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Abstract

Bronchial dosimeters have been designed for adult Chinese males and females for home
and mine exposures, which can give the bronchial doses from radon progeny by direct
measurements. The bronchial dosimeter for home exposures consists of five 400-mesh wire
screens. With a sampling face velocity of 3.3 cm s–1 for Chinese males and 2.7 cm s–1 for
Chinese females, the deposition pattern on the wire screens were found to satisfactorily match
the variation of the dose conversion coefficients (in units of mSv WLM–1) with the size of
radon progeny from 1 to 1000 nm. The bronchial dosimeter for mine exposures consists of
four 250-mesh wire screens. With a sampling face velocity of 3.3 cm s–1, the deposition pattern
on the wire screens were found to satisfactorily match the variation of the dose conversion
coefficients for both Chinese males and females. In this way, the bronchial dosimeters directly
give the bronchial doses from the alpha counts recorded on the wire-screens.
 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Inhalation of airborne short-lived radon progeny in the indoor and outdoor
environment yields the greatest amount of natural radiation exposure to the public.
To assess the corresponding bronchial dose, the use of dosimetric lung models is
necessary. As such, it is of interest to find ways to measure the bronchial dose
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directly. Based on the collection efficiencies of wire screens, Cheung et al. (2001)
outlined the conceptual procedures for developing a dosimeter for the ICRP model
for typical home and mine conditions. Following the radon progeny dosimetric mode-
ling for Chinese males and females (Yu et al., 2001), the present work extends the
study to the design of dosimeters for Chinese males and females, for typical home
and mine conditions.

2. Methodology

2.1. Dosimetric lung model

In the present work the ICRP lung morphometry model (ICRP, 1994) has been
employed. Effects of different lung morphometry models on the calculated dose
conversion coefficient (DCC) from radon progeny have been studied previously
(Nikezic et al., 2000). The tracheobronchial (T-B) tree is considered to comprise
bronchial (BB) and bronchiolar (bb) regions. The nuclei of secretory and basal cells
have been considered to be the sensitive targets in the BB region while only secretory
cells have been considered in the bb region. Equal radio-sensitivities were assumed
for these two types of cells. Radiation doses to tissues and cells of the respiratory
tract are functions of the air flow rate through the lung passages. To predict radiation
doses for different types of population groups, different breathing rates need to be
matched to particular situations. Reference values of breathing rates for mine workers
(mines) and members of the public (homes) have been chosen to be 1.2 m3 h–1 and
0.78 m3 h–1, respectively (Zock et al., 1996).

Estimate of the fractions of inhaled progeny deposited in each anatomical region
is the next step in this process. Several processes contribute to the aerosol deposition.
The most important of the mechanisms include Brownian diffusion, inertial impac-
tion and sedimentation. To provide a straightforward model, an empirical mathemat-
ical approach was applied to describe the regional deposition in the extrathoracic
and thoracic airways (ICRP, 1994; James et al., 1991; NRC, 1991). It is noted that
the difference between the DCCs obtained using different existing formulae can be as
high as 30% (Nikezic et al., 2002). The deposited progeny are assumed to distribute
uniformly on the surfaces, and are cleared by mucociliary transport or absorption
into blood with an assumed transit time of 10 h for the slow transfer process (Zock
et al., 1996).

To sum the regional doses for the respiratory tract, they must be adjusted for their
relative radiation sensitivities. The total lung dose was calculated by introducing the
same weighted apportionment factor of 0.333 for BB and bb. The tissue weighting
factor of 0.12 specified for lungs was also applied to the total dose calculated for
the thoracic region, together with the radiation weighting factor of 20 for alpha
particles, to obtain the effective dose. Dividing by the exposure, the dose conversion
coefficient (DCC) in unit of mSv WLM–1 was obtained.
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2.2. Scaling for Chinese males and females

In the present work, the ethnic groups of Chinese males and the Chinese females
are considered. Scaling can make use of information on parameters such as the func-
tional residual capacity (FRC), weight, the total lung capacity (TLC), and the vital
capacity (VC) (Yu et al., 2001). The values of these parameters for Caucasian adult
males as compared with those for the Chinese males and females have been summar-
ized by Roy et al. (1991). Two different scaling factors are employed; one for linear
dimension while the other for the breathing rate. For the linear scaling factor, it is
taken as the average of the ratios of the FRC and the weight: the dimensions of the
Caucasian lung airways are scaled with 0.95 to give those values for the Chinese
males, while the dimensions of Chinese males have to be multiplied by 0.93 to give
those for the Chinese females (Yu et al., 2001). In calculating the scaling factor for
the breathing rates, the ratios of TLC, FRC and VC are taken into account: the
breathing rate of Caucasian males is scaled by 0.81 to get the rate for Chinese males,
while the breathing rate for Chinese females is equal to 0.71 that for the Chinese
males (Yu et al., 2001).

2.3. Fitting the NDF distribution

Based on the definition of an occupational working month as 170 h and making
provision for an occupancy factor, a factor for effective dose rate (EDF) having the
units of mSv (s.WL)–1 or mSv (y.WL)–1 could be derived from the DCC. The EDF
distribution was then normalized using a normalizing factor (n-factor) to obtain the
distribution of normalized effective dose rate (NDF). In other words, the NDF curve
will have a maximum value of unity. The task is then to find a system of wire
screens, together with a corresponding sampling face velocity, which has a collection
efficiency curve matching the NDF curve. The PAEC collected by this system, when
multiplied by the n-factor, will then give the bronchial dose rate.

Based on the fan model filtration theory (Cheng and Yeh, 1980; Cheng et al.,
1980), a semi-empirical equation of particle penetration through wire screens was
employed. The penetration for a wire screen, with solid volume fraction a, wire
thickness w and diameter df, is given by

P � exp��
4aw

p(1�a)df

e� (1)

where � is the single fiber collection efficiency expressed as a sum of the efficiencies
for several deposition processes including diffusion �d, interception �in, impaction
�im, and diffusional interception �id. In fact, the diffusion process dominates the over-
all collection efficiency for particle diameters below 100 nm. The interception and
impaction processes become significant after a few µm. The efficiency for diffusional
interception is insignificant compared to that for diffusion for particle diameters up
to beyond 1 µm. The mathematical representations for the four deposition efficiencies
can be found elsewhere (Porstendörfer, 1996). The wire screen collection efficiency
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is simply equal to (1�P). Using N identical wire screens in series, the exponent in
Eq. (1) should be multiplied by N to obtain the gross penetration.

All of the collection efficiencies, with the exception of that for interception, change
according to sampling face velocity U. Hence, the NDF curve can be changed by
varying U or by using different combinations of wire screens (Cheung et al., 2001).
For large particle sizes ranging from around tens of nm to 1 µm, corresponding to
the attached mode of radon progeny, both techniques have failed to produce satisfac-
tory fits to the NDF response. A k-factor, employing the residual efficiency of a filter
paper for collecting radon progeny after their passing through the combination of
wire screens, was introduced to compensate for the discrepancies (Cheung et al.,
2001). Denoting the collection efficiencies for a combination of wire screens as �wire,
the overall collection efficiency for the sampling system �system is expressed as

esystem � ewire�k(1�ewire) (2)

where k is the k-factor mentioned before.

2.4. Bronchial dosimeter

It is now possible to design a sampling system that can measure airborne radioac-
tivity from which the bronchial dose rate can be determined. The schematic diagram
of such a sampler is shown in Fig. 1. It consists of two sampling heads, A and B.
The sample head A houses only one filter paper and collects all radon progeny
passing through it. Sample head B houses a series of stainless steel wire screens on
top of a filter paper. The combination of the screen series is chosen according to
the purposes (for Chinese male or female, and for the mine or home environment).
For example, five 400-mesh wire screens with a sampling face velocity of 3.3 cm
s–1 has been selected to simulate the NDF distribution curve for domestic exposures
for Chinese males. The collected activities on both filter papers are measured using
either gross alpha or alpha spectroscopic systems. Details of the required measure-

Fig. 1. Schematic diagram of the sampling system of the proposed radon progeny bronchial dosimeter.
Two sampling heads are included. The choice of the wire-screen configuration in head B depends on
the purpose.
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ment techniques have been presented elsewhere (Yu et al., 1998). The collection
efficiency of the wire screen series �wire is obtained by

ewire �
PAECA�PAECB

PAECA

(3)

where PAECA and PAECB are the measured PAECs collected on the filter papers in
the sampling heads A and B, respectively. By using Eq. (2), the collection efficiency
for the proposed system �system can be determined based on �wire and a selected value
of k. The PAEC collected by the proposed system is computed by the product of
�system and PAECA. This is an integral count which effectively considers size distri-
bution over the entire size range.

3. Results and discussion

The NDF distributions for home and mine exposures for Chinese males are shown
in Fig. 2. It can be observed that they have a similar pattern but very different n-
factors. A higher breathing rate leads to an increase in the deposition of radon pro-
geny and thus the dose received. Therefore, the values of DCF calculated for mine
conditions referring to a larger breathing rate are always greater than those for home
conditions. The maximum value of NDF is shifted to a somewhat lower particle
diameter in case of mine exposures. The difference between the resulting doses
mainly comes from the assigned breathing rates for these two exposure conditions.

Fig. 2. The NDF as a function of particle diameter for home and mine exposures for Chinese males.
The n-factors are 1.3505 × 10�4 mSv(s.WL)�1 and 1.9502 × 10�4 mSv(s.WL)�1, respectively. The breath-
ing rates of 0.78 m3 h�1 and 1.2 m3 h�1 for home and mine exposures, respectively, apply to Caucasian
males only. For the present calculations for Chinese males, the breathing rates have been scaled by 0.81.
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Fig. 3. The NDF distribution for Chinese females as compared to that for Chinese males (for home
exposure). The n-factor for Chinese females is 1.1252×10�4 mSv(s.WL)�1.

The Chinese males and females differ in the lung dimensions and the breathing
rate. As an example, the NDF distribution for Chinese males and females for home
exposure has been shown in Fig. 3. It can be seen that the NDF distribution for
Chinese females shifts to the right as compared with that for Chinese males. The n-
factor is smaller than that for Chinese males because the breathing rates for Chinese
females are scaled down by 0.71 from those of the Chinese males.

Two different types, categorized by the mesh numbers, of wire screens are
employed. Both types of them are made of stainless steel with a specific density of
7.8 g cm�3, and the other measured parameters are summarized in Table 1. Different
types or different number of wire screens combined in series change the collection
efficiency of the wire screen system. On the other hand, different sampling face
velocities, or flow rates can also achieve the same task. Since the sampled volume
of air is a key factor affecting the final counting statistics, the sampling flow rate
should be large enough to minimize errors from the counting. A practical flow rate
is assumed for the simulation of the NDF distribution. The flow rate taken ranges

Table 1
Summary of the measured parameters for the wire screens employed

Mesh number Screen diameter Mass of screen (g) Screen thickness (µm) Wire diameter (µm)
(cm)

250 4 0.2328 87.5 37
400 4 0.1929 57 27.5
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between 2 l min�1 and 4 l min�1, which correspond to the range of sampling face
velocities between 2.7 and 5.3 cm s–1. In general, an increase in the flow rate leads
to a shift of the collection efficiency as a whole towards smaller particle diameters,
which is caused by the decrease in the diffusional deposition of radon progeny on
to the wire screen at a larger sampling flow rate. Various configurations incorporating
multiple wire screens in series are then attempted to fit the variation of NDF for
each sampling flow rates. In reality, various configurations with their corresponding
sampling face velocities can provide similar collection efficiencies on fitting the same
NDF response curve.

Table 2 reports the suggested configurations of wire-screen series with various
sampling face velocities to simulate the NDF distributions obtained for home and
mine exposures, respectively, for Chinese males. For home exposures, the collection
efficiency of a five 400-mesh wire-screen series at a sampling face velocity of 3.3
cm s–1 provides the best fit to the NDF distribution. Close matches can also be
achieved by other configurations of wire-screen series. In case of mine exposures,
combinations of four 250-mesh or four 400-mesh wire screens with a sampling face
velocity of 3.3 cm s–1 are capable of providing adequate fits to the NDF distribution.

The corresponding wire-screen combinations are also determined for Chinese

Table 2
Summary of possible wire-screen systems providing good fits to the predicted NDF distribution for Chi-
nese males

Exposure Wire-screen Sampling face k-factor Estimated error to dose from
condition system velocity (cm s–1) the attached mode (bracketed

values are error estimates
without taking the k-factor
into account)

Domestic 4 × 400 mesh 5.3 0.015 �9.63% (�19.61%)
homes 4 × 400 mesh 4.6 0.010 �8.49% (�15.09%)

5 × 250 mesh 4.6 0.027 �8.61% (�26.76%)
4 × 400 mesh 4.0 0.006 �6.34% (�10.28%)
5 × 250 mesh 4.0 0.023 �7.35% (�22.72%)
5 × 400 mesh 3.3 �0.015 3.04% (12.54%)
3 × 400 mesh 3.3 0.016 �8.69% (�19.33%)
5 × 250 mesh 3.3 0.018 �4.69% (�16.61%)
3 × 400 mesh 2.7 0.011 �5.45% (�12.69%)
4 × 250 mesh 2.7 0.023 �6.00% (�21.34%)

Mine 4 × 400 mesh 5.3 0.005 �7.46% (�13.28%)
3 × 400 mesh 4.6 0.016 �8.56% (�27.42%)
3 × 400 mesh 4.0 0.013 �6.66% (�21.91%)
4 × 250 mesh 3.3 0.020 �2.78% (�26.34%)
4 × 400 mesh 3.3 -0.007 3.12% (11.11%)
3 × 400 mesh 3.3 0.008 �4.24% (�13.56%)
3 × 250 mesh 2.7 0.026 �5.02% (�35.89%)

Negative values in the estimated error represent underestimation while positive values represent overestim-
ation. The wire parameters for the wire screens employed can be found in Table 1.
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females as illustrated in Table 3. For home exposures, the collection efficiency of a
five 400-mesh wire-screen series at a sampling face velocity of 2.7 cm s–1 provides
the best fit to the NDF distribution. In case of mine exposures, a combination of
five 400-mesh wire screens with a sampling face velocity of 4.0 cm s–1 provides the
best fits to the NDF distribution. The second best fit is achieved by a combination
of four 250-mesh wire screens with a sampling face velocity of 3.3 cm s–1.

As mentioned in Section 2.3, a k-factor is introduced to improve the agreement
between the collection efficiencies and the NDF distribution for the attached mode.
An example of such an improvement is presented in Fig. 4 employing a five 250-
mesh wire-screen series at a sampling face velocity of 3.3 cm s–1 for Chinese males
for home exposures, where the estimated error of the dose from the attached mode
is about 17% before modification by the k-factor. On introducing a k-factor of 0.018,
the error of the dose from the attached mode becomes less than 5%. All estimated
errors of possible wire screen combinations are presented in Tables 2 and 3.

The collection efficiencies of all wire-screen series are always equal to unity for
particle sizes below 3 nm, which have overestimated the NDF distribution in this
particle-size range. In a previous study (Cheung et al., 2001), an f-factor was intro-
duced to account for the discrepancy, for which an additional single 100-mesh wire
screen was involved. However, since the unattached fractions of PAEC are only 8
and 1% in homes and mines, the errors in the dose calculations introduced by the
discrepancies within this region will only be minimal, if not negligible. Therefore,

Table 3
Summary of possible wire-screen systems providing good fits to the predicted NDF distribution for Chi-
nese females

Exposure Wire-screen Sampling face k-factor Estimated error to dose from
condition system velocity (cm s�1) the attached mode (bracketed

values are error estimates
without taking the k-factor
into account)

Domestic homes 5 × 400 mesh 5.3 0.008 �8.85% (�13.76%)
4 × 400 mesh 4.0 0.013 �8.52% (�16.54%)
4 × 400 mesh 3.3 0.006 �6.06% (�9.72%)
5 × 250 mesh 3.3 0.024 �7.55% (�22.49%)
5 × 400 mesh 2.7 -0.016 4.94% (14.31%)
3 × 400 mesh 2.7 0.017 �8.28% (�18.80%)

Mine 5 × 250 mesh 4.6 0.023 �6.76% (�31.64%)
5 × 400 mesh 4.0 -0.011 0.51% (11.93%)
3 × 400 mesh 4.0 0.018 �8.99% (�28.40%)
4 × 250 mesh 3.3 0.024 �6.48% (�32.47%)
3 × 400 mesh 3.3 0.013 �6.80% (�20.72%)
3 × 250 mesh 2.7 0.031 �7.41% (�41.25%)

Negative values in the estimated error represent underestimation while positive values represent overestim-
ation. The wire parameters for the wire screens employed can be found in Table 1.
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Fig. 4. The overall collection efficiency of a five 250-mesh wire-screen series plus the additional contri-
bution from the k-factor. The sampling face velocity is 3.3 cm s–1 and the k-factor is 0.018. The NDF
distribution is calculated for Chinese males for home exposures.

in order to save the effort of measuring an extra 100-mesh wire screen, the f-factor
will not be introduced in the present study.

4. Conclusions

The designs of bronchial dosimeters which directly give the bronchial dose from
radon progeny for Chinese males and female for home and mine exposures have
been given in this paper. The prime advantage of these dosimeters is that no require-
ment exists for measurement of the size distribution of radon progeny. The particle
size dependence of the NDF, which is normalized from the dose conversion coef-
ficient, can be simulated by the collection efficiency of the proposed wire-screen
sampling systems. The k-factor has been used as a fine-tuning technique to minimize
discrepancies in the particle size region corresponding to the attached mode of
radon progeny.

Various combinations of wire-screens in series have been found capable of provid-
ing satisfactory fits to the NDF pattern. For home exposures, the collection efficiency
of a five 400-mesh wire-screen series provides the best fits to the NDF distributions
for Chinese males and females, at sampling face velocities of 3.3 and 2.7 cm s–1,
respectively. This indicates that the same bronchial dosimeter can be used for meas-
uring bronchial doses for Chinese males and females, requiring only adjustment of
the flow rate and the use of different k-factors for the two groups. For mine
exposures, the collection efficiency of a four 250-mesh wire screens with a sampling
face velocity of 3.3 cm s–1 provides the best fit to the NDF distributions for Chinese
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males and the second best fit to the NDF distributions for Chinese females. This
provides even more convenience than in the home exposure condition since the same
bronchial dosimeter with the same flow rate can be used for measuring bronchial
doses for Chinese males and females, with the use of different k-factors for the
two groups.
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