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PREFACE
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Chapter I

INTRODUGTION

Following the pioneer experiments of Coulier (1€75) and Aitken
(1880-1) on the condensation of water vepour, C. T. R, Wilson (1895) |
constructed a device called a cloud chamber, in which gaseous samples,
saturated with water vapour, could be made supersaturated by sub-
jecting them to controlled, measurable expansions of high speed.
In an early paper, (1897), it wes reported that the rain-like con-
densation seen when clean moist air was sufficiently cooled was
enhanced by irradiating the gas with the newly discovered A-rays.
Concluding that he was observing condensation promoted by gaseous ions,
this work was extended, and 1899 Wilson was able to show that i
water vapour condenses on negatively charged ions when the expansion i
ratio, defined as the ratio of the final to the initial gas volume, |
is more than 1,25, and on pogitively charged ions if it exceeds 1.3l.
In 1911 he observed and photographed the lines of drops formed on iona}
produced by individuel perticles, reducing the equilibrium ion con~ |
centration in the gas with an electrostatic sweeping field, Phyaicsi
wes thus provided with an invaluable tool for the study of atomic |
and nuclear interactions,

This elegant technique was extended end improved by meny workers.
The early instruments were operated with gas pressures close to one |
atmosphere so that to observe rare particle interactions large cloud |
chambers were required, the operation of which presented conaiderabloi
technical difficulties. Chambers of several cubic metres were,
however, successfully constructed. Blackett and Occhialini (1932)

used counter gystems in conjunction with cloud chambers so that an |
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| expansion wes made only if it were probaeble that a charged particle
had passed through the chamber,

| With small atmospheric pressure chambers it is possible to make
expansions every few minutes without track distortion arising. In
this enforced weiting period, called the recycling time, small ex-
pansions are made to remove unwanted condensation nuclei, and the

gas is allowed to resaturate and retwn to a steady temperature.

Particles passing through the chamber shortly before and just after
the start of the expangion will be recorded. This recording time is
only about 0.3 sec.,after which the ges has heated up so that the
supersaturation is insufficient to enable visible drops to form
around gaseous ions. The ratioc of the recording time to the

time is thus rather low.

In 1934 Mott-Smith constructed a cloud chamber which could be
operated with gas at pressures up to 30 atmospheres, thus enabling
rare cosmic ray interactions to be observed with a higher frequency
per unit volume of interacting gas than had been hitherto possible. |
Several other high pressure cloud chambers were built, notably those |
of Williems and Evans (1940) and Johnson, Bendetti and Shutt (1943)
which could be used at 100 atmospheres pressure. Apart from the
advantage of the increased gas density a high pressure chamber, at
80 atmospheres, will continue to record particles for about 2 sec. |
after the expansion. Unfortunately the recycling time of sbout 20 |
ninutes restricts its possible fields of application.

About 1950 beams of high energy particles of considerable in-
tensity became available from machines and visual recording techhiques

with shorter recycling times than the high pressure cloud chamber
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were sought. The nuclear emulsion was, of course, available for I
many experiments but its density (about 4 m/ms) is too high for
some fields of investigation. The diffusion chamber, a continuously
sensitive cloud chamber first described by Langsdorf in 1939, was i
redeveloped. This instrument, which operates over a more roatrictedl
pressure range than the cloud chamber, is very suitable for machine '
work (e.g. Fouler et al, 1953) but not for cosmic ray studies as its |
gensitive region, in which the particle tracks are seen, extends |
horizontally. The bubble chember, invented by Glaser in 1952, |
employs a superheated liquid as the detecting medium and has proved
immensely powerful when used with high energy machines, It cannot
however be employed for cosmic ray work as the high diffusion rate of|
ions in a liquid makes it impossible to operate using counter control,
The density of liquid hydrogen is 70 gm/litre, whereas the density of
hydrogen gas at 25 atmospheres and 0°C is 2.6 gu/litre, so that
recording devices using different media are required depending on the
energies of the secondary particles from the reaction which is being |
studied., Other visual teclmiques such as the spark chamber, which |
has a very short recycling time but rather poor spatial resolution,
have been developed more recently.

A considerable reduction in the recycling time of cloud chambers

was achleved by the fast recompression method first discussed by
Emigh (1954) and developed for use with high pressure chambers by
the University College, London, and University of Edinburgh cloud

chamber groups [Evans(1955), Donsld (1956), Tait (1960) end Cairns et

al, (1961_)]. In this technique the gas is recompressed very quickly
after the start of the expansion, so re-evaporating the drops and |
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thus apparently reducing the need for small intermediate expansions.
By this means the reecycling time could be reduced to 2 minutes with
argon at 80 atmospheres and to about 1 minute with hydrogen at a
similar pressure, thus giving the high pressure cloud chamber some
advantages over the diffusion chamber which is restricted to using
hydrogen at less than 30 atmospheres, and heavier gases at only 5
atmospheres, because of the rate of vapour diffusion. However Tait |
(loc. eit.), using one of the Edinburgh high pressure chambers in an |
experiment with the Liverpool synchro-cyclotron, found it necessary
to make small expansions after 10 consecutive expansions because of
the build up of background condensation. The recycling time of his ‘
chamber was thus considerably increased.

Following Tait's observations the author was given the task of ‘
assessing the value of high pressure cloud chambers in nuelear physics
experiments with the opportunity to exploit their peculiar properties
in any other kinds of investigation. The following pages contain
results which indicate that the high pressure chamber is a useful
instrument in several fields. Since background cloud was a major
limitation to the successful operation of such chambers, the work
wag started by investigating its origin and properties. It was thus
discovered that the high pressure chamber is a powerful tool for the
study of condensation phenomena, results having been obtained which
are thought to have important applications in the science of cloud
| physies. A much clearer understanding of cloud chamber eoperation
was also gained and comsequently it has been possible to make some
remarks about optimum operating conditions. A projected experiment
. to study the electron pairs produced by high energy mu-mesons is



5

briefly discussed. In addition conclusions are drawn from certain
|

experiments which indicate that some interesting radiation chemistry
studies might be made wsing the high pressure cloud chamber technique.

|
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Chapter 2

| THE CLOUD CHAMBERS AND ANCILLARY EQUIPMENT
' The apparatus used in these investigations will be briefly

| esoribed in this chapter, The majority of the observations were
e using a high pressure cloud chamber but for some subsidiary and
upplementary work another chamber, operating at lower pressures and
with easy access %o its working section, was designed and constructed.
2:1:1‘.| 8 oud Chamber,
| The high pressure cloud chamber originally described by Williams |
and Bvans (1940), and more recently by Evens (1955), was used in this
work. [Figure 1 illustrates the prinoipa.l features of the woriing
section of the chamber which is made of "Weldana" non-magnetic stain-
less steel. The working volume is a cylinder, 8" in diameter and 8" |
deep, mounted with its axis horizontally. It may be illuminated
through two armour plate glass windows, 13" in diameter and 1" thick,
(only one of which is shown in the diagram), and can be viewed, either

by an observer or with a camera, through a larger porthole of similar

;glasa, 55" in diameter and 1" thick., For some experiments the glass
of one illumination window was replaced by a piece of synthetic
quartz, "Spectrosil”, supplied by Thermal Syndicate Ltd. The cloud
chamber is positioned so that the illumination windows are at opposite
ends of its vertical diameter, The observation window is held in |
i

place by a heavy steel ring bolted to the main body of the chamber,

the seal being made of neoprene. The rigid brass plates, P1 and Pa,

are drilled with a large number of evenly spaced 1/16" diameter holes
‘to assist uniform gas motion. Flectrical commections, E, to the

ingide can be made via wires inseyted through two rubber or neoprene
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Figure 1. Working Secetion of High Preasure Cloud
Chamber,

E « high voltage electrode
D - rubber diaphragn
Pl’ P2 - perforated brass plates.
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plugs in the steel wall of the chamber. The inside is painted with
]hlaok, alcohol resistant paint to reduce light reflections the plata,_
Py being covered with black velvet which provides a suitable photo-
graphic background and is an additional aid to uniform gas flow.

An expansion is achieved by releasing pressure behind the rubber
diaphragm, D, which is constrained %o move between P, and P,. The

position of the latter is variable so that the extent of the backward

iexcursion of the diaphragm, and thus the expansion ratio, can be con-

' Frollod. An expansion valve, not shown in Figure 1, connects the

:Eba.ok of the chamber to a cylinder attached to an oil pump. The valve,
which wae designed by Dr. G. R. Evans, and is similar to those described
by him in 1955, is opened by a large solenoid. The sequence of
ioperations for any expansion is as follows:-

| (1) Pump the diaphragm forward to the required position (usually
Lard againet the front plate, Pl’ with a pressure difference of about
2 atmospheres across it).

(2) Close the expansion valve.

(3) Reduce the gas pressure in the expansion oylinder by letting
0il from it flow into the pump reservoir. |

(4) Allow the temperature of the gas in the chamber to come to

room temperature.

| (5) Open the expansion valve, either automatically or manually.
(6) Make visual or photographic observations.

(7) Reset the gas pressures.

The expansion ratio is calculated, using Boyle's Law, from the

pressures in the front of the chamber before and after an expansion.

iPresauro measurements are made onm a Budenburg gauge connected to the

}rorking volume via a needle valve. The gauge can be read easily to
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1/10th atmosphere so that at 30 atmospheres the expansion ratio can ho;
determined with a precision of about 0.3%. Any particular expansion
ratio is highly reproducible since the diaphragm moves between rigid
metal plates. A second gauge is used to monitor the pressure in the
region between the diaphragm and the expansion valve. In this d:mbuér
the maximum value of the expansion ratio is 1,120 + .003, and it can

|be efficiently operated over a pressure range of 10 to 80 atmospheres
with a variety of gas fillings, nitrogen and argon being mest frequently
used in the present work.

2: 1: 2 |The Chamber Control C ts.

Apart from the opening of the expansion valve and the operation |
of the flash tubes at a pre-set time, which are controlled electronio-
ally, the sequence of operations described in the previous section is
carried out manually by the operator. Thie has been advantageous i
since it would have been impossible to design an automatic control |
eystem with the required flexibility. The basic control circuit ‘
was built by Dr. Re. M. Hudson and Mr. M. J. Landels, who used this |
cloud chamber for another purpose, and is similar in design to that
described previously by Hudson (1958). The author hes added some |
simple switching circuite for various specific operations comnected |
with the electrostatic field. |

In normal cloud chamber work an electrostatic field is applied
to an electrods system inside the chamber to remove newly created |
ions from the gas, It had been arranged that this clearing field
was automatically switched off just prior to an expansion of the
chamber, However for some of the experiments it was found n.ooaaa:yl
| %o leave the field on throughout the expamsion or to apply it at pre-
set times after the start. A small thyratron timing eircuit, shown
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in Figure 2, was built to do this, Power supplies for it were ob-
tained from the main control circuit from which it was isolated |
except when in use.

Pressing the spring-loaded switch, S, starts the chamber cycle
and simultaneously the ENJ1 thyrations, ‘Il and V4, strike. Relay R
is energised, thus bringing the voltage on the electrode system,
supplied either from a home-made E..H.T, unit or an Isotope Develop-
ments 592/D power pack, to zero. The current through ?4 is broken
via Rl, and the relay holds itself on via R2, It can be de-energised
by opening the manual switch S1 or the mlay contacts B4, Vhen con- |
tacts Al are closed the 1uF condenser in the grid cirouit of V, is
charged up through a high, variable resistance X, until the voltage ‘
becomes approximately O volts, when 72 will strike, thus energising
relay B, Contacts of this relay are arranged to break the anode ‘
current through V, (B1), to discharge the 1uF condenser to its bias |
potential (B2), to initiate the charging of the 1uF condenser in the
grid oirouit of V, (B3) and to de-energise relay R (B4). When V,
strikes relay C is energised, the current through ?2 is cut off and
the 1uF condenser is discharged. Vhen contact C3 closes relay R is
again energised if the manual switech S2 is closed. The discharge
through 73 is extinguished using the cscillations set up in the ILC
circuit formed by the 4,F condenser, the Sull inductence and the con-
ducting thyrairon. The frequency of oscillation is low enough so
that the anode potential is driven negative for a2 periocd longer than
the de-ionization time of the thyrairon.

This circuit, together with the manual switches, makes available |
a number of different field ewitching arrangements.

(1) 1¢f v4 is removed and S2 is opened the field remains on
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throughout the expansion.

(2) with v4 present, switch 52 open, and switch 53 closed, the
field is switched off at the expansion and stays off.

(3) If the field is put off at, or long before the expansion,
it can be switched on after a pre-set time, and left on indefinitely
provided S2 and S3 are open. (To switch the field off without an
expaneion being made, relay R 1s energised by operating the uni~
selector cycle with the expansion valve disconnected.)

(4) If 52 is closed and S3 open, the field may be switched on
during the expansion for a short period, set by resistance Y, using
relay contact C3.

(5) If the field is left on throughout the expansion (see (1)
above), it may be switched off after a pre-set time by means of
relay C, provided switch S1 is olosed, Switch S1 is normally used
to switch on the field if relay R has been left energised after any
series of operations.

The time delays, for various values of the resistance X, were
measured using the standard pulse generator-scalar technique.

The electrostatic field is variable from O to 3kV and is of
either polarity. The time delays depend on resistances X and Y,
and on the ;rF condensers in the grid ecircuits of Vz and V3. The
valves Vl to V4 are Mullard EN91 thyratrons., Relays A, B and C
are post office relays, while relay R is an alternating current rolayf
with silver/platinum con$acts. The 5mi inductance is bagket-wound on
& 2" cylindrical paxolin former using Litz (7/44SWG) wire. The
agsembled circuit is mounted on an aluminium chassis.

Recording of Observations
The work to be described is mainly concerned with an investigation
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' of the properties of condensation nuclei produced in a variety of
; ways. The majority of the observations were made visually although
photographs of different production processes were frequently taken.
Visual estimates of the density and rate of growth of the uniform
clouds sometimes formed in the expansions must have been subject to
| almost daily variations since they depend on such variables as the
| angle of view, and the strength and position of the source of
illumination.
It should perhaps be emphasised that conclusions were only drawn
' from sets of observations which had been repeated many times. For
| visual observations the chamber was illuminated with a 24 watt, 12
volt Osram car headlamp placed close to the lower illumination port-
hole. Stereoscopic photographs were taken on Ilford HFS plates
:uaing a camera fitted with a pair of Carl Zeiss f£/4.5, 5 om. lenses,
lthe necessary illumination being obtained by discharging 200 joules
;from a bank of condensers through each of two Mazda LSD7 Xenon-
' filled flash tubes.
2: 23 1 The 3J-atmosphere Cloud Chamber,
The 3-atmosphere cloud chamber to be described below was built
80 that certain results obtained with the high pressure chamber could
be supplemented and extended. It was planned to study the effect of

'some chemically reactive substances such as hydrogen peroxide and

nitric acid on condensation phenomena so that a chamber which could
be readily olesned and dismantled was required. Also certain results
suggested that it would be instructive to examine the cloud formed
in a region eimilar to that between the plate, F, and the diaphragm,
D, of Figure 1. This region is not normally visible in cloud

chambers., Further, it was a limitation of the high pressure chamber
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that condensation on ions could not be observed using pure waber
vapour as the condensant even with argon as the carrier gas. With
these considerations in mind the chamber shown in Pigure 3 was
designed and constructed.

It consists essentially of two pyrex glass oylindersl §" thick,
13" in diameter and 4" deep, sandwiched between three 16" x 16" x "

the
brass plates. The brass plate at the front o%;working seotion is

fitted with an armour plate glass window, of 7" diameter and 3" thiai,
held in position by a brass ring bolted to the plate. The centre
plate is drilled with 359 equally spaced 3/16" diameter holes and
. is covered on its front surface with black velvet., The rubber diag-
phragm is clamped between the second glass cylinder and the back .
brass plate which has a 2" diameter expansion port cut in it.
Apart from this interface, soft rubber gaskets are inserted between |
all other glass~brass surfaces, the whole assembly being held to-
gether with a number of 5/16" bolts. . The necessary fittings for
connections to gauges and pumps are provided in a conventional
manner.

The expansion valve is shown in Figure 4(a). It consists of
a loose coupling joint which forces an aluminium disc, fitted with
an O-ring, over the 2" expansion port. The disc is constrained on |
three ;" brass rods which support the loose coupling joint and are i
screwved to the back of the ehambﬁra A slight upward displacement
of fhe joint opens the valve which is then thrown back by the
pressure excess in the chamber. A fairly rapid expansion is thus
achieveds. The valve is opened and closed manually.

The inside of the expansion port is covered with 2 hemispheriocal

dome, drilled with 45 4" diameter holes, which prevents the centre



Figare 3. The 3-~Atmogsphere Cloud Chamber.

One of the clearing field electrode plugs can be
geen, together with part of the loose-coupling
expansion valve., A filling tube and the two
pressure gauges are also visible.



BRASS DURAL

/N \\\\

NN

w®

(7 ]

0
A

J

N

B\

i
NN\

AN

-n

IG4a LOOSE COUPLING EXPANSION VALVE |FULL SCALE]

4 : , . 4 ms.

POLY THENE EBONITE
Py

3

M, |

=

7 = B

FIGab ELECTRODE PLUG ' FULL SCALE X 2|



.23 23 2

13- |

of the diaphragm from sealing the expansion port and from being
forced out of the chamber. Various baffles can be fitted behind
this honeycomb to alter the expansion speeds. A large aperture
tap in the back plate enables fine pressure adjustments and con-
trolled slow oxpanéions to be made.

Electrical connections to the working volume might have been
made using metal-to-glass seals but a more robust system was designed
as shown in Figure 4(b). The action of these plugs is clear from
the diagram, the seal being achieved by drawing the 2BA bolt tight,
thus forcing the rubber O-rings against fhe chamber wall. Two
such connections are presently fitted. The ion sweeping field
electrode is a ring of 26 SWE wire, 11" in diameter, mounted on ;
ebonite supports, with its axis along that of the cloud chamber.

The field, which is normally 600v positive with respect to the
chamber walls, can be switched off at the start of any expansion by
a microswitch actuated by the expansion valve., Additional micro- |
switches are available to control other operations such as the
photographic flash tubes which are similar to those used with the
high pressure chamber. For visual illumination a 60 watt, 240 volti

strip-l1ight is mounted at the side of the chamber. |
|

The pressure range of the chamber is from % to 3 atmospheres
above atmospheric pressure. The expansion ratio, which has been
varied from 1.01 to more than 1.40, is altered by pumping air behind
the diaphragm with a compressor. The theoretical maximum expansion
ratio, for the present chamber, is almost 2.0 with the diaphragm
fully stretched, and would be about 1.5 for an 8" deep working

section. With water vapour and nitrogen, excellmnt particle tracks
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are seen with an expansion ratio of about 1.28, at 2 atmospheres
total pressure., With water vapour and argon the equivalent ex-
pension ratio is 1.16. These values correspond to an equal fall
in temperature in the two cases, and hence to an equal supersatura-
tion; zs might be expected. The expansion ratic camnot be found
acourately as the pressure gauge is rather coarse.

The speed of the expansion has been roughly measured by fixing
a metal contact to the centre point of the diaphragm, the contact
acting as a switoch in a pulse gemerator-scalar circuit so that the
time of excursion between the front and back plates during an ex-
pansion can be obtained. For reasons set out in the next chapter
full use could not be made of the 2" expansion port which had to
be stopped down with a baffle containing only 5 i" holes: Under
these conditions the expansion time was 0,18 sec. This could be

greatly reduced, possibly by a factor of 10, if many larger holes

were drilled in the central plate so that full use could be made of |

the very large expansion aperture. A lighter diaphragm might also

be employed if really high expansion speeds were sought. However,

for the present work, no further improvement was considered neces

All the benefits which this chamber was designed to supply were

obtained, although the possibility of measuring and varying expansio

speeds had not been considered initially. Expansions tend to lack
reproducibility because the diaphragm does not move between two
fixed plates. These variations a;re caused by slight temperature
changes and also by the coarseness of the pressure gauge which is
used to set and measure the expansion ratio. These difficulties
could be overcome fairly readily with more elaborate control equip-

ment. A more fundamental drawback is the short sensitive time of
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a chamber operating at this pressure, caused by rapid warming up of

the gas by heat conducted from the walls. Indeed while attempts to!

study condensation processes with this apparatus were fairly success-~
' |

ful, they served also to stress the advantages of the high pressure |
ocloud chamber in this field.
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Chapter 3

SOME RIMARKS ON THEORIES OF CONDENSATION

WITH SPECIAL REFERENCE TO TECHNIQUES OF CLOUD CHAMBER OPERATION

Al though originally invented by C. T. R, Wilson as a device for

studying cloud formation, the extensive use of the cloud chamber as
a visual detector for charged particles has overshadowed this aim,
and has tended to cause the study of many of its basic principles

to be scantily treated and often ignored. Since the experiments

to be described are mainly concerned with condensmation processes !
observed in an expansion cloud chamber it will be useful to collect j
together and to examine oritically the principles behind cloud |
chamber operation, precisely defining the meaning of many terms

used later in the discussion. It is in fact believed that some of
the observations have enabled a few imperfectly understood aspects
of cloud chamber technique to be elucidated. Indeed a minor success
of the present work is that many individual and scattered comments
throughout the massive literature on cloud chambers can be inter-
preted and correlated using a theory deduced from it.

Theories of Condensation Progesses.

In 1870, before the experimental studies of Coulier, Aitken and
Wilson on the condensation of water vapour, & Gheoretical discussion
of the unstable equilibrium existing between liquid droplets and a |
supersaturated vapour had been given by Sir William Thomson, later
Lord Kelvin. He showed that the radius, r, which a droplet must
attain to be in equilibrium with a superstaurated vapour of pressure,

P+¥s could be expressed by the relation:-
2 Mo
R.Triajc"f/t,ﬂ (3' 1)

-where b, <is ‘the saturated vapour pressure at a temperature, T’K; R is
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the Universal gas constant, and ¥, F and o are the melecular welight,
density and surf=ce tension vespsotively, of the liquid. The vari-
ation of ¢ with v, which would add an additional term to eguation

(3t 1) »ill be ignored at this stage., It will be convenient to
refer to the ratic py/p,, as the superscturation, and to denote it by
the symbol, 8,

Felvin's relation implies that if = superscturation, O, is est-
ablished, a nucleus of redius greater than r must be present before
droplets of the liquid phase will separate out and ssart to grow. !
The necessary n .clei csn arise in numerous ways. Nicrosocopic drops |
of liguid formed artificially, wettable solid particles, hydrophobic
particles, and small molecular aggregates arising from chance cluster-

+

ings of vapour molecules will all, if present when supersaturation is
established, aot as condensaticn centres. It i8 possible to czloulite
theoretically the expected rate of appesrance of visibls drops for
any particular supersaturstion when the only available nuclei are the
randomly formed molecular aggregetes. A number of attempis have
been made to measure this rate of homogenecus nucleation in water

and other vapours, for different values of &, but because of many ex-
perimental and interpretative difficulties the sgreement found botna*
theory and experiment has been rezarded zs largely fortuitous (Hmn,i

1960), !
Je J. Thomaon (1888) extended Relvin's result $o the case of |
nuclei carrving an electric charge., The relation which he derived

may ba written ant-

-

b .M [20 , do t]

- — i

fog, T RTp L¥ T & T gmetn (30 2

where q is the charge on the drop and € the dielectric constant of
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the surrounding medium. The variation of surface tension with radius
has this time been included. Charged nuclei act as efficient con-
densation centres because, whereas the potential energy due to surface
tension decreases with decreasing radius, that due to the presence
of charze decoreases with increasing radius. Surface tension there~ |
fore tends to decrease the radius of the drop while the charge tends
to increase it.

Several important differences between the behaviour of charged
and uncharged drops are revealed by a study of Thomson's eguation.
A singly charged ion in a gas will always be surrounded by a cluster
of vapour molecules even if the gas is fairly dry. 1In a gas satur-
ated with waterwpour such clusters will contain about 10 water
molecules and have radii of approximately 4 x ld'aon. Hence embryonic
condensation nuclel are always present which are able to grow to
visible drops provided the supersaturation is increamed above a
certain maximum value. Again taking water as an example, it is
found that S, the supersaturation, must be greater tham 4.2 for drops
to form on singly charged ions, though statistical fluectuations in the
gize of the embryo make this an average value.

As with homogeneous nucleation comparison can be made between
the theoretical and experimental values of 5 necessary to form visible
drops about ione. It is found that with certain liquids condensation
occurs more readily on ions of a particular sign, water condensing
preferentially on negatively charged ions. Such behaviour is not
predicted by the theory. A detailed experimental study of this
problem has been carried out by Loeb, Eipp and Einarsson (1938) who
consider that the newly created ion is captured by a vapour molecule

cluster whose surface force field is then altered so that capture of
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further molecules is enhanced or impeded depending on the sign of
the ion. Although apparently qualitatively correct, a mathematiosll

|
treatment of this theory has not yet been given. The values of S
predicted from equation (3: 2), for onset of ionic condensation in
various liquids, are in rather poor agreement with experiment. l
¥hile some of the diserepancy may be caused by impurities present 1n:
the liquids studied, the dubious validity of the concept of surface i
tension at small drop sizes, coupled with the inability to predict !
preferential condensation, show that the equation should be regardadl
only as a simplified representation of the detailed mechanism.

The behaviour of 2 drop formed about a soluble nucleus has been
examined by several suthors, but most recently by Mason (1957). The
relation derived, which is similar in form to Thomson's equation,
appears to give good agreement with experiment for salt crystals '
dissolved in water, possibly because the concept of surfact tension |
is now valid as the droplet radii are usually greater than 10"6om., :
so that a classical thermodynamical caloulation is applicable. :
Mason's conclusions may be summarized briefly for completeness. In!
the presence of insoluble wettable particles drop growth will take i
place elightly more readily than on pure water droplets of the same ;
size, Hydrophobic particles are slightly less efficient as con- |

densation nuclei, but if the droplet is formed on a wholly or parti-:

ally soluble nucleus the equilibrium vapour pressure at its surface

is reduced by an amount depending on the concentration and nature of

the solute, which means that condensation occurs at a lower super-

saturation than that required for an insoluble nucleus of the same

gize.

The Principles of Cloud Chember Operation.

In the expansion cloud chamber a fixed mass of gas saturated with
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the vapour of a liquid is expanded very rapidly to produce super-
saturation. If the gas is free from the aerosols normally found

in room air, or other artificially produced nuclei, then the mole-
cular clusters containing gaseous ions formed by the passage of a
charged particle through the gas will be the most efficient qvailabl?
condensation centres. Provided the degree of supersaturation is as
great as the maximum value predicted by equation (3: 2), visible
drops will be formed. The maximum degree of supersaturation which
can be produced in any expansion is normally calculated from the
initial and final volumes of the gas assuming that the expansion

has been adiabatiec. This theoretical maximum will not be reached |
when appreciable condensation occurs since vapour molecules con-
densing and heat liberated by the growing drops will reduce the '
supersaturation (Mason, 1951). Typical gases used in cloud chambers
are nitrogen or argon, with ethyl alcohol, water or ethyl alecohol

and water mixtures acting as the condensant. The ion backBiround I

in the chamber is normally reduced by application of an electro-
static sweeping field (about 60 volt/em at 3 atmospheres) for a
short period before the expansion, the magnitude of the field re-
quired depending on the pressure of the gas. !
The supersaturation established by an expansion will be -uffioijnt
to promote ionic condensation only for a short time. This sensitive
period is ocurtailed by the compression of the central mass of gas
which occurs when the gaseous layer close to the chamber wall is
warmed and expanded by heat conduction. The duration of the
sensitive period may readily be measured, and for chambers operating
at about 1 atmosphere it can be accurately predicted from a relation

derived by Williams (1939). 1In the high prescure cloud chamber,
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however, turbulence near the walls enhances heat conduction and the .
sensitive time is much shorter than calculated. Although freshly
formed ions will not promote condensation after this time, the drops
already formed remain visible for several more seconds before evapor;—

ting. Some drops, of course;, will be removed from the gas by |
falling to the floor of the chamber.

As mentioned in Chapter I, a limitation to the use of any cloud |
chamber is its long recovery time. In the case of the high pressure
chamber this is a particularly serious restriction. During the !
waiting period a number of small expansions have to be made to remov+
unwanted condensation nuclei from the gas. The pressures are then ;
reset and vapour and thermal equilibrium re-established., This
recovery time, which at 80 atmospheres is about 20 minutes, may be
reduced by the technique of fast recompression, first discussed by
Emigh (1954), in which the gas is returned rapidly to its initial i
pressure as soon as the necessary observations have been made, By
this means the droplets formed are evaporated in situ. This reduces
the time necessary for re-establishing vapour and thermal equili-
brium and apparently eliminates the necessity for cleaning expanaion%
in most chambers, although the mechanism by which this is achieved 15
not clear., A similar technique, known as overcompression, was
developed earlier by Gaertiner and Yeater (1949), in which, following
an expansion, the gas is compressed beyond its normal equilibrium
position and is then slowly re-expanded to ite operating pressure,
The condensation nuclei normally precipitated in cleaning expansions
are reduced in size during the compression and can be removed from

the gas by an electrostatic clearing field or else by growing and

falling out during the small expansion. Although partially success-
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ful in emabling cloud chambers to be operated with short recovery
times these techniques have sometimes failed because of the pro-
duction of unwanted condensation nuclei, the origin of which is
often obscure. In the course of the present investigations a study
has been made of several types of condensation nuclei which can be
produced in expansion chambers. It is believed that consequently a
better understanding of the cleaning process has been gained.
Cleaning Expansions.

Unless high gas purity is required it is normal practice to leave
1 atmosphere of air in a cloud chamber before the main carrier ges
is added. Then, before it can be used as a charged particle de- |
|

tector, any nuclel which can cause condensation at a supersaturation |

smaller than that required for drop growth on ions must be removed.
Such nuclei are commonly the Aitken nuelei found in room air,. Thoy!
may be swept from the gas by a series of small expansions in which |
they are deposited, in visible drops, at the walls of the chamber.
Alternatively the gas can be cleaned by replacing the room air with
filtered air or by leaving the chamber for several days while the

nuclei settle out. Once the gas has been cleaned it will sustain a

' anhoruaturation up to the ion limit without any visible drops being

formed.

Assuming that Thomson's equation, (3: 2) gives even a qualitative
picture of the ionic condensation mechanism, an obvious deduction |
from it is that evaporation of a drop formed round an ion should
produce a nucleus very similar to the initial one, thus requiring
a similar large expansion before a visible drop is again formed.

That this subsequent expansion of'ten need only be a small one is

well known to all cloud chamber workers, Thomson (1928) suggested, |
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on the basis of some experimental evidence of Reinold and Riicker
(1886) and Johannot (1906) on the variation of the surface tension

of soap films, that the surface tension of water falls to a mini-

mum value, rises to a maximum and then goes to zero as the radius of
ocurvature of the droplet varies from infinity to zero. Including
this hypothetical variation in his theory Thomson predicted that
droplets of quite large but sub-visible sizes would be stable, even |
in unsaturated conditions, and would require only a slight expansion
to make them visidle. Tolman (1949), by classical methods, and
Kirkwood and Buff (1947), using a statistical mechanical approach, |
have found no theoretical evidence for this behaviour, and have
questioned the validity of extrapolating the results of Reinold and
Rlicker to water vapour, but the above explanation for the formation !
of the sensitive re-evaporation nuclei has been accepted rather un-— ‘
eritically in the most recent reviews of cloud chamber technique

(Dag Gupta and Gosh, 1946, and J. G, Wilson, 1951). A major draw- ‘
back to achieving short recovery times in c¢loud chamber operation ‘
is the necessity for making several cleaning expansions after ionie
condensation has been observed. If, in fact, there is no Thomson
variation in surface tension, why should cleaning expansions be
required?

The agreement between cleaning expansion theory and the ex-
perimental evidence is not as good as might be expected. Ithas
already been noted that the techniques of overcompression and fast
recompression, which certainly reduce the waiting period required
for thermal and vapour equilibrium to be re-established, are not
uniformly successful in eliminating cleaning expansions. lWhile the |

action of the overcompression might be to re-evaporate sub~visible |
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droplets to a very small size, the fast recompression technique could
certainly not achieve this. Further Hazen (1954) has found that a |
50f% overcompression is not sufficient to destroy the re-evaporation
nuclei. It might appear, therefore, that the need for cleaning ex-
pansions is dependent on the mode of operation of the chamber and is

not a direct consequence of ionic condemsation. Turther experimentaﬁ

evidence supports this view. Dr. G. R. Evans (private oommunication%
has operated a cloud chamber successfully for very long periods without
cleaning expansions, provided the ruﬁber diaphragm which controlled

the expansion did not contact the front brass plate (compare diaphragw
D and plate P1 of Figure I). This observation has been confirmed byf
gseveral workers in this laboratory, including the author. In additién

it has been commonly found that the number of drops seen in the first|
cleaning expansion, following that in which particle tracks have heenI
observed, is much larger than can be accounted for by the ro—avaporation
nucleus theory. These results suggest that cleaning expansions are

only necessary if extra nuclei, of high condensation efficiency, are

produced in the primary expansion.

In chambers such as thos@ described in the previous chapter, :
where the expansion is controlied by a rubber diaphragm moving betwoag
2 plates, it is believed that nuclei are produced by an electric fiol&
generated as the rubber separates from the front plate. Subsequently,
on recompression, these nuclei appear in the front of the chamber,
acting as efficient condensation centres until they are removed from
the gas by repeated small expansions. Hazen (1942) and other authors
have commented on this problem. Donald (1956) and Hudsen (1958)
investigated the process in some detail, using different rubbers, and

| found that fewer nuclei were produced if the rubber was fairly stiff.
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This conclusion agrees qualitatively with the observation of Hodson :
(1955) that neoprene diaphragms are useful in low background chambers.
Neoprene is much less flexible than the stiffest rubber used by |
Donald and Hudson.

Ae remarked above, cloud chambers with rubber diaphragms can be

operated without cleaning expansions provided the diaphragm does not
touch the front plate, It was found, however, that if the holes in

this plate were restricted slightly (two layers of velveteen over

he surface were sufficient) that nuclei were produced in the plate-
isphragm region; even without plate-diaphragm separation, unless

he expansion speed was greatly reduced. Further, Tait (1960) has
found, with the other Edinburgh high pressure chamber, that the in-
creased expansion speed achieved with his redesigned, large aperture
valves was accompanied by the production of unwanted condensation
nucleli.

In observing homogeneous condensation most workers from C. T. R.
Wilson (1897) to Courtney (1963) report that several small expansions
are required to remove from the gas nuclei formed in the larger primary

pxpansion. No explanation for the occurrence of these nuclei has

Pean offered. 1In Vilson's and Courtney's oxperiments "rubber dia-
phragm nuclei' could not have been formed as their chambers were piston
pperated.

It was therefore proposed that unwanted background nuclei might
originate in large expansions occurring momentarily in the plate-~
diaphragm region, when the expansion speed is too great for the re- |
gtrictions presented to the gas flow by the plate and its accessories.
A test of this hypothesis was made as described below.

The 3-atmosphere cloud chamber had been designed with the plate-
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diaphragm volume visible so that any condensation cccurring there
might be studied. 1In an early run with a nitrogen-water mixture

in the chamber, the area of the holes in the centre plate was 1% times

the area of the holes in the expansion port, After the natural
aerosol component had been removed from the ges by a number of small ,
expansions, a series of similar expansions could be made without any
condensation ocourring in the front or back volumes of the chamber.
However, increasing the expansion ratic produced conditions under
which no condensation could be seen in the front of the chamber
although dense cloud was formed in the plate-diaphragm region. This

cloud appesred to be uniform except for dense siresms formed close to

|the holes in the plate. A further small expansion, made after re-
compression of the gas, produced a dense cloud in both volumes althauéh
the drops in the plate~diaphragm region took much longer to evaporate
than those in the front, possibly because a greater temperature fall

had ocourred there., Under thesme conditions condensation on particle

tracks could only be cbserved if the chamber was clesned, with numaroTs
small expansions, after each large expansion. An electrostatic field
was ineffective in removing the nuelei responsible for the cloud.

By reducing the area of the expansion port to 1/9th that of the

holes in the centre plate the chamber was successfully operated with

nitrogen-water and argon-water mixtures over a range of pre-expansion |

total pressures from 1% to 4 atmospheres. Long series of expansions,

in which tracks of cosmic radiation particles were zlways seen, were
made without the necessity for interposing cleaning expansions between
primary expansions. During these runs the diaphragn never made con- |
tact with the brass plate and only light condensation, presumably also

on gaseous ions, was observed in the plate-diaphragm volume. |




27

These results are consistent with the hypothesis that high ex-
pansion speeds can cause homogeneous condensation, and subsequently
background cloud, to occur without the diaphragm touching the front
plate. In a chamber where the diaphragm doe= separate from this plate,
a fast expansion will cause a very small volume of gas to be expanded
considerably, unless the arsa of the holes is extremely large. Dia-
phragms which tend to stick to the metal will be more troublesome
since the speed of the expansion, when it does commence, will be en-
hanced. The reason for the success of the stiff diaphragms used by
Hodson, Donald, and Hudson is now clear, although it appears that if
the area of the holes in the plate is much greater than the area of
the expension port no trouble will occur. 1Indeed in the chamber of
Emigh and Fisher (1955) there were "thousands of ;" holes” in this
plate though the expansion port was only 4" diameter. Peyron (1955)
has shown that background cloud in large piston-controlled chambers

can be caused by very fast expansions. In addition, Davies and

Evans (private communication) found that a small heater placed in the

plate diaphragm volume reduced background cloud, probably because the |
rcsion was then, initially, nnsaturafed although a large expansion |
still occurred. Apparently, therefore, if no expansion greater than
%hat necessary for ionic condensation is allowed to take place, no '
cleaning expansions are required. Although the occurrence of such
pransiona might be eliminated by correct design procedure the nature
of the re-evaporation nuclei formed in them remains obsocure. Dis~ |
cussion of this point is deferred till Chapter 8, where an explanation
based on a theorv of condensation processes, deduced from the ex- :
periments shortly to be described, is outlined.
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Some Peculiarities of High Pressure Cloud Chambers.

The major advantage of the high pressure cloud chamber over
atmospheric chambers for condensation studies is the long time for
which superssturation is maintained after an expansion. It has,
however, at least two liritations. Duff and Morris (1955) have shown

that following an expansion which causes a temperature drop of about

1290, the gas remains at least 5°C below the wall temperature 30 secs,
af'ter the expansion. They also demonstrated that the decay of the
temperature gradient which is established across the chamber after an
fexpansion, and subsequent compression, takes about 20 mins., unless
fast recompression techniques are used, thus limiting the rate at
which expansions can be made for condensation studies as for charged
particle experiments. A further serious limitation is the possible

occurrence of vapour depletion when heavy condensation causes a large

quantity of the condensant to be carried in drops to the floor of thol
chamber. The diffusion coefficient of the vapour varies inversely as
the gas pressure so that it may take a long time for wvapour equilibriup
to be re-estahlished. This was demonstrated by Banford et al (1955)
who observed vapour depletion in the course of some high pressure clouL
chamber experiments with a proton beam from the Hprwell 150 eV cyolo-!
tron.
An observation of some interest is that the expansion ratio re-

quired to produce condensation on ions is reduced as the pressure is ‘

increased. This is believed to be caused by the enhanced absorption,

at high pressures, of gas molecules on the surface of liquid drops

ausing the surface tension of the liquid to be lowered. Johnson

F1947) has derived a useful relation for comparing the observed value |

§r expansion ratio for ionic condensation with theory. He found thati
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to explain his own observations at pressures of 1.5 and 110 zimospheres,
the surface tension of iso-propyl =2lcohol in argon would have to be
reduced by about 207 at the higher pressure. Laughlin (1948), using .
Johnson's relation, compared values of threshold expansion ratioc with |

theory over a range of 5 to 45 atmospheres using an iso~propyl alcohol

|
d water mixture with argon as the carrier gss. He claimed that the

duction in surface tension with pressure was insufficient to explain

is resulis but like other workers he was hampered by a lack of ex-

erimental datz for the mixture and pressures used. Apart from the
arly cbservations of Kundt (1881) few resulis have been published on |
he variation of surface tension with pressure until gquite recently f
when Masterton, Bianchl and Slowinski (1963) reported measurements of
the surface tension of bulk liquids as the surrounding gas pressure
was varied. Amongst the systems studied, using essentially the
capillary rise method to determine ¢ , the surface tension, were

argon-water and nitrogen~-water. They represented thelr results by

pn empirical relation of the form
&= o — A Gp=bY -+ B <A (3¢ 3)

where &, is the surface tension at atmospheric pressure, P, and p is
the pressure of the mixture; A and B pre constants which depend on
the gas and liquid system.

Since it was hoped to extend the conclusions from the present
work to cmnditions prevalent in the atmosphere, knowledge of the

surface tension variation was important. Using Johnson's formula,

the expansion ratio necessary to cause ionic condensation in an argon-
ter mixture at 80 atmospheres was calculated taking the appropriate

value of & from the data of Masterton and his co-workers. This
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‘rough ealculation indicated that condensation on ions should start
at an expansion ratio of 1.125 which is slightly larger than that
available in the high pressure chamber already described. An
unsuccessaful attempt to observe this threshold was made with argon
and water at 80 atmospheres. This indicates that the smaller ex~
pansion ratios reguired at high pressures are due largely to surface
tension variations and not to other, unknown, factors as Laughlin's
results might suggest. Results at 30 atmospheres, where the surface
tension of water in nitrogen is reduced by about 2.9%, may thus be
extrepolated to atmospheric pressure with some confidence, although
clearly the question of expansion ratio threshold at high pressures

merits further investigation,

Summary.
In this chapter theories of condensation for various specific

cases have been reviewed. The operation of a cloud c¢hamber has
been discussed, particular attention being paid te the necessity for |
making cleaning expansions. These were shown to be required only
if efficient condensation nuclei were produced in large expansions

ocourring in the plate-diaphragm region. The peculisr properties

of high pressure cloud chambers were outlined.
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Chapter 4
A STUDY OF CONDENSATION NUCLEI PRODUCED IN A SUPERSATURATED VAPOUR
BY AN ELEGTRIC FIELD
I. The Experimental Observations

4t 1 | Inbroduction.

Following a suggestion by Dr, G. R. Evans that some of the back-
ground cloud seen in eloud chambers night be caused by condensation
on nuclei produced when an electrostatic field is applied to the clear-
ing field electrodes during the period for which the vapour in the
chamber is supersaturated, a preliminary search for such an effect
was undertaken using the high pressure cloud chamber deseribed in
Chapter 2. The first experiments were carried out using nitrogen as
the carrier gas and ethyl alcohol as the condensant. If the field
was applied during the post expansion period it was foumd that cloud
billowed out from any points or pieces of fluff or hair on the electrode
surfaces. An example of this phenomenon is shown in Figure 5. The
tracks of cosmic ray particles can also be seen although these are
beginning to fall out because of the rather long delay in taking the
photograph.

It was quickly found that this billowing cloud could be preduced
from such points or fluff even when the supersaturation produced
initially in the chamber wes quite small and appiication of the field

| was delayed for many seeconds., Although these initial chservations
were made using ethyl alecohol as the vapour, the major part of the work
has been carried out using weter vapour, partly because of its simpler
chemistry and partly because of the possibility of similar processes
oceurring in the atmosphere.

Normally, when the chamber is used as a charged particle detector,
the electrostatic field is switched off shortly before the expension.



Figure 5. Cloud Produced from a Fibre Point by the
Electrogtatic Field.
S 1. Nitrogen + ethyl alcohol at 50 atmospheres.
Expansion ratio = 1,08
Field = + 820V. (on before and after the expansion).
Flash delay = 1 sec.

The cloud produced on the left is from a fibre point:
particle tracks are visible in the centre and con-
densation on multi-charged ions can be seen at the
right,.
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The dense, curved lines of drops, seen in Figure 5, between the edges
of the electrodes are familiar to cloud chamber workers (see, for
example, Valley and Vitale, 1949). They are believed to be caused |
by condensation on multi-charged ions produced at sharp points by the
field in the pre-expansion period, drops forming on these nuclei at
expansion ratios only slightly less than the ion threshold., Tait ‘
(1960) briefly investigated their properties as they appeared to be |
a possible source of background cloud though, from the argument put
forward in the previous chapter,this must now be considered as unlikeg »

iriment ent. |

To study the production and properties of the nuclei responsible |
for this unusual cloud a simple experimental arrangement and pro- |
cedure were devised. Various points attached to a copper electrode |
were used as sources of nuclei. This electrode was connected, via |
the neoprene of rubber plug in the wall of the chamber, to a
variable high voltage source of either polarity. [Nitrogen at 30
atmospheres with 6 c.c. distilled water spread round the walls of the |
chamber formed the usual filling mixture, with which, using volveteani

as the photographic background, it was found possible to operate with

‘the diaphragm initially against the forward plate, without any un-
Lanted condensation nuclei being produced. It was thought that

this was achieved because even the largest expansions were well below
the ion or homogeneous condensation limits for water. In addition,
the velveteen (which has a fine mesh) may act as a filter, preventing
any nuclei formed in the plate-diaphragm region from reaching the
working volume, This operating condition enabled exactly reproducible
expansions to be made which was particularly advantageous in the early

exploratory experiments.
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The chamber was usually operated at 30 atmospheres above atmospher#o

pressure which provided a compromise between the inoreased sensitive
time gained by increasing the working pressure and the longer waiting
time required between expansions to obtain consistent results. An
advantage of working at high pressures is that all processes which
occur so rapidly at low pressures are slowed down and are thus parbi-
cularly amenable to visual observation. The carrier gas filling |
normally contained 1 atmosphere of room air unless a fairly pure
system was required when it was removed by repeatedly flushing the

1 chamber. Observailons were also made over a wide range of pressures
without any significant differences being observed.

As already stated, expansions from which conclusions have been

drawn were repeated numerous times, and were often studied by two
observers. Many important deductions have been made from the I
cleaning expansions which follow the primary expansions in which the

nuclei are formed, Because other possible sources of background

nuclei might have been present blank runs were always made with id-
| entical expansion and waiting sequences, but without production

processes., A typical example of the clouds of drops seen during a

production expansion is shown in Figure 6 where a piece of silk acts
as the electrode in an atmosphere of nitrogen and water vapour.
The Production Conditions.

Ags it will be shown later that the presence of nitrogen is
necessary before these hypersensitive nuclei can be produced, the
conditions necessary for production will be discussed assuming 2 '
£illing of nitrogen and water vapour in the chamber. The voltage
threshold required to produce the nuclei depends upon the shape and

nature of the materisl attached to the permanent copper electrode in




Flgure 6.

X2

b &

Jets of drops produced from silk electrode.
Fileld left on during the expansion.

Nitrogen + distilled water at 30 atmospheres.
Silk electrode.

Expension ratio = 1,061, Field = <1340V,
Flash delay = 2 sec,
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the chamber, For silk or cotton strands, which were most frequently
employed, the voltage threshold was found to be approximately S500V.
and was independent of the polarity. A more accurate threshold
potential cannot be quoted since it varies within + 100V, from sampl
to sample probably, depending on the number; length and orientation
of the individual fibres of each strand. Other variations are
introduced ﬁeponﬂont on the history of the electrode material.
Bundles of glass fibres, a human hair, various metal points and a
Japonica leaf were also used. The threshold voltages, which varied
considerably from material to material, are tabulated for comparison
in Table I. These results suggest that the production of this type
of condensation nucleus is independent of the electrode material,

the voltage threshold varying with the sharpness of the electrode
point. TFNuclei were also produced, at a similar voltage, when an
alternating field was applied to a cotton electrode, but for most
observations a D.C. field was used. The voltage threshold for
production was found to be independent of the position of the elaotro%e
in the chamber indicating that the voltage gradient close to the
point is an important factor.

If the electrostatic field is applied at the start of an expansion

[than, provided that the expansion is greater than 1.0¥, visible drops
will be seen in the gas around the electrode. If a smaller expansion
is made no visible drops are observed although, as will be shown be-
low, nuclei are produced but do not grow to a visible size, Assum-
ing that the expansion process is adiabatic the supersaturation
existing immediately after the expansion may be calculated by well
known methods and is shown graphically for nitrogen-water mixtures

in Figure 7. The calculated supersaturation, if it is ever realiged,




Gas pressures = 30 + 3 atm.
Gas temperatures = 20 + 2°C. |

Voltage thresholds determined at the maxiuum i
expansion ratio, 1.120 '

Voltage '
Material Threshold. Remarks.

Cotton waste. 500 + 100V,
Cotton thread 500 + 100V,

Silk thread 500 + 100V,
Japonica leaf 800V, Nuclei are produced from fibres on
the leaf surface.
Artificial silk 1000V, Strands are thicker than those of
thread real silk.
Glass wool 1200V, Absorbs little moisture.
fibres
Human hair 1200V, Absorbs little moisture.
Brass points 2> 1700V, Threshold depends on sharpness of
point.
Tungsten points > 1800V, Threshold depends on sharpness of
point.
Sharp solder € 2000V, ¥probably insufficient voltage
points applied.

. When these electrodes were tried the E.H,T.

unit available had a voltage output linited
to the range 0 to + 2000V.




Figure 7.
Degree of Supersaturation produced by Adiabatic Expansions.

The curve opposite shows the caleulated supersaturation
which is produced when nitrogen, satursted with water vapour,

is adiasbatically expended.

The initial temperature, before the expansion, was taken
as 20°C and the ratio of the principal specific heats of nitro-
gen, as l.41.



N
2.0 3 Degree of Supersaturation
Produced by Adiabatic
Expansions.
(N,+HO)
1-5
E xp.Ratio
I-O )
Ke) 1-O5 110 .
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will be destroyed because of heat conduction from the chamber walls
enhanced by turbulence, and beczuse of local heating due to the re-
lease of heat of condensation. Now, althouzh vieible drops are not
produced in expansions of 1.008 the production of drops in any ex-~ i
pansion near threshold continues for several seconds,after which thoI
superseturation must have fallen to 2 value very much less than that
initially produced in the smaller expansion. Interpretation of this
apparently paradoxical result provides important evidence for the
theory advanced in the next chapter. The expansion of 1.0/ will

be termed the visible production threshold.

With metal points such as brass or tungsten, the normal wvisible |
threshold is slightly higher than 1.010, but if the point is arti- }
ficially cocled by holding a block of dry ice to the external end orl
the supporting copper electrode the threshold is reduced to the normal
value. The metal point, even in a saturated chamber, will normally
have only a very thin layer of water on its surface so that artifioil
cooling will increase its thickness by causing condensation. Silk,!
or cotton, on the cther hand, if they have been in a saturated ohathr
for several days will contain a considerable quantity of water (most
natural fibres absorb about 107 of their own weight of water at 78%
relative humidity). It appears therefore that part of the purpose

of the expansion is to provide the excess water necessary on the

electrode surface for production of the nuclei to take place. This

is more necessary with metal than fibrous points. With both types |
. of electrode, however, it is found that nuclei are preduced in ex-
pansions below the visible production threshold but do not form
visible drops on that expansion. It is further cbserved that the

voltage threshold tends te rise slightly with decreasing expansion

ratio, a typical set of observations for argon and water being dis-
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played in Table 2, These results suggest that the production of
the nuclei takes plsce, or is zssoecisted with the water layer on the
silk or other electrode surface, an increased voliage possibly being
required at low expansion ratios beczuse the water film condensed on
to the electirode is rather thin. The high pressure cloud chamber 14
not an ideal technique for studying the physical production require-
ments of the nuclel becsuse of its rether inaccessible werking volume

and the difficulty of controlling and altering various parameters at

high pressures. losi effort has been expended in trying to eluci-
date the chemical production process, the physical and chemical
properties of the nuclei, and the mechanism by which they grow to
visible drops. However some further studies of the production
requirements are presently being made in this laboralory using a

diffusion cloud chamber,

‘Some of the properties of the condensation nuclei produced by
an electrostatic field have been deduced from a study of the visible
phenomena which are associated with their production. Provided

sufficient supersaturation has been established by the expansion,

jets of drops are shot into the gas from the electrode as soon as
the field is appiied., [Except when the expansions were close to |
the visible threshold, or when application of the field was daferrsd‘
for a long time (e.8. about 60 secs. after an expansion of 1.10), no
delay has been obeserved in the zppearance of the drops.

In the initial stages the Jets appear as hollow cones of large |
drops surrounded by a more diffuse cloud of smaller drops, their

4

respective radii being estimated visually as about 5 x 10 'om. and

1074om. respectively. These figures are arrived at by comparison



TABLE 2

Variation of threshold voltgge’rgguirod for hypersensitive nuclei

groduction,witg expansion ratio.

Data from Run 23.
The elkotrode was a piece of human hair which does not absorb

much water naturally on to ite surface.

Argon gas in the chamber at 33 atm., with distilled water.

Expansion Ratio. Voltage Threshold (for visible production).

1.12

1,063
1.048
1.036
1.026

1.015

-1000V,
~1000V.
~1000V.
-1060V,
~1120V,
=~1300V.

The argon in the chamber for this run contained a considerable

amount (about 0.3%) of nitrogen so that jets of drops were produced

readily.

(see section 4: 7(1)).
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with drops seen in cloud chambers at low preasures which are approxi-
mately 10"30m. in radius (J. G. Wilson, 1951). The main jet of
large drops moves away from the production point with a mean speed,
over the first few centimetres, of about 2 cm/sec., depending, of
coursg, on the applied voltage and the shape of the electrode. The
diffuse cloud moves more slowly than the central core. The speed
may be readily estimated from photographs of identicsl preduction
processes taken at different tines after the expansion. Vibrations
of strands in the fibrous electrode are probably responsible for the
striations seen in some of the jets shown in Figure 8 which is another
example of their appearance. The associated diffuse cloud of drops
cannot be seen in the photographs. A short gap iz usually evident

between the end of the electrode and the first drops in any parti-

cular jet. In this region the potential gradient will be extremely
high, so that nuclei will have little time available to grow to a |
visible size.

After the voltage has been applied for several seconds the gas

becomes full of a diffuse cloud of drops caused by the break up of

the individual jets and by their reflection at the chamber walls. |
This cloud tends to obscure the electrode but growth of new drops
and creation of new jets can be sesn o continue for many seconds.
Although initially the jets are well directed, latterly they leave
the points very slowly and in random directions which are probably
determined by gas currents set up in the chamber by heating end -
turbulence. All points on a fibrous strand are not effeotive
centres, possibly due to their unfavourable position or orientation

relative to other sources., The similarity between jets produced

at the same source in different, but identieal, expansions is quite
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Figure &, Jetg of drops showing striations dus to
vibration of gilk strands.

Wag, Nitrogen + distilled water at 30 atmogpheres.
Artificial silk electrode.

Expansion yatio = 1,12, Field = + 1200V, (on at

xpangion) .
Flash delay = 2 sec,
The siriations ave particularly prominent on the left
hand, lower jet of drops.
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striking. This is illustrated in Figure 9 which shows a double
exposure in which jets of drops were photographed 3 and 3% secs. |
after the start of the respective expansions. The density of drops |
in the jets increasesconsiderably as the voltage is raised above thol
threshold. This is illustrated in Figures 10 and 1l.

The manner of appearance of the drops associated with nuclei pro-
duced in expansions near the visible threshold is rather remarkable,
If the field is applied simultaneously with the start of the ex-
pansion drops form, after a delay of about 5 to 10 secs., close to
the chamber wall (about 10 om. from the electrode) in a diffuse cloud

rather than in the normal, well collimated, jet which starts near

' the production point. The jet then appears, 'growing back' slowly

4: 5

from near the wall of the chamber, until after a further few seconds
a satream of drops can be seen leaving the electrode in the usual
manner. This behaviour is quite unexpected since nuclei produced |
late in the expansion would appear to have less favourable conditions
for growth. Similarly, jets forming initially close to the chamber
wall are seen if a larger expansion is made to take place slowly

over a period of 15 to 30 secs., when the supersaturation established

is never very large. This slow expansion is achieved by manual |
operation of the expansion valve, Also, if a very slow expansion, ‘
with the field switched on, is followed immediately by a fast |
adiabatic expansion without the field (that is, the expansion is .
made in two stages) then the jets of nuclei produced, but not seen, !
during the initial stage grow rapidly. They are, however, rather |
more diffuse than the jets normally observed.
Properties of the Nuclei.

After a primary expansion in which the hypersensitive or c-nuclei

have been produced, many of the drops formed around them evaporate in
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Figure 9. Similarity between jets of drops produced
K

on different expansions.

39 and W40. Nitrogen + diptilled wmter at
Artificial Silk electrode.

Expansgion ratio = 1,068, Field

= «13007V.(a
Flagh delay = 3 and 3% sec.

The movement of the droplet jets through

1 the gas is also
c¢learly seen,
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Figare 10. Jets of drops produced by a low ¥oltage, at

& low expansgion ratio, (Compare Figure 11.)

Wlo Nitrogen + distilled water at 30 atmogpheres,
Cotton electrode.
Expansion ratio = 1,02, Field = 400V, (on at
e:»{pa:mioxi) .
2 seec,

ne jet of drops has become completely detached
trode .
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Jets of drops
at a low exg
Figure 10.)

produced by a high voltage,
ansion ratio, (Compara

Nitrogen + disgtilled water at 30 atmospheres.

Cotton electrode.

Expension ratio = 1.030. Field = «1200V, (on at
expansion) .



! 39.

8itu in the gas without falling out. Subsequent secondary ex-
pansions produce dense uniform clouds showing that nuclei are still
present, and a detailed study of these has yielded a great deal of i
information. Successive cleaning expansions cause the nuclei to bel
removed from the gas in drops which fall to the walls of the chamber.
Although the visible production expansion ratio threshold is 1.10,

visible drops form in expansions of 1.008 on nuclei left after the

evaporation of the primary expansion cloud. Also, nuclei produced
by applying the field during an expansion less than 1.010 promote

visible drops on any subsequent expansion greater than or egual to

1,008, This result confirms the conclusion reached in 4: 3 that
some condensation on the electrode is normally necessary before

nuclei production can take place. A delay in the appearance of |

drops close to the visible production threshold has already been |
noted and this may partly l® caused by slow condensation on to the
electrode retarding the production process, whereas in a smaller |
cleaning expansion full advantage of the initial supersaturation can
be taken as all the requisites for drop formation are initially
present.

No expansion ratio threshold for the production of the nuclei has
been found. The smallest measurable expansion ratio is 1,002 in

which the theoretical maximum supersaturation would be less than 1%.

Here the calculated temperature drop of 1°C will not be achieved

as the temperature gradient across the chamber, even after a long
waiting period, may be as much as 3°C, (Duff and Morris, 1955), and
the expansion will be rather slow. It is suggested, therefore,

| that if any supersaturation is produced around the electrode then

|

nuclei will be created when an electrostatic field is applied.
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In Chapter 6, it will be shown that under rather more stringent con-

ditions, similar nuclei are formed if the chamber is only saturated.

. Since at low degrees of supersaturation the density of the nuclei
will cause considerable competition for the available vapour the
observed slow rate of growth in these small expansions can be at
least partially explained. I

The number of secondary expansions necessary to reduce the con- %
centration of nuclei in the gas to less than 1 per 10 om> (estimated
visually) varies with the total number created in the primary ex-
pansion. Typically, after an expansion of 1.08 when + 1000V. has
‘been applied to the silk electrode for about 15 sec., about 4
secondary expansions are required to clean the chamber. The number
of such secondary expansions depends on their size since the drops
formed in small expansions are not very large and may not fall out
before the gas warms up and causes them to evaporate.

Provided the chamber is fully saturated and there is surplus
water available all nuclei will disappear from the gas in about 10
hours. It is important to notice that cloud seen on any secondary
expansion made during this period is uniform throughout the chamber
indicating that the nuclei do not fall out under gravity. Dis-
appearance by coagulation is probably an unimportant process since
the secondary expansion threshold does not fall after an extended
| waiting period. The larger nuclei so formed would be expected to

have a lower condensation threshold. The total number of drops

seen on any cleaning expension is independent of its size; larger
expansions produce larger, but not more drops. If the density of
drops in the chember is reduced by successive expansions of inter-

mediate size, say 1.04, some interesting observations are made.

The drops seen in the first two or three expansions are small,



41.

| about 10™%om in redius, and grow fairly rapidly, a number falling |
| from the gas %o the walls. On subsequent expansions the density of
| the nuelei being now much reduced and more water vapour oonaaquently;
| being available, the size of the drops in the cloud is larger but
| their rate of growth is much decreased. The cloud takes about 5
secs. to appear. After 6 or T expansions, when the chamber is
nearly clean, no drops are seen for about 15 secs. when a light
shower of small drops pppears uniformly in the gas. This last |
stage is independent of the size of the expansion. These three
distinctive regions, except for the appearance of delayed showers
of drops, are not observed in very large cleaning expansions where
| a substantial number of nuclei are removed from the gas each time.
The o-nuclei may also be cleaned from the chamber using an electro-
static field. The time required %o remove them depends on the
geometry of the electrode system used and on the voltage applied.
While gaseous ions can bé cleared from the gas in a few seconds with
a moderate field, the time required to sweep the c-nuclei from the
chamber is of the order of 5 min. with 800V, applied to the pro-
duction electrode, and about 15 min. with 600V, applied to a semi-
cylindrical electrode, without sharp points, placed close to the
chamber wall. ‘The nuclei do not therefore asppear to carry a charge
after they have been in the gas for even a short time. They may be

produced with a charge, presumably positive if the production point

is positive, or even several charges, but their properties as con-

densation centres cannot be greatly modified by this. It is well
known that water condenses preferentislly on negatively charged

ions, and no such preferential condensation has in fact been ob-

served in these experiments. That is, no difference has been
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detected between the properties of the nuclei produced from 1dentioaﬂ
electrodes by fields of different polarity.

Experiments with a 'Dry Chamber'

In some of the early experiments made to study the production
requirements of the nuclei it was found that the visible threshold
decreased steadily with time until it reached a final value close to
1,010, It was first supposed that the silk required this period of
several days to reach equilibrium with the vapour but it was later
found that the time was dependent on the way in which the water was
introduced into the chamber, If the water was contained in a dish
with 2 small surface area then the final visual threshold was not
obtained for about 6 days. If, however, an equal volume of water,
normally 6 cec., was spread well round the chamber so that its surface
area was very large the final visual threshold was attained in about
2 days. Further, if the gas pressure was not raised to 30 atnosphar?s
until about 12 hours after adding the water, the final visible |
threshold was reached almost at once. Obviously the saturation of
the chamber is a very slow process. It is important, therefore,
when determining a threshold to make sure that the gas is properly
saturated., This steady decrease of the threshold is illustrated
in Figure 12 where the relative humidity in the chamber is plotted
ae 2 function of time, To determine sach point the visible pro-
duction threshold was measured assuming, a= a first approximation,
that this corresponded to saturation having been produced in the
chamber. Hence therelative humidity before the expansion was found.
The presence of velvet or velveteen appreciable retards the satura-

tion process.

Having thus shown that it was possible to produce hypersensitive




Figure 12.
Increase of Relative Mumidity with Time,

' Each point on the curve opposite was obtaired as de-
scribed in the texi., The gas used in each case was nitro-
gen at a pressure of 30 atmospheres, The water was added
ag indiecated helou.

Run 27. uater in pool on chamber floor.
Run 31. 6 cm3 water spread around chamber walls,

mlﬁrga surface area.)
Run 43. in glase dish with surface area
of 20

Run 53, (Dry clmmber) 0.1 em’ of water on chamber wall.
Initial (room) humidity, 33%. Velvet in
the chamber.

The chamber wes essembled and filled os quicikly as possible
before esach run.
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condensation nuclei when the chamber was unsaturated prior to the

expansion several runs were made in which insufficient water wpour |
was present for complete saturation ever to ococcur. About 0.} co.
of water is required to saturate the gas at 20°C, so that if the
relative humidity is determined in the room (using an Assmann psych
meter) just before the chamber is assembled, water can be added so
that saturation, without expansion, cannot be achieved even when the
surplus water initially present has evaporated. For these ex~
periments the velvet, which absorbs water, was removed from the
éhamber and an ebonite back plate, drilled with holes to enable
uniform gas flow to be maintained, was added as the photographic
background. Ebonite does not absorb water, With this arrangement
several interesting results were obtained,

It had been supposed that the c-nuclei would be unstable in a dry
chamber but this was not confirmed, The chamber could be operated
with an initisl relative humidity of about 60% and, under these
conditions, even after waiting periods of 17 hours following a pro-
duction expansion, dense clouds of very small drope were still pro-
duced when a sufficiently large expansion was made. However, if
the gas temperature fell sufficiently during this time, saturation of
the chamber could occur (with a resultant £all of threshold expansion

ratio), and the nuclei then disappeared much more quickly. This

suggests that the nuclei areyemoved most easily when there is surplus
water 1ying on the walk of the chamber. During the period of these |
experiments a fall in temperature of more than 5°C regularly occurred
at night so that the results obtained while the room heating was on
gave unsaburated initial conditions, and those when it was off,

saturated conditions.
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Except under the special circumstances discussed in Chapter 6,
applying the electrostatic field for a short time up to the ex-
pansion normally produces no c-nuclei. In the dry chamber runs it
was however found that when the field was switched off Just before
the expansion minute Jets were produced. These were caused by
charge still residing on the silk, which was relatively dry hecause
of the unsaturated condition of the chamber. The voltage on the
electrode was initially ~1300V, end there is a delay of 1/10th sec.
between switching off the field and making the expansion. As the
voltage threshold for this dry silk was only slightly less than
-1300V. the charge must leak away very slowly. These jets are
produced for a time depending on the voltage applied, but even for
2000¥, it is less than 5 sec¢s,

As might have been expected cleaning the chamber of the room air
aerosol component, under these conditions, is very difficult, sbout
30 expansions usually being required.

C in the Chemi Constituents of the System.

The effect of changing the chemical constituents of the system
was investigated by adding relatively large quantities of different
gases to the chamber. Strong evidence was found that it was necess-
ary to have nitrogen in the chamber befors c~nuclei could be pro-
duced. Apart from the early investigations with ethyl alcohol as
the condensant, distilled water was always used as the vapour in
the system. The observations made under different chemiecal con-
ditions will be considered separately.

(1) Addition of Argon.
The addition of small quaptities of argon to the nitrogen-water

system did not appear to alter the production of c-nuclei. The
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expansion ratio thresheld for visible drops was slightly lowered by
an amount depending on the argon concentration. This was expected
since the resultant cooling and supersaturation is greater for argon
than for nitrogen azs the former is a monatomic gas. The argon aVaill

able was not of high purity, containing 500 v.p.m. of nitrogen, but

if the nitrogen content of the chamber was made as low as possible by

repeated flushing, an interesting difference was cbserved, Initially
the production of o-nuclei was fairly similar to that found in nitrog?n-
water systems but after a small number of production expansions (abouﬁ
twenty) the efficienoy fell off most markedly. The number of nuclei
creatied per expansion was greatly reduced, although production never |
stopped completely. This was verified photographically as 111ustrat;d
in Figures 13 and 14, which show the products of identical expansions
between which 15 nuclei-producing expansions were made. The field,
expansion ratio, flash delay snd time for plate development were the
same for both photographs. A later addition of a small quantity of
nitrogen to the system appeared to restore production to its normal
efficiency.

From these experiments it was concluded that nitrogen was necessary
for the production of c-nuclei, that a chemical process was involved
and that a2 certain amount of nitrogen, however it was bound up
chemically, was always available for further c-nuclei production, or
available to enhance drop growth.

(2) Oxygen-free Nitrogen as the Carrier Gas.

In most of the experiments with water-nitrogen systems, 1 atmosphere

of air remained in the chamber thus ensuring that about 1% of 02 was

present at 30 atmospheres. The nitrogen normally used contained

0.05¢ oxygen., Although it can be concluded from the argon-water
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experiments that molecular oxygen, 02, is not required in the c-nuclei
Iproduotion process, a further test was made with an oxygen-free
nitrogen-water system. Oxygen-free nitrogen (supplied by British
Oxygen Co. Ltd.) contains less than 10 v.p.m. of Op. No variations
in the properties or production of the o-nuclei was observed. It
must be recorded, however, that molecular oxygen, and possibly atomic
joxygen, will always be present in trace quantities in the chamber
1hocauso of the rubber diaphragm, which will also introduce con-
taminations of carbon and sulphur,
(3) Addition of Oxygen and Hydrogen. |
The addition of excess oxygen and hydrogen separately to the
chamber did not appear to alter the production requirements or
properties of the c-nuclei. One important new feature was observed

with oxvgen present which will be discussed in seotion 4: 8, bhelow.

(4) Addition of Carbon Dioxide.

Carbon dioxide was added to the chamber by allowing seolid COp to
sublime while the chamber was being reassembled. The c-nuclei were
produced with normal efficiency but it was found that the drops

formed round them in the primary and secondary expansions were very

|

i

much smaller than usual. The largest drops normally seen in the ‘
3 |

1high pressure cloud chamber are probably nearly 10 ~cm. radius, but

|
(these did not grow much above the smallest visible size, about 1 mic R

Sechrist (1963) has observed that carbon dioxide enhances the rate of |

evaporation of water from a bulk liquid surface, so that the inhibition
|
of drop growth observed here is explicable. '

(5) Addition of Ammonia. .

Ammonia was added to the chamber by using a 10}/ solution of

ammonium hydroxide as the condensani. A smaller quantity of NH3 was
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thus introduced compared with the other gases discussed above,
Again the o-nuclei were formed with normal efficiency. It was found,
however, to be impossible to clean the chamber completely, a slight |
background of small drops always being present. This result was not!
unexpectod since the presence of ammonia in a cloud chamber has al=- !
ways been regarded as undesirable by cloud chamber workers, although i
MoHénry and Twomey (1952) found ammonia ineffective in promoting |
condensation in an Aitken dust counter, I{ was further found that, i
if + 250V, was applied to the elecirode system for a few seconds
before supersaturation was established, a dense cloud of small drops
was formed on subsequent expansions which eould be of the order of
1.02. The positive field did not produce as much cloud as the
negative field although the sensitivity of the nuclei was apparenily

the same. With these voltages the production of c-nuclei was not

observed, although clearly, the field, in the presence of ammonia,

was producing sensitive condensation centres, although no localized |
source for them could be identified. !

It was thought desirable to study the effect of adding other !
chemiczla but cleaning the high pressure chamber of traces of sub-
stances such as hydrogen peroxide or nitric acid is not easy, so
that further investigations aleng these lines were earried out in
the 3 atmosphere chamber, which ean be readily cleaned and is also
suitable for the addition of controlled quantities of impurity at
the desired time.

The Nitrite Test.

It was pointed out by Dr. W. A. Seddon, formerly of this depart-

ment, that the presence of nitrite ions, NO,, could be detected in

the liguid phase provided their concentration was greater than
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5x ld_amolea/iitro. The method used was based on thal suggested

by Shinn (1941) in which a pink dye, p-hydroxy azo benzene, is formed

The conoentration of NO, can be determined quantitatively by measuring
the light extinction achieved by solutions of this dye. Tests for |
the nitrite ion were frequently made on the surplus water lying on

i
the floor of the chamber at the end of a run. ‘
o quantitative estimate was attempted of the nitrite ion con- ‘

centration in the solution, but comparisons between teste made after
different experimental runs were possible in a rough way since the |
same quantity of sample and reagents were used each time. TFrovided
about 10 expansions, during which the electrostatic field had been
applied for 10 seconds per expansion, had been made in nitrogen-water
systems the nitrite test on the surplus water in the chamber always
indicated that nitrite ions were present, in a concentration estimated
visually, by comparison with solutions of known strength, $o be of

the order of 15"6 moles/litre. Tests made after argon-water runms

were invariably negative. Following runs in which ammonia or excess

oxygen had been present the nitrite test was very much stronger than
normal indicating that the presence of these chemicals somehow en- !
hances nitrite production. The presence of carbon dioxide or
hydrogen did not alter the strength of the test.

A number of checks were made to ensure that nitrite ions were onlyl
produced directly in or as a result of the c-nuclei production prooasi.
Samples of the distilled water used in the chamber werse repeatedly ;
tested for nitrite without success. Samples of paint, velvet, neo-
prene, rubber and silk were soaked for long periods with water but
no evidence for nitrite in these materisls was found. In eddition

ammonium hydroxide was tested but a negative result was obtained.
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The electric field was applied to the silk in a saturated chamber fof

48 hours without producing any detectable concentration of nitrite

ion. Although these results strongly suggest that HOE is formed asi
a consequence of zpplying an electric field to a damp electrode in a|
supersaturated vapour they do not indicate that the chemical res-

ponsible for the presence of NOE, which might be, for example, nitro&a

There are, however, strong argumente which suggest that it is. Sino$

4: 9

oxygen and carbon dioxide did not enhance the creation of c-nuclei

it may be concluded that the oxygen required for the formation of

NBE comes from the water in the chamber. The enhancement of the
nitrite test by oxygen may be caused by a secondary chemical reaction.

The Effect of Altering the Gas Pressure.
No differences in the properties or production efficiency of the |

. e-nuclei were observed when the gas pressure was varied from 10 to |

80 atmospheres in the high pressure chamber, or from 1.5 to 4 atmo-
spheres in the low pressure chamber. It is in fact believed that |
c-nuclei are formed in the pressure range 0.8 to 80 atmospheres
(G. R. Evans, private communication). The visible production |
threshold is slightly reduced 2s the gas pressure is increased,
Whereas at 30 atmospheres this is about 1.010, at 50 atmospheres it
falls to 1.008. The cleaning expansion threshold alsc falls from
1.008 to 1.003 in the same pressure range. Although part of this
reduction is undoubtedly due to the fall of surface tension with in-
creasing pressure, the relatively large drop in the cleaning expansion
threshold suggests that the visible threshold is also dependent on .

the size of the chamber at constant pressure, or on the sensitive

time and hence on the pressure for a chamber of constant size., At
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elevated pressures the supersaturation will be destroyed rather
slowly by conduction of heat into the gas.
4s 10| Summary.

In this chapter the observation of the production of hypersensitive
condensation nuclei when an electrostatic field is applied to a éamp
electrode in a supersaturated vapour has been deseribed, Various
experiments carried out in an attempt to study the nature and properties
of the nuclei have been discussed. 1In the following chapter an ex-
planation of the production =nd properties of the o-nuclei is suggested
which will be used to explein, in sddition, other condensation nuclei
produced by different methods, Certain features of the experimental

results 2lready set down will be amplified in this discussion as

required. For reference az summarv of the most important properties
of the c-nuclei has heen attempted in Table 3. It should be re-
emphasised that condensaticn nucleil can, under certain circumstances,
be produced when the electrostatic field is applied to the electrode

before the expansion.
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TABLE 3

Summary of the properties of the o-nuclei.

Property.

Production requirements
in a nitrogen-water
system.

Efficiency as
nucleation centres
(after produotionj.
Efficiency as

nucleation centres
(after re-evaporation).

St ty.

Effect of electro-
static sweeping
field.

hemi s

on_production.
(1) Argon-water system.

(2) Oxygen-nitrogen-
water system.

(3) Carbon dioxide-

nitrogen-water
system.

(4) Hydrogen-nitrogen-
water system.

(5) Ammonia-nitrogen—
water system.

Evidence for chemigal
change when nuclei are
produced.

Effect of increased
Eﬂg sure.

Characteristics.

Voltage above a certain threshold must be
applied to a damp electrode in a super-
saturated vapour.

Visible drops produced if production ex-
pansion is larger than 1,010, at 30
atmospheres.

Visible drops formed in expansions larger
than 1.008 at 30 atmospheres, but this is
pressure dependent indicating that thresholdl
is a function of chamber size.

Remain in the chamber for several hours
depending on the relative humidity and
surplus water available.

Nuclei can be removed from the chamber very
slowly.

Production diminished. T, must be present.

No change.
No change, but drops very small.

No change.

Neo change, but other nuclei are also created |
by the electrostatic field. '

NO5 detected in surplus water except after
argon-water runs. Presence of HHB or Op
enhances strength of test.

No change in production efficiency, although
thresholds are altered (see above). |

Reference.

Seection 4: 3

Section 4: 4

| Section 4: 5
and “ 9-

Seotion 4s 5
and4l 60

Section 4: 5

Section 4: 7

Section 43 8

[Section 4: 9.
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Chapter 5

A STUDY OF CONDENSATION RUCLEI PRODUCED IN A SUPERSATURATED VAPOUR

BY AN ELECTRIC FIELD

II. A Possible Explanation

In this chapter an explanation of the experimental observations
!Junt described will be proposed, and other possible theories out- .
1ined and discussed, Numerical caloulations which support the |
arguments are presented in some detail in Appendices A to E.
Are the c-nuclei Charged Water Droplets?

In the initial report of the observation of the hypersensitive

condensation nuclei, (Evans and Watson, 1962), it was tentatively i

|suggaated that nitric acid was being produced by the action of the

;elootric field on the water layer on the silk, and on the nitrogen !
gas, nitric acid being known, from the work of Crane and Halpern (1939
to promote condensation of water vapour most readily. The chemiocal
analysis of the surplus water for nitrite ions had not then been

undertaken, nor had many later experiments been carried out. At

this stage, Professor B. Vonnegut (private communication, 1963) drew [
attention to his work on electrical atomisation, (Vonnegut and Neu- |
bauer, 1952, 1953), in which the ejection of water from a capillary

tube, by means of an electric field, was studied. He suggested

|that highly charged drops of water might be ejected from the end of

|a damp electrode and act as condensation nuclei in the gas. The
|

to that observed by Zeleny (1914) and English (1948), during their
investigations of corona from water points.

At first sight Vonnegut's experiments offer an attractive and

process examined in some detail by Vonnegut and Neubauer is identical |

simple physical explanation of the phenomena. He observed two aizesi
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of drops to be formed. With positive and negative voltages of
between 5 and 10kV, (A.C. or D.C.), drops of about 0.1 mm, diameter
were ejected from the end of the capillary tube in a long stream.
Also with positive D.C. potentizls only, a moncdisperse asrosol of
much smaller drops was sometimes produced under rather ill-defined

of
conditions, both sizos/arope occasionally appearing at the same time.

Although the potentials necessary in these experiments are higher by
jnoarly an order of magnitude than those used in the present work, an
extrapolation of the results of Druett and May (1954) on electro-
static firing suggests that small, sub-visible drops might be pro-
duced by such a method, using lower voltages. It is not to be
expected that there should be a one-to-one correspondence between
Vonnegut's observations and the present work, and certainly none

exists, but it is most important to consider whether the formation

.°f highly charged drops of sub-visible size could explain the present
.phenomens. !
Assuming for the moment that the nuclei produced are charged,
two possible cases must be considered. Either the nucleus is a
highly charged drop, which grows to a visible size becsuse of its
charge, or else it is a large drop, probably charged, which grows

to a visible size because of its initial radius. The current drawn

from the E.H.T. supply was frequently monitored during runs, and
was never found to be greater than lpA. Hence a maximum of 6 x 1012
elementary units of charge leave the end of an electrode and pass
through the gas per second. [From visual observations of the density
of the cloud seen in expansions during which the field has been on

for 10 secs., it is found that 109 nuclei (1.7 x 105/um3) are pro-

duced in this time. This estimate is oonsidered in some detail in
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Appendix A, Bach nucleus must therefore have been created carrying
more than 10% charges. Using Thomson's equation (3: 2), already
discussed, it ie shown in Appendix B that, for water at 273°K. the mﬂ;ii-
mum supersaturation which must be produced to give growth to visible
gize on nuclei carrying n charges, is given by:-

g, S = Seg Ffp = 15007 (5¢ 1)

If n is about 104, the degree of supersaturation must be very
small before nuclei, which grow veryrmpidly, will fail to act as
condensation centres. If n = 103 vigible drops will form quickly if
the supersaturation produced is greater than 1.5f. In fact drops
form only rather slowly on the nuclei observed in these experiments
at supersaturations of 5%, a threshold which would correspond to
drops with n = 40C and a very much denser cloud than is observed.

The experimental observation that preferential condensation with

respect to sign does not occur, also indicates that multi-charged
drops are not formed.

The measurement of luA for the current flowing through the aurfaooi
layer of water is an upper limit since there may be amlatively 1argﬁ
leskage current across the insulating plug in the chamber wall. If
the 109 nuclei produced in 10 secs. were singly charged, the current
through the gas would be only 107 1A, and the droplet radius at

formation would have to be about 5 x 10‘6om. An estimate of the

gize of the nuclei, made in the following section, shows this to be
unreasonably large. The assumption that a large percentage of the
measured value of the current is required for the ereation process

is further supported by estimates of the number of NOE ions created
per expansion, (Appendix C).

However many charges a nucleus might have initially, it will soon
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|

ihecoma either neutral or singly charged so that a visible drop
formed in this way must be similar to the wvisible drop formed by
| condensation on a gaseous ion. Hence these drops must evaporate
to singly charged clusters of water molecules, just as do drops
around gaseous ions. The possibility that they should evaporate
only to a size which is just sub-visible, in the mamner suggested
by J. J. Thomson, has been shown in Chapter 2 to be inconsistent

with experiment. Apart from the evidence presented there, the

results of the experiments in which the chamber was unsaturated by

almost 407, except during the expansions, shows that the variation

of surface tension with radius would require to be unreasonably
' large to explain the extreme stability of the nuclei in these dry I
conditions. It appears, therefore, that any theory of charged
 water droplets does not explain the properties observed for the
i nuclei.
5:2}&211 ical-Chemical Explanation.
| The detection of nitrite ions in the surplus water on the floor
of the chamber indicates that a chemical reaction is taking place
when a high voltage is applied across a damp surface. Many ohemicalb

are known to ehhance the condehsation of water vapour, although

|
a detailed understanding of their action is still sought. 1In

particular, Crane and Halpern (1939), having observed that neutral

condensation centres were produced by the recoil nucleus of a
HP--d.inintesration in a cloud chamber, investigated the effect on

water vapour condensation ef“3303, N02 002

EH03 and R02 were extremely cificient in promoting the phase change.

They introduced minute traces of these substances into their chamber,

s NO and Eﬂs, finding that

and concluded from their observations that each molecule of the
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impurity acted as a condensation centre, in a mammer similar to a

gaseous ion. Vhile this deduction could explain the neutral con-
densation nuclei gbzerved in their experiments 2s being due to the ;
dissociation of molecules in the air, with subsequent recombination
of the atoms formed into new, reaciive complexes, it does not seem :
reasonable to suppose that the presence of a single neutral impurit
molecule, amidst many uncharged water molecules, could alter the

condenesation properties of a cluster by the appreciable amount

HNO3 or H02 is not very different from that measured for water in

the liquid state, and is less than the value attributed to the wa.tu}'

|
!
required to explain the present results. The dipole moment of ‘

molecule from infra red studies, which is perhaps more appropriate

here. Certainly, however, the presence of = large number of im-

purity molecules will lower the equilibrium vapour pressure over |
the surface of the droplet and so make it easier for condensation |
to ocour on the cluster. This idea has been examined in consider-
able detail by Mason (1957), with particular attention to aqueous
solutions of sodium chloride, as already mentioned.

As a preliminary tentative explanation, the nuclei under dis-
cussion might be regarded as clusters of waler and 322 molecules, |
However, water and nitrogen dioxide react in the following way:- |

2N02 !
so thet the droplet will actually contain HNO,, ANO,, NO, and water,

+ HYO = ENO, + rmo3 (58 2)

The origin of the nitrogen dioxide will be considered below. Suchf
an aggregate can exist in stable equilibrium with the surroundings,
having a size determined by the prevalent vapour pressure of the

water in the gas and the amount of nitrogen dioxide in the cluster,

Because of the reaction (5: 2) calculation of the size is complicated
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since it would be necessary to know the reaction rates inside such
a droplet. However, according to accepted theories, any cluster of
this type would reguire a definite critical supersaturation to exist
before drop growth to a visible size could occur. Henge certain
clearly defined qualitative properties can be suggested for the nuclei,
as for ggaoous ions.

Neglecting for the moment consideration of the production ex~

pansions, the behaviour of the nuclei on subsequent cleaning ex-

pansions should be accurately predicted, if the above picture is
correct. After the production process the chamber ig filled with a
dense cloud of drops which slowly evaporates as the gas in the ohambe£
warms up, and any mmaining supersaturation is destroyed. A subseqguent
cleaning expansion exhibits dense, uniform cloud. If the re-evapora-
tion nuclei, or r-nuclei, are all of the same size and chemical
composition, the density of drops in the cloud should be independent
of the size of the expansion, provided it is greater than a certain

minimum value. A certain number of drops will fall to the walls of

the chamber, their nuclei becoming lost from the gas. The remainder
must evaporate back to exactly the same nucleus as was initially |
present. The number of nuclei removed in this way, by each sub-

sequent cleaning expansion, will depend only on the size of the ex-
pansion, which determines the final drop size, and hence the drop's

chance of falling out., Thus the only difference between sucoessive

expansions would be that fewer drops would be seen on each one,

oreover these drops would always take approximately the same time to
grow, reaching eventually the same final size (if each expansion ie
of the same magnitude), except, perhaps, in the initial expansions

Lhore a high density of nuclei will cause competition for water
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vapour, so that the rate of growth, and the final size, will both be |
reduced. These are the properties predicted for nuclei consisting

of impurity molecules and water molecules in equilibrium with water

vapour. The properties of the c-nuclei are rather different, as
was indicated in seotion 4: 5.

If a series of cleaning expansions of equal size is made; to remove
the ec-nuclei, following a normsl production expansion, the following

observations are noted. The process of cleaning the chamber can be

roughly divided into three distinet sequences.
(1) During the first two or three expansions, a dense cloud of [
very tiny drops is formed. The drops grow rapidly requiring only
about 0.2 sec. to reach a final size of about 1 micron, which depends
slightly on fthe magnitude of the expansion.
(2) The above type of expansion eventually gives way to others
in which the final drops are quite large, about 10 >om. radius, but
in which the drops take a short time, perhaps 2 %o 3 seconds, to
appear. Their final size and their rate of growth is now largely
independent of the expansion. At this time the density of the nuclei
has fallen fromabout 1.7 x 105/0ﬂ3 at the start of sequence (1) to
about 100/0m3. The appearance of the cloud is very like a shower
of rain.
(3) On subsequent expansions the drops are greatly reduced in

number. They are very much smaller and take about 15 to 20 sees. to

appear. This bshaviour is also independent of the expansion, pro-
vided it is larger than 1.008.

These observations are completely conirary to those expected with
the tyre of nucleus postulated above. They can however be explained

if it is assumed that c~nuclei consist of aggregates of impurity and




58.

|
|
water molecules, in equilibrium with water vapour and impurity vapourl

In this cass the main impurity is probably nitrogen dioxide. Nuclei:

|thus grow to visible drops, of a size, and at a rate, determined by
the ambient water and impurity vapour pressures together, In the
early stages of the cleaning expansicn, (sequence 1), the high density
of drops will cause considerable competition amongst the nuclei, for
the water and impurity vapour, so that few will grow to a large size.

As some of the drops fall out, carrying impurity with them, the overall

mass of impurity in the gas will be reduced, so that when the remaining
droplets re-evaporate, the vapour pressure will be lower than before |
and the radius of the nuclei will be slightly decressed. Now, for
these remaining nuclei to grow, they must gather impurity vapour and |
water vapour., The weter vapour is readily availahle, but the im-
purity vapour has 2 low density which thus impedes their growth. In:
the final stage, (sequence 3), the search for sufficient impurity
lasts so long that the quantity of water vapour available for con-

densation has fallen considerably before the drops become visible.

fﬁanoo it is found that the few visible drops formed are of very small
size and appear after a very long delay.

| It is assumed in this theory that the impurity vapour molecules
are produced from the electrode simultaneously with the ejection of
the initial condensation nuclei into the gas., These initial nuclei
may in fact require to collect some of the individual vapour moleou104
to grow at all. Thie possibility is illustrated in the experiments |

previously discussed where production near the threshold was found to

|take place in an unusual and paradoxical way. Here drops were first
thaorved to form close to the wall of the chamber, and then, later in

the post-expansion period, although the gas was warming up, droos
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were found to grow right baeck to the production point. This ob-
gervation is explicable in terms of the impurity vapour. Iluclei,
formed late in the expansion, will immediately find thcmael;ea in a
region rich in impurity molecules, and hence will grow more rapidly
khan those nuclei produced early in the production peried. It will
also be recalled that the jets of drops leaving the point are nurrounde,
in large expansions, by a diffuse slow moving cloud of smaller droplets.
These are thought to be formed on relatively uncontaminated nuclei

lejected into regions with a low vapour density, or on single impurity

molecules which have been produced at the point. It is probable

that the nuclei capture impurity molecules. and water molecules
simultaneously, since often an impurity molecule will be surrounded
by a few water molecules, in a manner similar to a gaseous ion. |

Individual impurity molecule capture will also be important. The

exact details of the process will depend to some extent on the nature
lof the impurity being collected by the nucleus, and on the water and
impurity vapour pressure in the chamber.

Estimates of the rate of capture of impurity molecules in a unifo
system, such as found in the cleaning expansions, can be made if the
density of the impurity wpour and the size of the nucleus is known. |
Rates of capture are calculated in Appendix C for various sizes of !
nucleus. It is found that the nuclei are probably larger than 1077 s
since at this radius the drops contain few impurity molecules, have

a small surface are=s and hence a poor chance of capturing extra mole-
cules. In Appendix D; another calculation, based on the obaervationi
that the cloud in cleaning expansions is always uniform, shows that

1

the nuclear size cannot be greater than 7 x 10 'om. A nucleus of

5x IU-Tum. will be struck by more than 103 impurity vapour molecules
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per second at maximum vapour density. The actual size of the nucleus
is relatively unimportant since it undoubtedly varies as impurity is |
removed from the chamber,

The fundamental idea of considering the nucleus as being in

equilibrium with both water and impurity wpours, whiech has been pro-

pounded in this section, was derived by considering the behaviour
of the nuclei in cleaning expansions made subsequent to nucleus pro-
duction. Absorption of impurity molecules by droplets of aqueous
solutions is normally ignored in calculations of the equilibrium
saturated vapour pressure. However Tsuji (1950), in a little known
paper, has considered this effect for drops containing sodium chloride

and has csloulated that it will be rather important for condensation |

|
nuclei with radii less than lo-scm. This theory will now be shown

to be consistent with other properties of the ec-nuclei, and in sub-
sequent chapters a diverse range of condensation phenomena will be
examined in the same way.

A Re-examination of lethods of Cleaning the Chamber.
In addition to estimating an upper limit to the nuclear size from |

‘the observation that cleaning expansions contain uniform cloud,
evidence supporting the new theory of drop growth can be deduced
from it. One consequénce of a fast expansion in a cloud chamber is
that a temperature gradient is established verticazlly across the gas,

which akes about 10 min. to disappear at 30 atmospheres. If the

chamber was used as a charged particle detector, an expansion made
before this waiting period had elapsed would produce particle tracks

only in the lower regione of the gas. An expansion large enough to

|
cause drop growth on ions in the top of the chamber would inevitably i
produce dense ocloud, due to homogeneous nucleation, near the floor. ;
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Hence if condensation on o-nuclei was solely dependent on the
availability of water vapour, cleaning expansions made without this
intervening waiting period would contain non-uniform cloud. This
has not been observed, although the presence of windows at the top |

and bottom of the high pressure chamber must have increased the

stability of the temperature gradient, and cleaning expamsions have
often been made on a 2 minute cycle. A drop growth mechanism,
which relies largely on the capture of impurity molecules, enables
these observations to be understood, since the number of collisions |
with the embryonic droplets depends on the vapour density more
strongly than on the temperature. This is brought out in the cal-
culations in Appendix C.

The c-nuclei can be cleaned from the gss in three ways, (a) by
successive cleaning expamnsions, (b) by allowing the system to stand
for a long time and (c¢) by application of an electrostatic sweeping
field, The first method has already been considered in detail,
(section 53 2). The natural cleaning process, (b) is envisaged as
taking place in the following way. Single impurity molecules will
become dissolved in any surplus water lying on the walls of the
chamber,; at a rate determined by the water's surface area, and in a

quantity determined by the total mass of water and impurity present.

This absorption will upset the equilibrium existing in the gas be-
tween the water and impurity vapours, and the c-nuclei. The nuoloi!
will be reduced in size so that more impurity is .released into the '
gas. This process will take placecontinucusly until no nuclei
remain, except, perhaps, for some water molecules clustered round

gingle impurity molecules. These small clusters, however, are

unlikely to promote condensation at low degrees of supersaturation,
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but may grow to drops in larger expansions, near the ion limit, as
suggested by Crane and Halpern. At the end of the clesaning process,
therefore, the carrier gas contains only water molecules and impurity

molecules with perhaps a few small, stable clusters. No hypersensitive
!nuolei remain.

| Direct absorption of the eo-nuclei at the chamber walls cannot be
an important process, sinc¢» it would cause the size of the remaining
nuclei to increase. This, in turn, would be detected as an increase
in the rate of growth of drops in the cleaning expansions; and possibly
o8 a reduction in the vieible expansion ratic threshold. lleither hag
been observed. A cleaning expansion made during this natural clean-
ing period is similar to one of those seen in a normal series, the
type depending on the time for which the chamber has been standing.
Cleaning of the chamber by absorption of c-nuclei and vapour mole-~

cules together is excluded by the same argument. In a dry chamber

‘the process is much slowed down because the impurity molecules can
Ionly disappear if they become attached to the chamber walls which
|are dry. Absorption will now be very difficult.

The action of the electrostatic field in clearing the nuclei

from the chamber is not fully understood. 1t seems unlikely that
the nuclei themselves are charged as no preferential condensation is
observed in production or cleaning expansions, and their mobility,
if they are charged; cannot be as low as is necessary to explain the
measured clearing times. (A rough estimste of the minimum mobility

has been attempted in Appendix E) The chamber will always contain

'@ large number of ions of both signs, each surrounded by a few water
molecules. It is possible that these clusters will capture some

‘mpurity molecules, which will then be mmoved from the gas along with

|
Fhe ions when the field is ewitched on. Successive degradation of
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| the nuclei will then ocour, as in the other cleaning processes. It

| may also happen that vapour molecules, and even the nuclei, will
| acquire a charge from the capture of a gaseous ion, or by direct i
I1onization. The latter occurrence must, however, be rather rare; be~
cause of the low concentration of vapour molecules and nuclei rolativL
%o the nitrogen in the chamber., It is possible that charging ocours
' when nuclel or vapour molecules pass close to the high voltage point,
.with the result that they are swept to the chamber walls,
58 4 | A Re-examination of the Production
It has already been suggested that nitrogen dioxide is produced
in the water layer formed on the electrode by condensation. A

;possiblo reaction mechanism is:~

| H0 = B + OF (electrolysis by the field) |
‘ OE' + By + Hy0 > NO, + HHB + electron (5 3)

‘ H + electron — H

|

|

H + H— H2 |
the nitrogen required being dissolved in, and in contact with, the
water layer. lMost of the ammonia so formed will remain on the silk
'because of its very high solubility in water. The nitrogen dioxide

'can escape into the gas by two different routes. Single molecules

will be evolved from the water surface, and will, in the initial

stages, be largely responsible for the vapour of nitrogen dioxide
‘present in the chamber. During the condensation which ocours at the |
start of every expansion, mioroscopic drops of water may form on the

| electrode, These will become contaminated with the new chemical

complexes coreated on the silk, and will be ejected into the gas in a
mamer similar to that proposed by Vomnegut. The impurities will
‘lower the surface temsion of the water and thus enhance the process,

The postulate of drops being originally present is unnecessary, ainoei
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they can always be formed in this way if sufficient water is avail-
able, The observation that the voltage threshold rises either under
very dry conditions, or at low expansion ratios, gives further
support to these ideas.

The ejection of NO, (and other species) into the gas provides a
satisfactory explanation of the argon-water results. It will be
recalled that with argon only slightly contaminated with nitrogen,
o-nuclei were initially produced copiously, but after a few expansions
the production efficiency seemed to fall to 2 low but constant value.
In the early expansions, most of the nitrogen present would have been
converted %o nitrogen dioxide and ammonia. In a clean chamber these

will exist partly in the surplus water on the walls, and partly in

the zas; no condensation nuclei being present. Sensitive condensation

nuclei will then be formed when almost pure water droplets, ejected
from the electrode in the normal way, capture some of the impurity

molecules, and are transformed into c-nuclei. Unfortunately with

argon in the chamber it is not possible to detect changes in threshol
besause low supersaturations cannot be produced.

Although nitrogen dioxide has been considered as the only con-
densation catalyst throughout this discussion, it should not be
thought that other complexes are ineffective., It would appear that
ammonia and hydrogen can be produced in the nitrogen dioxide reactiony
80 that these are likely %o be present in some of the original nuclei,
and in the gas. It is also reasonable to imagine hydrogen peroxide

cannot be detected in such low concentrations as the nitrite ion,
but are undoubtedly present, playing a greater or lesser part in the

condenssgiion mechanism,
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lost of the phenomenological festures of ec-nueleus preduction

have already been discussed; and attempts have been made to explain

them. It is believed that the initial jets move so quickly because
|they are carried on a stream of ions and gas molecules. This

electric wind will cause rapid movement of the gzs over the end of the
electrode, and in sddition to removing the nuclel in a spectacular
stream from this region, it will provide a useful method of furnishing
fresh wmpour for condensation on the electrode surface. Later in

the &xpansion most of the ions will have disappeared from the gas, so

that the jets of drops will leave the peint in the slower, and less

!dlracted, manner actually observed,

The increased production of nitrite ion found when oxygen is in
the chamber is not fully understood. Tt may be that, although
 oxygen from the water molecules is sufficient for nitrogen peroxide
:rbrmation, and hence for the presence of NOE ions in water, the
| yield is inereased in the presence of surplus oxygen bedause of a

gecond reaction in which atomic nitrogen is formed which combines
'directly with the oxygen. The enhancement seen when ammonia is
i.‘m the chamber is considered in a later section,
aporation of the Drops Formed on c-nuclei.

A further striking difference between the drops formed on e-nuclei

and those formed on gaseous ions lies in thelr menner of evaporation.
BEven at high pressures (ahout 50 atmospheres), drops on ions evaporat*
to less than visible size in under 60 secs., because the gas has

heated up to such an extent that the supersaturation is becoming

very small., After sn exnansion of 1,008 the drops on ec-nuclei have
|

|been observed toremain visible in the chamber for longer than 150 secs.,
|evaporating only slowly during this period. Since it is unrezsonsable

ito suppose that the chamber remains supersaturated for this length of
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time, when the maximum supersaturation immediately after the expansi
could not have been more than 4%, these observations require further
explanation. In sddition, & temperature gradient may exist across
the chamber before an expansion, and one will certainly be established
soon after, so that the supersaturation may never be very large.
\Indeed, if any drops fall out during this 2§ min. period, slightly
unsaturated conditions may exist.

Several workers have studied the enhancement and inhibition of
water evaporation from plane surfaces., Sechrist (1963) has shown
that 002 dissolved in walter increases evaporation, while Lisner and
hisuco—wurkora, (1958, 1961), have demonstrated the enhanced stability
of water mists when the drops are coated with a monolayer of an in-
!seluhlo Tatty alcoholy such as cetyl-stearyl alcohol. The effect
of 002 on drop size in these experimentis has already been discussed,
but it is considered extremely unlikely that an insoluble monolayer
coats the drops. An explanation of the long evaporation time might
lie along the following lines.

It has been shown that nitrogen dioxide is produced with o-nuclei,
and is probably responsible for their properties. N02 is hydrolysed
in the gas phase to nitric acid by the following reactioni-

W0, + H9 & 2HNOy + WO (5 4)

but because of the low ratio of nitrogen dioxide to water concentrat-

ons, very little nitric acid will be formed. However in the liquid
Ehasa, or in the e-~nucleus, a large proportion of the nitrogen dioxide
11 become nitric acid. Hitric acid has a stronger affinity for
ter than has nitrogen diomide, and consequently it will tend to
£:¢p the drop stable in conditions of saturation which would normally .

|

uire that it evaporated. A detailed study of this point would
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require an experimental arrangement in which drops of.known composition
could be produced and their evaporation studied.
her Possible ation.

In the theory outlined in sections 5:2, 5:3, 5:4 and 5:5, it has
been asgumed that the chemically reacliive vapour assisting the con-
densation is produced on the electrode surface. It is well kmown
that the irradiation of nitrogen and water vapour, by charged particljs
and neutrons, produces measurable quantities of nitric acid, (Lind,
1961), and probably of other chemicals as well. Ammonia can be
oxidized in this way, in the presence of water, to nitric acid, which
perhaps explains the sirong concentration of nitrite found when
ammonia is in the chamber, since nitrous acid was procbably also being
formed. If the action of the field was only to produce microscopic
drops of water, as in the later stages of the argon experiments,
these could pick up molecules of impurity during the time for which
the chamber is ssturated and hence give rise to e~nuclei on re-
evaporation. A test of this explanation might consist of producing
small water droplets which are definitely nitric acid or nitrogen
dioxide free, allowing them to grow in supersaturated conditions,
collecting them and testing the liquid obtained for nitrite ions.

Such a test was carried out in the following way. If a sufficiently
large expansion is madey, so that the supersaturation produced is 700
to 8007, homogeneocus nucleation will occur in which drops of water
are formed by condensation of waler molecules on water molecules.

If these drops are formed in a gas conteining a vapour impurity, then
they will capture some cf it waich can, in theory at least, be

detected if the drops or nuclei reach the floor of the chamber. it

was 0% possible to make sufficiently large expansions in the high
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pressure chamber so that this experiment was performed in the 3
atmosphere chamber. It was found, although sensitive re-evaporation
nuclei were formed in great quantity, requiring many cleaning ex-
pansions to remove them all from the chamber, that no nitrite ions
were detectable in the water. The idea, therefore, that the nitrite
ions always found after o-nuclei have heen produced, have been formed
in the water laver on the electrode appears to be correct. Clearly,
however, the re-evaporation nuclei formed after homogeneous nucleation

expansions must be caused by the drops picking up a chemically re-

iaotiva vapour which is not nitrogen dioxide. The identity and
| origin of the impurities responsible is considered in a later chapter.
:Gonolusign and Summary.

| It has still not been proved that nitrogen dioxide or nitrie acid
gis responsible for the c-nuclei, but it does seem most unlikely that
| 2 reactive vapour, known to be an effective condensation catalyst,
;oould be preoduced irn 2 supersaturated vapour without having some

|
 influence on the phenomena observed to tske place there, Assuming,

!aa before, that the electrolytic current is IG'GA, this would pro-
iduoe about 1013 molecules of nitrogen dioxide in 10 sees., which
iagraas well with the figure arrived at in Appendix C, working back
:from the ptrength of the nitrite test. The idea of a chemically

| reactive vapour encouraging condensation is not confined to nitric

| acid or nitrogen dioxide, =nd might even be extended to the wpour
aspociated with a solid, such as sodium chloride dissolved in a
water droplet, =s Teuii (loc. cit,) suggested. It must be stressed,
however, that the presence of the vapour does not necessarily give

rise to sensitive condensation nuclei. These mast be formed in

some creation process, becoming stable because of the contaminstion
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they contain, and because of the impurity in the gas phase. This
conclusion may require modification if the quantity of impurity
molecules is so great that collisions on embryonic clusters, such

as the 10 molecule groups round ions, are very frequent.




70,

Chapter 6
OTHER CONDENSATION PHENOMENA OBSERVED IN

THE HIGH PRESSURE CLOUD CHAMBER.

During the experiments carried out to study the properties of the

| e-nuclei, three other interesting condensation phenomena were ob-

served in the high pressure cloud chamber, interpretation of which |

| is greatly simplified if a theory similar to that proposed in |

Chapter 5 is invoked. They thus furnish additional experimental
verification of the ideas set forth there.

Nueclei duced an Electrostatic Field from a Damp Flectrode in
a Vapour which is not Supersaturated.

An obvious extension of the c-nuclei experiments was to explore \
the possibility that condensation nuclei might be formed when an '
electrostatic field is applied to the electrode prior to an ex- ‘
pansion. This investigation was in fact made early in the work, ;
when it was found, under rather ill-defined conditions, that nuclei i
could be created. hen an expansion was made, the voltage being i
applied previously for a few seconds, streams of drops were seen |
in the chamber, as shown in Figures 15 and 16. The field was ahorti
circuited about 0.1 sec. before these expansions, otherwise additional

drops, formed on c-nuclei, would have been observed. The actual

| position of the silk strande in the photographs is not that which

they occupied while the nuclei were produced, as the presence of the
field modifies their orientation. For brevity these nuclei will be
referred to as s-nuclei.

Vhereas c-nuclei appear whenever a sufficiently large voltage is

| applied to a sharp elect#ode in a supersaturated vapour, s-nuclei

were only formed with electrodes which retain a certain mass of



Nitrogen + distilled water at 30 atmospheres.

Cotton electrode.
Expengion ratic = 1,08, Field = -1200V, (on
10 pee. till expansion).
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water when they are in a moist gas. Silk, cotton and glass wool
fibres all acted as efficlient sources, whereas nuclei were never
- produced from single electrodes such as a metal point, or a human
. hair, Soaking the silk in water for several hours increased its |
efficiency which further indicated that a water layer was necessary |
for the process, Also, s-nuclei could not be produced, even from |

fibrous materials, in a 'dry chamber'. The apparent similarity

| between the production requirements for s- and c-nuclei make the

great differences which were observed in their properties all the

more remarkable. A detailed study was hampered by their irregular |
appearance, even in experimental runs which were made, as far as
possible, the same. Although it was eventually shown that s- and
c-nuclei were nearly identical, provided one production condition
was fulfilled, it is useful to record the properties first assigned
to them as this helps to give a clearer insight into the probliem of
nuclei formed by damp electrodes.

The expansion ratio required to see s-nuclei, if they were produoedL
exhibited threshold values which varied considerably from run fo
run, and even within runs, The voltage threshold behaved in a E

similar erratic manner, being equal to, or greater than, the corres-

ponding o-nuclei threshold. Preferential condensation on the |
negatively charged nuclei also occurred, as for gaseous ions. |
Typical values for the threshold expansion ratios in nitrogen were
11.03 for negatively charged s-nuclei, and 1.04 for those positively
iéharged, with a production voltage threshold of 1.2 kV. The threshold
é expansion ratio for the nuclei was very dependent on the production

|
' voltage used, being reduced if the voltage was increased to 8.0 kV,
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with a reduction of the positive-negative differential.

The production of the nuclei in pure argon was similar to that
noted for the c-nuclei: initial cepious production rapidly gave
way to low efficienty. The addition of oxygen, hydrogen or carben
dioxide to the nitrogen had no noticeable effect. As previously
remarked, when ammonia was present sensitive nuclei were produced
with + 250V., although no characteristic streamers were observed.

In general the streamers appeared as one or other of the distinct
types illustrated in Figures 15 and 16, In the diffuse streamers,
(Figure 15), the drops were generally dense and quite small, and
beautiful diffraction colours were often seen in the cloud, indicat-
ing that the drop size was of the order of 1 micron. The drops in
the thin, tight streamers (Figure 16) were generally very much |
larger. From a study of about 80 suitable photographs, it was con-
cluded that diffuse streamers always started from round the point,
whereas sharp streamers had their first drops away from the electrode.
Because the presence or absence of the field alters the position of
the silk, comparisons were made with contemporary photographs of
c-nuclei production whenever possible. A particular source always
produced the same shape of streamer, and both types frequently
appeared in the same expansion (Figure 17). No consistent difference
in the expansion ratio threshold was established for the nuclei in
the two forms of sireamers.

After condensation had taken place, the re-evaporation nuclei so
formed appeared to behave identically to the c-nuclei. They could
be made visible with very small expansions of 1.008; they showed no
preferential condensation with respect to sign: they could be

cleared from the chamber either naturally, or with a field, in



Figure 17. Diffuse and thin streamers.

Wel. Nitrogen # argon + digtilled water at 30
etmogpheres. Cotton electrode.
Expanslon ratio = 1,06, Field = ~1300V.(ou 5 se¢.
till expansion).
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|
:ainilar times to those required for o-nuclei. The broad features

of this phenomenon are then explicable if the s-nuclei are regarded
as weakly contaminated, moderately charged water droplets, ejected
from damp, fibrous eleclirodes by electrostatic fields, The trans-

formation to c-nuclei takes place when impurity molecules, present

in the gas, ,re captured by drops formed during the expansion. This

joonclua:l.on was supported by some weak indications that s-nuclei pro-
duction was enhanced if o-nuclei had been created just prior to
attempts at their formation.

While the observations had been thus roughly interpreted, it was
regaried as unsatisfactory that a direct relationship between s-
and o-nuclei could not be established. Streamers often failed to
ibe formed even when it was certain that the chamber was properly
| saturated, and the c-nucleus production threshold was at its minimum

|

|value. The observation that production efficiency was higher when
|
|
|

' production especially near threshold, directed attention once more

the room temperature, and hence the gas temperature, was falling,

and that repeated cleaning expansions, in quick successicn, incroasodi

' to the water content of the silk. It was eventually discovered that

' if the chamber was allowed to stand, fully assembled, for about 10

' days, before filling to 30 atmospheres, that s-nuclei could be pro-
;duaad with complete regularity. TFurthermore they appeared to have
:1dantioal properties to the c-nuclei, so that advantage was taken of
the easily controlled, pre-expansion conditions to mske some pre-
}mmm measurements of a diffusion coefficient which is perhaps

applicable to the c-nuclei.
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63 2 Nuclei Produced from a Demp Hlectrode in Equilibrium with a Sgpturated

Va b ilectrostatic Field.

| Although s~nuclei could be produced efficiently and regularly
!
when the chamber was filled in the manner just described, a rise in

voltage thresholds for the ¢~ and s-nuclei was observed, This ecan

be explained in the following way. In his work on the moisture
‘content of natural and man-made fibres, Ashpole (1952) drew attention
:to the difficﬁlty of attaining equilibzrium between a fibre and water :
ivapour, especially close to saturation, even when the temperature of |
;tha whole system was consbtant to within 0.02°C. The erratic results
found under the original, less rigorous conditions can now be under- i
|stood. The moisture content of any silk electrode is dependent on f
| 188 previous history in storage, snd on the stability of the onditisas
[in the chamber. Surplus water will only be readily available on !
;1ts surface for s-nuclei production when the silk is in equilibrium i
'with the water vapour in the chamber. The details of absorption |
of water by fibres is not well understood, but it is a reasonable ‘
assumption that the fibres will swell so that the ends of their !
sirands will become less sharp. This means that a higher voltiage :
will be necessary to produce the electric field strength required to |

eject the nuclei into the gas. The observed threshold for c-nucleus

production now rose %o about i+ 1000V,, while the s-nucleus threshold
was initiallyasbout + 1500V,

The reason for the consistency of c¢-nucleus formation, under con-
ditions which are now seen to have been far from stable, is apparent.
Any water which condense:s on to the silk during an expansion will be
_available for nucleus production, independently of the existing

moisture content, For s-nuclei, however, surplus water will only



| _

‘ 5.

|

?a available if the eilk is in equilibrium with a saturated vapour.

The difference in voltage thresholds for the two nuclei may thus be

interpreted as an extension of the rise in voltage threshcid with

|
Faoroaaing expansion ratio, discussed in section 4: 3, and illustrated

unless the voltage is increased, possibly because it is then easier
to form sufficient nitrogen dioxide for production to take place, or
easler to draw water off the silk. The high voltage threshold al-
ready noted for the dry chamber agrees with this trend.

In one run no c-nuclel were created, that is, the field was never
applied during the expansion. Initially the s-nuclei voltage
threshold was ~1500V., but after a number of such expansions it fell

to «1200V. The nitrite test made on the water from the chamber was

ing explanation, which indicates that they are another manifestation

of the c-nuclei phenomenon.

free from impurities, s-nuclei will be produced at voltages below the

in Table 2. VWhen little water is available, nuclei cannot be formed

strongly positive, indicating that nitrogen dioxide had been produced

along with the s-nuclei. These two observations suggest the follow-

. At the start of an experimenial run, when the chamber is reasonably

measured threshold, but they will not be stable in an atmosphere free

Frnn noz. Disintegration will take place, increasing the nitrogen
hio:ido content of the system. At higher voltages the nuclei are
more contaminated, and probably larger, so that they will survive,
?vln in a olean chamber, until the expansion, when they can grow to
visible drops. In addition, of course, to nuclei being formed,
nitrogen dioxide molecules will beevolved into the gas, as with the
h—nuolai, so that the mass of nitrogen dioxide in the system will

}noroano. Hence nuclei formed at the lower voltages will have a
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|
better chance of survival until the expansion, the voltage threshold |
thus appearing to fall. The weak indication noted in the previous
section, that s-nuclei were formed more regularly if some c-nuclei
had been produced; is now seen to be explicable. This conclusion

|
is further borne out by the observation that nuclei produced, but nnt'

condensed on at once, are mere stable late in an experimental run tha&
earlier on. |
The s- and ec-nuclei, at production, thus appear to have a range
:or sizes depending on the exact conditions. Vhereas s-nuclei may
!ohange 1n'siza before they actually act as condensation centres, the
Io—nucloi cannot, as they are growing almost as they are formed.
Both types of nuclei will evaporate to a size depending on the quantity
of impurity present in the surplus water, in the nuclei and in the gas,
the total amount of nitrogen dioxide gradually incressing as the run i
continues. |
ternination of a Diffusion Coefficient for the i, !
It was found possible, using the streams of drops formed on the ‘
s-nuclei, to obtain preliminary measurements of their diffusion co- !
efficients, The problem was treated in a manner similer to that |
used by Farley (1951), to measure the diffusion coefficient of the

nuclei which he preduced by irradiating nitrogen-water systems with
iultra violet light. Assuming that the s-nuclei are originslly formaé
:within a oylinder of negligible radius, it can be shown, as for ions i
along the track of a charged particle, (Blackett, 1934), that the ;
width of the projection of the cylinder, after a time t, on a plane
parallel to it, which contains 90f of the nuclei formed, iss< I

X = 4.68 4 Dt (62 1)

where X is the eylinder width, and D is the diffusion coefficient of



the nuclei.

i Certainly the s-nuclei, in many cases, will not be produced in a
. negligibly thin cylinder, (for example, the stresmers shown in
‘Figure 16), but for certain thin streamers, where messurements are
made within about 2 om. of the production point, the error in this

iaasumpt.ton will not be large. It will reveal itself, in a plot of

!X?vst, by the fact that the resulting straight line will not pass
!thmugh the origin. The constant, 4.68, will be slightly modified, :
ibut it is uncertain anyway because of the experimental difficulty in
|defining the width containing 90% of the nuclei.

By photographing streams of s-nuclei produced in a 10 sgec. poriod,;
| the end of the production being st different times before the ex- |
| pansion, it was possible to measure a diffusion coefficient in the
!my Just outlined above, A streamer used in such a measurement is

! shown in Figure 18, where the delay betwsen the end of production and

| drop growth, that is, the diffusion time, was nominally zero. The
| widthe of the streamers were measured in space at a voirt 1.5 om. |

|
away from the production point, using the reprojection device dnisnofl

| for cloud chamber track analysis by Dr. G. R, Evans, and described by

Willdams (1955). The results of one series of measurements are ‘
' shown graphically in Figure 19, Using equation (63 1) above to

give the gradient of the straight linme, a value for the diffusion
‘ooefficient of the s-nuclei at 31.6 atmospheres, (the working proﬂsur?),
: of 544 x 10"5m753'0., which is equivalent to 0.0017 om/sec. at

- atmospheric pressure, was derived. The acouracy of each point is

not high, partly because each streamer had rather ill-defined edges. |
The zero time error appears artificially large for several reasons.

| There is a delay of 0.1 sec, between the end of production and the



Pilgure 18, Streamer used in diffusion coefficient
neasurement.,

X84. Nitrogen + distilled water at 31,6 atmospheres.
341k electrode.

- vy o 1 e |
Expension ratio = ]

10, Field = -2000V. (on 10

Sec. :lill expansion),

F gec,
The 4iff T"Tc: minally zero in this

The ebo::ite bo,cf-;--plato used in the chamber at
this time can be seen.



Graph of X° vst
(X = streamer width, after a diffusion time, t)

Data from Run 93, (see, also, Figure 18)

The gradient of the graph was found, usingg
squares’ calculation, to be 0.00117 + 0,00004 cn/sec 5
This gives for the diffusion coefficient, 5.4 + 0.2 x 10 ea*/sec
at 31.6 atm., or 0.0017L * 0.00006 cm/sec at L atm,

tleast
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start of the expansion; the drops take about 0.2 sec. to &row, and
there is an additionsl delay of 0.5 sec. before photography. Further,
the nuclei, 1.5 em from the production point, have heen in the chambe}
perhaps & sec, Notwithstanding these and other limitations alrveady
mentioned, it is considered that the value of D obtainedis not in
error by more than a factor of 2, either way.

At the present time only two diffusion coefficient determinations

|
|
have been underteken. These were made using streamers produced in
|
different runs at the same nitrogen pressure; and with the same

production voltsge (~2000V.). The results obtained, corrected to
|
p |
(2) D = 0,00171 &+ .00006 cm“/sec, (Run 93)

1 atmosphere pressure, are:-

(1) D = 0.0017 4 .0002 cn’/sec. (Run 89)

The agreement is good but must be regarded with caution, considering
the paucity of the observations. It is planned to extend these i
| measurements,; paying particular attention to the variation of D with ;
voltage used., Unfortunately, although stresmers can be preduced
readily, it is not easy to obtain suitable ones in good illumination,
good focus,; and parallel to the plane of the photographic plate, so

that accurate measurements can be made.

The hypothesis that s- or ¢~ nuclei are carried through the gas

by an ion wind, receives support from this result. The diffusion

coefficient leads to a mobility estimate which does not explain the
|

Irapid motion of the stresms of nuclei through the gas, unless they E
are highly charged. This hes already been shown to be unlikely, :
:largtly using arguments based on the density of the cloud observed,

' (section 5: 1), but also because of the non-occurrence of preferential

condensation.
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The diffusion coefficients for ions in moiast gases are not well |

|
knowm, but at N.T.P, the values lie in the range 0.02 to 0,043 am2/§e¢.,

|
g0 that the present measurements demonatrate conclusively that naitheT

the s-nuclei nor, by the arguments of section 6: 2, the c-nuclei, are

'singly charged ions. Further;, application of the Stokes-Millikan-
Cunningham relation already used, (Appendix E), gives a value for

the radius of the nucleus of about 4 x 10™'om., which is below the
iuppar limit predicted for the c~nuclei Ly considerations of fall-out ?
iundor gravity. |
i It has been showa, therefore, that the nuclei produced, when the

electrostatic field is applied before the expansion, can be explained

in a marmer consistent with the theory outlined previously. TFurther,
under certain well controlled conditions, the nuclei, even just aftcr?
the expansion, are very similar in character to those already dis- |
cussed. The purpose of the electrode is thus seen to be to create

a range of nuclei, of differing size and constitution, which will be |

iohangod to some well defined eptity, depending on the vapour pressura;
\of the impurity in the atmosphere in which they find themselves.
iNuclai ejected intc a re@ion not rich enough to support them will
tend to evaporate,; but under more favourable conditons they will be
stable, or even tend to grow slightly until equilibrium has been
established.

luclei due Flect atic Field from a D at Surface.

On a number of occusious the chamber has been sasembled prior to

i
'a run with an excess quantity of water spread over the surface of the

| rubber plug, which insulates the high voltage electrode from the

' chamber wall., If the field is applied at this stage, a leakage
current passes through the water layer, which is sometimes as large
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as 500 A. This ourrent drops the voltage supplied by the E.H.T.

power unit to a nominal value of a few volis. It appears, however,

|

‘that nuclei are evolved in the water layer. If an expansion is
!made while the current is flowing, or shortly after, dense cloud
'erupts from around the plug, rapidly filling the ohaﬁbsr. The nuclei
causing the cloud appear to have the same properiies as those pro-
duced at the pointed electrode.

| In addition, on two occasions when the field was applied across
the water layer, without the chamber being expanded, cloud was formed:

in considerable guantity. %hen this occurred the chamber had only !
|
Just been assembled and filled, so that as well as being unsaturated,|

;tha temperature throughout the gas would be far from uniform. The

most probable explanation is that water was evaporsting nsturslly |
from the wet plug, but the slow diffusion of wvapour at 30 atmospharesj
and the unstable temperature conditions, had caused a supersaturated |
region to be formed in the neighbouring gas., These nuclei, apart l
from their mode of production, were in all respects similar to those :

observed under more stable conditions. The significance of these
phenomena is that they indicate that the pointed electrode serves
merely to provide a mechanism for ejecting nuclei into the gas, and

that the field close to the point has nothing to do with the produc~

|tion of the chemicals ecausing condensation. The mechanism which

ejects nuclei into the ges from a flat surface is probably one of i
'enhanced evaporation. On one of the occasions when cloud was formed |

| without the necessity for an expansion, it was noticed that a frothiné
Iaotion did occur on the plugs The chemicals in the rubber may be

important in forming these nuclei, although replacing the rubber plugi
'with one of neoprene, which is chemically more inert, did not seem to|

'inhibit the effect.
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Other workers have found e¢loud to he formed under similar con.-
ditions. Street and Stevenson (1936), working with = woodern cloud

chamber, observed that nuclei were produced by e leskagze current

| asross a flat surface wetted with ethyl alcohol. The resulting

cloud caused = troublesome background of drops, but they did not
investigate the phenomenon further. Valley and Vitale (1949), in .
their high pressure cloud chamber, applied 4000V. to = propyl alooholl
soaked rubber diaphragm, which acted as a clearing field electrode.
They did not switch off their field at the expansion, and, not
surprisingly, found that dense cloud was formed in this region.
Several suthors, for example Alston, Crewe and Zvans {(1954) have

found that, when methyl aleohel iz heated in a diffusion chamber to

inerease the rate of evaporation, nuclei are evelved which, acting
as eflective condensation centres, make the chambsr unusable.

Bevan (1954) observed that if a "fairly large current” was passed
through & wire wet with methyl alcchol, or carrying drops of thai
liquid, a curtain or siream of cloud was formed in his diffusion
ohanbér.. The common explanation suggested by these authors is that

aggregates of alcohol molecules are formed in the evaporation process

but from the work discussed above it seems poassible that an actual
chemical change is effected by the action of the sleciric field,
and that condensation centres are created around any new complexes

thus produced.

Unusual Drops Observed in the High Pressure Cloud Chamber.

Normally liquid drops formed in 2 cloud chambher are seen by light
scattered fron them, which haz its maximum intensity in the forward
direction. Webb (1935) has shown that this intensity is many times

the minimum value,; observed at about 90° to the ineident direction.
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Although in most of the severzl thousand cleaning expensions made |
during the course of these experiments, the drops have been viewed
at an angle clese to this unfavourable one, the author is most
familiar with the appearance and brightness of drops of different
sizes; when viewed from a wide range of angles. It has been found |
under certain conditions that a small number of drops are formed wit%
rather peculiar properties as regards their visibility. They diffa#
in two major respectas from those normally seen in cloud chambers.
They appear to twinkle as if light from them was being reflected by
regular surfaces, and thelr brightnes= is invariant over a range of i
angles from 10° to 135°. Unfortunately attempts to photograph th094
| “twinkling drops" have been unsuccessful. |
These unusual drops have only been chsewved during the initial
cleaning expansions, made to remove the aerosol component present
in the room air frequently left in the chamber., A further roquiro—!
ment is that the gas must be fully saturated. This is normally
achieved by deferring filling the chamber for about two days after
assembly. The "twinkling drops" are not normally seen in the first

or seoond cleaning expansion, but, if they are to be present at all,

they appear during the third, fourth, fifth and perhaps sixth ex-
pansions. At this stege the cloud is still quite dense, oontaining!
possibly 104 drops /bm3, the water drops themselves being fairly
large. Amidst this cloud about 20 or 30 of these remarkable drops

mav appear, uniformly over the chamber, about 3 to 5 secs. after the

gtart of the expansion. It is very easy to follow their movement,
 even from the top to the bottom of the chamber, a distance of about
| |
|20 em. They are very much brighter than the other drops, and, in

|
addition, they twinkle continuously. In appearance they msemble
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the descriptions of ice crystals observed by many authors in cloud
Fhambers at low temperatures. They are found over a ran:e of ex-
bansions from 1.06 to 1.12, but persist for longer at the larger
;aluea. Although the minimum final temperature, even in the largest
expansion, is, with nitrogen, only +8°C, it is believed that ice
crystals have actually been formed and observed in the gas. No

other explanation presents itself.

It is well known that if ether is caused to evaporate sufficiently |
rapidly, it will freeze, and Cwilong (1945) has reported that super— |
cooled drops of water c:n be made to freeze in a similar manner, if
#ry air is suddenly introduced round about them. Although a water

drop will cool on evaporation, the difference between the ambient

vapour pressure and the equilibrium vapour pressure, reguired to

exist over its surface, must be very large before any forced freezing
oould occur., Certainly in the present experiment such an explanation
is untenabley; as a simple calculation shows, (Appendix F), that even |
at atmospheric pressure the temperature fall at the surface of the
drop could not be more than sbost 0,3°C. However if the drop wes |
very depehdent on the presence of some impurity vapour in the gas for |
i|ts stability, it is quite possible that removal of this vapour, say |
Ty chance capture in other drops, or by the drop falling into a i
#epleted region, would cause forced freezing to ocour. If these |
observations and their interpretation are correct, it is of the |
groateat importance in the field of cloud physics where ice crystals
are believed to be formed, only at slightly sub-zero temperatures,

by the nucleating properties of various solid materials in supercocled

water droplets. '

As far as can be discovered, such twinkling drops have not been
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previously reported by other cloud chamber workers, except for the |

' gpimilar examples at low temperatures which are undoubtedly ice

orystals. Although the temperature fall for water drops cvaporatinq

at atmospheric pressure is greater than at 30 atmospheres, the re-

| duced diffusion coefficient at high pressures will enhance the |

stability of the impurity depleted regions once they are formed.

' Also at lower pressures the mpid warming of the whole gas volume

will tend to inhibit such a process. No suggestion is made as to
the nature of the impurity which might be invelved. The phenomenon
is, however, apparently explicable in terms of the new theory, that

impurities in the gas phase play an important part in drop growth. |
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Chapter T.

OTHER CONDENSATION STUDIES: I, NUCLEI PRODUCED BY IRRADIATING

. NITROGEN, SATURATED WITH WATER VAPOUR, WITH ULTRA VIOLET LIGHT
fIntrodgg!ion.

\ The origin and nature of the nuclei produced when a moist gas is

irradiated with ultra violet light have received considerable atten-
Itian since the classical experiments of C. T. R. Wilson (1899a).
‘Wilson found that the effectiveness of the nuclei as condensation

oentres increased with the integrated flux of light irradiating the

igaa. Indeed he observed one phenomenon which no one since has
(succeeded in reproducing, namely, that if the exposure was continued
Ifor sufficient time, cloud was formed in the chamber without the
necessity for an expansion. Vilson suggested that hydrogen peroxide
iwas being produced by the interaction of the ultra violet radiation
:with oxygen and water vapour.

‘ Crane and Halpern (1939) and Ferley (1951) believed that the
!formation of atomic oxygen was an important preliminary step towards
‘the creation of condensation nuclei, although they were not certain

iporoxido was the substance involved, and suggested that it was pro-
kuood by the action of mercury atoms, excited by the ultra violet
right, on water vapour. ‘There appears to be no direct evidence to
show that hydrogen peroxide does enhance condensation, and indeed
Fcﬂenry and Twomey (1952), using a modified Aitken nucleus counter,
#ound little effect after irradiating moist oxygen, concluding that
if hydrogen peroxide, atomic oxygen or ozone were produced they might

even inhibit nucleus formation.

Several authors have attributed the formation of nuclei to the

of its exact role. Mulcahy and Kuffel (1962) concluded that hydrogen
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presence of a variety of impurities, in trace quantities. Locher

(1936) observed photonuclei to be formed, after ultra violet irradi-

Iation, when his chamber contained trace quantities of ethyl chloride,
iohloroforn, acetylene and hydrogen sulphide., McHenry and Twomey
(loc. cit.) showed that ammonia was & possible impurity, suggesting
‘also that nitrogen dioxide might act in a similar mamner, Atkinson |
(1955) concluded that the presence of rubber in any gaseous system
was sufficient to cause nucleus preduction, and this would certainly i
explain the results of Wilson, Crane and Halpern, and Farley. Barnard
and Mouton (1958) repeated many of the early experiments in carefully
purified air-water and argon-water systems, finding no effect unless
they added traces of carbon tetrachloride, or ammonia, to their
apparatus.

The experimental evidence seems to indicate that a wide variety
of substances form condensation nuclei, of varying efficiency, after

interaction with ultra violet light. The real interest of the

problem 1ies in understanding the mechanism by which the nuclei are

formed from the traces of impurity so activated. Because of the
success of the theory deduced from a study of the c-nuclei, it was
decided to investigate ultra violet irradiation of moist nitrogen ‘

systems with the high pressure chamber. It was realized from the

outset that no conclusions as to the nature of the impurity responsible

|
‘could be drawn becsuse of the rubber diaphragm in the chamber, but

it wag found that the observations on the properties of the nuclei :
were readily explicable using the new theory. It is believed that
this ie the firat study of the problem made at gas pressures above

atmospheric.
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Ts 2 The Experimental Observations.
The source of ultra violet light for the present experiments was |
a high pressure mercury lamp. There is some disagreement in the
literature as to the range of wavelengths which is effective in pro-
|ducing nuclei, probably because this is dependent on the impurity
being activated. However the spectrum emitted by the source was
|examined with a quartz spectrograph, and it was found that the lines
were quite strong below 2300A°, which is a shorter wavelength than
commonly found to be necessary. Because the heat from the lamp

disturbed the gas temperature, the light was reflected into the

chamber with an aluminized mirror. The top window of the chamber

‘was replaced with a piece of 'Spectrosil' which transmits with 98%

|efficiency down to 2000 2 A manuelly operated shutter cculd be

:used to turn off the beams The light intensity was not measured,

{but for all experiments the source was 30 cm. from the chamber window.

iThe chamber was generally filled to about 30 atmospheres with nitroga&,

!and was saturated with water wpour, as for the majority of the o-nuclei
|

iexpariamntn. i
|

|
‘be fully saturated before irradiation was started. To make sure

It was found that to obtain éonsistent results the chamber had to

éthat this was so; the chamber was always left for 30 min, after the
last compression. The observations were concerned mainly with the
production conditions, and with the way in which the chamber cleaned
up after an irradiation. From these, details of the condensation
mechanism are deduced.
:1. The ction C ions.

The normal procedure was to set the chamber for a certain expansion,

wait 30 min., and then irradiate for some measured time before the
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expansion was made. It was discovered that, for any particuler ex- |

| pansion ratio, there was a threshold time for which irradiation had |
ito continue before cloud was seen in the subsequent expansion. This
!effect is shown graphically in Figure 20, where the supersaturation |
produced in any expansion is plotted against the irradiation time. '

It can be seen that as the expansion ratio is reduced towards 1,010,

|the irradiation time necessary for cloud had to be increased.
|
The density of the cloud seen in the initial expansion depended

on the irradiation time. If the chamber had been exposed to light
|

ifor Just the threshold period then the cloud seen was very faint and
patchy, taking 2 or 3 secs. to grow. After a longer exposure time

the cloud grew quickly, being concentrated initially in the part of |
:tha gag directly in the ultra violet light beam. The drops remained
iin the chamber for a very long time after they had been formed, some- |
itimes for longer than 3 min., depending on the size of the expansion. |
‘If no cloud was seen on the initial expansion, i.e. if the irradiation
!tima wos less than threshold, then cloud was formed on a subsequent

Eezpansion, without any additional exposure, provided the second ex-

pansion was as large as corresponded to the initial irradiation time.|
iAfter drope had been formed on these nuclei once, they were always |
isensitive in very small expansions of about 1.005. In this respect
!thay resemble the nuclei discussed in section 6: 1, which gave rise
ito sensitive re-evaporation nuclei after condensation. The re-
!ovaporation nuclei produced in this case are apparently more sansitiVQ'
ithan the c-nuclei.
?. The Disappearance of Nuclei from the Gas.

After drops have been formed in an expansion following irradiation,

the nuclei may be mmoved from the gas by a series of cleaning ex™



Figure 20.
Graph of Supersaturation vs. Irradiation Time,

The threshold expansion ratio (and hence supersaturation)
was found for different ultra violet light irradiation times
of saturated nitrogen. The interpretation of this curve is
discussed in the text.

(Data from Run 94, Nitrogen + distilled water at 30 atmospheres.)



'S Supersaturation vs |rradiation Time.
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pansions. As with other condensation nuclei, the number of cleaning

| expansions required depends on the density of the initial cloud and

| also on their gensitivity. The chamber can of course be cleaned

|by leaving the gas for a long time., In the case of these nuclei 1ti
| is necessary to wait about 30 hours after the primary expansion
!(following & 3 min. irradiation at 1.10) before subsequent expansions
iproduoe no cloud. The density of the cloud decreases continuously
throughout this period, the same distinctive stages being observed |

as were found with the c-nuclei.

L typical clearing time following a 3 min. irradiation and ex— i

| pansion is thus rather long, but if (after the light is shuttered)
| |

no expension is made, the nuclei disappear much more rapidly. In

|fact, unless the first expansion is made within 8 hours of the ex- i
posure, no cloud is seen, even if the irradiation time was well =zbove

the threshold value., The difference in the clearing times, depend- i
|
iing on whether or not an expansion has been made is thus rather |

[ striking. An electrostatic field appears to have little or no

ioffeot when used to remove the nuclei from the chamber,
| It was found, when the surplus water left after a run was tested,
|

| that a considerable quantity of nitrite ions had been formed by the

| action of the ultra violet light.
The Proposed Condensation Mechanism.
Considering the fairly detailed study of the problem made over a

| number of y2=rs, there have been remarkably few attempts to suggest

'a condensation mechanism. McHenry and Twomey (1952) supposed that

'a neutfal cluster of water molecules could be formed around an

excited NHB or Nﬂz molecule. Coalescence of several such clusters
would then take place, the clusters remaining stable, and thus acting

|

|

|
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as condensation centres after de-excitation, because of the solu-
bility of the ammonia., If the ammonia was not irradiated then the
initial clusters could not form because the dipole moment of an un=~ |
. excited ammonia molecule was supposed to be less than that of one |
in an excited state, A gimilar mechanism cannot explain the prasent!
observations. For nuclei to be formed at all it seems that an ex— |
pansion must take place; otherwise, leaving the gas for several hours
after irradiation should produce nuclei which are more stable than
those normally imagined to develop in the short; pre-expansion
period. Diffusion of the initial producis of irradiation from the
central gas region cannot be very rapid because, even after 5 min.

exposures, the cloud is very concentrated. In the experiments of

Mulcshy and Kuffel (1962) nuclei are formed in unsaturated conditions,
the size of the nuclei increasing with saturation and irradiation. '
However, the impurity activated in their experiments was probably

mercury vapour, which is unlikely to have been present in any other

recent work.

| As each impurity molecule interacts with the ultra violet light,
it may, or may not, cluster some water molecules around it. Howvari
when the expansion takes place clustering will ocour, and visible |
drops will be formed, provided sufficient impurity wpour is present ‘
to enhance the capture of waterwapour. The growth of the cloud wilI:
be a statistical process sinece any particular impurity molecule may i

be captured by a large cluster, or remain surrounded by mlatively

Ifew water molecules, Such a mechanism explains both production

| and cleaning expansions. With short irradiation times, high super-
'saturation is required to compensate for the lack of impurity vapour |

Produced by the ultra violet light. Once condensation has occurred
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the nuclei then disappear from the gas rather slowly. Since the

cleaning expansions show the same distinetive stages as with the

| o-nuclei, it appears that not all the impurity is trapped in the

| drops; some must remain in the wpour phase., If condensation does

| readily. The drops on these nuclei are more stable against evapora-

‘ tion than the c-nuclei, suggesting perhaps that the presence of the |

| vapour is less important for their stebility. Alsc the rather long

' cleaning time of 30 hours indicates that the successive dezradation

|
‘diaappear at approximately the same rate as the c~nucleus vapour.

is a slow process, since this impurity vapour might be expected to

| The ineffectiveness of the electrostatic field further supports these

conclusions, as it is supposed that it removes vapour molecules rather
|than nuclei.

An attempt was made to see if produeing c-nuclei before the 1rradiL

' ation would enhance the density of the cloud, since Mclenry and |
 Twomey have suggested that nitrogen dioxide might interact with ultra
Iviolot light to produce condensation nuclei. No effect was found
but this may be because slight increases in the cloud density cannot
be readily detected wvisually. It is hoped that this point will be

further investigated if future plans to make quantitative measure-

'ments of oloud density (see Chapter 10) are carried out. However
iit does seem that the broad features of the phenomena are explicable
‘1n terms of the new theory, whatever the impurity vapodr responsible
:for the reactive vapour may be.

| Since the nitrite test was positive, it is tempiing to speculate

|
ithat atomic oxygen may be created by the ultra violet light, giving
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rise to nitrogen dioxide by a series of chemical reactions. Such

‘reactions are known to be important sources of 302 in the atmosphere

‘(Oadle, 1963, and section 9: 2). This conclusion would agree with

ithe suggestion of Farley (1951), but, 2s was stated in the intro-
iduation above, many other sources of condensation nuclei may be
ipmsent. The results of Bammard and Mouton (1958) are rather con-

clugive in showing that pure systems of air and water are inert under

Airradiation. However the sensitive time of their small, low pressure
|

‘expannion chamber would certainly be rather short, so that formation
I'of nuclei may not have ocourred unless the necessary chemicals were

‘presant in considerable density.

J
|
|'
I
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Chapter 8.

OTHER CONDENSATION STUDIES. II. THE ADDITION OF UNUSUAL LIGUIDS,
| and LARGE EXPANSION BXPERIMENTS,

8: 13 1 The Addition of Unusual Ligquids.

Because of the basic assumption that was made in the proposed
cxplanation of the c-nueclei, that nitric acid, formed from nitrogen
dioxide, was efficient in promoting condensation, it was thought
appropriate to study the effect of adding traces of it, and other
chemical impurities, to water-nitrogen systems, There does not

appear to have heen a systematic study of the addition of trace im-

purities, probably because quantities of material much less than may I
=oonvenient1y be handled have a very great effect. Aitken (1880-1),
éfor example, demonstrated that touching a clean wire, Just prior to
heating it, was sufficient to cause many condensation nuclei to be

| produced.

The high pressure cloud chamber, used in most of the work dis
cussed so far, is not suitable for this kind of study since cleaning ‘
it is a long and difficult process. The 3-aimosphere chamber, al- |
ready described, is more useful, however, as it can be readily taken |

down, thoroughly cleaned, and reassembled, in a few hours. The '

|
|
0.1 mm in redius and 5 em. in length, although the guantity introduced

liquid to be studied was contained in a small capillary tube, about

|could be made much less than this volume, normally a2 maximum of
107%cm3 being ejected into the gas. The capillary tube was held
Iwith sellotape across the hollow core of a solenoid fitted with a
heavy armature. The armature smashed the ecapillary tube when a
microswitch, actuated by the expansion valve, comnected the solenoid

‘to the 240V, A.C. line. The resultant condensation could be observed
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visually or photographically. A number of liquids were studied
using this technique, tubes being broken at the start of any ex-
Ipansion, or without any expansion being made. Tor all experiments
the chamber was filled with nitrogen and water vapour at a pressure
‘of 20 pe.s.i. above atmospheric.
Breasking Water Tubes,

Vhen any liquid is introduced into a gas in the manner just

described, it is to be expected that 2 large number of small, charged

%o oreate more than 10! drops of 10 %em .radius, each of which will
act as a condensation centre and give rise to visible drops even at
low degrees of supersaturation. However, if the liquid is not one

which enhances condensation, these droplets will evaporate rapidly

Iand not give much cloud on subsequent cleaning expansions.

A typical example of a water tube being broken in a cloud
chamber, at the expansion, is shown in Figure 21, in which the scle~
inoid and armature can also be seen. As expected with distilled
water, the drops evaporated rapidly, in less than 15 secs. On the
‘cleaning expansion made immediately after only about 10 drops/ém3

were formed. A second expansion was sufficient to remove them sll

and neutral droplets will be formed. 10 Jom> of 1iquid is suffioient

| from the chamber. The fact that any drops at all are seen in the
| cleaning expansion is perhaps surprising. There are, however, at
ileast two reasons why this was expected. It is always probable

that there will be traces of impurities in the chamber because of

|
the presence of the rubber diaphragm and gaskets, but even if this i
contamination can be discounted, there remains the possibility of |

|

' chemical reactions, induced by the cosmic radiation causing impurity |

molecules to be available for capture by the large drops. The oloudi




Figure 21, Water-tube breaking.
(Compare Figure 22.)
Bs. Nitrogen + distilled water at 20 p.s.i. above
atmogpheric pressure.
Expansion ratio = 1,25,
Flash delay = 1,2 gec.
The water-tube was broken at the start of the
expansion.
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seen when 2 water tube is broken was regarded as a standard for com- |
parison with other liquids.

8: 1: 3 Breaking Nitrie Acid Tubes.

0f the liculde and gases investigated by Crane and Halpern (1939*,
|
nitric acid was found to form the densest clouds. The drematic ‘

| |
ioloud seen when a tube containing concent#ated nitric acid is broken ‘

l'dtu.'fl.ng an expansion in the 3-atmosphere chamber is illustrated in
Pigure 22, Apart from the greatly increased density of the cloud,
the most marked difference between this photograph and Figure 21 is
the numerous straight lines of drops, almost as sharp as particle
tracks, but much denser, seen in the chamber. It is thought that

these are caused by flying pieces of glass, each carrying traces of

nitric acid, leaving a trail of condensation nuclei, consisting of
lnitric acid and water, behind them in the gas. The cloud formed in
‘suoh an expansion takes sbout 90 scc. to evaporate, much langer than
the water cloud. Between 20 and 25 expansions were necessary to
‘remove the nuclei from the chamber. Some molecules however were
8till preszent and contributed to background cloud on expansions in
which condensation on particle tracks was observed. The nuclei
present in the cleaning expansions were found to produce visible

drops at expeansions less than 1.02. These drops were very small

!but remained visible for nearly a minute. Not surprisingly the
initrite test made on the surplus water on the floor of the chamber
was very strong, NOE presumably being formed by a secondary reaction.
On a number of occasions after a nitric acid tube had been
|brokan, a2 small quantity of the liguid still remained in the tube.
When the chamber had been cleaned it was found that diffusion of
nitric acid from the tube could be studied if an expansion was made.

Cloud was seen in the region of the tube even at expansions of about




Figure 22, Nitric acid tube breaking.
(Compare Figure 21.)

B 6. Nitrogen + distilled water at 20 p.s.i.
above atmospheric pressure.
Expansgion ratio = 1,21.
Flash delay = 1.2 sec,

The solenoid device used to break the capillary
can be seen.

The most striking difference between this photograph
and Figure 21 is the sharp lines of drops.
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1.10, much below the ion limit at this pressure. The condensation
must have been initiated by single molecules which grew to nuclel
and hence to drops because of the vapour of HN03 in the chamber, ‘

The cloud was denser near to the tube showing that drop growth is

enhanced if there is a high impurity vapour density.

When a2 similar quantity of liquid was introduced into the gas
lwithout any expansion being made, even if the chamber was slightly
unsaturated, a very dense cloud of small drops was observed which
took about 75 secs. to evaporate. This again demonstrates the
stability of water drops containing a quantity of nitric acid, which
has already been discussed in section 5t 5. The chamber was found
Ito be much ha.der Yo clean under these conditions possibly because
'less nitric acid was contained in the drops and more was in the
vapour, being thus able to atiack the rubber and other materiazls in

the chamber so producing a variety of chemicals.

Crane and Halpern (loc. eit.) found it impossible to clean their
chamber completely after the introduction of nitric acid, and normally
sorubbed it after each experiment. This was not found %to be neoess—l
ary in this ocsse, unless it was desired to study the effects of
another liquid, or ionic and spontaneous condensation phenomena, for
which the brass and glass walls were carefully cleaned, and the
rubber gaskets and the diaphragm replaced.

Bre H ) de Tubes.

Although hydrogen peroxide has been suggested as a potent con- |

densation catalyst by many authors, no one seems to have studied its

|
properties directly. A preliminary investigation with dilute eolu~ |
tions of hydrogen peroxide in water had indicated that, in fact, !

little cloud was caused by the presence of the liquid and vapour alone.

Some further tests were made in the 3-atmosphere chamber by introduc-

ing small quantitigés of strong (100 volumes) hydrogen peroxide into
- |
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the gas.

When a hydrogen peroxide tube was broken without an expansion
|

very little cloud was seen, in contrast to the nitric acid tubes. _
|

The drops were fairly stable taking about 20 secs. $o evaporate. g

The chamber cleaned up readily after about 8 expansions and moreover, |

| |
‘after the gas had been cleaned, tracks were observed at normal thresh+

iolds without any unusually high background of drops. i
| When a tube was broken during an expansion a dense cloud of !
iquitc large drope was produced. Usually there were signs of lines i
of drops but these were not nearly so dense or sharp as with the
nitric acid. The number of cleaning expansions required fo clean
the chamber was again about 8. !
From these experiments it was concluded that hydrogen peroxide |
is not a very efficient condensation substance. The fact that
lines of drops were seen, similar to the nitric acid cases does

however suggest that it will enhance condensation if the vapour is

sufficiently concentrated. It seems unlikely, therefore, that it |
|1¢ the substance responsible for the cloud seen after ultra violet
'light irradiations (section Ts 1).

8: 1: 5 Other Liquids.
: A number of other liquids were int®educed into the gas in small |
| quantities by the method used above, An atbttempt has been made to
list their properties and introduction conditions in Table 4. The
| behaviour of liquids already discussed in detail are lisited for
comparison.
The liquids which caused lines of drops similar to nitric acid

are regarded, from this brief survey, as being fairly effective in

|1n1t1at1ng condensation since probably only a small number of im-
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| which agrees with the findings of other workers (Crane and Halpern, |
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purity molecules were available to start drop growth. It is inter-

esting to note that ammonia was not very effective in this respect, |

|
1939, and Molenry and Twomey, 1952), but disagrees with the earlier

conclusions of this work (section 4: 7(5)), to some extent. Hydrogén
peroxide, although giving dense cloud Just after introduction, appoaﬂa
to have little effect on background condensation near the ion limit.
The fact that all liquids required more cleaning expansions than
water alone to remove the nuclei from the chamber further emphasises
that the presence of a vapour as well aes nuclei increases the cloud.
The different stabilities of the drops, under similar production
conditions, is interesting but it requires further well controlled
investigations before any conclusions can be drawn from the results.
¥itric escid, hydrochloric acid and carbon tetrachloride would

appear to be the most undesirable substances %o have in a cloud

chamber from the point of view of low background cloud near the

particle track limit.

The work described soc far has concentrated on the nature of the

nuclei and the mechanism invelved in condensation processes which }
take place at low degrees of supersaturation. As was discussed in
Chapter 3, much of the cloud causing unwanted background in cloud

chambers arises from large expansions in which homogeneous nucleation

takes place in the volume between the diaphragm and the brass plate,

at the back of the working volume of the chamber. Intercst lies in

|
| elucidating the nature of the nuclei which remain, following evapora~—

tion of the drops so formed., Many authors have studied the limit

for onset of homogeneous condensation and have uniformly mported the
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observation that nuclei are formed which cause cloud on small sub-

sequent expansions. No attempt has been made here to eslculate the
nucleation rate for homogeneous condensation as this has been attempted
by many workers ueing chambers speeificeally designed for the purpose.

Several series of experiments were however corried oult to study the

re-evaporation nuclei, using the 3-atmosphere chamber, in which |
sufficiently l=rge expansions could be made. It should be emphasised
that these experiments were completed before those just descrihed
(4n soction 8: 1: 1 ot seq.) were begun, so that there is no question
of any unremoved contamination invalidating the results.

A typical set of observations is presented in Tzble 5 for e

nitrogen~water sygtem, The ges in the chamber, a2t a pressure of

18.4 p.s.i. sbove =tmospheric pressure, was zllowed to saturate with
water vapour by being left undisturbed for several days. The ex- |
pansgion ratio for goed particle tracks, that is, for equal positive E
and negative ion condensation and low background, was then found, g

Observations on the c¢loud under various settings of the electrostatiJ

1
|

elearing field were then made for different expension ratios on .
either side of this value, =nd subsequent cleaning expsnsions were
studied. Foch observation recorded in Table 5 was repeated several |
times, the whole experiment running for several days. If the field
was not required to be on, until, or during the expansion it was
normally epplied for 30 secs.; bhefore being switched off for 2
minutes prior to the expansion, so that the ion level in the chamber

was approximately constant.
A fow rather general conclusions can be drawn from these resultsi-

(a) 4t low expension ratios, ions must be left in the chamber %o

give visible drops. The subsequent cleaning expansions have to be




Run B 12,

1.25

1,26
1.27

11,27
'1.28

1.29

1.30

1.31

11.31

11.325
1.35

TABLE 5

Summary of Chbservations on

in Lanr

ensation Processes

gi

Oxygen-free Nitrogen at 18.4 p.s.i. above

atmospheric pressure, saturated with distilled

water.

Clearing Field Voltage = + 600V.

Pyimary Expansions.

No field. Fairly dense
cloud seen,

No field. Dense cloud.
No field. Dense cloud

Field on %ill expansion.
Tracks seen as they fell
out.

Field on till expansion.
Good tracks seen. No

bagkground.

No field. Dense cloud
seen.,

Fo field. Dense cloud
of large drops.

Field on $ill expansion.
Dense cloud but good
tracks.

No field. Dense cloud.

No field. Dense cloud.

Irrespective of the field
a dense cloud was seen.

Secondary (cleaning) Expansions.

1.21

1.21
1.07
1.11
1,17
1.21

1.21

1,20

1.03

1.03

1.03

1.03

1.03
1.03

Hardly any drops.

Quite a few drops seen.
Some drops.

Light cloud, slow to grow.
Uniform light cloud.
Hardly any drops seen.

Hardly any drops.

Heavy cloud formed.

Tiny drops which grew very
slowly.

Not very dense cloud,
appearing slowly.

Light cloud after a long
delay.

Drops seen after a long
delay.

Dense cloud of small dropa._

Dense cloud of small drops.
Huclei stable for more than

20 hours.
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large to detect any cloud at all.

(b) At large expansion ratios the presence or absence of ions appears
| to have little effect on the initial density of cloud, and on the
| cleaning expansions.
;(o) In the intermediate range between efficient ionic condensation
iand efficient homogeneous condensation, the presence of ions does
' appear to have a noticeable effect on the cleaning expansions.
| Two further observations may be noted. The field does not
- affect subsequent cleaning expansions if it is applied after the
| expansion has been started. Also, an identical set of observations
were obtained with argon as the carrier gas, the absolute expansion
| ratios being different, although the corresponding supersaturations
were similar. The number, size and lifetime of the visible drops :
. appears to determine their behaviour on subsequent oleaning expansions.
At low expansion ratios only a small number of drops are seen, and
 these exist only for a short time after the expansion. Correspond-
' ingly the cleaning expansions are not dirty unless they are made
' quite large. On the other hand, at very large expansions many drops
| are formed, and these remain visible for a relatively long time
| giving rise subsequently to dense cloud even on small expansions.
|‘I'ha number of drops at this stage is so great that the small con-
 tribution of perhaps 2 x 10° dropa/om3 made by the ions in the gas
!15 not detectable as an increase in density. If, in the chamber,
Ithere was an impurity of constant density continually present, then
iit could be picked up by the drops only in significant quantities

when their surface area was large and when the superssturation

loonditions were favourable. Until the expansion no nuclei, apart

from ion clusters; are present, and little or no coagulation of the
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;Vapour molecules is thought to ocour. After evaporation an equili-
;brium state, as found with the c-nuclei, will beestablished.
Postulating the pxistenoe of such an impurity appears to explain

the experimental observations, but the nature and origin of it remain
to be considered, Certainly it is well known that irradiation of a

. ‘nitrogan—water vapour system can produce nitric acid (Lind, 1961).
‘It is possible, indeed certain that this will occur here although the
quantities produced must be minute, Removing ions from the gas will
| not necessarily remove any chemical which has been newly formed so
ithat an equilibrium concentration of it will be established in the
!tub phase system. It seems reasonable to suppose that nitric acid
will be produced in nitrogen-water systems, but it cannot be formed

| in an argon-water mixture, Tests for nitrite ions made on the water

in the chamber have been negative although they were always positive

when nitric acid had been introduced artificially. Ozone could

' possibly be produced from the water alone, and hydrogen peroxide
might be present. Although 8202 appears to be ineffective in pro-

moting condensation while in the vapour phase, if captured in drops

it may stabilize the resultant re-evaporation nuclei., There is no

experimental evidence for, or ,gainst, this hypothesis. These sub~

stances can be formed in any gas-water system, the chemicals which

are finally produced depending very much on the reaction rates, and

the occurrence of any other competing process,

‘ Unfortunately little is known about radiation-induced chemical
reactions on such a very small scale. From Crane and Halpern's
results (1939), and from the experiments discussed in the preceding
sections, it is improbable that nitric acid or any other molecules

which singly can act as a condensation centre, with a visible
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. threshold less than or equal to the ion limit, could be present.

' If such an impurity was formed in any quantity, a cloud chamber would

| deuterons passing through an air-waler cloud chamber. The nuclei |

be impossible to operate as it could never be cleaned. Apart from
these incidental observations, Farley (1951) appears to be the only

anthor to have attacked this problem directly. He succeeded in

|
observing dense cloud formed on neutral particles produced by 600 keV
|

. peraisted in the gas for at least 2 minutes after irradiation by the;

deuterons had ceased. He spggested that these nuclei, created
directly or indirectly by the deuterons, were similar to those ob-
served by him when his chamber was irradiated with ultra violet
light, although thie is inconsistent with his conclusion that the

lifetime of the ultra violet produced nuclei was much less than 2

minutes,
¥hile the nature of the chemical complexes formed by ionizing
radiation ie still obscure, it seems possible that their production
could give rise to the sensitive re-evaporation nuclei found in so
many experiments. If this conclusion is correct it must appear
doubtful whether homogeneous condensation has, in fact, ever been
observed, since the complete absence of such chemicals cannot be
obtained under normael experimental conditions. Madomna et al (1961)
have reached a similar conclusion, though they consider that it is
the presence of ions which initiates condensation even at high ex-
pansion ratios, an observation which is supported by a remark of
Blumenfeld, Booth and Lederman (1954) to the effect that if an
electrostatioc field is maintained in the plate-diaphragm region of

a cloud chamber, then the background cloud is reduced.
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Chapter 9

SPECULATIORS ON SOME ASPECTS OF CLOUD PHYSICS, ;
Introduction. | |
Although Adtken was well aware of the oloud forming properties
of hygroscopic substances such as sodium chloride and nitrie acid,
he apparently considered sulphur as being the most important,
naturally occurring, condensation substance. Coste and Vright
(1935) regarded nitrous acid, produced as a by-product of human !

. aotivity, together with sodium chloride, as the main atmospheric

condensation nuclei, both being much more important than sulphur I
compounds such as sulphuriec acid. Nore recent views (Mason, 1957, I
1960, and Fletcher, 1962) accept these and other compounds ae

important in promoting condensation, much effort being expended in |
attempts to find the origin of the chemicels in the muclei and sleo,
in certain cases, to understond the mechanism whereby the nuclei are
formed, An important source of the ubiquitous Aitken nuclei, which
are between 5 x 10" Tem. and 2 x 10"%em. in radius, is thought to be

the reactions between trace geses through the action of heat, radi-

ation and humidity. The origin of one trace gas, namely nitrogen

dioxide, and some speculatione on drop growth mechanisms are con- !

sidered below.

liitrogen dioxide plays an important role in atmospheric physios
(Cadle, 1963). It omn veadily be oxidized to N0 by ozone, which
is preseat in abundance, especially in the region o¢f the atmosphere |
above the troposphere.  K,05 reacts with water to form mitric acids~
p0g + HO —> 2Mm0, (9s 1)
while NO, itself reacts with water in the gas phase (equation 5: 5)

to give nitrie acid whieh, as has been amply demonstrated in this,
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and other, work is an excellent condensation substance, Nitrogen |
dioxide is responsible for the conversion of Nall %o gaseous chlorine
compounds such as 012 or HCl, both of which are important in atmo-
spheric chemistry.

Georgii (1963) has reviewed the possible sources of NO, in tho!
earth's atmosphere, reaching the conclusgion that human activity andi
and oxidation of ammonia are the predominant sources, and that no ;
significant amount of the total atmospheric HO2 is produced by
thunderstorm activity. Adtken (1911) realized that condensation
nuclei could be readily produced at a discharging point, parti-
cularly if the air was moist. He was of the opinion, however,
that "in nature the point discharge is very feeble under all but .
exceptional conditions, and is probubly too feeble to produce any |
effect”s In their original report on the observation of o—nnoloi,'
Evans and Vatson (1962) speculated that such nuclei might ocecur in
nature, particularly in heavily afforested areas. It is appropmiat%
at this stage to re-examine this situation in more detail, and in the
light of later work.

It is well known that even under fair weather conditions the
currents flowing through living trees may be of the order of ZMA,
while the potential difference between the top of a tree and earth
may be about 12kV (Milner end Chalmers, 1961). It has been shown,
in the experiments described above, that when a current of this order
flows through a water layer under unsaturated, saturated or super-
saturated gas conditions, molecules of nitrogen dioxide are produced
which combine rapidly with water ito form nitrons end nitric acids.

It has been shown further that it is not necessary to have a point,

with a large voltage applied to it, to eject these molecules from
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the liquid surface into the surrounding gas. The «periments in :
which cloud was observed when a current passed through an avaporatiné
liquid surface have demonsirated ancther mechanism for getiing the

molecules into the gas. Some c-nuclei may be produced directly

under favourable conditions, but their formation in the atmosphere, |

from individual nitrogen dioxide molecules, seems more likely.
This is considered below.
It is not being here suggested that the only sources of nitrogen
|

dioxide in the atmosphere are trees. It is possible, however, that

|
some of the world's budget of nitrogen dioxide is made up of o-molaﬂ

and 1102 molecules produced in the manner outlined above., If all !

the trees en the earth's surface passed ¥ A of current continuously,

then, assuming efficient release and conversion of nitrogen dioxide,

an order of magnitude calculation shows that TO00 tons of nitrogen
dioxide would be produced annually, in this way. This represehts
perhaps one hundredth of the total quantity of Noz present in the

world's atmosphere. The average density of H02 in the troposphere

| is probsbly mot more tham 10~  gm/em> (Fletcher, 1962), which is

| s1ightly less than the mean density of NO, molecules in the high i

pressure chamber after a typical production expansion.

Indirect evidence on the production of nitrogen dioxide by
trees comes from the observations of Wemt (1960) on the blue hazes
which exist all year over such areas as the Amazon basin and the
jungles of northern Columbia. He attributes the haze to the
presence of small particles formed by the condensation of partially
oxidized volatile organic compounds (such as terpenes), which are
released from plants, to form macromolecules. This partial oxidation

is supposed to take place when sunlight is absorbed, with oxides of
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nitrogen present to act as catalysts in the process. It is tentative-
1y suggested that the nitrogen dioxide participating in these reactions
 may also come from the trees. i
Bugleation Mechanisms. '
One of the unsolved problemas of condensation phenomena is the
;question of the formation of nuclei from the products of reactions
' between trace gases, It has been shown, both in the experiments
iwith the s-nuclei, and in those with the nuclei formed after ultra
‘violet light irradiation, that condensation nuclei are much more
Iatahle after slight supersaturation has been produced; although under

certain circumstances they may exist, for limited perdiocds, even in

unsaturated conditions. The existence of supersaturation, however

|slight, enables condensation nuclei %o be formed, of = size dependent
|
on the wpour pressures of the trace impurity and the water. Once

| the nuclei are formed their atability is very high even if the water i

' vapour pressure is reduced much below its value at production, the

iimpurity'vapour exerting the major controlling influence upon them. |

! This mechanism may well be responsible for the production of

'some of the smaller Aitken nuclei in the atmosphere, from the mole-
loules of trace gases, while larger ones might be created by co-
iagulation, a process which so far has not been observed with the
nuclei of these experiments, probably because the size of the chamber
| restricts the lifetime of the small aggregaces in the gaseous state. |
| o such restriction is present in the atmosphere. The purpose of :

the expansion in the cloud chamber experiments is now seen %o be
|

twofold, If no nuclei are present initially, it provides the slight

iuuporaaturation necessary to initiate nucleation, and, if sufficient ‘

:auporaaturation has been established, it will give rise to drop arowth.
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The rate of formation of the nuclei will be very dependent on the
impurity wpour density (as has been shown many times in the c-nuclei
experiments) so that the major advantage of the long sensitive time
in the high pressure cloud chamber is that it allows observation of
nucleus and drop formation in the same expansion.

Certainly a puzzling observation of Aitken's is explicable in

|
|
this manner. He discovered (1917) that nuclei effective only in
[ |
' 4% expansions were formed if an electric discharge occurred in a

|flsak containing a weak solution of sulphurous acid, wheress in the

' presence of a stronger solution, nuclei producing drops in 2§
|

expangions were found. As with other resulis discussed in the
same paper he apparently thought that nuclei of different sizes wers |
being created in the discharge. It seems more likely, however, thatf
more of some impurity was being formed in the second case, so that

the very short sensitive time of his expansion chamber was sufficient|
for observing both the nucleation and drop formation periods in a 2% |
expansion.

It is probable that these ideas might be extended to the formatiﬁn
of nueclei which are really agqueous solutions of solids, such as sodium
chloride., However, there are perhaps not many mechanisms which
could produce single salt molecules, and nuclei of this kind are more
likely to arise by absorption of water vapour on to hygroscopic i
particles formed by mechanical disruption and dispersal of matter at
the earth's surface (Mason, 1960). The importance of the impurity ;
vapour during the early stages of drop growth still remains.
9t 4 |Ice Crystals. .

‘ The observation of what were called twinkling drops has been ‘
|
|

described in a previous chapter, where it was also suggested that tho;
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might be ice orystals formed in a novel way. At this stage the
remarks which follow are pure conjecture since a great deal of work
remains to be done before the origin, properties and freezing
mechanism of the crystals oan be fully understood. It does, howevar;
seem fairly certain that the impurity causing their formation is :
present in the air taken from the room. There is also some slight
correlation betwesn their observation or, at least, their time of
colleoction in the chamber, and the weather. They have been rarely

observed except on occasions when rain fell some short time afier

the room air was enclosed in the chamber,

If the impurity can produce ice crystals because of rapid
evaporation when the surrounding gas has less than its equilibrium
amount present, then this would be an important process for ice
formation in clouds. It is well known that supercooled water drop-
lets will not freeze unless ice-forming nueléi, or other ice orystels,
are present, and these are only effective at temperatures below 0%. }
Here, however, is a possible mechanism fcr producing ice crysials
at temperatures above 0°C which might then innoeulate supercooled
water droplets present =t a lower temperature, if it passed through
them. The importance of such a process in cloud physios, if it doos;

oceur, will be easily realized.
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CHAPTER 10

AN ASSESSMENT OF THE VALUE OF HIGH PRESSURE CLOUD CHAMBERS

| It will be recalled that the inspiration for this work arose out |

‘of a desire to re-evaluate the position of the high pressure cloud

‘ohamber as a tool for physice research. The experiments, =nd the

| conclusions which have been derived from them, are thought to show
that certainly in the field of condensation research the high

pressure chamber is most useful, probably more so than the atmospheri

cloud chamber. Mason (1957) has shown that the diffusion cloud

chamber is of great value for studying the growth of ice crystals, |
but it has a number of disadvantages for condensation work. It is ;
not possible, as was discassed in Chapter 1, to operate the diffusion;
chamber with air at any very high pressure, so that the mpid rate of |

fall of the drops, with consequent alteration in the condition of

|
|
|

supersaturation, is a disadvantage. TFurther, information cannot be

obtained in any way corresponding to the clesning expansions which

were studied extensively in the present work with cloud chambers.

| Onece drops are formed in the diffusion chamber they fall out without
éQVaporating, so that only a2 very limited study of their properties
can be made., However one adventage of the diffusion chamber is

that it would bhe relatively easy to construect a chemicslly pure

apperatus for investigating the effect of adding trace impurities %o |

ges~-water systems.

The potential of the high pressure cloud chamber is not however
restricted to condensation work. It is thought that there are some
important nuclear physics experiments which could he carried out

most adequately using this detection technique rather than any other.
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:Also, as was indicated ia an earlier discussion, it may be poszible
to study some radiation-induced chemiocal reasctions in unusual con-
41tions and at uncommonly low concentrations of final products,
These possibilities will be further amplified below.

Further Condensation Studies.

A major improvement in the condensation investigations possible

!with the high pressure chamber would be made if it were asdapted for

more quantitative work. In particular the facility for making
relative measurements of cloud density would be advantagecus in
understanding more clearly the way in which drops grow and evaporate.
In this respect it should be possible to use the chamber az 2 modified
Nolan-Pollak counter (Nolan and Pollak, 1946), so that the density
of any cloud formed could be determined photo-electrically.
Faoilities for meusuring the gea temperature and saturation in
different reglons of the chamber are also desirable. Courtney (1962)

has desoribed in detail a suitable systom which he used in some

spontaneous condensabion studies at atmospheric pressure.

In the two chambers used in the present work the necessary

presence of ths rubber diaphragm has been unfortunate from the point
of view of chemical purity. Contamination might be aveided if the

l

rubber was coated with a substance having a low vapour pressure,
such as araldiie, or else the possibility of ueing & plisble polythanF

material might be 1nvaqtigated. At some expense an armour plated

glass chamber, resdily demcuntuble for efficient cleaning, which
could be operated at about 30 ztmospheres pressure, might be designed
and constructed,

There are many interesting lines of investigation which could

be pursued with such apparatus. Some of the cutstanding problems
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|uqy be mentioned. An investigation of the spontanecus condensationi

!and ionic oondlnsatipn limits at high pressures has never been made,

Iand although it is known that the bulk value of the surface tension
varies with pressure, no results have been reported which gan seriouaL
ly claim to compare theory with experiment. Because of the long

sensitive time of the high pressure chamber it is possible to simulate

|
natural cloud conditions much more closely than at low pressures,; 8o

that if a sufficiently large chamber could be built studies of drop
growth on condensation nuclei might be facilitated. An investigation
of the properties of the twinkling drops slresdy discussed is also a
;problem of great interest, particularly because of ite relevance to

| cloud physics. Finally, examination of problems such as the inter-

action of ultra violet light with water vapour and different gases
|uould undoubtedly prove useful for understanding fundsmental nuclea~-
tion processes.
Nu r Physics riment.
An important test of the theory of guantum electrodynamics lies

in comparing the theoretical cross section for direct electron pair

' production by a charged particle, such as an electron orp -meson,

i

lwith the observed value, particularly in regions of high energy trans
fer. The cross section has an appreciable value only if the energy
iof the primary particle is very great. Unfortunately the probability
that an electron will undergoe 2 bremsstrahlung transition in which
' the resultant photon produces a pair of electrons close tc the primary

' electron track is comparable to the probability of true direct elect-

ron pair production, so that comparison of theory with experiment is
 difficult with electron primaries. Withp -mesons this problem is
‘abnont, but higher primary emergies are required for az comparable
cross section. |
| |
| |
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Theories of the process have been worked out by a number of
| authors (Bhabha, 1935, Block, King and Wada, 1954, and Murota, Ueda
? and Tanaka, 1956) and are now believed to be in fair agresment (Roe

and Osaeki, 1559). There is, however, in each theory at least one
| undetermined parsmeter, known to be equal to unity in order of
magnitude only. [Lxperimeni is normally compared with the calocul-
ations of lurota et al. where this parsmeter, & , arises as a cut-
off factor in the momentum iransferred from the primary particle to
the electron pair. The predicted values of the cross sections can
: be changed by 30, and in some regions by a factor of 2, by merely
making reasonsble changes in these paramsters, (Stoker et al, 1963).

Two attempls have been made to determine the cross section for

ip.-meson primaries. direclbly, using nuclear emulsions to detect the
events, Avan =nd Avan (1957), working at two different depths
underground, found agreement with theory for fhe 30 events observed
at each depth. Gailloud and Piron (1963) using the 8,2 GeVi -meson
beam from the C.LE.R.N. proton-synchrotron claim agreement with theory
on the basis of 14 events. [HNeither experiment is able to assign a

definite velue to X . The more common technique (Roe and Osaki,

1959, Gaebler, Hagen aad Hendsl, 1961, and Stoker et al, 1961, 1962,
;1963) has been to observe the showers produced by the secondaries
Iaasociated with cosnmic ray)k-—mesons in series of lead plates in
‘multiplate cloud chambers, deducing the value of the cross section
from a study of the energy transfer and the structure of the showers.
This method is umsatisfactory for a number of reasons but principally

because shower theory has not been confirmed for the energy transfers|

‘boing investigated.

The eross sections differ, for different values of X , most
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markedly in the region of low energy transfers, and, so that an
accurate theory may be available to compare with experiment at high
energy transfers, it seems most convenient to determine X from
results in this region. Only Stoker et al (1962, 1963) have been
able to attempt this, but their result is by no means conclusive.
On the basis of 24 events they found that the most probable value
was X = 2, This, however, is very dependent on 13 events corres-
ponding to encréy transfers in the range 25 to 60 MeV. The authors
themselves express uncertainty about the lower energy limit for
electron absorption in this range, and in view of this, and the
rather large discrepancy (about 30%) between the observed and ex-
pected numbers of knock-on electrons of 15 to 60 MeV, this con-
clusion should be treated with caution.

It should be possible, using a high pressure cloud chamber, to
make a direct measurement of the pair production cross section for
} ~mesons, particularly in regions of energy transfer from 2 to
200 MeV. The theoryr of Murota et al.is accurate for transfers as
low as 10 MeV, so that an estimate of X could be made with some
confidence. It is shown in Appendix G that such an experiment is
possible (with reasonable rumning times) using a cloud chamber
filled with argon at 100 atmospheres. Cosmic ray muons of energy
above about 2 GeV could readily be picked out by a simple counter
pystem. The only competing process which might make identification
of electron palrs difficult is that in which two knock-on electrons
are produced within 0.1 mm. of each other so that their origins
cannot be resolved, but, as shown in the appendix, this probability
is emall, It seems feasible, therefore, to use a high pressure
chamber for this experiment, for which no other technique is really

suited,
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Possible Radiation Chemistry Studies.

The possibility of using the high pressure cloud chamber as a
detector of radiation-produced chemical species has been hinted at
briefly in the discussion of the origin of the re-evaporation nuclei
produced after a large expansion. Before it was possible to use
the chamber for such work it would be necessary to calibrate its
behaviour with known reaction products. A chamber which could be
efficiently cleaned is essential, and it must also be fitted with
devices for recording cloud densities and supersaturations. Apart
from the pioneer investigations of Crane and Halpern (1939) and
Farley (1951) in this field, nc other experiments have been made, so
that initially, any work would be exploratory. Variable dose rates'
of particles, such as are obtainable from a strong radicactive
source, an accelerator or nuclear reactor, would be very useful.

The study of reactions produced at high degrees of supersaturation |
in gas-liquid systems could be investigated by this method, in

addition to similar investigations at very low concentrations, a

field which at present is excluded from the radiation chemist.

i
The high pressure cloud chamber, therefore, has a number of usest

it is a valuable tool in condensation research, some nuclear physics

experiments are best performed using it, ahd a practically unexplored

| field may exist for its exploitation in radiation chemistry.
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APPENDIX A (Chapter 5)
THE DENSITY OF THE CLOUD SEEN IN CLEANING EXPANSIONS.

An estimate of the droplet density of a cloud formed in the
first cleaning expansion after a production expansion, in which a
T'Larga voltage has been applied to the silk for 10 secs., may be made !
|!.n the following way. Mason (1957) has calculated thet the maximum
density of drops formed by homogensous condensation in an expension |
bf 1445 18 3.8 x 10%/cu’, for an expension time of 0.01 sec., and
has found this estimate to be in falr agreement with experiment. |
Very dense clouds have been seen in the 3-atmosphere chamber in ex- |
pensions of 1.40, but they cannot be @s dense as Mason's estimate
because a much slower expansion was used. The clouds are, however,
as dense as those formed in the cleaning expansiong in the high |
pressure chamber, under the conditions mentioned.

; Since condensation nuclei are available in these cleaning ex-
ibanaions, an upper limit to the droplet density in the high pressure
.L:hamber can be estimated from the water which is available for con-
densation just following an expansion. If 5% of the total mass of
water vapour is relessed then a totel of 1.2 x 107 nuclel could grow
to a size of 1 micron, neglecting the rise in temperature of the
chamber during the condensation process. This corresponds to a |
density of 2 x 105 dropa/cms.- Further the cloud seen in the c¢lean-
ing expansions when the natural serosol component is present is .
normally demser than the cloud being econsidered. The demsity of the |
perosol component may be estimated from figures given for the nuclei |
eoncentration in city air by various authors, and may be as great as

6, 3

4 x 107 /em”. From these considerations it seems reasonable to esti-

mate the total number of nuclei produced in 10 secs. as being
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107 (or 1.7 x 16’%3),- this figure being regarded as reliable to an
order of magnitude.
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APPENDIX B (Chapter 5)
SUPERSATURATION REQUIRED FOR DROP GROWIH ON MULTI-CHARGED NUCLEI,

Thomson's equation (3: 2) was given in the form:-
M| 2e ds _ &

,20325 CRTp L+ T & ?ﬁef‘*]
Agsuming that the variation of surface tension with radius is
negligible, this equation may be written as:-

RTp L n“e" |

M 'Q"Ja's T F T 8metHd I
if q, the total charge on the drop, is ne, where e is the eleectronic
charge, and n is the number of uniis of charge. The maximum value

of S, that is, that which must be exceeded to give visible drops, is

|
|
as |
found from o= =0 |
RTp L dS _ _ 26 _ un*e" |
e M8 Tk T P T ey |
RT _ 3 nte |
once  F g, S < § i # |
w3 Mg (__“_EL 3
o £°§,S"“‘”‘ 8 RTp e kies

Taking water as an example, with e = 4.8 x 10'10 8.8,.U,,

|
|
|
|
R = 8,3 x 10/ ergs/gm. mol/°K, p=1 gu/en’, € =1, M =18, |
T=273% and =175 arga/mg, this may be expressed asi= ‘

/eo(jc SM = 1.54 n-% = ﬂacjc Sh.bw (?53)
Some values are tabulated below:=-

n !oj gw Svuu,c |
P S 1-5w 4-66 or 366%
10 0.331 1.0 or 40%
100 0.0715 1.074 or T 4%
500 0.0244 1.033 or 3.3%
1000 0.0154 1.016 or 1.6%

10000 0 40003 1.003 or 0.3%
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APPENDIX C (Chapter 5)
RATE OF GOLLISION OF IMPURITY VAPOUR MOLECULES WITH NUCLEI

OF DIFFERENT RADII,

It is possible to estimate very roughly the quantity of I‘IOE pro=
duced in an expansion during which the electric field is applied for

about 10 secs., in the following way. After 10 such expansions it

is found by visual comparison with solutions of known strength that
about 10 moles of nitrite lon/litre of water have been produced.

Hence for the 6 ce. of distilled water normslly added to the chamber

3.6 x 10 nitrite ions are formed during each expansion.
Immediately following a production expansion, the nitrogen
| dioxide, assumed to be responsible for the nitrite detected, will
' be mainly in the gas phase with a certain quentity solvated in the
c-nuclei, equilibrium existing between the two phases. If equili-
:briun exists in this manner then even when a nitrogen dioxide mole-
' cule does collide with e nucleus it will not be captured, otherwise
' the expansion ratio threshold would be found to decreass with time.
' However when supersaturation is produced in the gas the equilibrium
will be upset and any nitrogen dioxide molecules which the nucleus
i encounters can be absorbed. The colligsion rate for various sizes
;and compositions of nuclei may be estimated.
The mass of a nitrogen dioxide molecule is approximately
g x 1022 gu,, and the root mesn square velocity of these molecules

is given by:i=- F i J 3T
¢ TAN
where M is the molecular mass, T the absolute temperature and k

Boltzmann's constant,

Therefore ,JE;;L = 3.8 x 20% cn/sec. for T = 293°K. The



119, |

number of noz molecule collisions experienced by a nucleus
| Q’JP/J?A =n/sec.,whemf?iathevupaurdensityofﬂczand |
A is the surface area of the nucleus.

The maximum number of nuclei estimated to be in the gos immedi-
ately after the primary production expansion is 109, (see Appendix A),
so that for different nuelei the collision frequency cen be ealmatﬂd

| as tabulated below, where it has been assumed that 10°% nitrogen |
dioxide molecules are produced in each expension.

! # of nueleus
'Radius of nucleus.  wiich is NO,. Collisions/sec/nucleus.
10~7 ca, 508 70/sec.,
5 x 10~7 ea. 50% 2 x 107/sec.
10~ ca, 0.1% s 103/aec.
3076 en. 1% 7 x 103/530.
107 em. 10% 6.3 x 10°/sec.
10 ca. 0.01% 6.3 x 10°/sec. |
10 en 0.,1% not possible. |

' Also for a nucleus the size of an ion cluster, about 4 x 10-80m.,|
' the collision fregquency per cluster in a vapour of this demsity is
about 10™%/sec. |

It should be recalled that the estimate of nitrite found in the

' surplus water is only a lower limit since some will have been con-
verted to undetected by-products by several reactions, For example ,I
in the liquid phase,

—

2!!02 * H20 - }NOB + }iﬂoz
may occur, while in the gas phase the following reaction can take
place, the equilibrium of which lies far to the lefti

—

3‘302 + Hzo < QHNOB + NOo

It may also be remarked thet for a leakage current of 10"61, about
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6 x 1013 nitrogen dioxide molecules would be ereated in 10 see, if |
reaction (5: 3) takes place with high efficiency. This is lower by
a factor of 6 than the eatimate made from the nitrite test, but is

nevertheless regarded as being in good agreement with the former
value.




121

APPENDIX D (Chapter 5)
AN ESTIMATE OF THE MAXIMUM RADII OF THE c-NUCLEI |

USING THE BAROMETER FORMULA
It was found experimentally that the cloud seen in any cleaning

expansion made followinge production expansion was uniform even after
the gas had been left undisturbed for several hours. The equation
vhich represents the expected distribution of particle density with
height after equilibrium has been established is the well known
Barometer Formule used by FPerrin in his classical determination of N,

Avogadro's number (see, for example, Saha and Srivastava, 1931).

The equation may be writiten: |
Lard. (p- p’),j. (h-ho) NV

3RT
» B are the particle concentrations at heights b end h, g is

Loy 3 -

where n,

the acceleration due to grevity, R the gas constant, T the absoluts

temperature, r the radius of the particles of dansity,(), suspended
in a fluid of density, p".
A e I 3RT Moo e |
a Ng. (h-w.). (p-p') e
For the case of c-nuclei suspended in nitrogen, p» F” and p~l @/ms..
7 ergs/gn. mol/°K; T = 293% and g = 981 em/sec./sec.

Over a visible range of 15 cm., no density distribution is found and

R =8.,3x10

a factor of 2 or greater would have been noticed.

Hence +3 7.7 x 10 en,

If in fact a density difference of 4 was the lowest detectaeble |

variation,

T3 9.7 x 10~em,

Hence these calculations set & rough upper limit to the size of
the c-nueclei.
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APPENDIX E (Chepters 5 and 6)
DIFFUSION COEFFICIENT

Usging the Stokes-Milliken-Cumningham relationship (see, for ex-
ample, Nolan and Guerrini, 1935) it is possible to calculate a
diffusion coefficient for nuclei of various radii., The diffusion
coefficient is given by

£
p « BT 1+ %-[0.393 + 0.312 exp(=2.737 )]
N 61.‘»74'

where { is the mean free path in the gas of viscosity, /) 3 T ie the
radius of the nucleus, R the gas constant, T the absolute temperature
and N is Avogadro's number. The term [l + -f.(a +B axp(—%rﬂ

nay be regerded as e factor correcting Stokes' Law, where A, B and C |
are congtants determined experimemtally. The values used here are -
those given by Nolan and Guerrini (loc. cit.) and are wvelid for R
from 0,1 to 5.

The mean free path in nitrogen at 30 atmospheres is estimated
from a kinetic theory calculation to be 2.5 x 1077 go thet the

formula is valid for 5 x 10™0em <+ < 25 x 10” cu. while Appendix D
15.:1:1:l¢.'-a<lm:a thet for c-nuclei, T3} 7.7 x 107 cn. The gas viscosity
varies only slowly with pressure, & recent investigation (Flynn et
al, 1963) giving | = 182u P for nitrogen at 30 atmospheres and 25°C.

Using these figures the followlng values of diffusion coefficient |

for various radii were calculated. |

>+ en’/sec. (b =

+ yl diffusion coefficient D M, mobility |
em. T at 30 atmospheres) en“/see om/sec/volt/m.
5 x 107 5 7.5¢ x 107+ 1.5 x 1077 6.0 x 10"'2
10~ 2.5 417 x 1070 L2x10™ 1,7 x107
2 x 207 1 2.27 x 107 9x10” 3.6 x10"
5 x 10™7 5 170 x 0% 34 %100 1.4 x1073
107 .25 1.43x20°0 1.4 x107 5.6 x 107

2.5 x 0 .1 1,28 x 1071+ 5x10°  2.1x10™%
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The wobility emd diffusion coefficient, assuming the nuclel to
be charged, are related by the following equationie

DN ., e

RT 300

where ¢ is the charge in electrostatic units.

At 293%, . =40.3D en/sec/volt/em,

. The mobility of nuclei of various radii (at 30 atmospheres

Mobility, M =

pressure) is also tabulated sbove. Hence for a nucleus of 5 x 10"7@?.,

a field of about 1.5 kV/em. would be required to explain the observed
speed of the muclei in the chamwber. Such a high field is not
possible, but one of 30 v/em. which would move nuclei of 5 x 10 8em,
in this fashion is easily available. The essumption that the nuclel

<

are carried through the gas by an ion wind thus appears quantitatively
correct. The lons, of course, would be in clusters of water mole-

cules about 4 x 10-8. in radius.
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APPENDIX F. (Chapter 6)
THE TEMPERATURE OF AN EVAPORATING DROP
In the mixed aerosol present in the room air in the chamber there
will be some particles, causing visible drops, which are insoluble |
or even hydrophobiec. These drops will obey an equilibrium equation
for the vapour pressure at their surface not very different from |
Kelvin's equation (3: 1). When a dense cloud of drops has formed
the temperature in the chamber will be greater than the final tempera~
ture produced by the adiabatic expension, and the vepour density in
| the chamber will be nearly the saturated vapour density at this
temperature. For a water droplet which is just visible, the equili-
brium vapour density at its surface cannot be much greater then 0.1%
' of this value, whereas for a drop formed around an insoluble nucleus
| it will be slightly less. For a droplet formed on & hydrophobic
particle the equilibrium vapour density will certainly not be more
than 1% above the ambient value.
Following Hazen (1942) the temperature fall of an evaporating
drop can be calculated. The temperature of the drop is dependent
on the thermal conductivity of the currounding medium while the
vapour pressure difference determines the rate of evaporation. The
two pertinent equations may be written
| £ T e
vhere r = drop radius, F = vapour density, D = diffusion coefficient
for the vapour and A Pr 2 the difference between the equilibrium and
ambilent vapour densities, K is the thermal conductivity of the gas,

|L the latent heat of vaporization of the liquid, T, and T, are the
idrop and vapour temperatures.

g Suppose the ambient temperature in the chamber is the average of
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the initial temperature and the temperaiure at the end of the ex-
pansion, that is, about 14°C for a 12% expansion in the high pressure
chamber filled with nitrogen.

Ther
f- = density of saturated vapour = 14 x lﬂ'égm/mnj.
For a 1% difference Ag,. ==-14xm"3 cm3.

At atwmospheric pressure,
D = 0.24 en”/sec., K = 6 x 10 cals/on"/unit temp. gradient /.-

and L = 590 cals/gn.
Hence Tqg =T, = -DKI'—AP,, = 0.33°C. E
This temperature foll, which is insufficient to freesze the |
water droplets, would be even smaller at 30 atmospheres because of I
the decreased diffusion coefficient for the vapeur., It is clear, :
therefore, that the twinkling drops sometimes observed in cleaning |

. expansions cannot be caused by repid evaporation of pure water drop=- |
|

|I lets.
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APPENDIX G. (Chapter 10)
THE POSSIBILITY OF STUDYING DIRECT PAIR PRODUCTION BY j -MESONS,

USING A HIGH PRESSURE CLOUD CHAMBER.,

Stoker and Haarhoff (1960) have simplified the formula of

Murota et al (1956) to a form suiteble for numerical integration

with the aid of a computer. By this means they obtained the cross |
section for direct pair production es a function of p-meson energy, |
and the calculation was extended (Stoker et al, 1961, 1962, 1963), in|
order to compare the observed number of electron pairs produced by |
cosmic ray muons above 1.7 GeV with the theory. From their experi- |

mental values a cross section for pair production in lead, and hence

in argon, can be estimated so that the possibility of studying
\direct pair formation in a high pressure cloud chamber can be con-

'aider‘do
The cross section for lead is ¢ = 1.05 x 10'%@2/1@.:1 nucleus, :

for the cosmic ray muons found at sea-level, with energy above
;1.7 GeV. The remge of energy tramsfer detected in this experiment
'was 25 MeV to 10 GeV, elthough nearly half the events corresponded

to transfers in the intervel 25 to 60 MeV, Pair production cross |
sections ave proportional to Z°, where Z is the atomic number of the |
nucleus with which the | «meson interacts. Hence for argon, the |
cross section (for emergy transfers above 25 MeV) is 4.8 x 10'27cm2/a§gon
nucleus. Using the relation [

—

= 6 e
where £ is the mean interaction path and m is the number of ru.w:i.e:l/un}i3 s

|
it is found, for argon at 100 atmospheres, that ¢ = 7.8 x 10%en,

Now the predicted numbers of pairs found for cosmic ray muons
above 1.7 GeV differ by a factor of 20% for X =1, 2 or 3. Hence
to declde between these values about 100 examples of diweot pain
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6

|
production are required, so that 7.8 x 10~ cm, of cosmic ray muon |

track must be examined. In the larger high pressure chamber mil-i
| able in Edinburgh, about 20 cm. of muon track can be studied for |
| each photograph containing a muon traversal, so that it is necessary
' to take nearly 4 x :I.O5 photographs to obtain sufficient track 1engt.h.i
| This seems a formidable task but a few considerations improve the ‘
position. |
The low energy cut off in the experiments of Stoker and his co-
workers corresponded to an enevgy transfer of 25 HeV, with some un-
certainty about the validity of the results in the lower region

| from 25 to 60 MeV, The formula of Stoker and Haarhoff has a similar
I‘eut off at 10 MeV, but in the energy transfer range from 10 to 25 MeV
'an increased number of pairs are expected. The actual numbers may
be estimated from the caleculations of Stoker et al (1963), for cosmic
ray muons at sea level above 1,7 Gev,.,to be larger by a factor of at
least 4 end possibly by a factor of more than 10. This is supported

by a cross section calculation using the Wéisacker-Williams model |
thought to be valid in this region (Heitler, 1954). Thus in 4 x 10%
photographs it is estimated that epproximstely 100 examples of direoti
pair production would be observed. Perhaps only half of these

'would be suitable for eomparison with the different theoretical pre-
dictions, but considering the detailed information on engular dis-

I tribution and energy sharing between the pairs which could be ob-
itained, the investigation would prove most fruitful.

i Selecting muons of energy ebove about 1.7 GeV is not too diffi-
cult, It a large mass of lead is placed below the chamber, A -nesons
of lower energy can be absorbed, and a coinecidence counting rate |

which would keep the cloud chamber continuously operating could
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easily be obtained. Even if the recycling time was as long as 6 min,

the necessary photographs could be taken in 150 days, so that,

allowing for 50f% efficiency during the experiment, the rumming time
‘would be less then a year. It is interesting, oo, to consider the
lposaibility of using xenon in the chamber, Since its atomie number |
'is 3 times that of argon, the time to collect 100 evenits weuld be
reduced by a factor of 9. 6 litres of xenon at 100 atmospheres
would cost epproximately £4000, though even if 10% of the gas in the
chamber was xenon the time factor would be reduced by a factor of

' nearly 2.

i Identification of direct pair events would not be difficult
iainoe the only process which might resesmble 1t is double knock-on
production, whers two knock-on electrons might be produced within

| the spatial resolving limit of the cloud chamber. The expected cone
tribution from this effect can be calculsted., Provided the energy
transferred to the electron is very small compared with the maximum
transferable energy, the cross-section for knock-on production is |

given by, (Rossi, 1952):-

! 2 T Mn - dEr
| s (E)d..‘:): 2ate -ﬁ% &Y en/atomic electron
|

:uharo the knock~on electron of mass, m, has energy in the range
£'h £'4+dE'  ,4e= classical radius of the electron end f- 2 where
v = particle velocity and ¢ = velocity of light, Hence the cross
| section for producing an electron of energy greater than some
arbitrary lower limif, Eo’ and less than some value % such that

it.he above equation applies, isi-

| Fivag
I v mer d.ﬁf
| se)y= 27 - r en*/atonic electron
Ep
~ 25 A4e 2. me™ ?,:L cmz/nucleus
[5" ° |

ifE .7 Eo.'
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 Hence the probability that a knock-on electron will be produced in
E a distance x, followed by a second eleciron in a short distance, 3
is n.o(E.) .x. A¥ , yhere, as before, n is the number of atoms/cmB.
| To a good approximetion 3 =1, and for a cloud chamber et 100
atmospheres E = mcz end A+ = 0,1 em, Hence for argon at 100
atmospheres, the distance which a muon of high energy must travel
for such an event to oceur is 1.7::106 e,y or more then 20 times
further than for direct pair formation.

This experiment could, of course, make use of a beam of high
energy muons from an accelerator. This has been done in the emulsion
study by Gailloud and Piron (1963) but the statistics of thelr ex-

periment are poor, possibly because of scanning difficulties. So

that the experiment could be completed in a ressonsble time it would
ibo necessary, in this case, to £fill the chamber with xenon. A

‘ hydrogen bubile chamber is definitely not a suitable instrument as

| 1iquid hydrogen is less dense than srgon at 100 atmogpherss, and

| the cross section would be reduced by a factor of nearly 400 anywey

required is thus increased to approximately 6 x 106cm. A bubble

|
|
|
|
‘ because of the atomic number difference. The muon track length ‘
chamber containing a heavy liquid such as propane would be a suitable
detector but is not particularly useful for studying low energy

transfers.
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