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The lung dose derived from radon is not attributed to the radon gas itself, but instead to its short-lived progeny. However, in
many epidemiological studies as well as in case control studies of the radon risk, the excess number of cancers are related to
the radon gas exposure, and not to the radon progeny exposure. A justification for such an approach has resorted to the
assumption that there is self-compensation between the radiation doses from the unattached and attached fractions. In the
present study, we used the Jacobi model to calculate the radon progeny concentrations in a room by varying the attachment
rate and then calculated the resulting lung dose. It was found that self-compensation was not fully realised, and the effective
dose can vary by a factor up to �2 for the same radon gas concentration. In conclusion, the radon gas concentration alone
does not provide adequate information on the effective dose.

INTRODUCTION

It is now well established that the short-lived radon
progeny contributes about half of the total exposure
of human beings to ionising radiation. It is also well
known that the radon dose delivered to the lungs is
not attributed to the radon gas itself, but instead to
its short-lived progeny. Exposure to radon progeny
(usually expressed in the traditional unit called
Working Level Month or WLM) is measured
through the product of PAEC � t, where PAEC is
the potential alpha energy concentration (usually
expressed in the traditional unit called Working
Level or WL) and t is the exposure time. To relate
the radon progeny exposure and the effective dose,
the so-called dose conversion coefficient (DCC) is
used. The DCC value derived dosimetrically,
i.e. based on lung modelling, is �15 mSv per WLM.
However, in many epidemiological studies as well

as in case control studies of the radon risk, the excess
number of cancers are related to the radon gas expo-
sure (given in Bq m�3), and not to the radon progeny
exposure. A justification for such an approach has
resorted to the assumption that there is self-
compensation between the radiation doses from the
unattached and attached fractions, i.e. with an
increase in the aerosol concentration, the attached
fraction of PAEC and the equilibrium factor
increase while the unattached fraction of PAEC
decreases. With this argument, it is asserted that
the total radiation dose should be relatively constant

and independent of the unattached fraction and the
equilibrium factor, so that the risk can be effectively
surrogated by the radon gas concentration alone.
However, such an approach has not been rigorously
examined. The purpose of this paper is to study such
an approach in detail, and to make a conclusion in
the end.

METHODOLOGY

The following three steps of calculations were per-
formed. First, the Jacobi model was used to calculate
the radon progeny concentrations in a room. The
Jacobi model was extended so that the three modes
of attached radon progeny could be studied(1). The
obtained results give the ratios between the concen-
trations of radon progeny and radon gas in different
modes (including the unattached fraction as well).
All the parameters of the Jacobi room model were
fixed except the attachment rate la. The fixed para-
meters were set as follows: the ventilation rate was
lv ¼ 0.55 h�1, the deposition rate of the unattached
and attached progeny were lud ¼ 20 h�1 and
lad ¼ 0.2 h�1, respectively, and the recoil factor was
p1 ¼ 0.83. The attachment rate la was varied
between 10 and 110 h�1 with steps of 10. This
range was considered typical for the parameter.
Varying the attachment rate is a good method to
obtain different unattached fractions and equili-
brium factors. In reality, different attachment rates
are expected in various environments with different
aerosol concentrations. The PAEC (in WL) was
also calculated for a radon gas concentration�Corresponding author: peter.yu@cityu.edu.hk
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of 3700 Bq m�3. The results of these calculations are
described in the following section.
In the second step, the obtained results for

progeny concentrations were used as inputs in the
home written computer program, LUNGDO-
SE.F90(2), which calculated DCC. This program fol-
lowed the human respiratory tract model published
by the International Commission on Radiological
Protection(3). Additional aerosol parameters and
subject-related parameters are needed for the DCC
calculations.
Here, the best estimations of parameters given

by Marsh and Birchall(4) were adopted in the
calculations. The subject-related parameters used in
the calculations were as follows: breathing rate,
0.78 m3 h�1; tidal volume, 0.866 litre per breath;
and functional residual capacity, 3300 ml. The
aerosol parameters were as follows: density of
unattached particles, 1 g cm�3; density of attached
particles, 1.4 g cm�3; shape factors are 1 and 1.1
for unattached and attached particles, respectively;
median diameters (with geometrical standard
deviations given in parentheses) are 0.9 (1.3) nm,
50 (2) nm, 250 (2) nm and 1500 (1.5) nm for
unattached, nucleation, accumulation and coarse
modes, respectively; and partitioning between
different attached modes are 0.28, 0.70 and 0.02
for nucleation, accumulation and coarse modes,
respectively.
By using the program LUNGDOSE.F90, the

DCC (mSv per WLM) was calculated as a function
of the attachment rate. The results are also given in
the following section.
In the third step, the radon gas concentration was

considered as 3700 Bq m�3 and the dose values were
determined for each of the considered cases.

RESULTS

In Figure 1, the ratios of the concentrations of the
unattached progeny, Fi

u, to that of 222Rn are shown.
With an increase in the attachment rate, all Fi

u

values decrease. The values for the unattached
218Po are two orders of magnitude larger than
those for the unattached 214Bi. Figure 2 presents
the values for the attached progeny in three different
modes, namely nucleation, accumulation and coarse
modes. The values for all modes increase with the
attachment rate.
Figure 3 shows the variation of the unattached

fraction, i.e. the ratio between the unattached frac-
tion of PAEC (PAECu) to the total PAEC, and the
equilibrium factor as a function of the attachment
rate. As expected, the unattached fraction decreases
and the equilibrium factor increases with increasing
attachment rate. Here, some self-compensation for
the dose value is realised, i.e. the dose from the
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Figure 1. Ratios between concentrations of different
unattached progeny and radon gas concentration as a
function of the attachment rate. Solid line, 218Po; dotted

line, 214Pb; and dashed line, 214Bi.
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Figure 2. Ratios of progeny concentrations to radon
concentration in three different attached modes as
functions of the attachment rate (nuc, nucleation mode;
acc, accumulation mode; and co, coarse mode). The values

for all modes increase with the attachment rate.
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Figure 3. Variation of the unattached fraction and the
equilibrium factor with the attachment rate.
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unattached progeny decreases whereas the dose from
the attached progeny increases.
Figure 4 shows the DCCs calculated for different

attachment rates given by the right vertical axis. The
DCC decreases with the attachment rate in the range
from 22 to 14 mSv per WLM. Also shown in
Figure 4, by the left vertical axis, is the total PAEC
for a radon concentration of 3700 Bq m�3. This
value was chosen because, for this radon concentra-
tion, PAEC ¼ 1 WL if equilibrium is achieved
between radon and its progeny. When equilibrium
is not achieved, PAEC is below 1 WL. Finally, the
effective doses for 1 WLM were recalculated as

E ¼ PAEC WLð Þ �DCC mSv WLM�1
� �

� t ð1Þ

and the results are shown in Figure 5. The effective
dose increases from 3.6 up to 6.4 mSv.

CONCLUSIONS

Figure 5 shows that the effective dose varies for
different environmental conditions and the targeted
self-compensation is not fully realised. For the same
radon gas concentration, the effective dose can vary
by a factor up to �2. Therefore, it is concluded that
knowing the radon gas concentration alone does not
provide adequate information on the effective dose
or the attributed risk.
Many previous epidemiological and case control

studies on the radon risk were based on the measure-
ments of the radon gas concentrations, and the risk
coefficients were expressed for a unit activity concen-
tration (Bq m�3) of the radon gas. Such an approach
is shown here to be inadequate, and the dose
determined based on radon gas measurements
alone can be wrong by a factor of �2. The only
way to obtain accurate dose values has to rely on
actual radon progeny measurements. Nikezic et al.(5)

has proposed a convenient method for long-term
measurements of radon progeny concentrations
using the LR 115 solid-state nuclear track detector.

ACKNOWLEDGEMENTS

This research was supported by the Competitive
Earmarked Research Grant (CityU 1081/01P) from
the Research Grants Council of Hong Kong.

REFERENCES

1. Nikezic, D. and Stevanovic, N. Room model with three
modal distributions of attached radon progeny. Health
Phys. 87, 405–409 (2004).

2. Nikezic, D. and Yu, K. N. Microdosimetric calculation
of absorption fraction and the resulting dose conversion
factor for radon progeny. Radiat. Environ. Biophys. 40,
207–211 (2001).

3. International Commission on Radiological Protection.
Human respiratory tract model for radiological
protection. A report of a Task Group of the Interna-
tional Commission on Radiological Protection. ICRP
publication 66 (New York: Pergamon Press) (1994).

4. Marsh, J. W. and Birchall, A. Sensitivity analysis of the
weighted equivalent lung dose per unit exposure from
radon progeny. Radiat. Prot. Dosim. 87, 167–178
(2000).

5. Nikezic, D., Ng, F. M. F. and Yu, K. N. Theoretical
basis for long-term measurements of equilibrium factor
using LR 115 detector, Appl. Radiat. Isotop. 61,
1431–1435 (2004).

0 10 20 30 40 50 60 70 80 90 100 110 120

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

P
A

E
C

(W
L
)

Attachment rate (h-1)

14

16

18

20

22

D
C

C
(m

S
v/

W
L
M

)

Figure 4. The variation of DCC (right vertical axis) and
PAEC (left vertical axis) for 3700 Bq m�3 of 222Rn as

a function of the attachment rate.
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Figure 5. Effective dose as a function of the attachment
rate (for a radon concentration of 3700 Bq m�3).
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