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In the case of internally deposited radionuclides, direct measurement of the
energy absorbed from ionizing radiation emitted by the decaying radionuclides is
rarely, if ever, possible. Therefore, one must rely on dosimetric models to obtain
estimates of the spatial and temporal patterns of energy deposition in human lung.
These models always need some information about the parameters of activity size
distributions of thoron and radon progeny. In the present work, the attached and
unattached activity size distributions of thoron and radon progeny were measured
in outdoor air of El-Minia, Egypt. The attached samples were collected using a
low pressure Berner cascade impactor technique, while a constructed screen
diffusion battery was used for collecting the unattached samples. Most of the
attached activities for 222Rn and 220Rn progeny were associated with the aerosol
particles of the accumulation mode. The activity size distribution of thoron
progeny was found to be shifted to slightly smaller particle size, compared to
radon progeny. An analytical method has been developed to compute the local
energy deposition of 212Bi alpha particles in a target volume of 1 u.m spheres
located at different depths in bronchial epithelium. In order to reach the target,
alpha particles travel either through tissue alone ("'near-wall" dose) or through air
and tissue ("far-wall" dose). It was found that the contribution of near-wall dose is
higher than that of the far wall dose. While the depth-dose distributions for
nuclides uniformly distributed within the epithelium are practically constant with
depth, they decrease in an almost linear fashion with increasing depth for nuclides
on the airway surface.

INTRODUCTION

Generally, exposure to radon (222Rn) and its progeny is considered of high radiological
significance in comparison with simultaneous exposure to thoron (22 Rn) and its progeny
(Steinhausler. et al, 1994). Population doses produced by naturally occurring radionuclides
are mostly caused by irradiation of short-lived radon and thoron progeny. 22Rn (T1/2 = 3.8 d)
is the most important doseforming radionuclide due to its progenies: 218Po, 214Pb, 214Bi, 14 Po.
220Rn is a radon isotope that has short half-life time (Ti^ = 54.0 s). That defines high
heterogeneity of 220Rn distribution (Buzinny and Los, 1997) obstructs developing of direct
thoron measuring methods. It also put into doubt possibility of estimation of radiological
impact for thoron progeny on base of thoron in air concentration in premises. 212Pb is
hazardous radionuclide and is one of the most long living among all thoron progenies (T1/2 =
10.6 h), present significant dose fraction bounded by thoron progeny. After the decay of radon
and thoron their progenies may condense on all available surfaces including airborne particles
and droplets (aerosol particle) in the atmosphere. The particle size of this radioactive aerosol,
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and especially the unattached or free activity size, important parameter is in all dosimetnc
models in the estimation of the radiation exposure of the human body.

The activity size distribution of thoron and radon progeny was determined by tagging
the natural aerosol particles with radon or thoron progeny. However, some measurements for
attached and unattached activity size distributions were performed in the open air under
realistic natural conditions (Butterweck-Depempewolf, et al., 1997; Reineking, et al., 1988;
Josh and Kelkar, 1981; Knutson and Whitby, 1975; Tymen, 1978; Bondietti, et al., 1987;
El-Hussein and Ahmed, 1995). Most of the observed data of these literatures show that the
size distribution consists of ultrafine clusters with median diameters below 4 nm (unattached
activity) and progenies associated'with ambient aerosol particles in size range between 100
and 400 ran (attached activity). The unattached fraction is deposited nearly completely in the
respiratory tract during breathing, whereas 80 percent of the attached activity is exhaled
without deposition. The amount of unattached activity is up to about 10 percent of the total
activity, but is considered to yield about 50 percent of the total radiation dose (Butterweck-
Depempewolf, et al., 1997). So, is necessary to experimentally determine the size of the
unattached fraction of radon and thoron progenies (James, et al., 1991; Reineking and
Porstendorfer, 1990; Reineking, et al., 1991).

Inhaled thoron and radon progeny are deposited in different regions of the human
bronchial tree as functions of particle size and flow rale. Following deposition and
mucocillary clearance, the sensitive bronchial basal and secretory cells are irradiated by two
different particle sources: (i) thoron and radon progeny in the sol and /or gel phase of the
mucous layer, and (ii) progeny within the bronchial epithelium.

In the case of internally deposited radionuclides, direct measurement of the energy
absorbed from jonizing radiation emitted by the decaying radionuclides is rarely, if ever,
possible. Therefore, one must rely on dosimetric models to obtain estimates of the spatial and
temporal patterns of energy deposition in human lung. When the radionuclides are uniformly
distributed throughout the volume of a tissue of homogeneous composition and when the size
of the tissue is. large compared to the range of participate emission of the radionuclide, then
the dose rate within the tissue is also uniform and the calculation of absorbed dose can
proceed without complication. However, if uniformities in the spatial and temporal
distributions of the radionuclides are coupled with heterogeneous tissue composition, then the
calculation of the absorbed dose becomes complex and uncertain. Such is the case with the
dosimetry of inhaled thoron and radon progeny in the respiratory tract.

There are increasing demands to obtain a definitive explanation of the role of alpha
particles emitted from thoron and radon progeny in the induction of lung cancer. Various
authors have attempted to evaluate the dose to the respiratory tract due to the inhalation of
thoron and radon progeny (Steinhausler, et al., 1994; Zock, et al., 1996; Ilari and Steinhausler,
1984; Harly and Pasteraack, 1972; Hofmann, et al., 1979; 1990; El-Hussein, et al., 1998;
Haque and Collinson; 1967)

The simple method to calculate the absorbed dose through the human lung is the
dosimetric models. These models always need sonte information about the parameters of
activity size distributions of thoron and radon progeny. Therefore, the first aim of this work is
the measurements of attached and unattached activity size distributions of thoron and radon
progeny in outdoor air. In addition, an analytical method has been developed to evaluate the
absorbed dose in nGy for a surface activity one Bq/m deposited by thoron progeny (2 ~Bi)
alpha particles in one micrometer spheres located at different depths in bronchial epithelium.
In order to reach the target, alpha particles travel either through tissue alone ("near-wall
dose") or through air and tissue ("far-wall dose").
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EXPERIMENTAL METHODS AND DATA EVALUATION

In the present work, a wire screen diffusion battery is constructed to determine the size
distribution of unattached radon and thoron progeny. The diffusion battery consisted of four
stainless steel screens with 24, 35, 50, and 200 mesh numbers and operates at flow rate of
0.36 m3 h"1. The screens were calibrated with monodisperse silver aerosol particles under
laboratory conditions. The measured 50% cut-off diameters of the screens are 0.9, 1.3, 1.9,
and 4.0 nm. The sampler could detect 0.5 mBq m"3 within 2 hour counting time with 25%
statistical uncertainty.

A low pressure Berner cascade impactor was used to determine the activity size
distribution of attached progeny. The impactor consisted of eight size fractionating stages and
a backup filter holder, and operated at a flow rate of 1.7 m3 h"1. Aluminum foils were used as
collection media, and a glass fiber filter as the backup filter (Lurzer, 1980). Efficiency curves
and interstage losses of the impactor stages were determined with aerosol particles in the
diameter size range 7016000 nm (Reineking, et al, 1984). The measured 50% cut-off

N

diameters were 82, 157, 270, 650, 1100, 2350, 4250, and 5960 nm. The total iterstage losses
of aerosol particles were less than 2% of the total activity (Reineking et al, 1984).

For determination of the size distribution of the attached radon and thoron progeny
(214Pb, 212Pb, and 2MBi) with the low-pressure Berner impactor, several runs were conducted
at different times in the open air. After air sampling, the foils were pressed into pellets and the
relative gross y-ray emitting activities on each impactor stage were measured with a well-type
3x3 in. Nal (Tl) detector connected to a multichannel analyzer. The corrected activities were
evaluated by means of an improved computer program to obtain the parameters of the
unknown size distribution (active median aerodynamic diameter, (AMAD) and geometric
standard deviation a). Details about the computer program is described elsewhere (Reinking
etal, 1986).

To determine the unattached activity fraction, the aerosol attached and total progeny
concentrations were measured. Each measurement consisted of two parallel samples: one with
a single screen and the other as a reference sample without screen. This procedure was
repeated with different screens. The screen was used only for collecting the unattached
activities. The activities penetrating the screen (mostly attached to aerosol particle) and that of
the reference sample were collected on membrane filters. The alpha activities were detected
during and after air sampling by a surface barrier detector. According to the Ruffle (1967)
method, [24] and through utilizing 241Am as a radioactive source of alpha rays, the counting
efficiency of the detector was determined to be 17.0 ± 0.5%. The detector has an active area
of 300 mm2, and the separation between the filter and detecior is 6 mm. In order to determine
the activity concentrations, the measurements were performed in two steps. Firstly, the alpha-
particle spectrum was collected during a sampling period of 30 min. Secondly, after waiting
for a time period of 30 min without sampling, the alpha particle spectrum was measured again
(during decay) for a time period of 30 min. The activity concentrations could be calculated
according to a method described by Wicke (1979). The attached activities were derived from
the sample obtained with the screen. The collected unattached activity on the screen is the
difference between the measurements of the reference sample (without screen) and the screen
sample.

The parameters of unattached size distribution, AMTD and a) were obtained from a
graphical cumulative method. The cumulative unattached activities were plotted versus the
cut-off diameter of the screens. The AMTD is defined as the diameter at 50% cumulative
fractions. The a of the size distribution is defined as the diameter at 84% cumulative activity
divided by the diameter obtained at 50%.
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1. Outdoor activity size distribution of 220Rn and 222Rn progenies
Several attached and unattached activity size distributions were carried out in outdoor

air of El-Minia city at a sampling site 10 m above the ground. The parameters of attached
activity size distributions (AMAD, a) for 214Pb, 214Bi, and 2 l2Pb are summarized in Table (1)
. Because the measurements were performed on different times, considerable fluctuations in
the size distributions were observed. Also, according to meteorological conditions sometimes
a very little activities in the coarse mode (aerosol size rang > 2000 nm) were measured. Most
of the derived activity size distributions could be approximated as unimodal log-normal
distributions represented by the "accumulation mode (100 nm < aerosol particle size < 2000
nm), while the others could be approximated as bimodal log-normal distributions
(accumulation and coarse mode). The active median aerodynamic diameter of the
accumulation mode for 2 l4Pb was found to be 360 nm, with relative geometric standard
deviation of 2.6. For 214Bi, the relative geometric standard deviation of 2.7 was obtained, with
active median aerodynamic diameter of 340 nm. The AMAD of 212Pb was calculated to be
350 nm with relative geometric standard deviation of 2.8.

Table 1. Calculated values of active median aerodynamic diameters (AMAD), active median
thermodynamic diameters (AMTD) and relative geometric standard deviation (cr)
of thoron and radon progeny size distribution measured outdoor air with a Berner
impactor (BI) and diffusion battery (DB). Extreme values of measurements are
given in parenthesis.

Nuclide
2lsPo

2l4Pb

212Pb

DB

AMTD (nm)
1.85

(1.5-1.93)
1.7

(1.2-1.90)
1.5

(1.1-1.80)

o
1.65

(1.50-1.70)
1.67

(1.55-1.72)
1.6

(1.25-1.71)

BI

Nuclide
m P b

2l4Bi

2.2p b

ANAD (nm)
360

(290-390)
340

(270-370)
350

(290-390)

a
2.6

(2.1-3.1)
2.7

(2.2-3.2)
2.8

(2.4-3.5)

The obtained parameters of unattached size distribution (AMTD, a) are listed in
Table 1. The active median thermodynamic diameters of unattached fraction (AMTD) were
determined to be 1.85, 1.7, and 1.5 nm with relative geometric standard deviations of 1.65,
1.67, and 1.6 for 2l8Po, 2l4Pb and 2l2Pb, respectively. The outdoor activity size distribution of
the unattached fractions for 2l8Po and 214Pb are shown in Figures 1 and 2, respectively,
outdoor unattached activity fractions are plotted as histograms versus, the cut-off diameter of
the screens.

The unattached activities of 214Po are not observed even at low aerosol concentrations.
This observation can be explained as follows: the radionudide 214Po is a decay product of
214Bi which is beta emitter. The recoil factor for the beta emitter is negligible, therefore, the
probability of finding the radionuclide 214Po as an unattached fraction is relatively low.
However, model calculations (Postendorfer, 1984; Reineking, et al, 1985) of the behavior of
radon progeny showed that the unattached fractions of 214Po were less than 1%.
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The activity size distributions of thoron progeny seem to be shifted to slightly smaller
particle size, compared to radon progeny (Papastefanou, et ai, 1987). Reported active median
aerodynamic diameters (AMAD) in outdoor air are 330 (Reineking et ai, 1992), 130
(Papastefanou, et al, 1987), and 390 nm (Becker et al 1984) for 212Pb and 369 nm (Reineking

214et al, 1988) for ^ T b . The present values (350 nm for 214and 360 for Zl Pb) are in quite
good agreement with the published values, except the value given by Papastefanou and
Bondietti, (1987) which is about three times lower than the present value of 2l2Pb.

2. Estimation of Absorbed Dose Through the Human Bronchial Tree
Consistent with the compartmentalization of the tracheobronchial tree with respect to

the clearance pathways of deposited radionnuclides in bronchial airway generations (ICRP,
1994), thoron progeny can be found in the gel phase of the mucous layer, in the underlying
sol phase, and within the bronchial epithelium. Consequently, the dose received by basal or
secretory cell nuclei at a given depth in bronchial epithelium depends on the relative
distribution of thoron progeny in these three compartments. At present, basal and secretory
cells are commonly considered as the principal target cells for alpha-particle irradiation
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(NRC, 1991). The location and volumetric densities of these cells provided by Mercer et a!
(1991), were used in the present work to evaluate the cell-specific doses. At low doses of
alpha particles, only a small fraction of the irradiated cell population are actually intersected
by alpha particle tracks; those cells traversed, however, receive a relatively high cellular dose.
Consequently, a low dose of high linear energy transfer of radiation implies that only a small
fraction of the total number of cells will be hit.

As a result of the different clearance mechanisms operating in bronchial airways,
thoron progeny alpha particle sources can be found in the gel and sol phases of the mucous
layer and within bronchial epithelium. Based on the experimental data of Greenhalgh et al
[39], it has been assumed that about 40% of all deposited progenies are cleared through the
bronchial epithelium and that 30% of the whole activity will be retained in bronchial tissue
with a half-time of about 10 hrs (NRC, 1991). This would imply that about half of the slow
cleared fraction will eventually pass through the bronchial epithelium.

Figure (3) shows the variation of dose with depth into the bronchial epithelium of
airway generation 6 for 2l2Bi alpha particles emitted either from the top of 11 jim thick gel
and sol layer, from the top of the 6 \\m thick so) layer, or from the interface between the sol
layer and the underlying epithelium. Corresponding calculations for 212Bi alpha particles
nuclides within epithelial tissue refer either to a uniform distribution of nuclides across the
epithelium or to a nuclide distribution decreasing in a linear fashion with increasing depth in
tissue. Curves 1-3 show that the dose decreases rapidly with increasing depth. In contrast,
however, the same number of alpha particles decay from thoron progeny located in the
epithelium (linear and uniform case) produces a relatively constant dose throughout the tissue
(curves 4 and 5).

Figure-(4) represents the comparison of near-wall, far-wall, and total (i.e., near + far
wall) dose in airway generation 6 for 2l2Bi distribution in mucous and epithelium. It can be
seen that the contribution of the near-wall dose is higher than that of the far wall as fewer
alpha particles will reach the target from the far wall.

While present dose calculations generally assume equal densities of basal and
secretory cells in bronchial tissue (NRC, 1991), it will be used here the actually measured
volumetric densities for both target cells at varying depth provided by Mercer et al [33]. Such
cell-specific depth dose conversion factors can be obtained by multiplying the above-
computed depth-dose distributions for a uniform distribution of cell nuclei by respective
depth-density distribution.

Figure (5) displays the distribution of doses in secretory and basal cells for Bi alpha
particles in airway generation 6. Considering their relative frequencies at a given depth in
tissue, the secretory cell doses are relatively homogeneous. The depth-dose distribution for
basal cell nuclei, however, has a distinct maximum at greater depth in tissue, where radiation
doses are much smaller than for the shallower lying secretory cells. Consequently, the
maximum frequency of basal cell doses is shifted to the lower dose range. The mean dose is
44 nGy for basal cells and 112 nGy for secretory cells.

CONCLUSIONS

The attached size distributions of radon and thoron progenies can be described by
unimodal log-normal distribution. Most of the attached activities are associated with the
accumulation mode. The AMADs of this mode for 2l4Pb, 214Bi, and 212Pb are determined to be
360, 340, and 350 nm with a of 2.6, 2.7, and 2.8, respectively. The oof unattached size
distributions for 218Po, 214Pb and 212Pb, are 1.65, 1.67, and 1.6 with AMTD of 1.85, 1.6, and
1.5, respectively.
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Fig. 3. Dose conversion factor as functions of depth in bronchial epithelium of airway
generation 6 for 212Bi alpha particles emitted (1) from the top of the l l jum thick
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Fig. 4. Comparison of near-wall, far-wall, and total (i.e., near + far wall) dose in airway
generation 6 for Bi distribution in mucous and epithelium.
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Distribution of doses in secretory and basal cells for 2Bi alpha particles in
airway generation 6.

The specific location of thoron progeny within the mucous sheath affects the dose to
epithelial cells: 212Bi alpha particles deposited on bronchial airways are emitted from the top
of gel layer, from the top of sol layer, or from the interface between the sol layer and the
underlying epithelium. Two additional assumption have been made when the activity is
distributed within the epithelium: a uniform distribution of nuclides across the epithelium or a
linear distribution. These simulations suggest that the relative frequencies of the various
alpha-particle sources may appreciably affect the related cellular dose estimates.
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