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 Build a better snowflake, 
And the world will shovel a path 

 to your door. 
– KGL  

     
While creating synthetic snow crystals is an 
essential endeavor for investigating the 
physical processes governing their growth, the 
occupation also presents an excellent 
opportunity for artistic expression. Beyond 
photographing natural specimens falling from 
the clouds, it is possible to fashion synthetic 
snow crystals that are even more spectacular 
than the best nature has to offer. I like to call 
these designer snowflakes, as one can create a 
specific growth morphology simply by 
adjusting the applied temperature, humidity, 
and other environmental factors as a function 
of time. Moreover, in contrast to the natural 

variety, once can photograph designer 
snowflakes as they form, allowing time-lapse 
recordings of the entire growth process. The 
activity becomes a novel type of ice sculpture, 
discarding the chisel in favor of using 
molecular self-assembly and the laws of crystal 
growth to create beautiful, lacy, symmetrical 
crystalline structures. 
 Designer snowflakes have lagged behind 
their natural counterparts as photographic 
subjects, in large part because it had not 
previously been possible to grow synthetic 
snow crystals of a quality that compared to the 
best natural specimens. Just as synthetic 
diamonds have only recently begun to rival 
their quarried counterparts in size and quality, 
designer snowflakes are only now surpassing 
those found in nature, exhibiting sharper facets 
and more precise symmetries. 
 In this chapter, I describe in detail a Plate-
on-Pedestal (PoP) technique that I developed 
for creating beautiful stellar snow crystals like 
the one shown on the facing page. The PoP 
apparatus is relatively straightforward to 
construct and operate, plus it was specifically 
engineered for capturing high-resolution 
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Facing page: A laboratory-grown Plate-on-
Pedestal snow crystal, measuring 3.3 mm from 
tip to tip, grown by the author. Remarkably, 
most of this stellar plate is not in contact with 
the transparent substrate, but lies above it, 
balanced atop the small ice nub seen at the 
center of the crystal. 
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photographs of designer snow crystals as they 
form and develop. Both the growth 
temperature and supersaturation can be 
separately adjusted as a function of time, 
allowing the manufacture of a near-infinite 
variety of complex morphologies. As an added 
bonus, one need not wait for a suitable 
snowfall, or brave the frigid weather, to 
photograph these icy creations. All the cold 
parts of the apparatus are conveniently 
shielded from the room-temperature 
environment, allowing one to explore the 
artistic side of snow-crystal growth on one’s 
own schedule while remaining in quite 
comfortable surroundings. 
 
9.1 The Plate-on-Pedestal 
Method 
Creating a PoP snow crystal begins by 
producing a cloud of small ice prisms in a free-
fall growth chamber (see Chapter 6) and letting 
a few fall onto a transparent substrate held at a 
temperature near -12 C. Some of the prisms 
will land with one basal facet resting flat against 
the substrate surface, as illustrated in Figure 
9.1. Next expose this small crystal to a 
moderately high supersaturation in air, and a 
thin ice plate will commence growing out 
horizontally from the top surface of the prism, 
as shown in Figures 9.1 and 9.2. Because the 
upper plate is supported above the substrate by 

Figure 9.1: A side view of the basic Plate-on-
Pedestal (PoP) snow-crystal geometry. A thin 
plate-like crystal grows outward from the top 
edge of a small hexagonal prism, while one 
basal face of the prism rests on a transparent 
substrate. 

Figure 9.2: Multiple images showing the 
formation of a PoP snow crystal from a seed 
crystal, here growing from about 50 µm to 170 
µm in diameter. The seed crystal exhibited 
some non-faceted structure, and its early 
growth trapped six small bubbles between the 
ice and the substrate surface. Once formed, 
these isolated bubbles did not evolve 
substantially as the upper plate formed. Note 
that the final thin, hexagonal plate is not 
touching the substrate, but is supported above 
it, as illustrated in Figure 9.1. 
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the central ice prism, I 
refer to this as a Plate-on-
Pedestal geometry. 
 The physics underlying 
the formation of the PoP 
geometry arises from 
diffusion-limited growth 
and the Edge-Sharpening 
Instability (ESI) described in Chapter 3, which 
is further related to how the attachment 
kinetics on prism surfaces depends on 
background air pressure. None of this is 
completely understood at present, as the 
attachment kinetics is generally a subject of 
current research (see Chapters 3 and 7). But, 
like many aspects of engineering, one need not 
understand a phenomenon perfectly to put it 
to good use. Figure 9.2 shows the formation of 
a small PoP crystal, which is remarkably easy to 
achieve in practice. 
 Once the PoP structure has been 
established, it will continue so long as the 
subsequent growth occurs within several 
degrees of -15 C. Even as the ice plate becomes 
quite large, it grows entirely above the 
substrate, balanced atop the initial small prism. 
I have used this technique to engineer a 
remarkable variety of large, beautiful stellar 
snow crystals, many of which are shown 
throughout this book. Being stationary and 
supported above a transparent substrate, PoP 
snow crystals can be photographed easily as 
they form, allowing high-resolution imaging 
and striking time-lapse videos of their 
developing structure. 

It appears that Gonda, Nakahara, and Sei 
grew snow crystals using a similar technique in 
the 1990s [1990Gon, 1997Gon], although 
these papers do not explicitly describe the 
plate-on-pedestal structure. Little subsequent 
work appeared after these initial results, 
perhaps because the PoP technique is not 
especially well suited for scientific 
measurements. After recognizing the PoP 
geometry in my own studies, I continued its 
development as a means to grow snow crystals 
in a more artistic realm. 
 
PoP Hardware 
Figures 9.3 shows a sketch of the apparatus I 
developed for creating and photographing PoP 
snow crystals [2015Lib3]. The tall chamber is 
essentially the seed-crystal generator described 
in Chapter 6, producing a continuous cloud of 
small ice prisms that slowly fall through the 
chamber as they grow. Upon opening a shutter 
connecting the seed chamber to the adjoined 
lower chamber, some of the seed crystals waft 
through the opening and fall randomly onto a 
waiting sapphire substrate, shown in its loading 
position in Figure 9.3. After loading crystals for 

Figure 9.3: (Right) The 
apparatus used to grow and 
photograph PoP snow crystals.  
Small, freely falling ice prisms 
in the seed-crystal chamber first 
pass through a shutter, and 
some of them fall randomly 
onto a waiting sapphire 
substrate (loading phase). The 
substrate is then moved to the 
growth region for subsequent 
PoP crystal growth. 
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a few seconds, the substrate is moved over to 
its growth position under a photomicroscope, 
shown in greater detail in Figure 9.4. While 
watching the microscope image displayed on a 
TV monitor, the substrate is moved around 
using a pair of manipulator arms to search for 
a well-formed, isolated hexagonal prism that 
can be grown into a PoP snow crystal.  

Once a suitable seed crystal has been 
positioned in the microscope field, moist air is 
blown gently down onto the crystal in the 
growth region. With proper temperature and 
supersaturation conditions begin applied to the 
seed crystal, the early growth produces the PoP 
geometry, which can then be grown further 
into a large stellar plate.  

It typically takes 20-60 minutes to produce 
a large PoP snow crystal, during which time 
one can monitor its progress using the 
photomicroscope. Changing the substrate 
temperature 𝑇𝑇1 (see Figure 9.4) changes the 
growth temperature of the crystal, while 
changing the heat-exchanger temperature 𝑇𝑇2 
adjusts the effective supersaturation around 
the crystal. Increasing the air flow though the 
heat exchanger increases the supersaturation as 
well. Changing the growth conditions 
frequently and abruptly tends to produce 

especially complex growth morphologies with 
a high degree of six-fold symmetry. 

With a bit of experience, one can, at least 
to some degree, plan the structural features of 
a PoP snow crystal in advance, or improvise its 
morphological development as it grows. Each 
change in the temperature and supersaturation 
alters the growth behavior, and these 
parameters become the tools needed to create 
a wide variety of snow-crystal forms. As one 
begins to understand the rules of snow-crystal 
growth, the process becomes a unique and 
quite satisfying form of additive ice sculpture. 
In working with this apparatus to date, I have 
typically observed the crystal formation in real 
time and made temperature and air-flow 
adjustments without a great deal of pre-
planning. However, one could easily add 
computer control to these inputs and develop 
specific algorithms for different growth 
behaviors.   
 
The Seed-Crystal Generator 
The seed crystal growth chamber in Figure 9.3 
has inside dimensions of approximately 
40x40x100 cm, and is made from a frame of 
aluminum T-rail (see Chapter 6) covered with 
1/8” thick aluminum panels. Methanol coolant 

from a recirculating chiller flows through 
central holes in the four vertical T-rails, and 
heat conduction through the aluminum rails 
and panels is sufficient to cool the 
remainder of the chamber, which is well 
insulated from the room by Styrofoam 
panels.  
     An insulated container containing one 
liter of ordinary tap water rests on the 
bottom of the seed-crystal chamber, as 
shown in Figure 9.3, and the water 

Figure 9.4: (Left) An expanded schematic 
view of the PoP growth region shown in 
Figure 9.3. In operation, saturated air at 
temperature 𝑻𝑻𝟐𝟐 blows gently down onto the 
substrate with its growing PoP crystal at 
temperature 𝑻𝑻𝟏𝟏 < 𝑻𝑻𝟐𝟐. Not shown is a white-
light LED lamp placed underneath the 
color filter in this sketch. 
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temperature is kept constant by an electronic 
regulator using an immersed water heating 
element and water temperature sensor. The top 
of the container is open to the air, so water 
evaporates and the vapor is carried by 
convection throughout the rest of the 
chamber. The continuous evaporation and 
convection maintains a steady-state 
supersaturation within the seed-crystal 
chamber that depends strongly on the water 
temperature, as described in Chapter 6. 
 Water vapor is continually removed from 
the air by the growing ice crystals and by frost 
depositing on the walls of the chamber, and 
this water vapor is continually replenished by 
evaporation from the water reservoir. The air 
temperature is typically kept near -15 C, as 
measured by a thermistor near the center of the 
chamber, as this yields small plate-like seed 

crystals. The supersaturation is more difficult 
to determine, but can be inferred to some 
degree by the morphology of the growing 
crystals. The chiller temperature is typically set 
to -19 C (giving a -15 C air temperature) and 
the water temperature to 17 C, as this yields a 
continuous supply of thin, hexagonal plate-like 
seed crystals with diameters in the 20-50 
micron range. Higher water temperatures yield 
somewhat branched morphologies, which is 
not desired for PoP seed crystals. 

Figure 9.5: A photograph of the apparatus 
depicted in Figure 9.3. The TV monitor 
displays a live view from the camera, here 
showing a growing PoP snow crystal 
surrounded by a field of water droplets. The 
cold chambers are covered in sealed Styrofoam 
panels for thermal insulation and to prevent 
condensation from the room air. 
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 The expansion nucleator at the top of the 
seed-crystal chamber consists of a standard 
1.33-inch Conflat vacuum nipple with an 
interior volume of about 25 cubic centimeters 
that is connected to a solenoid valve on the 
output side. Pressurized room air flows into the 
nucleator through a needle valve that constricts 
the rate of input air flow. The nucleator 
assembly is placed inside the growth chamber 
so its temperature is approximately -15 C 
during operation. The overall flow rate is slow 
enough that the air temperature becomes 
roughly equilibrated inside the nucleator.  

During operation, frost condenses on the 
inner walls of the nucleator, so the water vapor 
content of the air is near the saturated value. 
Every ten seconds the solenoid valve is pulsed 
open, causing the pressurized air to rapidly 
expand and enter the growth chamber. The 
rapid expansion produces a small amount of air 
that is sufficiently cooled to nucleate ice 
crystals. Air pressures as low as 15 psi will 
usually nucleate some crystals, while 30 psi 
produces many thousands per pulse. Water 
buildup inside the nucleator is removed after 
each run by operating it for several hours when 
the chamber is at room temperature. With no 
initial ice buildup, the nucleator can run 
continuously for at least ten hours without 
difficulty.  

The nucleated ice crystals float freely as 
they grow, until they eventually settle to the 
bottom of the chamber. The fall times are 
typically a few minutes, depending on 
temperature and supersaturation. Pulsing the 
nucleator valve open every ten seconds thus 
produces a steady-state in which roughly a 
million seed crystals are growing inside the 
chamber at any given time (this number being 
determined by a visual estimate of the typical 
spacing between crystals floating inside the 
chamber during operation). Shining a bright 
flashlight into the chamber reveals sparkles 
caused by reflections off the crystal facets, and 
this is a convenient way to verify that seed 
crystals are present.  

Compressed air for both the nucleator and 
the crystal growth region is supplied by an 
ordinary oil-free workshop air compressor 
with a built-in storage tank and regulator, 
which automatically maintains the required 30 
psi air pressure. The compressed air is passed 
through an oil filter and then an activated 
charcoal filter (containing coconut-husk 
charcoal) to remove remaining chemical 
contaminants from the air, and then a fine-pore 
fiber filter to remove any remaining charcoal 
dust.  

A 50-mm-diameter hole in the side of the 
seed crystal growth chamber connects it to the 
adjoining main growth chamber seen in Figure 
9.3. The cold plate at the bottom of the growth 
chamber is cooled using the same circulating 
coolant that flows through the walls of the seed 
chamber. To grow a POP crystal, the ice-free 
substrate is first moved to its loading position 
(see Figure 9.3) and a simple plate shutter is slid 
open between the two chambers. The 
convective air currents in the seed chamber 
cause a slight air flow between the chambers 
that carries a small number of seed crystals into 
the growth chamber, and some of these fall 
onto the substrate, a process that takes a few 
seconds. The shutter is then closed and the 
substrate is moved to a covered region within 
the main growth chamber, and a suitably 
isolated seed crystal is centered under the 
microscope for subsequent growth and 
observation. 
 
The Growth Chamber 
As illustrated in Figure 9.4, the substrate is an 
uncoated sapphire disk, 50 mm in diameter and 
1 mm thick, with the sapphire c-axis 
perpendicular to the disk surface. The principal 
advantages to using sapphire in this application 
are its high thermal conductivity and its 
resistance to scratching. Using c-axis sapphire 
avoids birefringence issues that can interfere 
with optical imaging.  

The substrate slides on a smooth anodized 
aluminum plate with its temperature 𝑇𝑇1 
maintained by a temperature controller 



332 
 

(Arroyo Instruments model 5310) using a 
thermistor temperature sensor (Cole-Parmer 
Digi-Sense 08491-15) in the aluminum plate, 
together with thermoelectric heating/cooling 
modules beneath it.  

The thermistors have an absolute accuracy 
better than ±0.1 C, and the temperature 
regulation is stable to better than ±0.01 C 
under normal operation. However, the 
temperature of the substrate and especially the 
air immediately above it are not precisely equal 
to the aluminum plate temperature, and this 
adds some uncertainty to the ice crystal growth 
temperature.  

The heat exchanger above the substrate is 
an aluminum plate at a temperature 𝑇𝑇2 
maintained by a separate temperature 
controller. Filtered room air from the air 
compressor first passes through a baffled 
precooler kept near 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 0 C, which 
reduces the heat load in the main heat 
exchanger and removes a large fraction of the 
water vapor it contains to prevent ice clogging 
the main heat exchanger. 

The precooled air then passes through a 
series of serpentine channels in the heat 
exchanger before blowing down onto the 
substrate and the growing snow crystal. The air 
flow rate 𝐹𝐹 is typically 200-300 cubic 
centimeters per minute (ccm), measured using 
a tapered-tube flow meter and controlled with 
a simple needle valve. This flow rate replaces 
air in the guide tube (between the heat 
exchanger and the substrate, as shown in 
Figure 9.4) about once per second, which is 
comparable to the time needed to equilibrate 
the air temperature to that of the guide tube.  

This growth-chamber design provides 
three adjustable parameters that can be used to 
control the crystal growth behavior: 𝑇𝑇1, 𝑇𝑇2, and 
𝐹𝐹. The crystal temperature is nearly equal to 𝑇𝑇1, 
which is typically kept within a few degrees -15 
C to grow stellar-plate snow crystals. The 
quantity ∆𝑇𝑇 = 𝑇𝑇2 − 𝑇𝑇1 mainly determines the 
supersaturation, which can be at most 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 =
[𝑐𝑐𝑠𝑠𝑚𝑚𝑠𝑠(𝑇𝑇2)− 𝑐𝑐𝑠𝑠𝑚𝑚𝑠𝑠(𝑇𝑇1)]/𝑐𝑐𝑠𝑠𝑚𝑚𝑠𝑠(𝑇𝑇1)], a quantity that 
is roughly proportional to ∆𝑇𝑇2.  

The interior diameter of the guide tube is 
1.6 cm, and its overall length (from the bottom 
of the heat exchanger to the substrate) is 
approximately 2.3 cm. Air flows into the guide 
tube via four channels in the heat-exchanger 
plate, arranged symmetrically around the 
circumference of the top of the guide tube.  

The equal flow rates through the four input 
channels, along with the cylindrical geometry 
of the guide tube assembly, were engineered to 
produce a nearly cylindrically symmetric 
downward flow pattern within the guide tube, 
with the flow axis centered on the growing 
crystal. The guide tube temperature is kept near 
the substrate temperature 𝑇𝑇1, and the guide 
tube is thermally isolated from the heat 
exchanger by a short section of thin-walled 
plastic tube. 

An important consideration in the heat 
exchanger design is the uniformity and 
symmetry of the air-flow pattern around the 
growing snow crystal. If the temperature, 
supersaturation, or air flow are substantially 
nonuniform across the face of a stellar crystal, 
this will compromise the symmetry of the final 
morphology, creating a lopsided crystal. For 
the pursuit of artistic snow-crystal perfection, 
therefore, engineering carefully uniform 
environmental conditions in the growth 
chamber is quite critical. 

During a cooldown of the apparatus, air is 
passed through the heat exchanger for 30 
minutes to deposit ice on its inner surfaces. 
The temperature is set to 𝑇𝑇2 <  −20 C during 
this time to make sure ice (and not supercooled 
water) is deposited inside the heat exchanger. 
Once the heat exchanger has been 
preconditioned in this way, air passing through 
it will exit at temperature 𝑇𝑇2 and be saturated 
with water vapor relative to ice at 𝑇𝑇2. As it 
approaches the substrate, the air cools to near 
𝑇𝑇1 < 𝑇𝑇2 and thus becomes supersaturated. 

Modeling the temperature and 
supersaturation at the growing ice surface is 
problematic with this apparatus for a number 
of reasons. The Reynolds number of the flow 
is approximately 10, so the flow is probably not 



333 
 

perfectly laminar, and the 
timescale for the air in the guide 
tube to become equilibrated 
with the guide-tube walls via 
diffusion is comparable to the 
time it takes air to flow through 
the tube. Moreover, a 
stagnation point in the flow 
occurs where the flow axis of 
the system intercepts the 
substrate surface, at the 
position of the growing crystal, 
further complicating the air-
flow and thermal analysis. In 
general, however, a higher ∆𝑇𝑇 
and a higher 𝐹𝐹 produce a higher 
supersaturation around the 
growing snow crystal. 

To complicate the supersaturation analysis 
even further, water droplets often condense on 
the substrate near the crystal, as I describe 
below. The presence of liquid water 
substantially alters the supersaturation field, 
and the amount of water condensation changes 
substantially with changes in ∆𝑇𝑇 and 𝐹𝐹. The 
thermal connection between the edge of a 
growing PoP crystal and the underlying 
substrate is also difficult to determine 
accurately, given the pedestal geometry.  

For all these reasons, I do not expect that 
the apparatus described here will ever be well 
suited for performing precision measurements 
of ice growth rates under known conditions. It 
is better suited for more qualitative studies 
examining ice crystal morphologies and growth 
behaviors, as well as for creating snow crystals 
purely for artistic objectives. 

 
Optical Imaging 
The microscope objective shown in Figure 9.4 
is part of the heat exchanger assembly, but it is 
kept a few degrees warmer than 𝑇𝑇2 using a 
heater dissipating 1-2 Watts into the objective 
body. This elevated temperature is necessary to 
keep fog from condensing on the glass face of 
the objective, which would interfere with 
optical imaging.  

A Mitutoyo 5X Plan Apo objective with a 
250-mm focal length achromatic reimaging 
lens immediately behind it works well for 
single-frame imaging. The infinity-corrected 
objective has a working distance of 34 mm, a 
numerical aperture of 0.14, resolution of 2.0 
µm, and a depth of focus of 14 µm, yielding 
excellent image quality. Focusing is done by 
moving the camera body (on a StackShot rail), 
and some amount of focus stacking (see 
Chapter 11) is typically needed for optimal 
imaging of large crystals, owing to the shallow 
depth of focus. The image projects to about 1 
µm per pixel of the 36x25-mm, 5616x3744-
pixel sensor in a Canon EOS 5D camera. 

Small glass beads are a convenient tool for 
testing the focus quality of the optical system, 
as shown in Figure 9.6. With the 5X objective, 
even a slight tilt of the substrate relative to the 
focal plane can degrade the image sharpness 
across the field of view, owing to the small 
depth of focus. This can be nicely corrected 
using focus stacking, which is also quite helpful 

Figure 9.6: The background image here shows 
a dusting of 10-µm-diameter glass beads 
spread over the sapphire substrate, for testing 
image quality across the 56x37 mm field of 
view. Sub-images near the center and four 
corners were magnified to gauge image 
quality. The sharpness in the corners of the 
frame was noticeably improved in this image 
by using focus stacking of five images. 
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for PoP crystals that are 
slightly concave in 
shape, which is common 
for larger specimens. 
Obtaining high-quality 
microscope imaging is 
always a challenge with a 
home-built apparatus, so 
some kind of image 
testing like this is highly 
recommended.  

When shooting still 
images for making time-
lapse videos of growing 
PoP crystals, a 3X Mitutoyo Compact 
Objective is preferred, with a resolution of 2.5 
microns and a depth of focus of 23 microns. 
The 3X images are noticeably less sharp, but 
focus stacking is no longer needed, simplifying 
video production from the series of time-lapse 
stills. Also, the reduction in image sharpness is 
hardly noticeable in a video of a growing snow 
crystal, as the edges are constantly moving.  
 The field lens shown in Figure 9.4 reimages 
a color filter onto a pupil within the objective 
for achieving a variety of illumination effects, 
which are discussed below. Figure 9.7 gives a 
ray diagram that shows how the microscope 
objective creates an image of the snow crystal 
on the camera sensor, while the field lens 
images the color filter onto the pupil inside the 
microscope objective. Understanding this ray 
diagram, particularly the importance of the 
pupil plane, is most useful for creating 
desirable illumination effects that yield 
especially eye-catching photographs. 

A rectangular field stop placed over 
the field lens blocks all incident light that 
does not transmit to the field of view of 
the camera, thus reducing the amount of 
unwanted scattered light in the optical 
system. The lens tube above the objective 
is also baffled and lined on its interior 
with a highly light-absorbing material to 
further reduce scattered light. The 
window cell (see Chapter 6) provides 
thermal insulation between the room and 
the cold plate.  

Often a pellicle beamsplitter is placed 
right after the microscope objective to 
send an additional image to a second 
camera not shown in Figure 9.4. This is 
useful when collecting images rapidly 
from the main camera, as its live view 
seen on the TV monitor experiences a 
substantial dead time each time an image 
is being recorded. During these times, 
when the crystal growth behavior is being 
changed quickly, the second camera live 
view (seen on a second TV monitor) can 
be used to inform choices of 𝑇𝑇1, 𝑇𝑇2, and 
𝐹𝐹 that will achieve the desired 

morphological effects. Several specific 
examples are described later in this chapter. 

 
Choosing a Seed Crystal 
Finding a well-formed, isolated seed crystal on 
the substrate is perhaps the most difficult step 
in using this apparatus. Seed crystals fall 
randomly during loading, and their surface 
density on the substrate is adjusted by how 
long the shutter remains open with the 
substrate in the loading position. Also, many 
seed crystals are malformed or do not lie flat 
on the substrate, and are therefore not suitable 
candidates for further growth.  

If the surface density of loaded seed 
crystals is too low, it may not be possible to 
locate a well formed specimen. If the density is 
too high, then it may not be possible to obtain 
a sufficiently isolated crystal. Often several tries 
are needed to find a suitable specimen, with the 
substrate being heated between attempts to 

Figure 9.7: (Right) A 
simplified ray diagram of 
the optical layout shown 
in Figure 9.4. Note that 
the microscope objective 
images the snow crystal 
onto the camera sensor 
(𝑨𝑨 → 𝑨𝑨′), while the field 
lens images the color 
filter onto a pupil within 
the microscope objective 
(𝑩𝑩 → 𝑩𝑩′).  
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evaporate away the existing crystals. The search 
process can be laborious and may end up 
taking anywhere from 1-30 minutes.  

A heating trick helps somewhat in finding 
larger and better formed seed crystals on the 
substrate. After warming the substrate to clean 
it, the substrate temperature controller is set to 
the desired loading temperature 𝑇𝑇1, and then 
the loading process is begun before 𝑇𝑇1 is 
reached, so the substrate temperature is still 
warmer than 𝑇𝑇1. With proper timing, the 
warmer substrate tends to evaporate away 
smaller crystals as they land, while larger ones 
survive long enough for the substrate 
temperature to reach 𝑇𝑇1, at which point they 
remain stable. This process tends to yield a 
greater fraction of well-formed seed crystals on 
the substrate. 

When growing large, plate-like ice crystals, 
the ideal seed crystal is a simple, well-formed 
hexagonal plate with its basal surfaces parallel 
to the substrate, and with no additional ice 
within at least several millimeters from the 
chosen crystal. The subsequent growth phase 
typically lasts 20-60 minutes and is recorded via 
the imaging system. The temperatures 𝑇𝑇1 and 
𝑇𝑇2 are adjusted with time (it requires about a 
minute for each to stabilize), along with the 
flow rate, to obtain the desired growth 
behaviors. At the end of the growth phase, the 
substrate is heated to just below 0 C so that the 
ice crystals sublimate away, so the cycle can be 
started once again.  

After a typical day-long run growing 
crystals, the entire system is warmed to room 
temperature and baked to remove water. The 
base plate is typically heated to 40 C via its 
temperature controller, while the seed crystal 
chamber is heated via an internal heat lamp, 
after emptying the water reservoir. Following 
about a day of baking, the entire system is clean 
and dry, reducing the presence of residual 
chemical contaminant vapors.  

Because a growing crystal is surrounded by 
air that has passed through the heat exchanger, 
special care is taken to reduce chemical 
contaminants in that air. The charcoal filter in 

the air stream removes contaminants coming 
from the air compressor, and the fiber filter 
downstream from the charcoal filter 
contributes little odor emission. Moreover, the 
heat exchanger is baked at 40 C overnight while 
clean air is passed through it before each run to 
remove residual contaminants. That fact that 
thin plates grow readily near -15 C is a good 
indication that the air flowing into the growth 
region is quite clean, as chemical contaminants 
readily inhibit thin-plate growth at this 
temperature [2011Lib]. 

 
9.2 Illumination and 
Image Post-Processing 
A variety of illumination techniques can be 
explored using the relatively simple optical 
imaging system illustrated in Figure 9.4. The 
fixed microscope position and orientation are 
mainly optimized for photographing plate-like 
stellar snow crystals, achieving a high imaging 
resolution while capturing crystals as they grow 
and develop. In addition to changing the crystal 
morphology, the type of illumination used can 
greatly affect the overall character of a snow-
crystal photograph. Ice is an almost perfectly 
clear material, so the choice of illumination is 
substantially more important than one might 
be accustomed to from photographing opaque 
subjects. Digital post-processing can also be 
used for creating a variety of novel artistic 
effects, and, as with illumination techniques, 
there is considerable opportunity for enriching 
the overall look of a PoP snow-crystal 
photograph. 
 
Uniform Illumination 
The most straightforward illumination method 
is to apply uniform white light from behind the 
crystal, replacing the color filter in Figure 9.4 
with a simple round aperture. Uniform 
illumination tends to produce the sharpest 
microscopic details, and Figure 9.8 gives one 
example. This photo shows off the bitingly 
sharp facets and corners that are a special 
characteristic of most PoP snow crystals.  
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Figure 9.8: Plain white-light illumination from behind yields a particularly high-resolution image, 
revealing exceptionally sharp facets and fine details in the surface structures. Five images were 
combined to make this image, using focus stacking to improve the resolution slightly. Minimal post-
processing was applied, mainly just adjusting to background to full bright white and applying a 
slightly bluish hue to the image.  
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In contrast, natural snow crystals usually 
experience some sublimation after they fall out 
of the clouds, which gives their features a 
generally softer, “travel-worn” appearance (see 
Chapter 11). This is not the case with PoP 
snow crystals, because they are being recorded 
as they are growing, when their facets and 
corners are especially sharp. Thus, 
photographs of PoP crystals often reveal 
features that are rarely, if ever, seen in natural 
snow crystals. You need to be something of a 
snowflake connoisseur to notice the difference, 
or perhaps to care, but it does give PoP snow 
crystals a unique crispness in their finer details. 
 The specific appearance of the PoP snow 
crystal in Figure 9.8 can be understood from 
how light is transmitted through the clear ice. 
A flat pane of ice reflects some light incident 
on its surfaces, just as a flat pane of glass 
reflects some light. But not much is reflected, 
so the overall appearance of the flat areas of 
the crystal in Figure 9.8 are quite bright, almost 
as bright as the background.  
 In contrast, the edges of a crystal refract 
transmitted light, diverting it away from its 
initial path. If the curvature of the edge is high, 
some of this light is diverted to such large 
angles that it does not enter the microscope 
objective, and this gives the edges a darker 
appearance. More generally, the clear ice acts 
like a complex lens that refracts some of the 
transmitted light through a variety of angles. 
Edges tend to refract light to large angles, so 
the edges appear darkest in the image. Flat 
panes of ice refract the light less, so appear 
brighter. No light at all is reflected or refracted 
where there is no ice, so the background is the 
brightest part of this photograph.  
 I have created a large number of images 
like the one shown in Figure 9.8, which I call 
my “blue-on-white” collection. These have 
some commercial value because they look nice 
on a white piece of paper and can be used to 
fill extra space in nearly any document. As the 
reader may have noticed, I have sprinkled blue-
on-white images throughout this book. In 
general, white-light illumination is good for 
showing off the detailed structure in a PoP 

snow crystal, but the resulting images tend to 
be a bit “flat” in character, as they give little 
sense of the snowflake’s rich three-dimensional 
structure. 
 When using a simple round aperture to 
produce white-light illumination, one soon 
finds that the size of the aperture affects the 
character of the resulting photograph. When 
the aperture is small, the resolution of the 
image is decreased, yielding generally fuzzier 
edges. The reason comes from how the field 
lens images the aperture onto the microscope 
objective, specifically onto the pupil plane, as 
shown in Figure 9.7. A close look at this ray 
diagram reveals that a smaller illumination 
aperture is essentially equivalent to reducing 
the aperture of the objective, because now no 
light enters the outer part of the objective. This 
reduces the resolution because imaging is 
generally diffraction-limited in microscopy. A 
smaller input aperture means a lower 
resolution in the diffraction limit, and using a 
small illumination aperture produces the same 
effect.   

Figure 9.9: Setting the background black in 
Figure 9.8 yields this image, looking similar to 
snow crystal photographs taken by Wilson 
Bentley (see Chapter 1). 
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 If the illumination aperture is especially 
large, then the edges will not be as dark as they 
would otherwise be, which reduces the 
contrast of the final image. In the limit that 
white-light is incident from behind the crystal 
at all angles, covering a full 2𝜋𝜋 steradians, the 
contrast would drop to nearly zero. In this 
extreme case, even large-angle refraction from 
the edges would not reduce the amount of light 
entering the objective (which can be seen by 
considering light rays running in reverse, from 
the image plane to the illumination source).  
 The optimal illumination aperture size is 
that where the image of the aperture just fills 
the entrance of the microscope objective. This 
gives the maximum resolution, as the full 
objective is being used. And it produces a high 
contrast as well, as even small-angle scattering 
from the crystal edges will reduce the amount 
of light entering the objective.  
 As can be seen from this exercise, a good 
understanding of the principles of optics is 
most helpful for taking photographs of snow 
crystals. Commercial cameras and microscopes 
are not optimized for this purpose (as snow-
crystal photography is certainly not their 
primary market), so some DIY design effort, 
and a fair bit of trial-and-error, can be quite 
valuable for obtaining high-quality 
photographic results. 
 Figure 9.9 shows this same photo after 
applying a “Bentley blocker” that digitally sets 
the background color to black. Wilson Bentley 
modified nearly all his photographs this way 
(see Chapter 1), although he did it the hard way 
by scraping the background emulsion off his 
glass photographic plates with a razor blade. 
Digital image processing reduces this task to a 
few clicks, but I am not a fan of the flat, high-

Figure 9.10: (Right) Beginning with a PoP 
snow crystal illuminated with white light, these 
modified images show a blue-on-white version 
from minimal post-processing (left), an 
inverted image after color modification to give 
a blue-on-dark appearance (center), and 
another inverted image modified to give a red-
on-dark look (right).  
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contrast look. The main advantage of the 
Bentley blocker is that the crystal now appears 
white, which many people feel is a more natural 
look for snow, even though individual snow 
crystals are actually not white (see Chapter 11). 
 Figure 9.10 shows some additional image 
modifications that can be applied to a simple 
white-light PoP image to yield colorful effects. 
The various adaptations do not change the 
underlying snow crystal structure, but simply 
present it in different ways. Whenever 
photographing snow crystals, I like to explore 
a multitude of lighting and post-processing 
effects like these. Additional examples are 
presented at the end of this chapter. 
 
Dark-Field Illumination 
Another approach using white-light is to 
replace the color filter in Figure 9.4 with a 
simple annulus that blocks the central light 
while letting a ring of light illuminate the crystal 

from an oblique angle. Figure 9.11 gives one 
example of this use of dark-field illumination 
in PoP snow-crystal photography. Here the 
color filter was replaced with an opaque disk 
on a clear glass holder. As shown in Figure 9.7, 
the field lens images the disk onto the 
microscope objective, so no light enters the 
microscope if no ice is present, giving the 
image a dark background.  

The snow crystal again acts like a clear, 
complex lens, this time refracting some of the 
light coming from outside the disk in such a 
way that it does enter the objective. For the 
photograph in Figure 9.11, the opaque disk 
filter was moved around and placed slightly 
off-center, producing different amounts of 
refraction on different sides of the crystal. 

Comparing Figures 9.9 and 9.11, one can 
see that off-center dark-field illumination gives 
the image a pleasing sense of depth, with an 
overall “glassy” look, as the brightness 
variations accentuate the three-dimensional 

structure of the snow crystal. 
The “flat” image in Figure 9.9 is 
much less vibrant by 
comparison, and it gives the 
viewer no sense of the full crystal 
structure. Using illumination to 
create a realistic sense of depth is 
one of the tricks of snow crystal 
photography (see Chapter 11), 
which applies as well to PoP 
crystals. 

Figure 9.11: (Left) An image of a 
PoP snow crystal using dark-
field illumination. In the absence 
of any ice, no light enters the 
microscope objective, so the 
background is dark. The crystal 
appears bright because the ice 
refracts some light from oblique 
angles toward the objective. In 
this case, the central light was 
blocked using a slightly off-
center opaque spot in place of the 
color filter in Figure 9.4, giving 
an asymmetry in the overall 
illumination of the crystal. 
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Rheinberg Illumination 
The technique of placing a patterned color 
filter in the pupil plane is a variation of dark-
field illumination that was first described by 
microscopist Julius Rheinberg in 1896, and is 
now called Rheinberg illumination. 
Figure 9.12 shows one example of a 
PoP crystal photographed using this 
method. I especially like Rheinberg 
illumination because it provides an 
excellent sense of depth to snow 
crystal photographs, accentuating the 
full three-dimensional structure better 
than other types of illumination. 
Surface features remain sharp with 
high contrast, and it adds a new 
dimension of color to snowflake 
photography. 
 Filters presenting vibrant colors 
and strong patterns often yield good 
photographic results, and a few 

example filter designs are 
shown in Figure 9.13. Filters 
can be constructed from pieces 
of gel filters, or by creating 
designs digitally and simply 
photographing one’s computer 
screen onto standard 2x2-inch 
color slides (if one still has 
access to a film camera, which is 
becoming less likely). Replacing 
the white LED light source and 
color filter with a small 
computer projector is perhaps a 
more modern solution when 
using Rheinberg illumination.  

Figure 9.13: (Below) A sampling of nine color 
filters I have used for Rheinberg illumination of 
PoP snow crystals. A filter design using bright 
colors with abrupt transitions often yields images 
that exhibit rich shading and vibrant highlights.  

Figure 9.12: (Left) Rheinberg 
illumination here accentuates 
surface structure, maintains 
high resolution, and adds some 
color to this PoP snow crystal 
image. Note that the 
background hue is quite 
uniform, while the snow crystal 
shows some red highlights 
introduced by the colorful 
Rheinberg filter. 
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 Because the color filter is placed at a pupil 
in the optical system (see Figure 9.7), the 
pattern in the filter itself is not seen in the 
background image. One way to think about 
this illumination method is that different colors 
of light are shining onto the crystal from 
different angles. Each point on the focal plane 
receives equal amounts of all the colors, so the 
background image has a uniform average color, 
as seen in Figure 9.12. With this technique, the 
background color in the image plane remains 
uniform regardless of the color filter used. This 
is typical of optical systems, as patterns in the 
pupil plane have little effect on what is seen in 
the image plane. 
 Note also that the colors seen in snow-
crystal images like this do not result from any 
dispersion effects, like what you see from a 
glass prism. Color dispersion is negligible in 
snow crystals because the ice is simply too 
small and thin. It would take quite a large, thick 
ice prism to produce much color dispersion, 
and even then it would only be noticeable with 
careful lighting and large, flat prismatic 
surfaces. Ordinary glass objects like cups and 
plates also show negligible color dispersion, for 
the same reason. 
 With Rheinberg illumination, the colors all 
come from the color filter being used. As the 
light passes through the snow crystal, the ice 
again acts like a complex lens that refracts the 
light and changes its direction of travel, and 
this process is how color variations are 
produced. For example, if a bit of red light is 
shining on the image plane from an oblique 
angle, none of this light will normally enter the 
microscope objective, so none will make it 
onto the camera sensor. But if the ice bends 
some of that red light and sends it into the 
objective, and thus onto the camera sensor, 
then some red highlights will appear on the 
snow-crystal image. And this is how the red 
highlights in Figure 9.12 were created.  
 When photographing PoP crystals, I try 
quite a few color filters on a single crystal, 
moving each around while observing the live 
view on the TV monitor, looking for pleasing 
effects. If the crystal is growing slowly, as is 

often the case, one has plenty of time to 
experiment with different lighting effects. 
Moreover, a PoP crystal is constantly changing 
as it grows, and each new morphological 
development provides what is essentially a new 
subject to record. With natural snowflakes, a 
crystal falls to earth, and that is what you have 
to work with. But photographing a PoP snow 
crystal is something of a continuous process, as 
each stage of its development presents a new 
photographic opportunity. After attaining 
some level of proficiency with the hardware, a 
single day of crystal growing can yield a bounty 
of excellent photographs.  
 
9.3 PoP Growth Behaviors 
Having described the PoP hardware, optics, 
and photography, I would now like to step 
back and discuss how one goes about growing 
a PoP snow crystal. Having worked with this 
apparatus for some years, I have developed a 
number of strategies for producing different 
morphological features under different growth 
conditions, and these have basically become a 
set of “recipes” for designing and fabricating 
different types of PoP snow crystals. As we will 
see, this hardware is quite versatile in that it can 
be used to grow a great variety of highly 
symmetrical stellar-plate snow crystals. 
 
Simple Hexagonal Plates 
Loading and positioning a seed crystal is 
usually done by setting the substrate 
temperature to -12.2 C, the heat-exchanger 
temperature to -12.0 C, and the air flow at 
about 250 ccm. This establishes a slight 
supersaturation and a correspondingly modest 
degree of ice growth on the substrate, allowing 
some time to search for a suitable seed crystal.  
Upon opening the shutter (see Figure 9.3), the 
substrate is moved into its loading position, 
where it stays for just a few seconds before 
being pulled back to the growth region. Then 
the substrate is moved around in a 2D raster 
pattern to search for a well-formed seed crystal, 
one that exhibits a clean hexagonal-prism 
morphology and has no nearby neighboring 
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crystals. If none can be found, the substrate is 
heated to -6 C for several minutes to drive off 
the seed crystals, and then back to -12.2 C for 
another attempt. 
 Once a suitable seed is in position at the 
center of the microscope field, the substrate 
temperature is lowered slightly to -12.5 C to 
commence the initial growth of a hexagonal 
PoP geometry. At lower growth temperatures, 
the plate becomes unstable to branching, 
quickly yielding a small stellar crystal, which 
may not be desired. At higher temperatures, 
however, the PoP geometry might not appear, 
if a thin plate cannot emerge from the upper 
edge of the initial hexagonal prism. Figure 9.14 
shows an example of this process, which takes 
just a few minutes. 
 If a large plate-like crystal is desired, it is 
best at this point to move to a somewhat higher 
substrate temperature, perhaps as high as -10 
C, while keeping the supersaturation fairly low. 
A thin upper plate, similar to that shown in 
Figure 9.14, may not readily grow out from a 
small seed crystal at such high temperatures, 

but it will likely continue growing once it has 
formed. This type of hysteresis seems to be a 
feature of the Edge-Sharpening Instability 
(ESI, see Chapter 3). As seen in Chapter 8, 
exceedingly thin plates will grow out directly 
from columnar forms near -15 C, as this where 
the ESI is most effective. Closely spaced 
double plates are most likely to grow near this 
temperature also, for the same reason. Because 
the initial seed crystal in Figure 9.14 is quite 
thin, it is necessary to be near -15 C for the PoP 
geometry to appear, and -12.5 C has been 
found to work well for growing plates up to 
around 0.5 mm in size. 
 It is quite a challenge, however, to grow a 
large hexagonal plate using the PoP method 
when the temperature is less than a degree or 
two away from -15 C. The attachment 
coefficient on the plate edge is so close to unity 
that the plate becomes unstable to branching, 
and reducing the supersaturation sufficiently to 
prevent this from happening is problematic. 
After some amount of trial-and-error, I found 
that beginning near -12.5 C and slowly 

Figure 9.14: Starting with an initial seed crystal (left), a Plate-on-Pedestal geometry develops. In this 
example, the initial hexagon grew out slightly before the upper plate formed. The odd central 
patterning reflects some surface structure on the bottom basal surface that became trapped by contact 
with the substrate. In contrast, the top basal surface soon grew into a nearly prefect faceted form, 
filling in any surface structure that had been present on the seed crystal. The seed crystal shown 
measures 90 µm from facet-to-facet, while the final thin plate measures 300 µm. 
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transitioning to -10 C is a fairly good recipe for 
growing a large, simple hexagonal plate. Doing 
so requires quite a lot of patience, however, so 
the largest simple PoP plates I have made this 
way have measured only as large as 1.5 mm 
from facet-to-facet. 
 
Fog Droplets 
If the supersaturation at the substrate ever 
exceeds 𝜎𝜎𝑤𝑤𝑚𝑚𝑠𝑠𝑝𝑝𝑝𝑝, then water droplets will readily 
condense on its surface, as illustrated in Figure 
9.15. As these small droplets continue growing, 
they will typically coalesce into larger droplets 
over time. The first image in Figure 9.16 shows 
a small PoP crystal surrounded by an array of 
individual droplets that recently nucleated, 
while the second image shows the same crystal 
after much additional growth. As the crystal 
grows outward, it “pushes” the 𝜎𝜎 ≈ 𝜎𝜎𝑤𝑤𝑚𝑚𝑠𝑠𝑝𝑝𝑝𝑝 
perimeter out in front of it, as nearby droplets 
evaporate to provide water vapor for the 
growing crystal. 
 The supersaturation near the droplets is 
essentially clamped at 𝜎𝜎𝑤𝑤𝑚𝑚𝑠𝑠𝑝𝑝𝑝𝑝, making it nearly 
impossible to achieve supersaturations 
substantially above this level using the PoP 
method. As a result, one cannot grow true 
fernlike stellar dendrites using this apparatus, 
as these crystals require a higher 
supersaturation level (see Chapter 8). 

Figure 9.15: (Above) When the supersaturation 
exceeds 𝝈𝝈𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 near the substrate, water 
droplets will condense on it, here appearing as 
a fog around a small PoP crystal. The growing 
crystal absorbs water vapor in its vicinity, 
keeping the supersaturation below 𝝈𝝈𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 
nearby. The circular transition region indicates 
where 𝝈𝝈 ≈ 𝝈𝝈𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 at the substrate.  

Figure 9.16: (Below) At high magnification 
(left), one can see individual droplets that 
recently nucleated on the surface in this photo. 
At lower magnification (right), the droplets 
take on the appearance of a continuous fog. In 
this case, the 𝝈𝝈 ≈ 𝝈𝝈𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 contour is not circular, 
but follows the overall shape of the PoP crystal. 
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 It is possible to remove the condensed 
droplets around a crystal by reducing the 
supersaturation below 𝜎𝜎𝑤𝑤𝑚𝑚𝑠𝑠𝑝𝑝𝑝𝑝, and Figure 9.17 
shows an example of this process. For a 
relatively large crystal like this one, it may take 
5-10 minutes before all the droplets are 
completely gone, depending on the 
supersaturation level and droplet sizes. The 
water evaporation is largely diffusion limited 
and therefore quite slow for a large field of 
droplets.  
 Because the substrate temperature is 
invariably below 0 C, eventually the liquid-
water droplets will freeze. They can remain in 
a metastable unfrozen state for quite some 
time, however, often more than an hour even 
at temperatures down to -20 C. In some cases, 
a rapidly growing ice branch will approach a 
droplet field faster than the droplets evaporate 
away, causing the ice to grow into the 
supercooled water. The first droplet touched 
by the ice freezes instantly, and the 
solidification front slowly migrates outward as 

the frozen droplets each grow outward toward 
isolated liquid droplets in their immediate 
vicinity. Within several minutes, typically, the 
entire droplet field becomes interconnected 
and frozen.  
 Once this happens, the supersaturation is 
then clamped near zero by the ice field, thereby 
greatly reducing the supersaturation over the 
entire substrate. The PoP growth is thus greatly 
slowed when the droplet field freezes, as now 
the PoP crystal must compete for water vapor 
with all the surrounding ice. Increasing ∆𝑇𝑇 and 
the air flow rate will cause the whole ice field 
to continue growing slowly, along with the PoP 
crystal. But the supersaturation is generally too 

Figure 9.17: After growing the PoP crystal in 
the upper image, surrounded by a fog of water 
droplets, the supersaturation was reduced to a 
value 𝟎𝟎 < 𝝈𝝈 < 𝝈𝝈𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘. Under these conditions, 
the water droplets soon evaporated away, while 
the crystal continued growing slowly, yielding 
the lower crystal surrounded by a clean 
substrate, free of droplets. 
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low to allow significant branching, and the PoP 
symmetry will degrade with additional growth 
also. In some of my PoP photographs, Figure 
9.8 being one example, I have digitally removed 
the droplet field surround the crystal, simply to 
de-clutter the image background.  
 
Branches, Wrinkles, & Spikes 
Figure 9.18 illustrates the branching instability 
being initiated on the corners of a thin, faceted 
hexagonal plate. I use the word “initiated” 
because the branching process was brought 
about in this case by lowering the temperature 
of this crystal. Left at -12.5 C, the hexagonal 
plate would have grown much larger, and the 
transition to branching would have been 
weaker, resulting in broad, faceted 
protuberances. Reducing the substrate 
temperature to -15 C both changed the growth 
temperature of the crystal and also increased 
∆𝑇𝑇, thus simultaneously increasing the 
supersaturation, and this initiated the sharp 
spikes seen in Figure 9.18. 
 The branching transition near -15 C is one 
of the most mysterious aspects of snow crystal 
formation, as the overall growth behavior is 
highly sensitive to temperature in this region. 
The attachment coefficient on a plate edge is 
quite high right at -15 C, yielding extremely thin 
plate edges and prism facets that are quite 
unstable to breaking up to form branches, as 
shown in Figure 9.18. Just a few degrees 
warmer or cooler, however, and faceted prism 
growth is much more stable, allowing the 
formation of quite large faceted prism edges on 
plates. None of these growth behaviors is 
difficult to comprehend at a specific 
temperature, but why there is such a strong 
temperature dependence so far from the 
melting point remains a substantial puzzle. 
 Figure 9.19 shows another example of the 
branching transition on a simple hexagonal 
plate. Once again, the abrupt sprouting of 
narrow branches was not a spontaneous 
occurrence, but was stimulated by bringing the 
substrate temperature closer to -15 C. And 
again the plate edge first became thinner, and 

Figure 9.18: After growing a simple hexagonal 
PoP crystal at -12.5 C (top), the substrate 
temperature was reduced to -15 C to stimulate 
branching. At first the outer edge of the plate 
became thinner (middle), and then branches 
sprouted from the six corners of the hexagon 
(bottom). Note that the plate is supported above 
the substrate by the central ice pedestal, and the 
observed surface patterning is all contained on 
the underside of the plate. The top basal facet, in 
contrast, is essentially perfectly flat over the 
entire crystal. 
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then the prism facets became unstable to the 
formation of spike-like branches. 

As the branches develop in Figure 9.19, 
they leave behind a set of concave plate edges 
that experience a new kind of “wrinkling” 
instability, yielding the serrated edges seen in 
Figures 9.19 and 9.20. Near the branch tip, 𝛼𝛼 is 
near unity and the growth is limited mainly by 
diffusion, resulting in a roughly parabolic tip 
shape, related to the Ivantsov solution to the 
diffusion equation (see Chapter 4). Farther 
from the tip, the supersaturation is lower, so 
prism faceting becomes important. In this 
region, the faceting process turns the smooth 
concave edges into a series of faceted 
segments, yielding the overall serrated 
contours observed. Similar features can be seen 
in natural snow crystals, albeit not as clearly. 

Figure 9.19: (Left) Another example of the 
onset of branching on a simple hexagonal 
plate, brought about by lowering the 
temperature to near -15 C and increasing the 
supersaturation. First the edge of the plate first 
grew thinner, then the prism facet started to 
become curved, and finally the branching 
instability kicked in. The small “petals” at the 
center of the crystal are bubbles trapped at the 
base of the pedestal, and again all of the 
surface structure is located on the underside of 
the plate, while the upper basal surface is 
almost perfectly flat. 

Figure 9.20: (Below) When the formation of 
branches results in a concave plate edge, the 
initially smooth edge is unstable to localized 
faceting that produces a serrated edge and a 
series of wrinkled surface features. 
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 Figure 9.21 shows another example of the 
branching instability taking place, this time 
with a crystal growth temperature near -13 C 
and a relatively modest supersaturation. Under 
these conditions, the transition is weaker, 
yielding broad branches that form slowly and 
exhibit faceted tips. As a general rule, the 
branching instability is stronger, yielding 

narrower, faster growing branches when the 
temperature is closer to -15 C and the 
supersaturation is higher.  
 
Induced Sidebranching 
While it is straightforward to form six primary 
branches on a PoP snow crystal, the 
supersaturation is always too low to observe 
spontaneous sidebranching. As described 
above, the condensation of water droplets on 
the substrate prevents the supersaturation 
from attaining values much above 𝜎𝜎𝑤𝑤𝑚𝑚𝑠𝑠𝑝𝑝𝑝𝑝, and 
this is too low for the type of dendritic 
sidebranching seen in fernlike stellar dendrites 
(see Chapter 4). Even near -15 C, when the 
branching instability is strongest, the best one 
can do under constant growth conditions is 
create a crystal with spike-like branches, as in 
the example shown in Figure 9.22. 
 Nevertheless, it is possible to create 
sidebranches by manipulating the growth 
conditions as a function of time, using a 
process of induced sidebranching that is 
illustrated in Figure 9.23. The basic idea is to 

Figure 9.21: This PoP crystal experienced a 
period of weak branching, resulting in broad 
outgrowths with faceted tips, in contrast to the 
narrower branches with rounded tips seen in 
Figure 9.20. 

Figure 9.22: Narrow PoP branches can grow 
quite stably near -15 C, yielding a spiked star 
like this one. Dendritic structures will not form 
under constant growth conditions, however, 
because droplets condensing around the 
crystal will prevent the supersaturation from 
becoming high enough to drive spontaneous 
sidebranching. 
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first form the primary branches, then lower the 
supersaturation so the branch tips become 
faceted, and then increase the supersaturation 
abruptly to a high value, stimulating the 
formation of branches at all three of the 
exposed prism corners. Thus the sidebranch 
formation is “induced” by creating a faceted tip 
geometry and quickly exposing it to a high 
supersaturation. 
 When spontaneous sidebranching happens 
in a fernlike stellar dendrite, the primary branch 
tips are always roughly parabolic in shape. The 
smooth, rounded tip profile makes it more 
difficult to initiate sidebranch formation, so 
doing so requires a high supersaturation. With 
induced sidebranching, one first prepares the 

tip by giving it a faceted profile. The sharp, 
faceted corners are then more susceptible to 
the branching instability, so a lower 
supersaturation level is needed to make it 
happen. 
 Another feature of spontaneous 
sidebranching is its overall random character. 
The primary branch tip always has a roughly 
parabolic shape, and sidebranches arise at 
essentially random times. The process is so 
haphazard that often even the opposing sides 
of a single primary branch exhibit sidebranches 
at different positions, reflecting their generally 
uncoordinated formation. Looking at 
photographs of a fernlike stellar dendrites (see 
Chapter 10), one sees an overall asymmetrical 

Figure 9.23: The process of induced sidebranching is illustrated in these three photos of a growing PoP 
snow crystal. After growing a set of six primary branches, the supersaturation was lowered so the 
branch tips became faceted (left photo). Once the three outermost facet corners were well developed, 
the supersaturation was abruptly increased, causing branches to sprout from these corners (center). 
Keeping the supersaturation high, the primary and side branches all continued to grow outward at 
about the same rate (right). 
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placement of sidebranches that reflects this 
random process. 
 With induced sidebranching, on the other 
hand, the process is highly coordinated by the 
timing of the events that caused it. 
Sidebranches form on all six primary branches 
simultaneously, and on both sides of each 
primary. This results in an overall crystal 
structure that is both complex and 
symmetrical, a feature that is something of a 
defining characteristic of snow crystals. For 
both PoP and natural snow crystals, we see that 
the large-scale, complex symmetry does not 
result from any preordained crystal design or 
communication between the primary branches. 
Rather it arises simply from the time-
dependent environmental conditions being 
applied to the growing crystal. 

 Of course, the process of induced 
sidebranching can be applied repeatedly, at 
varying temperatures and supersaturations, and 
with varying wait times between events. Figure 
9.24 shows one example of how a series of 
growth transitions can be used to fabricate a 
complex, yet symmetrical, PoP snow crystal.  

Figure 9.24: This PoP snow crystal underwent 
a series of induced sidebranching events, each 
producing a set of symmetrical sidebranches 
flanking each of the primary branches. The 
final crystal displays a decidedly complex 
overall structure with a degree of six-fold 
symmetry that is rarely seen in natural snow 
crystals. Just before this photograph was 
taken, the supersaturation was increased to 
condense a fog of water droplets quite close to 
the outer perimeter of the crystal. 
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Ridge Growth 
The initial PoP geometry is nearly always 
accompanied by the formation of a set of six 
ridges, as illustrated by the small hexagonal 
plate shown in Figure 9.25. Natural snow 
crystals exhibit many ridge-like structures also, 
but the phenomenon is especially clear in PoP 
snow crystals, with Figure 9.25 providing an 
especially simple example of a sectored plate 
snow crystal. The upper surface of this 
specimen is essentially a perfectly flat basal 
facet, with no surface structure of its own. The 
ridges are confined to the lower side of the 
plate, which is supported above the substrate 
by the central ice pedestal. 
 Figure 9.26 sketches the formation of a 
single ridge, which arises from a variant of the 
usual branching instability (see Chapter 4). 
Looking first at the top basal surface, it grows 
slowly because 𝛼𝛼𝑏𝑏𝑚𝑚𝑠𝑠𝑚𝑚𝑝𝑝 is low, even though this 
surface is exposed to a relatively high 
supersaturation. Under these conditions, the 
upper basal surface is essentially perfectly 
faceted and grows slowly upward. The lower 
surface of the plate, on the other hand, is so 

close to the substrate that it sees 𝜎𝜎 ≈ 0. Away 
from its outer edges, therefore, the underside 
of the plate experiences almost no growth. 
 In terms of the overall plate structure, 
therefore, we have the upper basal surface 
growing slowly, the plate edge growing out 
quickly, and the underside of the plate hardly 
growing at all. Over time, this results in a 
shallow conical overall shape, with the top 
surface flat and the lower surface slightly 
convex in shape. Referring to Figure 9.26, the 
contour lines in the top sketch show the 
convex shape of the lower surface, and each 
line can be thought of as the edge of a single 
molecular terrace. 
 Far from the outer edge of the crystal, 
these terraces are essentially static, because 
they see 𝜎𝜎 ≈ 0 in their vicinity. Nearer the 
edge, the supersaturation is a bit higher, 
especially near the corners. In this case each 
terrace experiences a variant of the usual 
branching instability, causing the corners to 

Figure 9.25: Small PoP snow crystals often 
exhibit a set of six radial ridges that connect to 
the corners of the hexagonal plate. These 
ridges form on the underside of the supported 
plate, while the upper basal surface is 
essentially perfectly faceted. This simple 
sectored-plate snow crystal measures about 
400 µm from facet to facet. 

Figure 9.26: Diagrams illustrating the 
formation of a snow-crystal ridge. In the top 
sketch, the lines represent molecular terrace 
edges on the underside of the plate. Each 
terrace has an overall hexagonal shape, but the 
corners see a slightly higher supersaturation 
and are thus unstable to the usual branching 
instability. The lower sketch shows a side view 
of the ridge structure. As ice is added to the top 
surface and the plate edge, the ridge is left 
behind. Away from the edge, neither the ridge 
or the surrounding surface experiences any 
additional growth.  
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grow out faster than the terrace edges farther 
from the corners. This results in the spiked 
contours shown in Figure 9.26, which have the 
same overall shape as the spiky branches in 
Figure 9.19. The full prism edge of the crystal 
is still stable against branching, so it keeps its 
faceted shape. But the molecular terraces 
sprout one-layer-thick primary branches as 
illustrated. Looking at these edges as contour 
lines, the overall shape becomes that of a ridge 
in the ice. 
 The lower sketch in Figure 9.26 shows why 
the ridge has a nearly constant width over the 
entire crystal. Soon after the branching 
instability creates the ridge near the crystal 
edge, the edge moves outward, because the 
plate edge is growing rapidly. Once the ridge is 
left far behind on the underside of the plate, 
away from the edge, it sees 𝜎𝜎 ≈ 0 and develops 
no further. Thus the ridge structure originates 
when it is near the growing corner and remains 
static thereafter. 
 I believe this growth process explains the 
simple ridge structure seen in Figure 9.25 quite 
accurately and naturally, requiring only a slight 
variation on the usual branching instability. 
Moreover, it makes a prediction that ridges like 
this can only form on slightly convex basal 
surfaces. This a simple model that appears to 

fit all the available observations, and 
computational models support it somewhat as 
well (see Chapter 5). Comparing controlled 
PoP or e-needle observations with 
corresponding computational models would 
provide direct verification, and may provide 
additional insights into this commonly 
observed ridge phenomenon.  
 On simple hexagonal plates like the one 
shown in Figure 9.25, the ridges grow radially 
outward in a hexagonal pattern, and this shape 
represents the simplest example of a sectored-
plate snow crystal (see Chapter 10). Ridges also 
readily form on thin plates at the ends of 
branches, often called sectored-plate 
extensions, and Figure 9.27 shows a 
particularly minimal PoP example.  

Unlike with a simple hexagonal plate, here 
the plate-like extensions become crowded 
together as they grow, thus making them 
compete for the available water vapor in their 
vicinity. The crowding distorts the 
development of each plate, and this often gives 
rise to the formation of curved ridges. Because 
each ridge originates from one corner of the 
plate, the ridge lines trace out where the plate 
corners were at earlier times.  
 
Induced Rib Structures 
Ribs are another common surface patterning 
feature seen in natural snow crystals, and again 
we can create especially clear examples in PoP 
crystals. Figure 9.28 shows a small hexagonal 
plate that was created as an example of rib 
formation, exhibiting a series of concentric 
hexagonal ribs looking something like a 
spider’s web. 
 The essential recipe for creating a rib 
structure on the underside of a PoP plate is 
illustrated in Figure 9.29. The first step is to 

Figure 9.27: (Left) Sectored plate extensions. 
Curved ridges often form on broad-branched 
sectored plates, looking a bit like “duck’s feet” 
in this PoP example. Because ridge formation 
originates at the faceted corners of a plate, the 
ridges trace out the location of the corners as a 
function of time as the crystal developed. 
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create the PoP geometry as described 
previously, initiating the Edge-Sharpening 
Instability by applying a sufficiently high 
supersaturation at a temperature near -15 C. 
This yields a relatively fast-growing plate with 
a thin edge, as shown in the first sketch in 
Figure 9.29.  

Next reduce the supersaturation, which 
turns off the ESI and yields a blockier edge on 
the plate, as shown in the second sketch in the 
figure. Note that the convex underside of the 
plate means there is no nucleation barrier on 
that surface, so most of the edge growth occurs 
on that surface. There is a strong nucleation 
barrier on the top basal surface, however, so 
that surface grows slowly and remains faceted. 
Finally, increase the supersaturation to its 
previous value, which again initiates the ESI 
and causes a thin plate to emerge from the top 
surface of the thick rib. Again we see that the 

rib structure, like the ridges, is confined to the 
underside of the PoP plate. This same 
mechanism can create ribs on plate-like 
branches, as illustrated in Figure 9.30. 

 

Figure 9.28: The “spider-web” pattern on this 
small PoP crystal was created by inducing a 
series of evenly spaced rib structures. Each 
hexagonal rib was created by lowering 𝝈𝝈 for 
about thirty seconds to thicken the plate edge, 
and then raising 𝝈𝝈 back up again to continue 
the thin-plate growth. Both ribs and ridges 
form on the undersides of PoP plates, as shown 
in Figure 9.29. 

Figure 9.29: The above series of sketches 
shows a side view of the formation of a rib 
structure on a PoP snow crystal. The rib forms 
on the edge of the plate, but is subsequently 
left behind when the ESI brings about a 
thinner plate from the top edge of the ridge. 
Applying this sequence of supersaturation 
changes several times yielded the multi-rib 
pattern seen in Figure 9.28. 

Figure 9.30: (Below) A series of ribs were 
added to the plate-like extensions of this PoP 
snow crystal. 
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Inwardly Propagating 
Rings 
Figure 9.31 shows two examples of inwardly 
propagating rings, which are another 
commonly observed phenomenon in PoP 
snow crystals. The rings are a result of step 
bunching (see Chapter 4), which occurs on 
basal surfaces when they become slightly 
concave in shape. I have been remiss in not 
growing a simple hexagonal PoP crystal with a 
suitably large, concave shape, as this would 
present the cleanest example of this 
phenomenon, illustrated in Figure 9.32. 
 Similar ring-like structures can be found in 
natural snow crystals, but the built-in 
asymmetry of PoP crystals makes the rings 
especially noticeable. Because water vapor is 
supplied from above the substrate, a large plate 
grows outward and slowly upward, as 
illustrated in Figure 9.32. This gives the upper 
basal surface a slightly concave morphology 
that includes a series of concentric molecular 
terrace steps. 
 The outermost edges of the crystal 
generally experience the highest 
supersaturation, and this means that the terrace 
steps nearest the plate edges will grow inward 

the fastest. This scenario brings about the 
phenomenon of step bunching, which 
transforms a plane of evenly space molecular 
steps into a set of macrosteps that are large 
enough to be seen in Figure 9.31. The 
distribution of macrostep sizes will depend on 
bulk diffusion, surface diffusion, the slope of 
the vicinal surface, and other factors, making it 
difficult to calculate with confidence. 
 The above examples were grown at a 
temperature of -17 C, in a moderate 
supersaturation, surrounded by a field of water 
droplets. these conditions are especially 
conducive to the formation of large sectored-
plate extensions on PoP snow crystals. 

Figure 9.31: Large sectored-plate extensions on PoP snow crystals often exhibit concentric-ring 
patterns like those seen in these two examples. The rings propagate inward slowly as the plates grow, 
and they are located on the top basal surfaces, as sketched in Figure 9.32. Ridges and faint ribs can 
also be seen, and both these features are located on the lower plate surfaces. 

Figure 9.32: A sketch illustrating the side view 
of a (hypothetical) simple PoP crystal 
exhibiting inwardly propagating steps. 
Because water vapor is supplied from above, 
the plate grows outward and slowly upward, 
giving the upper basal surface a slightly 
concave morphology.  
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Columnar Forms 
While the PoP apparatus was designed for 
creating stellar-plate snow crystals, columnar 
forms can also be observed. Figure 9.33, for 
example, shows an example of a small column 
that fell onto the substrate and soon grew some 
short, sheath-like extensions on the ends of the 
column. Figure 9.34 shows the peculiar shape 
of a twinned crystal (see Chapter 2). 
 As I am usually growing large stellar snow 
crystals in the PoP chamber, errant columns 
that land on the substrate usually develop into 
half-double plates, as shown with several 
examples in Figure 9.35. In all these cases, the 
crystals obviously cannot grow into the 
substrate, and substrate interactions may 
distort their growth in unpredictable ways. The 
presence of the substrate thus makes the 
morphologies of these half-double plates a bit 
challenging to interpret. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.33: Sheath-like growth of a small 
columnar crystal observed in the PoP 
apparatus. 

Figure 9.34: A small twinned snow crystal that 
happened to fall on the PoP substrate. 

Figure 9.35: When grown alongside plate-like 
PoP snow crystals near -15 C, columnar seed 
crystals usually develop into what are 
essentially “half” double plates, with the 
perpendicular plate structures only growing 
above the substrate. 
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9.4 Identical-Twin  
Snow Crystals 
The old adage that no two snowflakes are alike 
appears to have had its origin with the 
photographs of Wilson Bentley. In his book 
with William Humphreys, Bentley presented 
pictures of nearly 2000 stellar snow crystals, 
selected for their beauty and symmetry, and 
each was clearly different from all the others. 
Since then, the notion of snowflake uniqueness 
seems to be something we all learn at a young 
age (at least in North America), probably while 
participating in the near-universal craft of 
cutting snowflakes out of paper. No one I have 
asked can remember when they first learned 
that no two snowflakes are alike, so I am 
guessing before the age of ten. 

As I describe in Chapter 1, there is good 
reason to believe that no two complex, natural 
snow crystals will ever look quite the same. 
Because each snowflake follows a different 
path through the clouds, guided by the motions 
of a turbulent atmosphere, each experiences 
different growth conditions during its journey. 
The number of possible variations is vast, so 
the probability of finding two identical 
snowflakes is vanishingly small. 

But this discussion changes when you 
consider growing PoP snow crystals. Now the 

growth conditions are not determined by 
random paths through a turbulent atmosphere. 
Now the temperature and supersaturation are 
controlled by precision temperature controllers 
that can be set and changed according to a 
prescribed schedule. In principle, one might 
engineer a precision snow-crystal factory that 
would produce a continuous flurry of 
essentially identical snowflakes. (Of course, 
one has to be careful about how you define the 
word “identical”, as I discussed at some length 
in Chapter 1.) I have not had any great urge to 
create such a factory, but it not outside the 
realm of the possible. 

Instead of growing identical PoP 
snowflakes one after another, a much easier 
approach is to grow two at the same time, side 
by side, as illustrated in Figure 9.36. This 
photo, unmodified except for cropping and 
small global brightness/contrast/color 
adjustments, shows two snow crystals that I 
grew simultaneously in the PoP apparatus. (I 
have demonstrated the process of growing 
similar crystal pairs in person to numerous 
colleagues and reporters, just to have some 
witnesses, but I am also hoping you will trust 

Figure 9.36: A pair of “identical-twin” snow 
crystals, grown side-by-side in the PoP 
apparatus.  
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me on this.) I like to call these “identical-twin” 
snow crystals because they are not perfectly 
identical, and small differences can easily be 
found if you look carefully at the photo. But, 
like identical-twin people, they are clearly much 
more similar than one might ever expect to see 
under normal circumstances. In the spirit of 
full disclosure, Figure 9.37 shows the original, 
unmodified image. 

To create this pair of identical-twin snow 
crystals, I first had to locate a pair of well-
formed seed crystals, close to one another, but 
not too close, and reasonably isolated from any 
additional crystals. This is a high bar to clear, 
and Figure 9.37 shows that there was quite a bit 
going on over the entire substrate, a fact that 
the cropped image does not convey. Pretty 
much every photo in this chapter was cropped 
in order to focus the viewer’s attention on the 
primary subject. 

With a suitable pair of seed crystals in 
place, I then proceeded to grow the dual PoP 
crystals by applying branching, faceting, and 
other effects at various times. I typically have 
no predetermined strategy for creating a 
specific large-scale morphology; usually I just 
make it up as the crystal develops. Someday I 
will put everything under computer control 
and take a more systematic approach to 
growing PoP snow crystals, but that is a task 
for a future date. 

A key trick for growing identical-twin snow 
crystals is to make lots of large, abrupt changes 
in growth conditions. Rapidly changing the 
temperature by a substantial amount, for 
example, causes a correspondingly large and 
abrupt change in the growth behavior. Smaller, 
gradual changes typically yield less perfect 
symmetry between the two crystals, or even 
among the six branches of a single crystal. 
There are inevitably some weak temperature 
gradients in the growth region, and the 
neighboring crystals perturb the local 
environment to some extent also. Making 
large, abrupt changes tends to mask these 
weaker effects, thus improving the overall 
symmetry of the growing crystals. 

Another trick is to create a field of water 
droplets around the two crystals early on, and 
to maintain a well-defined droplet perimeter 
around both crystals, always with a “barrier” of 
droplets separating the crystals, as shown in 
Figure 9.37. The droplets provide a stabilizing 
influence on the supersaturation, greatly 
reducing the perturbations that arise from 
neighboring crystals. This makes sense because 
the droplets hold the supersaturation at 𝜎𝜎 ≈
𝜎𝜎𝑤𝑤𝑚𝑚𝑠𝑠𝑝𝑝𝑝𝑝 in their immediate vicinity, and the 
boundary condition of having a clean droplet 
perimeter around both crystals tends to 
improve the overall symmetry of the two 
crystals. 

The final trick is just knowing when to 
stop. In Figure 9.37, for example, the line of 
droplets between the crystals will soon 
evaporate away as the crystals grow larger, and 
then the crystals will begin to interfere with one 
another’s growth. Figure 9.38 shows what 
happens when the droplet barrier disperses and 
the crystals continue to grow. The branches 
growing between the two crystals compete for 
the available water vapor, thereby stunting 
their growth relative to the outer branches, 
which are still supplied by the nearby droplets. 
Viewing a video showing first the nearly 
identical growth of nearby crystals, followed by 
the stunted growth of the branches between 

Figure 9.37: The completely unretouched, 
uncropped, straight-out-of-the-camera original 
version of the image shown in Figure 9.34.  
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them, gives one a much better appreciation of 
what affects the overall growth process. 

Note that the phenomenon of twelve 
branches growing in synchrony is really no 
different than with six branches. For a standard 
natural snow crystal, only its six conjoined 
branches experience the same growth 
conditions as a function of time. But in the PoP 
apparatus, this limitation is removed, as all 
crystals are attached to the same fixed 
substrate. There is no need to stop at twelve 
either, and Figure 9.39 shows larger groups of 
similar-growing PoP snow crystals.  

Overall, observing PoP snow crystals is not 
ideal for investigating the underlying science, as 
the growth conditions are rather poorly 
known. But studying the formation of these 
crystals in detail, especially in video form, gives 
one many useful insights into the underlying 
physical processes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 9.38: Top: A field of water droplets 
surrounding a PoP snow crystal tends to 
stabilize its growth, providing the same level of 
supersaturation for all twelve branches. 
Bottom, same crystals: Once the droplets 
disappear between the crystals, the facing 
branches grow more slowly, yielding 
asymmetrical snow crystals.  

Figure 9.39: (Above, and facing page) Clusters of 
small PoP crystals all exhibiting about the same 
growth conditions as a function of time, and thus 
all growing into similar shapes.  
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9.5 PoP Art 
The remainder of this chapter presents a gallery 
of synthetic PoP snow crystals that I grew 
using the apparatus and techniques described 
in the previous sections. The images that 
follow show real PoP snow crystals, with 
essentially no digital modifications of the 
overall crystal structures. However, I did use a 
fair bit of artistic license when adjusting 
brightness, contrast, cropping, sharpness, and 
a host of color effects. In some images I also 
removed droplets and/or other distractions 
from the background around the growing 
crystals. My overarching goal in this gallery is 

to examine the growth of synthetic snow 
crystals as a novel art form, rather than a tool 
for scientific discovery. 
 While science and art are normally quite 
distinct endeavors, they come together 
beautifully in snow crystal growth. My 
understanding of the science allowed me to 
engineer the PoP apparatus, leading to the 
creation of high-resolution images and videos 
showing details not observable in natural snow 
crystals. I believe there is much left to explore 
in this novel, additive form of ice sculpture. 
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Figure 9.40: (Above and facing page) Snow crystal portraits. The PoP technique is well suited for 
creating large stellar crystals with complex designs and nearly flawless symmetry. When 
photographing natural snowflakes, beautiful specimens like these are hard to find! Moreover, PoP 
snow crystals often exhibit razor-sharp facets and exceptionally crisp surface features, because they 
are photographed while they are being grown. In contrast, natural snow crystals usually experience a 
bit of sublimation after they leave the clouds, rounding their features and generally giving them a bit 
of a “travel-worn” appearance.  
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Figure 9.42: (Above and facing page) Asymmetry all around. When two or more PoP snow crystals 
grow in close proximity, they compete for the supply of water vapor in their vicinity, which can lead 
to quite a variety of odd asymmetrical crystals. For most of these photos, I focused my attention on 
an isolated crystal at the center of the camera’s field of view, which grew with good symmetry. When 
finished with that crystal, I then looked outside the original field to see what else looked interesting. 
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Figure 9.43: Post-processing with a dark-field photo. The left image shows a PoP snow crystal 
photographed using dark-field illumination, yielding a bright crystal on a dark background. For the 
image on the right, the dark-field image was digitally superimposed with a close-up image of a leaf, 
(taken by Damon Taylor, posted at Flickr.com), with the composite image equal to (1-S)*B+S, where 
S is the snowflake image (normalized to a maximum brightness of 1) and B is the background image.  
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