
212 
 

 A scientist does not study nature because 
it is useful; he studies it because he 

delights in it, and he delights in it  
because it is beautiful. 

– Henri Poincaré  
Science and Method, 1908 

     
In this chapter I examine the technology 
required to create synthetic snow crystals in the 
laboratory. The task involves a fairly broad skill 
set, encompassing mechanical and thermal 
engineering, optics, electronics, vacuum 
equipment, and photo-microscopy. Access to a 
machine shop is highly desired, and it certainly 
helps to have reasonably deep pockets and a 
general aptitude for building things. Although 
many key hardware components are 
commercially available, it often takes 
considerable design and engineering effort to 
assemble the pieces into a complete and 
functional snow-crystal growth chamber. 
 I was fortunate in that I began my work in 
snow-crystal research with a solid background 

in experimental physics and astrophysics, 
including considerable laboratory experience in 
the areas mentioned above. Nevertheless, as 
with any endeavor, there was a great deal I had 
to learn along the way. During several decades 
growing snow crystals for a variety of 
purposes, I have picked up quite a few tricks 
and techniques that have made a world of 
difference. In this chapter, therefore, I present 
an assortment of experimental methods and 
hardware recommendations that may be of use 
to the next generation of snow-crystal 
scientists and artists. 
 I include artists in the previous sentence 
because there are really two motivations for 
developing better synthetic snow crystals – 
science and art. Most of this book is devoted 
to the science side, where creating synthetic 
snow crystals allows researchers to examine 
how growth behaviors depend on temperature, 
supersaturation, air pressure, chemical 
additives, and a host of other parameters. 
Precise growth measurements can also be 
compared with analytic models and 
sophisticated computer simulations to better 

 

Facing Page: A synthetic snow crystal, 
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understand how different physical 
processes guide snow crystal 
formation in detail.   
 On the artistic side, creating 
laboratory snow crystals provides a 
novel look at the exotic beauty of this 
fascinating phenomenon. Snowflakes 
falling from the sky are already quite 
striking when viewed under a 
microscope, but even the best 
specimens are inevitably a bit travel-
worn, with rounded, partially 
sublimated features. Our view from 
the ground only hints at the unseen 
splendor of these icy works of art 
within the winter clouds.  

By creating laboratory snow-
crystal nurseries, one can observe 
razor-sharp facets, highly 
symmetrical branching, and a degree 
of morphological perfection that is 
rarely, if ever, found in nature. Figure 
6.1 shows one example using the 
Plate-on-Pedestal technique 
described in Chapter 9. Beyond still 
photos, this method also allows in 
situ observation during the entire 
growth process, yielding some 
remarkable time-lapse videos of 
snow-crystal formation. I believe that 
there is considerable untapped artistic potential 
in this dynamic, self-assembled form of ice 
sculpture.  

When making synthetic snow crystals, 
artistic creativity mingles with the natural rules 
governing spontaneous structure formation. It 
is not possible to fabricate just any crystal 
design, as the underlying physical processes 
come with constraints. Instead of carving a 
solid block of material with full creative license, 
the snow-crystal artist adjusts temperature and 
humidity to direct the formation of desired 
features, letting Nature sculpt the ice as it 
grows. The art of creating synthetic snow 
crystals presents, in my opinion, a fascinating 
and largely unexplored fusion of art and 
science.  

 

Artificial versus Synthetic 
Before proceeding further, I wish to clarify the 
distinction between artificial snow and synthetic 
snow crystals. The former is made at ski resorts 
by producing a spray of liquid water droplets 
and freezing them as quickly and cheaply as 
possible. Usually water is mixed with 
compressed air and shot out through atomizing 
nozzles in snow-making machines like the one 
shown in Figure 6.2. The compressed air cools 
as it expands, thus cooling the water droplets 
and causing them to freeze. There are many 
engineering tricks for making this process work 
effectively while minimizing the electric bill 
from the air compressors. 
 Artificial snow looks about like what you 
would expect – small globules of ice, with none 

Figure 6.1: In addition to its utility for scientific 
investigations, growing synthetic snow crystals is also 
desirable for its artistic value. This laboratory-grown 
snowflake shows a degree of symmetry and overall 
morphological perfection exceeding that found in natural 
snow crystals. 
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of the ornate structure seen in snow crystals. 
Figure 6.3 shows an example of some artificial 
snow I photographed right after it fell from a 
snow-making machine. These ice particles do 
not resemble real snow crystals because they 
froze from liquid water, not from water vapor. 
They are essentially small sleet particles, which 
are basically frozen raindrops. 
 Synthetic snow crystals grow from water 
vapor, so they look essentially like real snow 
crystals. And they are real; we just call them 
synthetic because they grew in a laboratory 
environment. Labeling them synthetic is done 
merely to distinguish them from natural snow 
crystals that formed in the clouds. 
 By the way of an analogy, I would say that 
an animatronics dinosaur at Disneyland is 
artificial. It is made to look like a dinosaur, 
move like a dinosaur, and sound like a 
dinosaur, but clearly it is not real. A Jurassic-
Park dinosaur, on the other hand, would be 
synthetic. It was created by unnatural means, 
but it is still a real skin-and-bones dinosaur. 
  
6.1 Building Blocks 
One reason scientists travel as much as they do 
is to keep up with the latest technological 
advances in their fields. Often this is best 
accomplished by visiting other people’s labs, 

attending tech shows, or just chatting over 
dinner at conferences. Publishing these kinds 
of details in scientific journals is not as popular 
as it was in decades past, as every page of 
journal space is desired to convey new data and 
theoretical ideas. Thus, as the complexity of 
scientific instrumentation has increased with 
time, and the need to document and 
communicate the tricks of the trade has grown 
with it, actual dissemination of this information 
has become more difficult. I begin this chapter, 
therefore, with some discussion of the basic 
hardware needed to grow synthetic snow 
crystals. 
 
Refrigeration 
The first ingredient needed for a proper cold 
chamber is a reliable source of cold. At the very 
least, a temperature range that extends down to 
-20 C is required, but most times it is desirable 
to reach as low as -40 C. Going below -40 C 
begins to require actual cryogenic hardware, 
which is another can of worms entirely, and I 
will not consider such low temperatures here. 
Largely for reasons of cost and difficulty, snow 
crystal growth at cryogenic temperatures and 
high pressures has not yet been well studied. 

My workhorse refrigeration device is a 
recirculating chiller, specifically the RS33LT 
from SP Scientific shown in Figure 6.4. With 

Figure 6.2: Artificial snow is made by rapidly 
freezing a spray of tiny water droplets in a 
snow-making machine. 

Figure 6.3: Artificial snow, the kind made at ski 
resorts, is not real snow at all, but frozen water 
droplets. Because these do not grow from 
water vapor, they do not have the ornate 
structures seen in snow crystals. 
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few exceptions, I now have one of these 
hooked up to all my cold chambers. This chiller 
can remove up to 60 Watts of heat at -40 C, 
and up to 275 Watts at -20 C, by circulating 
coolant from a built-in pump and two-
liter reservoir. I usually use methanol as 
the working fluid, connecting a snow-
crystal chamber to the chiller using 
ordinary Tygon or polyethylene tubing. 
Once the plumbing is assembled, I can 
then simply set the desired temperature 
and the chiller’s servo control does the 
rest automatically, maintaining a fixed 
coolant temperature to an accuracy of a 
few tenths of a degree. There are 
cheaper refrigeration alternatives 
available, but it is hard to beat the 
accuracy and convenience of a digitally 
controlled recirculating chiller. 

Figure 6.5 shows the design of a general-
purpose cold plate I often use as a starting 
point in my snow-crystal experiments. The 
large plate in this example is a 0.5x12x18-inch 
anodized aluminum breadboard from 
Thorlabs, supplied with an array of tapped 

holes on 1-inch centers. The plate shown in the 
figure is unmodified except for a large hole that 
allows optical access to the growth chamber. 

A loop of 3/8-inch copper refrigerator 
tubing provides cooling from a recirculating 
chiller. The tubing is first soldered into a loop 
as shown using plumbing elbows, and the loop 
is then tested to give reliable, leak-free fluid 
flow. The pipe is then additionally soldered to 
two 1/8” thick copper plates, each rough-cut 
with plenty of attachment holes for good heat 
transfer from the breadboard.  

I usually mount the assembled cold plate 
horizontally, with the cooling pipe on the 
bottom. This leaves the top surface of the 
breadboard open, with a large number of 
tapped holes for attaching the rest of the cold 
chamber. This overall cold-plate design is quite 
versatile, and similar aluminum breadboards 
are available in a broad range of sizes. 

Another construction technique I have 
come to appreciate involves the use of 
aluminum “T-rail” like the example shown in 
Figure 6.6. These are inexpensive, extruded 
square bars with mounting T-slots on all sides, 
available in a great variety of shapes and sizes. 
Notably, some include central holes running 

Figure 6.4: A model RS33LT recirculating 
chiller from FTS Thermal Products at SP 
Scientific. This device is my main refrigerator 
for cooling snow-crystal growth chambers 
down to as cold a -40 C.  

Figure 6.5: A temperature-controlled 
aluminum breadboard, complete with an array 
of tapped holes, can serve as versatile starting 
point for many snow-crystal growth chambers. 
Cold fluid from a recirculating chiller flows 
through the copper pipe to cool the 
breadboard. 
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along the lengths of the bars that are ideal for 
cooling from a recirculating chiller. I typically 
use an NPT (National Pipe Thread) tap in the 
central hole and screw in a Swagelok pipe 
fitting to plumb each bar. 

In one of my larger snow-crystal chambers, 
for example, I used T-rail to build a simple 
rectangular box frame. I piped coolant through 
the four longest edges of the box (using NPT 
fittings on the ends of the rails), and then used 
commercial T-rail angle brackets to connect 
eight shorter pieces of T-rail to form the box. 
To the frame, I then attached 1/8-inch thick 
aluminum panels to form the walls of the box. 
The result is an inexpensive, temperature-
regulated chamber with easily removable side 
panels, suitable for any number of snow-
crystal-growth projects. 
 
Insulation & Condensation 
Condensation is a nuisance problem that must 
also be addressed when growing snow crystals. 
The dew point is usually around 10 C in the lab, 
so water vapor from the air will condense onto 
any surface with a temperature below that 
point, either as water or frost. My usual 
solution is to add an insulating layer of 1.5-

inch-thick styrofoam sheet around a cold 
chamber. I sometimes use silicone caulk to 
hold this box together, but Mylar duct tape is 
handy also. (Mylar tape is the kind often 
recommended for actual ducts; cloth duct tape 
is a poor substitute.) In many scenarios, I like 
to use masking tape to hold the styrofoam 
panels together, as this makes for easy 
disassembly and reassembly as the apparatus is 
constantly being modified. A reasonably air-
tight seal is usually necessary to keep air, and 
thus condensing water vapor, away from the 
cold chamber. Foam tubes used for household 
pipe insulation are also a common staple in the 
cold lab. 

For optical access into my cold chambers, 
I often use viewport cells like the one shown in 
Figure 6.7. The overall construction consists of 
an acrylic or polycarbonate tube with a set of 
AR-coated optical windows held in place with 
silicone caulk or 5-minute epoxy. This version 
includes a third, inner window that is in good 
thermal contact with the cold aluminum wall of 
the chamber, providing an additional layer of 
thermal isolation. In less critical applications, 
the simpler two-window viewport cell alone is 
sufficient. 

Although an evacuated or nitrogen-filled 
viewport cell would be superior, I have found 

Figure 6.6: An example of an extruded 
aluminum “T-rail” bar. Special nuts go into 
the four slots for general-purpose assembly, 
and fluid from a recirculating chiller can be 
passed through the central hole for convenient 
and extremely effective cooling.   

Figure 6.7: A sketch showing a viewport cell 
installed into the wall of a cold chamber. This 
design allows optical access while minimizing 
heat flow into the chamber and preventing 
condensation of water vapor from the room. 
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that ordinary air inside the cell causes few 
problems. There is little interior water vapor in 
the cell to begin with, and this typically 
condenses onto the coldest interior side-wall 
surfaces rather than onto the windows. 
Nevertheless, the side plug seen in Figure 6.7 
can be useful for blowing dry nitrogen gas into 
the cell to remove interior condensation that 
occasionally seeps in through cracks in the 
window seals. 

When high-resolution microscopy is 
needed, I might replace the inner window in 
Figure 6.7 with a mounted microscope 
objective. This brings a long-working-distance 
objective close to the growing snow crystals, 
while sending the resulting image out to a 
camera kept in the room-temperature 
environment. Although my microscope 
objectives were not designed specifically for 
sub-freezing temperatures, I have used them 
down to -40 C without problems. 

Some researchers have avoided many of 
these experimental complexities by using a 
room-size cold laboratory. Building such a 
large freezer is an expensive option, but it does 
obviate the need for complicated viewports 
and careful insulation. On the other hand, it 
also requires that the experimenter work in 
bitter cold conditions, which has obvious 
practical disadvantages. Personally, I feel that 
careful experimental design of an insulated 
chamber is almost always preferable to 
spending long hours sitting in the cold.  
 
Vacuum Technology 
In many scientific investigations, it is desirable 
to grow snow crystals at different background 
gas pressures, especially at lower pressures. For 
example, this is often necessary when 
investigating the attachment kinetics, as 
working at reduced pressures decreases the 
effects of particle diffusion on growth rates 
(see Chapter 4). Going down this road requires 
a great deal of specialized hardware, however, 
including vacuum chambers, pumps, and 
gauges. 

 A typical laboratory vacuum system begins 
with a stainless-steel chamber consisting 
cylinders, crosses, and tees connected by 
vacuum flanges. These components are robust 
and commercially available, but they are 
designed for far lower pressures than one 
normally requires for studying snow crystals. 
Cheaper, home-built alternatives can also work 
well, although standard vacuum components 
are certainly convenient. 
 In snow crystal studies, there is little need 
to achieve pressures below the water-vapor 
saturation pressure, which is typically around 
one millibar. This is considered a very high 
pressure in the vacuum world, so any kind of 
O-ring or other gaskets are fine for creating 
robust vacuum seals on flanges and other 
components, and epoxy seals are often 
adequate as well. Manufacturers produce a 
large range of vacuum flanges, fittings, and 
other parts needed to design a system for 
almost any need, if you have the budget. As 
there are already numerous books and internet 
resources discussing vacuum chambers and 
vacuum seals, I will not go into details here. It 
is good to remember, however, that working at 
millibar pressures may not require a lot of fancy 
and expensive hardware.  
 One issue I have with commercial vacuum 
fittings is that most viewport windows have 
remarkably poor optical quality. The glass is 
not flat, not AR coated, and wholly inadequate 
for inclusion in a high-resolution imaging 
system. To get around this problem, I often 
build my own vacuum windows as shown in 
Figure 6.8. A key feature in this simple design 
is an optical-grade coated window bonded to a 
flat flange with a large overlap area. Flat-
against-flat is usually a good bonding strategy 
if one wants to avoid vacuum leaks, as it keeps 
leakage paths long. Most silicone caulks cycle 
well down to low temperatures, and I include 
spacers to ensure that the caulk layer is thick 
enough to have some flex during thermal 
cycling. None of this is exactly rocket science, 
but getting some of these small details right can 
save considerable time in the long run. 
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Diaphragm pumps are a reasonable route 
for reaching down to one millibar, as they are 
relatively cheap (if that word can be applied to 
vacuum pumps) and they have a reasonable 
pumping speed. One disadvantage is that their 
base pressures are not especially low, so check 
the spec sheet before you buy. A positive 
feature is that diaphragm pumps are oil-free, so 
generally they will not introduce a lot of 
contaminants into the vacuum chamber.  
 Vacuum gauge technology has been 
advancing quite rapidly lately with the advent 
of micromachining techniques, so I would not 
hazard to guess what the best gauge choices 
will be even a few years from now. 
Thermocouple gauges are often used in the 1-
1000 mbar range, but their sensitivity and 
signal level changes with gas composition, 
which can be inconvenient. Capacitance gauges 
are one of the best choices for overall 
sensitivity and utility in this pressure range, 
although they remain quite expensive. 
 
Chemical Contamination 
Chemical vapor contamination is always a wild 
card when making quantitative measurements 
of snow crystal growth. As I describe in 
Chapter 3, even fairly low levels of vapor 
contaminants can dramatically alter the 
attachment kinetics, and the underlying 
chemical mechanisms are not at all understood 
at even a qualitatively level. This presents an 

excellent direction for additional research, but 
making progress is difficult without at least 
some reliable theoretical guidance. My 
approach to date has been to try to figure out 
the physics of snow crystal growth with no 
added chemistry first … one step at a time. 
 With this in mind, it is important to make 
sure that one’s snow crystal growth chamber is 
free from all chemical vapor contaminants, at 
least to the degree that this is possible. One 
rule-of-thumb I like to use is the “smell test” – 
if you can smell anything in a growth chamber, 
then the contamination level might be too 
high. Unfortunately, if you take any sealed 
chamber that has been unopened for some 
hours or days, chances are high that you will 
smell something if you open it up and put your 
nose inside. Even after thorough cleaning and 
baking, using only stainless steel or glass 
components, there always seems to be some 
residual odors present. 
 The best solution I have found to this 
problem is to continuously trickle clean gas 
into a growth chamber during operation, 
typically replacing the air inside every half-hour 
or so, depending on the chamber size and 
geometry. I create this gas stream by taking air 
from a commercial oil-free compressor and 
passing it slowly through a column of activated 
charcoal, usually coconut-husk charcoal that is 
manufactured for the purpose of removing 
chemical contaminants from air. The set-up for 
this is simple and inexpensive to build, and it 
seems to work quite well. Clean-air generators 
can be purchased at substantial cost, and 
liquid-nitrogen boil-off is another option. But 
these are probably both overkill, as there is 
always some low level of outgassing from the 
air handling system and chamber walls that 
cannot be entirely eliminated. 
 
Temperature control 
Careful temperature measurement and control 
is another essential skill when growing 
synthetic snow crystals. For measuring 
temperature, my preferred sensor is a precision 
two-kilo-ohm (2k) bead thermistor. Other 

Figure 6.8: A simple and inexpensive, yet quite 
effective, design for attaching an optical-
quality vacuum window to a vacuum flange. 
The large-area flat-against-flat adhesive seal 
(yellow) works well for preventing vacuum 
leaks. Spacers (blue) keep the adhesive layer 
thick, so it can flex during thermal cycling 
without losing adhesion. 
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temperature sensors are available, such as 
thermocouples and RTDs, but those are better 
suited for higher temperature applications. 
Precision 2k thermistors are available for as 
little as $10 apiece from a number of vendors, 
and their small size with ±0.1 C absolute 
accuracy make them ideally suited for 
installation in cold chambers.  

The resistance of a thermistor increases 
with decreasing temperature at a rate of about 
4.5% per degree, so a 2k room-temperature 
thermistor will perform well down to -40 C. An 
operating current of 10 µA is about optimal for 
temperature sensing. At higher currents, the 
voltage drop across the sensor at low 
temperatures might saturate the meter. Plus, 
the operating current can heat the thermistor 
from within, which is clearly undesirable in a 
temperature sensor. With many commercial 
thermistor controllers, one can select the 
operating current and then enter the Steinhart-
Hart coefficients so the measured thermistor 
resistance is converted directly to degrees C.  

For precisely controlling temperature, I 
typically use thermoelectric modules, as these 
are capable of both heating and cooling over a 
broad range of temperatures. I used to build 
my own temperature controllers [2009Lib2], 
but commercial units have improved so much 
recently that it is now almost pointless to do 
this yourself. I have been especially satisfied 
with 12V/10A temperature controllers from 
Arroyo Electronics, as they accept generic 
thermistor sensors and can provide high 
currents for thermoelectric modules. 
 
Supersaturation 
Determining the supersaturation surrounding a 
growing snow crystal is an especially 
challenging experimental problem. In contrast 
to temperature, supersaturation is an 
intrinsically nonequilibrium quantity, so even 
the presence of the measuring device can 
greatly affect the outcome. For example, if a 
hygrometer sensor is placed inside a cold 
chamber, then ice will eventually condense and 
grow on the sensor, removing water vapor 

from the nearby air, and thus influencing the 
measurement. Any growing ice, even the very 
crystal one is trying to measure, can 
substantially change the supersaturation in its 
vicinity. 
  One way to deal with the supersaturation 
problem is by creating a metastable, isothermal 
environment that has fixed, non-zero 
supersaturation. One example is simply a 
closed box cooled to some temperature below 
0 C with an unfrozen puddle of water inside. If 
the temperature is not too low, the water can 
remain unfrozen long enough for the system to 
come into vapor equilibrium at a uniform 
temperature. Then the supersaturation with 
respect to liquid water would be identically 
zero, but the supersaturation with respect to ice 
would be greater than zero, specifically 
𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = (𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤)/𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤, where 
𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the equilibrium vapor pressure of 
supercooled water at this temperature (see 
Chapter 2). 

If one uses a water solution instead of pure 
water, it is possible to obtain 𝜎𝜎 values lower 
than 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, as described by [1996Nel] for a 
solution of lithium salt in water. The essential 
physics is that chemicals dissolved in water 
reduce the equilibrium water vapor pressure 
above the water, which can be calculated using 
Raoult's Law. Nelson and Knight went on to 
use this method when examining layer 
nucleation [1998Nel], and it has much 
additional potential for creating a pseudo-
equilibrium ice-growth environment with a 
precisely known supersaturation. 

A variation of the metastable-liquid 
method is to create a cloud of water droplets in 
the laboratory, thus directly simulating natural 
clouds. Pure water yields a supersaturation 
equal to 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, and Yamashita used this 
approach to produce some excellent 
measurements of snow crystal growth as a 
function of temperature at this supersaturation 
[1987Kob, Figure 11]. Clouds made from salt-
water droplets could yield supersaturation 
levels below 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, but I believe this technique 
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has not been used to obtain published growth 
data. 

Air sampling from a cold chamber is 
another way to determine the supersaturation, 
for example using differential hygrometry to 
compare sampled air with a known reference 
[2008Lib4].   Converting a measurement of 
water vapor content to local supersaturation 
can still be tricky, however, because one needs 
to know quite accurately the local temperature 
as well as the water vapor content. Air 
sampling is not without its uses for measuring 
supersaturation, but it is not ideal for making 
precision measurements of ice growth 
dynamics. 
 My colleagues and I used differential 
hygrometry calibration to obtain a series of 
measurements of freely falling snow crystals in 
air as a function of time, temperature, and 
supersaturation over a fairly broad range of 
conditions [2008Lib4, 2009Lib]. Although the 
absolute accuracy of the supersaturation 
determination was somewhat uncertain, I 
believe that these remain some of the better 
measurements of absolute growth rates in air. 
There is general agreement between these 
measurements and the Yamashita results, but 
in both cases I would estimate that the overall 
supersaturation uncertainties are probably not 
better than 20-40 percent. 

 
Diffusion Modeling 
After considerable work on this problem, I 
have found that careful modeling of a well-
designed cold chamber is often the best way to 
determine the supersaturation with high 
accuracy. An especially simple example is 
shown in Figure 6.9. In the absence of the test 
crystal, the supersaturation just above the 
substrate will be (see Chapter 4) 
 

𝜎𝜎1 =
𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤(𝑇𝑇𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑟𝑟𝑟𝑟𝑟𝑟𝑤𝑤) − 𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤(𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤)

𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤(𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤)
(6.1) 

 
which will be greater than zero if 𝑇𝑇𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑟𝑟𝑟𝑟𝑟𝑟𝑤𝑤 >
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤.  

If a small test crystal is placed on the 
substrate, then it will grow as if surrounded by 
the far-away boundary condition 𝜎𝜎∞ = 𝜎𝜎1. 
However, if the test crystal is too large, or if 
there are additional ice crystals on the 
substrate, then the actual supersaturation 
quickly deviates from Equation 6.1, as I discuss 
in some detail in Chapter 7. Libbrecht and 
Rickerby used this method to make some of 
the most accurate snow-crystal growth-rate 
measurements to date [2013Lib]. 
 Diffusion modeling can be applied to a 
variety of different ice growth chambers to 
calculate supersaturation levels. In all cases, the 
first step is to solve the diffusion equation for 
heat transfer, thus determining the static 
temperature field 𝑇𝑇(�⃗�𝑥) at all interior points 
within the chamber. With stable interior air and 
well-defined temperature boundary conditions 
on all the chamber walls, it is straightforward 
to create a numerical model of the temperature 
profile throughout. 
 The next step is to solve the particle 
diffusion equation within the chamber, thus 
determining the static water-vapor number 
density 𝑐𝑐(�⃗�𝑥) at all interior points. If the 
chamber walls are all well coated with frost, 
then again one has well-defined boundary 
conditions, as the water vapor density near 

Figure 6.9: This dual-temperature chamber 
contains a layer of ice that acts as a water-vapor 
reservoir along with an ice test crystal to be 
measured. Both the reservoir and test-crystal 
surfaces are carefully temperature regulated. 
The supersaturation around a small test crystal 
is easily calculated from the two temperatures, 
going to zero when there is no temperature 
difference between the top and bottom 
surfaces. 



221 
 

each frosted surface is equal to the saturated 
value 𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤(𝑇𝑇) at the known surface 
temperature. Thus, once again it is 
straightforward to create a static numerical 
model of the water vapor number density 
throughout the interior of the chamber. 
 Once the temperature and number-density 
fields have been determined, one can then 
calculate the supersaturation within the cold 
chamber from 
 

𝜎𝜎(�⃗�𝑥) =
𝑐𝑐(�⃗�𝑥) − 𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤�𝑇𝑇(�⃗�𝑥)�

𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤�𝑇𝑇(�⃗�𝑥)�
(6.2) 

 
at each position �⃗�𝑥 within the chamber. 
Uncertainties in the calculated 𝜎𝜎(�⃗�𝑥) can be 
estimated from uncertainties in the modeled 
fields 𝑐𝑐(�⃗�𝑥) and 𝑇𝑇(�⃗�𝑥). With a simple chamber 
design and well-characterized wall 
temperatures, the supersaturation can be 
determined with quite high accuracy using 
diffusion modeling.  
 Two caveats are worth mentioning when 
modeling the supersaturation. First, it is 
essential that the air inside the cold chamber be 
stable with respect to convection. This requires 
a positive (or zero) vertical temperature 
gradient and no horizontal temperature 
gradients within the chamber. The lack of 
horizontal gradients can be a nontrivial 
requirement that must be built into the 
chamber design with some care. 
 The second caveat involves the water 
vapor density boundary conditions at the 
chamber walls. If a surface is covered in frost, 
then the boundary condition is 𝑐𝑐(�⃗�𝑥) =
𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤�𝑇𝑇𝑠𝑠𝑠𝑠𝑤𝑤𝑠𝑠� just above the surface. And, if a 
surface is completely clear of frost, then the 
boundary condition is a vanishing water vapor 
density gradient normal to the surface, so 
𝑑𝑑𝑐𝑐 𝑑𝑑𝑑𝑑 = 0⁄  just above the surface. If a surface 
is only partially covered with frost, however, 
then the boundary condition is ill-defined. In 
this case, neither the water vapor field nor the 
interior supersaturation can be precisely 
determined. The take-away message is simply 
that all surface boundary conditions need to be 

precisely defined, which is often difficult to 
accomplish in practice. 
 It is important to remember that all 
growing ice crystals within an experimental 
chamber will affect the water-vapor field 𝑐𝑐(�⃗�𝑥), 
including the test crystal one is trying to 
measure. The only way to determine 
𝑐𝑐(�⃗�𝑥) accurately is by solving the heat and/or 
particle diffusion equations, taking into 
account all the relevant boundary conditions. 
This can be done analytically for a few simple 
cases, as described in Chapter 4 and Appendix 
B, and these analytic solutions are invaluable 
for making quick estimates during the initial 
design of a growth chamber. For more 
complex geometries, however, one must resort 
to numerical modeling.  
 
Nucleation 
Another challenge in creating synthetic snow 
crystals is getting the process started, 
preferably when and where you want it. 
Exposing nearly any sufficiently cold surface to 
supersaturated air will nucleate the formation 
of ice, but usually in the form of frost, which is 
many small ice crystals crowded together. 
Other methods are needed to create a single, 
isolated seed crystal of ice that can then grow 
unhindered into a large snow crystal. 

When Ukichiro Nakaya first sought to 
create laboratory snow crystals in the 1930s, he 
quickly ran into the frost problem. He tried 
suspending a variety of thin filaments in his 
cold chamber, including silk, cotton, fine wires, 
and even a strand of spider’s web. In each case, 
he soon found the filaments coated with a thick 
layer of frost. He eventually discovered that a 
desiccated rabbit hair was fairly well suited for 
growing isolated crystals [1954Nak]. 

Nakaya surmised that sparsely spaced 
nodules on an individual rabbit hair served as 
ice nucleation sites, while oils on the hair 
otherwise reduced the probability of 
condensation. Over some range of 𝜎𝜎 levels, it 
was therefore possible to nucleate a single, 
isolated snow crystal on a well-desiccated 
rabbit hair, although not every attempt yielded 
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a suitable seed crystal. If an isolated crystal 
did form, it removed water vapor from the air 
in its vicinity, thus reducing 𝜎𝜎 and preventing 
the nucleation of additional crystals nearby. 
This was a marvelously creative idea for 
supporting and growing large, isolated snow 
crystals, but it had a number of drawbacks, 
and I believe no one has since reproduced 
Nakaya’s rabbit-hair method.  

Researchers have used a variety of other 
nucleation methods over the years, and each 
has its benefits and drawbacks. For example, a 
short pulse of highly supersaturated air can 
nucleate small ice crystals on a substrate, as 
described in [1982Bec2]. Particles of silver-
iodide smoke can also serve as nucleation sites 
[1982Gon, 1994Gon], and a fleck of dry ice 
dropped into supersaturated air will readily 
nucleate ice crystals as well [1981Sch]. Later in 
this chapter I describe how oriented ice crystals 
can form epitaxially on a covellite (CuS) and 
other crystalline substrates, and how isolated 
snow crystals can be grown on the ends of thin 
glass capillary tubes. Chapter 8 describes the 
use of long, slender electric ice needles as seed 
crystals. Aizenberg at al. [1999Aiz] have 
demonstrated an intriguing technique that uses 
patterned templates to nucleate regular arrays 
of small crystals on a substrate, but this 
technique has not yet been adapted to work 
with ice. 
 
Expansion Nucleator 
My favorite general-purpose method for 
initiating ice crystal growth is the expansion 
nucleator shown in Figure 6.10. In this device, 
pressurized air feeds into the nucleator via an 
air hose and a flow restrictor, supplied by a 
commercial oil-free air compressor. The air 
pressure is typically 15-30 psi, and I pass the 
compressed air through a column of activated 
charcoal grains to absorb any remaining 
chemical impurities. With the solenoid valve 
closed, pressurized air fills the nucleator body 
in a few seconds.  
 Abruptly opening the solenoid valve allows 
the compressed air in the nucleator body to 

expand rapidly into the surrounding air. The 
expansion is impossible to calculate precisely, 
as the flow is turbulent, non-adiabatic, and 
overall quite ill-defined. Nevertheless, the rapid 
expansion cools the air, thus greatly increasing 
the supersaturation at localized positions 
within the outflowing air, and this is sufficient 
to nucleate the growth of numerous tiny ice 
crystals.  
 The expansion nucleator relies on the fact 
that normal room air invariably contains a 
good amount of water vapor along with an 
ample supply of dust particles that act as ice 
nucleation sites. It is only necessary to increase 
the air pressure until ice crystals appear. A 
higher body temperature requires more cooling 
of the air, and thus higher air pressures, so I 
usually keep the nucleator at around -15C. At 
this temperature, no crystals form if the 
pressure is much below 10 psi, while 30 psi is 
usually high enough to form some thousands 
of minute crystals each time the valve is pulsed 
open.  
 In many ways, the expansion nucleator is 
like snow from a winter cloud, except much 
faster. The rapid expansion cools the air, 
initially forming water droplets on dust 
particles in the air, much like the formation of 
a cloud in the atmosphere. As in a cloud, the 
first nucleation step produces liquid water 

Figure 6.10: An expansion nucleator for 
creating small ice crystals, consisting of a 5-cm 
length of pipe (body) flanked by a narrow 
constriction and a solenoid valve. When the 
valve is pulsed opened, the rapid expansion of 
air reduces its temperature sufficiently to 
nucleate a number of minute ice crystals. The 
length of the body portion of the nucleator is 
about five centimeters. 
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droplets, rather than ice crystals, in accordance 
with Ostwald’s Step Rule. The nucleated 
droplets only last a fraction of a second, 
however, as continued expansion provides 
additional cooling, causing some of the 
droplets to freeze. The nascent ice particles 
quickly absorb water vapor around them, 
causing any remaining water droplets to 
evaporate away. The whole process is a bit like 
a miniature, high-speed snowfall. Each 
discharge of the nucleator results in a puff of 
tiny ice crystals.  
 
Oriented Ice Crystals 
It is often desirable to have large, single-crystal 
specimens of bulk ice in the lab for a variety of 
functions, and how one obtains such samples 
is not immediately obvious. A century ago, 
researchers used to “mine” the Mendenhall 
glacier in Alaska for this purpose, as high-
purity ice crystals could be found there with 
sufficient searching. Fortunately, a remarkably 
easy method for creating large single-crystal 
specimens in a top-loading household freezer 
was described by Knight [1996Kni], obviating 
the need for polar ice mining.  
 In Knight’s method, one simply fills an 
open, insulated container with water, places it 
in the freezer, and waits. Water vapor first 
evaporates from the water’s surface and 
deposits a bit of frost on the lid of the freezer 
above the water container. Over time the water 
cools to below freezing, and at some point (if 
all goes well) a single crystal of frost will break 
off the lid and fall into the water. If the water 
temperature is just below freezing, the ice seed 
will grow out as a thin disk crystal (see Chapter 
12).  

As it floats on the surface of the water, 
buoyancy forces automatically orient the 
growing disk so its c-axis points in the vertical 
direction as the edges of the disk grow 
outward. Soon the ice disk expands and covers 
the surface, preventing nucleation by 
subsequent falling frost crystals. Because the 
container is insulated, the rest of the water 

freezes slowly, its thickness increasing at a rate 
of about one centimeter per day.  

This experimental procedure is not 
particularly well controlled, but usually there 
will be some sections of single-crystal ice on 
the surface, with the crystalline c-axis oriented 
vertically. Viewing the sheet between crossed 
polarizers verifies that no domain boundaries 
are present. This technique could be better 
developed, but I can verify that it works 
surprisingly well with little effort. Ice samples 
with higher purity, or with chemical dopants, 
can be grown using the Czochralski method 
[2017Bru, 1973Bil], but with a substantially 
greater investment of effort. 

I have also created a miniature, on-demand 
version of Knight’s method using an expansion 
nucleator. First a temperature-controlled glass 
window is treated with a hydrophilic coating 
(Rain-X) and wetted with a film of water. The 
window is then placed, water side up, in a 
supersaturated chamber, and its temperature is 
set to just below 0 C. A small puff of air 
containing seed crystals from the nucleator is 

Figure 6.11: A 2-mm-diameter disk of ice grows 
outward on the surface of a thin film of slightly 
supercooled water covering a glass plate. (The 
dark regions are copper support arms glued to 
the glass.) The c-axis of the oriented ice crystal 
is aligned perpendicular to the glass surface. 
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passed over the disk, such that a single crystal 
will randomly drop onto the water’s surface.  

With a bit of luck, surface tension and 
buoyancy will align the crystal with respect to 
the water film, and a small disk of ice will 
slowly grow outward over the glass, as shown 
in Figure 6.11. This disk is a single crystal of ice 
oriented with its crystalline c-axis 
perpendicular to the glass surface. I have used 
this technique in an experiment growing snow 
crystals on glass capillaries (described below), 
but the method may have other useful 
applications as well. 
 
Substrate Interactions 
I often grow snow crystals on sapphire 
substrates because this is one of the few 
transparent materials that has a high thermal 
conductivity. As an added bonus, sapphire is 
extremely hard and therefore resistant to 
scratching. Small sapphire windows are readily 
available and not too expensive, although it is 
often best to pay extra for windows that have 
been cut with the c-axis of the crystal 
perpendicular to the window surface, in order 
to avoid unwanted birefringent effects. 
 Whatever the choice of substrate material, 
it is important to remember that contact with a supporting surface may alter the growth 

behavior of snow crystals. One common 
mechanism is enhanced terrace nucleation at 
the ice/substrate contact line, as illustrated 
in Figure 6.12. A clean glass or sapphire 
substrate typically exhibits a contact angle 
near 90 degrees, so this mechanism can 
often influence the growth of perpendicular 
basal facets. 
 The use of superhydrophobic coatings 
could substantially reduce this particular 
form of substrate interaction. As illustrated 

in Figure 6.13, superhydrophobic surfaces with 
contact angles in excess of 150 degrees are now 
routinely demonstrated. To my knowledge, 
they have not yet made their way into studies 
of ice-crystal growth, but they soon will. This 
subfield of coating engineering is rapidly 
evolving, and I expect that easily fabricated 
transparent superhydrophobic substrates will 
soon be readily available. 

Figure 6.12: If the ice/substrate contact angle 
is less than the facet/substrate angle (left 
sketch), then new terraces will be nucleated at 
the ice/substrate contact line. With a larger 
contact angle (right sketch), new terrace 
nucleation can only occur on the free faceted 
surface, away from the contact region. The 
enhanced terrace nucleation in the first case 
can greatly increase the growth rates of facets 
contacting the substrate.  

Figure 6.13: A superhydrophobic substrate 
surface could greatly reduce unwanted 
substrate interactions. (Images from [2016Lui] 
and mandegar.info.) 
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 Another type of substrate interaction arises 
from heat conduction through the ice to the 
cold substrate. For especially large and rapidly 
growing ice crystals, this can lead to a 
temperature gradient across the ice that distorts 
its growth behavior. This effect appears to 
have been an issue in [1972Lam], but it is 
usually negligible for small, slowly growing 
crystals. 
 
Optical Microscopy 
The most straightforward approach to 
measuring ice crystal morphology and growth 
is via optical microscopy. The growth velocity 
derives from observations of the crystal size as 
a function of time, and velocity measurements 
can be combined with a knowledge of the 
supersaturation to examine the attachment 
kinetics. Optical images, moreover, are ideal 
for investigating morphologies and 
morphological transitions. High quality 
microscope objectives are readily available, and 
modern digital cameras produce excellent 
images even in low light levels. 
 Commercial bench microscopes typically 
use a two-step approach to imaging. First the 
microscope objective focuses an image onto an 
intermediate aperture, the purpose of which is 
to block all light except for that coming from 
around the desired subject. This first image is 
then reimaged onto the camera sensor by a 
second lens group. This technique greatly 
reduces problems arising from scattered light 
in the optical path, but it requires a second 
high-quality lens for reimaging. 
 I often take the direct approach of using 
the microscope objective on the end of a long 
extension tube. This places the first image 
directly on the camera sensor, without 
reimaging, which is a big gain in optical 
simplicity. However, it does tend to increase 
problems associated with scattered light, so I 
address these issues using any or all of these 
methods:  
1) Use a field stop near the subject to block 

extraneous light. Then only the area around 
the test crystal is brightly illuminated. 

2) Image the incident light onto the subject, 
again only illuminating a small area around 
the test crystal. This can generally be done 
using inexpensive optics that are not part 
of the imaging optical system. 

3) Add baffles inside the extension tube. 
4) Coat the inside of the extension tube with 

light absorbing material.  
 
The first two items on this list reduce the 
amount of light that does not strike the test 
crystal but might still make its way into the 
microscope. This light contributes nothing to 
the desired image, but will add scattered light 
that reduces contrast on the final image. The 
last two items help decrease scattered light that 
strikes the imaging sensor. 
 In most of my ice growth experiments, I 
find it beneficial to build some of the optical 
system right into the growth chamber. In 
particular, I usually mount a microscope 
objective within the cold chamber, so I can 
place it at a desired distance away from the 
growing crystals. Most microscope objectives 
are not rated for use below 0 C, but I have 
never encountered any problems in 
temperatures down to -40 C. Condensation 
from room air is a constant concern, so I often 
use optical-grade windows in the imaging 
system to keep this problem in check. 
 Once the diffraction limit is reached, one 
always faces the question of optical resolution 
versus depth of focus. For example, I often use 
a Mitutoyo long-working-distance 10X 
objective for crystals with sizes in the range 5-
50 microns, as it has a 0.28 numerical aperture, 
1.0-micron resolving power, and a depth of 
focus of 3.5 microns. Although this objective 
is corrected for imaging at infinity, it works 
quite well without any additional lenses. The 
low depth-of-field can be problematic with this 
objective, however, as crystals thicker than 3.5 
microns will not focus well, and this tends to 
get in the way of achieving the rated resolving 
power. 

For somewhat larger crystals, or for 
imaging flat, plate-like crystals (where the 
depth of focus can be quite small), I am a big 
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fan of the Mitutoyo long-working-distance 
5X objective. This lens has a 0.14 numerical 
aperture, 2.0-micron resolving power, and a 
depth of focus of 14 microns, producing 
bitingly sharp images of stellar plate snow 
crystals in particular. Even for quite small 
crystals, the depth-of-field issue means that 
the 10X is not substantially better than the 
5X in many circumstances. 
 In larger growth chambers, I often build 
in a 3X Mitutoyo Compact Objective. This 
has a working distance of 78 mm when 
imaging at infinity, becoming longer when 
imaging to shorter distances without a 
secondary lens. The resolving power is 2.5 
microns, which is adequate for larger snow 
crystals, especially those with complex 
morphologies, and the depth of focus is a 
comfortable 23 microns. 
 In nearly all of my work, I often use 
focus stacking to achieve a higher effective 
depth of focus for a given resolution. 
Focusing by hand is adequate for stacking just 
a few images, and this can make a surprisingly 
large difference in overall image quality. For 
better consistency when acquiring a greater 
number of images, I use a StackShot automated 
focus-stacking rail that makes the image 
acquisition process quite simple. For post-
processing, there are a variety of software tools 
available (for example Helicon Focus) for 
combining images. I discuss optical 
microscopy techniques further in Chapter 11. 
 
Optical Interferometry 
When the size of an ice crystal becomes 
comparable to the wavelength of light, optical 
interferometer becomes another useful 
measurement tool [1990Gon1, 1993Fur1, 
1994Gon]. My favorite example is determining 
the thickness of thin, plate-like crystals using 
white-light interferometer, as illustrated in 
Figure 6.14. The essential idea is to interfere a 
reflection from the ice/substrate interface with 
a second reflection from the nearby ice/air 
interface, as illustrated in the upper right corner 
of the figure. Both reflections have roughly the 

same amplitude because the index jumps at the 
two interfaces are similar.  

The interference of the two reflections will 
depend on the wavelength of the incident light, 
ranging from constructive to nearly fully 
destructive. A transmission grating disperses 
the reflected light to reveal a pattern of fringes. 
Note that the dark line segments in Figure 6.14 
are images of the slit after destructive 
interference. The ends of the line segments 
indicate the edges of the thin ice prism. 

Figure 6.14: (Top) An optical setup for 
measuring the thickness of thin ice crystal 
plates using white-light interferometry, 
described further in the text. The sketch on the 
upper right shows the interfering reflections 
from the substrate/ice and ice/air interfaces.  
(Bottom) An example white-light spectrum, in 
true color, showing a series of dark 
interference fringes. The absolute thickness of 
the ice crystal can be derived from the 
measured spacing between the optical fringes 
[2013Lib]. The growth velocity can be 
determined from the lateral motion of the 
fringes across the image.  
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 The spacing between the fringes in Figure 
6.14 depends on the thickness of the ice crystal, 
with thicker crystals producing more closely 
spaced fringes. Working through the math, the 
ice-crystal thickness ℎ is given by  
 

ℎ =
𝜆𝜆2

2𝑑𝑑∆𝜆𝜆
(6.3) 

 
where 𝜆𝜆 is the wavelength of light, ∆𝜆𝜆 is the 
fringe spacing, and 𝑑𝑑 is the index of refraction 
of ice. One convenient way to calibrate the 
image scale is to shine different color laser 
pointers through the slit and record the 
positions of the reflected light. 
 Note that the use of white-light 
interferometry allows for absolute thickness 
measurements, and one can achieve sub-
micron precision with careful calibration. As a 
crystal grows thicker, the fringes move laterally 
across the image and the fringe spacing 
becomes smaller. The fringe motion can be 
determined with especially high accuracy, 
allowing velocity measurements down to 1 
nm/sec in ideal cases.  
 The astute reader may note that the ice 
crystal at the focus of the microscope objective 
acts as a “cat’s eye” reflector. A nearly 
collimated light beam enters the objective and 
reflects from the flat surfaces at the 
microscope’s focus, then exiting through the 
objective as a nearly collimated beam. 
Reflections from other surfaces, such as the 
bottom surface of the substrate, do not take 
place in the focal plane and thus do not yield 
collimated exit beams. The cat’s-eye effect 
explains why only the interference pattern 
from the ice crystal reflections appears on the 
camera sensor; interference patterns involving 
other reflections in the optical system are 
suppressed. However, this same effect means 

that especially thick crystals produce poor 
fringe patterns. In practice, it becomes difficult 
to discern fringe patterns when the crystal 
thickness is more than a few times the depth-
of-focus of the microscope objective. 
 For thicker crystals, white-light 
interferometry becomes difficult as the fringe 
contrast becomes too low to observe. In this 
case, one can use direct laser interferometry by 
replacing the lamp and slit in Figure 6.14 with 
a collimated laser beam, and removing the 
transmission grating. Simple imaging then 
shows a bright spot superimposed on the 
crystal, as shown in Figure 6.15. As the crystal 
thickness increases, the laser intensity rises and 
falls, again from interference between 
reflections from the ice/substrate and ice/air 
interfaces. This technique does not yield 
absolute thickness measurements, and velocity 
measurements are far less precise than using 
white-light interferometry. Note that the laser 
intensity is far too low to significantly affect the 
crystal temperature or growth dynamics. 
 For crystals smaller than about 10 microns, 
the cyclical brightness oscillations from laser 
interferometry can be difficult to interpret. I 
have found that multiple reflections within the 
ice, especially for slender columnar crystals 
(substantially smaller than that shown in Figure 
6.15), can produce a puzzling variety of 
brightness patterns. Once the reflecting 
surfaces are larger than the laser spot size, as 
illustrated in Figure 6.15, the oscillating 

Figure 6.15: A series of images of a columnar 
ice prism showing a reflected spot from a 
(extremely low power) Helium-Neon laser 
beam. As the crystal grows (left to right), the 
laser spot first increases and then decreases in 
brightness, owing to interference between 
reflections from the ice/substrate and ice/air 
interfaces. 
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brightness signal matches expectations from 
basic plane-wave interferometry theory. 
 When applied to simple ice prisms with 
clean faceted surfaces, white-light and laser 
interferometry are quite valuable in precision 
growth experiments, as I describe in Chapter 7. 
Laser interferometry can also be applied to 
larger snow crystals with complex structures 
[1993Fur1, 1994Gon], but interpreting the 
resulting measurements can be quite 
challenging compared to simple prisms. 
 
Electron Microscopy 
Beyond optical imaging and measurement 
techniques, electron microscopy has also been 
adopted to examine ice crystal structure and 
growth. William Wergin and collaborators 
made an extensive study of natural snow 
crystals that were collected, transported in 
liquid nitrogen, sputter coated with a several-
nanometer thickness of platinum (to provide a 
conductive surface), and imaged using a low-
temperature scanning electron microscope 
(LTSEM) [1995Wer]. The authors found that 
this processing caused little damage to the 
snow crystals, and Figure 6.16 shows an 
example imaged using these techniques 
[2003Erb]. The side-by-side comparison in 
Figure 6.17 illustrates how the opaque 
character of the LTSEM image provides an 
exceptionally clear view of fine-scaled surface 
features. In both these figures, however, the 
snow crystals were quite large 
overall. 

More recently, researchers 
have developed environmental 
scanning electron microscopy 
(ESEM) that allows direct 
imaging of uncoated snow 
crystals in humid, low-pressure 
environments. The example 
ESEM image Figure 6.18 reveals 
small-scale surface structures at a 
resolution clearly superior to 
what has been obtained with 
optical imaging. It is also 
possible to observe in situ 

Figure 6.16: An electron micrograph of a stellar 
snow crystal covered with numerous small 
hexagonal prisms. Note that the facets of the 
small prisms all align with the underlying 
stellar crystals, indicating epitaxial growth 
[2003Erb]. 

Figure 6.17: (Below) A side-by-side 
comparison of a platinum-coated snow crystal 
from an optical microscope (left) and an 
LTSEM [2003Erb]. 
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growth and sublimation on the ESEM stage, as 
shown in Figure 6.19 [2010Pfa]. These authors 
also observed the development of peculiar 
“trans-prismatic strands” during sublimation. 
Clearly ESEM investigations have great 
potential for examining small-scale snow-
crystal surface structures.  
 
Imaging Terrace Steps 
Optical imaging of individual terrace steps on 
faceted mineral crystals was first demonstrated 

in the early 1950s using precision 
interferometry [1950Gri, 1951Ver], but related 
techniques were only applied to ice crystal 
surfaces recently [2010Saz]. The image shown 
in Figure 6.20 was obtained using laser 
confocal microscopy combined with 
differential interference contrast microscopy 
(LCM-DIM), and the authors clearly verified 
that the observed features were one-terrace-
high molecular steps. 

Subsequent studies using LCM-DIM have 
investigated the surface premelting structure 
near the triple point [2016Mur] and ice wetting 
by liquid water (including the water/ice wetting 
contact angle) [2015Asa, 2016Asa]. 
Measurements of step velocities have also been 
used to determine the surface diffusion length 
for admolecules on faceted surfaces [2014Asa, 
2018Ino], although these measurements may 
have been affected by a lower-than-estimated 
supersaturation near the ice surface [2015Lib]. 
(I discuss modeling this difficult-to-determine 
parameter in Chapter 4, specifically in 
association with Equation 4.37 and Figure 
4.21.) 

Scanning probe microscopy has also been 
used to image terrace steps on many faceted 
crystalline surfaces, but so far not on ice 
[1997Pet, 1998Dop, 1998Pit, 2001Zep]. 
Surface premelting appears to interfere with 
molecular-scale resolution, perhaps by surface-
tension forces, but the details are not yet well 
known.  
 
Snow Crystal 
Growth Chambers 
Having examined some of the hardware 
components and measurement techniques 
used in snow-crystal studies, we now turn our 
attention to growth chambers. Specifically, I 
focus on experimental chambers used to 
investigate the physics underlying snow crystal 
growth and structure formation.  
 In broad brush strokes, growth chambers 
can be divided into three categories by their 
intended purposes: 1) making precise 
measurements of small ice prisms needed to 

Figure 6.18: Several ESEM images of a simple 
prismatic ice crystal that reveal fine surface 
structures, such as the 1.6 µm step seen in the 
lower right image. The black scale bars are 100, 
40, 20, and 20 µm long (adapted from 
[2014Mag]). 

Figure 6.19: ESEM images before (left) and 
after (right) a period of ice growth that filled in 
part of the unfaceted corner (adapted from 
[2010Pfa]). 
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better understand the attachment kinetics; 2) 
making measurements of larger snow crystals 
exhibiting complex structures for comparing 
with computational modeling; and 3) creating 
designer snow crystals mainly as an artistic 
pursuit. I discuss the first of these categories in 
greater detail in Chapter 7, one especially 
promising apparatus from the second category 
in Chapter 8, and a means of growing designer 
snow crystals in Chapter 9. 
 In the first two cases, I always stress the 
importance of quantitative measurements of 
growth rates in addition to observations of 
morphological features and development. This 
follows my stated objective throughout this 
book of creating a comprehensive physical 
model of snow crystal growth dynamics, 
including a detailed understanding of the 
attachment kinetics and a computational model 
that is capable of reproducing experimental 
observations over a broad range of 
environmental conditions.  

 For these scientific goals, it is not sufficient 
to develop techniques for high-resolution 
imaging, crystal handling, supersaturation 
control, and other considerations as separate 
achievements. To produce useful 
measurements, all these feats be accomplished 
together and integrated into a useable growth 
chamber. No one apparatus can serve all 
functions in this regard, so different strategies 
must be employed for different targeted 
investigations. Haphazardly growing snow 
crystals is relatively easy, but making precision 
measurements that further our overarching 
understanding of snow crystal formation is 
quite challenging. So we begin with an 
introduction to some of the different strategies 
used in snow crystal growth chambers. 
 
6.2 Free-Fall Chambers  
One of the technically simplest ways to grow 
synthetic snow crystals is by letting them fall 
through the air as they grow, essentially 
imitating the formation of atmospheric 
snowflakes. Of course, a laboratory growth 
chamber is vastly smaller than a winter cloud, 
so we can expect that freely falling synthetic 
snow crystals will be substantially smaller than 
the natural variety. But the size different is not 
as great as one would naively expect, which we 
can show from an understanding of snow-
crystal growth and aerodynamics. 
 
Terminal Velocities 
From Chapter 4 and [2009Lib3], the terminal 
velocity of a small spherical ice crystal of radius 
𝑅𝑅 is 
 

𝑢𝑢𝑤𝑤𝑤𝑤𝑤𝑤𝑡𝑡 ≈
2
9
𝜌𝜌𝑟𝑟𝑖𝑖𝑤𝑤𝑔𝑔
𝜇𝜇

𝑅𝑅2  (6.4)
             

 

 
If we that assume the growth of the sphere is 
purely diffusion-limited at a pressure of one 
atmosphere, then the growth velocity is 
 

Figure 6.20: Photomicrographs of terrace steps 
on the basal face of an ice crystal that display 
the nucleation and growth of new terraces 
[2010Saz]. 
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𝑣𝑣 ≈ 𝛼𝛼𝑑𝑑𝑟𝑟𝑠𝑠𝑠𝑠𝑣𝑣𝑘𝑘𝑟𝑟𝑘𝑘𝜎𝜎∞ (6.5)

≈
𝑋𝑋0
𝑅𝑅
𝑣𝑣𝑘𝑘𝑟𝑟𝑘𝑘𝜎𝜎∞

             

 

and integrating this gives the crystal radius as a 
function of time 
 

𝑅𝑅 ≈ �2𝑋𝑋0𝑣𝑣𝑘𝑘𝑟𝑟𝑘𝑘𝜎𝜎∞𝑡𝑡  (6.6)
             

 

Using typical values 𝑣𝑣𝑘𝑘𝑟𝑟𝑘𝑘 ≈ 300 µm/sec and 
𝜎𝜎∞ ≈ 0.01, integrating the terminal velocity 
over time gives a fall distance of ℎ ≈ 1 meter 
after a fall time of 𝑇𝑇 ≈ 140 seconds, at which 
point the crystal radius is 𝑅𝑅 ≈ 11 µm. 
Moreover, these results scale as 𝑅𝑅~ℎ1/4 and 
𝑇𝑇~ℎ1/2. Comparing a 1-km and a 1-meter fall 
distance, we see that the resulting crystals will 
only be about six times smaller with the shorter 
fall distance. The details will depend on the 
attachment kinetics, crystal morphology, and 
other factors, but the overall conclusion is that, 
even with a modest fall distance in a laboratory 
free-fall chamber, crystal diameters of several 
tens of microns are easily achievable in a 
relatively short amount of time. 
 
Cloud Chambers 
A basic top-loading household freezer is 
perhaps the least expensive means of creating 
freely falling synthetic snow crystals, albeit 
small ones. The set-up illustrated in Figure 6.21 
was first demonstrated by Vincent Schaefer 
and colleagues in the 1940s as an easy 
demonstration of basic cloud physics. Opening 
the top of the freezer and simply breathing 
down into it produces a visible cloud of water 
droplets, as water vapor from your breath 
condenses on dust particles in the cold air.  

This cloud-making process is the same as 
when you “see your breath” outside on a cold 
day, although the freezer cloud will be more 
stable. The cold air sinks stably into the freezer, 
and the cloud droplets will float inside for 
many minutes before slowly turning into frost 
on the freezer walls. The liquid water droplets 
supersaturate the air in this cold cloud, which 
becomes an excellent nursery for growing 
snowflakes. 

Nucleation is needed to produce floating 
snow crystals, and this is a nontrivial step. 
Popping cold bubble-pack using gloved hands 
can work as a budget expansion nucleator, but 
it does not usually produce copious numbers 
of crystals. A better, yet still inexpensive, 
method is to drop small flecks of dry ice into 
the floating freezer cloud. Dry ice sublimates at 
a temperature of -78 C, so ice crystals readily 
nucleate near its surface. By repeatedly 
breathing into the freezer and dropping in 
flecks of dry ice, one can create a veritable 
flurry of tiny snow crystals. Amusingly, 
Schaefer also described mixing iodine vapor 
with copious lead pollution from car exhaust in 
city air to form lead-iodide ice nucleators 
[1981Sch]. Times change. 

Freezer temperatures are usually set to 
around -15 C, making an ideal environment for 

Figure 6.21: A top-loading household freezer 
can be used to demonstrate several 
meteorological processes involved in the 
formation of snow crystals. Breathing down 
into the freezer produces a cloud of 
supercooled water droplets that is essentially a 
small-scale winter cloud. Dropping a grain of 
dry ice into the cloud nucleates a flurry of tiny, 
sparkling snow crystals. A green laser pointer 
is especially effective for observing the 
reflected bright glints from tiny faceted 
crystals. Image from [1981Sch]. 
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growing thin, hexagonal snow-crystal 
plates. By shining a bright flashlight or 
laser pointer into a cloud of freezer 
snowflakes, you can readily see sparkles 
from the flat basal facets. Covering the 
walls of the freezer with dark cloth 
greatly enhances the view. A cloud of 
water droplets looks like a rather dull gray 
fog, but a cloud of faceted plates above a 
black background makes a beautiful swirl 
of sparkling diamond dust. 

Viewing the tiny freezer snowflakes 
directly requires a microscope. As 
described in the calculation above, the 
size of a typical crystal in a free-fall 
chamber is typically some tens of 
microns, smaller than the diameter of a 
human hair, so quite high magnification is 
needed just to see the overall hexagonal form. 
Moreover, the microscope would have to be 
kept cold, and probably at the bottom of the 
freezer where the crystals fall.  
 Advancing beyond a household freezer, a 
research-grade cloud chamber can be 
constructed from a large, temperature-
controlled tank, injecting water droplets from 
an ultrasonic humidifier to produce a cloud 
that soon equilibrates to the temperature of the 
tank. Nucleation is easily accomplished using 
the expansion nucleator described above, and 
the falling crystals can then be viewed using an 
upward-facing microscope built into the 
bottom of the chamber. 
 Figure 6.22 shows some cloud-chamber 
growth measurements in air from Yamashita 
[1987Kob], of snow crystals that resulted from 
a fall time of 200 seconds. To my knowledge, 
these remain some of the best data illustrating 
the growth of small snow crystals in air at a 
supersaturation equal to 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤. As I discussed 
in Chapter 3, however, many additional 
measurements as a function of supersaturation 
and air pressure are needed to fully 
comprehend the attachment kinetics. 
 Cloud chambers offer numerous beneficial 
features when making precise measurements of 
snow crystal growth rates. In a static cloud of 

water droplets, the supersaturation quickly 
settles to a nearly constant value of 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 as 
the water vapor in the air reaches equilibrium 
with the numerous droplets, thus yielding a 
well-defined supersaturation at a well-defined 
temperature. It would be most beneficial to 
expand upon the Yamashita experiment by 
using salt-water droplets to produce different 
supersaturations, and observing over a range of 
air pressures and fall times. A serious limitation 
in such an experiment, however, is that one 
cannot readily create low supersaturation 
values in a cloud chamber. 
 
Convection Chambers 
Another simple method for creating free-fall 
snow crystals is the convection chamber 
illustrated in Figure 6.23. Here a heated water 
reservoir provides a source of water vapor via 
evaporation and also stimulates convection 
that carries the water vapor upward. Turbulent 
convection mixes the air to yield a steady-state 

Figure 6.22: Measurements of the diameters 
and thicknesses of snow crystals after growing 
in air for 200 seconds in a free-fall cloud 
chamber [1987Kob]. Note that the variation in 
crystal aspect ratio as a function of 
temperature matches expectations from the 
snow crystal morphology diagram. 
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supersaturated environment. The expansion 
nucleation generates seed crystals on demand, 
which then float freely in the supersaturated air 
as they grow. After a few minutes, the crystals 
grow large and some fall onto the substrate for 
observation.  
 Changing the temperature of the water 
reservoir changes the supersaturation within 
the chamber, giving the convection chamber 
added flexibility compared to a cloud chamber, 
and achieving a supersaturation range from 
zero to near 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is straightforward. 
However, the variable supersaturation as a 
function of water temperature must be 
calibrated, and this is a challenging task. In 
[2008Lib4] we presented a calibration method 
using differential hygrometry measurements of 

air sampled from the chamber, giving the 
results shown in Figure 6.24. This calibration 
depends on the geometry of the chamber and 
water reservoir, but with care it was possible to 
obtain supersaturation calibration with an 
absolute accuracy of roughly 20 percent.  
 Although convection chambers are a good 
compliment to cloud chambers, their overall 
accuracy remains on the low side for 
investigating attachment kinetics. Differential 
hygrometry can be influenced by systematic 
errors, and neither the temperature nor 
supersaturation in a convecting body of air is 
as uniform as one would like. In spite of these 
issues, however, the convection-chamber 
results presented in [2008Lib1, 2009Lib] 
remains some of the best quantitative data 
covering a broad range of temperatures and 
supersaturations in air. Figure 6.25 shows some 
photographic examples of snow crystals grown 
in a convection chamber. 

Figure 6.23: A free-fall convection chamber. 
The expansion nucleator near the top of the 
chamber (described in Figure 6.8) produces 
microscopic seed crystals that subsequently 
grow and slowly fall in the supersaturated air. 
After a few minutes of growth, the crystals fall 
to the bottom of the chamber, where some 
land on a glass substrate for observation.  

Figure 6.24: The supersaturation in a 1-meter 
high free-fall convection chamber [2008Lib4] 
as a function of the water reservoir temperature 
𝑻𝑻𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘, at several values of the chamber 
temperature 𝑻𝑻𝟎𝟎. Data points show the 
supersaturation measured using differential 
hygrometry at -5 C, -15 C, and -20 C. Lines 
show an empirical model of 𝝈𝝈(𝑻𝑻𝟎𝟎,𝑻𝑻𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘) 
defined in [2008Lib4]. 
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A Seed-crystal 
Generator 
One of my favorite applications of 
the free-fall convection chamber is to 
produce a copious and on-demand 
supply of ice seed crystals. The basic 
idea is a chamber like that shown in 
Figure 6.23, but without the 
observation hardware. By opening 
the nucleator valve about once every 
ten seconds during operation, a 
continuous cloud of fresh ice crystals 
can be found floating in the chamber. 
Small crystals grow quickly at first, roughly 
with 𝑅𝑅~𝑇𝑇1/2, while larger crystals fall to the 
floor of the chamber. These effects reduce the 
number of very small or very large crystals that 
can be found floating in the chamber, yielding 
a size distribution that typically peaks at around 
20-50 microns. As seen in Figure 6.25, thin 
plates or slender columns can be produced, 
depending on the chamber temperature.  

When I need a seed crystal for a nearby 
experiment, I push some air out of the free-fall 
chamber and waft it over a waiting cooled 
substrate, such that a few crystals randomly fall 
onto it. I then examine the substrate under a 
microscope and position a suitable seed crystal 
for subsequent study. Some examples of 

experiments using these free-fall seed crystals 
are described in Chapters 7 and 9.  

When a free-fall seed-crystal chamber is set 
up with a temperature near -15 C and modest 
supersaturation levels, roughly half of the 
crystals are well-formed simple hexagonal 
plates, the remainder being malformed to some 
degree, perhaps from mid-air collisions, 
polycrystalline nucleation, or other factors.  
 
High Cleanliness and 
High Throughput 
Two of my favorite characteristics of free-fall 
chambers are their intrinsic self-cleaning nature 
and their high throughput. On the cleanliness 
side, chemical contamination is a wild card in 
any ice growth experiment, as one is never sure 

Figure 6.25: Examples of snow crystals 
grown in a free-fall convection 
chamber at temperatures of -2 C (top), 
-5 C (middle) and -15 C (bottom). The 
scale bar in the lower left corner of the 
image is 50 microns in length. The 
variation in crystal size and 
morphology at each temperature 
reflects inhomogeneities in 
temperature and supersaturation 
within the chamber. Overall, however, 
the morphologies agree with 
expectations from the snow-crystal 
morphology diagram. 
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how clean is clean enough. Seed crystals that sit 
around for long periods, require a lot of 
handing, or experience sublimation/regrowth 
cycling are apt to become contaminated with 
surface impurities. And this can cause 
unwanted changes in growth behavior that can 
be difficult to identify [2008Lib2].  

Free-fall chambers are self-cleaning in that 
ice crystals are created in large numbers and 
quickly discarded. It typically takes just a few 
minutes for a given crystal to fall to the bottom 
the chamber where it remains for the duration 
of a run. The growing crystals, both in the 
chamber and covering the walls, absorb 
chemical contaminants from the chamber air 
and thus remove them from further influence. 
I believe that chemical contamination effects 
have been, and continue to be, underestimated 
in many snow-crystal experiments. Free-fall 
growth chambers are a good way to minimize 
these effects. 

Another problem one encounters when 
studying snow crystals is that there is a large 
variation in growth behaviors under ostensibly 
constant growth conditions, and much of this 
remains poorly understood. Some crystals are 
likely influenced by dislocations, while seed-
crystal variations may be a factor as well. Again, 
this is something of a wild-card in all 
experiments.  

Free-fall growth chambers allow easy 
observation of hundreds of crystals in a 
single run, giving the experimentalist a 
fighting chance of making some sense of the 
distributions of observed growth behaviors. 
For example, some bimodal distributions 
have been reported [2008Lib1], but overall 
such effects have not been much studied. 
They are likely important in some areas, and 
free-fall chambers may be the best way to 
explore these issues. 
 
A Laminar-Flow Chamber 
To address the problem of the finite fall 
distance in laboratory cloud chambers, 
Tsuneya Takahashi and Norihiko Fukuta 
developed an ingenious system for levitating 

a falling snow crystal in a vertical flow of air 
[1988Tak, 1991Tak, 1999Fuk]. A slightly 
tapered flow tube gently pushed a growing 
snow crystal toward the tube’s central axis, and 
the laminar flow rate was continually adjusted 
to keep the crystal’s vertical position fixed in an 
observation region as it grew. A fog of water 
droplets was added to the flowing air to keep 
the supersaturation at 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤. (Unlike a static 
cloud chamber, however, the rapidly flowing 
air in the laminar-flow chamber may not always 
have time to fully equilibrate to 𝜎𝜎𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, creating 
a possible systematic error in the known 
supersaturation.)  

Using this laminar-flow chamber, the 
authors of the above papers reported extensive 
observations of snow crystals growing in air for 
up to 30 minutes, covering a range of 
temperatures from -2 C to -24 C, including the 
examples shown in Figure 6.26. This unique 
data set provides the best record to date of 
snow crystals growing in controlled 
environmental conditions quite close to what 
can be found in dense clouds. If an adjustable 
humidification method could be worked out, 
the laminar-flow chamber could perhaps be 
used over a range of supersaturations as well. I 
believe that the electric-needle technique 

Figure 6.26: Example snow crystals grown in a 
laminar-flow chamber, from [1999Fuk]. 
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presented in Chapter 8 is probably better suited 
for comparison with numerical modeling 
studies, but different options have different 
strengths and weaknesses, so all possibilities 
should be considered for future investigations. 

 
6.5 Diffusion Chambers 
Figure 6.27 shows an example of a snow-
crystal diffusion chamber. The basic 
construction is an insulated box with a strong 
temperature gradient from top to bottom, with 
the top being hot and the bottom cold. Water 
vapor evaporates from the liquid water 
reservoir at the top of the chamber and diffuses 
downward into the colder air below, causing 
the air to become supersaturated. If any kind 

of substrate is placed in this region, snow 
crystals will nucleate and grow.  

The example shown in Figure 6.27 is also 
called a continuous diffusion chamber, as the 
supersaturation remains constant in time 
(unless perturbed by growing snow crystals). It 
reaches a peak near the center of the chamber, 
dropping to zero at the chamber walls, as these 
are soon covered with frost crystals.  

The basic physical concepts in a diffusion 
chamber have been known since the cloud-
chamber work of Wilson and others in the 
early 20th century. Early continuous snow-
crystal diffusion chambers, like the one shown 
in Figure 6.28, were used by Schaefer 
[1952Sch] and by Hallett and Mason [1958Hal] 
in numerous studies of snow crystal growth 
dynamics and the morphology diagram. 

One clever trick with diffusion chambers is 
to hang a vertical filament down the central 
axis of the chamber, as illustrated in Figure 
6.27. Snow crystals will grow all along the 
filament, allowing one to view the different 
growth morphologies as a function of 
temperature, displaying many aspects of the 
snow-crystal morphology diagram at once 
[1958Hal]. When the supersaturation is high, 
fast-growing dendritic crystals (see Chapter 4) 

Figure 6.27: This snow-crystal diffusion 
chamber creates a steep vertical temperature 
gradient with the top warmer than the bottom. 
Water vapor evaporates from the warm water 
reservoir and diffuses downward into the 
colder air below, yielding highly 
supersaturated air in the interior of the 
chamber. In this illustration, snow crystals 
grow at different temperatures on a vertical 
filament.  

Figure 6.28: Perhaps the first snow-crystal 
diffusion chamber, cooled with dry ice 
[1952Sch]. 



237 
 

tend to grow out faster than blocky crystals, 
often yielding three distinct clusters along the 
filament at -2 C, -5 C, and -15 C, as shown in 
Figures 6.29 and 6.30.  

 

Figure 6.30: Higher resolution images of a string of 
snow crystals similar to that shown in Figure 6.29. 
The cluster at -5 C is made of “fishbone” dendrites 
(see Figure 6.31), while the cluster at -15 C is made 
from individual branches of fernlike stellar 
dendrites. As soon as these fast-growing crystals 
extend out away from the filament, they tend to 
shield water vapor from reaching smaller crystals 
nearer the filament, stunting their growth. 

Figure 6.29: A string of snow crystals growing at high supersaturation in a diffusion chamber like that 
shown in Figure 6.27. The fastest-growing dendritic crystals cluster at -2 C, -5 C, and -15 C. At other 
temperatures, the crystals tend to be blocky in form with slower growth rates. 
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Clam Shell Design 
The “clam-shell” aluminum pieces at the top 
and bottom of the apparatus shown in Figure 
6.27 are there to conduct heat and tailor the 
temperature profile within the chamber. The 
supersaturation generally increases as the 
vertical temperature gradient 𝑑𝑑𝑇𝑇/𝑑𝑑𝑑𝑑 increases, 
and clam-shell structures are often included to 
create high supersaturation levels.  

Figure 6.32 shows an extreme example of a 
clam-shell diffusion chamber, designed to 
create an exceptionally high water-vapor 
supersaturation level at its central point. It is 
straightforward to solve the static heat-
diffusion equation within this chamber, giving 
“naive” constant-temperature surfaces similar 
to those illustrated in Figure 6.32. I call these 
naive because this clam-shell design is unstable 
to convection, so the static diffusion equation 
does not apply in this situation. For this reason, 
it is not easily possible to accurately calculate 
either the temperature or the supersaturation 

profile in this chamber. This is a systemic 
problem with many snow-crystal diffusion 
chambers: while they are easy to build and 
deliver high supersaturations, it is often nearly 
impossible to model their characteristics with 
accuracy. 
 
Linear Gradient  
Diffusion Chamber 
The Figure 6.33 shows a “linear-gradient” 
diffusion chamber that is amenable to accurate 
thermal and supersaturation modeling. In this 
design, the included stainless-steel plates have 
a modest thermal conductivity that results in a 
linear temperature gradient 𝑑𝑑𝑇𝑇 𝑑𝑑𝑑𝑑⁄ ≈ 𝑐𝑐𝑐𝑐𝑑𝑑𝑐𝑐𝑡𝑡 
along the walls. Solving the heat diffusion 
equation then yields 𝑑𝑑𝑇𝑇 𝑑𝑑𝑑𝑑⁄ ≈ 𝑐𝑐𝑐𝑐𝑑𝑑𝑐𝑐𝑡𝑡 in the 
interior region as well, and this can be verified 
by direct measurements. With entirely 
horizontal isothermal surfaces, this thermal 
profile is stable against convection, so the static 
heat-diffusion equation will describe the 
correct 3D temperature field 𝑇𝑇(�⃗�𝑥) within the 
chamber. 

Figure 6.31: “Fishbone” dendritic snow 
crystals form at temperatures near -5 C in 
highly supersaturated air, such as in Figure 
6.30. They grow readily in snow-crystal 
diffusion chambers, but are not found in 
nature. The sketch on the right illustrates their 
overall structure, with hexagonal prisms 
showing the crystal axes [2009Lib1]. 

Figure 6.32: A “clam-shell” diffusion chamber 
designed to create a high supersaturation level 
at the center of the chamber. Unfortunately, 
the system is unstable to convection, making it 
quite difficult to accurately characterize the 
temperature and supersaturation within the 
chamber. 
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 With a stable, well-characterized 
temperature profile, it then becomes possible 
to solve the particle diffusion equation to 
obtain the supersaturation field 𝑐𝑐(�⃗�𝑥) 
throughout the chamber. In a nutshell, the 
diffusion equation becomes Laplace’s equation 
(because 𝜕𝜕𝑐𝑐 𝜕𝜕𝑡𝑡⁄ = 0), with the boundary 
conditions 𝑐𝑐 = 𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤(𝑇𝑇𝑠𝑠𝑠𝑠𝑤𝑤𝑠𝑠) on all surfaces. 
Solving this diffusion problem yields the 
supersaturation field 𝑐𝑐(�⃗�𝑥) and thus the interior 
supersaturation 
 

             𝜎𝜎(�⃗�𝑥) =
𝑐𝑐(�⃗�𝑥) − 𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤�𝑇𝑇(�⃗�𝑥)�

𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤�𝑇𝑇(�⃗�𝑥)�
(6.7) 

 
If we take the side walls in Figure 6.33 out to 
infinity, giving a simple parallel-plate diffusion 
chamber, then the diffusion equation yields a 
simple linear gradient for the particle density, 
giving  
 

𝜎𝜎𝑖𝑖𝑤𝑤𝑘𝑘𝑤𝑤 ≈
1
2

1
𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤(𝑇𝑇𝑖𝑖𝑤𝑤𝑘𝑘𝑤𝑤)

𝑑𝑑2𝑐𝑐𝑠𝑠𝑤𝑤𝑤𝑤
𝑑𝑑𝑇𝑇2

(𝑇𝑇𝑖𝑖𝑤𝑤𝑘𝑘𝑤𝑤) ∙ (∆𝑇𝑇)2

≈ 0.0032(∆𝑇𝑇)2 (6.8)
 

 

at the center point midway between the two 
plates, where ∆𝑇𝑇 = (𝑇𝑇𝑤𝑤𝑟𝑟𝑡𝑡 − 𝑇𝑇𝑠𝑠𝑟𝑟𝑤𝑤𝑤𝑤𝑟𝑟𝑡𝑡)/2 
[2014Lib1]. Putting the side walls back as 
sketched in Figure 6.33 requires a numerical 
solution of Laplace’s equation to determine 
𝑐𝑐(�⃗�𝑥). Figure 6.34 shows an example of a 
supersaturation model I created for one of my 
diffusion chambers [2016Lib]. The linear-
gradient diffusion chamber is a good example 
of using careful modeling to determine 
supersaturations in a snow-crystal growth 
chamber.  
 
6.5 Other Techniques 
I end this chapter by briefly listing a few 
additional experimental techniques that have 
been developed for studying snow crystals or 
related subjects. Many of them have not yet 
been used in extensive laboratory 
investigations, but all have potential for 
opening up novel research directions. 
 
Microparticle Ion Trapping 
Electrodynamic trapping of charged aerosol 
particles was first developed in the 1950s, and 
this levitation technique was applied to snow-

Figure 6.33: A “linear-gradient” diffusion 
chamber, designed using (moderately 
conducting) stainless-steel wall to produce a 
linear temperature profile. With this simpler 
thermal structure, it becomes possible to 
model the supersaturation within the chamber 
with a quite high accuracy. 

Figure 6.34: A supersaturation model of a 
linear-gradient diffusion chamber like that 
illustrated in Figure 6.33. Note that 𝝈𝝈 goes to 
zero (black) on all (frost-covered) surfaces, in 
this case including a central stem that supports 
the growing snow crystal. With such careful 
supersaturation modeling, it becomes possible 
to make quantitative comparisons between 
crystal growth measurements and theory 
[2016Lib]. (See also Chapter 8.) 
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crystal research by Brian Swanson and 
colleagues in 1999 [1999Swa]. Their apparatus 
is illustrated in Figure 6.35, using AC electric 
fields to provide trapping forces, together with 
DC electric fields that counter the downward 
force of gravity, yielding stably trapped ice 
crystals. Figure 6.36 illustrates the basic 
quadrupole geometry of the AC 

electric fields in a microparticle ion trap. 
Particle sizes were in the 10-100 µm range, 
carrying charges of typically 0.1-0.5 pC.  

Subsequent development of this technique 
has led to different electrode geometries and 
other improvements [2003Bac, 2016Har]. For 
example, Figure 6.37 shows an electrode 
geometry that traps ice crystals at the center of 
a plane-parallel diffusion chamber, allowing 
precise control of temperature and 
supersaturation surrounding the particle. The 
physics underlying microparticle ion trapping 
is beyond the scope of this book, but a 
summary can be found in [2018Lib] together 
with techniques for building simple ion traps 
for laboratory demonstrations. 

Figure 6.35: An electrodynamic levitation 
chamber for examining the growth of ice 
crystals [1999Swa]. A pair of ring electrodes 
driven with a high-voltage 60-Hz sinusoidal 
signal traps a charged ice particle, while the 
surrounding diffusion chamber creates a 
supersaturated environment. The closely 
spaced pair of rings creates a quadrupole 
electric field around its central point, much 
like that from a single ring ion trap illustrated 
in Figure 6.36. 

Figure 6.36: A single ring electrode (seen here 
from the side, labeled ⨁) inside a conducting 
box creates a 3D quadrupolar electric field near 
its center, shown by the arrows. Applying a 
sinusoidal voltage to the ring creates 
electrodynamics forces that push charged 
particles toward the ring center. (Image from 
[2018Lib].) 

Figure 6.37: (Right) In this 
electrodynamic trap [2016Har], a 
trapping quadrupole electric 
field oscillating at 60 Hz is 
delivered via a set of “button” 
electrodes, while a constant 
vertical electric field balances 
gravity. The parallel-plate 
diffusion-chamber geometry 
allows for precise modeling of 
the supersaturation at the 
position of a trapped ice crystal. 
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 Electrodynamic trapping has a clear 
advantage that it allows observations of single, 
isolated, levitated ice prisms growing under 
well controlled environmental conditions, 
which is a somewhat ideal experimental set-up. 
Moreover, particle mass changes can be 
precisely determined by monitoring the 
levitating electric fields. Some disadvantages 
include difficulties with loading seed crystals, 
and the general slow throughput that comes 
with examining individual particles. This can be 
contrasted with the dual-temperature chamber 
discussed in Chapter 7, which must contend 

with substrate interactions, and free-fall 
chambers that present a generally less 
controlled environment. As usual, the 
apparatus choice in any experiment will reflect 
the specific scientific goal being targeted. 
 
Capillary Snow Crystals 
Filamentary support of snow crystals has been 
popular ever since Nakaya’s first experiments 
with rabbit hair (see Chapter 1), and the current 
state-of-the-art in this direction has been the 
development of thin capillary tubes for this 
purpose [1996Nel]. Heating and drawing 
capillaries with tip diameters down to 10 µm 
has been a staple of laboratory art for many 
decades, and suitable commercial 
micropipettes have recently become available 
also. Creating an isolated ice crystal at the tip 
can be accomplished by freezing water in the 
capillary from below [1996Nel], or by using ice 
transfer from the top as shown in Figure 6.38.  
 Thin capillaries offer simple and robust 
snow-crystal support that introduces minimal 
interference of subsequent growth, making it a 

Figure 6.38: Growing an oriented snow crystal 
on a 20-µm-diameter capillary tube. In the 
upper left image, the basal surface of an ice 
crystal touches the tip of a water-filled 
capillary, freezing the water with the ice c-axis 
(nearly) collinear with the capillary axis. With 
the ice plate removed, the other images show 
subsequent development of the crystal in a 
diffusion chamber. The stellar snow crystal in 
the lower image measures 3 mm from tip to tip, 
but this crystal eventually grew to 12 mm from 
tip to tip. (Photos by the author.) 
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useful technique for creating especially large 
specimens. The technique is rather slow and 
laborious however, and substantial substrate 
interactions may still be problematic, making 
the electric-needle method (see Chapter 8) 
generally better suited for quantitative studies. 
 
Gas Mixing & Expansion  
Another way to create supersaturated air is to 
thoroughly mix two air flows containing 
saturated air at different temperatures. The 
resulting supersaturation is easy to calculate, 
but ensuring proper mixing on short timescales 
is a nontrivial experimental problem. I have 
tried to use two-flow mixing to create well-
defined growth conditions, but never had 
much luck getting sufficiently stable results. 
Nevertheless, the technique may find use in 
future snow-crystal experiments. 

Controlled adiabatic expansion is another 
route to create supersaturated air, and this 
method goes all the way back to the early 
cloud-chamber studies of Wilson and others. 
The basic idea is to begin with air saturated 
with water vapor and then adiabatically expand 
the volume, decreasing the temperature and 
increasing the supersaturation in the process. 
Calculating the final state is a standard problem 
in the statistical mechanics of ideal gases, but 
creating a well-controlled expansion with 
minimal heat flow to the walls is not an easy 
task. To my knowledge, there have been no 
significant studies of snow crystal growth using 
this technique, although its uncontrolled 
variant yields the expansion nucleator 
described above. Here again, however, 
adiabatic expansion may find gainful 
employment in future snow-crystal 
investigations. 

Huang and Bartell used an extreme form of 
gas expansion to examine the nucleation of 
water clusters of ~5000 water molecules, 
observing the preferred formation of ice cubic 
ice Ic in the process [1995Hua]. One can 
imagine using similar experimental methods to 
explore the nucleation and subsequent growth 
of “nano” snow crystals from water vapor, 

although the technical challenges in such 
studies would be substantial.   
 
Epitaxial Growth 
If two crystals exhibit similar lattice structures, 
then it is often possible to grow one crystal on 
the other epitaxially, meaning that the two 
lattices match one another at the interface. In 
the case of ice Ih, crystals of silver iodide, lead 
iodide, and the mineral covellite (CuS) have 
similar structures in their basal planes, and ice 
has been observed to grow epitaxially on all 
three [1959Bry, 1965Kob, 1984Cho], as 
illustrated in Figure 6.39. 
 Although this is an intriguing technique for 
growing oriented ice crystals, the initial 
nucleation has been difficult to control, usually 
resulting in numerous closely spaced ice 
crystals, with Figure 3.39 being one example. 
Nevertheless, it may be possible to pattern an 
otherwise hydrophobic substrate with isolated 
epitaxial growth sites [1999Aiz], or perhaps an 

Figure 6.39: Thin ice-crystal plates grow 
epitaxially on a cleaved covellite crystal. Note 
the alignment of the different ice prism facets, 
indicating the orientation of the underlying 
substrate crystal. Colors arise from the 
interference of reflections off the ice/air and 
ice/CuS surfaces, with the overall color 
depending on the thicknesses of the ice. 
(Image from [1959Bry].) 
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epitaxial substrate could be covered with a 
hydrophobic coating except in an array of tiny 
holes. In either case, one can imagine 
nucleating a large array of microscopic seed 
crystals and performing simultaneous 
experiments in a highly controlled manner. 
This could represent a sizable technological 
step forward from wafting ice-crystal-laden air 
from a seed-crystal generator over a waiting 
substrate. 
 
Negative Snow Crystals 
Pulling a vacuum through a thin capillary tube 
embedded in a block of single-crystal ice can 
yield “negative” snow crystals like the one 
shown in Figure 6.40. Faceting arises from the 
strong nucleation barrier in the sublimation 
kinetics (see Chapter 4, Figure 4.40), and this 
effect could potentially be put to use in 
experiments aimed at understanding the 
attachment/sublimation kinetics. Here again, 
one can imagine an array of microscopic holes 
in a substrate contacting a block of ice, 
allowing one to perform hundreds of 
simultaneous sublimation experiments. 
Nothing of this ilk has been attempted to date, 
but it presents another avenue that might be 
explored someday. 
 
Targeted Experiments 
Although I have focused much of this chapter 
on some of my favorite proven snow-crystal 
growth technologies, the broader field remains 
largely unstudied. There is much parameter 
space left to survey, and novel experimental 
techniques could lead to important 
breakthroughs now unimagined. But while 
general-purpose experiments covering large 
swathes of temperature and supersaturation 
have been instrumental in the past, the future 
will likely be dominated by targeted 
experiments aimed at investigating specific 
physical processes in detail. This appears to be 
the case especially with the attachment kinetics, 
where the underlying molecular dynamics 
seems to depend on temperature, 
supersaturation, background gas, and even the 

width of faceted surfaces, as I discussed in 
Chapter 3.  
 To this end, I delve more deeply into some 
specific experimental techniques in Chapter 7 
(measuring the growth rates of small ice prisms 
for investigating the attachment kinetics), 
Chapter 8 (growing larger specimens on 
electric ice needles for direct comparisons with 
computational snow crystals) and Chapter 9 
(creating designer snow crystals mainly as an 
artistic pursuit). Where all this leads is anyone’s 
guess, but clearly there are many possible 
routes leading to future scientific and artistic 
progress, using creative hardware solutions 
that further explore the dynamics of snow 
crystal formation. 
  

Figure 6.40: A “negative” snow crystal growing 
at -14 C in a block of single-crystal ice, as a 
vacuum pump removes water vapor via a 0.45-
mm-diameter capillary tube. The morphology 
of the void is determined from thermal 
diffusion effects together with a strong 
nucleation barrier in the sublimation kinetics. 
As with normal snow crystal growth, surface 
energy effects here are negligible compared to 
anisotropic sublimation kinetics. (Image from 
[1965Kni].) 
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