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CHAPTER I

INTRODUCTION

It has "been known for some seven decades that the

presence of a free surface, onto which condensation may

take place, is required before the phase change from

vapour to liquid will proceed, and that the smaller is

the radius of curvature of the surface, the higher the

degree of supersaturation of the vapour must "be to induce

the phase change. Such surfaces were found to be present

in any normal sample of atmospheric air in the form of

condensation nuclei, ranging in size and in effectiveness

as centres at w-hich condensation would take place from

relatively large dust particles, effective at very small

degrees of supersaturation of less than 1%t to minute

clusters of vapour molecules, stabilized by the presence

of a charge, requiring a supersaturation greater than

kOO% to be effective. The construction of a device

called a cloud chamber by C.T.R. Wilson (1895) made poss¬

ible the quantitative study of such centres or condensa¬

tion nuclei, the cloud chamber allowing the establishment

of supersaturated conditions by subjecting gaseous samples,

saturated with water vapour, to controlled, measurable

expansions of high speed. In an early paper (1897), he

reported that the irradiation of clean moist air with



-2

X-rays gave rise to an increased cloud density seen when

the gas was sufficiently cooled, concluding that he was

observing condensation promoted by gaseous ions, and

extended the work (Wilson, 1899) to show that, for the

case of water vapour, negatively charged ions are con¬

siderably more effective as condensation centres than

positive ions. In 1911 he observed and photographed the

lines of drops formed on ions produced by the passage of

individual charged particles through the gas, thus pro¬

viding physics with an elegant technique of studying

atomic and nuclear interactions. This latter use of the

cloud chamber was of such importance that the majority

of the chambers constructed since have been designed for

this purpose, and the development of the instrument —

increase in size, use of counter systems, use of higher

gas pressures, decrease of recycling time — have each

taken place as a result of its value in particle physics

experiments.

The cloud chamber is also an invaluable tool for the

study of condensation nuclei allowing the accurate deter¬

mination of the effectiveness of these as condensation

centres. It is particularly useful in the case of nuclei

produced within the working volume of the chamber, since

not only can the cloud density and distribution at the

production stage be easily recorded, visually and photo¬

graphically, but because a high percentage of the drops

formed in this first expansion re-evaporate to nuclei,
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further investigation can be made in the subsequent ex¬

pansions, Information obtained fron these cleaning

expansions was shown to be particularly important by

Watson (196U) in an investigation of the condensation
7

nuclei produced in a supersaturated vapour by an elec¬

tric field. The retention of the moist gas within the

working volume makes possible the repetition of the pro¬

duction of nuclei under exactly similar conditions. After

a number of such experiments the free liquid on the

chamber walls will be very slightly contaminated by drops

formed on the nuclei produced, falling onto the walls in

each of the cleaning expansions. Chemical analysis of

this liquid may then yield information on the constituents

of the nuclei and on their mode of formation.

The use of the cloud chamber in the study of the

origin and nature of the nuclei produced by the irradia¬

tion of moist gases with ultra-violet light, initiated by

C.T.R. Wilson (1899), has been continued by a number of

other research workers in this field. This problem,

although receiving considerable attention since the ex¬

periments of C.T.R. Wilson, is in no way settled, the

literature showing considerable contradiction on the

question of in which gases the UV-effect appears, several

authors attributing the formation of nuclei to the pre¬

sence of a variety of impurities in trace quantities.

Undoubtedly, the formation of nuclei does take place when

a wide variety of substances, which need be present only



in trace quantities, are irradiated with ultra-violet

light, Ltick and Rippere (1962) suggesting a technique

for the detection and measurement of very low concen¬

trations of gases and vapours including "benzene, the

hydrocarbons, mercury and sulphur dioxide by the conver¬

sion of these to condensation nuclei by a photochemical

reaction. The study of the properties of such nuclei

and of their mode of formation is, however, in no way

complete. This aspect of the problem, the study of the

properties of some UV-nuclei, has been chosen for study

by the author, and an investigation of those nuclei

formed in argon-water and nitrogen-water mixture forms

the basis of the work carried out by the author.

With the exception of a preliminary investigation

carried out by Watson (196U) using a chamber operating

at a pressure of 30 atmospheres, the studies of UV-

nuclei have been carried out using atmospheric cloud

chambers. The use of a high pressure chamber in conden¬

sation studies is advantageous because of the extended

period over which relatively stable conditions prevail

within the working volume. This extended period, which

is of the order of ten times larger for a chamber operated

at 30 atmospheres pressure compared to one used at

atmospheric pressure, is particularly important when

visual observations are made and such a high pressure

cloud chamber was used by the author throughout the in¬

vestigation. The following pages contain the results of
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the author's study of the nuclei produced by the

irradiation of argon and of nitrogen, each saturated

with water vapour, the majority of the observations being

made visually, but confirmed photographically whenever

possible. The conclusions were only drawn from sets of

observations which had been repeated many times and

which consistently gave the same result.
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CHAPTER II

THEORIES OF CONDENSATION PROCESSES

In this chapter a number of condensation theories Mil

be outlined and discussed. The theory of the condensa¬

tion on solution droplets is of relevance to the work

following, and the theories of ionic condensation and

homogeneous nucleation will be briefly dealt with in

order to illustrate the degree of agreement between theory

and experiment in the wider field.
, ..

2.1 Equilibrium Vapour Pressure over a Plane Liquid

Surface

The equilibrium between the liquid and vapour phases

is a dynamic one, molecules continually passing from one

phase to the other at the interface. Only a certain

fraction of the liquid molecules striking the interface

have velocities sufficient to enable than to escape from

the attraction of the neighbouring molecules into the

vapour. Molecules of the vapour which collide with the

surface of the liquid are attracted by the liquid molecules

and may be captured, the number of such collisions depend¬

ing on the vapour pressure. A state of equilibrium is

reached when these two opposing effects balance one

another. As the temperature rises, the average velocity

of the molecules of the liquid increases, thus increasing

the number of molecules escaping at the interface and
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therefore increasing the equilibrium vapour pressure.

Because of this dependence of the equilibrium vapour

pressure on the temperature, a supersaturated vapour is

established when an adiabatic expansion of a. cloud

chamber is carried out. The form of the relation between

the vapour pressure and the temperature may be derived

thermodynamically, this showing that the vapour pressure

rises rapidly - almost exponentially - with the tempera¬

ture.

2.2 Equilibrium Vapour Pressure over a Convex Surface

If a non-planar surface is being considered, then

the change of surface energy (as condensation occurs)
must be included, the effect of this being to increase

the equilibrium vapour pressure over a convex surface

and decrease it over a concave surface. The equilibrium

value of the vapour pressure p^ over a spherical drop¬
let of radius r was first deduced by Kelvin (1870)
from thermodynamic arguments as

Pr , 2M <T
In /p =40 pRTr

where p^ is the saturated vapour pressure at a tempera¬
ture, T°K:, R is the Universal gas constant, and M,

p and cr are the molecular weight, density and surface
tension respectively, of the liquid.

This equation may alternatively be interpreted as

giving the critical value of radius rQ of a spherical
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droplet for it to be in unstable equilibrium with the
p

prevailing degree of supersaturation /p . A dropto

smaller than this critical size would be unstable towards

evaporation, and one which is larger would increase in

size without limit, unless external factors reduce the

degree of supersaturation to the new equilibrium value

determined by the increased radius of the drop. Solid

insoluble particles whose surfaces are wettable, will

act as condensation centres, continued condensation

being initiated at supersaturations only slightly less

than those predicted by the Kelvin relation. Nuclei of

this type, and other particle types, exist in large num¬

bers in any normal sample of atmospheric air and are

broadly classified as Aitken nuclei after one of the

early experimenters in this field.

2.3 Condensation of Vapour on Ions

It was found by C.T.R. Wilson (1897» 1899) that if

air, initially saturated with water vapour, is freed

from all Aitken nuclei by repeated condensation on these

and deposition of the resulting drops onto the walls of

the chamber, no visible effect was produced by further

expansions unless the degree of supersaturation set up

was greater than about fourfold. Wilson showed that the

cloud produced was due to condensation taking place on

gaseous ions. The Kelvin theory may be extended to the

case of a charged droplet by taking account of the



electrostatic surface energy of the drop. This causes

an increase in the stability, i.e. a decrease of the

equilibrium vapour pressure over the surface, compared

to an uncharged drop, since a decrease in the radius

leads to an increase in the electrostatic energy of the

system. J.J. Thomson (1888) first gave the result for

a droplet carrying a charge q in an external medium

of dielectric constant

r pr/ M^ /p«> ■ jsb
2£" _ q2/ .
r 7 8xeQr1*

More accurately, (~) should be replaced by (~- - •—) -£ _ £« £«i
O O 1

(Tohmfer and Volmer, 1938), where is the dielectric

constant of the condensed liquid, since, in practice,

one is concerned with drops carrying a single electronic

charge, which can lead only to an effective surface

charge distribution by polarizing the drop. Assuming

bulk values for e, and en, the correction iso 1

negligible.

Several important features of ionic condensation

are revealed by Thomson's relation, the equilibrium
Pr

curve, /Pw v« r» having a maximum value, and there
always existing a solution for the equilibrium value of

pr .

r whatever the value of /p • That such a solutionCO

always exists implies that an ion in a gas will always

be surrounded by a cluster of vapour molecules even if
always

the gas is fairly dry, so that a condensation nucleus is/
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present. In a gas saturated with water vapour such

singly charged clusters will contain about 10 water
••8

molecules and have a radius of approximately U x 10
pr y

cms. The maximum value of /p , again for the caseCD

of water and a singly charged ion, is about U.6, any

supersaturation greater than this value, the critical

value, causing the growth of the cluster to visible

size. Although this theory suggests that the critical

value is sharp, the number of molecules in the cluster is

such that appreciable statistical fluctuations in the

cluster size will occur, this being in agreement with

the experimental observation that all charged nuclei of

a given sign do not become effective at exactly the same

supersaturation.

Comparison of the predictions of the above theoreti¬

cal result shows only moderate agreement with the experi¬

mental values of the supersaturation necessary for the

onset of ionic condensation, and immediately shows one

ma^or discrepancy in predicting the same behaviour for

negative as for positive ions. It is found that with

certain liquids condensation occurs more readily on ions

of a particular sign, water condensing preferentially on

negatively charged ions. Qualitatively the sign prefer¬

ence may be explained in terms of the orientation of the

surface molecules, in the case of water the molecules in

the surface layers being orientated with the hydrogen

ion directed inwards to the liquid. The presence of a
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negative charge on the drop would enhance this

orientation and would rotate the approaching vapour

molecules so as to favour the hydrogen "bond linkage

(Loeh et al., 1938). A positive charge on the drop

would cause the change of surface energy as drop growth

occurred to "be increased, due to the approach dipoles

having to rearrange themselves at the surface "before

becoming bound. An order of magnitude calculation of

the effect of this surface orientation for the case of

a water drop (Fletcher, i960) shows some agreement with

the experimental result, but this extension to the

original theory of ionic condensation has not been made

quantitative. In the theory the property of macroscopic

drops, surface tension, is used, this being a concept

which is unlikely to be valuable when applied to very

small clusters of molecules containing only a few mole¬

cules. Because of these difficulties and discrepancies,

it may be thought that even the moderate agreement be¬

tween the theory and experiment may be fortuitous

(Mason, i960), and certainly further detailed study of

ionic condensation processes must be made before the

disagreements will be resolved.

2.4 Homogeneous Nucleation

In the absence of a surface, Kelvin's equation

relating the equilibrium vapour pressure over a spherical

drop shows that no mechanism defining a critical super-
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saturation comparable with that for charged drops exists.

Experimentally, however, C.T.R. Wilson (1897) showed that

condensation does take place on uncharged nuclei in a

dust-free gas at about eightfold supersaturation, and that

a rapidly increasing number become effective as the super-

saturation is increased. That no condensation takes place

at lower supersaturations, except on ions, indicates the

difficulty of inducing the phase change from vapour to

liquid in the absence of a surface, this being in agree¬

ment with Kelvin's equa tion, but it is also evident

from Wilson's experiments that there is a limit to the

degree of supersaturation which a vapour can sustain.

This limit is due to the continual formation of small

aggregates of vapour molecules which will be unstable

towards growth if they reach a size greater than the

critical radius given by the Kelvin equation. The for¬

mation of such aggregates or embryos can only take place

as a result of random fluctuations of density in the

vapour, since their formation requires the expenditure of

work in order to overcome the surface tension of the

embryo surface. By a statistical treatment of such

deviations from the equilibrium state, Volmer and Weber

(1926), and later Becker and Ddring (193U)» obtained an

expression for the rate of nucleation as a function of

the supersaturation, the temperature of the system and

the surface tension of the liquid. The variation of the

nucleation rate with the supersaturation ratio was in
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good agreement with experiment, the rate remaining

essentially zero until a critical supersaturation ratio

is approached, then "becoming very large in an almost

discontinuous manner.

Experiments have been carried out "by several

different workers, the experimental results apparently

being in good agreement with theory, but a critical

analysis of the experimental techniques used, indicates

(Mason, i960) that the theory of homogeneous condensa¬

tion has not been satisfactorily verified by experiment.

Great care must be taken to free the chamber from the

presence of foreign nuclei before a quantitative com¬

parison may be made, and in the case of a high concen¬

tration of droplets, the actual saturation ratio achieved

will be less than that calculated on the basis of a

perfectly adiabatic expansion. This decrease is due to

the abstraction of water vapour and the release of

latent heat by the growing droplets (Mason, 1951)•

Again it is unsatisfactory to apply the macroscopic

values of surface tension to the unstable embryos, and

it is evident that the formation of the embryo should be

considered in terms of successive attachments of vapour

molecules to an existing aggregate and the inter-

molecular force fields themselves considered.

2.5 The Stability of Solution Droplets

This problem has been treated by a number of

authors, but most recently by Mason (1957)» The basis
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of the stability of solution droplets is the fact that

the water vapour pressure is less over an aqueous solu¬

tion than it is over pure water# The expression for the

equilibrium vapour pressure over a solution droplet of

radius r, surface tension a1, density yof, contain¬
ing mass m of solute of molecular weight W may be

written as

^Sr/P„ = -*
yo'RT

2SL. JSL22. K + isMwC^xr^yo'- m)

where i is van't Hoff's factor which takes account of

the degree of dissociation of the solute. This form

shows clearly the reduction of the equilibrium vapour

pressure due to the presence of the solute, and also

shows the similarity to the Thomson expression for the
•

-•

stability of a charged drop. An important difference

between charged nuclei and nuclei consisting of drops

of solution is that even for very small masses of solute,

the latter are very large compared to a cluster of mole-

cules about an ion, and so they may be justifiably

treated from a macroscopic point of view.

For the case of a very dilute solution, the above

expression may be simplified to an approximate form,

Pr/p„ « i + f -
« ' '

4

where a x /T and b & k»3 for
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the case of water as the solvent. The equilibrium

radius of a solution nucleus at a relative humidity of

100 per cent may easily "be calculated from this approxi¬

mate form, as can the critical supersaturation, that is

the saturation ratio above which continued condensation

will take place without limit.

Experimental verification of this theory has been

obtained by several workers, the radius of solution drop¬

lets being determined when in equilibrium with relative

humidities less than 100 per cent. It is thought that

no experiment has been carried out which confirms the

predicted value of the critical value of the supersatura-

tion, but these would seem no reason to doubt the

accuracy of the prediction, at least for large nuclei.

It has already been mentioned that the theory of

condensation on solution droplets may be applicable in

the case of many of the types of nuclei produced by the

interaction of ultra-violet light with moist gases. It

is also important in the case of the most effective group

of atmospheric nuclei (Borovikov et al., 1963). Many of

these latter nuclei originate as drops of solution of

sea-salt, produced by the action of strong winds on the

sea, and hence the theory is directly applicable. In

the case of UV-nuclei and of those atmospheric nuclei

arising from photochemical reaction products or combus¬

tion products, the impurity which is eventually the

solute is originally in vapour or gas form. The above
'
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theory only deals with the equilibrium of the solution

droplet once formed, and makes no predictions about the

formation of nuclei from the impurity vapour - water

vapour mixture. Unfortunately the transformation of

such impurity forms into nuclei, and the role played "by

water vapour in such processes is not well understood,

although it is known that a number of substances undergo

such a transformation in the presence of water vapour.

The theory also only considers the case of solutes which

have negligible vapour pressure when in the form of

solution droplets, that is, deals with solution droplets

surrounded only by water vapour. A result relevant to

these points has been reported by Evans and Watson (1966),
who examined the properties of the condensation nuclei

created by the action of an electric field on a nitrogen-

water vapour system. They concluded that the impurity

vapour formed was nitrogen dioxide and that nucleus

production only took place when the degree of super-

saturation was greater than i+ per cent, continued drop

growth then taking place at these centres even when the

supersaturation had fallen below this value. The

presence of the NOg vapour surrounding the growing
droplets was considered to be important at all stages.

This result serves to illustrate the limitations of the

theory of condensation on solution drops, and also to

show that the appearance of cloud when a small degree of

supersaturation is established does not necessarily indi¬

cate the presence of nuclei prior to the expansion.
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3.1 A Review of UV-Nuclei Experiments

Before proceeding with a description of the in¬

vestigation carried out "by the author of the nuclei pro¬

duced "by the interaction of UV light with moist gases,

it is necessary to consider in some detail the results

of other workers already published in the literature.

The study of these condensation nuclei "by C.T.R. Wilson

(1899) was the first quantitative one to he made, al¬

though Leonard and Wolf (1889) and Kelvin et al. (1895)
had already shown that nuclei were produced in moist

dust-free air. C.T.R. Wilson's study was in many ways

the most thorough although carried out at a very early

stage of the development of the subject. Using a low

pressure cloud chamber fitted with a quartz window so

that the short wavelength from a spark discharge lamp

could enter the enclosed gaseous system, he carried the

investigation further than answering the question of

whether or not nucleus production did take place. In

particular he found that the effectiveness of the nuclei

as condensation centres increased with the exposure

period and with the intensity of the radiation, in some

cases a supersaturation of only a few per cent being

sufficient to produce visible drops . Also for a given

exposure, the number of drops was increased as the

expansion ratio, i.e. as the supersaturation established

increased. This behaviour was in contrast to that of the
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5

nuclei, ions, produced "by the action of X-raj^, and of
Uranium rays on the same moist gases. These nuclei were

only
noty(much less effective than the UV-nuclei "but were
unchanged except in number "by a change in the intensity

of the radiation or of the exposure period. Wilson show¬

ed that the UV-effect was essentially the same in moist

air as in moist oxygen, and also in carbon dioxide

although requiring longer exposures in this case. In

moist hydrogen nuclei production took place hut in very

much reduced numbers, and only effective at expansion

ratios near the ionic value. As might he expected from

the observation that the nuclei produced in air, oxygen

and carbon dioxide were more sensitive the longer and

more intense the exposure, he observed the production of

a blue cloud of visible nuclei with very intense exposures

without the need for an expansion. He concluded that the

nuclei formed are very small drops of water whose equili¬

brium vapour pressure is reduced by the presence of some

dissolved impurity produced photochemically. He argues

that this impurity can only be hydrogen peroxide in the

case of the O2 - HgO system, but may be nitric acid
in the air - HgO case.

Miss M. Saltmarsh (1915) confirmed that air and

carbon dioxide were equally susceptible to the action of

UV-light, that very little effect was produced in

hydrogen, and went on to show that no nuclei were produced

in nitrogen freed from all trace of oxygen. In an attempt

to verify the suggestion that the formation and subsequent
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solution of liydrogen peroxide in small water drops was

responsible for the nuclei, she carried out a chemical

test for this substance after irradiating an air-HgO
system. The result of this test was negative, indicating

that the amount of hydrogen peroxide formed in this case

must be a very small fraction of the whole change which

occurs in nuclei formation. Miss Saltmarsh did show

however that if a solution of hydrogen peroxide is

added to ohe chamber, then cloud resulted at very small

expansion ratios without the need of an exposure, this

cloud being definitely associated with the hydrogen

peroxide vapour since in some cases drops were formed

only immediately above the surface of the solution. No

information on the wavelength range which is most active

in producing nuclei is given by either of the above

authors, except that Wilson found that these wavelengths

transmitted by a thin glass sheet are ineffective, and

that those transmitted by a layer of water are equally

active.

Crane and Halpern (1939) and Farley (1951) both

suggested that the formation of atomic oxygen was the

important first step in the production of nuclei in an

air-water vapour mixture, and Farley went on to show

that the longest effective wavelength was in the range
o

2,U00-2,530 A, this coinciding with a known dissociat¬

ive absorption band of oxygen. The expansion ratios

used in the above experiments were close to that required

for condensation to take place on ions, so that the nucle:
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caught by the expansion need only have been as large as

a cluster of a few tens of water molecules and have

contained a few stabilizing impurity molecules. Rela¬

tively large expansion ratios were also used by McHenry

and Twomey (1952) in the course of a careful determina¬

tion of the critical wavelength for nucleus production in

an air-water vapour system, and of the constituent of the

air which absorbs the light quantum. They concluded that

the longest effective wavelength was in the range
o

2,3H5-2378 A, and that NH^ was the chief agent for
nucleus production by ultra-violet light in moist air.

This latter result was based on the relation between the

number of nuclei produced and the quantity of present

in the air. On finding that very few nuclei are formed

in oxygen, they conclude that the formation of HgOg (3-oes
not lead to nucleus production and may even compete with

it.

Atkinson (1955) also concluded that a gas or vapour

present only in trace quantities was responsible for the

UV-effect in moist gases, showing that a contamination

released from the rubber diaphragm of the chamber used

was responsible for the majority of the nucleus pro-
o

duction. He found that wavelengths greater than 2530A

were active, and suggests that this undetermined con¬

tamination might be the major source of nuclei in almost

all of the cases in which an expansion chamber has been

used. He stresses however that such impurity is not the
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only source. The effect in moist air is also attributed

to the presence of rubber diaphragm impurity by Bernard

and Mouton (1958), who showed that if distilled water and

purified air are irradiated in a very small chamber, there

being no rubber used in the construction, no nuclei at all

are produced.

Mulcahy and Kuffel (1962) agree with Wilson that

is produced and is responsible for the formation of

nuclei. In this case the mode of formation of the

hydrogen peroxide would appear to be by the indirect

photo-sensitization action of excited mercury vapour

molecules on water vapour molecules. They also measure

quantitatively the number of nuclei formed by exposures

of various lengths by irradiating the moist gases, air

and argon, in one container and transferring the gases

shortly after to a Nolan-Pollak counter. This is an

instrument functioning on the same principles as a cloud

chamber, but arranged such that the cloud formed inside

causes a measurable reduction of the intensity of a

transmitted light beam. This reduction is calibrated in

terns of the concentration of nuclei present. They show

clearly the way in which the number of nuclei formed in¬

creases with exposure time, there being an almost

negligible rate of production for the first few minutes

of irradiation, a very rapid increase for longer expos¬

ures, followed by a further slow increase to a nearly

constant value. The concentration of nuclei formed for
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any exposure time was found to "be proportional to the

partial pressure of water vapour present, this being in

agreement with the suggested mode of formation.

The above experimenters have each irradiated the

gas-vapour mixture at, or close to, atmospheric pressure.

A preliminary investigation was carried out by Watson

(196h), using a high pressure cloud chamber, operating at

30 atmospheres pressure of nitrogen, and containing one

atmosphere of resiaual room air. Using wavelengths
o

extending down to 2,200A, he found that the sensitivity

of the nuclei produced increased with the exposure time,

that the density of cloud observed increased as the

expansion ratio was raised, and that once the nuclei had

been condensed upon, the products of evaporation of the

drops were always effective as condensation centres at

supersaturations of only a few per cent.

By adding known quantities of various gases in trace

quantities to moist air and subsequently irradiating the

mixture, a number of experimenters have shown that S02»
NH, and HgS each give rise to nucleus production.
(Hoppe, 1961 f Verzar and Evans, 1959} and others).

3.2 Mechanism of Nucleus Formation

The mechanism of the formation of nuclei from im¬

purity molecules formed by photo-chemical reaction or

activated by photon absorption has been considered by a
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very few authors, and then only briefly. McHenry and

Twomey (1952, loc. cit.), who showed that ammonia

molecules give rise to nuclei when irradiated, suggested

that the excited NH, molecule or one of the products of
5

dissociation, NHg* may have a large dlpole moment and
hence form a cluster of water molecules round it. This

embryo may then grow by collision with further NH^ and
water molecules. The nucleus, once formed would then be

stable due to the dissolved ammonia. One of the above

authors, McHenry (1953)* points out that it is not suf¬

ficient for a substance to be highly soluble in water for

it to be nucleogenic, since ammonia does not form nuclei

spontaneously, although nitric acid molecules and ammonium

nitrate molecules do so. He tests the suggestion that the

dipole moment may be important by adding nitrobenzene

vapour, a substance with a very high dipole moment, to

moist air, and found no nucleus production. He also

added pyradine, a substance which should form a hydrogen

bond with the OH group of water, and again no nuclei

resulted. If greater than a critical quantity of sulphur

dioxide is added to moist air, Megaw and Wiffen (1963)

show that spontaneous nucleus production occurs, although

no such change takes place at lower concentrations unless

the mixture is irradiated.

Dunham (1966) has considered theoretically the re¬

lationship between the number of particles formed from a

chemical reaction and the rate at which the reaction is
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occurring. The basis of the theory is the Becker-Diiring

theory of homogeneous nucleation. The theory only deals

with phase changes in a one component system, and so is

not directly applicable to any of the results of ultra¬

violet nuclei experiments, where, as discussed previously,

water vapour and an impurity vapour must be present at th

formation stage of the nuclei. The foim of the relation¬

ship between the concentration of nuclei and the time

for which the chemical reaction has taken place is,

however, qualitatively similar to the relationship found

by Mulcahy and Kuffel (1962, loc. cit.) between the con¬

centration of nuclei formed by the irradiation of moist

air and the exposure period.
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CHAPTER IV

THE CLOUD CHAMBER AND TTTE SOURCE OF

ULTRA VIOLET RADIATION.

The apparatus used in the author*s investigation of

the UV-nuclei produced in moist gaseous systems will be

described in this chapter, and details given of the line

spectrum and output intensity of the ultra-violet lamp.

The transmission characteristics of those filters used

in the experiments are also detailed.

i+.l The High Pressure Cloud Chamber

The high pressure cloud chamber used in this work

was the chamber originally described by Williams and

Evans (19UO), and more recently by Evans (1955). The

chamber is made of "Weldana" non-magnetic stainless steel*

and is in the form of a cylinder, mounted with its axis

horizontally. The working volume is 8" in diameter and

its depth is also 8", the steel walls being painted with

black, alcohol resistant paint to reduce light reflection.

Figure 1 illustrates the principal features of the work¬

ing section of the chamber. It may be illuminated

through the two 1" thick windows in the side walls, these

portholes being of aperture 1" in diameter, and it can be

viewed, either by an observer or with a camera, through
3"

the larger porthole of armour plate glass, 3^ in
diameter and 1" thick. The illumination windows are each
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Figure 1

Working Section of the High Pressure Cloud Chamber

D - rubber diaphragm

p^, PQ - perforated brass plates.
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made of synthetic quartz, "Spectrosil", supplied "by

Thermal Syndicate Ltd., the "beam of light from the ultra¬

violet source generally "being directed into the chamber

through the upper one, the chamber being illuminated for

visual observations with a 2k watt 12 volt Osram car

headlamp placed close to the lower window. The headlamp

was replaced by a Mazda LSD7 Xenon-filled flash tube when

stereoscopic photographs were taken, the camera being

fitted with a pair of Zeiss f/k,5, 5 cm. lenses. The

discharge of 200 Joules from a bank of condensers throu^i

this flash tube provided the illumination for the photo¬

graphs. The rigid brass plates, P-^ and P2, are drilled
1 M

with a large number of evenly space diameter holes

to assist uniform gas motion, the plate P-^ being covered
with black velvet which provides a suitable photographic

background and is an additional aid to uniform gas flow.

Further constructional details of the cloud chamber and

of the additional apparatus required for its operation

are given in the review article by Evans (1955).

k.2. Operation and Performance of the High Pressure

Cloud Chamber

The back of the chamber is connected by an expan¬

sion valve, not shown in Pig. 1, to a steel cylinder which

is in turn connected to an oil pump. An expansion is

achieved by releasing pressure behind the diaphragm D,

which may be initially in contact with plate P1# The
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position of plate Pg is variable so that the extent of
the backward movement of the diaphragm, and thus the

expansion ratio, defined as the ratio of the final to

the initial gas volume in the working section, can be

controlled. In the present experiments the chamber was

more often operated with a floating diaphragm, the

diaphragm not being allowed to touch plate P^, and the
expansion ratio being determined by the initial position

of the diaphragm between P1 and Pp. The sequence of
operations for any expansion is as follows:~

(1) Pump the diaphragm forward to the required
position.

(2) Close the expansion valve.

(3) Reduce the gas pressure in the expansion cylinder
by letting oil from it flow into the pump

reservoir.

(U) Allow the temperature of the gas in the chamber
to become uniform, that is to reach room

temperature.

(5) Open the expansion valve.

(6) Make visual or photographic observations.

(7) Reset the gas pressures as in (l),

The expansion ratio is calculated, using Boyle's

Law, from the pressures in the front of the chamber

before and after the expansion. Pressure measurements

are made on a Budenburg gauge connected to the working

volume via a needle valve. This gauge can be read to



Figure 2

Degree of Supersaturation produced by Adiabatic Expansions.

The curves opposite show the calculated supersatura-

tion which is produced when nitrogen and argon separately

are adiabatically expanded, each gas being initially

saturated with water vapour.

The initial temperature, before the expansion, was

taken as 20°C and the ratio of the principal specific

heats of nitrogen, as l.Ul, and that of argon as 1.67.
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VlOth atmosphere, so that at the pressure used in these

experiments, 30 atmospheres, the expansion ratio can "be

calculated with a precision of about 0.3%.

When the expansion value is opened, stage (5) of

the operations listed above, an expansion of the gas and

vapour results, this closely approximating to an

adiabatic change. Assuming that the expansion process is

adiabatic, the supersaturation of the vapour existing

immediately after the expansion may be calculated by

well known methods, and is shown graphically for nitrogen-

water and argon-water mixtures in Figure 2. The super-

saturation established decreases immediately after the

completion of the expansion, the central mass being re-

compressed radially by the expansion of the gaseous layer

close to the chamber walls. This expansion of the layer

in contact with the chamber walls is caused by heat

conduction. Turbulent mixing of the gas then follows.

For the case of ionic condensation, the supersaturation

remains sufficient only for a short time, the sensitive

time of the chamber. This period is readily measured,

and for a chamber operating at about one atmosphere it

can be accurately predicted frcm a relation derived by

Williams (1939)• In the high pressure cloud chamber,

however, turbulence near the walls enhances heat con¬

duction and the sensitive time is much shorter than cal¬

culated. For the chamber used the sensitive time at

30 atmospheres pressure is about 2 seconds, this being

considerably larger than for a chamber of comparable size
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operated near atmospheric pressure. If appreciable con¬

densation takes place, then vapour molecules condensing

and heat liberated by the growing drops will decrease

the sensitive time (Wilson, 1951). This may be the more

important factor in the case of the high pressure chamber.

Ionic condensation has not been studied by the author

with the high pressure cloud chamber, so that the above

discussion of sensitive time only serves to show that

relatively stable conditions are maintained within such

a chamber for a much longer period than in an atmospheric

chamber. In fact, however, the sensitive time of 2

seconds quoted above was measured by Morris (1955) using

an argon gas filling ana alcohol as condensant. The ex¬

pansion ratio of ~ 1.05 required to cause ionic condensa¬

tion with such a system is a typical value used in the

present study of the condensation nuclei produced in

moist gases by the ultra-violet radiation, and so the

period quoted will apply here. At smaller expansion

ratios, the temperature difference established by the

expansion will be correspondingly smaller, thus leading

to an increased time for which non-turbulent conditions

remain in the central volume of gas.

k.3 The Source of Ultra-Violet Light

The source of ultra-violet radiation used was a low

pressure mercury vapour discharge lamp, (Type No.

T/MS/53*+c), supplied by Thermal Syndicate Ltd. This lamp



itki tux ZS37

\ W

FIGURE 5

Line spectrum of radiation from source taken through

"Spectrosil" window.



was chosen because of the wide range of wavelengths

present in the line spectrum output, and because of the

constancy of the total output intensity and the spectral

distribution of intensity after a warm-up period of less

than 5 minutes. It is also important in cloud chamber

work that the uniform ga3 temperature should not be

disturbed before making an expansion, and the cool running

characteristics of this type of lamp satisfy this con¬

dition.

The spectrum of radiation emitted by the source was

examined with a quartz spectrograph, and the lines in the

mercury spectrum were found down to the line at 181+9A.

Figure 3 shows the spectrum taken through one of the

illumination windows, and therefore illustrates the range

of wavelengths which entered the chamber when the full

was made to measure the light intensity for the

lamp used, but use was made of the intensity figures

supplied by the manufacturers for lamps of this type,
Noyes and Leighton (19^1) giving further information on

the intensities of the lines at the low wavelength end of
o

the spectrum. The line at 2537A is the strongest, as

shown on Figure 3> this line containing ~ 00% of the
©

energy output. The energy content of the 181+9A line is

~ 8% and the other lines have less than 1% each. The

spectrum shown in Figure 3 was photographed using Kodak

BIO plates, which should only be used down to about 2100A.

Absorption of light of shorter wavelength by the gelatine

o

beam was used, i.e. in the absence of a filter.

o
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reduces the sensitivity of these plates and results in

the lines at these wavelengths appearing less strongly

than the intensity figures would suggest.

The "Spectrosil" illumination windows transmit with
o

very high efficiency down to ^ 1800A, where a relative¬

ly sharp cut-off occurs, this cut-off ensuring that no

wavelength less than those shown may enter the chamber

even if present in the output spectrum of the lamp.

For almost all of the experiments, the source was

placed 30 cms. from the top side of the top window, the

aperture of the beam entering the chamber being deter¬

mined by a 2.2 cms. diameter hole cut in an aluminium

plate resting on the outside of the chamber wall imme¬

diately above the window. The beam of light within the

chamber was then only slightly divergent.

J+.U Filters to Control the wavelength of the

Ultra-Violet Light

To determine the range of wavelengths of the ultra¬

violet light which was most effective in producing nuclei,

the wavelengths of the irradiating beam were controlled

by inserting a liquid filter in the path of the beam.

The filter consisted of a cylindrical glass cell, of
• ■ 7 ■

inside diameter 2.0 cms., with parallel end plates 2.5

cms. apart. These end plates were made of "Spectrosil",

B quality, which transmits with high efficiency down to
o

1900A, so that except for the shortest wavelength
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Figure h

Line Spectrum of Radiation from Source Transmitted by

the Ethyl Alcohol Filter.
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present in the light beam, the transmission properties

of the cell are determined "by the liquid filling. The

cell was placed in the limiting aperture immediately

above the cloud chamber, the dimensions of the cell being

such that the irradiated volume inside the chamber was

not greatly altered by its presence. The Iquid filter

used most often was ethyl alcohol, the transmitted beam

being shown in Figure U. The transmission properties

of the cell filled with ethyl alcohol were also measured

using a Unicam Instruments Ltd., SP500, Spectrophotometer,
o

the shortest wavelength transmitted being ^ 2150A with

only a few per cent efficiency, the transmittance rising
o o

to 60$ at 2537A, and to ^ 80% for wavelengths ^ 265OA.

Distilled water was also used as a filter, this
o

affecting only those wavelengths shorter than 2000A.
o

The line at 13h2A is reduced in intensity by this filter,
o

and that at 18J+9A is effectively removed from the beam.
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GHAPTER V

A STUDY OF THE CONDENSATION NUCLEI PRODUCED IN MOIST

ARGON GAS BY ULTRA-VIOLET LIGHT

In this chapter the experimental procedure followed

in the author's study of the condensation nuclei produc¬

ed hy the irradiation of moist argon gas with ultra¬

violet light will be described and the results of the

investigation presented. Particular attention was paid

to the conditions necessary for the production of nuclei,

and to their properties once formed. A water vapour-

argon system was chosen for the initial study because

argon is a chemically inert gas.

5*1 The Experimental Procedure

A quantity of distilled water ( ~ 6 ccs.) was de¬

posited on the lower inside wall of the high pressure

cloud chamber used throughout this work, and then the

chamber was carefully flushed with argon. The gas used

was standard purity argon supplied by British Oxygen

Co. Ltd. This grade contains not less than 99»95°/o of

argon, and the ma^or impurity is nitrogen in a concen¬

tration of less than 500 v.p.m., oxygen and hydrogen

being present in concentrations of less than 10 v.p.m.

and 1 v.p.m. respectively. The flushing of the chamber

was continued until the oxygen concentration of the

residual air was approximately equal to the oxygen
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.

impurity contribution of the argon gas itself, the

nitrogen concentration of the residual air in the chamber

then being negligible compared to the concentration

added with the arg«n gas filling. After flushing, the

chamber would normally be allowed to stand for a day at

close to atmospheric pressure. This was to allow the

working volume to become fully saturated with water

vapour, saturated conditions being established very much

quicker at low pressures than at the normal working-

pressure of the chamber. The chamber was then filled to

about 30 atmospheres pressure of argon. Expansions carried

out shortly after filling showed little or no condensa-

tion taking place. This indicates that the flushing of

the chamber was effective, since cleaning expansions

would normally be required to deposit the Aitken nuclei

present in unfiltered air onto the chamber walls. As has

already been mentioned, the ultra-violet light source was

placed vertically above the upper window of the chamber,

the distance from the lamp to the window being readily

variable but most often 30 cms.

The normal procedure of an experiment was to set the

chamber for a certain expansion and to allow some 25-30

minutes to elapse, during which time the chamber settled

to a uniform temperature, and the gas re-saturated with

water vapour. This time interval should have been long

enough for the establishment of stable conditions since

a rather shorter waiting period may be used when the

chamber is used as a charged particle detector with no



vapour depletion or turbulence effects being evident

(Evans, 1955). The ultra-violet lamp was switched on

for the warm-up period, a shutter over the upper window of

the chamber shielding the contents from the light during

this time. The chamber contents were then exposed to the

irradiation for some measured time, the chamber re-

shuttered or the lamp switched off, and an expansion of

the chamber carried out. Visual or photographic obser¬

vations of the cloud formed as a result of the exposure

and the expansion were then made. Before this series of

operations can be usefully repeated, the nuclei remaining

in the working volume after this initial expansion must

be cleared away. This is effected by a number of clean¬

ing expansions, which, by the establishment of a degree

of supersaturation sufficient to cause the growth of the

nuclei to visible size and thus cause some of them to

fall onto the wall of the chamber, progressively clean

the working volume of all the nuclei produced by the

exposure. The cleaning action is dependent on the drops

colliding with the chamber walls and s« after the ex¬

pansion itself, the gas is not recompressed until all of

the drops have either fallen out or re-evaporated in

situ. When on expansion no drops were seen, the chamber

was reset for the next expansion, another exposure

carried out and the cycle of operations above repeated.

Many of these exposures and accompanying series of ex¬

pansions were carried out with the one gas filling be¬

fore this gas was allowed to escape from the chamber and
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the chamber refilled. Usually before refilling, the

front window was taken off, the surplus water mopped up

and the walls dried, and fresh distilled water placed

on the walls as described at the beginning of this

section.

5.2 The Experimental Observations

The experimental procedure described above was

followed with the lamp 30 cms. above the upper window,

an exposure time of 30 seconds, an expansion ratio of

1.05, and zero delay between the end of the exposure

and the expansion. Visual observation of the resulting

cloud showed a fairly dense uniform column of cloud

stretching from top to bottom of the cloud chamber in

the irradiated volume of the argon-water vapour mixture.

The complete column of cloud appeared simultaneously,

with no delay being apparent between the expansion it¬

self and the formation of visible droplets. This be¬

haviour w«uld be expected of nuclei present before the

act of expansion when the degree of supersaturation

established is greater than the critical value for the

size of the nuclei. On repeating this experiment with

progressively smaller expansions, it was found that the

whole length of the rather narrower column did not then

appear simultaneously, and that the length of the column

of cloud becoming visible "immediately" after the expan¬

sion decreased as the degree of supersaturation establish¬

ed decreased. The origin of the length of the column
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referred to is of course the lower surface of the upper

window through which the ultra-violet radiation enters

the chamber. After the formation of the visible drops

constituting the partial column of cloud, the missing

section was seen forming from the underside downwards,

there being an appreciable delay before visible cloud

appeared at the base of the chamber. The visual effect

observed may most conveniently be described by saying

that the column of cloud grew from the top downwards,

the bottom becoming visible last of all. The delay be¬

fore the appearance of the base of the column increased

as the expansion ratio decreased, and was 1.5 - 2.0 sees,

for an exposure of 30 seconds and an expansion ratio of

1.015. The density of cloud also decreased as the

expansion ratio decreased, the distribution along the

length of the column being no longer uniform at small

expansions. For any given expansion ratio at which it

was apparent that the complete length of column did not

appear simultaneously, the top was denseat and the cloud

decreased in density towards the base.

Using shorter exposures than the 30 seconds used

above, it was found that the expansion ratio required to

show the complete column of cloud appearing "immediately"

increased, and that the density of cloud at any expansion

ratio decreased. The behaviour however was qualitatively

similar to that described above. With an exposure of

10 seconds, even a maximum expansion ratio of 1.12 was

.



Fi.scure 5

Column of Cloud Observed on Expansion After a 15

Seconds Exposure of the Argon-Water Vapour Mixture

Expansion ratio = 1.02

Flash delay = 0.2 sec.



Figure 6

Column of Cloud Observed on Expansion after a 15

seconds Exposure of the Argon-Water Vapour Mixture

Expansion ratio m 1.06

Flash delay = 0.2 sec.
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insufficient to cause the simultaneous appearance of the

drops along the whole length of the irradiated volume.

Decreasing the height of the ultra-violet lamp and there-

"by increasing the intensity of the radiation had the same

effect as an increased exposure time.

The above pattern of the behaviour of the growth of

the cloud along the length of the irradiated v#lume was

recorded photographically. T"-e state of growth of the

column at the time of the flash of light which exposes

the photographic plate is recorded on the plate, and

therefore by using a variable flash delay between the

expansion and the flash, the growth of the column with

time may be recorded. Figure 5 illustrates the short

length of column seen at a time 0.2 sees, after the ex¬

pansion, the expansion ratio being 1.02, and this may be

compared with the length seen at the same time after the

expansion when the expansion ratio is 1.06 (Fig. 6).
The exposure time of 15 seconds is the same in both cases.

5.3 The Effect of a Delay between the Exposure and

the Expansion.

The account given above of the way in which the

visible column of cloud forms shows that the effect pro¬

duced by the ultra-violet light in the argon-water

vapour mixture is non-uniform along the length of the

exposed volume. In order to find out whether this non-



Figure 7

Column of Cloud Observed on Expansion after a 15

seconds exposure of the Argon-Water-Vapour Mixture,

the Expansion being delayed by 30 seconds.

Expansion ratio = 1.02

Flash delay = 0.2 sec.
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uniformity is permanent, the effect of a delayed expan¬

sion was investigated. Using an exposure time and an

expansion ratio which result in %he obvious growth of

the column of cloud from top to bottom when there is no

delay between the end of the exposure and the expansion,

it was found that a delay of only a few seconds caused

no ma^or change in this behaviour. After a de?ay of

tens of seconds, however, an fxpansion showed a dense

column of cloud stretching from top to bottom, no

appreciable delay being apparent before the appearance

of the cloud even near the base of the column. Not only

did the complete column of cloud appear at the same time,

but the cloud density was higher and more uniformly dis¬

tributed along the length of the irradiated volume than

in the case of no delay. This result seemed to be inde¬

pendent of the magnitude of the expansion ratio, at least

for values down to 1.01. The width of this column was

rather wider than that found with no delay, but did not

appear to greatly increase if even longer delays were

used. Figure 7 shows the column of cloud observed after

a delay of 30 seconds, when the expansion ratio and

exposure time are 1.02 and 15 seconds respectively, and

should be compared with the short length of column shown

in Fig. 5» the conditions being the same except for the

delay.

The density and distribution of the cloud observed

on making an expansion were therefore found to depend on
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the exposure time, the intensity of the radiation, the

expansion ratio, and the delay "between the end of the

exposure and the expansion.

5»U The affect of an Electric Field on the Production

of Nuclei

A high voltage of 1500 vclts was applied to the

field electrode visible in Figs. 5-7 throughout an ex¬

posure, the voltage "being switched off electronically

at the time of the expansion. This was found to have no

effect at all on the production of nuclei, a straight

column of cloud "being observed as would have "been the

case with no electric field. This would suggest that at

no stage in the formation of nuclei are charged radicals

or ions important,

5*5 The Removal of the Condensation Nuclei from the

Working Volumes

After any exposure and the initial expansion con¬

sidered above, the majority of the nuclei produced by

the exposure remain in the working volume after the gas

has been recompressed for the following expansion. These

must be removed from the working volume before the experi¬

ment can be usefully repeated. Various methods of accom¬

plishing their removal will be considered below.
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5.5.1 By Repeated Cleaning Expansions
.

Cleaning expansions remove the nuclei from the gas

in the way discussed in section 5.1. The cleaning ex¬

pansions are important however for other reasons. The

cloud produced by such expansions is uniformly distributed

throughout the working volume, the nuclei having been

thoroughly mixed up by the gas motion caused by the warm¬

ing up of the system following the initial expansion and

by the subsequent recompression of the gas. The uniform
,

conditions which therefore prevail allow the determination

of the threshold supersaturation required for condensa¬

tion to take place. The threshold expansion ratio found
■

to be necessary in these cleaning expansions was

1.008 - 0.003. An expansion ratio of 1.008 of the argon

gas filling corresponds to a supersaturation of 9°/o
being established. The total number of drops seen in any

cleaning expansion was independent of its magnitude

provided it was larger than the threshold value, larger

expansions producing larger but not more drops. After

an exposure of 30 seconds, the density of cloud observed

in the first cleaning expansion was visually estimated

to be in the range 103 - 10^" drops/cc. The threshold

value of 1.008 was found to apply to a very wide range

of cloud densities, only in the extreme case noted

below (Section 5.7) was there any indication that this

was a function of the nucleus concentration. With high

nucleus concentrations, the cloud was found to appear on
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expansion, with no apparent delay unless the expansion

ratio used was very close to the threshold value. In

this case the delay noted was no more than ~ 0.2

second. When however the concentration of nuclei was of

the order of 100/cc or less, the time of growth to

visible size increased in the case of small supersatura-

tions to a value of a few seconds. At these concentra¬

tions large expansions still caused the drops to appear

with only a very short growth time, For a cloud density

of ~ 10/co and an expansion ratio of 1.01, the growth

time was ^ 5 seconds, v/hereas an expansion ratio of

~ 1.05 caused the appearance of drops with no apparent

delay. This delay noted was only a function of the den¬

sity of the nuclei and of the expansion ratio, and not

of the way in which these low densities were reached.

It was possible to start with such low concentrations of

nuclei using only a very short exposure time, or to reach

this stage by progressively reducing the higher density

of nuclei following a longer exposure by repeated clean¬

ing expansions or by other methods (see sections 5*5*2

and 5.5*3).

5*5*2 By the Application of an Electric Field

Another method of clearing away the nuclei pro¬

duced by an exposure is to use an electric field to

sweep them from the gas. First making sure that no

fresh nuclei were produced by the field, a field which

can sweep away gaseous ions in a few seconds was applied
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when a concentration of 10^ nuclei/cc was present in

the working volume. It was found that the efficiency of

the field was very low in sweeping away the nuclei pro¬

duced by the ultra-violet radiation, the field requiring

approximately 30 minutes to clear the gas of nuclei. If

an expansion was made at any time when the nuclei had

been only partially cleared, the cloud seen was always

uniformly distributed throughout the volume of the

chamber. There was no evidence of a general drift of

nuclei to either field electrode, which would happen if

the nuclei were charged.

5.5.3 By Waiting

The nucleus concentration produced by any exposure

will decrease by the natural clearing action of the

nuclei colliding with the chamber walls and being lost.

This process was found to take a very long time if the

initial nucleus concentration was high. The time taken

for a concentration of nuclei of ~ 10^/cc to decrease

to a concentration of a few/cc by this natural process

was approximately 15 hours. A cleaning expansion

carried out at any stage always resulted in uniformly

distributed cloud, and, as has already been noted, the

threshold expansion was always found to be 1.008. This

shows that growth of the nuclei by coagulation does not

take place during this waiting period.
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5.6 The Stability of the Cloud Droplets

The uniform cloud formed "by any cleaning expansion

may disappear "by two processes:- the drops may fall out

and "be lost "by collision with the chamber walls, or the

drops may evaporate in situ when the water vapour press¬

ure falls below a value determined by their size. A

visible drop which is formed about a nucleus only by the

condensing of water vapour may be expected to evaporate

as soon as the relative humidity of the water vapour

falls below a value only fractionally above 100°/o.
This behaviour was exhibited by the cloud drops

formed on the UV-nuclei, the drops being unstable to¬

wards evaporation although undoubtedly in each cleaning

expansion a number were lost by collision with the cham¬

ber walls. The instability of the cloud was particular¬

ly noticeable in the case of a dense cloud formed by an

expansion which is only jjunt above threshold. The cloud

formed then was only seen for a few seconds before clear¬

ing by evaporation was seen to take place from the top

downwards, the cloud near the base evaporating after

20-30 seconds. The drops near the bottom would be

expected to evaporate last of all since, as soon as the

expansion takes place, a temperature gradient will start

to form, the top warming up faster than the base because of

the rise of gas heated by contact with the chamber walls.

On making a larger expansion, the drops grew to a larger

size and the time for which the cloud appeared uniformly

distributed throughout the chamber increased. After an

expansion of ^ 1.05, the cloud was uniform for UO sees.
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before evaporation of the cloud was seen to take place

from the top downwards.

This instability of the drops is in sharp contrast

to those formed on nuclei produced by the action of an

electric field on a moist nitrogen system reported by

Evans and Watson (1967). The drops formed in this case

were reported to be stable against evaporation for

several minutes and to show no signs of being sensitive

to the temperature gradient set up after the expansion.

5.7 The Production of Visible Cloud with No Expansion

C.T.R. Wilson (1899) reported that if an intense

extended exposure was made, then a bluish fog could be

seen without the need for an expansion. This fog formed

initially at the position of focus of the beam of ultra¬

violet light and spread from the focus along the path of

the beam as the exposure continued. The production of

such a fog has not been observed by any other experi¬

menters when irradiating a pure, or relatively pure,

gaseous system.

In the present case, on exposure of some 3-4

minutes with the lamp 7 cms. above the upper surface of

the top window produced a bluish fog in the chamber.

The presence of this fog was made particularly obvious

by arranging the viewing lamp so as to only illuminate

the central region of the chamber. Under these con¬

ditions, the cone of the directly illuminated region was
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sharply defined "because of the scattering taking place

from each cloud nucleus. The exposure time necessary for

the production of the "blue cloud increased to 15-20

minutes if the lamp was raised to 15 cms. above the win¬

dow. This increase in height would decrease the inten¬

sity of radiation entering the chamber by a factor of

h and therefore the above result would suggest that

the total dose of radiation entering the chamber is the

important parameter. The blue fog filled the working

volume when it first became visible, and changed to a

greyish white colour as the exposure continued. At the

stage of the blue fog, the droplets or nuclei are of

course too small to see individually, but when the fog

is whitish, individual drops may be seen ;just inside the

front window with the aid of a low powered magnifying

glass. The initial blue colouration of the fog must be

due to the preferential scattering of the low wavelength

component of the white light from the viewing lamp, this

indicating that the individual scattering centres must be
—5

of the order of 10 cms. radius. Scatterings centres

appreciably greater than the wavelength of visible light

would scatter all wavelengths almost equally effectively,

and it is shown below from the behaviour of the centres

as condensation nuclei that their size cannot be less
—6

than 10 cms. radius. When the drops near the window
-5 _ -k

may be seen individually, they must be of 10 - 10

cms. radius•

The threshold expansion ratio for continued droplet
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growth when a blue cloud is already visible in the cham¬

ber before the expansion is rather difficult to define.

A small expansion of ~ 1.02 produced a very dense white

cloud of small droplets which were very unstable. The

cloud was only stable for 5-10 seconds before evaporation

set in. This cloud is judged by the author to be at

least as dense as any cloud previously observed by him.

The density may be compared with that produced by an

over-expansion giving rise to homogeneous nucleation,

not possible with the present chamber using water as the

con&ensant, but seen by the author when using another,

low pressure, chamber. Prey (19*4-1) measured the

density of cloud produced by the homogeneous nucleation

of water vapour in a low pressure cloud chamber, and

found a maximum density of ~ 2 x 10 drops/cc. This

then is taken as an estimate of the cloud density which

was observed on expansion when a blue cloud was already

visible in the chamber. The white Tins table cloud was

produced by all expansions of expansion ratio larger than

1.003» but at these very small values the greyish white

colour produced on expansion was seen for less than a

tenth of a second before the colour of the cloud reverted

to blue. It is possible that the threshold expansion

ratio is as small as 1.003 and that the above instability

of the cloud is a result of the lack of water vapour

freed for droplet growth. A supersaturation of 6°/o
—6

produced by an expansion of 1.006 frees only 10 ccs.
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of water/cc for droplet growth. If there are 10^ nuclei/

cc which each grow to a size of lcT^- cms, before being

judged visible, then approximately I* x 10~^ ccs of water/

cc of the chamber volume is required. This latter cal¬

culation is very sensitive to the value assumed for the

visible radius of a drop, but comparison of the quantity

of water freed for drop growth and that required by the

nuclei to grow to visible size shows that it is likely

that the growth of such a large number of nuclei will

immediately reduce the degree of supersaturation to a

very low value. The latent heat of condensation released

by the growth of the nuclei will also cause the super-

saturation to decrease rapidly. If the threshold value

is taken as high as 1.006, then the size of the nuclei

must be ~ 10~^ cms. radius.

If the working volume of the chamber was recom-

pressed slightly from the stable state, so that the

relative humidity was decreased, the blue cloud became

a little less obvious for a few seconds and then returned

to its original state. If a large recompression was made,

the fog disappeared for some 20-25 sees and then reappear¬

ed. This behaviour shows that the nuclei decrease in

size when the relative humidity of the water vapour

decreases and suggests that the nuclei are droplets of

solution. The blue cloud remained visible in the cham¬

ber for ^ 8 hours if no cleaning expansions were

carried out in this time.
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5.8 The Experimental Observations Using a Filtered Beam

The transmission properties of the liquid filters,

ethyl alcohol and distilled water, have "been described

in section *4. *4.. The experimental procedure when using

a filtered "beam was the same as has already "been des¬

cribed for the unfiltered beam case, and filtered beam

exposures were made frequently throughout a run with the

same filling of gas. If the chamber had been freshly

filled with argon, an exposure time of as long as 10

minutes was found to produce no visible effect even at

the maximum expansion ratio when the ethyl alcohol filter

was in place. An even longer exposure of up to 30

minutes similarly produced effectively no drops on ex¬

pansion, a few tens of drops/cc only being seen on some

occasions. An exposure of 5 minutes with the water

filter resulted in a very low density column of cloud on

expansion. This result is taken to show the importance
o o

of the wavelength lines at 18*49A and at 19*42A since

the water filter only appreciably affects the trans¬

mission of these wavelengths.

The null result reported above when an alcohol

filtered beam exposure was made was found only when no,

or very few, unfiltered beam exposures of that particular

gas filling had been carried out. After a number of

exposures to the beam with no filter, and certainly after

a long exposure producing a blue cloud visible without

the need of an expansion, an effect was produced by an
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exposure with the ethyl alcohol filter in place. An ex¬

pansion of near maximum size after an exposure of 5

minutes showed a low density column of cloud stretching

from top to bottom of the chamber. This result shows

that the filtered beam behaviour of the gas filling was

altered by the previous history of unfiltered beam ex¬

posures. At this stage, therefore, the chamber contents

must be considered to be different from when the chamber

was freshly filled. At this stage, repeated exposures

with the filtered beam might have been expected to use up

the impurity which must have been present, but no such

effect was detected. In fact, further filtered beam

exposures showed that the effect produced by the exposure

was increasing slowly, the clouds produced by an exposure

of the same length increasing slightly in density.

The behaviour of the cloud obtained in these exposures

was also rather different from those produced as a result

of an unfiltered beam exposure. There was no sign of the

column growing down on expansion, nor of growing denser

if a delay between the end of the exposure and the ex¬

pansion was interposed. An even greater difference was

that a small expansion showed no cloud if a filtered beam

exposure of a few minutes duration was used, but cloud

was seen if this was followed by a large expansion. After

one of these large expansions showing light cloud, cloud

was observed in the next cleaning expansion even at very

small expansion ratios. The threshold expansion ratio of

nuclei responsible for this cloud was found to be the
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same as for those nuclei produced by an unfiltered "beam

exposure, and a similar delay before growth to visible

size was found when the cloud density was low.

5.9 The Addition of Oxygen and Hydrogen

The separate addition to the chamber of a few tenths

of an atmosphere partial pressure of oxygen and hydrogen

did not appear to alter the behaviour of the nuclei

produced by an unfiltered beam exposure discussed in

sections 5.2 - 5.6. The addition of hydrogen did,

however, affect the production of the blue haze visible

without the need of an expansion. It was reported in

section 5.7 that with the lamp 15 cms. above the window,

this haze became visible after 15-20 minutes exposure of

the contents to the unfiltered beam. After hydrogen had

been added to the chamber, no haze was visible even after

an exposure of k0 minutes. A small expansion carried out

at this stage produced a very dense cloud, showing that

nucleus production had taken place.

The addition of oxygen did alter the effect produced

by a filtered beam exposure. A filtered beam exposure

of the chamber contents then produced nuclei, without the

need for earlier unfiltered beam exposures, and these

nuclei appeared to behave in the way described in section

5.8. It seems that a filtered beam exposure gives rise

to nuclei with similar properties after a number of un¬

filtered beam exposures of the gas filling have been
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carried out, and after oxygen has been added to the

chamber. Although the density of cloud observed in the

latter case is higher, comparison of the quantity of

oxygen present in the two cases shows that the increase

is not explained by the oxygen content of the chamber

alone (see section 6.7).

5.10 The Effect of Adding Hydrogen Peroxide Solution

As has already been noted, C.T.R. Wilson and others

have suggested that the production of hydrogen peroxide

may be responsible for the nuclei produced when moist

gaseous systems are irradiated with ultra-violet light.

For this reason, the effect of adding hydrogen peroxide

to the argon-water vapour system was studied. A watch

glass containing a weak solution of hydrogen peroxide

solution was placed on the base of the chamber. Hydrogen

peroxide is an unstable compound, decomposing to water

and oxygen, and no stabilizing agent was present in the

solution used. The normal filling procedure was carried

out. After allowing the chamber to reach close to

saturated conditions, a series of expansions were made.

These showed quite dense clouds, uniformly distributed

throughout the chamber, the nuclei responsible being

very effective as condensation centres. The cloud den¬

sity was very much higher than had before been observed

immediately after filling the chamber, no cleaning

expansions normally being required, and decreased only
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slightly after 15-20 expansions. There can "be no doubt

that this cloud was associated with the hydrogen perox¬

ide vapour given off by the solution, but possibly not

in a straightforward way since the chamber was found to

be clean on expansion the next morning. Hydrogen

peroxide vapour must still have been present in the

chamber, probably at a lower partial pressure because of

the dilution of the solution which would have taken place

overnight, but no cloud was seen even at the maximum

expansion ratio.

Although the chamber remained clean at this stage

when no exposures to the ultra-violet radiation were

carried out, it was found that a filtered beam exposure

of a few minutes duration gave rise to a very dense cloud

on expansion. This cloud was very much denser than had

been seen after any other filtered beam exposure, and

showed that although the hydrogen peroxide vapour did

not give rise to nuclei, except when first added to the

chamber, the wavelengths present in the filtered beam

are very efficient in producing nuclei when this vapour

is present.

5.11 Result of Chemically Testing for Hydrogen Peroxide

Miss Saltmarsh (1915)» after showing that hydrogen

peroxide vapour gave rise to nuclei when added to a

cloud chamber, went on to attempt to test directly by

a chemical method the suggestion that hydrogen peroxide,
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formed as a result of the ultra-violet irradiation of

dustfree air, might "be responsible for the production of

the UV-nuclei. As has "been already noted, the result of

this test was negative. In the present case, a strip of

filter paper, impregnated with titanic acid which turns

yellow when a very small trace of hydrogen peroxide is

added to it, was suspended in the working volume of the

cloud chamber. The chamber was filled with argon and

one blue cloud produced as described in section 5*7

above. After clearing this blue cloud, the chamber

window was removed and the filter paper examined. It

was a very faint yellow colour. A similar run with no

exposure of the gas yielded a blank result. Another

chemical test was also tried, which similarly gave a

positive hydrogen peroxide result. A strip of clean,

dry, filter paper was suspended in the working volume,

and the same procedure followed. On removing the filter

paper after the production of a blue cloud, a drop of

peroxidase-benzidene test solution was added to the

paper. This turns blue when hydrogen peroxide is

present, and did so, very faintly, on this occasion.

Both of these tests for hydrogen peroxide are sensitive

to approximately 1 part of hydrogen peroxide in 10

millions, and the positive result obtained with both

when an exposure was carried out shows that hydrogen

peroxide is produced when the moist argon system is

irradiated with the unfiltered beam of ultra-violet

radiation.
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That hydrogen peroxide is produced hy the inter¬

action of the ultra-violet light and the argon-water

vapour system does not of course prove that it is direct¬

ly associated with the observed condensation phenomena.

This point will be discussed further in Chapter 6.

5.12 Summary

In this chapter the results of the investigation of

the condensation nuclei produced by the interaction of

ultra-violet radiation with a moist argon system have

been described. For reference a summary of some of the

salient points is given below.

The cloud observed in the initial expansion after an

unfiltered beam exposure of the system was in the form of

a column, which became visible first at the top and then

grew down to the base of the chamber. An increase of the

exposure time, the intensity of the beam and the expan¬

sion ratio individually affected the cloud density and

distribution observed in this expansion similarlyl-

the time taken for the column to grow down decreasing,

the column increasing slightly in width and the density

of the cloud increasing. A delay between the end of the

exposure and the expansion resulted in the cloud density

observed increasing, the column increasing slightly in

width, and the whole length of the column appearing

simultaneously. If an extended exposure of the system

was carried out, then a blue haze became visible,
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without the need for an expansion. The threshold expan¬

sion ratio found to "be necessary to produce cloud in the

cleaning expansions was 1.008, and this applied to a wide

range of densities of nuclei, there "being a time delay of

/v 5 seconds "before the growth of the nuclei to visible

size, however, when the expansion was small and the

density of cloud low. The threshold expansion ratio was

likely to "be smaller than the above figure when a blue

haze was already visible in the chamber before the ex¬

pansion.

The use of the water filter showed that wavelengths
o

below 2000A were most effective in producing nuclei, and

the results with the alcohol filter showed that nuclei

were only produced by the filtered beam if a number of

unfiltered beam exposures of the system had been already

carried out, or if oxygen had been added to the system.

Hydrogen peroxide was found to be produced by unfiltered

beam exposures of the argon-water vapour system, and the

wavelengths present in the filtered beam were shown to be

efficient in producing nuclei when hydrogen peroxide

vapour was present in the chamber.
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CHAPTER VI

DISCUSSION OF THE ARGON-WATER VAPOUR RESULTS

In this chapter the condensation phenomena observed

when the moist argon system was irradiated with ultra¬

violet light will be discussed and a possible interpreta¬

tion of the results put forward.

6.1 The Behaviour of the Nuclei and Drops

The observation that the column of cloud seen in the

initial expansion after an exposure grows down from top

to bottom of the chamber makes it evident that the effect

produced by the ultra-violet light is non-uniform along

the length of the irradiated volume. The simplest explana

tion of this observation is that the nuclei produced by

the ultra-violet light are larger at the top than at the

bottom and decrease uniformly in size from top to bottom,

the non-uniformity being caused by the inverse square law

decrease in intensity of the beam traversing the chamber

and by the additional decrease due to losses by absorp¬

tion . Further consideration shows that this view of the

nuclei is oversimplified. The time taken for a nucleus

to grow to visible size when the vapour is supersaturated

is determined by the rate of diffusion of water vapour

into the region of the growing nucleus, the rate of con¬

duction of heat away from the nucleus and by the degree
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of supersaturation of the water vapour compared to the

supersaturation necessary to initiate continued growth of

the nucleus. The first two parameters are obviously

determined by the gas filling used in the cloud chamber,

and the third by the expansion ratio and the size of the

nuclei. An increase of any one of the three parameters

leads to a decrease in the time taken for growth. Ex¬

perimental observations of the time taken for Aitken

nuclei to grow to visible size at expansions of 1.01 or

smaller indicates that they become visible within 0.2-

0.3 seconds after the expansion. This then is taken as

an estimate of the time taken for such large nuclei to

grow to visible size when the expansion ratio is only

;just above threshold. The time delay of as much as

1.0-1.5 seconds before the appearance of cloud near the

base of the column cannot therefore be explained in terms

of the straightforward condensation of water vapour onto

a nucleus. One explanation of the phenomenon discussed

above is that at the end of the exposure the nuclei have

not yet grown to their final equilibrium size, but are

still developing. Because the intensity of radiation is

highest at the top of the chamber, the nuclei in this

region are most developed, and those near to the base

will be furthest behind in the growth process. When an

expansion is carried out, those nuclei large enough to be

caught by this will grow to visible size by the process
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of water condensing on them, but those lower in the

column will grow by this process only after they have

developed as nuclei to a sufficiently advanced stage.

The experimental results described in section 5.3

give further information on this point. A delayed expan¬

sion shows a column of cloud not much broader than that

observed in expansions carried out immediately, but

appreciably denser and exhibiting approximately unifoiro,

behaviour along its length. This behaviour was indepen¬

dent of the expansion ratio, at least down to 1.015.

That the whole length of the column appeared simultaneous¬

ly and with no appreciable delay confirms the suggestion

given above that the nuclei at the earlier stages are not

fully developed, and that the cloud is denser than seen

if the expansion is made immediately shows that many of

the potential nuclei are not seen in the initial expan¬

sion unless it is delayed. This continued development of

the nuclei present at the end of the exposure may be

explained if the small nuclei present collect some impur¬

ity vapour produced by the irradiation. The behaviour of

the nuclei constituting the blue haze when the relative

humidity is decreased is that of solution droplets, and

therefore it is suggested that at the end of the exposure

there is present within the irradiated volume a range of

sizes of solution droplets formed as a result of the

exposure, these continuing to grow by the collection of an
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impurity vapour also produced by the action of the ultra¬

violet light.

It is argued above that an impurity vapour is

important at the stage immediately after the exposure.

Is this impurity vapour still present at later stages?

In the first cleaning expansion after an exposure, a

dense unifoim cloud is observed. The density of cloud

observed is independent of the magnitude of the expan¬

sion, and the drops appear promptly, a small delay being

observed only at expansion ratios very near to the

threshold value. This behaviour is that expected of a

population of nuclei whose sizes are approximately the

same and such that an expansion of 1.008 produces a super-

saturation greater than the critical supersaturation.
-

When the cloud density observed in these cleaning expan-

sions is ~„l00/cc or less, it has already been noted

(section 5.5.1) that the cloud only appears promptly at

expansion ratios well above threshold, and appears only

after a delay of several seconds if the expansion ratio is

only just above threshold. This behaviour may be under¬

stood only if a second vapour is again present, the

nuclei present being in equilibrium with the surrounding

water vapour and with the impurity vapour. A large ex-

pansion carried out when the nucleus concentration is low

will then cause the nuclei to grow in the normal way to

visible size with no appreciable delay, but the nuclei will

grow when the expansion ratio is near the threshold value



-61-

only "by the collection of impurity vapour and water

vapour, the time taken for growth "being determined by

the rate of collection of the impurity vapour. Since it

has been argued that the presence of an impurity vapour

is necessary to explain the condensation phenomenon ob¬

served when the concentration of nuclei is small, it is

likely that this impurity vapour is present at all con¬

centrations. The presence of some impurity vapour, with

which the nuclei are in equilibrium, would explain the

observation that the cloud density observed is indepen¬

dent of the magnitude of the cleaning expansion. If an

impurity vapour exists, then the individual nuclei will

not be separate entities, but linked by the impurity

vapour, their size being determined by the impurity

vapour pressure and by the water vapour pressure.

6.2 The Size of the Nuclei

The discussion of the behaviour of the column of

cloud observed in the critical expansion after an exposure

suggests that a range of sizes are present, the average

size decreasing uniformly from the region at the top of

the chamber where the intensity of the radiation is high¬

est to the lower intensity region at the base, and that

the nuclei are not fully formed at this time. In the

cleaning expansions, the c^oud density produced by any

expansion above the threshold value is judged to be

equally dense, suggesting tha"fe the nuclei are all of the
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sarae size. When the concentration of nuclei is high

(> 100/cc) the cloud appears promptly even at expansion

ratios very close to the threshold value, and it may be

assumed that the behaviour of the nuclei on expansion

approximates to that of the solution droplets described

by the theory outlined in section 2,5, If the impurity
• - • j —

vapour, which it is argued is present, is important to

the growth of the nuclei when a supersaturated water

vapour pressure is established, then the theory of

solution droplets will give an overestimate of their size.

An expansion ratio of 1.008 produces a supersaturation of

9% when argon is the gas filling. Taking this value as

the critical supersaturation for the nuclei present in

the cleaning expansions, the theory of the stability of

solution droplets predicts that the equilibrium radius

of the nuclei at a relative humidity of 100% is
-7

5 x 10 cms. When the concentration of nuclei is low

( < 100/cc), the delayed growth of the nuclei to visible

size at expansion ratios just above threshold shows that

the nuclei cannot be as large as the figure calculated

above.

An upper limit to the size of the nuclei can be

deduced from the observation that the cloud in any clean¬

ing expansion is always uniformly distributed, no differ¬

ence being observed between the densities in the upper

and lower regions of the chamber. This statement is made

as a result of visual observation, and a lower limit to
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the detectable variation must be assumed. If this is

assumed to be a factor of 2, then use of the Barometer

formula giving the expected distribution of density-

after equilbrium has been established shows that the maxi¬

mum size of the nuclei is ~ 7.7 x 10 ^ cms. It should

be noted that this figure is lower than was previously-

estimated for the size of the nuclei present when a

blue haze has been formed. When the nucleus concentra¬

tion is as high as was observed in this case ( see section

5.7)> it is unlikely that a variation in density of a

factor of 2 would have been noticed.

It is concluded therefore that if a long Intense

exposure of the cloud chamber contents is carried out,

then a very large number of nuclei is produced of a

sufficiently large size to produce a visible effect in

the working volume without the need for an expansion.

The radius of these nuclei is greater than 10 ^ cms.

When a shorter exposure is made, producing a nucleus con-

centration ^ 10 /cc, then these nuclei behave as con¬

densation centres of radius -v 5 x 10 ^ cms. If this con-

2
centration is reduced to less thailo /cc by cleaning expan¬

sions or otherwise, or if the exposure is made even

shorter so that only this concentration is produced, then

the nuclei are smaller than 5 x 10*"*^ cms., but still

behave as condensation centres of approximately this size.

The explanation of this apparent anomaly is the importance

of a second impurity vapour which is collected by the
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nuclei when an expansion is made and assists in the

growth process.

6.3 The Quantity of Impurity Necessary to Account for

the Nuclei

3 U
It has heen visually estimated that 10 - 10 cloud

droplets/cc are seen in the first cleaning expansion after

a 30 seconds exposure of the argon-water vapour system to

the unfiltered "beam of ultra-violet light. If the

stability of the nuclei responsible for this cloud is

described by the theory of solution droplets outlined in
-21

section 2.5» then each nucleus must contain 2 x 10

moles of solute. This corresponds to there being a total

of 10 molecules of the impurity produced by a 30

seconds exposure if the upper estimate of the density of

the cloud is assumed. It should be noted that this cal¬

culation is essentially independent of the actual impurity

involved, it being only necessary that it be soluble in

water. Since it has been argued that an impurity vapour

must also be present to explain the b haviour of these

nuclei, the above figure will be a lower estimate of the

total quantity of impurity produced by the action of the

ultra-violet radiation on the system.
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6,k Evidence of the Identity of the Impurity

As has already been noted, the presence of hydrogen

peroxide produced by an extended exposure to the unfilter-

ed beam of ultra-violet radiation was detected by chemical

tests for this substance. The production of hydrogen

peroxide by the radiation may be unassociated with the

formation of nuclei, but the experimental results obtain¬

ed when a weak solution of hydrogen peroxide was added to

the cloud chamber suggest that this is not the case.

Although cloud was observed on expansion when the solution

was first added to the chamber, this was only true for a

limited time after this chemical had been added. Hydrogen

peroxide vapour must still have been present at this later

stage. The observation that the chamber remained clean

on expansion showed that this vapour itself does not give

rise to condensation nuclei. The observation that a dense

cloud was produced on expansion after a filtered beam

exposure had been made shows, however, that it may be

indirectly involved in the formation of condensation

nuclei and in their subsequent development. Hydrogen

peroxide vapour absorbs, and the molecule is dissociated
o

by, radiation in the wavelength range 3,800 - 2,200 A

(Bates and Nicolet, 1950), the interaction being des¬

cribed by the equation

H202 + hv » 2 OH

Wavelengths in this range are present in the filtered
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beam, and it must be considered that OH radicals may

initiate the formation of nuclei, the hydrogen peroxide

vapour perhaps then playing a part in the further develop¬

ment of these embryo nuclei. The supposition that hydro-

xyl radicals and hydrogen peroxide vapour may be respon¬

sible for the formation and growth of the condensation

nuclei produced by an unfiltered exposure of the argon-

water vapour system when hydrogen peroxide solution has

not been added to the chamber will now be considered.

«

6.5 The Production of Hydroxyl Radicals and Hydrogen

Peroxide by the Absorption of Radiation by '.Vater

Vt pour

The evidence that no nuclei are produced by the

filtered beam when the chamber has been freshly filled

with argon and no unfiltered beam exposures have been

made shows that the extreme wavelengths at the low wave¬

length end of the spectrum are most effective in producing

nuclei. Since water vapour only absorbs strongly those
o

wavelengths shorter than 2,000A, and the first stage in

the production of nuclei must be the act of absorption of

the photons of radiations, the above result would agree

with water vapour being the absorber. The absorption

coefficient as a function of wavelength for water vapour

is given by Thomson et al. (1963). The absorption coef-
o

ficient of the wavelength line at 18U9A is approximately
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70 times larger than that of the lower intensity line at
o

19U2A, these being the only two relevant lines present

in the beam emitted by the ultra-violet light source used,

and so only the effect of the radiation of the former

wavelength will be considered below. The absorption co¬

efficient of water vapour at the saturated vapour pressure

at l6°c is 0.02 cm \ and the output intensity at a dis-
o

tance of 30 cms. from the lamp of the line at 18U9A is

«•/ 90 microwatts/sq. cm. (R.J. Knight, private communica¬

tion). Of the 3 x 10lk photons/sec. of this wavelength

entering the chamber therefore, ^ 10li+ photons/sec. will

be absorbed by the water molecules in the 20 cm. path
15

length through the chamber, or ~ 3 x 10 photons in the

course of a 30 second exposure. Water molecules may be
o

dissociated by wavelengths shorter than 2,U00A (Noyes et

al., 19U1), the descriptive equations being

H20 + hv > OH + H

H20 + hy » + 0(3p)
No information is given in the above reference on the

relative probabilities of the two possibilities shown.

The notation 0(3p) indicates the ground state oxygen

atom, standard spectroscopic notation being used.

The formation of hydrogen peroxide will then follow

2 OH + M ► H202 + M
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where M is a third "body necessary in such reactions

when the final state would otherwise be a single molecule,

A competing reaction (Bates and Nicolet, loc. cit.) which

does not lead to hydrogen peroxide is

OH + OH > H20 + 0

It can be seen that because of the uncertainty of

the branching ratio of the two modes of dissociation of

the water molecule and of the formation of hydrogen perox¬

ide from the hydroxyl radical, it cannot be definitely

shown that the numbers of these species produced is suf¬

ficient to explain the nuclei observed after an exposure.

Comparison of the large number of interactions of the
1R *

ultra-violet light with the water vapour (3 x 10 ) with

the estimate of the number of impurity molecules necessary

to explain the stability of the condensation nuclei (lO11)
shows however that it can be assumed that hydroxyl radicals

j

and hydrogen peroxide vapour may explain the formation and

stability of the nuclei observed after the unfiltered

irradiation of the system.

The hydrogen peroxide formed in these reactions may

decompose by the reaction

2H202 » 2H20 + 02

and certainly some decomposition will take place by

catalytic action at the metal walls of the chamber. If
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the suggestion that OH radicals are responsible for the

initial stages of the formation of nuclei is correct,

then the result obtained when hydrogen was added to the

chamber may be at least partially -understood. When

hydrogen was added to the chamber it was found to prevent

the production of a blue haze. Hydroxyl radicals react

rapidly with molecular hydrogen

OH + H2 » H20 + H

and so the presence of hydrogen might be expected to

retard the formation of nuclei.

The further reactions of the atoms, which it is

argued above are formed, will now be considered. The

recombination of the oxygen atoms to form molecular

oxygen is very slow, and it is more likely that these will

react with the oxygen contamination of the argon gas

(see section 6.6) to form ozone,

0 + Og + M * * 0^ + M .

The reaction of ground state oxygen atoms with water

vapour,

0 + HgO > 20H

does not occur except at elevated temperatures. The recom¬

bination of the hydrogen atoms to foim molecular hydrogen

is also very slow, but again these may react with oxygen,

H * 02 + M » H00 + M
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to form the hydroperoxyl radical. The hydroperoxyl

radical reaction

H00 + H00 > HgO^ + 02
results in further production of hydrogen peroxide.

Except where references are appended, each of the

above reactions is discussed by Leighton (1961). Prom

the above reactions, it may be estimated that approxi¬

mately lO"*"^ hydroxyl radicals which may form ^ 2 x 10"^
15

hydrogen peroxide molecules, 10 hydrogen molecules and
15

10 ozone molecules may be formed by a 30 seconds ex¬

posure. The decomposition of the hydrogen peroxide may

lk
yield ~ 10 oxygen molecules. In the above estimates,

it has been assumed that when a branching ratio is un¬

known, each mode is equally likely.

6.6 The Interactions of the Ultra-Violet Radiation with

Other Constituents of the Cloud Chamber Filling

The argon gas used in these experiments contains

small quantities of nitrogen, oxygen, hydrogen and carbon

dioxide in quantities of less than 500 v.p.m., 10 v.g.m.,

1 v.p.m. and 5 v.p.m. respectively. A partial pressure of
-k

v 3 x 10 atmospheres of oxygen will therefore be presen

in the chamber when the argon gas pressure is 30 atmos¬

pheres. After the addition of a few tenths of an atmos¬

phere pressure of oxygen, no corresponding change was
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observed in the cloud density on expansion after exposure

of the chamber contents to the unfiltered beam. This

result proves that when the full range of wavelengths is

used, the presence of oxygen is not important for the

formation of the condensation nuclei. Similar considera¬

tions show that the presence of hydrogen is unimportant.

The results of a study of the condensation nuclei pro¬

duced in a nitrogen-water vapour system (see below,

Chapter 7) allow the same argument to be used to exclude

the importance of the nitrogen contamination. C.T.R.

Wilson (1899, loc. cit.) found that UV-nuclei were pro¬

duced in moist carbon dioxide, but required a more in¬

tense exposure than when air or oxygen was the filling

gas. This is taken as evidence that the carbon dioxide

impurity present in the argon gas is not the important

absorber of the ultra-violet radiation.

Since a rubber diaphragm was used in the cloud

chamber, the possibility that the nuclei may be formed

as a result of the interaction of the ultra-violet light

with a gas or vapour produced within the chamber, the

rubber being the most likely source of this impurity,

must be considered. Atkinson (1955) suggests the impor¬

tance of this impurity, but shows that irradiation with
o

wavelengths greater than 2,530A still gives rise to the

production of nuclei. Such wavelengths were found to be

ineffective in producing nuclei in the present experiment,

and therefore it may be assumed that this rubber impurity
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is not the source of the nuclei studied. The nuclei

studied "by Atkinson were reported to be effective as con¬

densation nuclei only at an expansion ratio very close to

that required for ionic condensation. The maximum degree

of supersaturation of water vapour which can be establish¬

ed in the high pressure chamber U3ed by the author is

insufficient to promote ionic condensation, and therefore

it is possible that the production of nuclei from a

rubber impurity might have escaped notice.

6.7 The Production of Nuclei by Filtered Beam Exposures

6.7.1. After a Series of Unfiltered Beam exposures.

The observation that no nucleus production results

when the ultra-violet light is passed through an alcohol

filter before entering the chamber when the chamber has

been freshly filled, but does so after a number of un¬

filtered beam exposures of this filling have been made,

shows that the unfiltered beam of radiation produces an

impurity which is then effective in forming nuclei when
o

it is irradiated with wavelengths greater than 2,200A.

Before considering the identity of this impurity, some

other aspects of the effect produced by the filtered beam

exposures will be discussed. At relatively large expan¬

sion ratios, a low density column of cloud was formed

after an exposure of a few minutes duration. Unless the
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exposure time was very much increased, no cloud was obser¬

ved at very small expansion ratios, and a delay between

the end of the exposure and the expansion did not alter

this behaviour. After the nuclei had been condensed upon,

however, in a large expansion, cloud was produced in

subsequent expansions at expansion ratios greater than

1.008, the previously determined threshold of those

nuclei produced by an unfiltered beam exposure. The

behaviour of the nuclei responsible for this cloud when

the concentration was low was also very similar to that

of the unfiltered beam nuclei, there being a delay before

the appearance of visible drops when the expansion was

not greatly above threshold. It must be considered that

although the behaviour of the nuclei present immediately

after the exposure differs from that of those formed by

the unfiltered radiation, the same impurity may be res¬

ponsible for the formation and subsequent stability of

both populations of nuclei. Even with a filtered beam

exposure of a few minutes duration, it is estimated that
2

the cloud density observed is only ** 10 /cc, and there-
9

fore only approximately 10 impurity molecules need be

produced to explain the formation of the nuclei. Again

this is a lower estimate since the presence of an impur¬

ity vapour must be assumed (see section 6.3).

It is shown in section 6.5 that an unfiltered beam
lii

exposure of 30 seconds duration may produce -v 10

oxygen molecules (~ 10~^ atmosphere pressure). The

partial pressure of oxygen is <v 3 x 10"^ of an atmosphere
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when the chamber has been freshly filled, and so it is

seen that a very large number of these exposures would

be required before the oxygen content of the chamber

would be appreciably increased. It is certain therefore
c ' ' ' ' I

that oxygen is not the impurity which is produced by the

unfiltered beam exposures and which gives rise to the

formation of nuclei when irradiated with wavelengths
o

greater than 2,200A. Hydrogen may be excluded by similar

reasoning. It has been shown that hydrogen peroxide

vapour is formed by the unfiltered beam exposures, and

certainly this vapour when irradiated with those wave¬

lengths present in the filtered beam gives rise to the

production of nuclei (see section 5.10). It was found

however that the chamber could be left for several days,

no exposure being made in this stime, and still a filter¬

ed beam exposure produced nuclei. It must be considered

that the hydrogen peroxide vapour which had been produced

by the previous unfiltered beam exposures would have been

dissolved by the water on the walls of the chamber in

this time, probably being catalytically decomposed at the

metal surface. Ozone is also produced by the action of

the ultra-violet light on water vapour. The thermal

decomposition of ozone when oxygen is also present is

extremely slow because of the competing reaction which

results in its reformation,

0^ + M > Og + 0 + M
0 + 0o + M > 0, + M

D

0 + 03 » 20 2
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These equations show that provided the oxygen concen¬

tration is high compared to the ozone concentration, then

the oxygen at cm freed by the initial decomposition of the

ozone is more likely to react with an oxygen molecule and

thus to reform an ozone molecule.- A net loss of ozone

only occurs if the oxygen atom interacts with an ozone

molecule. The solubility of ozone is also low so that

not a large quantity will be lost by being dissolved in

the water on the walls of the chamber. Ozone therefore

will be considered at this stage to be the impurity

which absorbs the wavelengths present in the unfiltered

beam and gives rise to the production of nuclei.

Gaseous ozone absorbs strongly the wavelengths

present in the filtered beam, the absorption coefficient

being a maximum very close to the intense line at
o

2,537A. The absorption coefficient at this wavelength

is 320 cm. atmos. (Smithsonian Meteorological Tables,

1951). It was shown in section 6.5 above that approxi-
15

mately 10 ozone molecules may be produced by a 30

seconds exposure, and therefore after the production of
13

a blue haze there may be up to 10 ozone molecules/cc

present in the chamber volume. The intensity of the
o

wavelength line at 2,537A is approximately 12 times
o

higher than that at 18U9A, and, allowing for absorption

in the alcohol filter, it may be shown that if the ozone
12

concentration is as high as the figure above, «*/ 1+ x 10

photons are absorbed by the ozone per second. A total

of ~ 5 x 101J+ photons will be absorbed in the course of a
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two minute exposure. Ozone is dissociated by radiation

of this wavelength,

0^ + hv » 02 + OC3!)) .

The excited oxygen atom produced is known to react with

water vapour (McGrath and Norris, 1958) with the for¬

mation of hydroxyl radicals,

0("4)) + H20 > 20H .

lh
This analysis shows that approximately 10 hydroxyl

radicals, and therefore a similar number of hydrogen per¬

oxide molecules, may be produced by a filtered beam

exposure if the ozone concentration is as high as is

suggested. This must be taken as an upper limit since

the maximum concentration of ozone has been assumed, and

because the excited oxygen atoms produced by the photo-

decomposition of the ozone may suffer collisional de¬

activation before reacting with the water vapour. Com¬

parison of this estimate, however, with the number of

impurity molecules necessary to explain the stability of
/ 9x

the nuclei (10 ) shows that it is probable that a suf¬

ficiently large quantity of hydroxyl radicals and

hydrogen peroxide molecules may be produced to explain

the formation of the nuclei observed on expansion.
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6.7.2 After the Addition of Oxygen

The above analysis has been concerned with only

those nuclei which are produced by a filtered beam ex¬

posure after a number of unfiltered beam exposures of

the argon-water vapour system have been carried out. It

has been reported (section 5.9) that, when a few tenths

of an atmosphere pressure of oxygen is added to the

chamber, a filtered beam exposure gives rise to the pro¬

duction of nuclei even if no unfiltered beam exposures of

the mixture have been made. The behaviour of the nuclei

on production, and of those condensed on in later clean¬

ing expansions is very similar to that of the nuclei

considered in section 6.7.1 above. Because of this, it

must be assumed that the same impurity, produced in a

different way, must be responsible for those nuclei. The

concentration of nuclei produced by an exposure when

oxygen is present is also similar to that produced after

a number of unfiltered beam exposures, and so the estimate
9

of 10 impurity molecules is again assumed.

If hydroxyl radicals are to be produced by the inter¬

action of the ultra-violet light with the oxygen, then

the first step must be the dissociation of the oxygen.

This is only possible with radiation of wavelength less
o

than 2,b2.Hk (Bates and Nicolet, 1950), and so the active

radiation present in the beam is restricted to the wave-
o

length range 2,200 - 2,ij-21A. Absorption of these wave¬

lengths produces two ground state oxygen atoms,

02 + hv » 20(3P)
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but, as has already been noted, the ground state atom

does not react with water vapour. The atoms will cer¬

tainly react with oxygen molecules to form ozone, which

may then be dissociated by the radiation of wavelength
o

2,537A as has been described above (section 6.7.1). The

excited oxygen atoms produced will then cause the for¬

mation of hydroxyl radicals by interaction with the water

vapour.

The absorption coefficient of oxygen in the wave-
o

length range 2,200 - 2,i+21A is low, the value being

~ lo""^- cm.~\ atmos.""^ (Smithsonian Meteorological

Tables, 1951)# Using an estimate of the intensity of

radiation in the above wavelength range, it may be cal¬

culated that 5 x 1011 ground state oxygen atoms will

be produced per second by dissociation of the oxygen

molecules. These are formed in the irradiated volume,

and will form ozone molecules by reaction with the oxygen

molecules present. The rate of production of the excited

0(*4)) oxygen molecules by the dissociation of the ozone

depends on the rate at which the ozone molecules diffuse

from the irradiated volume. If no diffusion took place
12

in the course of a two minute exposure, then ~ 5 x 10

CK^D) atoms would be produced, and if the diffusion rate
11

is very fast then a minimum of 3 x 10 atoms would be

formed. The lower estimate must be taken as the more

realistic value. These excited oxygen atoms will react

with the water vapour, and therefore a minimum of 10^
hydroxyl radicals, and a corresponding number of hydrogen
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peroxide molecules will be produced by the filtered beam

exposure. It should be noted that again this is much

higher than the lower limit estimate of the number of

impurity molecules necessary to explain the formation

of the nuclei and their subsequent stability. It should

also be noted that the estimate of the number of hydroxyl

radicals produced by this two stage absorption process

is orders of magnitude smaller that that calculated in

section 6.7.1# It is not thought that this apparent

disagreement is important since the latter estimate

depends on the quantity of ozone which it is assumed to

be produced by the unfiltered exposures, and on the rate

of disappearance of this from the working volume of the

chamber.

6.8 Summary

In this chapter, the results of the investigation of

the condensation nuclei which are produced by the

irradiation of an argon-water vapour system have been

discussed. Consideration of the way in which the column

of cloud is observed to form on expansion, and of the

increase in density of this column of cloud if the ex¬

pansion is delayed, has shown that the nuclei present in

the gas at the completion of the exposure have a range

of sizes, the largest being in the region of most intense

radiation at the top of the working volume, and that

these nuclei continue to develop if the expansion is

delayed. Prom this conclusion, and from the observation



-80

of the delayed appearance of visible drops formed on

nuclei near the base of the chamber, the importance of

an impurity vapour surrounding the nuclei has been

inferred. The belated appearance of drops formed in

cleaning expansions, when the concentration of nuclei is

small, has confirmed the importance of the impurity

vapour, and certainly the presence of such a vapour with

which the nuclei are in equilibrium would explain the

experimental result that the cloud density observed in

these cleaning expansions is independent of the expan¬

sion ratio, provided this is above the threshold value

of 1.008.

It is argued on the basis of the results obtained

when a weak solution of hydrogen peroxide was added to

the chamber, and on the result of the chemical test for

this substance after an extended exposure, that it must

be considered that the production of hydroxyl radicals

may give rise to the formation of nuclei, the presence of

hydrogen peroxide which can be formed from these radicals

then being assumed to explain the development and subse¬

quent stability of the nuclei studied in these experi¬

ments. The ways in which hydroxyl radicals may be

formed when the moist gaseous system is exposed to the

ultra-violet radiation are discussed, and a comparison is

made between the quantity of these radicals produced by

the exposure and the quantity of impurity which is ne¬

cessary to explain the presence of the nuclei. It is

always found that a sufficiently large number of hydroxyl
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radicals and therefore of hydrogen peroxide may he

produced "both in unfiltered exposures and in filtered

exposures.



CHAPTER 7

THE INVESTIGATION OF THE CONDENSATION NUCLEI PRODUCED BY

THE INTRODUCTION OF A HITROGSN-WATER VAPOUR SYSTEM

In this chapter the results of the author's investi¬

gation of the UV-nuclei produced in a moist nitrogen

system will he presented and discussed. The results of

this study are being presented in this separate chapter,

but, when carrying out the experiments, nitrogen gas

fillings of the chamber alternated with argon gas fill¬

ings, and the results of the observations of the nuclei

produced in each gas were therefore collected at the same

time.

7.1 The Experimental Procedure and Results

The experimental procedure was almost identical to

that followed when argon was the filling gas. After the

addition of the distilled water to the working section,

the chamber was flushed with nitrogen until ideally only
■■

-5
10 of an atmosphere pressure of air remained. The

chamber was then left at close to atmospheric pressure

to allow the working volume to saturate with water vapour^

and then filled to a pressure of 30 atmospheres with

nitrogen. The grade of nitrogen used was oxygen-free

nitrogen and this gas was also supplied by the British

Oxygen Company Limited. This gas contained not less than
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99.9% nitrogen, less than 10 v.p.m. of oxygen, 20 v.p.m.

of hydrogen, 20 v.p.m. of carbon dioxide and other small

quantities of inert gases. It should be noted that the

impurity concentrations of oxygen, hydrogen and carbon

dioxide are very similar to that present in the standard

grade of argon used.

With the ultra-violet light source at the same dis¬

tance (30 cms.) from the upper window as was usually used

when making exposures of the moist argon system, a 15

second unfiltered beam exposure of the moist nitrogen

system was carried out. On expansion immediately after

this exposure, a column of cloud was seen forming first

at the top of the working volume and growing down to the

bottom of the chamber. This behaviour was that already

found when argon was used as the filling gas. Further

investigation of the effects observed in this initial

expansion showed that, after allowance had been made for

the different degree of supersaturation established by

equivalent expansions of the nitrogen and of the argon

systems, closely related condensation phenomena were

taking place. The appearance of the cloud at the top of

the column initially, followed by the progressive for¬

mation of the remainder, the time delay of as much as

1.5 seconds before the appearance of cloud at the base

of the column, the increase of the density and of the

uniformity of behaviour of the complete column of cloud

when a delay between the end of the exposure and the
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expansion was allowed were all observed. The blue haze

produced by an extended exposure also appeared as des¬

cribed in section 5.7 of the argon results, and behaved

in the way described there when recompressions of the

nitrogen gas were made.

The density of cloud observed in the cleaning

expansions was also judged to be the same as that after

an equivalent exposure of the argon system and was

similarly independent of the magnitude of the expansion

ratio, provided this was greater than the corresponding

threshold value of 1.013 - 0.003. This threshold value

was again applicable to a wide range of nucleus concen¬

trations although as before the value was almost certain¬

ly lower when the blue haze was already visible in the

chamber. When the concentration of nuclei was low, the

same expansion threshold was found (1.013) tut the drops

again became visible only after several seconds if" the

expansion ratio used was close to the threshold value.

The stability of the uniform cloud observed in these

cleaning expansions was not greatly different from that

of the clouds observed in the argon case, the temperature

gradient set up after the expansion still being made

evident by the evaporation of the drops first taking

place near the top of the chamber, clearing of the cloud

then spreading downwards, but the time for which the cloud

remained uniform was longer in this case than before.

The increase was no more than ~ 50% and may be due to
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the slower warm up of the system. Another contributing

factor will "be discussed in section 7.4.1.

The effect produced hy the filtered beam exposures

was also similar to that observed in the argon experi¬

ments, the exposure times required and the cloud density

produced on expansion being approximately the same.

Cloud was produced on expansion after a filtered beam

exposure of a moist nitrogen system only, if this mixture

had already been exposed to the unfiltered beam of

radiation, or if oxygen had been added to the mixture.

The results obtained when oxygen had been added v/ill be

presented in section 7.2 below.

7.2 The effect of the Addition of Oxygen

After the addition of a few tenths of an atmosphere

pressure of oxygen to the cloud chamber filling of nitro¬

gen, the condensation phenomena observed were markedly

different. The behaviour of the cylinder of cloud pro¬

duced on expansion after an unfiltered beam exposure of

the nitrogen-oxygen-water vapour mixture was similar to

that described in section 7.1 above, but it was found that

this cloud was no longer unstable towards evaporation.

This stability of the cloud was confirmed in the cleaning

expansions, the cloud remaining uniform for several

minutes and showing very little signs of being sensitive
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to the temperature gradient which must still have been

formed in the gas. The cloud density observed in these

cleaning expansions was not very different from that

observed after an equivalent exposure of the nitrogen

mixture before oxygen had been added, and again the den¬

sity observed on expansion was independent of the magni¬

tude of the expansion ratio. The minimum value of the

expansion ratio was however changed. The threshold value

now was approximately 1.008, corresponding to a super-

saturation of ~ k%t a11*3- it was at expansion ratios

close to this value that the stability of the cloud was

most obviously higher than before. When the nucleus con¬

centration fell to a very low value of less than ~10/cc,

the rate of growth of the drops was very much decreased.

Even at expansion ratios near to the maximum, the cloud

took several seconds to appear. This behaviour was again

different from that observed before oxygen had been added

to the chamber, the drops then appearing promptly except

at expansion ratios close to the threshold value.

When filtered beam exposures of the nitrogen-oxygen

water vapour system were carried out, it was again found

that low density columns of cloud were formed on expan¬

sion which were similar to those observed in the argon-

water vapour case. Again however the cloud formed was

markedly more stable, and the behaviour of these nuclei

in the cleaning expansionswas the same as that reported

above for those nuclei produced by an unfiltered beam
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exposure. It should be noted however that, as for the

other filtered beam exposures, the number of nuclei pro¬

duced by an exposure of a few minutes duration was very

much less than that produced by a 30 seconds unfiltered

beam exposure.

The very obvious difference in the stability of the

cloud formed on expansion, the change in the threshold

expansion ratio, and the change in the behaviour of the

growing nuclei when the concentration is low, make it

clear that when oxygen has been added to the system, a

different condensation phenomenon is taking place. The

similarity of the effects observed in the initial expan¬

sion suggests however that nucleus production is also

taking place in the same way as when only the oxygen

impurity content of the nominally oxygen-free nitrogen

is present,

7.3 The nitrite Test

After a series of experiments had been carried out

with the nitrogen-water vapour system, the surplus water

lying on the floor of the chamber was tested for the

presence of nitrite ions, NOg. The method used was
based on that suggested by Shinn (19U1) in which a pink

dye is formed if the concentration of nitrite is greater
9

than approximately 1 part in 10 . The result of this test

was always weakly positive if a blue haze had been formed

in the nitrogen-water vapour systems or if a number of
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shorter exposures had been made. Checks were made that

this test gave a positive result only if the mixture had

been irradiated and it must be concluded that the nitrite

ions were formed as a result of the exposures. Tests

were also made after argon-water vapour runs and were

invariably negative.

After a number of exposures of the nitrogen-oxygen-

water vapour mixtures, the nitrite test was very much

stronger than normal, the test solution turning a deep

pink colour. It is argued below that this is related to

the change in the properties of the nuclei produced by an

exposure after the addition of oxygen to the nitrogen-

water vapour system,

1»b Discussion of the Results

7.U.1 With the Nitrogen-//ater Vapour Mixture

The similarity of the effects observed in the initial

expansion and in the subsequent cleaning expansions after

an exposure of the nitrogen-water vapour system and those

noted after a similar exposure of the argon-water vapour

mixture makes it almost certain that the same mechanism

of formation of nuclei is taking place. Certainly the

same properties of the nuclei can be inferred from the

behaviour of the nuclei on expansion as were discussed in

sections 6.1 and 6.2. The validity of the suggestion

that hydroxy1 radicals might be the nucleogenic substance

produced by irradiation of the argon-water vapour system
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was considered in sections 6.5, 6.6 and 6.7.1, and it was

found that it could not be refuted. The analysis of the

absorption of the radiation photons and of the further

reactions which may take place that was given in the above

sections, will also apply to the nitrogen-water vapour

mixture proviuea the possibility of side reactions with

the nitrogen are considered.

Nitrogen does not absorb in the range of wavelengths

used in these experiments, so that the possibility of

reactions following the direct absorption of photons by

the nitrogen may be neglected. When an unfiltered beam

exposure of the moist nitrogen system is carried out, the
o

interaction of the photons of wavelength 18I+9A with the

water vapour will cause the production of hydroxyl radicals

as before. No suggestion that this uncharged radical

interacts with nitrogen has been found in the literature

and therefore they will remain free to initiate the for¬

mation of nuclei as has been already suggested. If the

formation of nuclei by a filtered beam exposure, after a

number of unfiltered beam exposures, is to take place in

the same way as previously, then the oxygen atoms released

by the dissociation of the water vapour to molecular

hydrogen and atomic oxygen must still react with the

imptirity oxygen present to form ozone. Extrapolation of

data given by Leighton (1961) suggests that approximately

equal numbers of oxygen atoms will react with the oxygen

as with the nitrogen when the ratio of the partial

pressures of these gases is ~ 10""-'. This estimate may be
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It is also unclear if the reaction between the ground

state oxygen atom and nitrogen does take place, but Noyes

et al. (19U1) and Harteck and Dondes (195U) both suggest

that only the excited OC^D) oxygen atom will react with

the nitrogen to form nitrous oxide,

N2 -1- 0( XD) + M » N20 + M

It may therefore be assumed that ozone will be formed in

approximately the same quantities as in the argon case.

No reaction of the ozone with molecular nitrogen is sug¬

gested in the literature, so that it is evident that

ozone may be produced by the unfiltered exposures of the

nitrogen-water vapour mixture and remain in the working

volume. Slow thermal decomposition and losses due to

the solubility of the gas will take place as before.

When this mixture of nitrogen, ozone and water vapour is

irradiated by the filtered beam, decomposition of the

ozone will take place, and the excited oxygen atoms re¬

leased will react with the water molecules to form

hydroxyl radicals. They will also react with the nitrogen

as outlined above, but it must be assumed that this will

not greatly reduce the number of hydroxy}, radicals formed.

The presence of nitrite ions in the surplus water on

the floor of the chamber may be explained by the further

reactions of the nitrous oxide,

N2O + 0 > 2N0

2N0 + 02 » 2N02
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Nitrogen dioxide has "been shown (Crane and Halpern,

1939) to he efficient in promoting the phase change of

water vapour to liquid, and the role played "by this

vapour in the creation of condensation nuclei has been

further considered by Evans and Watson (1966). The
,

difference between the properties of the nuclei created

from nitrogen dioxide vapour (see below) and those of

the UV-nuclei studied in the nitrogen-water vapour system,

and the similarity of the behaviour of the UV-nuclei in

the nitrogen and argon cases, no evidence of nitrogen

dioxide production in the latter case being found, suggest

that any nitrogen dioxide vapour produced in the nitrogen

system plays only a minor role in the production and sub¬

sequent behaviour of the UV-nuclei. One of the obvious

properties of the drops formed on the condensation nuclei

produced from nitrogen dioxide vapour (Evans and Watson,

loc. cit.) was their stability against evaporation. It is

suggested therefore that the small quantity of this vapour,

which the nitrite test shows to be produced, may account

for the small increase in the stability of the clouds

formed by an expansion when UV-nuclei have been formed by

an exposure of the moist nitrogen system. The drops form¬

ed on expansion will collect some of this impurity, nitrous

and nitric acid being formed by reaction with the water of

the growing droplet,

2TT02 + H20 > HN02 + UNO ^

The small acid content of the visible droplets will there¬

fore make them a little more stable against re-evaporation
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when the degree of supersaturation established by the

expansion decreases to a small value.

7»k.2 with the Nitrogen-Ox.vgen-Water Vapour Mixture

As was reported in section 7.2, the addition of a

small quantity of oxygen to the nitrogen-water vapour

system caused a considerable change in the properties of

the nuclei produced by an exposure. The appearance of a

column of cloud in the initial expansion and the similar¬

ity of the behaviour of this, when the expansion was

delayed, to the previous cases considered, suggests that

the same mechanism of the production of nuclei and their

development is still talcing place. The condensation

phenomena observed in the cleaning expansions however

shows that other processes are also occurring. The

strength of the nitrite test shows that enhanced produc¬

tion of nitrite takes place when oxygen has been added to

the system, and this may explain the differences noted.

Evans and Watson (loc. cit.) argue that when a small

partial pressure of nitrogen dioxide vapour is present in

the chamber, nucleus formation takes place only in the

immediate post-expansion period when the supersaturation

is > Condensation then takes place at these centres,

the growing nuclei collecting nitrogen dioxide vapour in

addition to water vapour and becoming slightly acidic

visible drops because of the reaction

2N02 + H2O > HNO2 + hno3 .
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The cloud formed In this way was found to "be extremely

stable against re-evaporation, and was produced "by any

expansion which established a supersaturation of greater

than k%» that is at expansion ratios greater than 1.008

when nitrogen is the gas filling. These authors found

that when the cloud density formed on expansion was low,

there was an appreciable delay after the expansion before

this became visible, in contrast to the prompt appearance

of cloud when the density was high. This behaviour was

independent of the magnitude of the expansion ratio, and

it v/as this feature which led to the conclusion that no

nuclei were present in the gas before the act of expan¬

sion.

The similarity of the behaviour described above to

that observed in the cleaning expansions after an exposure

of the nitrogen-oxygen-water vapour system suggests that

the same condensation phenomenon is taking place.

When an unf iltered beam exposure of the above mixture

is made, approximately equal numbers of photons of wave-
o

length 18U9A will interact with the oxygen as with the

water vapour if the partial pressure of oxygen is a few

tenths of an atmosphere. The oxygen molecule is dissocia¬

ted by radiation of this wavelength,

02 + hv > 0(3P) + 0(XD) ,

a ground state ana an excited state oxygen atom being

formed. As has already been noted, the OC^D) atom may
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interact with either a water molecule or with a nitrogen

molecule. If the reaction takes place with the water

molecule, then two hydroxyl radicals will be formed, and

the alternative reaction with the nitrogen produces

nitrous oxide which in turn leads to the formation of

nitrogen dioxide by the further reactions outlined in

section 7.4.1# The branching ratio of the two modes is

unknown, but of course the result of the nitrite test

shows that it is likely that reaction with nitrogen does

take place.

It is suggested therefore that when an exposure of

the nitrogen-oxygen-water vapour mixture is carried out,

the UV-nuclei which are formed in the moist argon and in

the moist nitrogen system are also produced in this

mixture, the nucleogenic substance formed being the

hydroxyl radicals. Appreciable quantities of nitrogen

dioxide vapour are also formed, however, and in the clean¬

ing expansions this vapour dominates the condensation

phenomena observed. The role played by this vapour in

the creation of condensation nuclei has been already dis¬

cussed by Evans and Watson (loc. cit.).
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GHAPTER 8

FURTHER CONSIDERATION OF THE MECHANISM OF NUCLEUS

FORMATION

In this chapter the mechanism of the formation of

condensation nuclei will "be considered further. This

problem has "been mentioned "briefly in earlier chapters.

In the discussion which follows, the results of the

author*s investigation of the condensation nuclei pro¬

duced in moist gaseous systems will "be compared with

those of other workers.

8.1 The Formation of Nuclei from the Vapour Phase

It has "been reported in sections 2.5 and 3.2 that

the transformation of impurity molecules into condensa¬

tion nuclei in the presence of water vapour is not well

understood, and that the nucleogenic property of impurity

molecules produced "by the action of ultra-violet radiation

on moist gaseous systems has "been considered "by only a

few authors in this field. It is accepted that when the

ultra-violet light enters the gaseous system, the first

stage of the formation of nuclei is the act of absorption

of some of the radiation quanta by one of the constitu¬

ents of the mixture. This may produce excitation or

dissociation of the absorbing molecules, and either these

excited molecules or the products of the dissociated
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molecules may be nucleogenic. If this is not the case,

then if the excitation is electronic the activated

molecules may take part in chemical reactions which do

not occur with the ground state molecules. It is certain

that the products of the dissociated molecules will have

a different chemical behaviour from that of the parent

molecules. The products of such chemical reactions may

be nucleogenic, or further reactions may have to take

place. At some stage an active impurity must be produced

if the formation of condensation nuclei as a result of

the ultra-violet light exposure is to take place. It

must be accepted, however, that not only is there no

agreement in the literature about the constituent of the

gaseous system which is responsible for the first stage

of this process, the act of absorption of the ultra¬

violet radiation, but that the property or properties of

nucleogenic substances remains obscure. The experiments

of McHenry (1953» loc. cit, ) to attempt to determine the

property of impurity molecules which makes them effective

as nuclei producers in the presence of water vapour,

show the lack of understanding of this aspect of the work.

McHenry and Twomey (1952, loc. cit.) suggest that arrmonia

molecules which have been vibrationally excited by the

absorption of ultra-violet light quanta may initiate the

formation of small clusters of water molecules, larger

aggregates than being formed by collision and prevented

from evaporating by the dissolved ammonia. The requisite
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property of the excited ammonia molecule suggested is

that it may have a high dipole moment. The further

experiments of McHenr# referred to above, with nitro¬

benzene which is known to have a high dipole moment

throws doubt on the validity of this suggestion, or at

least suggests that this is not the only requisite

property.

In the present case, the author suggests that

hydroxyl radicals may be nucleogenic. The only other

suggestion which is known, of connecting hydroxyl

radicals with condensation phenomena, is in a related

field of condensation study. In the absence of suitable

nuclei to initiate freezing, water-droplet clouds may be

supercooled to at least -UO°C (Mason, 1957)» and super¬

cooled clouds occur in the atmosphere above about -15°C.
Because of the importance of the formation of ice

crystals in rain making, means of artificially causing

the freezing of such supercooled clouds were sought.

Until recently, the most effective substance, which, when

dispersed as a fine smoke, caused the change of a super¬

cooled water droplet cloud to a cloud of ice crystals

was sodium iodide. This substance was thought to be the

most efficient because of the close similarity of the

crystal structure of sodium iodide to that of ice (Mason,
loc. cit.). Recently, however, it has been found that

some organic crystalline substances are very much more

effective, these substances having a crystalline structure



■98-

in no way resembling that of ice. It has been suggested

that the large number of surface Oil groups of these cry¬

stals may be the reason for their efficiency. Although

this connection is tenuous, the suggestion that hydroxyl

radicals may be nucleogenic need not be at variance with

some of the suggestions of other investigators of UV-

nuclei. C.T.R. Wilson (loc. cit.) suggested that the

nuclei formed as a result of ultra-violet light exposure

were small drops of hydrogen peroxide solution. No sug¬

gestion is made about the mode of formation of this

chemical, but it would seem likely that hydroxyl radicals

would be involved. If such were the case, the result of

his experiment with moist hydrogen may be qualitatively

explained. He found, that in moist hydrogen, nucleus pro¬

duction took place in very much reduced numbers compared

to the effect in air, nitrogen, oxygen and carbon dioxide,

and that the nuclei were effective as condensation centres

only at expansion ratios near the ionic value. As was

outlined in section 6.5, the reaction of hydroxyl radicals

with hydrogen may be expected to retard the formation of

nuclei and this may explain this observation. Crane and

Halpern (loc. cit.) and Parley (loc. cit.) both suggested

that the formation of atomic oxygen was the first step,

and therefore the possibility of the production of

hydroxyl radicals by further chemical reactions can not

be excluded. Mulcahy and Kuffel (loc. cit.) suggest that

the dissociation of water vapour by the photosensitized
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action of mercury vapour molecules is the first step in

the formation of hydrogen peroxide, this chemical being

thought to account for the UV-nuclei produced. These

interactions in fact produce hydroxyl radicals, so again

the possibility that these may be responsible for the

formation of the nuclei cannot be excluded.

Not only is the property of the nucleogenic substance

unknown, but there exists another feature of the produc¬

tion of UV-nuclei which has yet to be explained. The

experiments of Mulcahy and Kuffei, referred to above, show

that there seems to be a time lag before the formation of

nuclei. When an exposure of a few minutes duration of

the moist gaseous system was carried out, only a very low

concentration of nuclei was produced. Irradiation for

longer perious caused an almost discontinuous increase of

the concentration produced, followed by a further slow

rise to an almost constant value. No explanation or

interpretation of this behaviour was offered by the above

authors. One interpretation of this behaviour is that a
ft " , j ' '

critical quantity of some nucleogenic impurity vapour must

be produced before nucleus formation will take place. If

it is assumed that this impurity vapour is being produced

by the interaction of the ultra-violet quanta with the

gaseous system, the absolute value of the time lag will

depend on the rate at which this is produced. For

simplicity, it will be assumed that this rate is constant

throughout an exposure. Once the concentration of impurity

is greater than the critical value, the formation of
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embryo nuclei will commence, these developing "by col¬

lection of the impurity vapour and v/qter vapour. At

this early stage, when the concentration of these embryo

nuclei is low, the rate of collection of the impurity

vapour will be lower than the rate of production. The

concentration of impurity vapour will therefore continue

to increase, and it is supposed that this will lead to

an increased rate of formation of nuclei. This may then

qualitatively explain the rapid increase of the concen¬

tration of nuclei observed. The higher the concentra¬

tion of nuclei, however, the higher is the rate of loss

of impurity vapour to the growing embryos, and a stage

will be reached when the concentration of impurity vapour

will fall below the critical value, the nuclei already

present then developing further by collection of the

vapour if the irradiation is continued. This would also

explain the slow rise to an approximately constant value.

It should be noted that at any stage of the exposure,

there will be present in the gas a range of sizes of

nuclei surrounded by a relatively high vapour pressure

of the impurity produced by the action of the ultra-viole

radiation on the gaseous system. At the completion of

any exposure, therefore, the nuclei and embryo nuclei

will continue to develop by collection of this vapour and

water vapour until equilibrium is reached between all of

the nuclei and the vapour. The experimental technique

used by Mulcahy and Kuffel would not have allowed the
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observation of this behaviour. This behaviour was,

however, noted, by the author.

Many of the results of the author1s investigations

may be qualitatively understood in terms of the above

theory. The initial expansion after an unfiltered beam

exposure of either the argon-water vapour or the nitrogen-

water vapour system showed a column of cloud which grew

down through the gas from the region of the most intense

radiation to the lowest. The density of cloud in this

column decreased from the top downwards. A delayed

expansion showed that not all of the potential nuclei

had been condensed upon, the column of cloud being denser

and exhibiting more uniform behaviour than in expansions

carried out immediately after the exposure. It was in¬

ferred from these observations (section 6.1) that a

range of sizes of nuclei was present at the end of the

exposure, the nuclei being surrounded by an impurity

vapour and still developing by collection of this vapour

and water vapour. It was also concluded that the average

size of the nuclei decreased from the top of the working

volume to the base, and that at any cross-section of the

column a range of sizes was present. The range of sizes

at any cross-section is predicted by the suggested

theory, and the dependence of the average size of the

nuclei on the distance from the lower surface of the top

window may be easily accounted for. The flux of radia¬

tion decreases with distance from this surface because

of absorption losses, and therefore the rate of production
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of the impurity vapour will similarly decrease. Since the

concentration of impurity vapour will rise above the

critical level at the top of the chamber earlier in the

exposure than elsewhere in the column, the embryo nuclei

in this region will be correspondingly more developed at

the end of the exposure.

Another result may also be partially explained by

this theory. In the cleaning expansions after an unfilter-

ed beam exposure, the nuclei present were always effective

as condensation centres at a degree of supersaturation of

~ 9%, A short exposure produced fewer but not less

effective nuclei, and a very long exposure was required

before the results suggested that the expansion threshold

had fallen to a value smaller than the above figure. If

a relatively high impurity vapour pressure is present at

the end of the exposure, the nuclei present will continue

to develop until an equilibrium size is reached. This

equilibrium size might be expected to be insensitive to

the length of the exposure.

It should be noted that the behaviour of the nuclei

produced by the filtered beam of radiation cannot be

easily understood in terms of the theory outlined above.

The rate at which these nuclei are formed is, however,

very much lower than the rate of production of nuclei by

the unfiltered radiation and diffusion of the impurity

vapour from within the irradiated volume will therefore
• "

V •

play a more important role. It is possible that if the
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intonsity of* the unfiltered "beam was nruch reduced,

nuclei would he produced which had similar properties

(see section 5»8) to those of the nuclei produced by the

filtered beam. The importance of the diffusion of the

impurity vapour could be investigated more directly by

reducing the cross-section of the irradiated volume.

In further investigations of the production of the

condensation nuclei by the interaction of ultra-violet

radiation with moist gaseous systems, a method of

quantitatively determining the cloud density produced on

expansion should be used. The importance of visual

observation, however, has been obvious throughout the

present investigation. These conditions need not be

mutually exclusive. The density of cloud produced on

expansion may be most conveniently measured by determin¬

ing the extinction of a pencil beam of light which

traverses the cloud. The author has already set up the

apparatus necessary for this measurement; a photo-cell

placed at the top window of the high pressure cloud chamber

recording the intensity of a pencil beam of light which

enters by the window in the base. The change in the cur¬

rent through this photo-cell caused by the extinction of

the light by the cloud produced on expansion was amplified

and recorded on a pen-recorder. Visual observation of the

cloud was carried out by using the normal inspection lamp,

the photo-cell being shuttered when this was used. The
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uncalibrated results obtained with, this apparatus were

found to be highly reproducible when preliminary measure¬

ments were made of the cloud density produced on expan¬

sion after the formation of nuclei by the action of an

electric field on a moist nitrogen system.
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