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ABSTRACT 

Measurements have been carried out in a cold box on the nucleation of ice forma- 
tion in supercooled clouds by silver iodide smoke particles. The smokes Rere 
produced by atomizing an acetone solution of silver and ammonium iodides into a 
hydrogen flame. 

The measurements show that  ice crystals do not form immediately on the silver 
iodide particles. The silver iodide can be regarded as greatly increasing the 
probability of ice crystal formation. The number of effective nuclei which can be 
produced per gram of silver iodide varies from about 1OI3 at - 10°C. t o  1016 a t  -20°C. 

INTRODUCTION 

About a year and a half ago, i t  mas found that silver iodide smokes had the 
property of causing snowflakes to form in a supercooled cloud ( 5 ) .  It is be- 
lieved that silver iodide particles are good nuclei for ice formation because of the 
close resemblance of their crystal structure to  that of ice. Experimentation 
has been under way to  learn more about the production and behavior of these 
smokes. The work t o  be described in this account should be regarded as  pre- 
liminary. The techniques and apparatus used in the work frequently leave 
much to  be desired in the way of precision. The results are tentative and await 
confirmation by better experiments. This work, despite the uncertainties in 
it, nevertheless sheds light on the mechanism of nucleation and suggests new 
experiments and improved techniques for giving a more complete picture of the 
phenomena associated with nucleation by silver iodide. 

APPARATUS -4XD TECHNIQUES FOR MEASUREMENTS ON SMOKES 

Wind tunnel 
I n  order to  determine the output of a source of silver iodide smoke, it is neces- 

sary to  secure a sample of smoke for testing that is a known fraction of the 
total output. This was accomplished by diluting the output of the smoke gen- 
erator with a large known flow of air, and taking a known volume of this dilute 
smoke for testing. The smoke generator was placed in front of a $-horsepower 
electric fan, 3 ft.  in diameter, which sucked the smoke along with a large volume 
of air into a crude wind tunnel 4 f t .  square in cross-section and 24 ft. long. The 
stirring action of the fan and the turbulence in the tunnel mixed the smoke with 

1 Presented a t  the Symposium on Aerosols which was held under the joint auspices of 
the Division of Physical and Inorganic Chemistry and the Division of Colloid Chemistry 
at the  113th National Meeting of the American Chemical Society, Chicago, Illinois, April 
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the air to produce a more dilute smoke, which was discharged a t  the other end 
of the tunnel where samples were taken. When a heavy white oil smoke was 
introduced into the tunnel, it appeared to  be quite uniformly mixed and diluted 
as it left the tunnel. The rate of flow in the tunnel, as determined by measuring 
the velocity with a vane-type anemometer, was 4 X lo6 ~111.~ per second. 

Of the silver iodide smokes used, all except the ones having the largest par- 
ticle size were completely invisible under the conditions of the experiment. 
The smokes having the largest particles were quite transparent and of a pale 
blue or purple appearance in the sunlight. 

Smoke sampling and diluting syringe 
I n  many of the cases, only a fraction of 1 cc. of the smoke from the tunnel is 

needed for a test. Precipitation on the walls of a container of this size would be 
very rapid. Therefore, a syringe mas constructed for taking a sample of the 
smoke and diluting it quantitatively to  any desired amount. The syringe 

n 

FIG. 1. Smoke sampling and diluting syringe 

(figure 1) consists of a metal tube 3 in. in diameter with a piston and leather 
washers which can be moved back and forth a fixed distance. A sample of smoke 
was taken with the syringe and then diluted to  the desired concentration by 
moving the piston in and out the requisite number of times in smoke-free air, 
upwind from the tunnel. 

Cold chamber 
The early measurements on the number of nuclei contained in silver iodide 

smokes were made using Schaefer’s technique (3). A measured volume of 
smoke was introduced into ;L supercooled cloud in a home freezer and the number 
of snow crystals produced per cubic centimeter was visually estimated. 

This technique has been slightly modified in the more recent work and the 
apparatus used is shown in figure 2. The tests were carried out in a brass 
cylinder 15 in. high and 12 in. in diameter having walls 4 in. thick to  provide 
good thermal conductivity. 

This chamber, which was closed at  the bottom, was maintained a t  a low 
temperature by placing it in a 4 cu. ft. home freezer. The freezer thermostat 
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was used to regulate the temperatures. A supercooled cloud was maintained 
in the refrigerated cylinder by evaporating water from wet paper toweling wound 
around a 15-watt electric heater placed in the lower part of the cylinder. A 
hinged masonite lid was used to  close the top of the cylinder during tests. The 
temperature a t  the top of the cylinder was found to be about 2°C. warmer than 
at  the bottom. The minimum temperature obtainable in the chamber was 
-20°C. I n  future experiments, it  is highly desirable that lower temperatures 
be obtainable and that provisions be made for better temperature regulation. 

Smokes were tested by introducing them from the sampling syringe into the 
supercooled cloud in the cylinder. A stack of cold microscope slides was placed 
in the bottom of the cylinder. The snowflakes produced by the action of the 
smoke settled on the bottom of the cylinder and on the topmost microscope 

FIG. 2. Apparatus for counting nuclei in smoke 

slide. ilt intervals 2 min. apart the slide on which the snow had fallen was 
removed, thus exposing the slide beneath. The slide which was removed was 
then examined under a microscope kept in the freezer. By means of a Whipple 
eyepiece, the number of flakes collected per square millimeter in a 2-min. period 
was counted. When the rate of snowfall had dropped to a low value, the 
total number of flakes which had fallen per square millimeter was determined 
by adding the numbers which had fallen in each 2-min. sample. The total 
number of snow crystals which would have been produced by the entire output 
of the generator could then be calculated from the area of the bottom of the 
cylinder, the volume and dilution of the smoke introduced, and the volume 
rate of production of the smoke. 

Electron microscope examination of smoke 
Smokes being tested were examined with the electron microscope to deter- 

Samples of smoke were precipitated mine their appearance and particle size. 
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750 cc. of acet,one and 250 cc. of water. A dilute solution was also used which 
was made by diluting the above solution to  ten times its volume with acetone. 
Solutions can be diluted any desired amount with acetone; however, dilution 
with water causes precipitation of the silver iodide. Ammonium iodide was 
used in the solutions for these experiments because i t  probably is completely 
decomposed in the hydrogen flame, thus leaving a smoke of uncontaminated 
silver iodide. 

The rate at which silver iodide was fed into the smoke generator was varied 
by controlling the rate of flow of solution by adjusting the valve on the nozzle 
and by using solutions of different concentrations. 

SUPERCOOLED CLOUD AT -17%. 
SEEDED WITH POP GUN 

SUPERCOOLED CLOUD AT-17'C. SEEDEU 
WITH SILVER IODIDE SMOKE 

W 
0 0- 
& 

g - 1 -  

K W 

3 

LL 

TIME M I N U T E S  0 

FIG. 4. Comparison of seeding with silver iodide smoke and seeding with popgun 

EXPERIMENTAL RESULTS 

Decrease in rate of snow formation after seeding 
There was found to  be a large difference in the behavior of the supercooled 

cloud when it was seeded with the low-temperature air produced by a popgun 
and when it was seeded with silver iodide smoke. From figure 4 it  can be seen 
that although many snow crystals were produced by the low temperature from 
the popgun, all of these crystals had precipitated to  the bottom of the container 
a t  the end of 10 min. When the cloud was seeded with silver iodide smoke, 
however, a measurable number of ice crystals were still precipitating at the end 
of almost an hour. The rate of snowfall decreases to  one-half each 2 or 3 min. 
This rate of decrease was not found to vary significantly with temperature or 
with the particle size of the smoke although, as will be seen, the total number 
of snow crystals varied over several factors of ten, depending on the tempera- 
ture of the supercooled cloud. 

Precipitation of smoke in sgringe 
One possible source of error in these experiments is that  which might be caused 

I n  by coagulation and precipitation of the smoke in the sampling syringe. 
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order to evaluate this rate of disappearance, tests mere made in which small 
smoke samples were withdrawn from the syringe after it had been in the syringe 
for varying periods of time. The number of effective nuclei in a sample of smoke 
was found to  decrease by one-half every 20 min. The time required to take, 
dilute, and discharge a sample into the cold chamber was never more than a 
minute or two, so that the changes in the smoke occurring during this time were 
not large. 

SIZE RANGE OF SMOKE PARTICLES 

NED FROM ELECTRON 

-13.C. 

L 

NUMBER OF ICE CRYSTALS FORMED PER GM. OF Aqt  
RELATED TO TEMPERATURE OF SUPER COOLED 
CLOUD AND RATE OF AqI CONSUMPTION 

MG,'SEC. OF AqI CQVSUMED BY SMOKE GENERATOR 

FIG. 5. Number of ice crystals formed per gram of silver iodide related to  temperatuer 
of supercooled cloud and rate of silver iodide consumption. 

Number of ice crystals per gram of silver iodide 
The results of experiments carried out with different settings of the smoke 

generator and in supercooled clouds a t  different temperatures are shown in 
figure 5 .  In  this graph, the results are also given for the electron microscope 
examination. 

Electron photomicrographs were made of four different samples of smokes. 
A hundred or more particles in a representative section of each photograph 
were measured, and a graph was made of the number of particles as a function 
of their diameter. All of the smokes examined showed a large number of par- 
ticles having a diameter of about 30 i., which is the smallest particle observable 
with the microscope. It, therefore, seems probable that in these smokes there 
are many more particles which were too small to be resolved. By neglecting 
these invisible particles, it was possible to estimate the minimum number of 
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particles formed per gram of silver iodide by dividing the number of particles 
in a representative section of a photograph by the sum of their masses computed 
on the assumption that they were spheres having the same density as silver 
iodide crystals. Figure 6 shows electron photomicrographs of two typical 
smokes. 

FIG. 6 .  Smoke from silver iodide-ammonium iodide solution. (a 
(b) 28 mg./sec. 

DISCUSSION OF RESULTS 

The work thus far is not of sufficient scope to give straightf 
to many questions which arise concerning the mechanism of silve 
tion. It is the purpose of this discussion to venture some possil 
for the experimental observations. 

Formation of ice crystals 
Figure 4, which shows the number of snow crystals precipita 

after seeding, illustrates a significant difference between the beh 
seeded with silver iodide and one seeded by a popgun. Seeding 
or dry ice produces very large numbers of small ice crystals by 
region of the cloud to a temperature a t  which spontaneous n 
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place. These ice crystals then mix with the cloud and gron- a t  the expense of 
the supercooled water drops. From figure 4 it can be seen that although a large 
number of ice crystals is produced by the popgun, all of these crystals have 
precipitated out a t  the end of 10 min. N o ~ v  if all of the silver iodide particles 
put into the cloud formed ice crystals at the time they were introduced, they, too. 
should have precipitated out a t  the end of 10 min. However, at the end of 
almost an hour, ice crystals are still precipitating. This leads one to the con- 
clusion that all of the silrer iodide particles do not form ice crystals immediately 
and that even at  the end of half an hour or more, appreciable numbers of silver 
iodide particles have not yet formed snow crystals and are still present in the 
cloud. 

There are T-arious possible explanations for the time required for silver iodide 
particles to  initiate the formation of ice crystalb in a supercooled cloud. One 
possibility ii. that in order for an ice crystal to  form on a crystal of silver iodide, 
a certain critical number of water molecules must by chance arrange themselves 
on its surface in the structure of ice. -4ccording to this explanation, a silver 
iodide particle n-ould not act as a nucleus until this event took place. The 
presence of a silver iodide aurface might be regarded as merely greatly increasing 
the probabilitj- of the formation of ice. 

If n-e take a simplified vien- of the theory of nucleation as advanced by Gibbs, 
in supercooled water or in a region supersaturated with respect to  ice, the 
water molecules by chance, from time to time, arrange themselves in the lattice 
of crystalline ice. If these minute aggregations are smaller than a certain size, 
their vapor pressure is greater than that of the supersaturated region and they 
are unstable and break up. If, on the other hand, they are larger than a certain 
size, their vapor pressure is such that they are stable and continue to  groJT-. The 
lon-er the temperature, the smaller TI-ill be the critical size necessary for stability. 
Schaefer (4) found, using clean air free of dust, that the rate at TT-hich nuclei 
form is very loiv at temperatures above -38.9"C. Hon-ever, in the presence 
of a silver iodide surface, it is possible, because of the close similarity betn-een 
ice and silver iodide, that the probability of the chance formation of a nucleus 
is greatly increased and is large even at  temperatures as high as - 10°C. 

*Another way of looking at  the phenomenon is to  consider the gron-th of an 
ice crystal as the formation of a crystal of ice on ice. TT'e knon- that this takes 
place n-ith the greatest ease. The formation of ice on a large surface of ice 
requires the formation of very little new ice surface; hence there is little change 
in surface energy. For every new ice surface formed, an almost equal ice surface 
is covered up. Hon-ever, when a neTv ice surface is formed in the absence of 
any other surface, large amounts of surface energy are required relative to  the 
free energy decrease in the formation of the interior of the new phase. Because 
of the close gimilarity of ice and silver iodide, the formation of ice on a silver 
iodide surface probably involves only a small amount of surface energy, and 
therefore the chances of this taking place are good. 

The loiver the temperature, the smaller will be the critical size of a stable 
nucleus. Because the critical size is small at low temperatures, the chances of 
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a nucleus forming are, in general, better. Hence, the rate of nucleus formation 
is generally greater a t  low temperatures. 

Another possible explanation for the time required for silver iodide particles 
t o  form ice crystals can be based on the assumption that the silver iodide par- 
ticles produced by the generator are not all in the hexagonal form which is 
similar t o  ice. Possibly they might exist in a metastable condition as a super- 
cooled liquid or as some other modification. In  this case, the rate a t  which they 
react to form ice crystals would be determined by the rate a t  which they trans- 
form into the stable hexagonal form. However, i t  appears for several reasons 
that this factor is probably not large in these experiments. It has been found that 
the silver iodide smokes used in these tests will nucleate silver iodide solutions 
supersaturated with respect to  the hexagonal form and that the crystals which 
result are of the hexagonal variety. The number of such nuclei in a given 
volume of smoke is of the same order of magnitude as the number of particles 
determined by the electron microscope. It, therefore, seems probable that a t  
room temperature most of the smoke particles are of the hexagonal structure. 
I n  addition one would expect, if the rate-determining factor involved the trans- 
formation of the silver iodide particles themselves, that  smokes aged for a period 
of time a t  low temperature would show a different rate of falling off of ice crystal 
formation when they are put in a supercooled cloud. This has not been observed. 

Another possibility is that  the formation of an ice crystal under the influence 
of a silver iodide particle can take place only in the liquid phase. I n  this case, 
the rate of ice crystal formation might be limited by the rate a t  which silver 
iodide particles entered into supercooled water drops. This could occur either 
by diffusion of the particle to  the drop or by condensation of a drop on a par- 
ticle. It has been found that when a suspension of silver iodide particles in 
water is sprayed into a supercooled cloud, ice crystals are formed. It is there- 
fore probable that silver iodide particles can act as nucleating agents in a drop 
of liquid water. However, it has not been definitely established that this is a 
necessary condition for silver iodide to  act. If we assume this to  be the rate- 
governing factor in these experiments, we are faced with the problem of explaining 
the large effect of temperature on the total number of ice crystals produced. 
As will be discussed later, the variation of the number of ice crystals produced 
with temperature can be explained on the basis that  the rate of nucleation 
increases greatly with decreasing temperatures. There is no reason to  expect 
that  the rate a t  which particles enter water drops is particularly temperature- 
sensitive. It is quite possible that the time required for a particle to enter a 
water drop is of considerable importance in these experiments, but it is probably 
not the most important rate-governing factor. 

The interpretation of results is further complicated by the possibility that  
small particles of silver iodide smoke may dissolve in water drops before they 
have a chance to  start the formation of an ice crystal. At 25OC. the solubility 
of silver iodide in water is about 1 X moles per liter (1). A water drop 10 
microns in diametero on this basis should be capable of dissolying a silver iodide 
particle about 100 -1. in diameter. The solubility should be somewhat greater 
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for particles of this small size. However, the effect of particle size should be 
counteracted to  some extent by a decreased solubility a t  the lower temperatures. 
If these factors are of importance, the kinetics of the nucleation may be dependent 
to  a large extent on the rate of solution of the silver iodide particles in the water 
drops. 

The author is inclined to  favor the explanation that the rate of ice crystal 
formation is governed primarily by the rate of spontaneous ice nucleus formation 
on the silver iodide particles. I n  some as yet unreported experiments on the 
nucleation of supercooled water and supercooled tin, the author measured at  
constant temperature the rate of solidification of systems composed of a number 
of independent supercooled drops. It was observed that the drops did not all 
freeze a t  once but froze at  a rate which steadily decreased with time. This rate 
of freezing increased greatly as the temperature was lowered. I n  these experi- 
ments, foreign particles and surfaces were present which undoubtedly served as 
foreign nuclei. The time required for these drops to  freeze could be best ex- 
plained on the basis of the chance formation of stable nuclei on the foreign 
surfaces. It seems reasonable to believe that in the case of nucleation by silver 
iodide similar phenomena play a dominant rble. 

If we proceed on the assumption that silver iodide merely increases the rate 
of the chance formation of spontaneous ice crystals, it  is possible to  come to some 
conclusions as to  the magnitude of the rate and its dependence on temperature. 
Some of the particles of silver iodide introduced into the cold chamber un- 
doubtedly become lost as potential nuclei by precipitation on the walls of the 
chamber. The rate of precipitation on the walls is probably large because of 
thermal diffusion resulting from the 15-watt heater in the vaporizer. One 
would expect the rate a t  which particles disappear by precipitation on the walls 
t o  be proportional to the concentration of the particles. On the basis of this 
assumption, the concentration of particles would decrease exponentially with 
time. If the rate of snow formation is proportional to the concentration, this 
too should decrease exponentially with time. This is experimentally observed 
to  be the case. 

On the basis of the foregoing assumptions, one can analyze the situation mathe- 
matically. 

If c is the number of silver iodide particles per unit volume a t  a time t then: 

where K1 is the rate a t  which the silver iodide particles form ice crystals and K z  
is the rate at which they are being removed from the cloud by precipitation 
or other causes. By integrating equation 1 we obtain an expression for the 
concentration c a t  any time: 

(2) = coE-(Kl+K2)t 

where co is the concentration a t  time t = 0. If N is the number of ice crystals 
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1.5 
7.5 
37.5 

formed per unit volume, then 

I 

I 5.5 ~ 173 
I 1.9 75 

130-1400 1.4 ~ 67 

30-700 
50-1070 

which when integrated gives for the number of crystals formed a t  time t :  

Or when precipitation is complete 

'GI Ki + Kz 
N =  

or 

The fact that  the rate a t  which the rate of snowfall 

( 5 )  

(6) 

decreases with time is not 
greatly influenced by temperature, while the total number of crystals produced 
increases by a large factor with a small temperature decrease, indicates that a t  
higher temperatures K z  is far greater than K1. This is another way of saying 
that a t  higher temperatures the rate a t  which the silver iodide particles form 
snowflakes is so small that  a large majority of them precipitate on the container 
walls before they have a chance to  form snow crystals. At -20°C. the number 
of snow crystals obtained approaches the number of particles determined from 
the electron microscope, so that it is reasonable to  assume that a t  this tempera- 
ture most of the smoke particles form snowflakes. 

If me assume that the rate a t  which precipitation decreases with time a t  the 
higher temperature is determined solely by Kz, then Kz computed from the 
curve in figure 4 is approximately 6 x From the data in figure 
5 ,  N1 and co can be estimated and from them and the above value for Kz, values 
for K I  for different smokes a t  different temperatures can be computed. 

per second. 

These values expressed as half-life in hours are as follows: 

SILVER IODIDE 

mg. jsecond 

~ ~~ 

HALF-LIFE 

-13°C.  I -1O'C. 

A .  1- hours I hours 
__ 

RAKGE OF PARTICLE D I A M E m R  
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The curves in figure 5 show a maximum for the number of nuclei produced 
per gram of silver iodide a t  a certain rate of silver iodide consumption. This is 
probably because at a low rate of consumption, the particles produced are so 
small that their reaction rate is small and many of them precipitate out before 
they have a chance to serve as nuclei. At high rates of consumption, the 
particles formed are larger and react more rapidly, but because they are larger, 
fewer are formed per gram of silver iodide. 

Diflusion coeficients of smoke 
,4n average diffusion coefficient for the silver iodide smoke can be calculated 

from measurements made on the rate a t  which the smoke precipitates on the 
walls of sb container. I n  the experiments which were made to  find the rate a t  
which the number of nuclei falls off as a function of the time the smoke is held 
in the sampling syringe, it was found that the half-life of the smoke was about 
20 min. This was for a smoke produced when the generator was consuming 
20 mg. of silver iodide per second. 

Langmuir (2) has derived the following expression for the rate of precipitation 
of a smoke of diffusion coefficient D on the walls of a container having a volume 
I; and an internal area A with slight convection caused by a slightly higher tem- 
perature a t  the bottom than the top: 

d In c - 0.64L4D2'3 - -  
dt T i  (7) 

where c is the concentration of the smoke a t  any time t .  

6 X 

ficient as a function of particle radius: 

Using this equation the diffusion coefficient is calculated to be approximately 

Langmuir (2) has also given the following expression for the diffusion coef- 

(8) 
2.04 x 1.18 x lo-'' 

a D =  + 
a2 

where a is the particle radius. 
corresponds 

to  a particle diameter of 400 A. This is in reasonable agreement with the 
measurements from the electron microscope, which show this smoke to  have a 
particle diaFeter ranging from 30 8. to 1400 d. with a median diameter of 
about 300 A. 

As has been shown, Kz, or the rate of disappearance in the cold chamber of 
silver iodide particles from causes other than nucleation, is about 5.7 X 10-3 
per second. 

and equation 7, it  can be calculated 
that the smoke concentration should fall a t  a rate of 1.3 X per second. 
This is far less than the observed rate of decrease, K S ,  which was found to be 
5.7 X This calculation, of course, does not take into account the thermal 
diffusion caused by the vaporizer heater in the cold chamber, which would be 
expected to  increase greatly the rate of precipitation on the walls. 

Using the diffusion coefficient it is possible to  estimate the rate a t  which the 

According to this expression, $he diffusion coefficient 6 X 

Using the diffusion coefficient of 6 X 
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concentration of the smoke decreases because of precipitation on the water 
drops of the supercooled cloud. It can be shown that the rate of change of 
concentration due t,o this cause is given by the relat'ion 

d l n c  _- - - -4rDroQ 
dt 

where ro is the radius of the mater drops and Q is the number of drops per cubic 
centimeter. 

If we assume the liquid water contents to  be 1 g. per cubic meter and the drop 
radius to be 5 microns, the rate of change of concentration from this cause is 
3.6 x 10-4. 

SUMMARY 

Measurements have been carried out on the nucleation of supercooled water 
clouds by silver iodide smokes. The smokes were produced by spraying a, solu- 
tion of silver iodide into a hydrogen flame. The particles of the smokes yere  
foundoby electron microscope examination to range in diameter from 30 A. to  
1400 A. The number of ice crystals produced per gram of silver iodide was deter- 
mined as a function of the temperature of the supercooled cloud and the rate of 
introduction of silver iodide into the flame. Yields of ice nuclei of as high as 
10l6 per gram of silver iodide were obtained when the supercooled cloud \vas at 
-20°C. At - 10°C. the same smoke produced only ice crystals per gram. 

It has been found that silver iodide particles do not react immediately to  
form ice crystals when they are put into a supercooled cloud. Ice crystals were 
found to  be still forming a t  a measurable rate 50 min. after a silver iodide smoke 
was introduced into a supercooled cloud. It is believed that fewer ice crystals 
are produced a t  higher temperatures than a t  lower temperatures, because the 
silver iodide particles react more slowly to  form ice crystals and most of them 
precipitate on the walls of the cold chamber before they have time t o  react. 

According to  this interpretation of the results, the rate of reaction a t  - 13°C. 
is thirty or forty times that a t  - 10°C. 
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