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ABSTRACT
The daughter products of radon gas are now recognized as a significant contributor to
radiation exposure to the general public. It is also suspected that a synergistic effect exists
with the combination cigarette smoking and radon exposure. We have conducted an
experimental investigation to determine the physical nature of radon progeny interactions
with cigarette smoke aerosols. The size distributions of the aerosols are characterized and
attachment rates of radon progeny to cigarette-smoke aerosols are determined. Both the
mainstream and sidestream portions of the smoke aerosol are investigated.
Unattached radon progeny are very mobile and, in the presence of aerosols, readily attach to
the particle surfaces. In this study, an aerosol chamber is used to contain the radon gas,
progeny and aerosol mixture while allowing the attachment process to occur. The rate of
attachment is dependent on the size distribution, or diffusion coefficient, of the radon
progeny as well as the aerosol size distribution. The size distribution of the radon daughter
products is monitored using a graded-screen diffusion battery. The diffusion battery also
enables separation of the unattached radon progenyfromthose attached to the aerosol
particles. Analysis of the radon decay products is accomplished using alpha spectrometry.
The aerosols of interest are sizefractionatedwith the aid of a differential mobility analyzer
and cascade impactor. Fractionation of the aerosol allows the dependence of aerosol
particle size on attachment rate to be discerned.
The measured attachment rates of progeny to the cigarette smoke are compared to those
found in similar experiments using an ambient aerosol. The lowest attachment coefficients
observed, -10" cm /s, occurred for the ambient aerosol. The sidestream and mainstream
smoke aerosols exhibited higher attachment rates in that order. The results compared
favorably with theories describing the coagulation process of aerosols. Taking into account
the size distributions of the aerosols, no significant differences in basic physical interactions
between the radon progeny-smoke mixture and the progeny-ambient combination were
found.
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Introduction
It is estimated that then; are 130,000 lung cancer deaths annually in the United States.
Approximately 2,000 to 30,000 of these are attributed to exposure to radon gas.
Epidemiology studies have attempted to assess the synergisms between cigarette smoking
and radon gas exposure:. However, the exact nature and degree of the synergism is not yet
clear. It is one of the purposes of this study to elucidate any fundamental differences in
physical interactions of radon progeny with a cigarette smoke aerosol as opposed to other
aerosols.
Exposure to radon gas and its daughters is recognized as a health risk for the general
population, especially tiiose living in homes having elevated levels of radon gas.
Epidemiological evidence of radon gas health effects comesfromseveral studies involving
miners(14-16). In U.S. uranium miners, the lung cancer rate was found to be 10 times
higher than that of the general population (12,13); however, many of these cases involved
smokers. Roscoe (16) found a 12-fold increase in the mortality ratio of nonsmoking
uranium miners exposed to radon daughters when compared with nonsmoking nonminers.
Synergism between a physical agent and smoking is not to be unexpected. Selikoff (17) has
shown an 8-fold increase in lung cancer risk due to asbestos workers who smoke as
compared with nonsmoking asbestos workers. The multiplicative influence between radon
exposure and smoking has been considered in the BEIR 111(18) and ICRP(19) reports.
Mathematical modeling of the lung cancer incidence in the U.S. miners seems to favor this
relative risk, or multiplicative, approach (20,21). However, some follow-up studies(22-24)
are suggesting the risk mechanisms are additive. Animal studies exploring the risks of
cigarette smoke and ionizing radiation have proved largely inconclusive (25).
The behavior of radon and its daughter products in the environment is a complex and
dynamic process. The radon daughter products are highly mobile and readily attach to any
surfaces including those of aerosols in the surrounding gas. Many previous studies (10, 29,
30, 31, 33, 53, 54) on the attachment of radon daughters to aerosols involve the aerosol in
the natural indoor environment. In these circumstances, many variables basic to the
understanding of the physical attachment process are not controlled and perhaps not
measured. These include the cleanliness of the surrounding gas with regard to vapors and
trace gases, the size distribution of the radon daughters, the size and charge distribution of
the aerosol, and the presence of other ions. In this study our experiments are performed in
a laboratory environment where these parameters-and others can be carefully monitored and
controlled. Figure 1 illustrates the many interactions involved in a radon gas radon
daughter, aerosol, gas/vapor, and surface system. The interaction represented by ki is the
decay of radon gas to its daughter products. In the controlled laboratory environment
certain interactions, such as daughter attachment to walls, k , and aerosol attachment to
walls, k^, can be studied separately. In this project, we are interested in the measurement
for daughter/aerosol interactions, k and k . The interactions of gas/vapor species with the
daughter products, k and k , are not measured, but their effects are monitored by
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characterization of the size distribution of the unattached daughter products. In addition,
special emphasis has been given to the measurement of the aerosol size distribution and the
aerosol concentration, so that accurate daughter-to-smoke particle attachment rates can be
measured.
Aerosols generated by cigarette smoke are likely to be larger in size than those found in the
normal ambient air (26). The larger smoke particles having far greater surface areas would
be expected to predominate in collecting unattached radon daughter activity. Furthermore,
since the smoke particles constitute a liquid aerosol, the behavior of attachment and alpha
recoil may differ from that expected for aerosols consisting of solid particles. It is
suspected that the smoke aerosol would lead to altered deposition pattern and amounts of
activity within the respiratory system.
It is the purpose of this research effort to investigate the attachment of radon daughters
onto cigarette smoke aerosols. Both the sidestream and mainstream smoke aerosols are
studied. Experiments are performed under controlled laboratory conditions. The
experimentally measured attachment rates are compared with existing theories on particle
attachment. The results are also compared to attachment rates on ambient aerosols to
elucidate if there are any significant differences in the interaction of radon daughters with
smoke versus a non-smoke indoor aerosol. The measurement of attachment and recoil rates
of the radon daughters to/from the smoke aerosol can lead to improved quantitative
predictions of radiation dose due to radon progeny.
Background
Indoor exposure to R n daughters can result in significant risk to the general public. The
source of radon gas is radium in the earth. In a majority of cases, the principal pathway of
radon into homes is through cracks and crevices within the building structure(31). Typical
radon concentrations in U.S. homes are 0.2 to 4.0 pCi/L (28-30), although much higher
levels have been observed in certain areas. The radiation dose received by individuals from
radon gas is due to the deposition of daughter products in the respiratory system. The
location and amount of deposition within the respiratory tract is complex physically because
a portion of the daughter products can become attached to aerosol particles present in the
environment. Radioactive decay of radon gas leads to the four daughter products, P o
(Radium-A), P b (Radium-B), B i (Radium-C), and P o (Radium-C). The two
alpha emitters P o and P o are considered the major contributors to radiation dose in
the respiratory system. The radioactive decay scheme for radon and its daughter products,
part of the U series, is presented in Figure 2.
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Radon gas decays to P o releasing a 5.48 MeV alpha with a half-life of 3.8 days. The
P o is formed as a recoiling atom having an energy of 90 keV with a recoil range of 50 to
100 um in air(3). After recoil, the P o ion has been observed to be both positively- and
negatively-charged (4,5,56). As an ion, P o is very mobile an active. Its diffusion
coefficient has been measured by many workers with values from .03 to .06 cm /s (5-7).
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An uncharged P o molecule of 3.8 Angstroms in diameter would be expected to have a
diffusion coefficient of 0.14 cm /s. Thus, the lower, measured diffusion coefficients
indicate that P o has formed clusters with other available gas species in the environment.
Such species might include water vapor, carbon dioxide, oxygen and trace gases (8,9).
Since the clustering and size of thefinal21 Po may vary greatly in differing environments, it
is no surprise that a range of mobilities has been observed. Because of their high mobilities,
both individual and clustered P o atoms readily attach to any aerosol particle in the
environment. The rate of attachment depends on the diffusion coefficient of the unattached
P o atom or cluster, and the number and size of the aerosol particles.
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P o has a half-life of 3.1 min and decays to P b by a 6.00 MeV alpha with a recoil
energy of about 110 ke V. Several possibilities for the P b exist depending on the location
of its P o precursor. If the P o was previously attached to an aerosol particle, it may
recoilfromthe particle back into the air; it may penetrate into the particle; it may penetrate
through the particle if the particle is very small; or it may diffuse into the particle if the
particle is a liquid like cigarette smoke. In modeling efforts, most investigators assume that
the recoil factor, thefractionof decays in which the daughter escapes back to the
surrounding gas, is between 0.5 and 1 (10,11,47,48). However, in the case of liquid
particles, the recoil factor may be less than this(46).
218

214

214

218

218

The daughter P b , which has a half-life of 26.8 min, further decays to B i by beta and
gamma emission. B i is also a beta and gamma emitter. It has a half-life of 19.7 min, and
decays to P o . P o is thefinaldecay product in the chain having a half-life of only
1.6X10 s. It decays to Pb-210 by a 7.68 MeV alpha.
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The half-lives of the raiion daughter products are comparable in magnitude to aerosol
interactions such as particle coagulation and attachment, particle surface deposition, and
air-cleaning processes. The radioactive decay and attachment processes occur
simultaneously and lead to increased complexity when attempting to model the process and
predict radiation dosage. In many uncontrolled indoor environments, the equilibrium of the
radon daughter activities may never be reached because of changes in aerosol size and
concentration. A theoretical model describing this dynamic behavior of the radon/radon
daughter and aerosol system wasfirstdeveloped by Jacobi (32) for applications to uranium
mines. It was later modified by Porstendorfer (33) for application to indoor housing-type
environments. The theoretical model includes the radioactive decay scheme described
above, daughter attachment to an aerosol, room ventilation, and radon daughter deposition
to surfaces, and aerosol deposition to surfaces. This model is readily adaptable to our
laboratory chamber experiments. Following Porstendorfer, the rate equations for the free
and attached radon daughter products can be written as
dC

f

(Eq. 1)
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(Eq. 2)
where
C^ = the concentration of theyth free (unattached )radon daughter product
(C£=C denotes the concentration of radon gas),
0

Cj

= the concentration oftheyth free (unattached )radon daughter product

(cz-ox
Xy = ventilation rate,
Xj = radioactive decay rate of the/th radon daughter, (XQ is the decay rate for radon
gas),
X

= rate of the free daughter plate-out to the walls,

f
w

X" = rate of the attached daughter to the walls (or plate-out),
w

X

= attachment rate of the daughter products to the aerosol, and

Pj

= probability of detachment (or recoil parameter) for the/th daughter product.

a

The first equation describes the rate of change in concentration of the free daughter
products, while the second describes that for the attached radon daughters. Loss
mechanisms for a free daughter include the processes of ventilation, decay to the suceeding
daughter, attachment to aerosol particles, and attachment to other fixed surfaces. Radon
daughter attachment to the aerosol is assumed to be the same for all daughters. For
purposes of modeling our experimental apparatus, we have assumed that gas venting from
the environment is clean and free from radon. The parameters in this model are X , pj, X
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and X" . These parameters are not measured directly, but must be calculated from the
measured concentrations of other species. The probability, p , allows for the detachment of
an attached radon daughter from an aerosol particle during the decay process. The
detachment probability is only a concern for the alpha emitter daughters; thus
PQ P P3 ^Equilibrium is assumed to be the case in most field andlaboratory studies so that the
parameters can be solved analytically. We will demonstrate this to be the case for these
experimental studies.
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Applying Equations 1 and 2 to the P o daughter, we can write for the change in
concentration of the free and attached atoms:
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(Eq.3)

(Eq. 4).
Once steady-state is achieved, the equations can be simplified:
A + A,j + K 4 K
a

v

=

w

(Eq. 5)

x. = (x +x +x;)|f.
I

v

(Eq.6)
The latter, Equation 6, results in the best method for calculating the aerosol attachment
rate. Both the free and attached daughter activity concentrations (rKjCJ) in the air are
measured quite accurately in our studies. The rate of deposition of the attached progeny to
the chamber walls,"k^,.can be determined by measurement of the aerosol decay in a static
environment. The ventilation rate can be determined by measuring the air concentration of
radon gas, or the daughter products once equilibrium has been established. The deposition
rate of the free daughters to the wall is not required. However, after the aerosol attachment
rate is determined, the free daughter deposition rate can be found by Equation 5.
In the case of heterodisperse aerosols such as the cigarette smoke aerosols, the attachment
rate in the model for describing the radon progeny dynamics is really an "effective"
attachment representing all particle sizes given by
CO

(Eq.7)

where
N(d)

= the size distribution of the aerosol (J N(d)S& = 1),
o
/XPj-,d) = the attachment rate,
d
= diamet<!r of the aerosol particle, and
Dy
= diffusion coefficient of thefreeradon progeny.
The attachment phenomenon of radon progeny to aerosols can be considered a coagulation
process, where the progeny are considered to be very, very small particles. Coagulation is
caused by mechanisms, such as Brownian motion, turbulence, and externalfields,which
7

bring about a relative velocity between aerosol particles. In our case, Brownian motion is
the major mechanism leading to significant relative velocity between the small progeny and
the much larger aerosol. As part of this study, we have compared measured attachment
rates to three theoretical models describing the attachment process as derived according to
the coagulation theory of aerosol physics. These models are the kinetic, Smoluchowski,
and Lassen and Rau. Our experimental data has been compared to these theoretical models
which predict attachment coefficients. Thefirstmodel is based strictly on kinetic theory and
according to (41) can be expressed as
^

8^T(M +M )
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(Eq.8)

where
/^D^d) =
v =
d =
a =
Mf=
M=
p =
T =
k =
a

the attachment coefficient (cm /s),
mean kinetic speed,
diameter of an aerosol particle,
progeny-to-particle sticking probability,
mass of thefreeprogeny,
p7td /6 = mass of the aerosol particle,
aerosol particle density,
temperature, and
Boltzman's constant.
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In this model the attachment rate of the radon progeny is directly proportional to the
available surface area of the aerosol. The model is valid in the non-continuum (or free
molecule) region where the Knudsen number (ratio of the meanfreepath of the gas to the
aerosol radius) approaches infinity (>10). Thus, this model is applicable for particles having
sizes less than 10 nm in diameter.
The second model,firstdeveloped by Smoluchowski and takenfromHidy(51), is the
classical coagulation theory for aerosols by Brownian motion. It can be expressed as
AD ,d) = 2<D +D )(d + d )
/

where

a

/

/

(Eq. 9)
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a

=
=

the diffusion coefficient of the aerosol particles, and
the diameter of thefreeradon progeny.

The diffusion coefficient is given by
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(Eq. 10)
77 = viscosity of the gas,
C = Cunningham slip correction for the aerosol particle, and
s

£

g

= the mean fres path of the gas.

The diffusion coefficient; for an aerosol with diameter 0.1 urn is 3.5x 10^ cm /s, far less
than an unattached radon progeny whose the coefficient is typically 0.05 cm /s. This
classical coagulation model is valid in the continuum range where Knudsen number -> 0
(<0.1), that is for particl e sizes greater than 1 u,m in diameter. Variations on the classical
model, but not consider sd here, include the effects of particle charge and air turbulence.
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The third model considered, developed by Lassen and Rau(42), lends itself to be applied in
the submicron aerosol region. Following Junge(49), the attachment rate can be expressed
as

/KP d} =
ft

'ad

2

vd
1+8D (d+20
2

/

where

(Eq. 11)
diffusion coefficient of thefreeprogeny and
the meanfreepath of thefreeprogeny.

This expression is simiUir in form to the kinetic expression, but contains a correction term in
the denominator which depends on the particle diameter and the diffusion coefficient of the
radon progeny. Attachment rates predicted by this model approach those of the kinetic
model for attachment tc small aerosol particles (<0.1 ujn in diameter) but are less than
those of the kinetic model for larger aerosols (>1.0 UJII).
A comparison of the three coagulation models are presented in Figure 3. The coagulation
coefficients calculated are for free daughters having diameter 1 nm colliding with various
aerosol particle sizes (the independent variable in the figure). Associated parameters used
to evaluate the models include a=l, T=293°K, My =5.2xl0- cm , Dy=0.05 cm /s, £ =lx
lO^cm, ^^=6.53xl0 cm, and TpOSxlO g/cm-s. The diffusion coefficient and mass
correspond to a clustered formation containing onefreepolonium progeny and 6 water
molecules. The coaguhition coefficient increases markedly for larger aerosol particles. The
Lassen and Rau model serves to bridge the gap between the kinetic and the classical aerosol
24
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coagulation theories in the submicron range, the size of the cigarette smoke aerosols in this
study. In a typical environmental setting having an aerosol with diameter 0.1 urn, the
coagulation coefficient is about lxlO" cm /s. If there are 10 particles/cm present, the
resulting attachment rate is 0.01/s.
6

3

4

3

Experimental
Our radon progeny-cigarette smoke attachment experiments are performed in a 2,0001
stainless steel aerosol chamber. A general block diagram of the experimental apparatus is
shown in Figure 4a. A more detailed diagram is provided in Figure 4b. Radon gas is
obtained by emanationfroma 10 mCi R a powder source. The radium source is
contained in a U-tube and confined by both 25-mm diameter glassfiberand sintered metal
filters. An automatic valving system on the inlet and outlet of the U-tube allows the radium
source to be purged with gas and guarantees safe and correct operation. Proper shielding
of the radium source is provided to prevent worker exposure to radiation. The radon
generation system and the aerosol chamber are housed in a confinement area that is
cordoned offfromthe work area by a plastic curtain. The confinement area is served by an
auxiliary ventilation system designed to keep the pressure of the confinement area negative
with respect to other rooms in the building. Charcoal traps and high efficiency particulate
airfiltersare used to control the release of radon and airborne daughter products to the
atmosphere. Two continuous air monitors monitor, real-time monitors for alpha activity,
sample the exhaustfromthe confinement area and alarm in the presence of significant levels
of activity.
226

The resulting purge gasfromthe radium source, now containing radon, is collected on
carbon traps with a portion delivered to aerosol chamber. Prior to radon gas entry, the
chamber is pre-conditioned with clean air including an aerosol if desired. In preconditioning the chamber gases are passed through a carbon trap, a molecular sieve, and a
high efficiency air filter. Tests have shown that particle concentrations less than 0.05/cm
can be attained within the chamber. Once purged with air,filteredradon is introduced into
the chamber. For these experiments radon levels ranging from 100 to 3000 pCi/1 (3.7 110 Bq/1) were used. The chamber is maintained at a slight positive pressure to prevent
any leakage of the ambient air into the chamber; this guarantees that the measurements
made are performed on the aerosol present in the chamber. Two fans are available in the
chamber to provide for brief mixing at the beginning of an experiment or for continued
mixing to induce artificial turbulence in the chamber. In general air sampling of the chamber
environment does not begin until equilibrium of the daughter products is reached. Total
radon daughter activity concentrations are measured by withdrawing air samples of chamber
gas through membrane filters. Typically, 25-mm diameter Millipore mixed-cellulose-ester
filters having a 0.45 um pore size are used. Periodic sampling verifies equilibrium
conditions have been reached in the aerosol chamber. Filter samples are analyzed by alpha
spectrometry in the alpha-gamma radiation detection system described below.
3

A range of size distributions for cigarette smoke aerosol has been reported in the
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literature(26). Mainstream smoke has been reported to have mass median aerodynamic
diameters of 0.25 to 0.7 um with geometric standard deviations from 1.2 to 1.64. The
aerosol from sidestream smoke may be somewhat smaller(59). Significant portions of
smoke aerosols have been found to be greater than 1 \im in diameter(42). In our
experiments, the cigarette smoke aerosol is generated using a single cigarette machine
fabricated by the University of Kentucky Tobacco and Health Research Institute(60). The
smoke generator can deliver either the sidestream or mainstream into the aerosol chamber.
The mainstream smoke is that portion which is drawn through the cigarette and inhaled by
the smoker; the sidestream is that from a burning cigarette that is released to the
environment between puffs. It has been estimated that the sidestreamfractionaccounts for
95% of the cigarette smoke found in the ambient surrounding (2). University of Kentucky
2R1 reference cigarettes are used for generation. The cigarette smoke generator is
operated at 1 puff per riin. Each puff is 35 ml in volume and 2.1 s in duration resulting in a
flow rate of 11pm. Tho sidestreamflowrate is 1.81pm.
In our experiments, we use a number of instruments to characterize the smoke
aerosol. The size distribution of the smoke aerosol is monitored with a Thermo Systems,
Inc., Model 3071 differential mobility analyzer and/or a Particle Measurement Systems
Model ASASP-X laser spectrometer. The mobility analyzer can measure particle size in the
rangefrom0.01 to 0.5 urn in diameter and the laser spectrometer in the rangefrom0.1 to
3.0 urn diameter. We use another instrument, a Thermo Systems, Inc., Model 3020
condensation nucleus counter, to measure the number concentration of aerosol particles.
The counting efficiency of the nucleus counter decreases dramatically for particles less than
10 nm in diameter. It easily demonstrated that the nucleus counter does not detect the
progeny by sampling the chamber air with onlyfreeprogeny present. In the presence of an
aerosol, the effect can be verified by placing several diffusion battery screens in the sample
line prior to the counter and verifying that the particle concentration does not decrease.
Thus, only the aerosol particles and not the unattached radon progeny are counted with this
instrument.
Free radon progeny, that which has not attached to aerosol particles, exist in clusters having
sizes in the nanometer diameter range. To measure their size distribution, or diffusion
coefficient spectrum, we have fabricated a graded-screen diffusion battery. The use of
graded-screen diffusion batteries for the measurement of the distribution in diffusion
coefficient of the radon progeny has been described by other investigators (34,35,40). The
battery used here is a 6-stage device consisting 16, 50, 80,200, 325, and 500 mesh
stainless-steel screens 25 mm in diameter. The 6 stages are stacked in a series arrangement
and are operated at a volumetric flow rate of 41pm. Air samples are taken with the
diffusion battery installed in a port in the chamber wall to prevent deposition that would
occur if any sampling transport lines were used. Sizefractionationoccurs by the smaller
mesh screens collecting; those progeny having the greatest diffusion coefficients. A 25-mm
diameter backup membranefilteris placed in series after the battery to collect activity
penetrating the screens. The battery is not a differential-type collection device, so the
activity data on the screens must be deconvoluted to attain size distributions. We use a
modified version of the expectation maximization algorithm (37) to perform the
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deconvolution or inversion process. Input to the algorithm includes the activity measured
on the screens and the penetration function of each collection screen. The expected
penetration through each screen is calculated according to Cheng (36) with knowledge of
certain physical characteristics of the screens. The parameters required to calculate the
penetrations for our diffusion battery and the penetration functions are provided in
Appendix A. A size arrayfrom0.2 to 40 nm having equal logarithmic intervals is used in
the inversion process. Because of the nature of the diffusion collection process, some
daughter products are also collected on the back of the screens. As part of our data
collection, both the fronts and backs of the screens are counted to account for the total
activity. With this measurement technique, the diffusion coefficient spectrum of the radon
daughters is attained over the range 0.0001 to 0.5 cm /s. In previous studies involving no
aerosols, we have demonstrated that the diffusion battery is very efficient at the collection
of thefreeprogeny; only 0.4%, 0.5%, and 1.3% of the total activities for the unattached
2l8p 2i4p5 j ^ 2l4gi penetrate the diffusion battery and collect on the backup filter.
Activity that has attached to much larger aerosol particles easily penetrates through the
screens and is also collected on the filter. Therefore, the battery is an excellent separator
for activity that isfree(or in the form of clusters)fromactivity that is attached to aerosols.
Progeny concentrations determined from diffusion battery air samples allow us to calculate
attachment rates experimentally.
2
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To determine activity-size distributions of the radon progeny that have attached to the
cigarette smoke aerosols, a Model 100 micro-orifice rotating cascade impactor (MSP
Corporation) is used. The particle collection stages of conventional impactors accumulate
particle deposits in discrete areas immediately under the impaction jets. The collection
stages of the rotating impactor move to attain uniform particle deposition across the
collection surface, a requirement for the subsequent analysis of alpha activity. We operate
the impactor with 8 stages and a 37-mm diameter backup filter to capture particles which
have penetrated the stages. At the sample rate of 201pm used in these experiments the 50%
cut-points for the stages are 9.9, 2.2, 1.24, 0.66, 0.38, 0.23, 0.14, and 0.10 um
aerodynamic diameter. Because of their high mobility there is a possibility that some free
progeny might be collected on the collection stage of the impactor. Tests were conducted
collecting free progeny in the absence of aerosol to investigate the magnitude of this effect.
Only about 0.25% offreeprogeny is collected on the 7 impactor stages used in these
experiments.
To measure the activities of collected radon daughter products, we have developed an
alpha/gamma radiation detection system (38). Because the half life of the P o daughter is
very short, the radon progeny activities must be measured immediately after their collection.
The detector system illustrated in Figure 5 consists of 8 detector units to facilitate the
analysis of several samples in parallel. For example, all the screensfroma diffusion battery
air sample andfiltercan be processed simultaneously. Each detector unit consists of a
semiconductor surface-barrier diode to detect alpha decays and aNaI(Tl) scintillator to
detect gamma rays. The pulse height datafromall of these detectors are multiplexed and
record in a single multichannel buffer that is interfaced to a personal computer. The
amounts of P o and P o are determinedfromthe 6.00- and 7.68-MeV alpha particles,
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respectively. The detertion efficiency of the alpha detectors is approximately 30%. The
gamma activities of the P b and B i decays are usually near background in these
studies, however their activities can be determined from other alpha activities. The B i
activity can be inferred directlyfromthe P o activity since the P o half-life is very
short. The P b activity is determinedfromthe P o and P o measured activities. Its
activity is obtained by taking 2 accumulations at different times and solving the relevant
decay equations. Several computer programs written in QuickBasic are available to effect
the operation of the detector system(39): These include 1) a calibration program to
facilitate the energy calibration and determine detector efficiencies, 2) a program used to
control data acquisition and storage, and 3) a program for data reduction. The latter
calculates the air concentration of the progeny correcting for the decay of the progeny
during sampling, after sampling, and during the counting period. Our filter sampling of the
radon progeny and spectrometry detection and analysis system has been verified in a
workshop hosted by the Environmental Measurements Laboratory(EML) in 1989 (27).
Potential alpha energy concentration levels were found to be within 6% of EML values.
Radon gas is measured with an ion chamber.
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We have discussed how the graded-screen diffusion battery can be used to separate the
unattached radon progenyfromthose that have attached to the aerosol. However, to
further characterize the attachment phenomenon to the specific aerosol, it is necessary to
sizefractionatethe aerosol and measure the activity in the size fractions. Two experimental
methods for achieving the aerosol size separation, both using the differential mobility
analyzer, were used in these studies. The methods are illustrated in Figure 6. The
particular method used depends on the size range of interest of the smoke aerosol. In the
first method, the mobil ty analyzer can be used in the aerosol production stage. Here, the
smoke aerosol is passed through the analyzer prior to entering the chamber. Since the
chamber would then have a very narrow size distribution of particles, no size separation of
the aerosol is required during subsequent sampling. In the second technique, the smoke
aerosol is generated and passed directly into the chamber leading to a heterodisperse
aerosol to be sampled. Fractionation of aerosol is then accomplished by the mobility
analyzer during sampling of the chamber environment. In both methods the particle
concentration corresponding to the measured activity on the particles can be obtained with
the condensation nucleus counter. The rotating impactor can also be used for size
separation, but it is not amenable to having particle concentrations measured between
collection stages.
In the experiments we have characterized the radon daughter attachment to both sidestream
and mainstream smoke aerosols. We have compared these measurements to those involving
the attachment to the laboratory ambient aerosol. Final attachment rates/coefficients are
determined by calculation using the equilibrium model for radon progeny, Equation 6.
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Results
In any investigation of the attachment of radon progeny to aerosols, it is important to begin
with the characterization of the aerosol size distribution. For most of our experiments
involving the cigarette smoke aerosols, the laser spectrometer is used alone. However,
because some of the cigarette smoke is less than the minimum detectable size of the
spectrometer (about 0.1 urn diameter), we performed a more detailed size characterization
using the spectrometer in combination with the differential mobility analyzer. Examples of
the size distributions for the sidestream and mainstream smoke aerosols is shown in
Figure 7. The geometric count median diameter for the sidestream and mainstream
distributions is 0.15 urn and 0.30 um respectively. For both aerosols, the geometric
standard deviation lies between 1.8 and 1.9. Typically, standard deviations of the smoke
aerosols are less when measured with only the laser spectrometer since particles in the
lower tail of the distribution are not detected. Under these circumstances, the mainstream
smoke may exhibit a broader distribution, since a largerfractionof its distribution is
detected.
Of equal importance is the characterization of the unattached radon progeny. Our chamber
is a clean environment so that the diffusion coefficient spectra of the progeny can be
controlled. Typical radon progeny produced in this test chamber have a very narrow and
reproducible size distribution centered at approximately 1 nm in diameter. Examples of the
radon daughter size distributions for the P o , Pb, and B i progeny are presented in
Figure 8. The distributions were obtained using activity datafromgraded-screen diffusion
battery and sampledfroman environment of clean, filtered air, that is, without any aerosol
present. The P o activity is distributed very sharply at a diameter near 1 ran,
corresponding to a diffusion coefficient of 0.045 cm /s. The location of this peak for P o
is similar to that found infieldmeasurements and thus serves as a realistic progeny to use in
laboratory studies. The diffusion coefficient is less than what would be expected for a free
atom; it is likely attached to a water cluster of 4-6 molecules. Standard deviations indicate
a near monodisperse size distribution. In comparative studies (50), typical P o diffusion
spectra in the chamber were found to have sharply defined spectra with geometric standard
deviations ranging from 1.001-1.1.
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In the presence of an aerosol the radon progeny rapidly attach to the aerosol. Inversion of
the graded-screen battery data with aerosol present results indicates a bimodal activity
distribution. Figure 9 illustrates and example. In this example, the activity associated with
the free daughters (< 1 nm) is the minor mode. Most of the activity is present on the
aerosol which is depicted in the maximum size interval of the diffusion battery size array.
About 92% of the activity has attached to the aerosol. However, the battery is not capable
of resolving the activity attached to the aerosol because the aerosol distribution is greater
than the useful range of the battery.
The activity attached to the aerosol is readily resolved by sampling with the rotating
cascade impactor. Examples of the P o activity-size spectrum sampled with the rotating
impactor are illustrated in Figure 10. Here, the progeny attachment to the sidestream and
218
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mainstream cigarette aerosol and laboratory ambient aerosol are contrasted. All
distributions are distinctly bimodal illustrating clearly the free radon progeny at
approximately 1 nm in diameter and the attachedfractionon the aerosol particles
occurring in the 0.05 - 2.0 um diameter range. Thefreeprogeny mode remains extremely
sharp as in the case of no aerosol. Now that aerosol is present the majority of the activity
has movefromthefreemode to the aerosol mode. The activity geometric median
diameters are 0.22 and 0.29 um for the sidestream and mainstream smoke aerosols,
respectively. Corresponding geometric standard deviations are 1.6 and 2.0 for the
sidestream and mainstnsam, respectively. Thus, the activity attached to the mainstream
smoke occurs at slightly larger particle sizes and the distribution is considerably broader.
In a recent study on radon attachment to cigarette smoke (52), median diameters of 1.19
nm for the free progeny and 0.1 um for the aerosol were measured. In contrast to the
smoke aerosols, the activity-size distribution for the ambient aerosol has an activity
median diameter of 0.12 um diameter and a standard deviation of 1.9. The P b and
B i progeny (not shown) have similar distributions with the exception that, in the smoke
case, they have even more activity associated with the smoke particles.
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After radon gas and the aerosol have been introduced into the chamber, periodic sampling
can be performed to ensure that an equilibrium condition has been attained. Two
illustrations of periodic sampling over a period of 5-6 hours are presented in Figure 11. The
first illustration (a) indicates the activity concentration for the three progeny P o , Pb,
and B i with no aeronol present. Data markers represent calculated activities based on air
samples taken at the indicated times. The theoretical model, Eq. 1, is depicted by the solid
lines. Radon gas was introduced into the chamber at time zero, after which the progeny
form rapidly reaching equilibrium conditions within 1 hour. All progeny indicate a slight
continual decrease in concentration for the remaining of the evaluation period. This results
from allowing clean air to enter the chamber to replace the sampled air. In this case, the
ventilation rate, Xy, is G.0013/min. The second illustration (b) shows the unattached
progenyfractionin an experiment with aerosol present. The P o and P b daughters
have still achieved equilibrium within 1 hour. In our experiments we wait approximately 2
hours before making attachment rate measurements.
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In the presence of no radon, we attempted to measure the aerosol deposition rate, X" . In
experiments using the mainstream smoke aerosol, we determined the deposition rate to be
less than 0.001/min. Particle concentrations were determined with the condensation nucleus
counter. The actual sampling prevented a value less than this to be measured.
Nevertheless, this rate is far less than the P o decay rate of 0.227/min; thus, for these
experiments, the loss of aerosol to the walls is inconsequential in the determination of the
progeny attachment rate to the aerosol. In a similar experiment with the two chamber fans,
the aerosol deposition was determined to be approximately 0.0005/min. The measured
deposition rates also include any decrease in particle concentration due to coagulation of
the aerosol with itself. Thus, coagulation is not a significant factor in these measurements.
Values of the aerosol deposition rate would be expected to be similar for the sidestream
cigarette smoke since its distribution is not that dissimilarfromthat of the mainstream.
w
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The deposition rate offreeprogeny to the chamber walls can be determined in
experiments involving no aerosols. The deposition rate, A,£, was determined using
Eq. 5, with X =X =0. In the static chamber environment we measured free progeny
deposition rates of 0.1-0.3/min. The deposition velocity of thefreeprogeny to the
surface, uf, can be calculated usingtif=7J IS where S is the surface-to-volume ratio
of the chamber. Using S =0.005, we arrive at deposition velocitiesfrom0.3-1 cm/s.
Such values are in the range of measurements by other investigators (44,55). In the
presence of induced turbulence by the fans, the higher fates of 0.6 to 1.5/min were
observed.
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However, the induced turbulence did not result in a significant increase in the
attachment rate of the progeny to aerosol particles. A theory proposed by Saffman
and Turner (57) predicts increased coagulation due to differential velocities between
particles caused by inhomogeneitiesfromthe eddy fluid motion and by differing
inertia caused by unequal particle size. In more recent work(58), small particles
coagulating onto much larger ones in the presence of turbulence is also considered.
Although there is a great size differential between the radon progeny and the smoke
aerosol, there is not necessarily an increase in the relative velocities between the free
progeny and those attached to aerosols. If both thefreeprogeny and the aerosol
follow the inhomogeneities due to the turbulence, then increased coagulation or
attachment would not be expected. Since the smoke aerosols studies lie in the
submicron size range, this is the case here.
To elucidate the dependence of attachment rate on particle size, the heterodisperse smoke
aerosol was generated and allowed to equilibrate with the radon progeny. The differential
mobility analyzer was used to samplefromthe chamber andfractionatethe aerosol into
discrete size intervals. Thefractionatedaerosol was collected on a membrane filter to
determine the activity concentration and the particle concentration of the fractionated
aerosol was measured with the condensation nucleus counter. Because of the size
selectivity of the mobility analyzer, the number of particles in a given interval are far less
than that occurring in the chamber. From the measurements the activity per particle can be
calculated. Figure 12 compares the results of the smoke sizefractionswith similar
experiments on the laboratory ambient aerosol. Much of the scatter in the data (indicated
by data markers) resultsfromthe low particle counts in the aerosol fractions. If it is
assumed that the attachment process depends on a simple power function of particle size
(attachment ocd"), then the slope of a relationship in this graph is indicative of that power.
Pure surface attachment (w=2) as predicted by the kinetic theory (Equation 8) is indicated
by a dotted line. Regression analysis of the smoke data results in a slope of 1.5, somewhat
less than expected for pure surface attachment.
The above technique of studying the attachment-size relationship does not readily lend itself
to the determination of absolute attachment rates or attachment coefficients. However, we
have determined absolute attachment rates of the progeny to the aerosols using
heterodisperse aerosols and in one case, a 0.1-um-diameterfractionof the smoke aerosol.
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The latter was generated byfilteringthe smoke aerosol through the differential mobility
analyzer. Results of our measurements and comparison with the theoretical expressions for
aerosol coagulation art presented in Figure 13. Depending upon the aerosol, attachment
coefficients rangefrom8xl0" to about 5X10" cm /s. Ranges in the attachment coefficient
are indicated by the vertical and horizontal lines through data points. Ranges shown for the
size were chosen using estimates of the count and activity median diameters for the
aerosols. Ranges given for the attachment coefficient values is that encompassing a number
of experimental measurements. The mainstream smoke aerosol exhibits attachment
coefficients somewhat greater than the sidestream because of its slightly greater size
distribution. And, attachment coefficients for the sidestream smoke are greater than those
for the ambient aerosol. This can also be attributed to size since the sidestream particle
distribution is somewhat larger than the ambient aerosol studied. On the other hand, the
coefficient determined for the 0.1-urn-diameter fraction is approximately lxlO cm /s,
essentially the same as the value for the laboratory room aerosol.
7
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Experiments carried out using lower concentrations of radon gas, 100-300 pCi/1 did
demonstrate any changes in the attachment coefficients. None would be expected by the
theory described above; such a result is corroborated by measurements of George(43,44)
and Subba Ramu(45).
We can quantify the efliect that the standard deviation of the aerosol causes on the overall
attachment coefficient by using Equation 7. Assuming a lognormal size distribution
function to represent the aerosol distribution, we have graphed Figure 14(a) the theoretical
attachment coefficient according the Lassen and Rau expression (Equation 11) as a function
for the aerosol number median diameter, n . The family of curves represents different
values for the geometric standard deviation, a , of the distribution. Values of parameters
used in the model are those used for the calculations presented in Figure 3. The curve
having a Og=l. 1 yields a coefficient only 1% greater than that for a monodisperse aerosol
(Og=1.0). Calculated coefficients for the wider distributions, ov=2.0 and a„=3.0, are about
1.4 and 2.0 times the monodisperse case respectively. Environmental tobacco smoke is a
combination of the ambient (non-smoke) and cigarette smoke aerosols, and the aerosols are
in competition for attachment of radon progeny. Figure 14(b) illustrates this effect of by
combining lognormal distributions of a smoke and ambient aerosol and increasing the
proportion of the smoke (number) concentration. A hypothetical ambient aerosol is chosen
having a lognormal distribution with parameters n =0.1 |j.m diameter and <Jg 2.0. The
smoke aerosol geometric standard deviation was taken as 2.0. The result, again integrating
Equation 7, indicates that a smoke aerosol having a number median diameter of 0.2 urn
(like those encountered in this study), can exhibit attachment rates 3 (50% of the aerosol is
smoke) to 4.5 (90% of the aerosol is smoke) times greater than ambient aerosol alone. For
a larger smoke aerosol, , greater increases are indicated with increased rates of 5 and 9
over the ambient aerosol for 50% smoke and 90% cases respectively.
m

g

=

m
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Conclusions
The attachment rates of the radon progeny to mainstream and sidestream cigarette smoke
aerosols have been measured. Attachment coefficients have been compared to those for a
laboratory room aerosol and to theoretical expressions for aerosol coagulation.
Measurements, conducted in chamber where the aerosols and progeny and their
environment could be controlled, were made after equilibrium conditions had been attained.
Activity distributions indicate distinct bimodal size distributions with modes corresponding
to the free radon progeny and progeny that has attached itself to the cigarette smoke
particles. Activity of thefreeprogeny occurs at about 1 nm in diameter and is near
monodisperse. Activity of the attached progeny, occurring in the submicron size range
between 0.1-0.4 um in diameter, corresponds to the distribution of the smoke particles and
is heterodisperse. The radon daughter activity attached to the mainstream cigarette smoke
aerosol was found to be attached to somewhat larger particles.
The attachment rate of the progeny to the smoke aerosol in a static environment was
compared to one with induced turbulence. Although the deposition rate of the free
progeny to the chamber walls increased substantially, no significant increases in
attachment rate of the progeny to the aerosol particles were found.
Measured attachment coefficients for the smoke and laboratory ambient aerosol have values
of approximately 10 cm/s in magnitude and compare favorably to coagulation coefficients
calculated by theory. The mainstream smoke exhibited the highest measured attachment
coefficients followed by the sidestream and the room aerosol. Attachment coefficients for
the mainstream smoke were up to 4 times greater than those for the ambient aerosol alone.
The measured attachment coefficients compare favorably with the Lassen and Rau
theoretical expression for progeny attachment to submicron aerosols, where the attachment
rate is proportional to somewhat less than an expected pure surface area, or kinetic,
theoretical relationship. Differences in the attachment coefficients for the sidestream and
mainstream cigarette aerosols and the room aerosol were demonstrated to be the result of
the differing particle size distributions of the aerosols. The attachment rate further depend
on the concentration of smoke particles, since the smoke aerosol is in competition with the
aerosol of the environment.
-6

In real situations, the size distribution of the smoke aerosols is likely to be dependent on the
type of cigarette and the many in which it is smoked. Thus, it would not be unexpected to
find the size distribution of smoke aerosols to vary considerably and be different from the
ones generated in this study. Significantly greater attachment rates than those measured in
this study might be encountered, especially if the smoke aerosol having larger size
distribution are present.
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Appendix A.
Measured physical parameters for the graded-screen battery are given in the table below.

Screen
Mesh

Wire Diam
(cm)

Thickness
(cm)

Solid
Fraction

LLL 6-screen:
16
50
80
200
325
500

.04
.02
.0135
.0045
.003
.0026

.0978
.0521
.0286
.0109
.0086
.0048

0.199
0.298
0.334
0.282
0.331
0.421

Using these parameters: the penetration of each stage as a function of particle size have
been calculated accord ing to Cheng(36). These values of penetration are used to establish
the stage-penetration matrix for inversion of the diffusion battery data.

0.1

1

10

Particle Diameter, nm
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Figure 1. This schematic diagram illustrates the dynamic behavior of
radon and its daugters in the environment.
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The Lassen and Rau attachment model bridges other coagulation
theories in the submicron aerosol region.
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fractionation.
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Figure 7. Comparison of the sidestream and mainstream cigarette smoke aerosol distributions.
The data was obtained from both the laser spectrometer and the differential mobility
analyzer.
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Figure 8.

Size distriubtions of the radon progeny in a clean air environment are
near monodisperse in the nanometer size range, data was obtained
with the graded-screen diffusion battery.

2^>
& •
w

N

.a ^
a E
<

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.1

-LU-fi i n u i m i I I I I I I I i i n DQ1
10

100

Diameter, nm

Figure 9. In the presence of a smoke aerosol, the graded-screen diffusion
battery indicates a biomodal Po-218 activity distribution.
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Figure 10.

Composite activity distributions of data obtainedfromthe diSusion
battery and the rotating cascade impactor are compared.
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Figure 11.

Interactions in the aerosol chamber approach steady-values.
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Figure 12. The behavior of radon attachment to differing particle sizes
is illustrated for the cigarette smoke and the laboratory
room aerosols.
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Figure 13. Values of absolute attachment coefficients compare favorably with
theoretical expressions for aerosol coagulation.
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Figure 14. (a) The overall attachment rate of radon progeny to an aerosol
increases with the median size and the standard deviation
characterizing the aerosol distribution,
(b) In the presence of a fixed ambient aerosol, increases in the
attachment coefficients also result with increased proportions of
the cigarette smoke aerosol. The log normal parameters for the
ambient aerosol were taken as n = 0.1 urn and o _ = 2.0.
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