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ABSTRACT

Results are summarized and illustrated from a long series of experiments on ice growth from the vapor,

nearly all in a very small range of conditions: 258C, slightly below liquid water saturation, with minimal

environmental gradients and no imposed ventilation. The temperature was chosen because c-axis ice needles

grow in a narrow temperature interval there, which coincides with the temperature at which the Hallett–

Mossop ice multiplication process operates most effectively, and one may suspect that this coincidence is

likely to be meaningful. The ice growth habit is poorly reproducible in these conditions, dictating many runs

with little change. Growth as plates can persist for hours, and two distinct types of needle growth occur, called

sheath needles and sharp needles. Both are distinct from thin columns in that they taper to a point, with no

discernible basal face. Both deviate slightly from parallel to the c axis. Sharp needles have been reported

before, but only as occurring with an applied high DC voltage. New crystal orientations nucleate occasionally

at the tips of the sharp needles; this also has been seen before in the presence of strong electric fields. There

appears to be an ice multiplication mechanism in these conditions that does not involve riming.

1. Introduction

A narrow temperature interval at about 258C has been

recognized as necessary for ice needle growth (Fig. 1)

(Nakaya 19541; Hallett and Mason 1958; Kobayashi 1961).

Exaggerated c-axis growth otherwise occurs only at

much colder temperatures, where the growth is better

characterized not as needles, which implies tapering to

a sharp point, but as long, thin columns (Shimizu 1963).2

The explanation for the narrow temperature range of

needle growth remains somewhat controversial, although

both theory and experiment suggest strongly that the

growth occurs by layer nucleation, not spiral steps (Nelson

and Knight 1998).

Decades ago, the finding of high ice crystal concen-

trations in supercooled water clouds not far below 08C

required an explanation apart from heterogeneous nu-

cleation. A laboratory study then found that ‘‘ice mul-

tiplication’’ does occur in a temperature range centered

at about 258C (Hallett and Mossop 1974; Mossop and

Hallett 1974; Mossop 1976, 1980, 1985a,b). The experi-

ment involved moving an ice particle through a super-

cooled cloud at moderate speeds and observing separate

ice crystals generated in the cloud. The presumption has

been that riming is directly involved in creating the

new ice, by ‘‘rime shattering,’’ caused by the expansion

of the water entrapped in the freezing droplets during

the riming. The generation of these ice crystals is a very

rare event compared to the frequency of freezing rime

droplets, and it occurs at a very small scale. A rime shat-

tering event has never been observed directly.

Rime shattering (or splintering) should not be viewed

without skepticism. The expansion upon freezing is in-

exorable and will certainly deform any ice shell that

encloses the water that is freezing, but breaking the shell

with enough violence to produce separate ice particles
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2 In discussing this work I have found that others often use
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sharp-looking points: no thin columns, no visible ‘‘whiskers.’’
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is not intuitively appealing. High pressure can be gen-

erated as an ice shell freezes slowly inward, especially

in large drops with a thick shell (Visagie 1969), but the

violence necessary for splinter production probably re-

quires a compressed air phase (a bubble or bubbles)

within the liquid to cause an expansion explosive enough

to produce splinters when the shell breaks (Knight and

Knight 1974). This seems doubtful at the scale involved

in the riming process, a few tens of microns. The pres-

ence of ice ‘‘spikes,’’ most probably formed as enclosed

water is slowly expelled through a gap in the shell of

a freezing drop (Knight 2005), has been used as evi-

dence for the rime shattering mechanism (Griggs and

Choularton 1983). It actually may be evidence against

it inasmuch as splintering requires not this, but a rela-

tively violent rupture of the ice shell. Nevertheless, with-

out a better alternative, rime breakage cannot be rejected

as a hypothesis.

I had finished using an apparatus in a study of ice

growth from the liquid (Knight and DeVries 2009) and

realized that it could be modified easily for detailed

study of ice growth from the vapor at relatively low su-

persaturation with respect to ice. The modifications were

made, and the early results revealed a surprising lack

of reproducibility at 258C as well as some unexpected

phenomena. That led to many repetitions, and the re-

sults are reported here.

2. The experimental apparatus and procedures

Supercooled water as the vapor source for experi-

mental study of ice crystal growth in air has been used

before [Keller et al. 1980; see also, more extensively,

Nelson and Knight (1998)]. The growth takes place in a

chamber within a constant temperature bath, with a seed

crystal inserted and held above a puddle of supercooled

water. Since the crystal grows, the vapor pressure at its

surface is necessarily below that of the supercooled wa-

ter or water solution, and the growing surface is slightly

above the bath temperature. The only gradients and air

motions are those generated by the growing crystal. The

experimental variables here are the temperature of the

bath, the composition of the water, and the procedure

for starting the ice growth. The variables important for

the crystal growth are the temperature and supersatu-

ration at the crystal surface, which depend upon the

crystal growth rate, size, and shape, and they are nei-

ther uniform over the crystal surface nor do they rep-

resent equilibrium with respect to the ice.

Figure 2 is a sketch of the experimental setup. The

growth chamber is a square glass tube with 2 mL of

supercooled water solution in the bottom, immersed in

a stirred, temperature-controlled cold bath of water with

ethylene glycol. Ice at the end of a probe inserted from

the top grows above the supercooled puddle, in the su-

persaturated environment. The experiment was set up

just outside the door to a walk-in cold room. Usually the

procedure was to insert the square glass tube with the

water solution into the constant temperature bath and

FIG. 1. The Nakaya diagram, redrawn from Kobayashi (1961), with

supersaturation expressed as the excess vapor density r over satura-

tion with respect to supercooled water, in the growth environment.

FIG. 2. The growth apparatus: a square glass tube immersed in

a stirred, constant temperature bath. Ice grows from the end of a

thin tube, in which water had been frozen, inserted into the square

glass tube.
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wait 30–60 min for the conditions to stabilize. The seed

was prepared in the cold room, inserted into the growth

chamber, and visible growth from the vapor started

30–60 or more minutes later, as the conditions in the

chamber stabilized again.

The ice seed for starting the vapor growth was always

exposed at the end of a narrow plastic tube that had

been filled with water and then frozen. Tubes of differ-

ent sizes were used, starting with micro pipet tips and

proceeding to polyethylene and then acrylic tubing as

small as 50 mm inner diameter and 100 mm outer di-

ameter. The smaller tubes were inserted through a stop-

per (using a hypodermic needle) that itself was inserted

into the open end of a wider tube, as sketched in Fig. 2.

The stopper material had no evident influence on the

growth (black rubber, green rubber, white silicone rub-

ber, or natural cork). The water used for the vapor

source was purified through an ion exchange system to

better than 17 MV resistivity. The square glass tube

was cleaned with laboratory detergent before each run,

rinsed 10 times with tap water and then once with the

pure water, and then used directly without drying it

first, to discourage fogging of the inner wall. The pud-

dle was sometimes pure water but usually a 0.5% NaCl

solution (melting point 20.38C), which also reduces the

tendency toward fogging, especially when the bath tem-

perature is decreased during a growth run. The air is

just ‘‘laboratory air,’’ as has been the case in many pre-

vious experimental studies of snow crystal growth. The

habit diagram, Fig. 1, appears to be robust with respect

to minute traces of impurities, although some chemical

vapors are known to have strong effects on ice growth

habit. Impurity effects are discussed in a later section.

Many changes in the starting protocol were made,

attempting to improve reproducibility. Among several

ways of preparing the ice seed, usually the tube was filled

with water and supercooled to about 258C in a constant-

temperature chamber within the cold room. Ice was then

initiated in it and it was completely or partially frozen

at 258C. It was then transferred quickly into the outer

laboratory and then into the growth chamber; but never

so quickly that the ice did not partially melt and then

refreeze within the growth apparatus (Fig. 2). The initial

ice formation in the small tube, in the cold room, was

started sometimes by nucleating with a cold wire or dry

ice at the top or the middle of the tube, but then some

water was extruded during freezing and the initial ice

was then a segment of a frozen water drop. After many

experiments, a final procedure was to initiate freezing at

the bottom of the tube by contact with an ice single crystal.

The initial growth from the vapor within the apparatus

(Fig. 2) was sometimes a single crystal but often there

were two or three crystals with different orientations.

The temperature of the cold bath was measured at

first with a glass thermometer with 0.18C graduations,

calibrated with an ice bath. Later a precision digital

thermistor thermometer was also used.

The support assembly for the ice was rotatable, so

growing crystals could be aligned with their c axes ap-

proximately normal to the camera axis for recording

linear growth rates. Rotations to obtain different views

of the crystals were done slowly to disturb the diffusion

fields as little as possible, and no effects of rotation

upon growth were detected. (With similar apparatus

and growth from the melt, a rotation often has a large

effect.) In the ice growth experiments, growing crystals

could be observed and photographed for hours or days,

or until growth reached the puddle, either directly down-

ward or to a wall and then down. More often when the

puddle froze there was no obvious cause, and the relation

of those events to the nature of the ice growth when they

happened was an interesting, unexpected result.

The progress of the growth was checked frequently,

so as to be able to judge how often photos would be

needed and when it might be desirable to change the

bath temperature, rotate the crystal to get photos from

a better angle, change the magnification, or move the

camera to keep a crystal entirely within the frame.

Very late in the series of experiments the apparatus

was altered to accommodate a bigger square glass tube,

with a 4-cm square instead of the 2.5-cm square opening

and a 5-mL instead of the 2-mL puddle. This was a dis-

tinct improvement because the sides of the bigger tube

had much better optical quality.

3. The variability of growth at 258C

To illustrate the variability, 13 consecutive, nominally

identical runs (numbers 197–210) were made at 25.058 6

0.058C, using a polyethylene tube (ID 5 280 mm, OD 5

610 mm) filled with water, supercooled, nucleated at the

bottom end by touching it with an ice single crystal, fro-

zen solid, and then inserted into the chamber. Figure 3

illustrates the range of results, using a 0.5% NaCl solu-

tion for the supercooled puddle. There are two differ-

ent types of needle growth that will be called ‘‘sharp

needles’’ and ‘‘sheath needles,’’ both of which have visibly

sharp tips but distinctly different cross-sectional shapes

and growth velocities, described later. Four of the 13

runs produced only the more common sheath needles

(Fig. 3a), and seven produced both types of needles

growing simultaneously (Fig. 3b). Two runs produced

only plates (Fig. 3c). Plates also form in some of the

needle cases (two appear edge-on in Fig. 3a) early in the

growth but as a very minor feature later on because they

grow much slower than the needles. Figure 3d illustrates
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the spontaneous generation of new needle crystal ori-

entations at the tips of growing needles, discussed later.

In addition to the two types of needles, it will be seen

in the discussion in the next section that there are also

two distinct forms of plates in the same experimental

conditions.

The existence and acceptance of the Nakaya diagram

(Fig. 1) has carried the strong implication that external

conditions determine the crystal habit. While everyone

evidently has taken that for granted (including the

writer), these results show clearly that it is incorrect, at

least at 258C and slightly below liquid saturation. Two

questions that arise immediately are why this has not

been observed before and how to explain it in principle.

The lack of recognition of the variability at 258C may

be a result of most of the previous experiments using

diffusion chambers in which the crystals grow in fairly

steep temperature gradients, and mostly at supersatu-

ration with respect to liquid water, and allowing obser-

vation of the growth over relatively limited periods of

time. Usually ice has been nucleated profusely along a

fiber. Plates growing at 258C would be ignored in favor

of the much faster-growing columns and needles, but it

is more puzzling why the sharp needle form may have

been missed altogether. Possibly they do not initiate

often enough in these circumstances, or their growth

may be restricted to a very narrow range of tempera-

ture and supersaturation. Six runs each were done the

same way as the 13 runs at 258C, except at 248 and 268C.

These showed very little variability. Hollow, hexagonal

columns terminated by thin strips of basal face formed in

all six at 268C and blocky, faceted crystals formed

at 248C.

It would be surprising to see any of the sharp needles

in natural snowfall at the ground, because natural snow

never grows at a constant temperature. Nakaya (1954)

does illustrate natural crystals that appear to be sheath

needles in his Figs. 134 and 136, but he evidently does

not define the word ‘‘needle’’ as is done here, imply-

ing tapering to a point, to distinguish needles from thin

columns. His Figs. 135 and 137(b) would be called col-

umns (Fig. 135 is a hollow column) according to the

present distinction, not needles. Neither Magono and

Lee (1966) nor Libbrecht (2005) nor Alena et al. (1990)

define needles in terms of the sharp tip, although Alena

et al. (1990) note that at 258C the needle tips become

sharp as the air velocity (parallel to and toward the tip)

increases.

Knowledge of the growth mechanism is fundamental

for understanding the variability of the growth habits

and will be discussed later. Transitions between habits

during growth do occur, some commonly and others

rarely or not at all. This also is discussed later. Transi-

tions especially from slower- to faster-growing habits

do occur, but even that from plates to needles is not

automatic. At 258C it appears that the growth mecha-

nism does not provide for a smooth progression of

crystal shapes toward higher linear growth velocity.

4. Plates and needles at 258C

a. Plate growth

Two forms of plates are common at 258C in the

present experiments: thin with rounded outlines that

taper to sharp edges (Fig. 4a) and hexagonal, faceted

with prism and basal faces (Fig. 3c). These two forms

occur not just at 258C but over a range of at least several

degrees Celsius, as has been described and discussed

by Keller et al. (1980). Both are common at 258C with

the present setup. The very early, small crystals may be

of either type, round (called discs in Keller et al.) or

completely faceted. The discs are common, evidently

always undergoing a transition to the thicker, faceted

plates with continued growth. Occasionally they grow

FIG. 3. Examples of ice grown in identical conditions [25.058 6

0.18C, 0.5 weight percent (wt.%) NaCl solution]. All scale bars are

1 mm. (a) Two sheath needles, with two small plates, seen edge-on,

growing downward from the tube. (b) One sharp needle growing

to the right at 1.9 mm s21, while one sheath needle grows left at

0.5 mm s21. Two other sheath needles are not in the plane of the

photo. (c) Faceted plate growth after about 2.5 h of growth.

(d) Needle growth with spontaneous growth discontinuities at

points B, C, and D, after about 1.5 h total growth. Some of the

needles were initially the sharp variety, but no sharp needles were

growing at the time of this photo. (e) The bottom portion of (d),

after 18.5 h at 21.58C, rotated to get reasonable focus. See text for

discussion of (d) and (e).
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large enough to branch spontaneously, with rounded,

sharp-edged branches (Fig. 4a) before the prism faces

develop. Keller et al. explain the disc shape in terms

of higher supersaturation at its edges (because they are

sharp, not blunt) leading to the surface being molecu-

larly rough. The growth then would not require the sys-

tematic, advancing steps that produce the prism faces.

The cases with only plate forms growing for extended

times (about an hour or more) are distinctly different

from those with only needles. As seen in Figs. 3c and 4a,

the plates always come in groups, even when they are all

part of a single crystal, as in Fig. 3c. The linear growth

rates of the plates (parallel to an a axis) are about a

factor of 10 lower than those of the needles (approxi-

mately parallel to the c axis). Single individual plates

were never isolated to the degree that the needle tips

are, and their growth velocities were not measured sys-

tematically.

b. Sheath needles

There are two types of needles, named here ‘‘sheath’’

and ‘‘sharp.’’ Both taper to points, with no visible basal

face. Of the two, the most common and most easily

understood is the sheath variety. Sheath needles can be

produced reliably at 258C starting from a solid, hexag-

onal column. A procedure is to start an experiment at

258C and, when it produces a needle crystal of either

kind (as it usually does), to warm the temperature bath

to 228 or 238C, which stops the c-axis growth.3 After

several hours, the needle thickens and its end becomes a

solid, hexagonal column with a basal face (as in Fig. 4d).

Then lower the temperature back to 258C. First, a thin

rim around the hexagonal face grows parallel to the

c axis, starting as a complete, hexagonal sheath. Soon

its corners start to grow faster than the centers of its

edges, and these corners become the needle tips. At

first all six grow at the same velocity, but in time one

or two of them advance faster than the others as the

tips compete for the supersaturation. Figure 4b shows

a stage in this process at which all six sheath needles

are equal in length, before one of them wins the com-

petition and goes far ahead.

Figure 5 is a sketch of the sheath needle shape. The tip

appears to be a point, with no visible basal face, and the

two ribs extend back from it in smooth curves. Needle

growth in these experiments is different from that pic-

tured in Nelson and Knight (1998, Fig. 9) in that the only

two crystal faces are those inherited from the corner

of a hexagon. Often these ribs become scalloped at

some distance back from the tip of the needle, but with

no facets. Sheath needles look much sharper viewed

perpendicular to an a axis than parallel to it, as the

sketch shows. The fast-growth direction of a sheath nee-

dle is nearly parallel to the c axis, but not quite, because

growth on the two prism faces that bound it is slow, but

not zero.

Rarely a new crystal orientation nucleates spontane-

ously at the growing tip of a sheath needle, stopping its

growth in favor of the new crystal. This unexpected phe-

nomenon is much more common at the tips of sharp

needles, where, presumably, the supersaturation is higher.

FIG. 4. All scale bars 1 mm; (d)–(f) use the same scale.

(a) 24.88C, 0.5 wt.% NaCl, after 4 h growth. The rounded plates

very rarely grew to this extent without becoming faceted. Viewed

perpendicular to the c axis, rounded plates always taper to sharp

edges. (b) A hollow, hexagonal column terminated by a basal face

was grown at 25.88C, using pure water. The photo is about 1.5 h

after changing to 25.08C, showing identical sheath needles pro-

jecting from each corner. Later, in competing for the vapor, their

growth rates became very unequal. The view is approximately

along an a axis. (c) A double-ended sharp needle, which nucleated

spontaneously at the tip of another needle (variety unknown), il-

lustrating the fact that their orientation is not parallel to the c axis.

(d) A sharp needle grown at 25.18C, 0.5 wt.% NaCl, and then

grown at 21.58C for 18 h. The tip becomes a solid, hexagonal

column, while back from the tip the slightly different crystal ori-

entation is obvious, and leads to the growth steps on the surface. (e)

Example of the tip of a sharp needle shortly after raising the

temperature to 21.58C, showing a triangular basal face. (f) An-

other example of the tip of a sharp needle.

3 A temperature change like this was done initially to examine

the crystallography of a sharp needle by forcing it to exhibit crystal

faces. It worked well, and often was done subsequently, after

a growth velocity had been established, and occasionally otherwise.

Cooling too fast fogs the inner wall.
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c. Sharp needles

At first the sharp needles were noticed as different be-

cause they looked sharper and thinner than the sheath

needles. Then on closer examination (magnified, look-

ing through the camera) they grew visibly, whereas the

sheath needles grow slowly enough that the tip motion

is not visible to the eye. After many cases were accu-

mulated, the tabulated growth velocities (Fig. 6) show

a distinct separation, with the maximum growth rate of

sheath needles being about 1 mm s21 and the minimum

for the sharp needles at least 1.5 mm s21. Some of the

scatter of the measurements is due to variations of su-

persaturation caused by competition with other crystals,

and to crystals not being exactly aligned normal to the

camera axis, both of which act to make the velocities

too slow. The maximum values are the most significant:

about 1 mm s21 for the sheath needles and 2.5 mm s21

for the sharp needles. The difference between the pure

water and the 0.5% NaCl runs looks significant in Fig. 6

but it probably is not, since the pure-water data include

a long series of runs with one particular starting pro-

tocol that produced very few sharp needles.

In cases of a sharp needle growing almost vertically

down from the seed, rotation of the crystal around its

axis revealed little change in diameter, so their cross

section is not far from circular. However, like the sheath

needles, they also do not grow exactly parallel to the

c axis. Figure 4c shows a double-ended one that nucleated

at the tip of another needle, growing both ways at slightly

different angles. Stopping the needle growth by turning

up the temperature to 238C, the end grows as a hexagonal

column bounded by prism faces that is clearly at a small

angle to the axis of the needle itself (Fig. 4d).

Most of the sharp needles are simple, single crystals

growing almost parallel to the c axis. However, some are

quite different, growing in different crystallographic di-

rections or possibly sometimes as bicrystals with a grain

boundary parallel to the needle axis. Rarely one grows

curved. These other orientations become most evident

when a needle is forced to thicken, by raising the bath

temperature 28 or 38C. Needles with orientations dif-

fering substantially from parallel to the c axis then de-

velop very pronounced steps on their surfaces, as seen

for example in Fig. 3e, from point C to point D. A de-

tailed crystallographic study of these needles would be

a lengthy undertaking because they occur unpredict-

ably and not very often. The specific orientation changes

that occur spontaneously at the tips of sharp needles

are probably the same as the twin boundaries that are

often seen in the riming of natural snow crystals, pro-

ducing spatial dendrites and other forms. The spontane-

ous nucleation of new orientations was a major surprise,

especially in view of the low value of supersaturation in

the present experiments.

5. Seeding the puddle: Ice multiplication

After finding the supercooled puddle frozen a few

times with no visible cause, controls—test tubes with 2 cc

of the water or NaCl solution, sealed with stoppers—were

routinely included with the square tube in the constant

temperature bath. The liquid in them was never seen to

freeze, but the supercooled puddle beneath the growing

crystals froze spontaneously a number of times. Espe-

cially when left overnight, ice crystals sometimes grew

FIG. 5. Sketch of a sheath needle: (top) a cross section and

(bottom) two side views, looking (left) perpendicular and (right)

parallel to an a axis.

FIG. 6. Histograms of the measured growth rates of sheath

needles (,1 mm s21) and sharp needles (1.5–2.5 mm s21), for pure

water and the 0.5% NaCl solution. The difference between the

two compositions probably reflects only a consistent bias in the

initiation procedure, not an impurity effect. The two cases at about

1.5 mm s21, with 0.5% NaCl, are minimum possible values for

those two sharp needles.
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down into the puddle, or to the wall and then down,

nucleating it. It would freeze solid and if ice had grown

into it from the seed, that was always preserved and

easily identified. However, there often was no evidence

of that, and when the freezing occurred in between rel-

atively closely spaced photos, there often had been too

little time for that to happen. (At 258C, when a needle

crystal has grown out to touch the glass wall, the ice on

the wall spreads at about 0.1 mm s21 in all directions,

much slower than the growth of visible needles.)

Of the 185 experiments very near 25.08C (6 ;0.28C),

41 produced only plate forms, while at least one needle

grew in 144. The puddle froze spontaneously in 20 of

the 185 with no evident cause, and 16 of the 20 were

among the 41 cases with plates only. This suggests the

possibility of an ice multiplication mechanism in vapor

growth at 258C, without riming and without any causal

connection with needle crystals of visible size, but the

photographic record provides no direct evidence of what

happens. Visibility deteriorates almost instantly when

ice starts forming in the puddle because of condensa-

tion on the walls.

6. Discussion

The new results here concerning ice crystal growth

are the finding that needle growth at 258C is qualita-

tively different from the growth of thin columns, and

the discoveries of the faster-growing type of ice needle

and of the spontaneous formation of new crystal orien-

tations at growing needle tips, all occurring at 258C,

below saturation with respect to supercooled water, and

with no imposed electric field. The focus of the discus-

sion will be trying to understand the crystal growth re-

sults: ‘‘why does the ice growth behave this way?’’

Both the sharp needles and the new crystal forma-

tion had already been seen, but only in experiments with

strong electric fields. The ‘‘electric needles’’ of Libbrecht

et al. (2002) appear identical to the more common va-

riety of the sharp needles reported here. In the same

reference it is reported that electric needles are more

common in the presence of impurity chemical vapors,

another variable not employed here. The spontaneous

nucleation of a new crystal orientation at a dendrite tip

(in an obvious twin orientation) is shown in Fig. 3 of

Libbrecht and Tanusheva (1999), also in a strong elec-

tric field. In addition, Bailey et al. (2004) report some of

these phenomena occurring in a strong electric field.

The present study was carried out with no intent to

examine effects either of electric fields or chemical vapor

impurities, and unless better reproducibility in producing

these interesting, unusual phenomena can be ach-

ieved, undertaking a systematic examination as a function

of either these variables, or even temperature and super-

saturation, is not appealing. Most of this discussion will

ignore impurities and electric fields, but both will be dis-

cussed in general, in rather speculative terms, at the end.

a. Spontaneous changes of growth forms

When their growth is diffusion controlled, crystals are

often thought to assume the shape that provides the

fastest linear growth velocity, whereas when the growth

mechanism is more important, the shape is dominated

by the crystallographic faces upon which the growth

is slowest. In these experiments, gradual changes in the

growth habit of individual crystals are very rare, with

the exception of the rounded, tapering plates changing

to facetted plates. A needle crystal was never seen to

‘‘sprout’’ from a plate, though sheath needles do appear

(‘‘nucleate’’?) and then dominate growth that started as

several thin plates. The growth rates of both types of

needles are often very constant, as Fig. 7 illustrates. The

two sheath needles in Fig. 7a grew at 0.7 mm s21, though

the shorter one had been slowed earlier, apparently by

competition with another crystal. (These started from

a partial frozen drop, formed by water extruded from

the polyethylene tube.) Figure 7b shows a typical sharp

needle growing to the right at a constant 1.9 mm s21 as a

sheath needle grows to the left at 0.5 mm s21. Although

one might have expected sheath needles to change grad-

ually into sharp needles simply because the sharp needles

grow faster, the many cases of sheath needle growth

(over a hundred) furnish only three possible examples

of this, one of which is seen in Fig. 8.

Sudden, spontaneous changes were not expected at all

but were ‘‘fairly common’’ at the tips of sharp needles

and occurred only very rarely at the tips of sheath nee-

dles. Crystals nucleated at sharp needle tips were all new

needles at different crystal orientations, or perhaps oc-

casionally bicrystals with a grain boundary parallel to

the needle axis. Two instances occurred of apparently

rectangular plates terminating a sheath needle, the

plates perpendicular to the needle axis—probably twin

crystals.

b. The needle growth mechanism

There is a lot of general evidence, and opinion, that

within about 208C of the melting point the mechanism

of ice crystal growth from the vapor (except at very low

supersaturation) is layer nucleation. I argued long ago

that layer nucleation was likely the only mechanism that

could provide for the extreme habit changes seen in the

Nakaya diagram (Knight 1972), Frank (1982) argued the

same point much more authoritatively, and x-ray dif-

fraction topographic studies (Mizuno 1978; McKnight

and Hallett 1978) and direct observation of the critical
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supersaturations required for growth on basal and

prism faces (Nelson and Knight 1998) have confirmed

this as well. Keller and Hallett (1982) wrote that ‘‘ . . .

defects are only important [for ice crystal growth] for

supersaturations less than midway between ice and

water.’’ For the sheath needles, the fact that they form

reproducibly from all six corners of the end of a hexag-

onal column at 258C seems virtually proof positive that

the mechanism is layer nucleation. The probability of

appropriate defects always being available at all six

corners is, surely, essentially zero. For the sharp nee-

dles, we can only say that the mechanism is probably

the same, since sheath needles do occasionally trans-

form spontaneously into the sharp variety. Presumably

the sharp needles grow faster because, lacking the two

‘‘wings’’ seen in Fig. 5, they are sharper, with a more

gradual taper, allowing faster diffusive transport at the

tip as well as less material required and less latent heat

FIG. 7. (a) 25.18C, pure water, case 172. Sheath needles are

growing in both directions. The top-left line connects the points

for the needle growing to the right. The photograph is at about

42 min. The needle to the left only escaped the influence of others

at about 30 min. The circled X’s represent the time of the photo.

(b) 25.18C, 0.5% NaCl, case 210. A sheath needle and sharp needle

are growing simultaneously, both at constant growth rates. Photo

at 20 min.

FIG. 8. 25.18C, 0.5% NaCl, case 219. Two sheath needles, one of

which transitions to a sharp needle. Photos at 10 and 20 min.
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released per unit of linear growth. The argument then

is simply that either shape provides for very nearly

steady-state growth, as illustrated by Fig. 7, so there is

little tendency for either to evolve into the other.

c. Impurity effects

The effect of impurity adsorption upon growth is

necessarily at the crystal surface where the adsorption

occurs and is far more likely to be interference than

stimulation. Simply put, the impurity molecules get

in the way of the H2O molecules that could contribute

to growth. Excepting possibly HF and NH4OH, there

is little expectation that chemical vapors can be in-

corporated into the ice structure during vapor growth.

Libbrecht and Bell [2010, unpublished manuscript

(available online at http://arXiv.org/abs/1101.0127)] re-

cently reviewed the literature on impurity effects upon

ice growth from the vapor and performed an experi-

mental survey of them. Virtually all such effects consist

of stimulating needle or column growth at tempera-

tures and supersaturations at which otherwise the form

would be plates. Stimulating c-axis growth might con-

ceivably be caused either by the impurities adsorb-

ing on the basal plane and somehow accelerating the

growth kinetics, or by adsorbing on prism or secondary

prism planes and interfering with the growth kinetics

there. The latter is far more likely than the former;

chemical impurities in general are far more likely to

interfere with growth than to catalyze it. Growth par-

allel to the c axis (growth on the basal plane) auto-

matically produces fresh, clean surfaces nearly parallel

to the c axis. This fresh surface becomes inhibited at

a rate that depends upon the rate of adsorption of the

impurities, which depends upon diffusion and kinetic

factors. This speeds growth in the c-axis direction by

limiting the thickness of the column or needle, because

of the strong feedback with diffusive transport at the

growing tip of the needle or column.

These considerations do not change the discussions

of the two types of needle growth. However, the fact

that both needle types commonly grow together in the

same experiment (e.g., Figs. 4b, 4d, 7, and 8) does sug-

gest that while impurity vapors may very well encour-

age the growth of the sharp needles, they probably are

not necessary for it.

d. Electric field effects

Researchers have ascribed electrical enhancements

of ice growth rate from the vapor to an ‘‘electric wind’’

(Anderson and Hallett 1979), or ‘‘electrically enhanced

diffusion’’ (Libbrecht and Tanusheva 1998, 1999), and of

course electric field gradients are steepest at sharp

points, such as needle tips. In the present experiment

one can apply high DC voltage (several thousand

volts) to the growing crystals using a wire down into the

ice on top of the cork, sketched in Fig. 2. The DC po-

tential (2000 V was used here) could be switched on

and off without disturbing anything else, and a small

number of trials have verified the existence of a large

effect of the electric field upon the ice growth. However,

that topic has not been pursued further.
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