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ABSTRACT

A new experimental system is developed to study the cluster formation of radon progeny
with neutral molecules in the environment, which includes a modified mass spectrometer and a
surface barrier detector. With the system, the cluster research is carried out at molecular level at
which the mass of individual cluster formed is measured. A theory is also proposed to treat the
cluster formation as a discrete process based on the ion-dipole and dipole-dipole interactions.
Comparison between the theory and experiment is given.

1 INTRODUCTION

The health problems associated with the exposure to radon and its decay products are attributed to
their radioactive properties. Being an unstable radioactive gas, the radon isotope of most concern , 222Rn,
decays with a half-life of 3.82 days to form 218Po with an alpha particle released of 5.48 MeV energy.
218Po is also unstable and undergoes alpha decay with a half-life of 3.05 minutes to form 214Pb. After a
succession of decays, the 238U series stabilizes as 2O6Pb. The decay products are also called radon progeny
or daughters. Figure 1 shows the decay scheme of 222Rn. Most energy release in the radon decay chain is in
the form of alpha (a) particles. While these particles produce little or no health effect externally because of
their low penetrating power, significant health effects may result from inhalation and ingestion of alpha
emitting radionuclides with inhalation being the principal pathway. Because of its longer half-life than the
breathing time and its gaseous nature, the inhaled radon can be exhaled without any significant absorption
and decay during its passage through human respiratory system and present little health effect. The
radiation dose to respiratory tissue and any resulting biological effects come from the inhalation of existing
radon progeny in the air rather than from inhaled radon and its subsequent decay products. Once inhaled,
however, the relatively short-lived radon progeny (e.g. 218Po, 2 uPb and 2l4Bi) will deposit along the
respiratory tract and decay at the original place of deposition. Consequently, their energy and that of their
subsequent short-lived daughters is transmitted to surrounding tissue and produces deleterious effects. High
incidence of lung cancer in uranium mines and some residential areas of high indoor radon concentrations
are attributed to the exposure of radon progeny.

At birth, radon progeny (218Po, 214Pb and 214Bi) consists of 90 percent of positively charged ions,
unattached to any aerosols. Once exposed to the atmosphere, these ions may participate in one of the
following processes: (1) neutralization by one of the three mechanisms (Chu and Hopke 1988); (2)
attachment to aerosols, (3) association with other molecules (including chemical reaction and clustering)
and (4) deposition on surfaces (Figure 1). The individual progeny ion does not necessarily follow the order
of the processes slated above. Depending on the conditions where it is born, it may undergo all the
processes or just one of them. Before the progeny finally settles down on any surface, it will end up with a
state that is different from the new-born ions. The form of this pre-deposited progeny is governed by the
processes encountered by the progeny during its life-lime. Both neutral and charged ions, clusters and
aerosols with attached progeny are expected lo exist in the environment.
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Clustering and chemical reactions of radon progeny with some neutral molecules are of primary
importance in understanding the physical and chemical natures of the progeny. They are the early life-time
reactions for the progeny. The concept of the clustering reaction of radon progeny with water molecules
was first introduced by Raabe (Raabe 1969) to explain a low value of the diffusion coefficient of radon
progeny in the presence of water molecules. Six water molecules were suggested to form a cluster with
ionized radon progeny. The cluster thus formed has a lower diffusion coefficient because of its larger size.
Since then, this concept has been often used to interpret some of the experimental results, for example, the
effect of the relative humidity on the diffusion coefficient. The importance of the cluster formation is far
more beyond the effect on the particle size. Clustering affects growth, influences mobility, and hence plays
a role in the overall attachment process to pre-existing aerosol particles or possibly in other transformation
(nucleation) mechanism to the paniculate state. The clustering also changes the physical and chemical form
of the progeny and influences further interactions for the transport and removal processes. The chemical
form of the progeny may influence biological uptake. Whether the progeny is bound to molecules with
extended polar group, or alternatively with nonpolar heads extending outward, could dramatically affect its
attachment to lung tissues and ultimate incorporation within cells.
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Figure 1 The interactions between radon progeny and its environment

Although the phenomenon of the cluster formation between metal ions and neutral ligands has been
a research subject for more than a century, the present knowledge of the cluster formation of the radon
progeny with neutral molecules is only based on the speculation from some indirect experimental
observation, especially about polonium. Using the experimental results of the cluster formation of stable
isotopes of Pb and Bi ion with water molecules, Caslleman (1991) examined the chemistry of radon
progeny, alleging that the cluster formation with water molecules is the early stage chemistry of the
progeny. Since the experiment was carried out in a condition where only stable isotope ion of Pb or Bi was
used and no radiation ionization was present, the results may differ under real conditions where radon gas
and its progeny co-exists. This paper presents an experiment system which allows the direct observation of
the cluster formation of radon decay products with neutral molecules, and a theory for the ion-molecule
cluster formation.
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g INSTRUMENTATION

The clustering reaction of an ion with neutral molecules falls in the category of general chemical
ion-molecule reaction. The difference between them lies in the bonding force to hold the ion and molecules
together. Despite of the difference, the experimental techniques (Franklin 1972, Franklin 1979) used to
study the ion-molecule reactions can still be applied to investigate the ion-molecule clustering with some
modifications. Of these methods, mass spectrometric analysis of the product is the most sophisticated one.
The advantage of the mass spectrometry is that the mass to charge ratio of the product can be determined
accurately. If the charge on the product (usually +1) is known, the mass of the product is readily attained.
The fragment information due to the ionization can then be used to establish the structure or composition of
the product.

In the system of radon progeny and its clusters (Figure 1), both charged (positive) and neutral
species are present. The charged ones can be detected by a mass spectrometer even without any ionization.
However, the system of radon progeny are different from other ordinary ion system. One of the most
distinguishing feature of the system is that the ions are radioactive. The ion concentration which is a
function of both experimental conditions and equipment configurations is far below the detecting limit of a
conventional MS detector. The experimental system designed for studying the radon progeny ion clusters
has been incorporated these factors.

The system developed in this project is basically a nuclear mass spectrometry (NMS). Figure 2
shows the schematic structure of the experimental system which can be conceptually divided into two
regions: the reaction cell and mass analyzer. The reaction cell is a cylindrical tube where the ions will be
generated and react with neutral molecules to form a mixture of ions and ion clusters in a controlled
environment. The product ions and clusters are sampled into the second part through an interface between
the high pressure region of the reactor and the high vacuum region of the mass spectrometer, sorted by a
quadrupole mass filter and detected by a surface barrier detector. Detection and measurement of the
positive ions sorted by the mass filter can be accomplished by electrical and photographic means. Ion
currents in conventional mass spectrometer are in the range of 10'8 (6.25xlO10 ions s"1) to 10*16 (6.25xlO2

ions s'1) ampere. If the sampling rate is 1 cc s"1, according our mathematical model of the behaviour of the
radon progeny in a cylindrical tube (Gong 1992), the maximum ion current which can be obtained from the
source (100 uQ of RaCl2) at no neutralization is 90 ions s"1 . This is apparently below the lowest limit for
conventional detector. A more sensitive detector is required for this MS system.

The nature of the cluster ions of the radon progeny makes it possible to use detectors for
radioactive particles. 2 I 8Po+ is unstable and will undergo alpha decay with energy release of 6.00 MeV.
Clusters and compounds formed with 218Po+ will have the same feature and, therefore, can be detected the
same as for 218Po+. The radiation detector is a transducer that converts energy of the incident radiation into
another form of energy, usually of the electric type. The detection is based on the interaction of the
radiation with the detector by excitation or ionization of its molecules and atoms. The charged particle such
as alpha ionizes or excites the detector medium directly. The most common type of solid medium detector is
the surface-barrier detector. The solid medium for this kind of detector is semiconductor which can result in
a much larger number of carrier for a given incident radiation event than is possible with any other detector
type. Thus the best energy resolution can be acliieved by this detector. The basic information carriers arc
electron-hole pairs created along the path taken by the charged particle (primary radiation or secondary
particle) through the detector. The electron hole pair is somewhat analogous to the ion pair created in the
gas-filled detector. Their motion in an applied electric field generates the basic electrical signal from the
detector. Regardless of the detailed mechanisms involved, the quantity of practical interest for detector
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applications is the average energy expended by the primary charged particle to produce one electron-hole
pair. This quantity, often loosely called the "ionization energy", is about 3 eV for silicon or germanium. If
the detector efficiency of collecting radiated alpha particles from the polonium clusters that hit the detector
surface is 50%, the electron-hole pairs created by one cluster ion from the detector is about lxlO6

I 1/ 6x10 e V / j Thjj number of electron-hole pairs will generate a significant amount of electric

current if a voltage is applied between two electrodes of the detector (Knoll 1979). The sensitivity of this
kind of detector for a particles could reach as low as a single particle.
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Figure 2 Schematic Diagram of the Experimental System

3 THE THEORY AND RESULTS

The theory for the cluster formation of radon progeny with neutral polar molecules such as H2O
and H2SO4 was studied by Raes (1985) and Hawrynski (1984). The approaches used by them are based
on the thermodynamic principle of a droplet formation model. The free energy of the formation is
minimized to obtain the critical size of the cluster as a function of other variables such as relative
humidity and temperature. The liquid droplet model has been used to describe both heleromolecular
homogeneous and heterogeneous nucleation processes (Wiendl 1974, Yue 1979a, Yue 1979b, Castleman
ct al. 1978). Heteromolecular heterogeneous nucleation is a process by which more than two species (e.g.
H2O and H2SO4) nucleate on a pre-existing particle or ion which acts as a condensation center. The effect
of the ion is to provide an attracting force between the ion center and the bulk nucleating phase and
reduce the Gibbs free energy of formation. Castleman et al. (1978) assessed the validity of the classical
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charged liquid drop model used to describe the ion clustering. They found that this kind treatment of ion
clustering is only qualitative for most of the molecules except for water vapour. The failure is partially
due to some macroscopic properties such as surface tension and dielectric constant utilized in the model
to describe the microscopic and discrete clustering process. All the available models (Yue 1979b, Raes
1985, Hawrynski 1984, Wiendl 1974) consider the presence of an ion in the bulk-nucleating molecules
as a macroscopic process. The electrostatic term due to the ion is taken as (Yue 1979b, Raes 1985):

which is the difference between the electrostatic energy of a single-charged ion of radius r0 in a vacuum
and in a sphere of dielectric constant e and accounts for the polarization of the liquid molecules around
the ion.

There are several deficiencies of the treatment. Because the clustering molecules are regarded as
a "continuous" dielectric right up to the periphery of the ion where the filed of the ion is greatest and
distance factors are most important, the real finite shape and size of the clustering molecules has to be
considered. The discrete electrical nature of the clustering molecules viz. their dipole moment and the
location of the dipole in the molecules is not considered. The assumption that e is a constant value near
ions can not be held because the fields of the ion are high enough to cause appreciable saturation
orientation of the dipoles and result a lower e near the ion.

In view of the shortcomings of the existing models, a theory was developed by Gong et al (Gong
1992b). The theory treats the cluster formation as a discrete process and includes the ion-dipole and
dipole-dipole interactions as the basis for dealing with the electrostatic force between the central ion and
the clustering molecules.

For ion-water system, the free energy of a cluster formation with n H2O molecules around a
polonium ion (z =1) can be expressed as

A C , P 4 J I / + - O Qne\i
— - = -n In — + —

kT P~ kT r2kT

where C^ is the dipole-dipole interaction number taken as the combination number of two from n
molecules and the constant 0 depends on the units in which the charges and distances are expressed.

The entropy and enthalpy of the cluster formation can be readily obtained from the established
thermodynamic relations. Except in certain cases of intramolecular rotation about single bonds, the dipole
moment is temperature independent. Therefore,
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The probability distribution of the clusters can be expressed by the Gibb's energy as:

where the absolute minimum of AG/kTcorresponds to the most probable cluster concentration in that
condition.

Figure 3 shows the Po+ cluster distribution at RH=1%, The experiment results are compared with
the theory prediction which agrees fairly well. The fraction of the cluster for both experimental results and
theoretical predictions was normalized against the most abundant peak. At low water vapour pressure
(RH=1%), Po+ cluster with 4 H2O is dominated. For Pb-H2O system, the comparison is given in Figure 4.
Identical peaks from the theory and experiment were obtained for the most abundant cluster at relative
humidity range from 4% to 84%. The theory was compared with the results by other theory (Yue 1979b).
According to the experimental results of Tang et al (Tang 1973), Yue's theory overestimated the number of
water molecules clustered with lead ion due to the dielecuic constant e used in the model failing to account
the polarization of the dipole molecules by the central ion

The theory was also used to predict the thermodynamic properties of the cluster formation. In
Figure 5, the enthalpy of the cluster formation of Pb+ and Bi+ with water molecules was calculated from
the theory. Comparison of the prediction with the experimental data from Tang and Castleman (Tang 1973)
was given.
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Figure 3 The Cluster Distribution as a function of RH for Polonium Ion from Radon Gas
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Figure 4 The Comparison of the Cluster FormaUon of Pb+ with Water Molecules between Theoretical
J'rediction and Experimental Observation (Tang 1972)
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Comparison of the Cluster Distribution
by Two Theories at 300 °K
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Figure 4 The Comparison of Theoretical Predictions by Different Theories
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Figure 6 The Enthalpy of the Cluster Formation
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