature for about an 
hour, producing a substantial evaporation rate 
for icing the upper surfaces. The DC2 bottom 
temperature drops as the chiller cools the base 
plate during cooldown. This temporary 
inverted temperature profile during cooldown 
provides an ample supply of ice on the upper 
surface and walls of DC2, thus maintaining the 
assumed boundary condition that all DC2 
surfaces are covered with ice. 
 Starting during cooldown, clean air is sent 
slowly into the top of DC2 to reduce effects 
from chemical contamination. Air is first sent 
through an activated charcoal filter to remove 
residual chemical contaminants, and the clean 
air is then injected into the top of DC2 at a rate 
of 60 ccm via a flow meter. This slow trickle of 
clean air continually replaces the air in DC2 
about once per hour without significantly 
affecting the temperature or supersaturation 

profiles. The clean-air purge is not essential for 
operating DC2, but it does seem to improve 
the overall reproducibility of the crystal growth 
observations.  
 
The Manipulator Arm 
Moving the e-needles reliably from DC1 to 
DC2 is a nontrivial challenge, and Figure 8.10 
shows the manipulator arm that was 
constructed for this task. The lateral motion is 
guided by a pair of precision-polished stainless-
steel rods moving through linear-motion 
bearings, providing a smooth enough ride that 
the e-needles are not shaken off the frost-
covered wire tip upon which they formed. The 
drawing in Figure 8.10 shows the post 
assembly in both DC1 and DC2, while there is 
actually only one post assembly that shuttles 
back and forth between these two chambers. 
 The post assembly consists of a set of 
telescoping stainless-steel capillary tubes that 
produce minimal perturbation of the 
supersaturation field while still providing the 
necessary support and rigidity. The top of the 
post, extending out from the smallest stainless-
steel capillary tube, is a sharpened, 120-micron-
diameter stainless-steel acupuncture needle (J 
type). The base of the post is connected, via an 
insulating coupler, to a 6-mm-diameter DC 
motor that rotates the entire post assembly 
about its vertical axis. Wires for the motor and 
the high-voltage brush connection to the post 
pass through a tube that runs along the entire 
length of the manipulator arm and out the back 
end. 
 A pair of insulating sliding-plate shutters 
(see Figure 8.10) are used to open and close a 
keyhole-shaped passage between DC1 and 
DC2. These shutters are normally kept closed 
to maintain the temperature profiles in the two 
chambers, and they are opened only briefly to 
allow passage of the post assembly. A narrow 
slot at the base of DC2 is not shuttered, as the 
temperature below the DC2 bottom plate is 
colder so the air below does not mix with the 
air in DC2. 
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Optical Microscopy 
Imaging of the growing e-needles in DC2 is 
done using a 3X Mitutoyo Compact Objective, 
with 0.07 Numerical Aperture and a 2.5-
micron resolving power. The objective is built 
into the back wall of DC2, and the front 
surface of the objective has a fixed distance of 
69 mm from the chamber center. A short tube 
placed over the front of the objective keeps 
frost from forming on the optical surface. As 
with all optical microscopy, this objective was 
chosen as a compromise between resolution, 
depth-of-field, and working distance. 

A full-frame D-SLR camera at room 
temperature is positioned behind the objective, 
separated by a three-window cylindrical 
viewing port. No additional optics are placed 
between the microscope objective and the 
camera sensor, while extension tubes minimize 
scattered light from the room lighting. 
Focusing is done by moving the manipulator 
arm slightly (perpendicular to its main line of 
travel) and by sliding the camera back and forth 
on an optical rail. 

Illumination is provided by an LED lamp 
positioned outside the chamber, and another 
viewing port near the lamp completes the 
optical path. The manipulator arm is held only 
by the bearing block, so the wire tip exhibits 
several microns of shake when in normal 
operation, brought about largely from 
unavoidable coupling to vibrations from the 
recirculating chiller. A camera shutter speed of 
1/8000th second effectively freezes the crystal 
motion to provide sharp imaging. 

 
Turn-Key Operation 
This dual-chamber apparatus has become 
something of a workhorse for my ongoing 
investigations of snow crystal growth. The 
hardware has evolved to where it has a nearly 
turn-key operation, able to churn out 
observations of a broad range of single-crystal 
structures on the tips of e-needles. The results 
are already providing new insights into the 
attachment kinetics and the morphology 

diagram, and there is much potential for 
additional scientific progress using e-needles. 
  
8.4 The Morphology 
Diagram on E-needles 
Using the dual-diffusion-chamber apparatus 
just described, one can examine ice growth 
over a substantial range of temperatures and 
supersaturations, thus exploring a broad 
parameter space in the snow crystal 
morphology diagram. Figure 8.16 shows an 
array of photographs of normal growth on e-
needles as a function of temperature from -0.5 
C to -21 C as a function of supersaturation 
from 8 to 128 percent.  
 Each tile in this collection of photos shows 
a representative example using fixed values of 
temperature and supersaturation that remained 
constant as the crystals grew. In these images, 
the smallest needle-like structures have 
diameters of about 30 microns, while the 
largest dendritic plates have diameters of about 
1.5 mm. The image scale and cropping were 
separately adjusted for each image. Growth 
times ranged from about 5 minutes at the 
highest supersaturations to 30 minutes at lower 
supersaturations. 
 One problem with earlier versions of the 
morphology diagram is that they were created 
from less-than-ideal snow crystal observations. 
Filamentary support influenced the growth 
behavior, as did competition from multiple 
closely spaced crystals. Conclusions regarding 
detailed morphological effects could not be 
obtained from these non-ideal observations, 
and detailed comparisons with numerical 
models were not practical. 
 In contrast, e-needle crystals can be used to 
grow isolated single crystals with no substrate 
interactions and in well-defined environmental 
conditions. The resulting crystals exhibit nearly 
flawless morphologies with excellent six-fold 
symmetry. Because each crystal begins as a 
simple ice needle, the subsequent tip growth 
behavior is remarkably reproducible over the 
entire observed range of environmental 
conditions. E-needle observations are thus 
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nearly ideal for examining detailed 
morphological features. 
 Importantly, each of the photos in Figure 
8.16 presents an opportunity for quantitative 
comparisons between observed growth 
behaviors and numerical models. Properly 
calibrated images of snow crystals growing on 
e-needles allow a broad investigation into the 
detailed physical processes that determine all 
the various growth behaviors. Thus e-needle 
observations open up new opportunities for 
better understanding the physical processes 
underlying the broad diversity of snow crystal 
growth behaviors. 
 
Robust Features 
The e-needle observations shown in Figure 
8.16 exhibit a variety of robust morphological 
features. In this context, I use “robust” to 
indicate a specific behavior that is easily 
generated in the lab, distinctive, and can be 
reliably found over a well characterized range 
of environmental conditions. Numerical 
models that cannot readily reproduce these 
robust features are clearly incomplete or 
incorrect in some way. 
 A first robust feature is one that has long 
been part of the morphology diagram, namely 
the increased degree of complexity in crystals 
grown at higher supersaturations. E-needles 
grown at low supersaturations often develop as 
simple columns, simple blocky structures, or 
perhaps thick plates on stout columns. At even 
lower supersaturations than those shown in 
Figure 8.16, the norm is growth as simple 
hexagonal columns. 
 As the supersaturation increases, 
branching often begins with six primary 
branches with little or no sidebranching. 
Sidebranching eventually develops at the 
highest supersaturations shown in Figure 8.16, 
although some temperatures are more prone to 
copious sidebranching than others.  

Near -15 C, the dendritic branching is 
mainly confined to a nearly planar structure, as 
growth outside the plane is limited by strong 
basal faceting. On e-needles, these dendritic 

plates are typically slightly conical in overall 
shape, as the top basal surface grows faster 
than the bottom surface. The cone angle 
depends rather strongly on growth conditions, 
and these morphological trends tell a story 
about how 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝/𝛼𝛼𝑏𝑏𝑤𝑤𝑝𝑝𝑤𝑤𝑑𝑑 varies with 
temperature and supersaturation. 

Near -5 C, the six primary branches 
develop into fishbone dendrites at the highest 
supersaturations. Over the entire temperature 
range in Figure 8.16, the morphology of a 
single dendritic branch at high supersaturation 
(see Chapter 4) defines the shapes of the six 
primary branches. Unfortunately, reaching 
high supersaturations at low temperatures is 
experimentally difficult, so this region of phase 
space has yet to be explored. At -0.5 C in 
Figure 8.16, melting prevented the formation 
of snow crystals at 𝜎𝜎 = 128 percent. 
 Simple stars are a robust feature near 
(T, 𝜎𝜎)=(-14C, 32%), and the spike-like primary 
branches are observed to grow stably with no 
sidebranches to substantial lengths. I suspect 
that this morphology will be difficult to 
reproduce in 3D modeling without the Edge-
Sharpening Instability, but that question 
remains to be investigated. A long-armed 
example of a simple star, along with examples 
of several other robust morphological features, 
can be found at the end of this chapter. 

 
 
 
 
  

Figure 8.16. (Following five pages) The snow 
crystal morphology diagram depicted by 
crystals growing on the ends of slender ice 
needles, as a function of temperature and 
supersaturation.  



300 
 

 
  



301 
 

 
 

  



302 
 

 
 

  



303 
 

 
 

  



304 
 

 
 

  



305 
 

 Hollow columnar structures appear on the 
ends of e-needles near -5 C, but they occupy a 
rather small region of parameter space. 
Hollows do not readily form if the 
supersaturation is too low, and the walls break 
up into a cluster of needle-like structures if the 
supersaturation is too high. Deep cups form 
near (-7 C, 32%), with the cup opening angle 
depending strongly on temperature. When 
growing on e-needles, the cups are typically 
flanked by straight “fins” on the outside edges. 
 Ridges on the six corners of hexagonal 
plates appear over a broad range of growth 
conditions, making these especially robust 
features. Their morphology depends quite 
strongly on the cone angle of the growing 
plates, and often the ridges develop an “I-
beam” structure, for example seen clearly at 
(T, 𝜎𝜎)=(-9C, 32%). Ridges generally become 
more pronounced and more structured as the 
cone angle of the plates increases, eventually 
yielding the fins described in the previous 
paragraph. 

The diversity and widespread appearance 
of ridge-like structures is quite remarkable in e-
needle growth. In part, this is because the 
supersaturation gradient around an e-needle tip 
yields slightly conical plates that exhibit 
especially distinctive ridge-like structures. As 
mentioned above, this built-in supersaturation 
gradient can be quite beneficial in that it 
accentuates these morphological features and 
facilitates their detailed investigation.  
 The formation of exceedingly thin plates 
on e-needle tips near -15 C is another 
noteworthy feature of the morphology 
diagram. As seen in Figure 8.16, remarkably 
thin, nearly featureless hexagonal plates form 
at several locations in the (𝑘𝑘,𝜎𝜎) plane near -15 
C. Ridges are sometimes absent at low 
supersaturations, but delicate ridging is present 
in the largest, thinnest plates. Understanding 
why these thin plates form so dramatically near 
-15 C, in such a narrow temperature band so 
far from the freezing point, remains an 
enduring mystery in the science of snow 
crystals. 

The Next Grand Challenge 
The obvious next step in all this is to quantify 
the e-needle observations over a broad range 
of conditions and then compare the 
observations with 3D numerical models. At 
least the first part of this statement is relatively 
straightforward, as the technology for creating 
and exploiting e-needles is already quite 
mature. Unfortunately, the theory side of this 
research program now substantially lags the 
experimental side, as I described in Chapter 5.  

Full 3D cellular-automata models have 
yielded structures that nicely resemble many 
aspects of snow crystals, and this puts them 
ahead of other numerical modelling 
techniques. Nevertheless, the models to date 
have not progressed much beyond their 
demonstration phases. They have not yet 
incorporated realistic parameterizations of the 
attachment kinetics, so their morphological 
successes do not always reflect a good 
understanding of the underlying crystal-growth 
physics. Plus, the 3D models have not yet 
reached the kind of turn-key operation needed 
for churning out dozens and hundreds of 
models for direct comparison with 
observations of growth rates as well as 
morphologies.  

There appears to be no obvious roadblocks 
to developing suitable numerical models at this 
point, however, so it appears likely that 
researchers will begin making quantitative 3D 
comparisons between observations and 
numerical models in the not-too-distant future. 
When this happens, I expect it will lead to rapid 
progress as the attachment kinetics and surface 
diffusion effects are adjusted to provide good 
quantitative agreement between observations 
and theory over a broad range of 
environmental conditions. And this, in turn, 
will spark new insights into the molecular 
processes that underlie the best-fit model 
parameters. At some point we may finally 
achieve a fundamental understanding of how 
snow crystals form. 
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8.5 Simplest E-needle 
Cylindrical Growth 
Examining the most basic columnar growth of 
electric needles provides a good validation of 
the supersaturation model for DC2, and it 
supports our overall understanding of ice 
growth from water vapor [2016Lib]. It tests 
the accuracy of Equation 8.7, confirms our 
understanding of the 1D cylindrical growth 
model (see Chapter 4), and generally supplies 
a “reality check” that our basic picture of 
diffusion-limited growth is quantitatively 
correct. It is important to perform these kinds 
of model-validation experiments, in my 
opinion, if one expects to realize an accurate 
quantitative understanding of more complex 
ice-growth phenomena. 
 The general idea in this basic experiment 
is to start with a set of e-needles in DC2, like 
that shown in Figure 8.1, rotate the support 
post to bring a single e-needle into focus 
perpendicular to the imaging axis, and then 
measure the radial growth of the chosen needle 
as a function of time. The growth is 
subsequently compared with the 1D cylindrical 
model for different temperatures and 
supersaturations. If everything is working 
properly, then we should find good 
quantitative agreement between theory and 
measurements.  
 
Infinite Cylinders 
The theory of cylindrical growth is 
straightforward and very well understood, at 
least for the limiting case of an infinitely long 
cylinder. The mathematical details are 
presented in Chapter 4 and Appendix B, as well 
as in [2016Lib]. In most circumstances of 
interest in this section, 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≪ 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 is a 
good approximation, so the growth is not 
substantially limited by attachment kinetics, 
but rather is determined solely by particle and 
heat diffusion around the cylinder. The theory 
then depends only on well-known physics, and, 
importantly, it is independent of the not-so-
well-known molecular attachment kinetics.  

Assuming Equation 8.7 provides an 
accurate model of the supersaturation around 
the growing ice needles in DC2, the radial 
growth velocity of an infinite ice cylinder is 
then given by 
 

𝑣𝑣 ≈
1

1 + 𝜒𝜒0
𝐺𝐺𝑝𝑝𝑡𝑡𝑑𝑑

𝐵𝐵
𝑋𝑋0
𝑅𝑅

1
2𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤

𝑑𝑑2𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤
𝑑𝑑𝑘𝑘2

(∆𝑘𝑘)2   (8.8) 

 
where 𝑅𝑅 is the radius of the cylinder, 𝐵𝐵 =
log (𝑅𝑅𝑡𝑡𝑜𝑜𝑤𝑤/𝑅𝑅) derives from the cylindrical 
boundary conditions of the diffusion problem, 
and 𝜒𝜒0 is a thermal parameter that derives from 
latent heating of the crystal during growth. 
 Sample data illustrating the measurement 
process are shown in Figure 8.17. Clearly the 

Figure 8.17. Example observations at -2 C of 
the growth of a single electric ice needle after 
being transported into DC2. The composite 
image shows the needle at several different 
times, and the graph shows measurements of 
the needle radius as a function of time, 
measured at the position of the white 
horizontal line in the image, which is 
approximately 100 μm below the needle tip 
[2016Lib]. 
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morphology of the growing e-needle is not that 
of an infinite cylinder, but it does approach that 
ideal case to some reasonable approximation at 
early times, and the cylindrical approximation 
works best at positions far from the end of the 
needle. Therefore, the measurements of the 
cylindrical radius 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛 in Figure 8.17 were 
obtained at a distance 100 𝜇𝜇𝜇𝜇 from the needle 
tip.  

Drawing a line through these data, I then 
used the fit line to determine the growth 
velocity 𝑑𝑑𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑛𝑛𝑐𝑐/𝑑𝑑𝑡𝑡 when the needle radius 
was just 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛 = 5 𝜇𝜇𝜇𝜇, before the blocky 
structure appeared at the tip of the needle. 
Analyzed in this way, producing a single 
𝑑𝑑𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑛𝑛𝑐𝑐/𝑑𝑑𝑡𝑡 value at early times and at a 
position quite far from the needle tip, this value 
can be taken as a reasonable proxy for the 
analogous measurement of the growth velocity 
of an infinite cylinder with 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛 = 5 𝜇𝜇𝜇𝜇. 

Figure 8.18 shows a series of growth 
measurements reduced in this way, from 
measurements of 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) on individual 
needles at different supersaturations. We see 
that 𝑑𝑑𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛/𝑑𝑑𝑡𝑡 (when 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛 = 5 𝜇𝜇𝜇𝜇) is 
proportional to ∆𝑘𝑘2 to reasonable accuracy, 
meaning that the growth velocity is 
proportional to supersaturation at the growth 
region in DC2, as is expected from theory. 

The proportionality constant 𝐴𝐴(𝑘𝑘) 
depends only on the growth temperature, and 
it is known directly from the analytical theory 

Figure 8.18. Example measurements at -2 C 
and -15 C showing the radial growth velocity of 
cylindrical ice needles when the needle radius 
was equal to 5 μm. The data are shown as a 
function of ∆𝒅𝒅 = 𝒅𝒅𝒕𝒕𝒕𝒕𝒕𝒕 − 𝒅𝒅𝒃𝒃𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒃𝒃 in DC2, which 
is proportional to the supersaturation 
according to Equation 8.7. Fitting the data 
reduces it to a single parameter 𝑨𝑨(𝒅𝒅), with the 
growth velocity given by 𝒅𝒅𝒅𝒅/𝒅𝒅𝒕𝒕 = 𝑨𝑨(𝒕𝒕)∆𝒅𝒅𝟐𝟐 
when the needle radius is equal to 5 μm 
[2016Lib]. 

Figure 8.19. The cylindrical growth parameter 
𝑨𝑨(𝒅𝒅)  extracted from the observations of needle 
growth in DC2, as a function of temperature. 
The top theory line is that predicted when the 
growth is limited entirely by particle diffusion 
(setting 𝝌𝝌𝟎𝟎 = 𝟎𝟎 in the theory), while the lower 
theory curve includes both particle and heat 
diffusion. From [2016Lib]. 
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describing cylindrical growth. The only 
unknown parameter in the theory is 𝐵𝐵, which 
varies only logarithmically with 𝑅𝑅𝑡𝑡𝑜𝑜𝑤𝑤 and can be 
estimated to an accuracy of about 20 percent 
[2016Lib]. Figure 8.19 shows 𝐴𝐴(𝑘𝑘)  as 
determined by the experimental 
measurements, after adjusting 𝐵𝐵 slightly to fit 
the data. 

Figure 8.19 shows clearly that the 
measurements agree well with the full 
cylindrical theory that incorporates both 
particle and heat diffusion. In contrast, leaving 
heat diffusion out of the theory (by setting 
𝜒𝜒0 = 0) leads to a systematic discrepancy that 
is small at low temperatures but becomes 
increasingly important at higher temperatures. 

This relatively simple experiment provides 
a nice demonstration that our basic 
understanding of particle and heat diffusion in 
snow crystal growth is indeed correct. To my 
knowledge, this is the first experiment that has 
clearly observed the simultaneous effects of 
both particle and heat diffusion in snow crystal 
growth. As such, it a step forward in the quest 
to make quantitative observations that can be 
compared with theoretical models of snow 
crystal growth. The experiment also 
demonstrates the inherent accuracy that can be 
obtained with careful modeling of linear 
diffusion chambers.  

This series of measurements also illustrates 
a point I have made earlier in this chapter, that 
the radial growth of slender needle crystals 
provides a valuable calibration of the 
supersaturation surrounding a growing crystal. 
Because the radial growth is usually diffusion 
limited (𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≪ 𝛼𝛼), it can be easily 
calculated from the supersaturation in the 
chamber. Turning this around, the sides of the 
column serve as “witness surfaces”, whose 
growth can be used as an indirect measurement 
of the supersaturation that is usually better 
than any direct measurement we can devise. 
We will return to this idea again later in this 
chapter. 

 
 

8.6 Thin Plates on  
E-needles near -15C 
One aspect of the snow crystal morphology 
diagram I have found particularly intriguing is 
the formation of thin, plate-like crystals at 
temperatures near -15 C. At the lower 
supersaturations shown in Figure 8.16, we see 
that the thinnest plates appear on e-needles in 
only a narrow temperature range between 
about -13 C and -15 C, and the question 
immediately arises as to why this behavior is 
observed, and what is so special about this 
narrow temperature band. In this section I 
describe a focused investigation of the 
formation of thin plates on ice needles 
[2015Lib2]. 
 A notable feature in this investigation is 
that the phenomenon of thin-plates on e-
needles is especially amenable to quantitative 
analysis, as the morphology of a thin hexagonal 
plate growing on a slender hexagonal e-needle 
is quite simple in its overall structure. As 
described in Chapter 5, these morphologies 
can be modeled with reasonable accuracy using 
a cylindrically symmetrical 2D numerical 
model, which is substantially easier to create 

Figure 8.20. Example of a thin snow crystal plate 
growing on the end of a slender ice needle. The 
supporting wire was rotated so the entire needle 
was in the focal plane of the image. 
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and run than a full 3D model. With a 2D 
model, therefore, one can quickly run dozens 
of models using a wide range of parameters for 
comparison with experimental measurements. 
 
An In-Depth Example 
On the experimental side, I have found that 
selecting an especially well-formed, 
representative crystal specimen and analyzing it 
in detail tends to give better results than trying 
for form averages over many crystals. With this 
in mind, the present observations began with 
the creation of e-needles in the dual-chamber 
apparatus described above and photographing 
the normal growth of the crystals in the linear 
diffusion chamber (DC2). Figure 8.20 shows a 
single image selected from a series of 
photographs recording the growth of a thin 
plate on an ice needle.  

In a typical run, the overhead cover in DC2 
was rotated into place to reduce the 
supersaturation during the e-needle transfer 
from DC1. After orienting the ice needle and 
bringing it into focus on the camera, the cover 

was then rotated away, restoring the 
supersaturation to its normal level in a few 
seconds time. The growing crystal was then 
photographed at regular intervals, and the 
images were subsequently analyzed to give 
quantitative measurements. Figure 8.21 shows 
several images from a series, and Figure 8.22 
shows the data extracted from the entire set of 

Figure 8.21. Observations of a thin plate-like 
snow crystal growing on the end of an ice 
needle, as seen from the side (top set of 
images) and from a more face-on direction 
(bottom). The crystal grew at a temperature of 
-15 C with a supersaturation at the center of 
DC2 of about 11 percent. 

Figure 8.22. (Upper) Measurements of the 
plate radius, needle radius, and axial growth as 
a function of time, from the data shown in 
Figure 8.21 (plus other images not shown). The 
plotted height is after subtracting a constant 
value, as the overall needle length was much 
larger, as illustrated in Figure 8.20. Lines 
through the data are from numerical models of 
the growing crystals, as described in the text. 
Note that changing 𝝈𝝈𝟎𝟎,𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒃𝒃 strongly affects 
𝒅𝒅𝒕𝒕𝒑𝒑𝒑𝒑𝒕𝒕𝒑𝒑(𝒕𝒕) but has little effect on 𝒅𝒅𝒏𝒏𝒑𝒑𝒑𝒑𝒅𝒅𝒑𝒑𝒑𝒑(𝒕𝒕). 
(Lower) Computer-generated cross sections of 
the four model crystals shown in the upper 
graph. From [2015Lib2]. 
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images. The data plot also includes several 
numerical models of the growing crystal. 

The first step in the modeling process was 
to determine the correct value of 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝, the 
supersaturation at the outer boundary of the 
model space (Chapter 5 describes the 2D 
cylindrically symmetric cellular automata used 
in this study). Because the model boundary is 
quite close to the growing crystal (for reasons 
of computational expediency), 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 will be 
substantially smaller than 𝜎𝜎∞, the latter being 
the background supersaturation at the center 
of DC2 quite far from the crystal. While there 
are ways of extending the model out to large 
distances, a better approach is to simply adjust 
𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 in the model so that it gives a good fit to 
𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) in the measurements.  

This procedure is an example of the 
“witness surface” idea in practice. The needle 
growth 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) depends roughly linearly on 
𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝, as seen from model calculations in Figure 
8.23. But 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) is essentially independent 
of 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝, as can be seen by the model 
calculations in Figure 8.22 (where changing 
𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 in the model changes 𝑅𝑅𝑝𝑝𝑑𝑑𝑤𝑤𝑤𝑤𝑛𝑛(𝑡𝑡)  
substantially but has little effect on either 
𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡)  or 𝐻𝐻(𝑡𝑡)).  

That 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) in the model calculation 
depends only on 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 and not at all on 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 
may seem counterintuitive, but it follows 
directly from the analytical theory for 
cylindrical growth presented in Chapter 4, 
because 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≪ 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 is a good 
approximation for the needle growth. 

The take-away message from this first step 
in the analysis is that the needle growth can be 
used to determine 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 with quite good 
accuracy, even if 𝜎𝜎∞ and 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 are not so well 
known. As a bonus, the actual position of the 
outer boundary is not terribly important in the 
analysis, so one can use numerical models that 
do not extend to great distances from the 
growing crystal. The witness-surface method is 
thus a powerful analysis technique that works 
remarkably well in the case of snow crystals 
growing on the ends of e-needles. 

 

 Having determined that 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 = 5 percent is 
a good fit to 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) in Figure 8.23, the next 
step in the analysis is to look at the plate growth 
as a function of 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 in the model. Now 
things get a bit model-dependent, as 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 is 
not a known quantity, and, in fact, the whole 
exercise is aimed at determining 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 from a 
comparison of model and measurements. In 
these calculations, I assumed a model with 
𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 = exp (−𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛/𝜎𝜎0,𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝), as the 
attachment kinetics on faceted surfaces are 
typically well described by a layer-nucleation 
model (see Chapter 3). 
 Looking at the models in Figure 8.22 
(again, skipping over some of the details 
presented in [2015Lib2]), we see that the 
models indicate that we must have 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 ≈ 1 

Figure 8.23. The needle growth data from 
Figure 8.22 along with several models using 
different values of 𝝈𝝈𝒇𝒇𝒑𝒑𝒑𝒑. As long as 𝜶𝜶𝒅𝒅𝒑𝒑𝒇𝒇𝒇𝒇𝒅𝒅𝒅𝒅𝒑𝒑 ≪
𝜶𝜶𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒃𝒃 (which is true in most circumstances), 
then the modeled 𝒅𝒅𝒏𝒏𝒑𝒑𝒑𝒑𝒅𝒅𝒑𝒑𝒑𝒑(𝒕𝒕)  is essentially 
independent of 𝜶𝜶𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒃𝒃, while being 
approximately proportional to 𝝈𝝈𝒇𝒇𝒑𝒑𝒑𝒑, as seen in 
this graph. Thus, the measured 𝒅𝒅𝒏𝒏𝒑𝒑𝒑𝒑𝒅𝒅𝒑𝒑𝒑𝒑(𝒕𝒕)   
allows one to determine 𝝈𝝈𝒇𝒇𝒑𝒑𝒑𝒑 with quite good 
accuracy, even when 𝜶𝜶𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒃𝒃 is not well known. 
This result is somewhat counter-intuitive, but 
it follows directly from the analytical theory of 
the diffusion-limited growth of ice cylinders 
discussed in Chapter 4.  
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to fit the plate growth data 𝑅𝑅𝑝𝑝𝑑𝑑𝑤𝑤𝑤𝑤𝑛𝑛(𝑡𝑡). And, as 
expected, changing 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 mainly affects the 
calculated 𝑅𝑅𝑝𝑝𝑑𝑑𝑤𝑤𝑤𝑤𝑛𝑛(𝑡𝑡) in the models but has little 
effect on either 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡)  or 𝐻𝐻(𝑡𝑡). 

The result indicating 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 ≈ 1 agrees 
with the fact that the hexagonal plates forming 
at this supersaturation level are just barely 
stable against branching. The morphology data 
in Figure 8.16 indicates that plates at -15 C 
soon give way to complex dendritic structures 
at higher supersaturations. Faceted prism 
growth is generally quite stable when 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 ≪
1, but becomes unstable to branching when 
𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 → 1, as was discussed in Chapter 4. 
Thus it is not surprising that the models 
indicate 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 ≈ 1 for these data, because we 
know that the faceted plate growth is close to 
sprouting branches. 
 A first conclusion, therefore, is that this 
thin-plate experiment agrees well with our 
overall picture of snow crystal growth. The 
formation of thin plates on the e-needle tips 
means we must have 𝛼𝛼𝑏𝑏𝑤𝑤𝑝𝑝𝑤𝑤𝑑𝑑 ≪ 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝, and the 
fact that the plate growth is about to become 
unstable to branching indicates that 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 ≈
1. The witness-surface growth allows us to 

determine 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 with good accuracy in the 
models, and we can find a final model that 
reproduces all the growth rates as well as the 
overall plate-on-needle morphology. Looking 
at just this one crystal (which is representative 
for growth at this temperature and 
supersaturation), the models make sense and it 
all paints a reasonably self-consistent picture. 
 

Figure 8.24. Observations of a thicker plate-
like snow crystal growing on the end of an ice 
needle, as seen from the side (top set of 
images) and from a more face-on direction 
(bottom). The crystal grew at a temperature of 
-15 C with a far-away supersaturation of about 
7 percent. 

Figure 8.25. Measurements of the plate radius, 
needle radius, and axial growth as a function of 
time, from the data shown in Figure 8.24. Lines 
through the data are from numerical models of 
the growing crystals, and the lower images 
show computer-generated cross sections of the 
three model crystals shown in the upper graph. 
From [2015Lib2]. 
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Varying the Supersaturation 
Things become a bit more interesting when 
one starts varying the parameters, and Figures 
8.24 through 8.27 show two more growth 
measurements at different supersaturation 
levels [2015Lib2]. As 𝜎𝜎∞ is lowered from 11 
percent to 7 percent to 4.6 percent, the tip 
growth changes from a thin plate to a thicker 
plate to a more blocky crystal, which agrees 
with the overall behavior we see in the 
morphology diagram.  

Once again, we can produce numerical 
models that fit the growth measurements and 
reproduce the growth morphologies 
reasonably well, but only after making 
substantial changes in 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝. Importantly, 
contrary to what one might have expected, no 
model with a single 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝�𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛� can be 
found to fit all the data.  
 As described in [2015Lib2], this set of 
experiments leads one to a conclusion that a 
relatively simple model of snow crystal growth 
does not explain the transition from blocky 
crystals to thin plates at -15 C. Solving the 
diffusion equation using a reasonable model 
for the attachment kinetics, and assuming a 
single-valued function 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝�𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛�, does 
not fit the data. The growth data are likely fine, 
so we conclude that something is wrong with 
the model assumptions. 
 Having looked careful at this discrepancy, 
I have not found an obvious resolution. 
Surface energy effects appear to be too small to 

have much influence. Surface diffusion may 
play a role, but this is not obviously the answer 
either. I believe that the Edge-Sharpening 
Instability described in Chapter 3 could be the 
correct explanation, and I have found that 
incorporating the ESI does yield a single model 
that fits all the data reasonably well [2015Lib2]. 
Of course, additional study is needed to either 
verify the ESI or find some other explanation, 
and this research is a work in progress. It does 

Figure 8.26. Observations of a blocky snow 
crystal growing on the end of an ice needle at 
a temperature of -15 C with a far-away 
supersaturation of about 4.6 percent. 

Figure 8.27. Measurements of the plate radius, 
needle radius, and axial growth as a function of 
time, from the data shown in Figure 8.26. Lines 
through the data are from numerical models of 
the growing crystals, and the lower images 
show computer-generated cross sections of the 
three model crystals shown in the upper graph. 
From [2015Lib2]. 
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seem clear, however, that the transition from 
blocky crystals to thin plates at -15 C is an 
interesting part of the snow crystal puzzle. 
  
Near-Surface 
Supersaturation 
From the above measurements and models, we 
can also glean some additional insights by 
examining the supersaturation levels found at 
the crystal surfaces, which is a byproduct of the 
numerical modeling. Two factors give us 
confidence in this exercise: 1) the best-fit 
models reproduce both the morphologies and 
growth rates with reasonable fidelity in all three 
experiments, and 2) the numerical solutions to 
the diffusion equation is likely accurate, as the 
underlying physics is well understood. It stands 
to reason, therefore, that the model 
determinations of the supersaturation fields 
around the crystals, in particular at the crystal 
surface, are fairly accurate.  
 One interesting result that we obtain from 
the models is that the supersaturation at the 
outermost prism edges in all three crystals is 
about 0.5 percent. In particular, the value of 
𝜎𝜎𝑛𝑛𝑑𝑑𝑒𝑒𝑛𝑛 appears to be nearly the same for the 
fast-growing thin plate in Figure 8.22 as it is for 
the slow-growing block in Figure 8.27 
[2015Lib2]. This result seems counterintuitive, 
but it begins to make sense when you look at 
some contour plots of supersaturation around 
growing crystals, as shown in Figure 8.28. 
 For the case of the blocky crystal in Figure 
8.28, the prism facet and basal facets grow at 
roughly the same rate, as this is required to 
produce an approximately isometric 
morphology. At distances more than a few 
crystal radii away, therefore, the contour lines 
in the supersaturation field are nearly 
indistinguishable from those around a growing 
sphere. As one approaches the faceted 
surfaces, the surface supersaturation is highest 
near the corners, which is known as the Berg 
effect. 
 In contrast, the thin-plate crystal in Figure 
8.28 requires that the prism surfaces grow at a 
much higher rate than the basal surfaces. This 

means that the flux of material at the basal 
facets is much lower than the flux at the prism 
facets. Diffusion theory tells us that flux is 
proportional to the gradient in the 
supersaturation field, so the contour lines near 
the edges of the thin plate in Figure 8.28 are 
much more closely spaced than the contour 
lines at the basal facets. This also means that 
the surface supersaturation at the prism 
surfaces must be substantially lower than at the 
basal surfaces.  
 These calculations assumed nothing about 
the attachment kinetics, but only that the basal 
and prism facets grew at a fixed rate across 
each facet (and this assumption follows from 
the fact that the morphology remains faceted 
as it grows). The contour lines, and the surface 
supersaturations that result, arise solely from 
diffusion theory, including mass conservation 
at the crystal surface. The diffusion equation 
can be solved knowing only the far-away 
supersaturation (the outer boundary condition) 
and the growth velocities (the surface 
boundary conditions). These quantities, 

Figure 8.28. Calculated contour plots of 
supersaturation levels around growing ice 
crystals, shown here in (r,z) coordinates. 
Around a blocky crystal (left), the 
supersaturation is highest near the corners of 
the faceted prism, a phenomenon called the 
Berg effect. Around a thin-plate crystal, the 
contour lines are tightly bunched at the plate 
edge. This is because the fast-growing edge 
requires a steep gradient in the supersaturation 
to supply a sufficient flux of water vapor 
molecules. 
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therefore, are sufficient to determine the entire 
supersaturation field surrounding the crystal. 
 Looking at the calculations in Figure 8.28, 
it begins to make sense that the surface 
supersaturation at the edge of a thin plate 
growing at high 𝜎𝜎∞ can be similar to the 
supersaturation at the surface of a blocky 
crystal at substantially lower 𝜎𝜎∞. For this to 
happen, however, 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 must be much higher 
on the edge of the thin plate as compared to 
𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 on the edge of the blocky crystal. Once 
again, we find that the model conclusions make 
some amount of sense, while examining the 
supersaturation fields surrounding these 
crystals helps build one’s intuition regarding 
diffusion-limited growth.  
 
Lessons Learned 
A primary conclusion from this focused study 
is that one cannot find a single, physically 
reasonable expression of the prism-facet 
attachment kinetics – that is, a simple function 
𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝(𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛) – that fits all the growth data. 
This is an important result, because it says that 
there must be some additional physics lurking 
somewhere in the problem. Combining what 
we know and expect from diffusion-limited 
growth, surface-energy effects, and attachment 
kinetics, we still come up short. 
 This is the primary puzzle presented by this 
set of experiments. Looking at the faceted 
prism surfaces on the thin plate and the blocky 
crystal, we see that they grow at the same 
temperature and with the same near-surface 
supersaturation. So if these faceted surfaces are 
exposed to essentially the same growth 
conditions, why do they grow at such different 
rates? 
 One way to explain the data is to postulate 
that the attachment kinetics on a prism facet 
changes when the facet width approaches 
atomic dimensions. This postulate replaces a 
simple function 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝�𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛� with a more 
complicated function 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝�𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛,𝑤𝑤�, 
where 𝑤𝑤 is the width of the prism terrace. I 
described this theory in more detail in Chapter 

3, and it produces the Edge-Sharpening 
Instability (ESI) I described in that chapter.  

This postulate is new physics, in that it does 
not fit nicely into conventional theories of 
crystal growth. Putting such an effect into the 
numerical model does reproduce the 
observations reasonably well, as we described 
in [2015Lib2]. However, it must be noted that 
other nonlocal phenomena, such as 
peculiarities in surface diffusion or other 
effects, may provide a viable alternative 
explanation. Additional work is needed to 
decide if the ESI theory is correct. 
 Another conclusion from this study, and 
perhaps the more important take-away 
message, is that there is much to be learned by 
combining careful, quantitative observations of 
snow crystal growth under well known 
conditions with precise numerical models. The 
devil is in the details, and quantitative studies 
like this one allow one to identify the most 
interesting growth phenomena and hopefully 
develop unequivocal models to explain the 
underlying physical processes in detail. 
Morphological studies are not enough, and the 
underlying molecular physics is far too 
complex to simply intuit from first principles. 
I have become firmly convinced, therefore, 
that detailed quantitative comparisons between 
measurements and models are the only viable 
route to making real scientific progress. 
 Another conclusion is that the “witness 
surface” method is remarkably useful during 
data analysis, especially when considering the 
growth on the tips of e-needles. Adjusting 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 
to fit the observed 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) constrains the 
theory nicely, even when 𝜎𝜎∞ is not well known 
experimentally, and it allows some flexibility in 
choosing the outer boundary in the model. 
This greatly reduces one of the biggest 
problems in the quantitative study of snow 
crystal growth – the inherent difficulty in 
determining the supersaturation in laboratory 
measurements. In my opinion at least, using 
the witness-surface method with e-needle seed 
crystals opens up many new opportunities for 
detailed quantitative studies of snow crystal 
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growth dynamics over a broad 
range of conditions. 
 Finally, this study demonstrates 
that the big picture will require 
making lots of measurements on 
lots of snow crystals over a broad 
range of environmental conditions. 
Growing a few crystals is a start, but 
a few measurements will not be 
sufficient to fully understand the 
remarkable richness of snow crystal 
growth phenomena. Only by 
examining crystals growing at 
different temperatures and 
supersaturations, with different 
morphologies, and in a variety of 
background gases at different 
pressures, will we begin to fully 
understand the underlying 
molecular processes. The snow 
crystal story is only beginning to 
unfold. 
 
8.7 Air-Dependent 
Attachment 
Kinetics Near -5C 
Another nice result I obtained with 
the dual-chamber e-needle apparatus described 
in this chapter was a clear demonstration of 
how 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 near -5 C depends strongly on air 
pressure [2016Lib1]. The tale begins with a 
series of observations of growing needle 
crystals, including the data shown in Figure 
8.29. 
 The first image was taken soon after the 
high voltage was turned off and the e-needle 
was moved to DC2. The subsequent images 
were taken periodically as the needle grew, 
allowing a measurement of the axial and radial 
growth as a function of time. The temperature 
and supersaturation 𝜎𝜎∞ were constant during 
the observations. Both 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡)  and 
𝐻𝐻𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡)  were then obtained directly from 
the images, and the results are shown in Figure 
8.30. Immediately the data show a peculiar 
transition in growth behavior that happens at a 
time near 𝑡𝑡 = 130 seconds. 

 
 
 
A Growth Transition 
A key to understanding this peculiar behavior 
is realizing that the transition at 𝑡𝑡 = 130 
seconds occurs just as the needle morphology 
changes from a slightly tapered needle to a fully 
faceted column. At early times, when the 

Figure 8.29. A composite image showing the 
growth of an e-needle at -5 C in a supersaturation 
of 𝝈𝝈∞=1.8 percent. The near-constant structure 
near the base of the needle was used to align the 
images, allowing an accurate measurement of the 
axial growth rate.  The radial growth was 
measured from direct imaging of the needle 
widths. Note how the axial growth is slow at first, 
but then transitions to a faster rate. The transition 
occurs just as the needle goes from slightly 
tapered to fully faceted.  
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needle is tapered, the attachment coefficient on 
the columnar sides is that of a vicinal surface, 
which we write as 𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑. Because there is a 
continuous train of molecular steps on a vicinal 
surface, their growth is not limited by layer 
nucleation, and we expect 𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑 to be quite 
high, approaching that of a rough surface 
(𝛼𝛼𝑝𝑝𝑡𝑡𝑜𝑜𝑒𝑒ℎ ≈ 1).  
 The fact that 𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑 is high means two 
things. First, the high attachment coefficient 
results in a relatively fast radial growth, as is 
seen in Figure 8.30. Second, the high 
attachment coefficient means that the 
supersaturation in the vicinity of the vicinal 

surface is relatively low, as excess water vapor 
is rapidly depleted by the growing surface. 
 Importantly, once we have 𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑 ≫
𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, the exact value of 𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑 does not 
matter much when calculating the radial 
growth. Moreover, solving the diffusion 
equation for cylindrical growth (see Chapter 4) 
reveals that the surface supersaturation is 
𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛 ≈ (𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑)𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝, which is 
quite low because of the above inequality. In 
this mainly-diffusion-limited regime, the radial 
growth rate is essentially independent of the 
exact value of 𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑. 
 Once the prism surfaces become faceted, 
however, the attachment coefficient drops 
abruptly from 𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑 to 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝, and for this 
crystal 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 ≫ 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is not a good 
assumption. After this transition, the low value 
of 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 brings about two changes. First, the 
radial growth drops, as seen in Figure 8.30. 
And second, 𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛 increases because of the 
slower radial growth, and this brings about the 
observed increase in the axial growth rate. 

Figure 8.30. Measurements of 𝒅𝒅𝒏𝒏𝒑𝒑𝒑𝒑𝒅𝒅𝒑𝒑𝒑𝒑(𝒕𝒕)  and 
𝑯𝑯𝒏𝒏𝒑𝒑𝒑𝒑𝒅𝒅𝒑𝒑𝒑𝒑(𝒕𝒕) obtained from the image data in 
Figure 8.29. Here 𝑯𝑯𝒏𝒏𝒑𝒑𝒑𝒑𝒅𝒅𝒑𝒑𝒑𝒑(𝒕𝒕) is the needle 
length minus a constant offset. Lines were 
drawn through the data to guide the eye. The 
needle growth shows two distinct behaviors: 1) 
rapid radial growth and slow axial growth at 
times t<130 seconds, and 2) slower radial 
growth and faster axial growth for t>130 
seconds. The images reveal that the transition 
occurred when the needle morphology 
changed from slightly tapered to fully faceted.  

Figure 8.31. A simple analytical model showing 
the supersaturation field σ(r) surrounding an 
infinite cylinder. The bottom line assumes a 
fairly large 𝜶𝜶𝒗𝒗𝒑𝒑𝒅𝒅𝒑𝒑𝒏𝒏𝒑𝒑𝒑𝒑 at the surface, while to top 
line assumes a much smaller 𝜶𝜶𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒃𝒃 at the 
surface. Changing the value of the attachment 
coefficient has a large effect on the 
supersaturation near the crystal surface. 
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 Figure 8.31 shows a simple model of the 
supersaturation field around the column that 
gives one a good picture of what is going on. 
Solving the diffusion equation for the growth 
of an infinite cylinder gives the supersaturation 
field 𝜎𝜎(𝑐𝑐) = 𝐴𝐴1 + 𝐴𝐴2log (𝑐𝑐) around the 
cylinder, where 𝐴𝐴1 and 𝐴𝐴2 are constants 
determined by the boundary conditions.  

The lower line in Figure 8.31 shows the 
supersaturation around the tapered needle in 
this model. The value of 𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛 is low, and a 
simple line (in this semi-log plot) connects 
𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛 and 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝, the latter being 1.8 percent 
in this case. Once the needle becomes faceted, 
𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛 goes way up while 𝜎𝜎𝑑𝑑𝑤𝑤𝑝𝑝 stays the same, 
yielding the upper line in Figure 8.31.  

A closer examination of all this with real 
models and numerical simulations is presented 
in [2016Lib1], and the overall conclusion is that 
this picture holds together nicely after more 
careful scrutiny. However, the models insist 
that we must have 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 < 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 after the 
transition at 𝑡𝑡 = 130 seconds, and some pretty 
basic math gives 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≈ 0.003. After 
examining the numerical models, a value of 
𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 ≈ 0.002 seems to give a pretty good fit 
overall. 

What makes this measurement interesting 
is that there is simply no way to explain any of 
this if 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 on a faceted prism surface is 
much higher than 0.002 after the transition. 
The vicinal surface prior to 𝑡𝑡 = 130 seconds 
provides an effective witness surface in the 
analysis, and this confirms the overall picture. 
The slower radial growth after the transition, 
accompanied by the faster axial growth, gives a 
strong indication that 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 < 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 after 
the transition. 

This experiment demonstrates the use of a 
time-dependent witness surface, as the radial 
growth before the transition is essentially 
independent of 𝛼𝛼𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑤𝑤𝑑𝑑, while the growth is 
mainly limited by 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 after the transition. 
Without the data taken before the transition, it 
would have been difficult to draw any 
meaningful conclusions about 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝. When 
𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 is close to 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, as it is in this case, 

then it is pretty much impossible to tell the 
difference between diffusion-limited growth 
and kinetics-limited growth from 
measurements of 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑𝑑𝑑𝑛𝑛(𝑡𝑡) alone. But the 
witness surface that was present before the 
transition removed this problem and allowed a 
solid measurement of 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝. 

This transitional behavior appears to be 
limited to a very small region of the 
morphology diagram – only at low 
supersaturations near -5 C. Everywhere else, 
𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 is high enough that 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 > 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is 
a good approximation. Thus the transition seen 
in Figure 8.30 is indeed unusual, and is not seen 
in other columnar growth data. 

 
Prism Attachment Kinetics 
In Air and Vacuum 
The result from this rather simple experiment 
takes on some importance when comparing it 
to other growth data. In particular, ice growth 
measurements at low air pressures clearly 
indicate that 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 is much larger than 0.002 
for crystals growing at the same temperature 
and with the same 𝜎𝜎𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑤𝑤𝑑𝑑𝑛𝑛 (see Chapter 3). 
The almost inescapable conclusion, therefore, 
is that 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 is smaller in the presence of air at 
one atmosphere than 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 on similar 
surfaces in near vacuum. 

This conclusion is supported by the fact 
that no one has ever (to my knowledge) 
observed the growth of slender columns in 
near-vacuum conditions near -5 C. If it were 
true that 𝛼𝛼𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝 ≪ 𝛼𝛼𝑏𝑏𝑤𝑤𝑝𝑝𝑤𝑤𝑑𝑑 at low pressures, 
then we would expect to see columnar growth 
at low pressures. The lack of any definite 
observations of slender columns in any low-
pressure experiments lends support to the 
notion that the prism attachment kinetics at -5 
C is affected by air pressure. 

Others have suggested that the presence of 
air affects the attachment kinetics in some 
circumstances, but the measurements were 
always plagued by a poor understanding of the 
surface supersaturation levels in the 
experiments [1984Kur1]. And this, in turn, 
makes it difficult to clearly separate kinetics 
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effects from diffusion effects. As a result, the 
previous experiments were, in my opinion at 
least, not very convincing. The combination of 
e-needle measurements and low-pressure 
measurements, however, makes a much 
stronger case for air-dependent attachment 
kinetics near -5 C. 

Once again, we find that careful, 
quantitative measurements of ice growth, 
accompanied by careful diffusion analyses, are 
absolutely necessary to make definitive 
conclusions regarding the physical processes 
that govern snow crystal growth. In addition, 
we again see that e-needles make excellent seed 
crystals for undertaking many focused studies 
of the attachment kinetics and complex 
diffusion effects over a broad range of 
environmental conditions. 

 

 
 
8.8 E-needle Vignettes 
This final section presents simply a collection 
of different growth behaviors observed on the 
ends of e-needles. This is by no means a 
complete accounting of morphological 
features observed on e-needles, but rather a 
sampling of phenomena I have observed to 
date. As with any scientific endeavor, this is a 
work in progress, and the full morphology 
diagram offers considerable opportunity for 
further investigation and discovery. The 
scientific potential will become vastly increased 
once 3D numerical modeling has been 
developed to a suitably advanced state, but that 
may have to wait for the next generation of 

snow-crystal researchers. 
 
 
 
 

 
  

Tridents and  
Witch’s Brooms. 
This composite image shows two e-
needle crystals both grown at -5 C, 
the crystal on the left at a 
supersaturation of 32 percent, the 
other at 64 percent. At the lower 
supersaturation, the smaller opening 
angle between the primary branches 
results in a strong competition for 
available water vapor. The result is 
that alternating branches stunt the 
growth of their immediate 
neighbors, yielding a three-
branched crystal that resembles a 
trident. The phenomenon is related 
to the formation of triangular snow 
crystals, which is discussed in 
Chapter 4. At the higher 
supersaturation, the opening angle 
is larger, resulting in less 
competition and crystals with all six 
branches resembling a witch’s 
broom.  
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I-beam Ridges. (Above) 
This common e-needle morphology exhibits a slightly 
conical plate, pronounced ridges on the undersurface of 
the plate, and plate-like extensions growing from the 
bottoms of the ridges. The ridge structure thus has an 
“I-beam” like appearance. The 3-D rendering is meant 
to clarify the structure, which can be difficult to discern 
from a single photograph. As seen in Figure 8.16, 
variations of the I-beam ridge structure can be found in 
many regions of the e-needle morphology diagram. 

Cups with Fins. (Below) 
Near (𝒅𝒅,𝝈𝝈) = (-7 C, 32%), hollow cup-like 
crystals form, flanked by six plate-like 
“fins” on their sides. As the temperature 
is lowered, the opening angle of the cup 
increases, eventually transforming this 
morphology into a slightly conical plate 
with I-beam ridges.   
[SolidWorks drawings by Ryan Potter.] 



320 
 

  

Isolated Plates. (Above) 
This crystal grown near -15 C shows 
a thin plate (in side view) on an e-
needle. The broad plate shielded the 
growth of the tip of the needle, while 
the column below it was less 
shielded and grew thicker. The 
result is a plate-like crystal perched 
rather precariously upon the tapered 
tip of the column. 

Crystal Bouquet. (Above) 
Thin, near-perfect hexagonal plates readily grow on the ends 
of c-axis e-needles, making it possible to obtain some 
delightful group shots. 

Hollow Plates. (Right) 
This crystal grown on an e-needle at (𝒅𝒅,𝝈𝝈) = 
(-16 C, 16%) exhibits deep hollows in the six 
prism facets. Reducing the supersaturation 
would cause the outer edges to fill in, leaving 
thin trapped bubbles in the plate. Bubbles in 
plates are remarkably common (Chapter 4), 
and sometimes display interference colors in 
snow crystal photographs (Chapter 11). 
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Tip Splitting. (Left) 
This photograph shows a crystal grown on the 
end of an e-needle under the conditions (𝒅𝒅,𝝈𝝈) 
= (-15 C, 128%). Early in this crystal’s 
development, when the crystal was small and 
the near-surface supersaturation especially 
high, all six branches split, yielding six sets of 
split branches. As discussed in Chapter 4, tip 
splitting indicates nearly isotropic prism 
attachment kinetics, in this case because 
𝜶𝜶𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒃𝒃 was very close to unity. As the crystal 
grew larger, diffusion lowered the surface 
supersaturation, which in turn lowered 𝜶𝜶𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒃𝒃, 
so the branches experienced no additional tip 
splitting. Tip splitting is fairly common at 
these extreme conditions around -15 C, 
although symmetrical tip splitting like in this 
example is unusual. 

Simple Stars. 
At conditions near (𝒅𝒅,𝝈𝝈) = (-14 C, 32%), stellar 
crystals appear with simple primary branches 
and essentially no sidebranching. These 
straight branches can grow quite long with no 
change in overall morphology; in this example 
the crystal is nearly 2mm in diameter. Modeling 
these stars may require the Edge-Sharpening 
Instability, as 𝜶𝜶𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒃𝒃 must be high at the tips but 
substantially lower on the sides of the branches. 

Slightly Conical Plates. 
When plate-like crystals grow on the ends of e-
needles, including dendritic structures like these, 
the outer edges typically growth slightly upward 
(away from the e-needle), because of a slight 
gradient in the supersaturation, which is lowered by 
the presence of the e-needle. As a result, plate-like 
crystals are often not flat, but exhibit a slightly 
conical overall shape. 
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Merging I-beams. (Above) 
The top image in this series shows a thin plate 
with I-beam ridges that formed at (𝒅𝒅,𝝈𝝈) = (-12 
C, 16%). As the plate continued to grow, the I-
beam extensions grew together to form a deep 
hollow in the thick plate. 

Outward Propagating Macrosteps. (Right) 
This series of images shows, from top to 
bottom, an outwardly propagating macrostep 
on the bottom surface of a thin plate, observed 
at (𝒅𝒅,𝝈𝝈) = (-15 C, 16%). The steps originated 
from the contact point with the e-needle on the 
underside of the plate. In the final image, the 
first macrostep has reached the edge of the 
faceted region, and a new small circular 
macrostep has appeared. 
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Multiple Macrosteps. (Left) 
This series of images shows several 
macrosteps propagating on both the top and 
bottom surfaces of a hexagonal plate crystal 
atop an e-needle. Unfortunately, the macrostep 
growth dynamics are complex and not readily 
amenable to quantitative analysis on these 
crystals. In photos like these, even deciding 
whether a particular macrostep resides on the 
top or bottom surface can be challenging.  

Simple Columns. (Above) 
When the supersaturation is especially low at 
any temperature, e-needles typically grow into 
simple columnar forms. 

Changing Conditions. (Left) 
Abrupt changes in growth behavior usually 
occur only when there is a causative change in 
growth conditions. In this example, a thin 
plate was first created on an e-needle at a 
relatively low supersaturation near -15 C. Then 
the supersaturation was suddenly increased, 
resulting in the formation of dendritic 
branches on the six corners of the hexagonal 
plate. 
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Bubble Evolution. (Below) 
This series of images shows the formation and evolution of two bubbles inside a columnar crystal 
grown over several hours near -7 C. The large markings running down the length of the column are 
surface features, while the bubbles grew from hollows at the end of the column. 

Curved Branches. 
This e-needle was first exposed to (𝒅𝒅,𝝈𝝈) = (-12 C, 
128%), growing a somewhat conical star with 
modest dendritic sidebranching (see Figure 
8.16). Near the end of its growth, the 
supersaturation was lowered to 64% and the 
branch direction changed as basal faceting 
became more pronounced. In general, lower 
supersaturations yield flatter plates when the 
temperature is near -14 C. 

Crystal Battlements. 
This unusual structure emerged when a cup-
with-fins crystal grown near (𝒅𝒅,𝝈𝝈) = (-7 C, 32%) 
was subsequently exposed to a higher 
supersaturation, causing the rim of the cup to 
break up into six sections. 
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