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SAMEVATTING 

Die vorming van waterklosse om 2 l 8 Po icne word ondersoek. Die waterklosse kan die 
vorming van fyn aerosoldeeltjies uit ander kondensetrbare dampe as water inisieer. 
Die bestaan van die ultrafyn nukleasiemodus in die verspreiding van deeltjiegroottes 
van radonvolgprodukte kan moontlik tan die verskynsel toegeskryf word. Die 
vorming van die waterklosse word aan die hand van die klassieke vormingsteorie, die 
teorie van Hawrynski en 'n kinetiese klosvormingsmodel bespreek. 

Die ontwerp van 'n gespesialiseerde elektriese mobiliteitspektrometer om die 
mobiliteite van die waterklosse by verskillende vogvlakke te meet word bespreek. 
Die gelaaide waterklosse word, na vorming in 'n reaksievolume, met 'n goed 
gedefinieerde elektriese veld deur 'n smal spleet in 'n laminêre gasvloei tussen twee 
parallelle plate ingelaat. 'n Uniforme elektriese veld, haaks op die gasvloeirigting, 
veroorsaak dat die waterklosse by 'n bepaaide posisie neerslaan. Die neerslagposisie 
word met behulp van 'n spooretstegniek bepaal. 

Die berekening van die vorm en grootte van die elektriese veld, e.i van die transport 

van die waterklosse in die gekombineerde vloei— en clektuese veld word bespreek. 

Uit die posisie van die iieerslag word die mobiliteite van die waterklosse bereken. 

Uit die mobiliteite word die radiusse van en aantal watermolekules in die 

waterklosse bereken deur van die kinetiese gasteorie gebruik te maak. Die bepalings 

is vir vogvlakke tussen 0,16 en 96 % reiatiewe vogtigheid geiraak, en die resultaat 

word met die teoretiese voorspellings vergelyk. 

Daar is gevind dat die klassieke teorie van klosvorming die groo.tes van die 
waterklosse onderskat, alhoewel dieselfde aeiging met toenemende vogtighad verkry 
is. Daarenteen oorskat die teorie van Hawrynski die groottes van d.e waterklo .̂e. 
Uit die gemete resultate word 'n verspreiding van waterklosse met 'n verskillende 
aantal water nolekules by elke vogvlak gevind. Die verspreiding is heelwat breër as 
wat uit die kinetiese model vir klosvorming bereken kan word. 
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Di ,Í olgtrekking word gemaak dat die spektrometer met meting van die elektriese 
mcb'liteit van die klein klosse tot hoë resolusie in staat is. Die metings kan gemaak 
word vir goed gedefinieerde vormingstye van die klosse. Die giondliggende resultaat 
van d'e klosvormingsteorieë met water is dat stabiele klosse met bepaalde radiusse 
by elke vogvlak gevorm word. Sulke stabiele klosse is wel waargeneem, alhoewcl die 
groottes daarvan groter is as die wat uit teoretiese berekenings verkry is. Die groter 
waargenome radiusse vir die waterklosse impliseer dat verdere deeltjiegroei in 
teenwoordigheid van sekondêre kondenseerbare dampe soos swaelsuur by laer vlakke 
kan plaasvind as wat teoreties voorspel word. Aanbevelings vir aanpassing van die 
spectrometer om klosvorming in teenwoordigheiú van twee kondenseerbare da;npe te 
ondersoek word gemaak. 
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ABSTRACT 

TI:«; formation of water clusters on 2»»Po ions is studied These water clusters may 
initiate the formation of fne aerosol particles from secondary condensable vapours 
apart from water. This phenomenon may explain the ultraiine nucleatiou mode seen 
in the activity size distribution of radon decay products. The formation of the water 
clusters is discussed in the light of Áhe classical theory of clustering, the clustering 
theory of Hawrynski and a kinetic model of clustering. 

The design of a specialized electric mobility spectrometer to measure the electric 
mobilities of the water clusters at various humidity levels is discussed. The charged 
water clusters are formed in a reaction chamber. After formation the clusters are 
introduced into a laminar gas flow between two parallel plates. The introduction is 
done under action of a well-defined electric field and via a narrow slit. A uniform 
electric field between the plates and perpendicular to the gas flow causes the water 
clusters to be deposited at a certain position. This position is determined by a track 
etching technique. The calculation of the shape and magnitude of the electric field, 
and the transport of the clusters in the combined electric and flow fields are 
discussed. From the position of the deposit the mobilities of the water clusters are 
determined. From the mobilities the radii of and number -f water molecules in, the 
clusters are calculated using kinetic gas theory. The determinations were done for 
humidity levels between 0,16 and 96 % relative humidity, and the results compared 
with the theoretical predictions. 

It was found that the classical theory underestimates the sizes of tne clusters, 
although the same trend was obtained with an increase in relative humidity. The 
theory of Hawrynski on the other hand seems to overestimate the cluster «sizes. A 
distribution of water clusters with different numbers of water molecules was 
extracted from the measured results for each humidity level. This distribution is 
much broader than the distribution calculated from the kinetic clustering model. 
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It is concluded that the spectrometer is capable of high resolution measurement of 
the electric mobility of the small clusters. The measurements can be made for well-
defined cluster formation times. The underlying result of the clustering theories is 
that stable clusters with particular radii are formed at each humidity level. Stable 
clusters were observed in the experiments, although their sizes differed from those 
obtained from theoretical calculations. The larger radii imply that particle growth 
on the clusters in the presence of secondary condensable vaponrs like sulphuric acid 
can take place at lower levels than predicted theoretically. Recommendations are 
made to modify the spectrometer for measurement of cluster formation when two 
condensable vapours are present. 
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CHAPTER1 

INTRODUCTION 

The noble gas 2"Rn is a radioactive isotope which belongs to the naturally occurring 
uranium decay chain. The fifth progeny in the chain, 2 2 6Ra, is the immediate 
precursor to radon. Radon gas exhales from any radium-bearing material and is 
found in the environment at typical concentration levels of about 4 Bq.m"3 although 
this may vary considerably. Gold— and uranium-mining activities may lead to much 
enhanced concentrations of up to 100 Bq.m*3. The radioactive decay chain of radon 
with the half-lives of the isotopes and the energies of the radiation emitted are 
shown in Figure 1.1. In this figure branches for which the probability of decay is 
very low have been omitted. The decay chain of naturally occurring thorium is 
analogous to that of radium and gives rise to thoron ( 2 2 0Rn), an isotope of radon. 
Thoron occurs naturally at lowe: concentrations than radon. Its decay products, 
however, behave in a similar way to those of radon and also constitute a health 
hazard. All mobility and size considerations for the radon decay chain apply 
similarly to the thoron chain. 

The relatively short-lived, airborne alpha emitters, 2 1 8Po and 2 1 4 Po (historically 
named RaA and RaC), constitute a radiation health hazard to the lungs. When the 
decay products are formed in air they rapidly attach to any surfaces, including those 
of existing aerosol particles. This gives rise to the existence of so-called attached 
and unattached states, where the latter has traditionally been assumed to consist of 
free atoms of the size of the polonium atom. More recent results have, however, 
proved this notion to be an oversimplification. Upon inhalation these particles (both 
states) deposit in the respiratory tract, delivering a radiation dose to the lung. This 
is especially important in the tracheobronchial region of the lung where most lung 
cancers in humans are found (James 1987). The deposition of the submicron 
particles occurs mostly through their diffusive motion, which is determined by the 
sizes of the particles. 

Three mathematical models have generally been used to calculate the radiation dose 
to the lung tissue from certain airborne radioactivity concentrations. The mean 
regional dose predicted by the Harley-Pasternack (Harley and Pasternack 1982), 
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"2Rn 
T. = 3,82 day 

1 a 5,49 MeV 
2 1 8 Po (Radium A) 

T. = 3.05 min 
1 o 6 MeV 

2"Pb (Radium B) 
T, = 26,08 min 
00,67 MeV; 0,73 MeV 

i 7 0,295 MeV; 0,352 MeV 

2"Bi (Radium C) 
T. = 19,07 min 
0 1,00 MeV; 1,51 MeV; 3,26 MeV 

1 7 0,609 MeV; 1,120 MeV; 1,764 MeV 
2"Po (Radium C) 

T. = 1,64 x 10-« s 
i o 7,69 MeV 

2i°Pb (Radium D) 
T. = 19,40 year 
00,015 MeV; 0,061 MeV 

i 7 0,047 MeV 

2">Bi (Radium E) 
T. = 5,01 day 

i 0 1,161 MeV 

*10Po (Radium F) 
T = 138,40 day 

i o 5,31 MeV 

2°«Pb (Radium G) 
Stable 

Figure 1.1 The radioactive decay chain of radon. Branches for which the 
probability of decay is very low have been omitted. 
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Jacobi-Eisfeld (Jacobi and Eisfeld, 1980) and James (James et al 1980) models show 
a substantial increase with decreasing particle size with which the activity is 
associated, due to the increase in diffusional deposition of the smaller particles. In 
order to fully assess the health implications of the first decay product i l 8 Po, it is 
therefore important to study the sizes of the particles comprising the 'unattached 
fraction'. 

There are two other reasons for studying the sizes of the 2 1 8 Po atoms immediately 
after formation. Firstly some radon monitoring techniques rely on the fact that 
88 % of the polonium atoms are positively charged upon formation (Porstenddrfer 
and Mercer 1979; Chu 1987a) with a +1 charge (Dua et al 1978), and employ an 
electrostatic field to collect the ions on a detector where the subsequent decays are 
recorded. The radon concentration is deduced from the collected activity. Monitors 
for environmental radon measurement using this method have been described among 
others by Wrenn et al (1975); Dalu and Dalu (1971); George (1977) and Keller et al 
(1982). The collection efficiency of these monitors to a greater or lesser degree 
depends on the electric mobility of the polonium ions, which is a function oi their 
size and charge. Optimization of these electrostatic techniques thus requires a 
knowledge of the size of the polonium atom immediately after formation. Secondly 
the removal of radon decay products by electrostatic deposition has been proposed 
(Jcmassen and McLaughlin 1982; Jonassen 1984; Jonassen nnd Jensen 1988) as a 
means to reduce the airborne radioactivity level in work and living environments. 
The efficiency of such removal methods will again be determined by particle size and 
charge, constituting another reason for studying the characteristics of the polonium 
ions. 

There hive been numerous reports of measurements of the properties of the 
'unattached' fraction of radon decay products in the literature. The reported 
experiments were mostly measurements of the diffusion coefficient of the decay 
products as a measure of the size of the particles, although a number of reports dealt 
with measurement of the electric mobility of the particles. A review of the reported 
experiments and results will be presented in Chapter 2. Values found for the sizes of 
the decay products varied considerably, while conflicting results have been reported 
concerning the dependence of the diffusion coefficient (and thus particle size) on the 



nature and water vapour content of the carrier gas, the charge state (charged or 
neutral), and the age of the decay products. In most of the experiments however, 
these parameters were not very well controlled or quantified. Busigin et al (1981) 
recognized the importance of the composition of the carrier gas and concluded that 
the diffusion coefficient of 2 1 8 Po cannot be described by a single value but rather 
that it spans a range of nurbers dependent on the nature and composition of the 
carrier gas. These authors also concluded that 2 l 8 Po can exist in different chemical 
forms (e.g. Po0 2), again depending on the carrier gas, and that the constituents of 
the gas in part control the neutralization rate of the 2 l 8 Po ions. The diffusion 
coefficient of charged 2 l 8 Po will be lower than that of the neutral species due to 
electrostatic interaction between the charge and dipoles induced in the carrier gas 
m jlecules through polarization. 

Studies have shown that the presence of trace amounts of contaminants in the 
carrier gas can also lead to formation of ultrafine particles in the gas through 
radiolysis (Megaw and Wiffen 1961; Vohra et al 1984; Subba Ramu and 
Muraleedharan 1986). The ionizing radiation associated with the radon decay can 
form low vapour pressure compounds from gas constituents, which could lead to 
clustering and subsequent growth to ultrafine particles with which the 2 l 8 Po can 
become associated. Depending on the composition of the carrier gas there may 
therefore exist a continuous size range, from molecular cluste to ultrafine particles, 
so that the concept of 'unattached' and 'attached' decay product states becomes 
invalid. The radiolytical particle formation may explain the varying results reported 
in literature. Cluster and particle formation at smaller sizes in the presence of radon 
have recently been experimentally shown (Holub and Knutson 1987; Reineking et al 
1985; Reineking and Porstendórfer 1986, and Chu et al 1987). 

Raes (1985) presented a description of the clustering and ultrafine particle formation 
process from condensable species on 2 1 8 Po ions. This theory was subsequently used 
by Raes et al (1987) to model the size distribution of radon decay products in normal 
atmospheric environments. The results obtained corresponded qualitatively with the 
measurements of the radiolytically formed ultrafine particle size distributions 
mentioned previously and the theory may serve to describe the 



5 

initial clustering on 3 t 8 Po. In a later chapter a thorough description of the classical 
theory will be presented. The theory predicts that pure water clusters will form on 
the 2 1 8Po ions, where the sizes of the clusters depend on the water vaDOur 
concentration in the carrier gas. Theoretically this size should increase with an 
increase in water vapour concentration. According to the theory the ion-induced 
water clusters control the initiation of heteromolecular (more than one species) 
cluster formation and growth, so that water clusters play an important role in the 
ultrafine particle formation process. 

Knowledge of the sizes of the ion-irduced water clusters and how they depend on 
the water vapour concentration is therefore essential. This is also emphasized by 
Castleman '1982) and Castleman et al (1978) in studies of ion-water clustering in 
gas-to-par,icle conversion as an aerosol formation mechanism. Theoretical 
modelling of ultrafine particle size distributions makes use of ion-induced particle 
formation theories, which are in a continuous state of development (Castleman et al 
1978; Castleman 1982; Raes 1985). Measurement of the sizes of the water clusters 
will therefore serve as a validity test for the ion-induced theories. However, 
measurement of the very small cluster sizes requires high resolution sizing 
techniques. Although diffusion battery and diffusion screen measurements have 
shown the existence of a nucleation mode in the activity size distribution, these 
methods have a limited resolution at diametres below 1 nm. Mass spectrometry 
performed at atmospheric pressures (Singh et al 1982; Castleman and Tang 1972; 
Castleman 1982) offers the highest resolution measurements but necessitates the use 
of specialized, expensive equipment. Since the water clusters aie charged, however, 
the measurement of the electric mobility of the clusters after known formation times 
is a viable alternative to determine the sizes of the clusters. This data can be used 
to verify the clustering theories. 

It was the purpose of this study, to determine the sizes of the ion-induced water 
clusters formed on 7 l 8 Po and to compare the results with existing theories for 
ion-induced cluster formation. For this purpose a mobility spectrometer capable of 
measuring the sizes of the small water clusters with high resolution in well-defined 
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carrier gases and for controlled ion cluster ages was developed. In Chapter 2 a 
review will be given of the literature on measurements of the diffusion coefficients 
and electric mobility of radon decay products and the present state of knowledge. In 
Chapter 3 «he theory of ion mobility and diffusion will be discussed, and in Chapter 
4 the theory of ion-induced cluster formation and r.ucleation. Chapter 5 contains a 
description of the design and development of the mobility spectrometer. In Chapter 
6 the experimental techniques and measurements are described and in Chapter 7 the 
results of the measurements and their interpretations are presented. Chapter 8 is a 
conclusion with proposals for further study. 
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CHAPTER2 

LITERATURE REVIEW 

The results of various measurements of the properties of the 'unattached' fraction of 
radon decay products have been reported in the literature. These results are often 
conflicting. The reported experiments were mostly measurements of the diffusion 
coefficient of the decay products as a measure of the size of the particles. A number 
of reports, however, deal with the measurement of the electric mobility of the 
particles. The experiments were performed in different conditions, and the 
parameters that could have an influence on the measurements were not all 
investigated to the same extent in the various studies. In the following sections a 
short review of reported experiments will be given, as well as a sum nary of the 
present knowledge concerning the properties of radon decay products Actual values 
found for the diffusion coefficient and mobility in the individual experiments are 
presented in Tables 2.1 to 2.4 along with the relevant experimental conditions. 

2.1 DIFFUSION COEFFICIENT MEASUREMENT 

The earliest measurement of the diffusion coefficient of 2 l 0 Po was reported 
by Wellisch (1913), who used an electric field in a cylindrical capacitor to 
analyse radioactivity deposited on the central electrode. Wellisch also 
found that the number of positively charged particles decreased with 
addition of water vapour. Chamberlain and Dyson (1956), using a 
diffusion tube, deduced the value of the diffusion coefficient for 2 1 8Po by 
analysing the deposit of activity on the tube wails. The age of the 2 1 8 Po 
was not reported in any of these experiments. Poretendorfer (1968) 
determined the diffusion coefficient of charged 2 1 2Pb ions and neutral 2 l 2 Pb 
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atoms. A diffusion tube was used in these studies. 2 1 2 ?b is the second 
daughter in the thoron decay chain. The age of the 2 1 2Pb atoms in the 
experiments was 1-5 s. In a study of the two-filter method of radon 
measurement Thomas and LeClare (1970) determined the diffusion 
coefficient of 2 1 8Po atoms with an average age of less than 15 s, and fou-»d 
that the diffusion coefficient decreased with relative humidity. TI 
measurement technique was also based on a diffusion tube. Porstendorfer 
and Mercer (1979) used a diffusion tube fitted with a central electrode and 
determined that the diffusion coefficient of positively charged 2 l 2 Po in air 
of relative humidity 30-90 % had the same value as that found for neutral 
atoms, the diffusion coefficient of the latter being independent of relative 
humidity. The diffusion coefficient of the charged atoms was also 
measured for very dry air. The age of the atoms was less than 2 s. The 
latter three experiments were all performed in clean filtered air in diffusion 
tubes and had in common a relatively short age of the atoms (maximum 
15 s). However, varying results were found for the diffusion coefficient 
(between 0,024 and 0,085 cm2.s-») as well as for the dependence oa relative 
humidity. The fact that diffusion coefficients of charged and neutral 
species were measured separately in the experiments of Porstendorfer and 
Porstendorfer and Mercer, while unknown mixtures of charged and neutral 
species were studied in the other, has to be taken into account. The low 
value of 0,024 cm 2.s - 1 can be explained by the electrostatic interaction 
between the charge and induced dipoles in the carrier gas. Other 
differences in the results cannot be explained however. 

Raabe (19C8) also used a diffusion tube and notjd that the diffusion 
coefficient of 2 1 8Po decreased with relative humidity. The age of the 2 , 8 Po 
in Raabe's experiment was about 330 s. From the diffusional deposition of 
2"Pb atoms from air flowing radially between two coaxial, parallel circular 
plates, Kotrappa et a/ (1976) found that the diffusion coefficient of i l 2 Pb 
decreased with age for atom ages between 800 and 40 s. They found no 
dependence of the diffusion coefficient on relative humidity The same 
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diffusional sampler was used by Rag' unath and Kotrappa (1979) to 
measure diffusion coefficients of 2 l 8 Po and 2 l 2 Pb in clean filtered air and in 
argon. Atom ages between 40 and 600 s were investigated in clean air. 
These authors found that the diffusion coefficients of 2 1 8 Po and 2 1 2 Pb did 
not change significantly with relative humidity. The same conclusion can 
he drawn from the measurements mad in argon. The experiments of 
Raabe, Kotrappa, and Raghunath and Kotrappa were performed for 
relatively long atom ages but in different experimental apparatus. Again 
there is significant variation between the results found for the diffusion 
coefficient and the dependence on relative humidity, even where the same 
apparatus was used by Kotrappa and Raghunath and Kotrappa. 

2.2 MOBILITY MEASUREMENTS 

In addition to the experiments mentioned there have also been a number of 
measurements of the electric mobility of the radon and thoron decay 
products. The experimental arrangements of these experiments will be 
discussed in more detail in a later section, and only a summary of the 
relevant results will be presented here. Wilkening et al (1965) measured 
.abilities of radon decay products in atmospheric air with a cylindrical 
capacitor and found a range of mobility values between 0,250 and 
1,500 cm2.V-l.s-i. Blanc et al (1963) used a cylindrical capacitor and found 
that the mobilities of 2i«Po and 2 1 2 Pb formed in recirculated air can be 
divided into two groups. Mobility measurements with a parallel-plate 
mobility spectrometer by Bricard et al (1965) of radon and thoron decay 
products in unfiltered air with an average age of about 6 min also showed 
two groups of mobilities, the more numerous constituting a broad band of 
mobilities and the less numerous a narrower band centred on a larger 
mobility value. In an experiment by Bricard et al (1966), again with a 
parallel-plate spectrometer, six mobility groups were found for radon and 
thoron decay products in non-filtered ambient air after 2 min aging time. 
In the experiments of Wilkening, Blanc et al and Bricard et al, ambient 
unfiltered air was used as carrier gas with aging times of up to 6 
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min. Different numbers of groups of mobilities of varying values were 
found. 

Fontan et al (1966) found three groups of mobilities for thoron decay 
products formed iu different carrier gases, while for helium as carrier gas 
only one group were found at a very high mobility. The gases laden with 
thoron was aged in a 90 I chamber before analysis. In a later study 
Fontan et al (1969) found four groups of mobilities for ™Pb (ThB) in 
filtered air for the same aĵ ng time. The water vapour concentration in the 
experiment was measured as 2 % relative humidity. Fontan suspected that 
the 0 rings and the pump used in the experiment contaminated the carrier 
gas with organic vapours. Cylindrical capacitors were used by Fontan. 
The number of groups of mobility values and the values themselves 

differed from those in the previously mentioned experiments. Differences 
were also observed between the values found for various carrier gases. The 
mobility values found by all the above—mentioned authors are summarized 
in Tables 2.1 to 2.4. 

It can be seen from Table 2.4 that in all but two of the experiments the 
composition of the carrier gas was not very well-defined. Filtered ambient 
air was mostly used. The use of plastic containers and organic materials in 
the experimental assemblies were furthermore reported for most of the 
experiments. Consequently, the carrier gases might have been 
contaminated with unknown organic vapours, the effects of which were not 
accounted for. Among the diffusion coefficient measurements it was only 
in the experiment of Porstenddrfer and Mercer (1979) that a distinction 
was made between the coefficients for charged and neutral decay products. 
The other experiments could only supply average diffusion coefficients for 
unknown mixtures of charged and neutral products. As mentioned in 
Chapter 1, the diffusion coefficient of the charged atoms will be lower than 
that of the neutrals because of electrostatic interaction. The neutralization 
of the ions therefore plays an important role in the interpretation of the 
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measured results. In addition, the age of the ions and atoms differed in the 
experiments. 

23 IMPORTANCE OF THE CARRIER GAS COMPOSITION AND 
NEUTRALIZATION OF THE DECAY PRODUCT IONS 

The importance of the composition of the carrier gas was recognized by 
Busigin et al (1981), who con"'"ded that the diffusion coefficient of 2 l 8 Po 
cannot be described b a single value but rather that it spans a range of 
numbers dependent on the nature and composition of the carrier gas. 
These authors also concluded that 2 l 8 Po can exist in different chemical 
forms (e.g. Po0 2), again depending on the carrier gas, and that the 
constituents of the gas in part control the neutralization rate of the 2 l 3 Po 
ions. 

Frey and Hopke (1981) used the two-filter method described by Thomas 
and LeClare (1970) to investigate the effects of trace concentrations of 
nitric oxide and nitric dioxide ii. dry nitrogen on the neutralization of 
2 l 8 Po. They found that 2 1 8 Po was neutralized in the following 
atmospheres: 10 ppm NO2 in dry nitogen; 8,3 ppm NO in a dry mixture 
of 92 % N 2 and 8 % 0 2 and in pure nitrogen with a relative humidity of 
20-80 %. These trace gases as well as water vapour could therefore 
influence the measured diffusion coefficient of 2 1 8 Po. Later studies by 
Goldstein and Hopke (1985); Chu (1987a) and Chu and Hopke (1988) 
quantified these effects and three mechanisms for the neutralization of 
2 l 8 Po were proposed. These will be discussed in more detail in Chapter 4. 

The presence of trace amounts of contaminants in the carrier gas can also 
lead to formation of ultrafme particles in the gas through radiolysis. The 
ionizing radiation associated with the radon decay can form low vapour 
pressure compounds which could lead to clustering and subsequent growth 
to ultrafine particles with which the 2 1 8Po can become associated. This 
radiolytic particle formation was noted by Megaw and Wiffen (1961), who 
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observed a correlation between the sulphur dioxide content of the air and 
the concentration of ultrafine aerosol particles formed in the presence of a 
radiatk.i source. In a study by Vohra et al (1984) of the interaction of 
radon with SO2, 0 3 and ethylene it was found that an increase of the radon 
concentration from 3,70 x 103 to 1,85 x 10* Bq.nr3 caused an increase in 
the number of condensation nuclei formed from 6 x 104 to 1,4 x 105 cm 3 . 
Subba Ramu and Muraleedharen (1986) found similar effects using filtered 
ambient air containing unknown amounts of SO2, NOx and various organic 
vapours to which was added 2,96 x 103 to 2,59 x 104 Bq.nr3 of radon. They 
found that the concentration of the formed aerosol varied linearly with the 
radon concentration, the number of aerosol particles increasing from 103 to 
104 cm 3 . These authors also measured an increase in the particle size with 
time as well as with increasing relative humidity of the air, suggesting 
growth of the particles. 

There may thus exist a continuous size range of molecular clusters up to 
the size at which the clusters become detectable by conventional 
condensation nucleus counters. The determination of the cluster and 
particle formation at smaller sizes is possible by the detection of the radon 
decay product activity associated with the particles. The activity size 
distributions of the formed particles are determined by measuring the 
penetrability of the activity through fine wire mesh diffusion screens. 
Parallel or series screen configurations using different mesh screens for 
these determinations were described by Holub and Knutson (1987), 
Reineking et al (1985), and Reineking and Porstendorfer (1986) used 
high-flow diffusion screen batteries to determine the existence of these 
small clusters in indoor air. In a study by Ramamurthi (1989) of wire 
screen techniques, it was shown that these methods have low size 
resolution for diametres below 1 nm. Particles can at most be determined 
to have diametres between 0,5 and 1 nm. In an attempt to study the 
mechanism of the ultrafine particle formation, Chu et al (1987) introduced 
increasing amounts of SO2 to humid air containing 3,70 x 104 Bq.nv3 of 
radon and found the 2 l 8 Po to be associated with an increasing size 
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ultrafine mode in the size range of 0,5 to 3 nm. Stockwell and Calvert 
(1983) suggest the following mechanisms for H2SO4 formation: 

H 2 0 —. H + OH 
S 0 2 + OH — HOSO2 
H O S 0 2 + 0 2 — *I0 2 + S 0 3 

H 20 + S 0 3 — H 2 S0 4 

Thus hydroxyl radicals formed by water vapour radiolysis react with S 0 2 

to form a condensable species such as H2SO4, which can form molecular 
clusters with water molecules, either homogeneously or heterogeneously 
(around ions formed through ionization or around the 2 l 8 Po ions). These 
embryonic clusters may grow and cause particle formation through 
nucleation. 2 i 8 Po can also become associated with these particles by 
attachment. The hypothesis that OH radicals cause formation of 
condensable species is strengthened by the results of experiments by Hopke 
et al (1987), who showed that the addition of an OH scavenger like NO 
eliminated the particle formation. The presence of contaminants in the 
carrier gas that can react with OH radicals to form condensable 
compounds can therefore lead to changes in the size and diffusion 
coefficient of the so-called unattached fraction of radon decay products. 
In fact, the distinction between unattached and attached states ceases to 
exist, since a range of sizes can occur. This may cualitatively explain the 
varying results found in the literature. 
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Table 2.1 
Six groups of mobilities and corresponding diffusion 

coefficients measured by Bricard et al (1966) in ambient air 

Mobility group 1 2 

m 

3 

• • • • -

4 5 6 

K [cm2.Vi.s-i] 
D [cm2.s-i] 

2,35 
0,060 

1,98 
0,051 

1,30 
0,033 

0,83 
0,021 

0,60 
0,015 

0,44 
0,011 

Table 2.2 
Three groups of mobilities (K) and corresponding diffusion 

coefficients (D) measured by Fontan et al (1966) in 
different carrier gases (K in cm^V^.s-i; D in cm^s'1) 

Mobility group 1 2 

. 

3 

Gas K D K D K D 

N 2 

o 2 

co 2 

Ar 

1,80 0,046 
1,90 0,049 
1,55 0,039 
1,65 0,042 

0,85 0,022 
0,90 0,023 
0,75 0,019 
0,82 0,021 

0,55 0,014 
0,50 0,013 
0,50 0,013 
0,40 0,010 
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Table 2.3 
Four groups of mobilities and corresponding diffusion 

coefficients measured by Fontan et al (1969) in filtered air 

Mobility group 1 2 3 4 

K [cm2.V-i.s-»] 
D [cm2.s-i] 

2,00 
0,51 

1,30 
0,033 

0,95 
,024 

0,55 
0,014 

Table 2.4 
Results cf diffusion coefficient and mobility measurements 

reported in literature, with relevant experimental conditions 

Inv Atom Carrier Isotope %RH Charged/ D Effect 
age gas neutral of 

humidity 

We _ FAA 2l8Po both 0,044 N*lRHf 
Ch — FAA 2l8Po — both 0,054 — 
Ra 330 s FAA 218Po 15 

35 
both 0,047 

0,035 
D|RH| 

Poa 1-5 s FAA 2«Pb charged 
neutral 

0,050 
0,076 

_ 

Th <15s FAA 
CB 

21»P0 >20 
0 

both 0,085 
0,053 

D|RH| 

Ko 40-
800 s 

FAA 212Pb — both 0,062-0,007 None 

Pob <2s FAA Jl2pb <2 
>30 
<2 

>30 

charged 

neutral 

0,024 
0,068 
0,068 
0,068 

DfRHf 
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I 

Inv Atom Carrier Isotope %RH Charged/ D 

1 

Effect 
age gas neutral of 

humidity 

Rag 60-
600 s 

FAA 218Po 10 
90 

both 0,081-0,065 
0,080-0,044 

DiRHf 

40-
600 s 

21?pb 10 
90 

0,053-0,008 
0,054-0,007 

60-
600 s 

Ar 218Po 10 
90 

0,096-0,073 
0,091-0,071 

40-
600 s 

2UPb 10 
90 

0,072-0,050 
0,072-0,050 

Bl " FAA 2upb — charged 0,021 
0,042 

Wi — AA Mix — charged 0,006-0,039 
Bra 6 min AA Mix ~ charged 0,008-0,028 

0,066 
Foa N 2 

o 2 

co 2 

Ar 

He 

Thoron 

decay 

products 

chaged 0,046; 0,022; 
0,014 
0,049; 0,023; 
0,013 
0,039; 0,019; 
0,013 
0,042; 0,021; 
0,021; 0,010 
0,085 

Brb 2 min AA Mix charged 0,060; 0,051; 
0,033; 0,021; 
0,015; 0,011 

Fob 2 min FAA 2l2Pb 500 
ppm 

charged 0,051; 0,033; 
0,024; 0,014 

Inv: Investigators 
% RH: % relative humidity 
D: Diffusion coefficient [ernes'1] 
N+: Number of charged atoms 
AA: Ambient air 
FAA: Filtered ambient air 
CB: Charcoal bed 
Mix: Unknown mixture of radon and thoron decay products 
We: Wellisch (1913); Ch: Chamberlain and Dyson (1956); Ra: Raabe 

(1968); Poa: Porstendórfer (1968); Th: Thomas and LeClare (1970); 
Ko: Kotrappaei a/(1976); Pob: Porstenddrfer and Mercer (1979); Rag: 
Raghunath and Kotrappa (1979); Bl: Blanc "t al (1963); Wi: 

Wilkening et al (1965); Bra: Bricard et al (1965); Foa: Fontan et al 
(1966); Brb: Bricard ci a/(1966); Fob: Fontan et al (1969). 

0 
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CHAPTER3 

THEORY OF ION MOBILITY AND DIFFUSION 

In this chapter a short phenomenological description of ion mobility and diffusion 
will be given, followed by more detailed quantitative treatments of these topics, 
based on the kinetic theory. 

31 THE MOTION OF SLOW IONS IN GASES 

Consider a collection of similar ions in a particular gas of uniform 
temperature and pressure and let the number density n of the ions be low 
enough for mutual coulomb interaction to be neglected. The ionic flux 
density 2 can be written as 

2 = ny_ (3.1) 

where y. is the velocity of the net ionic flow. Whenever a gradient in the 
concentration of the ions exists in the gas the process of diffusion will lead 
to a net spatial transport of the ions through the gas in a direction 
opposite to the gradient. This flow of ions can be described by Fick's law 
which relates the ionic flux density 2 with the number concentration of 
ions, n: 

2 = -DVn (3.2) 

D is the diffusion coefficient of the ions and is a property of both the ions 
and the gas through which they are diffusing. From equations (3.1) and 
(3.2) it then follows that 

y = (-D/n)Vn (3.3) 
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The ionic flow will persist until all spatial concentration gradients ha-.e 
been eliminated. 

The application of a uniform electric field across the volume of gas 
occupied by the ions will cause a steady flow of ions through the gas, a 
drift motion superimposed on the random Brownian motion of the ions 
caused by collisions with gas molecules. For a weak applied field the 
velocity of this steady flow is directly proportional to the intensity of the 
field so that the drift velocity of the ions can be represented by 

Yd = KE (3.4) 

where E_ is the field intensity a nd K a proportionality constant. This 
factor K is the electric mobility of the ions. (For aerosol particles with 
diameters larger than the mean free path of the carrier molecules another 
quantity, the mechanical mobility, can be defined. This will be discussed 
in 3.4.) The drift velocity Yd can be considered as the velocity of the 
centre of mass of the collection of ions. As is the case with the diffusion 
coefficient D, the mobility is a joint property of the drifting ions and the 
carrier gas. A relation exists between the mobility and the diffusion 
coefficient, called the Einstein relation, which is valid for weak electric 
fields and is exact in the limit of vanishing field strength. This relation 
can be derived in a simplified manner, as follows (Revercomb et ai 1975): 

The number of ions crossing a unit area per unit time in the x 
direction is given by the sum of the two components of the motion, 
diffusion (equation 3.2) and the drift motion in the electric field 
(equation 3.4): 

I = nKEx - D dn/dx (3.5) 

where E x is the components of the electric field in the x direction. 
The electric field causes a gradient in the ion density and at 
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equilibrium the diffusion of ions along this gradient exactly balances 
the forced flow of ions by the field. The equilibrium number 
distribution of ions with charge q can be represented by a 
Boltzmann distribution: 

n = n 0 EXP (+qExx/kT) (3.6) 

where k is the Boltzmann constant. By differentiation: 

dn/dx = n0qEx/kT (3.7) 

Substituting in (3.5) and making J = 0 then results in the Einstein 
relation: 

K = qD/kT (3.3) 

This relation is sometimes called the Nernst-Einstein or Townsend-
Einstein relation. Equation (3.8) is valid only in situations where the 
electric field is so weak that the ions are close to being in thermal 
equilibrium with the gas molecules; the ionic velocity distribution is 
therefore very nearly Maxwellian. At a very high field intensity the ions 
will acquire an energy due to the field which is on average much in excess 
of the random thermal energy due to collisions. The ionic motion then 
consists of two components which overshadow the thermal motion. The 
first component is in the field direction due to the force imposed by the 
electric field on the ionic charge. The second random component 
represents energy acquired from the í>cld but randomized by collisions. 
The mobility will no longer be a constant but will depend on the ratio of 
electric field strength to gas number density E/N and diffusion will take 
place at different rates parallel and transverse to the field direction. The 
diffusion coefficient in effect becomes» a tensor instead of a scalar with 
tensor components to describe diffusion in both directions. 
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It is therefore very important to assure the validity of the Einstein relation 
in any experiment when measuring io.i mobility and relating it to diffusion 
coefficient. The average energy acquired from the field in relation to the 
thermal energy of the ions determines whether 'weak field' conditions exist. 
As shown by McDaniel and Mason (1973), ihe ratio E/N (electric field 
strength to carrier gas number density) can be used to judge the validity of 
the Einstein relation in a given experiment. This ratio can also be 
expressed in terms of the gas pressure p as E/p and it can be shown that at 
a ratio of E/p < 0,02 V.cm-».Pa-» (2 V.cm-i. mmHgi) or 2,03 x 10* V.cm» 
at 100 kPa (1,5 kV.cm» at 760 mmHg) the ionic field energy is much less 
than the thermal energy. 

3.2 DERIVATION OF AN EXPRESSION FOR ELECTRIC MOBILITY K 

The derivation of an analytic expression for mobility describing the motion 
of an ion under the influence of an electric field has been the subject of a 
number of studies. Notable are the works of Sutherland (1909a) and 
Wellisch (1909) based on classical kinetic theory involving mean free 
paths. These theories did not yield very accurate results. A few years 
earlier Langevin (1905) had made a very exact theoretical study of the 
mobility of ions in gases using force field arguments instead of free path 
considerations. He assumed solid elastic impacts of ions with molecules 
and took longer-range attractive forces between the ions and molecules 
into account. These forces exist between the ions and dipoles formed 
through polarization of the gas molecules by the local electric field 
surrounding the ion. Thomson (1924) studied the momentum loss of ions 
moving through a gas due to these forces and Loeb (1925) adapted this 
analysis to deduce an equation for ionic mobility. 

The most rigorous and accurate expressions for the mobility follow from 
the Chapman-Enskog kinetic theory treatment (Chapman and Cowling 
1952) of the diffusion phenomenon. Due to the equivalence between ionic 
mobility and dif sion as manifested by the Einstein relation, the results of 
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the treatment can be applied to mobility. The Chapman—Enskog theory 
leads to solutions of the Bcllzmann integrodifferential transport equation 
for the motion of ions through a gas. These solutions are in the form of 
first—, second—, and higher—order approximations to the diffusion 
coefficient D, which are successively more accurate. A thorough 
description of the Chapman—Enskog method of solution for the Boltzmann 
equation is beyond the scope of this study and only the relevant results will 
be given. 

However, an explicit expression for K was obtained from free-flight 
arguments by Wannier (1953). It was assumed by Wannier that the ionic 
number density is low enough for interactions between the ions to be 
neglected, and that the chance of a collision of a gas molecule with two 
ions consecutively is negligible. The gas density is also sufficiently low so 
that only binary ion-molecule collisions have to be considered. Wannier 
obtained the following expression for the dnft velocity: 

1 

where 
m - mass of the ion 
M = mass of the carrier molecules 
N = number density of the gas molecules 
E = electric field strength 
q = ionic charge 
k = Boltzmann constant 
T = absolute temperature 
Q = collision cross section for ion—molecule collision 

from which the mobility K can be obtained by equation (3.4): 

K = v d /E (3.10) 
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This expression for K, obtained from free-flight arguments, should be 
compared to the accurate Chapman—Enskog first approximation for the 
diffusion coefficient D. This approximation is (Chapman and Cowling 
1952; Hirschfelder et al 1954): 

where the subscript ce signifies the Chapman-Enskog calculation, ft is a 
diffusion collision integral or an average collision cross section which will 
be discussed in 3.3. The mobility can be calculated from equation (3.11) 
using the Einstein relation (3.8): 

K c e = qDce/kT (3.12) 

Comparison with the result of equation (3.10) shows that 

K c e = £K (3.13) 

with 

£ = ^ ^ = 0.814 

The mobility obtained from equation (3.9) therefore corresponds with the 
accurate kinetic theory result within a factor of 0,814 and shows all the 
physical features of mobility. The expression demonstrates that mobility 
depends on the properties of the ions (charge q and mass m) and those of 
the gas through which the ion moves (molecule mass M, gas temperature T 
and number density N), as well as on the characteristics of the collisions 
that occur between the ion and gas molecules. Inherent in the derivation 
of equations (3.9) and (3.10) is the assumption that the ions are in thermal 
equilibrium, which can only be valid for weak electric fif Ids. 

T W 
~2~WT 
TTÏ Ï~ (3.11) 
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Although derivations for higher field strengths have been performed 
(Wannier 1953) these are not of interest in this study as low field 
conditions will be employed in the experiments. 

THE COLLISION INTEGRAL AND ION-MOLECULE FORCES 

The quantity 0 appearing in equation (3.11) represents a diffusion collision 
integral or average collision cross section and is taken to be the same as the 
Q defined in the derivation of the mobility in 3.2 (McDaniel and Mason 
1973, p. 140). Since the phenomena of diffusion and mobility are ascribed 
to the collisions that take place between the ions and molecules, and these 
collisions depend on the forces between them, these ion-molecult forces 
must also determine the mobility. The entire dependence of the mobility 
on the ion-molecule forces is contained in the collision integral ft. The aim 
of this study is to deduce physical characteristics of ions/clusters drifting 
through a known gas from measurements of the mobility of these ions. It 
is therefore important to know how ft dc^ uds on the ion-molecule forces. 
A detailed discussion and derivation of the collision integral involves a 
review of the dynamics of binary collisions as well as of the 
Chapman-Enskog procedure for solution of the Boltzmann transport 
equation. Instead it will suffice here to give only the basic steps followed 
to calculate the collision integral when the ion-molecule potential is given. 
Three successive integrations are necessary. 

The first integration determines the deflection angle 8(b,Er) in an 
ion-molecule collision as a function of the impact parameter b and relative 
energy E r (McDaniel and Mason 1973, p. 237): 

B(b,Er) = r-2b r [ i - g - Y^ l ] * di (3.14) 
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where V(l) is the ion—molecule interaction potential, I is the distance 
between the ion and molecule centres and l a is the distance of closest 
approach between ion and molecule during a collision. 

A second integration involves averaging over impact parameters to obtain 
the cross section Q as a function of E r, the relative kinetic energy of the 
collision (Revercomb and Mason 1975): 

t 

Q(Er) = 2T f (1 -cos8)I(B)sinBdB (3.15) 
•o 

1(B) is the differential cross section for scattering through an angle 8. 

The third integration finally yields collision integrals as a function of 
temperature (Revercomb and Mason 1975): 

8 ( T ) = 5(ÏTP / e _ E r / k T E ? Q ( E ' ) d E r ( 3 1 6 ) 
0 

The three integrations as exhibited above are the expressions for the case 
of spherically symmetric interactions between the ion and gas molecules. In 
general these integrations become extremely complex for all but very 
simple forms of the interaction potential so that extensive numerical 
integration is necessary. 

One form of interaction for which the integrations can be performed 
analytically is that where the ions and molecules are assumed to be rigid 
elastic spheres of diameters di and d 2 so that collisions only occur when 

b < ^ ( d , + d 2) = E (3.17) 
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where b is the impact parameter. For this interaction 11 is found to be 
equal to TE 2 (Chapman and Cowling, Chapter 10, 1952; McDaniel and 
Mason, Chapter 5, 1973). 

Although a variety of forces can act between ions and molecules it is 
generally accepted (Revercomb and Mason 1975) that unless the gas 
molecules possess appreciable dipole or quadrupole moments, the longest 
ranged components of the interaction arise from the interaction of the ionic 
charge with dipoles it induces in the gas molecules. This polarization 
potential can be written as 

VPoi(r) = qty2r« (3.18) 

where a is the polarizability of the gas molecules. For nitrogen a has a 
value of 1,76 x 10*24 cm 3 (McDaniel and Mason 1973). The long-range 
force acting between the ion and molecules is given by the derivative of the 
potential (3.18) with respect to the radius r: 

F = -§=*gL (3.19) 

At shorter ranges the ion-molecule forces can be either attractive or 
repulsive in nature. Including all these forces into the interaction 
potential, however, leads to integrals that can only be solved by extensive 
numerical integration. Furthermore, the exact form of the potential is 
unknown for the ion-molecule pair under consideration in this study. A 
simplified interaction model will therefore be assumed where the 'ons and 
molecules are represented by rigid spheres of diameters d t and d2 
surrounded by attractive force fieids according to the potential (3.18). The 
total interaction potential is then given by 
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where 

V(r) = £ i -
di+d; 

r J 
(3.20) 

V(r) = »;r<J(d,+d2) 

V(r) = 
- C 5 

d t+d 2 
j 

rJ ;r > \ (d,+d2) 

where i and j are constants. The first part of the potential represents the 
short-range repulsive force and the second part the longer-ranged 
attraction. Ci and C 2 are constants. This is the so-called Sutherland 
interaction model (Sutherland 1909b), which has found wide application 
(Hirschfelder et a/, p. 549, 1954; Chapman and Cowling, p. 182, 1952; 
Porstendorfer 1968) in calculations concerning the mobility and diffusion of 
ions through gases. A thorough description of the analytical evaluation of 
the integrals (3.14-3.16) for this potential is given by Chapman and 
Cowling, p. 182 (1952), and will not be repeated here. The results lead to 
the Sutherland formula for the diffusion coefficient of the ion: 

D( D -( l+S/T) (3.21) 

where D 0 is the Chapman-Enskog first approximation to the diffusion 
coefficient (3.11) for the rigid elastic sphere interaction discussed 
previously, i.e. where A = TE2. The Sutherland constant S is given by 

s = q ]Cj (3.22) 

where k is the Boltzmann constant. The function ]{)) is tabulated for 
various values of j (Hirschfelder et al, p. 550, 1954; Chapman and 
Cowling, p. 184, i952). The value of C 2 can be determined by equating 
Vpoi (equation (3.18)) with 
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c, f ^ l J 

rJ 

with j = 4. The result is 

For j = 4, i;(j) = 0,201, so that from equation (3.22) it follows that 

c _ 0,201 qZp (3.23) 

From equations (3.23), (3.21) and (3.11) the diffusion coefficient and 
therefore mobility of an ion in a particular gas can be determined given the 
size and mass of the ion and gas molecules. 

LARGE IONS 

The discussion of the previous sections refers entirely to 'small' ions, i.e. 
ions having diameters which are small compared with the molecular mean 
free path. This study will be concerned with ions growing by nucleation 
mechanisms to larger diameters. When the diameter becomes comparable 
to or larger than the mean free path, multiple collisions between the ions 
and molecules become important. For ion diameters larger than the mean 
free path these multiple collisions result in a drag force on an ion of radius 
r. Under action of an external force the ion will, as a result of this drag 
force, reach a constant terminal velocity v t. The drag force is given 
by Stoke's law (Stokes 1856): 

Fdrag = 6*ITVt (3.24) 
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where v is the viscosity of the gas. The mechanical mobility, Z, of the ion 
is defined by 

Z = vt/Fdrag = l/6xi/r (3.25) 

Combining equations (3.24) and (3.4) and equating the force due to the 
electric field with and opposite to the drag force yields the electric mobility 
of the large ion 

K = q/6ri/r (3.26) 

The electric mobility is thus equal to qZ. 

When the ion diameter becomes slightly larger than the molecular mean 
free path a correction to the Stokes law can be applied. This 
semi-empirical Cunningham slip correction, as it is called, leads to the 
Stokes-Cunningham formula: 

K = (q/6Ti/r) (1 + 2,52y/2r) (3.27) 

as proposed by Cunningham (1910). y is the mean free path of the gas 
molecules. The factor 1 + 2,52y/2r is the Cunningham slip correction 
factor and is appicable for particle diameters larger than 10 - 5 cm. Other 
empirical forms of the correction factor exist for the entire range of particle 
sizes (Davies, 1945). However, these forms lead to an overestimation of 
the mobility for particles much smaller than the mean free path. 
Ramamurthi and Hopke (1989) derived a semi-empirical correction factor 
to equation (3.27) to yield mobility values comparable to kinetic theory 
results for these particle sizes. 

In this study experiments will be performed with nitrogen gas at 
atmospheric pressure (100 kPa) and a temperature of 298 K, so that the 
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molecular mean free path for the gas molecules will be 9,44 x 10 6 cm. 
Only when ion diameters of this order of magnitude are encountered will it 
be considered necessary to use the correction proposed by Ramamurthi and 
Hopke. For all ion sizes smaller than that the ions encounter single 
collisions with carrier molecules and the equations derived from kinetic 
theory will suffice for calculations concerning the mobility and diffusion of 
the ions. 

In this chapter the phenomena of ion mobility and diffusion in gases have 
been described. It has been shown that simple free—flight arguments yield 
an expression for mobility equal to that derived from rigorous kinetic 
theory within a factor of 0,814. This equation shows the functional 
dependences of mobility on ion mass, gas density and temperature and the 
ion-molecule force law, but it has been necessary to assume that the ions 
are in thermal equilibrium with the gas molecules, i.e. that the applied 
electric field is weak. For these conditions the Einstein relation between 
mobility and diffusion is valid so tha the diffusion coefficient derived from 
kinetic theory can be used to calculate mobility. For calculations of 
mobility in this study, for the ion-molecule pair under consideration, a 
simplified ion-molecule interaction is assumed, based upon interactions 
between ions and dipoles induced in the gas by the local electric field 
surrounding the ions. 

The size of the bare Po 2 1 8 ion without any molecules clustered around it is 
unknown. From the empirical crystal radius and the bond length of Pb in 
metal, however, Tang and Castleman (1972) estimated the radius of a Pb* 
ion to be 1,5 x 10 *8 cm. Po and Pb belong to the same metal group so that 
the same value is assumed for the 2 l 8 Po ion radius. Using the expressions 
for the diffusion coefficient from this chapter, and the Einstein equation, 
the mobility of the Po2.18 ion (with a +1 electron charge) can th»n be 
calculated for this ion radius as 1,98 cm2.V_1.s*1. 

In this study measurements are made of the mobility of 2 1 8Po ions/clusters 
in nitrogen, and the sizes of the ions are then deduced from the relations in 
this chapter. 
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CHAPTER4 

ION-INDUCED CLUSTER FORMATION 
AND NUCLEATION 

The theory of ion-induced cluster formation and nucleation forms the subject of this 
chapter. A background to the nucleation phenomenon will be given followed by a 
discussion of the formulation and predictions of the theory as applied to 2 1 8Po ions. 

41 BACKGROUND 

The phase transition process by which gases or vapours are converted to 
submicron-sized particles is called nucleation. When the process does not 
depend on the pre-existence of other particles it is called homogeneous. 
Nucleation can also take place on the surface of other pre-existing 
particles or around ions and the process is then called heterogeneous. 
When the concentration of a certain gaseous species becomes so high that 
it transforms to the liquid or solid state the nucleation process is called 
homomolecular. When two or more gaseous species combine to form 
particles it is called heteromolecular nucleation. 

The pre-existence of particles and ions both promote nucleation. In the 
case where heterogeneous nucleation takes place on the spherical surface of 
partially wettable and insoluble small particles, the surface-to-volume 
ratio of the particles changes. The effect is to lower the Gibbs free energy 
of formation (Yue 1979; Stauffer et al 1973). When an ion is present its 
local electric field polarizes nucleating molecules. Thus an attractive force 
exists between the ion and the induced dipole on the molecule, so that the 
nucleating molecule» are more strongly bound to the ion. The result is 
that the Gibbs free energy of formation of the cluster is reduced. 
Ion-induced nucleation thus takes place through the clustering of 
molecules of a condensable species around the ion. These clusters can grow 
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to ultrafine aerosol particles under particular conditions which will be 
discussed later. 

This study will be concerned with the formation of ion-induced clusters of 
pure water on i l 8 P o ions. Ion-induced duster formation with pure water 
has been theoretically and experimentally studied on positively charged 
lead ions by Tang and Castleman (1972 ) and on bismuth ions by Tang 
and Castleman (1974), using mass spectroscopic techniques. Since Pb and 
Bi belong to the same metal group as Po, these studies are of considerable 
interest. 

Theoretical treatments of water clustering on Po ions have been presented 
by Hawrynski et al (1982); Hawrynski (1984a) and by Raes (1985a). 
Hawrynski (1984b) has also performed experimental work in verification of 
his representation of the theory. Recently, Leung and Phillips (1988) 
reported measurements of the mobility of 2 l 8 Po ions in clean filtered air at 
various relative humidities. No comparisons with theory were made. To 
the author's knowledge, no other measurements of water clustering on 
2 l 8 Po ions per se have been reported. 

CLUSTER FORMATION WHEN ONE CONDENSING SPECIES IS 
PRESENT 

The process by which polarized molecules cluster around an ion is 
essentially a microscopic process. Theories of the phenomenon are in a 
continuous phase of development (Castleman et al 1978). However, the 
process is usually described by the classical thermodynamic theory of 
droplet formation, in which macroscopic quantities such as surface tension 
and dielectric constant are used. It has been shown by Castleman 
(1982) that despite the use of these quantities the theory can be used to 
quantitatively describe the clustering of H 2 0 molecules around various 
ions. For other condensing molecules the theory provides only a 
qualitative description. This section will therefore focus on the situation 
where H2O molecules are the only condensing species. 



32 

4.2.1 Classical theory 

According to the classical theory, the free energy of formation, &G, of a 
cluster of radius r is given by (Bricard 1977; Raes 1985a): 

4 G = 3 ^ 3 " "kT'" F=+*"" + '*(1" ̂  ~ L<°} ( 4 J ) 

mass of a H 20 molecule 
density of liquid water 
temperature 
Boltzmann constant 
ambient vapour pressure of H2O 

equilibrium vapour pressure of H2O over a flat 
surface of H2O 
surface tension of the cluster 
dielectric constant of liquid water 

Both surface tension and dielectric constant are macroscopic quantities. 
The properties of the ion enter into equation (4.1) through the charge q on 
the ion and its radius r0. Neither the sign of the charge on the ion nor the 
chemical properties of the ion are contained in equation (4.1). The first 
term on the right-hand side of (4.1) represents the latent heat of 
condensation while the second term (surface term) accounts for the work 
done in changing the surface area when additional water molecules are 
incorporated into the cluster. The dielectric film of water around the ion 
alters the electric field of the ion because of polarization of the water 
molecules in the layer. The last term, Thomson (1906), describes the 
resulting change in electric field energy about the ion due to the 
condensation of a liquid film of water with a dielectric constant of e. This 
term thus accounts for the presence of a charge on the ion and represents a 

where m H 2 0 = 
P 
T 
k 
P 

P* = 



reduction of the free energy of formation of the ion cluster. The ratio 

P/P™ is equal to the relative humidity of the atmosphere in which the 
clustering takes place. The change in free energy AG with radius is shown 
schematically in Figure 4.1 for both charged and uncharged clusters for the 

condition where P/P t t < 1, i.e. the relative humidity is less than 100 %. 
The free energy of formation displays a well-defined minimum at a 
particular radius r* for a charged cluster, whereas for neutral clusters AG 
keeps increasing. This means that formation of neutral H 2 0 clusters is 
thermodynamically impossible but ions will always gather molecules and 
grow to clusters of radius r* at which the cluster is in stable equilibrium 
with the water vapour. The number of H 2 0 molecules condensing onto the 
surface of the cluster is then equal to the number evaporating from it. 
Since the free energy of formation continues to increase with size after the 
minimum the spontaneous growth of pure water clusters to larger droplets 
for relative humidity values less than 100 % is impossible. Should the 
cluster become neutralized it will evaporate to become a neutral atom. 

CLUSTER RADIUS 

Figure 4.1 Change of the free energy, AG, with radius for pure water clustering. 
AG is shown for charged and neutral clusters 
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The number of H 20 molecules, n*H Q, in the cluster of equilibrium size r* 
is given by 

'iw-s^' < 4 2 > 

From gas kinetic theory the collision rate per unit area of H 2 0 molecules 
with the ion is given by (Raes 1385) 

* = N H 2 0 dnf" ( 4 3 > 'H 20 

where Ng Q is the number density of H 2 0 molecules in the atmosphere 
surrounding the ion. From (4.3) the time for the equilibrium number, 
n*H O' m 0 ^ e c u ^ e s t 0 impinge on the ion and form a cluster of equilibrium 
radius may be calculated. For relative humidities between 1 % and 100 % 
this time is between 5 x 10*s and 5 x 10~7 s. 

The radius at the minimum in the AG VS r curve can be found by equating 
the derivative AG with respect to r with 0 from equation (4.1). The 
equilibrium radii for various given relative humidity values may then be 
calculated. The results of such calculations are shown in Figure 4.2a 
indicating that the radius increases with increasing relative humidity. 
Also shown in the figure is the number of H 20 molecules clustered to the 
ion as calculated from (4.2). The theoretical results obtained by 
Hawrynski (1984) are also shown in this figure and will be discussed in the 
next subsection. 
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Figure 4.2a Theoretical dependence of cluster radius and number of H2O 
molecules in cluster on relative humidity 

rrr,nTT Radius and number of molecules from the theory of Hawrynski 
(1984a) 

rCT'nCT Radius a Q d number of molecules from the classical theory (Raes 
1985) 

4.2.2 Cluster formation theory of Hawrvnski 

Hawrynski et al (1982) proposed a theory for the clustering of H 2 0 
molecules around 2 1 8Po ions and elaborated on their theory in a later paper 
(Hawrynski 1984a). The theory takes account of the electrostatic forces 
existing between the ion and the clustering molecules by considering the 
change in electrostatic energy of the cluster with its radius, instead of the 



dielectric effect as in the classical theory. It also incorporates a 
thermodynamic correction to the macroscopic surface tension to take the 
small radius of the cluster into account. By equating the derivative of the 
free energy of formation with respect to radius with zero, as in the classical 
theory, Hawrynski (1984a) obtained the following equation: 

P — = exp p« r 

2 m T T r\<? 

kT(/r*+2r)"4Teor f2kT ^[4*f0r*2kT] (4.4) 

where V = a coefficient of adsorption 
-iC(x) = Langevin function of x 
(i = dipole moment of a H 2O molecule 
f 0 = permitivity of vacuum 

Equation (4.4) relates the equilibrium radius of the cluster, r*, with the 

relative humidity P/P" of the surrounding carrier gas, and this was called 
the static theory result. Hawrynski also took statistical fluctuations of the 
number of water molecules in the cluster into account by assuming that for 

an atmospheric relative humidity of H(re) = P/P0 0 a cluster of radius rc 

exists with a relative probability ý(H(re),rc) and derived the following 
equation for this probability: 

lKH(re),rc) = Hire 
re; [ n H 2 0 ( r e ) " n H 2 0 Í r c ) (4.5) 

where H(rc) = relative humidity calculated for cluster radius rc 

from equation (4.4) 
r e = cluster radius calculated for humidity H(re) of the 

atmosphere from equation (4.4) 
nH o( r < ;) = n u m ^ e r °* w a t e i molecules in cluster of radius r e 

nH f>(rc) = n u m ^ e r °f molecules in cluster of radius rc 
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In terms of number of molecules contained in the cluster this relative 
probability can be written as i>(ne, n c) where n c = n„ o(r c) is the number 
of molecules in a cluster of radius rc and n e = n„ 0 ( r e ) is the numbt. in a 
cluster of radius r e which would correspond to the atmospheric relative 
humidity H(re). If M(ne> nc) denotes a cluster containing n c molecules in 
an atmosphere in which the static theory predicts n e molecules, then the 
cluster formation process involves growth stages 

M(ne, n c) -» M(ne, n c + 1) 

and evaporation stages 

M(ne, nc) -» M(ne, n c - 1) 

Cluster growth will occur until the probability of transition to a state 
M(ne n c + 1) becomes less or equal to the probability of transition to any 
other state containing less molecules. Hawrynski derived a condition of 
dynamic balance for this process given by 

W>(n e ,n c +1) = E C (n c -k)?(ne,k) (4.6) 
k=0 

where W is a weighting factor. Equation (4.6) was called the dynamic 
theory result. The radii of clusters calculated from the dynamic theory as 
well as the number of H2O molecules for various relative humidities are 
shown in Figure 4.2a. The theory of Hawrynski predicts considerably more 
growth than the classical theory. Hawrysnki (1984b) performed 
experimental studies on the clu «tering process for 2 1 8Po :ons and the results 
of his experiments are shovvn in Figure 4.2b in terms of diffusion 
coefficients of the ions as measured and predicted by the theory for 
different relative humidity values. Good agreement with the dynamic 
theory was obtained. 
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2b Experimental measurements and theoretical predictions of the 
diffusion coefficient performed by Hawrynski (1984b) 

Kinetic model of clustering 

The descriptions of ion-induced cluster formation presented in 4.2.1 and 
4.2.2 were based on steady-state thermodynamic models except for the 
dynamic theory of Hawrynski. However, Castleman and Tang (1972), 
Castleman et al (1978) and Castleman (1982) have shown that the process 
of cluster growth can also be formulated in terms of a kinetic model. These 
authors have shown that the kinetic and steady-state thermodynamic 
models are complementary. In the kinetic model the formation of a water 
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cluster around an ion A* is represented by the following sequence 
(Castleman 1982): 

K, 
A* + H 20 + M = A+(H 20) + M 

K2 

A*(H20) + H 20 + M = A*(H20)2 + M (4.7) 

K n + 1 
A*(H20)n + H 20 + M = A + (H 2 0) n + i + M 

where M is a third body. The equilibrium constants Ki for these reactions 
can be expressed in terms of the free energy of formation of a cluster with 
n + 1 molecules from one with n molecules through the expression 

AG(n, n+1) = -RT In K(n,n+1) (4.8) 

where R is the universal gas constant and AG(n,n+l) the free energy of 
formation. The rate of formation of the clusters can in turn be obtained 
from Ki. The free energy of formation of a cluster containing n molecules 
can be calculated from statistical mechanics by means of the following 
equation: 

RT = £ f i A i S a - = ^ 
1! Qn/U 
n-T$77ïï)n 

(4.9) 

where gi and g n are the respective chemical potentials of the condensing 
vapour and cluster and Q t and Q n are the respective partition functions. 
The volume of the cluster is represented by u. 

The calculation of Q n from statistical mechanics is, however, exceedingly 
difficult (Castleman 1982) so that the free energy of formation is usually 
calculated from the classical thermodynamic theory described in 4.2.1. 
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This application of the free energy from the classical theory to the kinetic 
theory of clustering links the thermodynamic and kinetic formulations of 
the clustering process. 

Mass spectrometric studies performed by Tang and Castleman (1972) on 
H 2 0 clustering around lead ions and by Tang and Castleman (1974) on 
clustering around bismuth ions showed the existence of a distribution of 
clusters containing progressively more and less molecules as depicted in 
Figure 4.3 for various relative humidities. From kinetic theory 
considerations Castleman and Tang (1972) obtained the following 
expression to describe this observed distribution: 

I n = It exp (-AG/kT) (4.10) 

I n is the number (or intensity) of clusters with n molecules and 

It = EnIn 

is the totd number of clusters. AG is the free energy of formation of the 
clusters. The exponential term represents the probability that a cluster 
with n molecules exists. In Figure 4.4a the change of the free energy with 
number of molecules in the cluster is shown schematically as calculated 
from the thermodynamic theory of 4.2.1. In Figure 4.4b is shown the 
cluster distribution as calculated from equation (4.10). Note that the 
minimum in the free energy corresponds with the cluster which occurs with 
the highest probability. It could thus be expected that for a particular 
relative humidity a distribution of clusters of different sizes will exist with 
the cluster radius as calculated from the classical thermodynamic theory 
occurring with the highest probability. With increasing relative humidity 
the entire distribution will shift towards larger cluster sizes (containing 
more molecules and characterized by lower mobility and diffusion 
coefficient) as was experimentally confirmed by Castleman and Tang 
(1972). 
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Figure 4.3 Distribution of Bi* and Pb* water clusters for different relative 
humidity values at elevated pressures (Tang and Castleman 1972 ; 
Tang and Castleman 1974) 
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CLUSTERING WHEN A BINARY MIXTURE OF CONDENSABLE 
SPECIES IS PRESENT 

When a second condensable vapour like H 2 S0 4 is present, in addition to 
H2O, the characteristics of the clusters change. For a binary mixture of 
H2O and H2SO4 the free energy of formation of a cluster with n a water and 



nb sulphuric acid molecules is given by (Bricard 1977; Yue 1979; Raes 
1985a) as 

AG ~ -nakT*n — - nbkT/n ^ + irr*a 
P" P? 

where P = ambient vapour pressure of H2O 

P" = equilibrium partial vapour pressure of H2O over a flat 
surface of the mixture of H2O and H 2 S0 4 in the cluster 

Pb = ambient vapour pressure of H2SO4 

Pb = equilibrium vapour pressure of H2SO4 over a flat surface 
of the mixture 

The other symbols have the same meaning as in equation (4.1). The free 
energy now depends on n a and nb so that AG has to be represented as a 
surface in a three-dimensional space as in Figure 4.5. For neutral clusters 
this surface forms a saddle surface, whereas for charged clusters there are 
both a minimum and a saddle point in the surface, indicating cluster 
compositions where the clusters are in equilibrium with both condensing 
phases. These two compositions correspond to stable and unstable clusters 
respectively. As in the case of a single condensable species, the 
compositions or radii at which the minimum and saddle point occur can be 
determined from the following set of equations (Yue 1979; Yue and Chan 
1979): 

(&G/dn a) b = 0 
(4.12) 

(&G/dnb)a - 0 



44 

The paths of minimum AG are depicted in Figures 4.5 and 4.6 for two 
different situations. In Figure 4.5 the environmental concentrations of 
H 20 and H2SO< are low. In this case stable clusters form spontaneously 
around the ions. If AG (unstable) - AG (stable) is small enough it is 
possible that a cluster may grow from a stable to an unstable size due to 
an excess fluctuation between condensing and evaporating molecules. 
After that the cluster may grow spontaneously to a small droplet 
irrespective of it being neutralized or not. 

In Figure 4.6 the environmental concentrations of H 20 and H 2 S0 4 are 
high. In this case no minimum appears in the AG surface. This means 
that ions will spontaneously grow from the moment they are formed. The 
AG dependences shown for neutral clusters in Figures 4.5 and 4.6 
correspond with the homogeneous nucleation process. The growth path of a 
spontaneous growing cluster is shown by the arrows a , a", b", d in Figure 
4.6. Should the growing cluster be neutralized before reaching the critical 
composition for homogeneous nucleation it will evaporate (shown by arrow 
a , b , c). Contrary to the case where only water is present the cluster will 
not necessarily evaporate upon neutralization. 

The cluster formation theory for binary condensable mixtures thus predicts 
the existence of three categories of clusters: stable, transitory and 
unstable, depending on the environmental concentrations of the vapours. 
The present study will only be concerned with the formation of water 
clusters in pure carrier gases containing known concentrations of water 
vapor and no secondary condensable vapours. The results of the binary 
cluster formation theory can, however, be useful in the interpretation of 
unexpected experimental results. 



Figure 4.5 

Figure 4.6 

CHARGED CLUSTER 
NEUTRAL CLUSTER 

The AG surface for a binary mixture for charged and neutral 
clusters. 
u: unstable 
s: stable 
r*: critical radius for homogeneous clustering 
Low concentrations of H 2 0 and H 2 S0 4 prevail (Raes 1985) 

a 8': ION CLUSTERING 
b b': NEUTRALISATION 

c: EVAPORATION 
d: SPONTANEOUS 

6R0NTH 

The AG surface for high H 20 and H 2 S0 4 concentrations. Arrows a , 
a", b" and d indicate the growth path of a spontaneously growing 
cluster. 
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NEUTRALIZATION OF ™PO IONS 

In the previous sections it was mentioned that the equilibrium w?t*»r 
clusters are formed within time intervals of the order of microseconds, and 
that a cluster will evaporate should the ion become neutralized. The 
mechanism and time scale of neutralization of the 2 1 8 Po ions are thus 
important factors in the experimental observation of water cluster 
formation. The neutralization of 2 1 8Po ions has been studied by Busigin et 
o/(1981); Freyci o/(1981); Goldstein and Hopke (1985); Chu (1987) and 
Chu and Hopke (1988) and it is currently believed that there are three 
mechanisms by which neutralization can occur: small-ion recombination, 
neutralization through electron scavenging and neutralization through 
electron transfer. Since there is no contradictory information available, it 
will be assumed that the process of neutralization of the water clusters is 
similar to those for the ions. 

Small—ion recombination 

Small—ion recombination occurs when the positively charged polonium ions 
are neutralized by recombination with negative ions which are created 
through ionization by both the recoiling polonium atom and the alpha 
particle emitted when the radon atom decays. The neutralization rate will 
then be proportional to the negative ion concentration which depends on 
the radon concentration. Busigin et al (1981) and Chu (1987) showed that 
the neutralization rate should be proportional to the square root of the 
radon concentration. Chu obtained the linear relation 

K 9 i = 0,0176 JC- 1,613 (4.13) 

for the small-ion recombination rate KSj where C is the radon 
concentration in atoms.cm*3. For a radon concentration of 2 x 10" Bq.m-3 



47 

(9,48 x 10s atoms.cm"3) this yields a neutralization rate of 16 ions s'K The 
lifetime of the polonium ion before neutralization is thus 0,06 seconds. 

Neutralization through electron scavenging 

Goldstein and Hopke (1985) proposed that hydroxyl radicals (OH) formed 
by radiolysis of water vapour scavenge free electrons, thereby raising the 
concentration of small negative ions in the vicinity of the Po ion. The 
neutralization then proceeds via small-ion recombination, but at a higher 
rate due to the higher concentration of negative small ions. The 
neutralization rate K» for this mechanism was measured by Chu and 
Hopke (1988) as a function of the water vapour concentration and can be 
expressed as 

K» = 1,003 vTH20] (4.14) 

where [H2O] is the water vapour concentration in ppm. This relation is 
valid in the range 0-2 000 ppm (0 % - 8 % RH). Above that the rate is 
constant at 47,9 ions s _ t. For water vapour concentrations of 2 % 
RH (460 ppm) and 50 % RH (12 000 ppm) the ion would thus have 
lifetimes of 0,046 and 0,021 seconds respectively. 

Neutralization through electron transfer 

When oxygen is present polonium dioxide ions are formed. Goldstein and 
Hopke (1985) reported an ionization potential (IP) for PoO^ between 
10,35 and 10,53 eV. The ion can gain electrons from molecules with lower 
ionization potential like N0 2 (I? = 9,79 eV) and become neutralized. The 
neutralization rate K e t for this mechanism was measured by Chu and 
Kopke (1988) as a function of N0 2 concentration and can be expressed as 



K e t = 1,15 [N02] (4.15) 

with the NO2 concentration in ppb. For 60 ppb NO? this yields an ion 
lifetime of 0,014 seconds. 

21>Po ions will thus be neutralized most rapidly via the electron transfer 
mechanism. In the present study, however, ultrahigh purity nitrogen will 
be used as carrier gas so that the concentration of NO j will be very low. 
In the experiments, therefore, the lifetimes of the ions/dusters before 
collection must be limited to below the neutralization lifetimes as 
determined by the electron scavenging mechanism, because this mechanism 
will most likely be responsible for the neutralization of the ions in the 
presence of the water vapour. 

This chapter presented an overview of the different theoretical descriptions 
of the ion-induced clustering of especially water molecules on an ion. The 
theories were applied to the 2 l 8 Po ion and the predictions regarding the 
size and number of water molecules in the cluster discussed. The following 
chapter will describe the design of a mobility spectrometer system to 
observe the water clustering on 2 l 8 Po. 
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CHAPTER5 

DESIGN OF THE MOBILITY SPECTROMETER 

In this chapter previous techniques for measurement of electric mobility as reported 
in the literature will be summarized and the shortcomings of these techniques will be 
pointed out. The development of the mobility spectrometer used in this study will 
be described. 

5.1 MOBILITY MEASUREMENT TECHNIQUES AND SPECIFICATIONS 
FOR THE SPECTROMETER USED IN THIS STUDY 

Measurements of the mobility spectrum of radon decay products have been 
made in the past with so-called aspiration spectrometers where air laden 
with radon and decay products was drawn through a perpendicular electric 
field. The electric field was sustained either in a coaxial cylindrical 
capacitor, the Zeleny tube (Zeleny 1901), or between two parallel plates, 
modelled on the Erikson spectrometer (Erikson 1922). Wilkening et al 
(1966) used the coaxial capacitor to deposit charged decay products drawn 
from outdoor air on the central wire electrode, cutting the wire into equal 
lengths after sampling and measuring the activity on each length to 
determine the mobility spectrum. By varying the ratio of the air-flow 
velocity to the electrostatic potential applied, only ions with mobilities 
greater than a certain value could be selected and analysed. Large volumes 
of air had to be used to reduce statistical counting errors. Several French 
investigators used similar techniques employing Zeleny tubes. Blanc et al 
(1963) used a Zeleny tube to study mobilities of thoron decay products. 
The air used as carrier gas was recirculated through a closed loop. The 
parallel-plate design was used by Bricard et al (1965) to study mobilities 
of radon decay products formed in non-filtered air after .Le radon-laden 
air was aged for about 6 min in a chamber. The plate on which the charged 
products were deposited was covered by a nuclea: emulsion 
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rendered conductive by metallization, and allowed detection of the alpha 
activity. The airstream entered through a series of thin horizontal parallel 
plates forming entrance slits, *he sides of which were kept at potentials 
such as to allow charged products to enter only through the centre slit. 
This resulted in a narrow band of deposited activity from which the 
mobility could be deduced. Very high flow velocities through the 
spectrometer were used (4,5 m.s'1) to minimize diffusional and turbulent 
spreading of the charged particles between the plates. This also meant 
that decays of radon occurring between the plates could be ignored due to 
the relatively long half-life of radon. The age of the ions collected was not 
very well-defined and it was unknown which decay products were 
collected. Neutral decay products could also deposit on the collector plate 
through diffusional deposition, increasing the background activity count. 

Fontan et al (1966) again used a Zeleny tube to measure mobilities of 
thoron decay products in various filtered gases (N2, O2, CO2, Ar and He). 
The ions were formed in a 90 £ chamber. The age and type of ions 
measured were undefined. The gases were recirculated in a closed loop. 
The flow rates used in the experiment were not given. Bricard et al (1966) 
used the parallel-plate capacitor with unfiltered air "sufficiently enriched 
in radon or thoron in order to obtain an elevated density of tracks on the 
photographic plate". The air passed through a 2 m3 chamber in which it 
remained for about 2 min before entering the spectrometer. The same hî n 
flow rates (4,5 ms'1) were used and again a mixture of decay products of 
different ages was collected. Fontan et al (1969) employed the Zeleny tube 
method to measure the mobilities of 2 1 2Pb ions in filtered ambient air and 
in air mixed with O2 and N2. Again a recirculation system was used and 
the use of stainless steel in the construction of the system was reported. 
Fontan et al also mentioned the effects of the pump used for recirculation, 
suspecting that it might have introduced organic vapours into the carrier 
gases. Ion ages varied in the experiments. 
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A parcllel-plate spectrometer was used by Dua et al (1978) to study the 
electrostatic charge on thoron decay products up to 1,4 s after their 
formation in clean filtered air. Thoron—laden air entered the spectrometer 
through a central slit. It was assumed that 95 % of decay products formed 
before entering were trapped in this entrance slit, so that only ions formed 
while the air traversed the spectrometer could be collected. These ions 
would be formed throughout the volume of the spectrometer so that an 
activity deposit was obtained on the collector plate. The deposited activity 
increased until a constant value was reached. This cumulative spectrum 
was recorded for various electric field strengths and the mobility finally 
determined from the distance at which the constant value was reached. 

Reviewing these existing techniques for mobility measurement with the 
study of very small ion clusters in mind, the specifications set out below 
for development of a specialized mobility spectrometer could be laid down. 
The carrier gas should be well-defined and pure, implying gases such as 
high—purity nitrogen. This placed a limit on the flow velocity through the 
spectrometer because high flow rates as in the experiment of Bricard et al 
(1965) would mean unaccentably high consumption rates of these gases. 
Recirculation systems led to the problem of contamination of the carrier 
gases by the circulation pump. The lower flow velocity meant that deci.y 
products would be formed all along the length of the spectrometer, causing 
an integral activity distribution on the collector plate with resultant lower 
spatial resolution. The effects of diffusion and turbulence between the 
plates also became important, leading to loss of resolution. The design 
should also eliminate the deposition of neutral decay products on the 
collector plate. It would thus be essential to obtain well-defined laminar 
flow through the spectrometer. Since the clustering processes to be studied 
are time-dependent, the age of the ions would have to be controllable and 
well-defined. Only one type of decay product ion should be collected, for 
which the clustering could be studied. The deposited activity had to be 
analysed with high spatial resolution and the detection method used should 
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Figure 5.1 Schematic representation of the spectrometer 
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Figure 5.2 The cell with three separate volumes 

record only alpha particles emitted by deposited decay products. Finally 
the apparatus should be constructed of inert materials which would not 
contaminate the carrier gases. 
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5.2 DESIGN OF THE MOBILITY SPECTROMETER 

The spectrometer is shown schematica'ly in Figure 5.1. The carrier gas 
enters the stainless steel inlet box A at right angles to the spectrometer to 
minimize jet formation. The contraction at B reduces transverse velocity 
components of the flow (Corrsin 1963), thereby reducing turbulence. The 
fine mesh stainless steel screens downstream of the contraction further 
reduce free—stream turbulence. The flow becomes fully laminar at a 
position just upstream of the knife-edged slit C in the upper plate. A 
discussion of the laminarity of the flow and related measurements will be 
presented in 5.2.1. The gas flows unobstructed through the open end of the 
spectrometer and is vented in a fume hood. 

Above the slit C is a cell divided into three separate volumes. This cell is 
shown in detail in Figure 5.2. Volume D is connected to a pressure tap 
upstream in the top plate, coupling t'-e volume between the plates to 
volume D. This equalizes the pressure above and below slit C to prevent 
flow through the slit. Volume E is separated from volume F by fritted 
metal filters. Radon enters volume E and passes through the filter walls, 
while decay products formed in the radon supply line and volume E are 
removed by these filters. Carrier gas and radon are continuously removed 
from F by a pump. This pump also draws gas through the wider slit at G. 
The resulting flow stream through the slit inhibits diffusion of radon from 
volume F into the main gas stream, eliminating formation of decay 
products in the area between the plates. Nor will there be neutral decay 
products in this area, solving the problem posed by neutral products 
deposited on the collector plate. For the dimensions shown the minimum 
flow rate to prevent radon diffusion was determined experimentally to be 
about 1 l.min'i. It will be demonstrated in 5.2.1 that this flow has no 
effect on the velocity profile between the plates, indicating that the gas is 
being drawn from the buffer volume between the slits. The volume F thus 
forms a reaction chamber in which only new-born 2 I 8 Po ions will be found 



in the airborne state due to the short residence time of radon in this 
volume. 

Vapours added to the carrier gas main flow between the plates will enter 
into this volume via the pressure tap where possible reactions with the 
2 1 i Po ions can occur. The gas composition between the plates is the same 
as in the reaction chamber. 

. The cell is electrically insulated from the upper plate and can be kept at a 
potential VI. All surfaces in the cell are conductive and thus at the same 
potential. The upper plate and slit C are held at a lower potential, V2, 
while the lower plate is grounded at V3 = OV. Because of the applied 
potentials an electrostatic field exists in the reaction chamber which 
"funnels" 2 l S Po ion clusters formed in volume F through the slits and into 
the laminar stream. Between the plates the field is uniform and the ions 
follow a specific trajectory before they are deposited on the bottom plate. 
The calculation of the shape and magnitude of the electric field, and how 
these parameters determine the residence time of the ions in the 
spectrometer, will be discussed in 5.2.2. The age of the ions can therefore 
be determined accurately, allowing study of the evolution of the clusters. 
In practice the apparatus is operated for a time long enough to collect 
sufficient activity on the bottom plate. A part of this plate, H, is 
removable and fits flush into the lower plate. This removable section is 
then brought into contact with a polycarbonate sheet and the sheet 
electrochemically etched to reveal the alpha tracks. Subsequent analysis of 
the track density on the lower plate as a function of distance from the 
projection of the slit on the plate should then yield a band of tracks, with a 
peak in the track density distribution at a distance determined by the 
mobility of the ions. 

The materials used for construction of the apparatus is stainless steel for 
all met?j parts, with glass sides to separate the upper and lower plates. 
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5.2.1 The laminar flow system 

Various factors had to be taken into account in designing the flow system. 
The highest practical flow velocity, while still maintaining laminar flow, 
had to be found. Higher flow velocity increases the capability of the 
spectrometer to separate ions of different mobilities. The ieagth of the 
spectrometer had to allow for the distance necessary for ? parabolic 
vertical flow profile to develop fully, while a flat horizontal profile was 

. required for the area where deposition of the ions takes place to produce a 
straight band of tracks. The width of the spectrometer therefore had to be 
such that the boundary layers along the glass walls would not interfere, yet 
if it was made too wide the volumet ic flow rate and gas consumption 
would become unacceptable. Calculations showed that the Reynolds 
number for the 2 cm distance between the plates was 569 at a flow velocity 
of 50 cm.s'1, implying laminar flow. Behind the last wire screen a flat 
velocity profile exists (plug flow). The entrance length L at which the flow 
would become fully parabolic in the vertical direction was calculated from 
the approximate formula given by Schlichting, p. 177, 1968: 

L = JÏJsiïJ0 (5.1) 

where v = kinematic viscosity 
x = distance downstream 

2a = width 

U 0 = inlet velocity 

For a vertical height of 2 cm L was 45,5 cm. For this reason the slit was 
positioned 50 cm downstream of the last screen. As the gas flows through 
the rectangular channel boundary layers develop along the glass walls. The 
thickness of these was calculated from (Schlichting, p. 26,1968): 
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d(x) = 5 vWU(") (5-2) 

where x = distance downstream 
v = gas viscosity 
U(f) = midstream gas velocity 

The layers were found to be 2 cm thick for a velocity of 50 cm.s 1. For a 
spectrometer width of 10 cm this allowed a flat horizontal profile over a 
width of 6 cm. 

This width defined the area in which analysis of the deposited activity 
could be done and therefore the size of the removable section in the layer 
plate. 

The laminarity and profile of the flow would be influenced by the inlet 
conditions. Therefore a series of measurements of the flow profiles were 
made to optimize the dimensions and geometry of the contraction section 
and the arrangement of the fine mesh screens. These measurements were 
made using the laser Doppler anemometry (LDA) technique. 

The technique employs two laser beams intersecting at a point in the flow 
(Figure 5.3). The crossing beams create an interference pattern over a 
small volume at the point of intersection. Particles introduced into the 
flow move through the interference pattern where the light pulses scattered 
from the particles are detected by a photomultiplier tube. From the 
frequency of the pulses the velocity of the particles and thus the gas flow 
can be determined. By systematically moving the point of intersection 
perpendicular to the flow direction the velocity profile of the flow can be 
mapped. 
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Figure 5.3 Schematic of the LDA technique for measurement of flow velocity 

For the measurements the steel plates were replaced by transparent 
Perspex plates and a fine oil aerosol introduced into the airstream for the 
laser measurements. Measurements of the horizontal and vertical flow 
profiles were then made at various positions between the plates, also while 
the pump drawing air through slit G was running. Two different 
contraction shapes, shown in Figure 5.4, were studied. The results of some 
of the measurements are depiu"d in Figure 5.5. Figures 5.5a and 5.5b 
show the irregular flow profiles obtained when the flow was only 
constricted in the vertical direction with the geometry of Figure 5.4a. 
Figures 5.5c and 5.5d respectively show the horizontal and vertical profiles 
obtained with contraction in both directions with the geometry of Figure 
5.4b. The maximum flow velocity was about 45 cm.s'1. The pump was not 
running during these measurements, the latter made directly under the ion 
inlet slit in the middle of the channel. The vertical velocity profile is 
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seen to be fully parabolic while the horizontal profile confirms the 
calculated flat profile of 6 cm. Figures 5.5e and 5.5f are the profiles at the 
position of the inlet slit and in the middle of the channel with the pump 
drawing 1 l.min'1 of air through the volume F. The maximum flow 
velocity was 35 cm.s 1. Note that the pump causes negligible distortion of 
the velocity profile. The horizontal profile is also flatter at the lower flow 
velocity although there seems to be jet formation along the sides of the 
channel. The jet effect becomes very pronounced at higher velocities as 
shown in Figure 5.5g for the horizontal profile at a maximum velocity of 
150 cm.s 1. This could possibly be corrected by further refinement of the 
contraction design. From these measurements it seemed clear that a 
maximum velocity of 50 cms - 1 would be feasible for operation of the 
spectrometer. It has to be accepted that low-intensity free-stream 
turbulence due to micro-eddies in the flow will always be present. 

Assume that a uniform electric field exists between the plates. In Figure 
5.6 let the uniform electric field strength be E and let the fully developed 
vertical parabolic flow velocity profile be given by (Fuchs 1964, p. Ill): 

"W-'íijfï-aiijSji] <5-3> 
This equation describes the vertically measured profiles of Figures 5.6d and 

f very well. H is the distance between the plates and IT is the average flow 
velocity. For ions with mobility K emerging from the slit the equations of 
motion are 

dy/dt = v e = KE (5.4a) 

and dx/dt = U(y) (5.4b) 

where v e is the terminal vertical velocity of the ions in the electric field 

Elimination of time between equations (5.4a) and (5.4b) then yields 
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dx = U(y)dy/KE 

so that the distance X travelled by the ions before deposition is given by 

X H 

X = J dx = 1/KE J U(y)dy 
o o 

H 

from equation (5.1). The integration gives 

X = ÏÏH/KE (5.5) 

which relates the deposition distance to the mobility of the ions. Due to 
the diffusion of the ions a spreading of the tracks around this centreline 
will occur. Equation (5.5) can be used to calculate the mobility K of ions 
from measured deposition distances. 
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Figure 5.4 The two different contraction geometries studied. In (a) only 
vertical contraction was used while in (b) flow contraction occurred 
both vertically and horizontally. 
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Figure 5.6 Coordinate system with uniform electric field, E, and parabolic 
vertical velocity profile, U(y) 

5.2.2 The electrostatic field configuration 

The shape of the electrostatic field which exists in the reaction chamber 
and between the slits determines the trajectories of the ions while their 
residence time in tho carrier gas depends on the magnitude of the field. 
The electric field should meet two requirements. Firstly the field must be 
strong enough to remove the ions before they are lost through diffusion. 
Secondly the field should be uniform between the upper and lower plates to 
simplify calculation o r mobilities from the deposited activity. 

It was therefore necessary to calculate the electrostatic potential field in 
the reaction chamber in the vicinity of the slits and between the plates 
using the Laplace equation: 

ION INLET 
SLIT 
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V»V = 0 (5.6) 

where V is the electrostatic potential. It was assumed that the space 
between the conducting surfaces is charge—free, an assumption often made 
in calculations concerning e.g. electro-optical devices. Analytical solution 
of Laplace's equation would be extremely complex for the given geometry 
so that a finite difference technique was applied (Binns and Lawrenson 
1973). 

The field equation (5.6) was replaced by a set of finite difference equations 
which connect values of the potential function at adjacent points, regularly 
distributed in a network or mesh. The coordinate system and mesh used 
are shown in Figure 5.7a. Any point or node within the boundary is 
positioned with respect to neighbouring nodes as shown in Figure 5.7b. The 
length of the arms of the cross is the mesh length. The different equations 
can be developed as follows: 

Let V 0 be the potential at the poiiit of intersection O. The potential V at 
any point x on the line parallel to the x axis through point 0 can be 
expanded in terms of V 0 by Taylor's series: 

V = V 0 + (dV/dx) 0(x-x 0) + l/2!(d2V/dx2)0(x-x0)2 
+ l/3!(d»V/dx»)0(x-r0) (5.7) 

The potentials at points 1 and 3 are then 

Vi = Vo+h JV1 
JO + 2T h 2 

d*V 
W* . 0 

(5.8a) 

and 

V 3 = V 0-h W 
W + ST h2 (5.8b) 

by substitution of x = x 0 + h and x = x 0 - h respectively. 
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Figure 5.7 Coordinate jystem and mesh used for finite difference solution of the 
Laplace equation 



The sum of equations (5.8a) and (5.8b) is 

V + V - 9V 4- 2 h 2 f a 2 V l 4- 2 h 4 \d3y] 4-
V, + V 3 - 2V 0 + J , - ^ j o + jr- ^ j o + ... 

For small h, terms containing powers of h higher than 3 can be ignored, 
which yields an expression for (d 2V/dx 2) 0: 

Similarly an expression for (5 2 V/5y 2 ) 0 can be obtained: 

h 2 ( ^ r ] o = V 2 + V 4 - 2 V 0 (5.10) 

Substitution of equations (5.9) and (5.10) into the Laplace equation then 
gives 

[ | r ] 0 + ( g y ] o = V l + V 2 + V J + V 4 - 4 V o = 0 (5.11) 

When h is chosen very small the error introduced by this approximation to 
the field equation is negligible. 

By means of a computer program equation (5.11) was applied to each point 
in the mesh of Figure 5.7a lying within the boundary. For points adjacent 
to the boundary, the appropriate boundary potential values as shown in 
Figure 5.7a were substituted in the equation. The potential field is 
symmetric around the vertical iine through the centre of the slits, so that 
only half of the geometry had to be considered. For points lying on this 
line, therefore, the same potential would exist at points adjacent to the 
right and left, thus V] = V 3 in equation (5.11). In this way the potentials 
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at all points in the mesh are connected by a system of linear algebraic 
equations, which have to be solved simultaneously to evaluate the 
potentials. The problem can be represented by a matrix equation of the 
form 

MX = B (5.12) 

where M contains the coefficients of the unknown potentials, X the 
unknown potentials and B the sums of known potentials on the boundary. 
A computer program was developed to create the matrices in equation 
(5.12) and to solve this equation by Gaussian elimination, making use of 
the fact that all non-zero elements in matrix M are concentrated in a band 
around the diagonal. The potential field was calculated for the two 
different geometries shown in Figure 5.8a and 5.8b. In Figure 5.8a the ion 
inlet slit was 2 mm wide while for Figure 5.8b the width was reduced to 
1 mm. In both cases the wider slit had a width of 4 mm. Also shown in 
Figures 5.8a and 5.8b are some equipotential lines as calculated for the two 
geometries. Only the equipotential lines in the reaction chamber and in 
the vicinity of the slits are shown. Between the plates the lines become 
uniformly distributed. The flux lines of the resulting electric field will be 
curves running perpendicular to the equipotential lines at all points. For a 
2 mm slit width as in Figure 5.8a it can be seen that the field penetrates 
far into the space between the plates, leading to considerable fringing of 
the electric field. For the 1 mm slit width in Figure 5.8b the penetration is 
much less and a fairly uniform electric field distribution exists between the 
plates. It was therefore decided to use a slit width of 1 mm. 

From the electric potential distribution the electric field at any point could 
be calculated from the relation 

E = -£V (5.13) 
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Figure 5.8 Two geometries for which the potential distribution was calculated. 
Equipotential lines in the vicinity of the slits are shown. Note 
penetration of the field for the 2 mm slit width. 
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Neglecting the effects of diffusion and turbulence for the time being, the 
trajectories of ions formed in volume F were calculated. It could be shown 
that drift velocities of the ions through the wider slit were much higher 
than the flow velocity due to the suction pump, so that this stream had 
very little effect on the ion trajectories. A fully developed velocity profile 
with average velocity of 35 cm. 1 was assumed between the plates. The 
equation of motion of the ions is then given by 

dr/dl = KE + U 

or 

1 dx/dt + j dy/dt = K(iEx + j E y) + iU x + j U y (5.14) 

where the subscripts x and y indicate components of the electric field E 
and flow field U_ in the X and Y directions respectively. K is the mobility 
of the ions. 

Assuming that E remains constant over a small displacement Ar travelled 
by the ions in a short time At, equation (5.14) can be written as 

iAx/At + j Ay/At = i(KEx + U x) + j E y 

since U y = 0. 

Therefore 
AX = (KEX + UX)M 
Ay = KEyAt (5.15) 

are the displacements undergone by the ion in the X and Y directions in 
time interval At. From equation (5.15) the trajectory of a particular ion 
could be determined. 
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The results of trajectory calculations for ions of mobility 1,0 cm2.V-'.s -1 

originating at various points in the reaction chamber are shown in Figure 
5.9a for the region in the reaction chamber and between the slits. The 
time step for the calculations was At = 10~8 s. It can be seen from the 
figure that some of the ions are lost on the edges of the inlet slit because of 
the fringing of the electric field lines. This implies that only ions 
originating in the approximate sensitive volume shown above the dotted 
line in Figure 5.9a can be collected. There may also be a discriminating 
effect where lower-mobility ions are preferentially lost to the edges, but 
this was not investigated. 

Various trajectories are possible once the ions leave the slit, depending on 
where they originated. Figure 5.9b shows the outermost trajectories 
followed by ions originating at the same points as in Figure 5.9a for ion 
mobilities of 0,5; 1,0 and 1,5 cmW^.s-1 respectively. Note that the field 
fringing below the inlet slit causes a spreading of the ion beam, leading to a 
slight broadening of the area over which the ions are deposited on the 
lower plate. This broadening will be superimposed on the spreading caused 
by diffusion of the ions. 

To evaluate the effect of the non-uniformity of the electric field combined 
with the parabolic velocity profile, the deposition distances calculated in 
this manner have to be compared to the distances calculated from the 
simple equation (5.5) where uniform electric and flow fields were assumed. 
The comparisons for the ions of mobility 0,5; 1,0 and 1,5 cnRV^.s -1 are 
shown in Table 5.1. From the table it is clear that the field fringing does 
not affect the centrepoint of the deposition band, and that equation (5.5) is 
adequate to calculate mobility from measured deposition distances. The 
width of the band due to field fringing is about 2,8 mm. 
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CELL 

Figure 5.9a 

Figure 5.9b 

Trajectories of ions of mobility 1 cm-z.V-'.S"1 in the reaction cell. 
Only ions fonned above the dotted line can be collected. A 
sensitive volume is thus formed. 
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Outermost trajectories followed by ions of mobility 0,5; 1,0 and 
1,5 cmAV'U-i. Note the broadening caused by field fringing below 
the slit. 
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Table 5.1 
Comparison of deposition distances, X. determined from 
trajectory calculations and the equation (5.5) for three 

different mobilities 

Mobility X [cm] (midpoint) X[cm] 
[cm2.V-i.s-»] Trajectory calculation Equation (5.5) 

0,5 2,79 2,80 
1,0 1,39 1,40 
1,5 0,94 0,93 

An important parameter in this study is the age of the ions, or their 
residence time in the carrier atmosphere from the time of formation to 
deposition. This residence time can be determined from the trajectory 
calculations in the previous paragraph. Due to the size of the sensitive 
volume from which ions can be collected and the different pointb at which 
they originate, a distribution of residence times will exist. Assuming that 
ions are formed uniformly over the sensitive volume, this distribution for 
ions of mobility 1,0 cm2.V'i.s~l was calculated and the result is shown in 
Figure 5.10a. The figure indicates that most ions would have a residence 
time of 0,6 ms in the reaction chamber. Similarly the distribution for the 
total residence time spent in the spectrometer is shown in Figure 5.10b. 
The distribution peaks at 42 ms. The residence times are thus very well 
defined due to the sharpness of the distributions. 
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Figure 5.10a The distribution of residence 
time for ions of mobility 1 cm^V-'.s"1 

in the source volume 

Figure 5.10b The distri
bution of total residence 
time for ions of mobility 
1 cm2.V"*.s"1 in the 
spectrometer 

Analogously, the formation time for any ion cluster of which the mobility 
has been measured can be calculated from a trajectory calculation. 
Conversely the residence time of the clusters can be predetermined by 
adjustment of the potentials on the reaction cell and plates. In future 
experiments, for example, longer residence times may be necessary, which 
can be obtained by changing, along with the potential values, also the 
geometry of the reaction cell and slits. 

5 2.3 Diffusion of ions in the !aminar flow stream 

The beam of polonium ions/clusters emerging from the inlet slit into the 
laminar flow stream will broaden due to diffusion of the ions, resulting in a 
broad band of tracks on the collector plate. To facilitate a better 
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understanding of the speci~a deduced from the track distribution, the 
transport equation for the ions diffusing in the transverse electric and 
longitudinal flow fields was sdved These fields were taken to be uniform. 
It was assumed that the density of iois in the beam would be low enough 
for space charge effects to be negligible, and that the distance between the 
walls of the spectrometer was large enough for the ions to diffuse 
effectively in an unbounded space. The analysis is analogous to that 
presented by Roberts (1915) of the scattering of smoke in the atmosphere. 

In Figure 5.11a, let a point source producing q ions per second be situated 
at the origin. The resultant drift velocity of the ions is given by 

|V| =^ja + v|' (5.16) 

in a direction 

0 = tan-» v E /H 

where Y R and H are the velocities due to the electric and flow fields 
respectively. The differential equation describing the transport of the ions 
is 

§ = D v * c - [ k J + l ^ + m J ) c (5.17) 

where c = ion number density 
D = ion diffusion coefficient 

k, 1, m = X, Y, Z components of the resultant velocity 

Let the resultant velocity direction be along the axis in Figure 5.11b and 
assume that the emission of ions from the source has been in progress long 
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enough for the ion density distribution to have reached a steady state. 
Equation (517) then becomes 

V dc/dx = DV'c 

In (r,8) coordinates this equation can be written as 

dc 
r 2 3F 

+ s iH5w( s i n 8 l í ) ] ] < 5 1 8> 
The requirements for a solution of equation (5.18) are 

a) c -• 0 for r -»a 
b) c -»o for r -• 0 
c) The transfer rate of ions across a surface enclosing the origin must 

be equal to q 

It can be shown by substitution that 

A -XJL{l-cosB) 
c = A e ™ (5.19) 

is a solution of equation (5.18) satisfying requirements a) and b). A is a 
constant. It can also be shown (Roberts 1915) that A in equation (5.19) is 
given by 

A = q/4*D 
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so that equation (5.19) becomes 

-Ï£íl-cosB) 

but cos 8 = x/r, so that from Figure 5.11b 

a -5fu{i* 2+y 2+z 2)*-x} , x 

c = 9 ,-e z u l J (5.21) 
4TD[xHyJ+z2]i 

Equation (5.21) describes the steady-state distribution of the ion density 

due to a point source of strength q ions.s'1 at the origin. 

Now consider an infinitely long line source of ions lying along the y axis 
and continuously producing q ions per centimetre per second. The density 
distribution due to a pJnt source qdy' at (0, y', 0) on this line is from 
equation (5.21): 

dc. & r M ^ ' ^ ' H „22) 
4TD[x2+z2+(y-y02]* 

Integration of equation (5.2^ from -x to a> for y' should then give the 

number deasity distribution due to the infinitely long continuous line 

source. The integration is done in Appendix 1 and the result is 

c s = 9 e

 2 D l > (5.23) 
2VxBV [x*+z2]* 
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Figure 5.1 la A point source of ions is 
situated at the origin. V is the resultant 
velocity. 

i Z 

0 x 

Fig. 5.11b The coordinate system with x 
axis along Y. Point source is at the 
origin. 
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Next consider an infinitely long line "strip" source of width H lying in the 
XY plane with its centreline along the y axis and continuously producing q 
ions.cm"2. The density distribution due to the line source qdx' at (x', y, 0) 
is then given from equation (5.23): 

e . ,*• e - ^ > - * 0 ^ ] ' - ( - • ) } 
2/FDV [x-x«]* 

Integration of equation (5.24) from -H/2 to H/2 for x' results in the ion 
density distribution du«i to ?.n infinitely long strip source along the y axis. 
In 5.2.2 it v?as shown that the emerging ion beam diverges under the slit 
due to fringing oi the electric field. A cut through the ion beam, parallel 
to the inlet slit at the point where it is broadest, represents such a 
continuous strip source of ions. 

Equation (5.24) could therefore be used to calculate the density 
distribution of ions in the laminar flow stream icr a strip source of width 
2 mm at a position 1,5 mm under the slit. A coordinate transformation 
was made from the coordinate system of the spectrometer to the system 
with x axis along the direction of resultant velocity (see Appendix 2). 
Density distributions were calculated by numerical integration for ions 
with mobilities 1,0; 1,3 and 1,6 cm^V-'.s"1 respectively. From the density 
distributions the flux of ions through the plane of the collector plate was 
calculated. The flux at point (x,z) on the collector plate is given by 

J(x,z) = -D(dc/dx) -t- VgC 

so that the flux through a length element dx at (x,z) is 

f (x,z) = J(x,/)dx (5.25) 

The track density at a point on the collector plate would be proportional 
to the flux at that point. The flux distributions as functions of distance 
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from the slit for the ions mentioned are represented in Figure 5.12a tc 
Figure 512c. These are the expected shapes of the track density 
distributions for ions/clusters with a specific mobility. 

The calculation of the theoretical flux distribution is quite complex and 
requires numerical integration. It was therefore necessary to explore the 
possibility of representing the spectral shapes with simpler analytical 
functions. Gaussian, Lorentz and Lorentz-Gaussian functions were fitted 
and it was found that a Gaussian represented the calculated flux 
distribution perfectly as shown by the smooth curves in Figure 5.12a to 
5.12c. The Gaussian is given by 

y = A exp \=te%fi\ (5-26) 

where 
x = distance from the slit projection 
x 0 = position of the centreline of the Gaussian peak 
<r = WHM/2,35 of the Gaussian peak (WHM = width at half 

maximum) = variance 
A = irtensity of the peak 

The position of the peak centreline is determined by the mobility and thus 
the size of the ion/duster, while the width of the peak depends on its 
diffusion coefficient, which is of course related to the mobility. Given a 
mobility value, the position of the centreline can thus be calculated from 
equation 5.5. By calculating the flux distributions for various mobility 
values and performing a regression fit through the results it was 
determined that a is given as a function of mobility K by 

9 = 0,106 - 0,061 K + 0,018 R2 (5.27) 
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distributions for 
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transport treatment 
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The Gauss function representation of the flux distributions will be utilized 
in Chapter 7 to interpret the shape of the measured track distribution 
spectra. 

Jn this chapter the design of the spectrometer was described and 
motivated. Theoretical calculations of the characteristic motion of ions in 
the spectrometer were presented as aid in the understanding of 
experimental results and for design purposes. In the next chapter the 
experimental arrangement in which the spectrometer was used to measure 
water clustering around 2 1 8 Po ions will be described as well as the 
experiments performed. 
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APPENDIX 5.1 
INTEGRATION OF POINT SOURCE 

The point source distribution is given by 

dc = _qd£ 
4TD x2+ z* (y-y0 2J* 

-71j{[(x^)+(y-y0f -x} ( A 1 1 ) 

The density due to an infinitely long line source is then obtained by integrating 
equation (Al.l) from -a> to « for y\ Using the transformation y-y' =• p sin? with 
pi = x2 + y2 then gives 

Vx D Vpegs hi] 

•'o 
(A12) 

Now 

/ 

Vocoshn 

= KC 

where K0((, is Bessel's modified function of second kind and zero order. K o (0 can 
be asymptotically expanded (Roberts 1915): 

- £ [ 1 +

 P rB) ( -3n ....-(•ap-i*)] 
\k e p=l P 2 3 PlP" 

C T 1 * e

_ H S T + 1.2.(802 

2fJ 
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Replacing ( with Vp/2D and substituting realistic values of D and V show that for 

values to be used in this study the ratio l/8£ becomes negligible. Omitting all but 

the first term then gives 

"27D" 

or 

c = 9Ê J _ J (A1.4) 
2 frEV [XJ + s«j* 
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APPENDIX 5 2 

TRANSFORMATION OF COORDINATES FROM THE SPECTROMETER 
COORDINATE SYSTEM TO A SYSTEM WITH x AXIS 

ALONG THE DIRECTION OF RESULTANT VELOCITY 

The coordinate system of the spectrometer is given in Figure A2.1 by (X', Y', Z') 
The (X, Y, Z) system lies with the x axis along the direction of the resultant 
velocity V where 

|Y| = v W L v E * (A2.1) 

The direction of Y is given by 

ji = tan-i(jrE/H) (A2.2) 

Vg and II are the velocities of the ions in the uniform electric and flow fields 
respectively as shown in Figure A2.1. The stnp source of ions along the y axis is 
shown cross-hatched in Figure A2.1. From the figure the following relations can be 
deduced: 

r = yx2 + z2 

z/r = sinB 

z/r' = sin {0 -8) 

z'/x' = tan (0 - 6) 

Therefore 
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8 = 0 - ta*-t (z'/x') 
z = rsin(0-tan»( z 7 x ' )) 

x = VrHl " s W - tan-Hz'/x')) 

(A2.3) 

(A2.4) 

Equations (A2.3) and (A2.4) allow transformation between the two coordinate 
systems. 

Figure A2.1 (Appendix 2) The coordinate system (X, Y, Z) with x axis along 
the resultant flow direction and the real coordinate system 
(X' Y' Z'). A strip source of width H lies along the y' axis. 
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CHAPTER6 

EXPERIMENTAL ASSEMBLY, TECHNIQUES 
AND MEASUREMENTS 

This chapter describes the experimental setup and associated analytical techniques 
used to evaluate the spectrometer, as well as the measurements made to study the 
clustering of water around 2 l 8 Po ions. 

6.1 EXPERIMENTAL ASSEMBLY 

6.1.1 Layout and description of components 

The experimental layout is shown in Figure 6.1. Ultrahigh-purity 
nitrogen gas, containing < 2 ppm 02; < 2 ppm H 20; < 1 ppm C0 2 and 
< 1 ppm C nH n per specification, is supplied through the double-stage 
regulator, PR. This gas flow stream is split into three branches. The flow 
rates qi, q 2 and q3 through the branches are controlled by metering valves 
V], V 2 ani V 3 respectively. One branch of the gas flow is passed through a 
bath of distilled, demineralized, deionized water and a liquid trap at flow 
rate q2. The purpose of the liquid trap is to emove liquid droplets 
originating in the water bath from the flow stream. The temperature of 
the water bath can be controlled via heating elements on the inner surface 
of the special receptacle, H. The flow rate q2 is measured by the rotameter 
Ri and the gas is dmost saturated with water vapour when it emerges 
from the liquid trap, except at high flow rates q2. A stream of dry gas at 
flow rate qi is combined with the 'wet' flow stream after valve Vi and the 
total flow measured with rotameter Rt. By adjusting the flow rates qi and 
q 2 various water vapour concentrations can be obtained in the combined 
flow stream. The degree of saturation of the 'wet' gas flow can be varied 
by adjusting the temperature of the water bath. 



Figure 6.1 

The experimental 
layout 
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The humidified ga& is then passed into the inlet box of the spectrometer to 
provide the main flow between the plates. No filter was used on the inlet 
to the spectrometer. Due to the expected sizes of particles that can form 
in the water bath, the absence of this inlet filter was not considered 
critical. When gas is bubbled through distilled water via small capillary 
openings (in this experiment fritted glass was used) water droplets are 
formed by bursting bubbles. The smallest droplets will have a radius of 
about 1 pm (Davies, Chapter 1, p. 22). These droplets will be carried 
away by the gas stream and will evaporate to leave solid aerosol particles. 
These are composed of crystals of the impurities like NaCl contained in the 
distilled water. Even for a very low concentration of say 1 ppb, of NaCl, a 
1 /im radius droplet contains about 140 molecules of NaCl. The solid 
particle formed after evaporation will thus have a radius of about 1,1 nm. 
(The volume of a unit cell of the NaCl crystal is 179,4 x 10"2< cm*.) 2 1 8Po 
ions 'vhich attach to particles of this size will result in activity deposited 
on the collector plate at a distance of about 2,6 cm from the ion inlet slit. 
In Chapter 7 it will be shown that for all relative humidities studied, a 
very low track count was obtained at this distance. There is thus no 
interference with the deposition pattern of the "unattached" water 
clusters. The same gas between the plates is passed via the pressure tap, 
PT, to the reaction cell. The third branch of thi main gas flow is 
controlled by metering valve V3 and is set for a flow rate q3 of 
280mi.min.-*. The flow rate is measured by rotameter R3. This flow 
flushes radon gas from a 3,7 x 108 Bq 2*8Ra source into the volume 
separated by metal filters from the reaction cell. The radon concentration 
as measured by the two-filter method of Thomas and LeClare (1970) was 
about 10s Bq.nr3 after the source was flushed for 30 minutes. 

The centrifugal pump draws gas from the reaction cell through a sensor 
chamber in which a humidity sensor S is situated. The flow rate q$ 
through this chamber is set at the prescribed value for the sensor by 
metering valve V5. The total flow removed from the reaction cell is 
measured by rotameter R4 and is set by metering valve V4 at 1 l.min'1, 
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the flow necessary to prevent radon diffusion into the main flow stream. 
The outlets of the spectrometer and pump are vented into a fume hood. 
All rotameters used were calibrated with a dry gas volume meter. The 
main flow exiting from the spectrometer was measured with an orifice 
plate to ensure the correct flow velocity between the plates. 

A high voltage DC power source is connected to the spectrometer across 
the adjustable resistors VRi and VR2 as shown in Figure 6.1. This allows 
the cell and top plate to be held at the required voltages while the lower 
plate is grounded. The voltages are measured with a separate multimeter, 
not shown in the figure. 

6.1.2 Humidity measurement 

In this study the water vapour content of the carrier gas will be expressed 
in terms of the relative humiduy of the gas. Relative humidity is the ratio 
of the water vapour pressure in the gas to the equilibrium water vapour 
pressure over a flat surface of pure water at the same temperature. The 
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Figure 6.2 Percentage relative humidity vs water vapour concentration in ppm 
(per volume) at 20 °C 
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relation between relative humidity and the true water vapour 
concentration in ppm (parts per million per volume) is shown in F gure 6.2 
for a temperature of 20 °C. 

The water vapour concentration of the gas is measured by a sensor situated 
in the special sensor chamber mentioned in 6.1.1. In the reaction chamber 
dry nitrogen gas carrying the radon gas mixes with the gas from the main 
flow. This leads to a reduction of the water vapour concentration by a 
dilution factor of 0,7. Humidity values measured in the sensor chamber 
therefore had to be corrected to determine the true vapour content of the 
main flow. Two humidity sensors were used. For very low relative 
humidity a sensor of the 'thin film capacitor' type was used, capable of 
measuring water vapour concentrations of 0,003 % RH (0,6 ppm) to 
4 % RH (1 000 ppm) with an accuracy of * 1 %. For higher vapour 
concentrations a LiCl cell was used as sensor. The range of this cell is 
15 % RH to 90 % RH, with an accuracy of ± 3 %. Both sensors and their 
associated electronics were calibrated against known concentrations of 

. water vapour generated with a commercially available vapour generator 
(MCM MB1 moisture generator). Despite the accuracy of tne humidity 
sensors, the water vapour concentration fluctuated during measurements. 
Continuous humidity readings were however recorded and average values 
taken for the humidity value in a particular experiment. The fluctuations 
led to an estimated error of ±4 % in the relative humiditv readings. 

6.2 ANALYSIS OF DEPOSITED ACTIVITY 

6.2.1 Detection of deposited ions 

The band of J1»Po ions/dusters deposited on the lower plate after an 
experimental run is detected as follows: A 6 x 25 cm3 section of the 
collector plate is removable and fits flush into the collector plate. After 
collection the section is removed and brought into contact with a sheet of 
Makrofol DE polycarbonate SSNTD (solid state nuclear track detector). 
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The alpha radiation emitted from the decaying 2 1 8Po and its third 
daughter product 2 1 4Po form tracks in the SSNTD, which are subsequently 
enlarged to visible sizes by an electrochemical etching technique. The 
track formation and etching will be discussed in the next section. For the 
etching conditions used optimum track enlargement is obtained for alpha 
radiation in the energy window of 0,5 to 2 MeV. To degrade the alpha 
energies of the 2 l 8 Po and 2"Po (6 and 7,69 MeV respectively) to this range, 
a 35 /xm thick polycarbonate absorber is inserted between the metal section 
and the SSNTD. Due to the thickness of the absorber the solid angle 
which the SSNTD subtends from any point of activity is very small, 
leading to high posit nn resolution. The background track "cunt on the 
SSNTD is usually very lor, of the order of 18 tracks.crj"2. 

Let C be the concentration of 2 2 2Rn in atoms./'1 in the sensitive volume V 
of the reaction chamber and # the number of 2 1 8Po atoms formed per 
minute in V. Assume that a fraction f of the polonium atoms formed are 
deposited on the collector plate. The deposition rate of polonium ions on 
the collector plate is then given by 

ft = « R C V (6.1) 

where A« is the decay constant of radon. The rate of change in the 
number of 2 l 8 Po atoms, N», on the collector plate is then given by 

d N A / d t - f t - ^ A N A (6.2) 

where X» is the decay constant of 2i*Po. Similarly, for the second and 
fourth decay products 2 1 4Pb and 2 , 4 Bi 

dN B/dt = > i A N A - > » B N B (6.3) 

dN c /dt = A B N B - A C N C (6.4) 
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where Ag and XQ are decay constants for 2 1 4 Pb and 2 1 4 Bi . The activity of 
2 1 4 Po, which is the isotope of interest (an alpha emitter), is taken to be the 
same as that of its precursor Ji*Bi due to the very short half-life of 164 /is 
for 21<Po. By integrating differential equations (6.2) to (6.4), the following 
expressions for the number of atoms of the alpha-emitting isotopes, 2 1 8 P o 
and 2 1 4 P o are obtained on the collector plate as a function of time (Evans, 
1969): 

A A t n 

" * - £ [ * - A l 
N - » n i — A A f n 

1 _ ( ^ A ) ^ C - J A ) e " (V^B)( A C- ; 'B) e 

A A A B ~XCl 

The decay constants for 2i»Po, ^?o and 2"Bi are 0,003787, 0,000431 and 
0,0005862 s _ 1 respectively. The alpha activities of the isotopes are given by 

h = A A N A 

I c = A C N C (6.5) 

From these relations the growth of alpha activity with time on the 
collector plate can be calculated. The results are shown in Figure 6.3. The 
total activity reaches an equilibrium value after about 4 hours. This 
represents an optimum time to obtain the maximum amount of activity on 
the plate for analysis. The analysis of the track distribution on the 
SSNTD to obtain the mobility will be discussed in a later chapter. 
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Figure 6.3 The growth of alpha activity on the collector plate as a function of 
time. The optimum time of collection is 4 hours. 

62.2 Track formation and etching 

The alpha activity on the collector plate is detected by a 250 /*m thick 
polycarbonate SSNTD. When an alpha particle penetrates the surface of 
the sheet it loses energy according to the typical Bragg curve shown in 
Figure 6.4a. Because more energy is expended towards the end of the alpha 
track, the radiation damage in the plastic material along the track is most 
severe at the track end (Figure 6.4b). To make the track visible the series 
of steps shown in Figure 6.4c to 6.4d is followed (Tommassino and 
Armellini 1973; Urban and Piesch 1981). Pre-etching of the sheet surface 
in an etchant consisting of a 4:1 mixture of ethanol and 6N KOH for 
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30 min at 27 °C removes the top 1,5 /*m of plastic, thereby reducing the 
background caused by scratches etc. on the surface. At the same time the 
track is opened up and deepened by the action of the etchant, so that a 
wedge-shaped pit appears as in Figure 6.4c. Subsequently an alternating 
voltage of 800 V R M g at 2 kHz is applied across the sheet while still in 
contact with the etchant. This leads to an electric field of 32kV.cmM 

across the plastic. The field strength is much higher locally at the sharp 
tip of the pit, causing breakdown of the plastic in this area (Figure 6.4d). 
The action cf the etchant opens the minute cracks, resulting in the 150 /im 
spot down in Figure 6.4e. The electrochemical etching step takes three 
hours. These etching conditions result in optimum spot diameters for 
alpha energies in the energy window of 0,5 to 2 MeV. 

The etching is done in the etching cell shown in Figure 6.5. The diluted 
HC1 act:, as an electrode to the other side of the sheet. A signal generator, 
audio amplifier and step-up transformer are used to generate the 
alternating potential. 

62.3 Determination of the track density distribution 

A typical track distribution is shown in Figure 6.6. Due to the fact that 
the horizontal flow profile is not absolutely flat only tracks in a 3 cm wide 
strip lying along the longitudinal centreline of the SSNTD are counted. 
Since the background track density is very low, a significant track count is 
obtained by considering only this area of the SSNTD surface. After 
etching the SSNTD is put into a special light box where a video camera 
records an image of the tracks via a microcomputer-controlled image 
analysis system (IMAGE III) onto a video screen. With associated 
software (RAMESESIV) a movable rectangular window can be 
superimposed on the image. This window was calibrated to a iength of 
15 mm and a width of 0,5 mm. 
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Figure 6.5 The etching cell and etching apparatus 

To determine the track density distribution, the projection of the 
ion inlet slit on the lower plate is marked on the SSNTD and the 
window progressively moved from this line in 0,5 mm steps, first 
along one side of the longitudinal centreline, then along the other, 
while counting the number of tracks in the window at each step. 
This procedure is depicted schematically in Figure 6.6. The track 
counts for each corresponding position on both sides of the 
centreline are then added and the background subtracted. Tracks 
lying on the leading boundary of the window are included in the 
count for that step. A typical background count was about one 
track per 15 x 0,5 mm2 window area. The background is 
determined on an area of the SSNTD upstream of the slit 
projection, where no ions are deposited. The counting continues 
until the number of tracks per window area has again decreased to 
background level. 
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Figure 6.6 Schematical depiction of the procedure followed to determine the 
track density distribution. The 15 x 0,5 mm2 window is moved 
progressively across the tracks as shown by the dotted lines. The 
tracks in each window position are counted 

6.3 DETERMINATION OF CLUSTER MOBILITY AND THE NUMBER 
OF H,0 MOLECULES IN THE CLUSTER 

The presence of an ion cluster of certain mobility will cause a peak in the 
track density distribution. It was shown in Chapter 5 that the distance 
from the projection of the ion inlet slit to the centreline of such a peak can 
be used to calculate the mobility of the ion cluster from the 'uniform field' 
equation (5.5). The relations obtained from kinetic theory in Chapter 3 
can then be used to determine the radii of the ion clusters and the number 
of H2O molecules contained in them. 
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From equation (3.8) the mobility is related to the diffusion coefficient of 
the cluster through the Einstein relation: 

K = qD/kT (6.6) 

The diffusion coefficient D is given by equation (3.21): 

D = D 0 / ( l + S/T) (6.7) 

w h e r e D ° = 4,N(d-+dc)* jnT + M F T (") 

M and m are the mass of the ion and carrier gas molecule respectively, di 
and dc are the diameters of the ion and carrier molecules and S is the 
Sutherland constant (equation (3.22)) given by 

0.201 q2 
s = ra 2k dj-Kic 

(6.9) 

Equations (6.6) to (6.9) provide a relationship between the mobility of the 
cluster and its diameter and mass. Assuming that the cluster consists of 
H 2 0 molecules clustered around the polonium ion, and assuming volume 

additivity* (Raes 1985; Yue and Chan 1979), the following relation is 
furthermore valid for the mass of watsr, M„ Q, in a cluster of radius r 
(=d c/2) around an ion of radius r0 (=di/2): 

J The volume of the cluster is obtained by adding the volumes of the 
water molecules and the 2 1 8Po ion, i.e., it is assumed that no volume 
contraction effects occur. 
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M H 2 O = (4r /3 ) (r ï - r 0 ty (6-10) 

where p is the density of liquid water. The mass of the cluster Mci is given 
by the sum of the total water mass and the mass of the polonium ion M p . 

Md = M H 2 0 + M p o = (4T/3) (r3 - r03) p + M p o (6.11) 

Substitution of equation (6.11) into (6.7) with ion mass replaced by Mci 
then allows calculation of the cluster radius from a measured 
mobility/diffusion coefficient by an iterative method. 

The mass of water in a cluster is given by the product of the number of 

H 20 molecules in the cluster and the mass of the water molecule: 

M H 2 0 = n H 2 0
 m H 2 0 ( 6 1 2 ) 

so that the number of H 2 0 molecules in the cluster can be calculated from 
the cluster radius using equations (6.10) and (6.12). 

Determination of the cluster radius and number of water molecules 

contained in the cluster allows direct comparison of experimental results 

with clustering theories. 

6.4 EXPERIMENTAL MEASUREMENTS 

To evaluate the mobility spectrometer and test the theories describing 
water clustering around the polonium ions, a number of experiments were 
performed. The main flow rate through the spectrometer was set at 
55,2 /.min - 1 to yield an average flow velocity of 46 cm.s"1 between the 
plates. The voltage on the reaction cell was held at 1 000 V, that on the 
top plate at 100 V and the lower plate at 0 V. By adjusting the flow rate 
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q 2 through the water bath, and the temperature of the water in the bath, 
water vapour concentrations of 0,11; 4; 10; 16; 25; 39; 45 and 75 % RH 
were generated in the carrier gas. 

The lowest humidity value of 0,11 % was obtained by not passing any gas 
through the humidifier system. Although the water vapour content of the 
cylinder gas is per specification less than 2 ppm, the lowest humidity that 
could be obtained was 0,11 %. This is possibly due to the nature of the 
dry 3 2 8 Ra source which has previously used with moist air, and may have 
retained moisture. A long length of Tygon tubing was furthermore used to 
connect the source through which water vapour might have permeated. 
The hu.nidity values measured were corrected to 0,16; 6; 15; 23; 36; 56; 
64 and 96 % RH for the dilution taking place in the reaction chamber. 
These are the true vapour concentrations at which the experiments were 
performed. 

Rather than predetermining the flow rate q2 needed for a particular vapour 
concentration, it was found easier to adjust the flow and temperature until 
a satisfactory vapour concentration value was obtained. 

For each of the vapour concentrations, ions/clusters were collected for a 
time period of 1,5 hours. Although the maximum number of tracks would 
be obtained after about 4 hours (see Figure 6.3), it wa? found that 
statistically significant track counts were obtained aftei 1,5 hours of 
collection. This significantly reduced the gas consumption rate. The track 
density distributions were obtained for each of the vapour concentrations. 
The results and their analysis will be the subject of the next chapter. 
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This chapter described the experimental assembly in which the 
spectrometer was used and the techniques for determination of the 
deposited activity distribution. The mathematical procedure for 
calculation of the cluster radii and numbers of H2O molecules contained in 
the clusters from measured mobility values was presented. 
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CHAPTER? 

RESULTS AND DISCUSSION 

In this chapter the results of the track distribution determinations for the 
experiments described in the previous chapter will be presented. The ion cluster 
mobilities, radii and number of H2O molecules contained in the clusters will be 
presented as <. Jculated from the relations in Chapters 5 and 6. The results will be 
compared with» the various clustering theores, and a discussion given. 

7.1 RESULTS OF THE TRACK DISTRIBUTION DETERMINATIONS 

The track distributions for different relative humidities are presented in 
Table 7.1 and are shown graphically in Figures 7.1a to 7.1h. The track 
counts for each position of the window were normalized to be 100 at the 
maximum track density for purposes of i n ^comparison. Figures 7.1a to 
7.1h represent the spectra obtained for relative humidities of 0,16; 6; 15; 
23; 36; 56; 64 and 96 % respectively. It can be seen that all the spectra 
peak sharply at a certain distance but then tail out to larger distances, 
especially at the lower relative humidities. The spectrum peaks are 
furthermore shifted to larger deposition distances with an increase in 
relative humidity. The positions of the maxima of the spectra will be used 
to calculate the mobilities of the ion water clusters. For interpretation in 
terms of the classical clustering theory and the theory of Hawrynski, it is 
accepted that the spectra are due to pure water clusters with equilibrium 
radii at the various relative humidities. This assumption can be made 
because the time for the equilibrium number of water molecules to collide 
with the Po ion is of the order of /*s (see Chapter 4). The total residence 
time of the ions/clusters in the spectrometer is of the order of 40 ms so 
that equilibrium can be attained. This is true for both theoretical 
treatments and for the lowest humidity value studied. The interpretation 
of the broad asymmetric shape of the spectra will follow in 7.2. 
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Calculation of mobilities, radii and number of H?Q molecules 

The positions of the maxima in the spectra as determined by inspection 
from Figure 7.1a to Figure 7.1h are shown in Table 7.2. Also shown are 
the mobilities calculated from equation (5.5) using the peak positions. 
Since 'weak field' conditions were maintained during the experiment, the 

mobility values could be used to calculate the diffusion coefficients of the 
ion clusters via the Einstein equation (equation 6.6; see also Chapter 3). 
Following this, relations (6.7) to (6.13) of Chapter 6 were used to calculate 
the radii of the equilibrium clusters. The radii are also presented in Table 
7.2. From equations (6.12) and (6.13) the numbers of H 2 0 molecules in 
the clusters were subsequently calculated. These numbers also appear in 
Table 7.2. 

The errors reported in the table were calculated by assuming an error of 
1 £.min"» on the reading of the rotameter used to control the main flow, 
and an error of 0.25 mm in the determination of the positions of the 
maxima. The error in the flow rate is probably smaller than 1 £.min_1 and 
can be reduced by better flow control. In addition, water fluctuations in 
vapour concentration led to an estimated error of 4 % RH in the relative 
humidity measurements. 

It can be seen from Table 7.2 that it is possible to determine cluster 
mobility with the spectrometer to an accuracy of about 4 %, just by 
inspection of the peak positions. From the result the cluster radii and 
number of water molecules can be calculated to within 3 % and 10 % 
accuracy respectively. The mobility decreased and the radius increased 
with an increase in relative humidity suggesting the formation of 
equilibrium water clusters which increase in size with the water vapour 
content of the carrier gas. The formation of equilibrium clusters can be 
inferred from the peaked shape of the spectra. This result will be discussed 
in relation to the theoretical predictions in section 7.1.2, 
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Table 7.1 
Total track counts in 3 cm strip along the 

centreline of the SSNTD 

Distance Relative humidity [w] 
[mm] 0,16 6 15 23 36 56 64 96 

0,5 2 0 3 0 1 2 2 1 
1,0 3 1 2 0 1 1 0 0 
1,5 3 0 1 0 2 0 3 3 
2,0 4 2 6 0 0 1 0 0 
2,5 1 0 3 1 1 0 0 1 
3,0 3 0 3 2 1 1 2 2 
3,5 4 1 6 1 2 1 1 2 
4,0 3 2 2 0 2 0 2 3 
4,5 2 2 5 3 3 1 1 3 
5,0 1 2 4 0 0 3 0 3 
5,5 0 3 2 2 1 2 1 1 
6,0 1 1 7 0 1 0 4 1 
6,5 3 4 5 1 0 0 1 2 
7,0 0 3 4 0 0 0 0 1 
7,5 3 0 5 0 0 2 1 0 
8,0 3 1 3 0 0 2 6 3 
8,5 4 0 3 3 3 0 4 3 
9,0 11 3 4 3 4 2 4 2 
9,5 32 2 10 5 6 3 1 4 
10,0 48 9 21 14 14 3 3 2 
10,5 53 16 42 37 35 6 1 3 
11,0 65 26 67 63 52 14 0 1 
11,5 72 30 87 76 61 34 6 7 
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Distance Relative humidity [%] 
[mm] 0,16 6 15 23 36 56 64 96 

12,0 61 31 90 107 58 52 5 11 
12,5 50 29 111 117 78 52 4 12 
13,0 40 29 104 133 86 65 16 28 
13,5 42 24 83 108 73 75 29 28 
14,0 50 20 77 121 76 65 34 27 
14,5 37 18 70 109 57 58 23 36 
15,0 30 17 52 98 58 43 20 35 
15,5 30 13 54 94 44 46 24 46 
16,0 24 10 64 95 41 33 22 25 
16,5 24 11 54 82 42 32 19 25 
17,0 21 10 47 80 32 28 17 14 
17,5 22 9 47 72 20 20 12 6 
18,0 16 6 33 65 16 17 6 14 
18,5 15 7 21 51 21 7 6 6 
19,0 11 4 25 34 9 5 5 4 
19,5 20 4 12 37 12 9 5 2 
20,0 12 4 14 39 11 4 3 4 
20,5 2 2 10 32 6 4 3 0 
21,0 10 2 8 26 10 3 0 0 
21,5 7 2 19 27 10 6 4 4 
22,0 6 2 17 15 5 5 3 0 
22,5 5 6 15 18 7 5 2 0 
23,0 6 3 12 22 9 2 0 2 
23,5 4 4 12 15 4 5 2 0 
24,0 4 3 12 14 3 6 3 ft 

24,5 2 3 7 18 3 3 5 4 
25,0 1 4 14 13 4 4 1 2 
25,5 3 2 11 12 3 5 2 0 



105 

(continued) 

Distance Relative humidity [%] 
[mm] 0,16 6 15 23 36 56 64 96 

26,0 2 2 12 7 0 5 2 
26,5 2 2 14 10 4 6 3 
27,0 3 2 11 8 3 5 4 
27,5 1 1 9 4 2 5 2 
28,0 0 2 8 2 0 2 1 
28,5 1 0 9 4 0 2 2 
29,0 1 1 6 1 1 5 
29,5 2 0 1 2 1 3 
30,0 1 2 6 2 1 0 
30,5 3 3 3 
31,0 4 0 2 

7.1.2 Comparison of experimental results with the clustering theories 

7.1.2.1 Classical theory 

The equilibrium or stable cluster radii and number of water molecules 
contained in the clusters, as calculated from the classical theory and 
the clustering theory of Hawrynski respectively, are presented in Table 
7.2 and shown graphically in Figure 7.2a and Figure 7.2b as a function 
of relative humidity. Also shown in the figures are the radii and 
number of molecules as calculated from the measured mobility values. 
The errors associated with the measurements, as discussed in section 
7.1.1, are also shown in the figures. The experimentally determined 
radii are larger than those predicted by the classical theory by a 
constant factor of about 1,4 and the number of water molecules is 
larger by a factor of 2,6. 
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Table 7.2 
Experimental results and theoretical predictions 

for radius and number of water molecules at various 
relative humidites 

%RH Peak 
position 
[cm] 

Mobility r E n E rCT n CT r H n H i 

1 

0,2*0,2 1,138*0,025 1,62*0,05 4,1*0,2 9*2 2,8 2,6 
6*4 1,207*0,025 1,52*0,04 4,4*0,2 11*2 3,2 4,0 7,2 55 

15*4 1,239*0,025 1,49*0,04 4,5*0,2 12*2 3,4 4,7 8,0 73 
23*4 1,296*0,025 1,42*0,04 4,6*0,2 13*3 3,5 5,2 8,4 86 
36*4 1,300*0,025 1,41*0,04 4,7*0,2 14*3 3,6 5,8 9,0 104 
56*4 1,346*0,025 1,37*0,04 4,9*0,2 15*3 3,7 6,5 9,8 134 
64*4 1,474*0,025 1,25*0,03 5,2*0,2 18*3 3,8 6,9 10,3 146 
96*4 1,489*0,025 1,23*0,03 5,3*0,2 20*3 4,0 8,8 11,4 210 

Mobility in cm^.V-'.s-1 

Radius in 10'* cm 

rg = experimentally determined radius 
n« = experimentally determined number of H 2 0 molecules 
TQJ, = radius according to classical theory 
n CT = n u m ^ e r °* molecules according to classical theory 
r*w = radius according to theory of Hawrynski 
n™ = number of molecules according to theory of Hawrynski 
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However, the trend of the radius and number of water molecules with 
an increase in relative humidity is the same as predicted. At this stage 
the large difference between the experimental results and the classical 
theory cannot be definitely ascribed to inaccuracies in the theory, 
although the use of macroscopic concepts like surface tension and the 
dielectric constant of liquid water has been questioned in the literature 
(Yue 1979; Wiendl 1974). It should also be noted that neither of the 
two theoretical formulations take any account of the chemical 
properties of the central ion, in this case 2 l 8 Po, which may lead to 
chemical reaction between the ion and the water molecules. Chemical 
reaction will change the free energy of formation of the clusters and the 
associated equilibrium cluster radius. It is not known at what stage 
the individual water molecules clustered around the ion will 'fuse' into 
the liquid phase to form a layer of water around the ion. The clusters 
with few water molecules may have a relatively ordered physical 
structure (Castleman et al 1978), which is not accounted for in the 
theory and which may lead to a larger cluster radius than expected, 
i.e. steric effects determine the distance from the central ion that a 
certain water molecule will become attached. 

The classical theory does not, therefore, account for all factors that 
may determine the size of the equilibrium water clusters, although the 
rate of change of the equilibrium cluster size with relative humidity as 
predicted by the theory is borne out by the present experiment. 

7.1.2.2 The theory of Hawrynski 

The clustering theory of Hawrynski (1984a), on the other hand, 
predicts radii and numbers of water molecules that are much larger 
than the experimental values. This theory also predicts a more rapid 
increase in radius with an increase in relative humidity than was found 
experimentally. The theory of Hawrynski differs from the classical 
theory in its expression of the surface and electrostatic energy terms in 
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the formulation of the free energy of formation of the cluster. The 
large number of water molecules contained theoretically in the cluster 
at stable equilibrium seem to indicate that the electrostatic bonding 
effect of the central ion is overestimated in the theory. With a large 
number of molecules already attached to the ion, the electrostatic field 
of the ion should be weakened to such an extent that it no longer 
contributes tc the bonding of additional water molecules. 

The radii predicted by Hawrynski also seem unrealistically large when 
the mass spectrometric measurements of Tang and Castleman (1972) 
and Tang and Castleman (1974) are considered. These authors found 
4, 5 and 6 H2O molecules clustered around singly charged Pb and Bi 
ions for relative humidities of 4,2; 21 and 84 % respectively. It should 
be noted that the experiments of Tang and Castleman were performed 
at much lower pressures (680 Pa to 2 kPa) than in the present study 
(atmospheric pressure). This fact will be discussed in section 7.1.3. 
Pb and Bi are physically and chemically very similar to Po. The 
clusters were equilibrium clusters appearing with the highest intensity 
in the cluster distributions observed by Tang and Castleman. The 
experimental method and results of these authors will be discussed in 
more detail in section 7.1.3. The number of water molecules and the 
corresponding radii from the reported mass spectrometric 
measurements are also included in Figure 7.2a and Figure 7.2b and 
agree much closer with the classical theory than with the theory of 
Hawrynski. 

Given the results of the present experiment, the theory of Hawrynski 
overestimates the size of the equilibrium water cluster, and the 
dependence of the size on the water vapour concentration of the carrier 
gas. No account is taken of structural or chemical effects in the 
theoretical treatment. This is also the case with the classical theory. 
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Both the theoretical treatments and the experimental results found in 
this study should also be compared to the experimental results of 
Leung and Phillips (1988) on clustering of water around 2 l s Po, also 
shown in Figure 7.2a and Figure 7.2b. The results of Leung and 
Phillips were obtained for clean, filtered air. The radii and number of 
water molecules reported at relative humidities below 45 % correspond 
well with values found in the present study. At higher relative 
humidity, however, there is no correspondence. Also, no recognized 
trend can be seen in the data of Leung and Phillips at higher relative 
humidity. Unfortunately, no measurements lower than 13 % relative 
humidity were reported. 

The shape of the spectra 

The mass spectrometric measurements of Tang and Castleman (1972) and 
Tang and Castleman (1974) employed a high pressure (680 Pa to 2 kPa) 
ion drift tube. Singly charged Pb and Bi ions were produced by a 
thermionic ion source and gated into a reaction cell which was at 
sufficiently high pressure to attain equilibrium between the ions and 
clustering water molecules introduced into the reaction cell. The clusters 
were subsequently introduced into a high vacuum region through a small 
orifice where they were mass-analysed by a quadrupole mass spectrometer. 
It was found that a distribution of cluster sizes existed, as shown in Figure 
4.3. For relative humidites of 4,2; 21 and 84 % respectively, the clusters 
that occurred with the highest intensity (highest concentration) in the 
distributions contained 4, 5 and 6 water molecules. Although the 
measurements were done at low pressure, it was reported by Tang and 
Castleman that the equilibrium constants, Ki (see section 4.2.3), for the 
cluster formation reactions are independent of pressure above 400 Pa. It 
should also be noted that there is no dependence on the pressure of the 
carrier gas in any of the theories that describe the water clustering process. 
The equilibrium cluster distributions obtained by Tang and Castl' an and 
Castleman and Tang can thus be compared to results of this study at 
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atmospheric pressure. 

Due to the relatively long residence time of 2 l 8 Po ions in the present 
experiment (order of 40 ms) compared o the collision time of H 20 
molecules with the ion (order of 1 /ts; equation (4.3)), distributions of 
equilibrium clusters with different number of water molecules may be 
expected, similar to the observations of Tang and Castleman. The 
distribution in number of water molecules may explain the shape of the 
spectra obtained. A cluster containing a certain number of molecules will 
show a narrow band of activity deposited on the collector plate, with the 
Gaussian shape discussed in Chapter 5, equation (5.26): 

c(x) = Aexp[-(x-x0)V2(r2] (7.1) 

Here c(x) is the track count at a position x and A the intensity of the peak. 
The position x 0 of the centreline of the Gaussian peak is determined by the 
mobility and, hence, size of the cluster, and is fixed for each cluster with a 
particular number of water molecules. Likewise, the width a of the 
Gaussian is determined by the Brownian diffusion of the cluster, which is 
also fixed for a particular cluster by its size and diffusion coefficient. Each 
cluster will thus produce a characteristic Gaussian peak of a certain width 
nt \ fixed position on the collector plate. The measured track distribution 
is then a superposition of the individual peaks of all the clusters existing in 
the cluster distribution. 

The centreline positions for the peaks of the hypothetical clusters 
containing from 1 to 60 water molecules were calculated. For the saire 
clusters the fixed peak widths were determined from the transport 
calculations of Chapter 5. Using these values, the track distribution 
function yi at position Xi could then be represented as the linear sum of 
Gaussian functions: 
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y i = AiexpHxi-Xoi)*^!*! + A 2 exp[-(xi-x02)2/2<r22] 

+ + A„ exp Hxi-x 0 n) 2 /2^ 2 ] (7.2) 

where the subscript n indicates a cluster containing n molecules. Similar 
expressions can be written for all the other positions at which track counts 
were obtained. The coefficients A n determine the relative intensities of the 
various Gaussian functions and are directly proportional to the intensities 
or concentrations of the respective cluster species in the expected 
distribution. 

To extract the intensities from the measured data a multiple linear 
regression fit of the system of equations arising from (7.2) was made to the 
measured track distribution functions. The exponential functions were 
regarded as the independent variables and the coefficients A„ determined 
from the 'best fit' according to the least-squares criterion. For this 
purpose the normalized track count distributions for the various relative 
humidity values were smoothed using an 8-term moving average. It was 
found, however, that the maxima of the smoothed spectra were lower than 
the original values due to the small number of measured values in the 
vicinity of the peak apex. Therefore the peak top was modelled by a 
Gaussian function and additional values calculated. Smooth spectra 
through all the points were then obtained. The smoothing and the 
least-square regression fits were performed with routines contained in a 
standard statistical graphics software package. 

At first, regression fits were made where the Gaussian functions of clusters 
containing 2, 4, 6, 8 ... 60 water molecules were included in function (7.2), 
but the calculated coefficients displayed violent fluctuations and often had 
negative values. Subsequently only functions for clusters containing 3. 6, 
9, 12 ... 60 molecules were included in the model and realistic estimates of 
the coefficients were obtained. As »n example, the Gaussian peaks of 
which the track distribution spectrum for 36 % relative humidity is 
composed are shown in Figure 7.3. The numbers indicate the numbers of 
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water molecules contained in the clusters which the respective peaks 
represent. Although clusters with numbers of molecules between those in 
the figure will exist, i.e. with 1, 2 .. 4, 5 ..., 7, 8 ... molecules, it is assumed 
that these clusters will not change the relative values of the amplitudes or 
intensities in the figure. In Figure 7.4a to Figure 7.4h only the amplitudes 
of the cluster peaks are shown with the smoothed track iistribution 
functions for each of the measured relative humidity values. Note that the 
maximum amplitude does not necessarily always coincide with the 
maximum of the track distribution function, due to the fact that not all 
clusters were considered. 
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The amplitude of a cluster peak obtained from the regression fit is directly 
proportional to the concentration of that particular cluster in the 
experiment. The cluster distributions can be represented against the 
.lumber of H 20 molecules in the clusters as in Figure 7.5a to Figure 7.5h. 
The distributions were normalized to be 100 at the maximum. These 
distributions should be compared to tne theoretical distributions also 
shown in the figures. Tang and Castkman (1972); Tang and Castleman 
(1974) and Wiendl (1974) have shown in kinetic theoretical treatments of 
clustering (Chapter 4) that the probability for a cluster containing n 
molecules to occur at a certain relative humidity is proportional to 
exp(-&Gn/kT), where AGn is the free energy of formation of the cluster 
and is a function of n. Using the expression for &G from the classical 
theory (equation (4.1)) the theoretical cluster distributions were 
calculated. Taking the highest probability to be 100 the cluster 
distributions were normalized and can be compared to the experimentally 
determined distributions in Figure 7.5a to Figure 7.5h. For all the relative 
humidity values the experimental distributions are much wider than the 
theoretical distributions. Clusters containing from 3 to 40 water molecules 
were observed experimentally, whereas theoretically the probability for a 
cluster containing more than 10 water molecules to occur is negligible. The 
most probable duster sizes found experimentally are furthermore larger 
than predicted by the theory. This result is related to the use of the 
classical expression in writing the theoretical cluster distributions, since 
the classical expression for the free energy of formation reaches minima at 
smaller equilibrium cluster sizes than found experimentally. 

Some of the smoothed spectra, especially those at 0,16; 6; 15 and 
23 % RH, have very irregular tails with humps at certain distances. 
Although possibly due to statistical fluctuations, these humps may 
potentially signify clusters of the corresponding sizes which occur with 
relatively higher probability. A possible explanation would be that the 
clusters reach a point of structural stability at that number of water 
molecules. Due to statistical uncertainty, however, no further attention 
will be given to this finer structure in the spectra. 
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The interpretation of the experimental results in this chapter has up till 
now been done in the light of the assumption that only pure water 
clustering occurred during the experiments. Since ultrapure nitrogen gas 
was used as carrier gas, and inert materials in the construction of the 
spectrometer, this assumption should be valid. However, organic 
contaminants could have outgassed from the connecting Tygon tubing. 
Plastic containers and tubing when heated to 100 °C (O'Hanlon 1980,"p. 
153) are known to give off the organic compound dibuthyl phtalate a 

. commonly used plasticiser. This compound may also have been outgassed 
at room temperature in the present experiment, and if present in sufficient 
quantities, could have taken part in clustering reactions with the 2 I 8 Po 
ions. There are also very small amounts of unknown organic molecules 
present in the ultrapure gas supply. The clustering that occurs 
theoretically wh°n a second condensable species is present in the carrier 
gas was described in Chapter 4. Depending on the concentration of the 
secondary molecules stable, transitory or unstable clusters can be formed. 
Any of these clusters would be larger than the pure water equilibrium 
clusters, with correspondingly lower mobilities. The presence of such 
clusters could therefore potentially be the cause of the humps observed in 
the experimental spectra. Since the spectra decreased to zero for lower 
mobilities, the presence of unstable clusters which are continuously 
growing in size can be ruled out. 

It has been reported (Friedlander,1988) that, out of the three main classes 
of organic compounds, the paraffins do not take part in nucleation 
processes. Among the olefins the cyclic olefins are known to nucleate, 
while rucleation can definitely occur with the aromatic compounds. 
According to supplier specifications, however, compounds with more than 
six carbon atoms occur in negligible concentrations (less than 101 0 

molecules.cnr3 or 0,03 ppm) in the gas supply cylinder. The compound 
cyclopentene (CsHg), a cyclic r'efin, can be taken as representative of the 
smallest organic compounds that could have taken part in nucleation 
processes in this experiment, while dibuthyl phtalate represents the largest. 
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To study the effects that possible stable or transitory binary clusters might 
have had on the observed spectra the mobilities of such clusters should be 
considered. Neither of the two representative compounds is soluble in 
water and it will be assumed that the organic molecules simply become 
attached to the pure water cluster on collision. The radius of the resulting 
cluster can thus be estimated from the radii of the molecules and water 
clusters. In the case of dibuthyl phtalate, the mobility of a water cluster 
with one molecule attached would be 0,45 cm^V't.s"1, and this cluster 
should therefore be observable at a distance of 3,54 cm from the slit 
projection. No track counts above background were recorded in any of the 
spectra at this large distance, and so it can be stated that large organic 
compounds, such as would be expected from the tubing, did not interfere 
with the spectra. 

For cyclopentene the mobility was calculated to be 1,04 cm^V-'.s"1. A 
deposition distance of 1,77 cm would thus be expected. This position is 
indicated by the arrows in Figure 7.4a to Figure 7.4h for each of the 
smoothed spectra. For relative humidity values below 64 % there appear 
to be corresponding humps in the spectra at a distance of about 1,65 cm. 
These humps are especially pronounced at 15 % and 23 % relative 
humidity, and could be due to organic molecules with sizes of the order of 
that of the cyclopentene molecule. The fact that the humps occur with 
varying intensities at different relative humidities can then be explained by 
the possible renewal of the gas cylinders before the particular experiments 
took place. That organic molecules like cyclopentene could indeed be the 
cause of the hump, can be seen when the time it takes for one such 
molecule to collide with the pure water cluster is compared to the residence 
time of the clusters before collection. The time for collision can be 
calculated from the collision rate per unit area of molecules with the pure 
water cluster. The collision rate 0% is given by (equation (4.3)): 
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where N x is the number density of the colliding molecules of mass mx. 
From equation (7.3) the time t for one molecule to impinge is 

t = l/4rr 20 x (7.4) 

where r is the radius of the water cluster. Supplier specifications state that 
the number density of orgar.ic molecules containing five carbon atoms 
should be less than 1012 molecules.cm*3 (0,06 ppm). The mass of the 

. cyclopentene molecule is 1,13 x 10 - 2 2 g so that, for a typical water cluster 
with a radius of 5 x 10~8 cm, the collision time can be calculated to be 
50 ms, which is of the same order as the residence time of the clusters 
(42 ms; see Chapter 5). At least one organic molecule could therefore 
impinge on the cluster during the time spent by the cluster in the carrier 
gas. 

The fact that organic molecules in the gas supply possibly contributed to 
the shape of the recorded spectra does not, however, alter th» conclusion 
that the experimental pure water cluster distributions are broader than 
predicted by theory. 

7.1.4 Comparison of experimental results with reported mobility measurements 
at low relative humidity values 

The experimentally determined mobility of 1,6 cm2.V-'.s'' at 0,16 % 
relative humidity should finally be compared to the values of 
1,8 cm2.V-i.s-i to 2,2 cm^V-i.s"1 reported by Bricard et al (1966); Fontan 
et al (1966); Porstendorfer (1968) and Kulju et al (1987). Chu and Hopke 
(1988) derived a value of 1,87 ± 0,10 cm^VHs'1 in N 2 containing about 
25 ppm of water vapour. The value found in this experiment is thus much 
lower than these values. Although no mention of the humidity content of 
the carrier gas is made in any of the abovementioned experiments it must 
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be assumed that the measurements were made in very dry atmospheres, as 
the reported values mobility approach and even exceed the value of 
1,98 cma.V"l.s"1 calculated from the kinetic theory for the bare 2 t 8 Po ion 
(Chapter 3), with no attached water moleoiles. If the kinetic theory value 
of 1,98 cm2.V-'.s"1 is assumed to be correct the reported values exceeding 
this figure should perhaps be questioned. If relative humidities below 
0,16 % were used in the reported experiments it will explain the 
discrepancy between the results of this study and the reported work. 
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CHAPTER8 

CONCLUSION 

This chapter will deal with the performance of the mobility spectrometer and the 
extent to which the spectrometer meets the requirements set out in Chapter 5. The 
Umitations of the measurement technique will also be discussed. The applicability of 
the ion mobility theory, described in Chapter 3, will be evaluated. A discussion on 
the experimental findings regarding water clustering, and the validity of the water 
clustering theories, will be given and recommendations made for future studies of 
initial clustering around 2 l 8 Po ions, using the spectrometer developed in this study. 

8.1 PERFORMANCE OF THE SPECTROMETER 

In section 5.1 of Chapter 5 a number of requirements for a mobility 
spectrometer to measure the very small ion cluster sizes were laid down. 
The extent to which the spectrometer design conforms to these 
specifications can be judged in terms of the experimental results obtained. 

8.1.1 Resolution of the spectrometer 

The specification for high resolution measurement of the small cluster sizes 
implies two requirements. Firstly the spectrometer should allow accurate 
determination of the mobility of a certain cluster (from which the size is 
deduced) and secondly, two clusters of different sizes occurring 
simultaneously should be distinguishable from the measured track 
distribution spectrum. The experimental results discussed in Chapter 7 
(see section 7.1 and section 7.2) indicate that the first requirement is 
indeed met by the spectrometer. It was possible to determine the 
mobilities of the clusters corresponding to the maxima in the spectra with 
an accuracy of about 4 % for the various relative humidity values. The 
determination was done by visual inspection of the positions of the peak 
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maxima. From the mobility values the cluster radii and the number of 
water molecules in the clusters could be calculated to within 3 % and 10 % 
respectively, or ± 0,2 x 10"8 cm and ± 3 water molecules. This accuracy 
can be compared to typical diffusion screen measurements (Ramamurthi 
1989) where particles with radii below 0,5 nm (5 x 10 "8 cm) can at most be 
determined to lie in the radius interval 0,25 x 10~8 cm to 5 x 10~8 cm. 

The accuracy in the determination of the number of water molecules in the 
cluster, however, is much lower than that obtained in mass spectrometric 
measurements where the number of water molecules can be determined 
exactly. 

To judge the extent to which the second requirement is met, it should be 
kept in mind that the clusters, or cluster sizes, which were present in the 
experiments were unknown. It was assumed in Chapter 7 that only pure 
water clustering took place, and therefore a cluster distribution, such as 
that observed by Tang and Castlemar. (1972) and Tang and Castleman 
(1974) could be expected. It was shown in section 7.1.3 that with this a 
•priori assumption cluster distributions could only be extracted from the 
measured spectra by using the results of the transport calculations of 
Chapter 5. The transport calculations were done assuming that Brownian 
diffusion is the only mechanism which causes the broadening of the 
deposition spectra. It was mentioned in 5.2.1 that free-stream turbulence 
due to micro-eddies in the flow will always be present. This could cause 
additional broadening which is not accounted for in the transport 
calculations. A measured spectrum was taken to be the result of a 
superposition of the spectra of individual water clusters and the amplituces 
of these were determined by a least-squares regr?ssion technique for 
clusters containing 3, 6, 9 ... water molecules to obtain the cluster 
distribution. The peaks corresponding to tltese clusters could therefore not 
be distinguished individually. 

The existence of humps in the lower mobility ends of the spectra was 
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recognized in Chapter 7, and it was shown that these could possibly be due 
to organic contamination by molecules such as cyclopentene, which occur 
in the gas supply. If this explanation were true it would mean that cluster 
mobilities differing by about 0,4 cm 2V~ 1.s 1, and occurring simultaneously, 
can be distinguished by the spectrometer since the humps in the spectra 
are clearly discernible. The ability of the spectrometer to distinguish 
obviously depends on the relative intensity of the two peaks. Due to a lack 
of more substantial evidence in this regard, no further conclusions can be 
drawn regarding the distinguishing ability of the spectrometer. 

8.1.2 Cluster age and the composition of the carrier gas 

Thorough control over, or knowledge of, the age of the clusters in the 
experiments was one of the requirements that had to be met by the 
spectrometer design. It was calculated in Chapter 4 that equilibrium 
water clusters would be formed within microseconds after the formation of 
the 2 l 8 Po ions. Theoretically these clusters would evaporate upon 
neutralization. According to the neutralization studies of Chu (1987), the 
ions will become neutralized mainly via the electron scavenging mechanism 
(see section 4.4.2) within about 50 ms for the water vapour concentration 
range covered in this study. 

Due to the design of the reaction cell and the electrostatic potentials 
applied to the cell and plates, the residence time of the ions in the carrier 
atmosphere is well defined (see Figures 5.10 and 5.10b, Chapter 5), 
although no experimental investigation of residence times could be 
performed. The trajectory calculations of section 5.2, Chapter 5, allowed 
determination of the residence time of the clusters. The calculated 
residence time is about 42 ms, which is comparable to the 50 ms 
neutralization lifetime of the 2 1 s Po ion. However, there is no definite 
experimental evidence that appreciable neutralization of the ions/clusters 
occurred in the experiments. The neutralization rate would be the same 
for all the relative humidity values studied so that there is no way to draw 
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conclusions regarding neutralization from the information available from 
the measurements. Furthermore, the radon concentration in the different 
experiments was not necessarily the same since the radium source was not 
flushed continuously. This fact could have caused the random differences 
observed in the peak intensities of the track distributions in Table 7.1, so 
that conclusions regarding neutralization cannot be drawn from these 
differences. 

However, assuming that pure water clustering took place, a cluster 
distribution as expected could be extracted from the measurements in 
which the intensities of clusters containing small and high numbers of 
water molecules respectively tend to zero. This would indicate that the 
residence time of the clusters in the spectrometer is long enough for an 
equilibrium distribution of clusters to develop. 

Ultrapure nitrogen gas was used as carrier gas in the experiments and 
special attention was given to ensure the use of inert materials in the 
construction of the spectrometer. Although the connecting tubing could 
have caused organic contamination of the gas, it was shown in Chapter 7, 
section 7.1.3, that this would not have interfered with the measured 
spectra. However, according to the supplier specifications the gas supply 
cylinders contain organic molecules with 5 carbon atoms in concentrations 
of less than 1012 molecules.cm*3 (0,06 ppm). Although this figure is very 
low, it was shown in section 7.1.3 that the concentration is still high 
enough for at least one organic molecule like cyclopentene to become 
attached to a pure water cluster. The presence of such molecules may have 
been the cause of the humps on the spectra discussed in section 7.1.3 and 
section 8.1.1. The use of ultrapure gas, even if very low concentrations of 
impurities are specified, should therefore not be seen as a guarantee that 
organic contamination, and resulting interference with the measured 
spectra, will not occur. It is recommended that in any future experiments a 
cleaning device such as a charcoal bed and/or molecular sieve be used to 
remove organic contaminants from the carrier gas. 



8.2 APPLICATION OF ION MOBILITY THEORY 

In Chapter 3, expressions relating the radius and mass of an ion to its 
mobility and, through the Einstein equation, to its diffusion coefficient 
were presented. These expressions were seen to correspond to the results of 
rigorous kinetic theory. The relations were used to calculate the radii of 
clusters for which corresponding mobility values were measured in Chapter 
7. From the radii the numbers of H 2 0 molecules in the clusters could be 
calculated. The calculation using ion mobility theory yielded realistic 
results in all cases, with the radii and number of water molecules 
comparable to the values predicted by the clustering theories and 
previously measured values. Since the sizes of the ions/clusters measured 
were unknown beforehand, however, there is no measured mobility value 
that can be compared direct with a theoretical value to validate the ion 
mobility theory. The value of the mobility of the unclustered 2 1 8 Po ion for 
very dry air would represent such a reference point. It was calculated in 
Chapter 3 that the mobility of this ion should be 1,98 cm^VHs"1 if a 
radius of l,5xlO" 8cm is assumed. Values between 1,8 cm2.V' ,.s*1 and 
2,2cm2.V-1.s'1 have been reported by Bricard et al (1966); Fontan et al 
(1966); Porstendorfer (1968) and Kulju et al (1987) for radon decay 
products in very dry atmospheres. However, in the present experiment a 
mobility value of 1,6 cm^.V-i.s-1 was found for 0,16 % relative humidity. It 
is possible that the experiments reported in literature and mentioned above 
were done at a still lower relative humidity level. There is thus no 
experimental evidence from this study to invalidate the ion mobility 
theory. 
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VALIDITY OF THE WATER CLUSTERING THEORIES 

Thermodynamic theories 

The mobility spectrometer was used to study ion-induced water clustering 
around 2 1 8Po ions for various water vapour concentrations. The results of 
these studies were presented in Chapter 7 in terms of the radius of, and the 
number of H2O molecules contained in the clusters as a function of 
increasing relative humidity. The raoius and number of molecules both 
show the same slow increase as predicted by the classical theory discussed 
in section 4.2.1, Chapter 4, but differ from the theoretical values by a 
constant factor of 1,4 in the case of the radius and 2,6 for the number of 
water molecules. Large differences do however occur between the 
experimental results and the theory as presented by Hawrynski (1984a) 
(see section 4.2.2, Chapter 4). The theoretical values of Hawrynski 
increase at a much higher rate than found experimentally, and clusters 
containing up to 200 water molecules are predicted. It seems that the 
classical theory represents the clustering phenomenon more accurately than 
the Hawrynski theory. It was mentioned in Chapter 4 that the use of 
macroscopic quantities like surface tension and dielectric constant to 
describe the microscopic clustering process can be questioned. Although 
the theory of Hawrynski incorporates a thermodynamic correction to the 
macroscopic surface tension to take the small size of the cluster into 
account, and makes no use of the dielectric constant, the theory 
overestimates the size of the equilibrium water cluster that wil1 be formed 
at a certain relative humidity level. The classical theory, on the other 
hand, slightly underestimates the size. 

The underlying principle of both theories is the existence of a stable 
equilibrium cluster which corresponds to a minimum in the free energy of 
formation of the cluster, and which should increase in size with an increase 
in relative humidity. The sharply peaked experimental spectra indicate 
that such a stable cluster is indeed formed. 
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8.32 Kinetic clustering theory 

In Chapter 7, section 7.1.3, it was assumed that pure water clustering had 
taken place in the experiments, and by using the result of the ion transport 
calculation of Chapter 5, it was shown that a water cluster distribution 
such as predicted by the kinetic clustering theory -' section 4.2.3 can be 
extracted from a measured track distribution spe jn. The experimental 
distributions are, however, much broader han the theoretical 
distributions, as shown in Figure 7.7a to Fibure 7.7h and clusters 
containing up to 40 water molecules can occur. The experimental 
distributions also peak at a higher number of water molecules. It should 
be kept in mind that the theoretical distributions were determined by 
using the free energy of formation as calculated from the classical theory. 
The peak of the cluster distribution corresponds to the minimum in the 
free energy. Using the expression (equaiion 4.10) 

I n = It exp(-AG/kT) 

the shape of the AG curve as a function of the number of water molecules 
was calculated for 36 % relative humidity. This curve is compared to the 
theoretical curve as calculated from the classical theory in Figure 8.1. It 
can be seen that the experimental curve does not display such a sharp 
minimum and is also wider than the theoretical curve. 

It can be concluded, however, that although the experimental results agree 
qualitatively with the classical theory and the kinetic clustering theory, 
there are numerical differences. Further refinement of the formulation for 
the free energy of formation is obviously needed. No account is taken in 
the theory of the chemical properties of the central ion, nor of the 
possibility of geometrical structuring of the water molecules as they cluster 
onto the ion. 
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Figure 8.1 The shape of the AG curve vs number of water molecules in the 
cluster as calculated from the classical theory and from the 
experiment. Also shown are the cluster distributions. The 
experimental AG curve is much broader than predicted by theory. 
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IMPLICATIONS FOR BINARY ION-INDUCED CLUSTERING 

It was mentioned in Chapter 1 that the size of the prenucleation water 
clusters determines the rate at which molecules of a second condensable 
species like H 2 S0 4 become incorporated into the clusters and thus control 
the initiation of heteromolecular cluster formation and growth. The 
implications of the experimental findings for this process will be discussed 
by considering the collision rate of the H 2 S0 4 molecules with the clusters, 
because this rate will determine whether cluster growth takes place, i.e. 
before the water cluster evaporates. 

The collision rate of H2SO4 molecules per unit area of the water cluster is 
given by equation (4.3), with N™ Q replaced by the number density of the 
H2SO4 molecules, N„ S Q and m„ Q by the mass of the H2SO4 molecule, 
m H SO ' * n ^ a ^ e 81 t n e collision times for a H2SO4 molecule with 
water clusters of different radii are shown for relative acidity values of 
10'3 and 10'1. Relative acidity (RA) is defined, similar to relative 
humidity, as the ratio of the vapour pressure of H2SO4 molecules in the gas 
to that abo\3 a flat surface of pure H 2S0 4 . The water cluster radius of 
3,8 x 10"8 cm is the radius of the stable cluster predicted by the classical 
theory for 64 % relative humidity. The value of 5,2 x 10*8 cm is the 
experimentally found radius and 6 x 10 8 cm is the radius corresponding to 
a cluster containing 30 water molecules. The existence of this cluster was 
found to be possible from the measured cluster distribution at 64 % 
relative humidity. At a relative acidity of 10'2 it can be seen that all 
water clusters will evaporate before a H2SO4 molecule can impinge, 
because the neutralization lifetime is typically 50 ms (see Chapter 4, 
section 4.4). For a relative acidity of 10*1, however, the table shows that, 
while the cluster predicted by the classical theory will evaporate, the 
experimentally observed clusters may incorporate a H2SO4 molecule before 
neutralization and grow to a larger size. This is especially true for the 
cluster with 30 water molecules. The existence of cluster distributions as 
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found experimentally thus implies that binary clustering and growth with 
secondary molecules can take place at relative acidity levels where the 
classical theory predicts no binary clustering. 

8.5 RECOMMENDATIONS FOR FUTURE STUDIES 

Reviewing the results of the study, and the conclusions drawn in the 
preceding sections, a number of recommendations for future studies using 
the mobility spectrometer can be made. The uncertainty concerning the 
shape of the spectra stresses the importance of improving the purity of the 
carrier gas. This can be ensured by the use of a charcoal adsorber bed or 
molecular sieve before the gas stream is split to flush the radon source. A 
high—efficiency particulate filter should furthermore be installed on the 
inlet of the spectrometer. 

Secondly, modifications for studying the clustering processes over longer 
time intervals should be considered. One way would be to decrease the 
potential difference between the upper and collector plate, leading to 
longer residence time between the plates. The resulting increased 
spreading of the ions will, however, lead to loss of resolution. Decreasing 
the potential difference between the reaction cell and the upper plate will 
not increase the residence time significantly, but the use of a larger 
secondary reaction cell below the smaller cell, and pulsed potentials, may 
be promising, as shown schematically in Figure 8.2. 

A voltage pulse Vi of short duration Atj is applied to the primary reaction 
cell to drive ions formed in the primary cell into the secondary cell. The 
ions are allowed to react for a predetermined time AT2 and then a second 
voltage pulse Vj of duration at 2 is applied to the secondary cell to drive 
the ion clusters into the laminar flow stream, where deposition takes place. 
The process is then repeated for a large number of cycles. However, careful 
modelling of the interactions occurring in the secondary cell may be 
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necessary to interpret the results, due to the fact that neutralization, 
plateout, coagulation and possibly homogeneous nucleation will occur when 
two condensable species are considered. 

Finally, the use of position-sensitive surface barrier detectors should be 
considered for detection of the deposited activity, since the track etching 
and counting technique is very time—consuming. There will, however, be a 
loss of resolution. 

In conclusion, the mobility spectrometer developed in this study represents 
a measurement tool for studying the initial clustering that occurs around 
the decay products of radon, especially 2 1 8 Po, as was demonstrated for the 
case where one condensable species, water, was present. 

Table 8.1 
Collision times for H2SO4 molecules with water 
clusters with radii as determined experimentally 

and from classical theory 

RA Radius [xlO-8 cm] Collision time [s] 

10-2 3,8 
5,2 
6,0 

0,91 
0,46 
0,34 

10-1 3,8 
5,2 
6,0 

0,09 
0,05 
0,03 
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Figure 8.2 Proposal for the addition of a secondary reaction cell to the 
spectrometer and the use of pulsed potentials 
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