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Passive measuring devices are comprehensively employed in thoron progeny surveys, while the deposition velocity of thoron
progeny is the most critical parameter, which varies in different environments. In this study, to analyse the influence of envir-
onmental factors on thoron progeny deposition velocity, an improved model was proposed on the basis of Lai’s aerosol depos-
ition model and the Jacobi’s model, and a series of measurements were carried out to verify the model. According to the
calculations, deposition velocity decreases with increasing aerosol diameter and also aerosol concentration, while increases
with increasing ventilation rate. In typical indoor environments, a typical value of 1.2631025m s21 is recommended, with a
range between 7.631027 and 3.231024 m s21.

INTRODUCTION

Thoron (220Rn) is a radioactive gas originating from
thorium (232Th) with a half-life of 55.6 s. As an
isotope of radon (222Rn), thoron has been neglected
for a long period and often considered an interfering
factor in the measurement of radon, because of its
low concentration(1). Recent surveys reveal that high
concentrations of thoron exist in some places, and
the dose caused by thoron and its progeny may be
underestimated(2 – 4). Exposure to thoron and its pos-
sible health effects have gained increasing attention
in recent years, as indicated in a recent report of the
United Nations Scientific Committee on the Effects
of Atomic Radiation(5). Thoron progeny contributes
most of the doses, so it is important to measure the
concentration of thoron progeny precisely.

Traditional methods for measuring the concentra-
tion of thoron progeny can be divided into active
measurement methods and passive measurement
methods(6). While active methods generally measure
thoron progeny concentrations shortly using pumps,
most passive methods which give more representative
results of thoron progeny level measure the concen-
tration of integrated thoron progeny for a long time
without pumps. There is an increasing need to
improve the accuracy of passive measurements for
thoron progeny(7).

In the 1990s, a device for passive measurements
based on the deposition of thoron progeny was
developed by Zhuo and Iida(8), mainly composed of
a solid-state nuclear track detector with an alumin-
ium film covered on it. Mishra et al. designed a de-
position-based direct thoron progeny sensor (DTPS),
using an absorber-mounted LR-115-type nuclear
track detector(9 – 12). These methods were highly dis-
criminative of radon progeny because the covering

aluminium film opened a narrow window only for
212Po, a decay product of thoron which emits alpha
particle of 8.78 MeV during decay. Because of their
small sizes, low costs and power-free features, this
kind of device has been comprehensively employed
in thoron surveys(3, 13, 14).

The deposition velocity of thoron progeny (Vd) is
the key parameter of the method, defined as the
deposition rate (number of deposited particles per
unit time divides particle concentration) per unit
area, and is dimensionally identical to velocity.
Zhuo and Iida derived a deposition velocity of
(5.3+1.1)�1025m s21 from a field survey of 13
rooms(8), in which concentrations of thoron progeny
and track densities were simultaneously measured(5).
This value was adopted in thoron surveys(3, 13, 14).
However, the deposition velocity is influenced by
several environmental factors, such as aerosol and
ventilation rate. Mishra et al. theoretically predicted
the value of deposition velocity and carried out a
large number of experiments to determine the sensi-
tivity factor of DTPS. According to their studies, the
experimental result of Vd for vertical surfaces is
(1.53+0.11)�1025m s21(9, 10). Their theoretical
results revealed that Vd depends on aerosol concen-
tration and ventilation rate and they suggested that
different sensitivity factors should be considered for
extreme environments(11). However, influence of ven-
tilation rate on friction velocity, which is a param-
eter in the deposition model, is not taken into
account in their models.

Stevanovic et al. (15)established the correlation
between friction velocity and ventilation rate on the
basis of a model describing the vertical profile of
wind speed in an urban environment to calculate the
deposition rate of unattached and attached radon
progeny in rooms, and studied the relationship of
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the parameters in Jacobi’s model(16). By fitting ex-
perimental data, Hussein et al. provided another
correlation between friction velocity and ventilation
rate, which is adopted in this paper.

To precisely estimate the variance of the depos-
ition velocity of thoron progeny in different environ-
ments and the influence of environmental factors,
and then to effectively improve the accuracy of the
method, a model for the deposition of thoron
progeny is introduced in this paper, which is based
on Jacobi’s model(17) and Lai’s deposition model(18),
taking into account the functional relation between
ventilation rate and friction velocity.

MODEL

In indoor environments, thoron decays into 216Po in
the air, forming unattached progeny. Then the 216Po
decays into a series of thoron progeny. A portion of
airborne thoron progeny attaches to aerosol particles
after generated in the air, forming attached progeny.
Let Vi and fpi denote the deposition velocity and the
unattached fraction of thoron progeny i (index i¼2,
3 refers to 212Pb and 212Bi respectively), and Vu

d and
Va

d denote the deposition velocity of unattached and
attached thoron progeny, respectively. Then the de-
position velocity of progeny i is(12)

Vi ¼ V u
d fpi þ V a

d ð1� fpiÞ ð1Þ

Therefore, the theoretical deposition velocity of
thoron progeny V the

d can be defined as(11):

V the
d ¼ 0:91V2Cð212PbÞ þ 0:09V3Cð212BiÞ

0:91Cð212PbÞ þ 0:09Cð212BiÞ ð2Þ

where C(212Pb) and C(212Bi) are the activity concen-
trations. The activity concentration and unattached
fraction of each thoron progeny could be calculated
by the equation for attachment rate given by
Porstendorfer and Reineking(19) and the Jacobi’s
model(17). According to the Jacobi’s model, the at-
tachment rate, as well as the unattached fraction,
depends on the aerosol diameter, concentration of
aerosol and ventilation rate, assuming fixed quan-
tities for Vu

d and V a
d (2�1022 and 2�1024 m s21,

respectively)(17). However, V u
d and V a

d themselves are
also functions of aerosol and ventilation rate, so a
deposition model is necessary to characterise these
functional relations.

Deposition models generally assume a boundary
layer in which the aerosol concentration and turbu-
lent intensity decrease from the bulk region to the
surface and there is a homogeneous distribution of
aerosol concentration in the bulk region(18). Aerosol
particles are transferred to the surface through
Brownian diffusion and turbulent diffusion. For

vertical surfaces, gravitational sedimentation is not
considered. The particle flux J is characterised by a
modified Fick’s law:

J ¼ �ðDþ 1pÞ
@C
@y

ð3Þ

where y is the distance to the surface; D is the
Brownian diffusion coefficient and 1p is the eddy dif-
fusivity, a function of y. Lai and Nazaroff derived a
sectional function of 1p and y from direct numerical
simulation data and proposed their three-layer
model, in which the deposition velocity is deter-
mined by(18):

vd ¼
u�

Ð 30
rþ n=Dþ 1pðyþÞ dyþ

ð4Þ

In the equation, yþ and rþ are non-dimensional dis-
tance and particle diameter, respectively: yþ¼yu*/n,
rþ¼ru*/n. In the equations, n is the kinetic viscosity
and u* is the friction velocity, a parameter that char-
acterises the indoor turbulent intensity and is
affected by ventilation rate. This relation is deter-
mined by Hussein et al.(20) by fitting experimental
results:

u� ¼ 2:05lv þ 1:04 ð5Þ

where lv is the ventilation rate. With Equations (4)
and (5), Vu

d and Va
d can be obtained if the aerosol

diameter and the ventilation rate are known. Then
the theoretical deposition velocity of thoron progeny
V the

d can be obtained by Equation (2).

EXPERIMENT

To verify the model, a passive integrating device for
thoron progeny (PIDTP) is designed, as shown in
Figure 1. In Figure 1a, A1, A2, B1, B2 and C are
symmetrical parts composed of conductive plastics.
There are two cavities on each surface of C to place
the 1�1 cm CR-39 detectors. Each of B1 and B2
has a circular vacancy in the centre, where the alu-
minium film with a thickness of 9.96 mg cm22 is
covered to discriminate radon progeny as absorbers.
While not in use, A1 and A2 need to be twisted on
B1 and B2 in order to protect the aluminium and
protect the CR-39 detectors from exposure. While in
use, A1 and A2 are twisted off while B1 and B2 are
twisted on C, and the aluminium films are covered
right on the surface of the CR-39 detectors. Then
the device is vertically hung in the room with the
aluminium films exposed in the air, as shown in
Figure 1b. Thoron progeny could deposit onto the
aluminium film and be recorded by CR-39 detectors.

H. LI ET AL.

Page 2 of 5

 by guest on Septem
ber 2, 2012

http://rpd.oxfordjournals.org/
D

ow
nloaded from

 

http://rpd.oxfordjournals.org/


Calibration experiments were done and the detection
efficiency h for 212Po was found to be 0.024.

A house and two basements in Peking University
were selected for the experiments. Thoron source
using lantern mantles (232Th: 131+4 kBq kg21;
238U: 61+20 Bq kg21; no 226Ra found)(21) were
placed to increase the thoron concentration in the
house. Experiments were carried out in the house
with the windows closed or slightly opened. Several
PIDTPs were hung and the environmental factors
were measured. Indoor aerosol concentrations (N )
were measured by WCPC Model 3781 (TSI
company, USA); distributions of aerosol diameter
[count median diameter (CMD) and geometric
standard deviation (GSD)] were measured by a
screen diffusion battery(22); ventilation rates (lv)
were measured by a method recommended by
National Standard (GB-T 18204.19-2000) of China;
and the equilibrium-equivalent concentrations of
thoron (EECTn) were measured by BWLM Monitor
(Tracerlab company, Germany).

Accumulation time (T ) and the track density of
CR-39 (Dt) were also recorded. Then the experimen-
tal deposition velocity of thoron progeny can be
obtained:

V exp
d ¼ Dt

hhbXT
ð6Þ

where h is the efficiency, hb the branching ratio of
212Bi and X¼EECTn�6.03�104 s is the number
density of thoron progeny.

RESULTS AND DISCUSSION

To analyse the influence of aerosol diameter, aerosol
concentration and ventilation rate, the variances of
Vd versus single factor were simulated on the basis
of the model. Typical ranges of environmental
factors are shown in Table 1. Among them, data on
CMD and aerosol concentration (N ) are derived
from field measurements in China, and data on

ventilation rate are derived from a survey of dwell-
ings in Beijing(23). In the calculation, the geometry
of the room is assumed as 3�4�5 m, and the GSD
is assumed as 2.0.

The influence of aerosol diameter, aerosol concen-
tration and ventilation rate on the deposition vel-
ocity of thoron progeny are shown in Figures 2–4,
respectively. Two experimental values, which are
derived from many indoor measurements, are com-
pared with theoretical ones in the figures. Since the
detailed environmental parameters of their measure-
ments are not clear, it is assumed that the para-
meters are within the ranges as given in Table 1, i.e.
the two values may be located within the densely
and the sparsely striped areas, respectively. The sha-
dowed areas stand for the ranges listed in Table 1.
The densely striped areas stand for the range of

Table 1. Typical environmental parameters.

Parameter CMD (nm) N (cm23) lv (h21)

Typical value 147 15 700 0.53
Range 57–405 6600–31 200 0.25–2.0

Figure 2. Deposition velocity of thoron progeny at
different aerosol diameters.

Figure 1. Diagram and photograph of the PIDTP.
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deposition velocity measured by Mishra et al. while
the sparsely striped areas stand for the range given
by Zhuo and Iida.

It is shown in Figure 2 that Vd decreases with in-
creasing aerosol diameter. According to the model,
aerosol diameter influences Vd directly through the
Brownian diffusion coefficient of attached progeny
and through the unattached fraction as well. It is
reasonable that Vd decreases because both the
Brownian diffusion coefficient and the unattached

fraction of attached progeny decrease with increasing
aerosol diameter.

According to the model, aerosol concentration
influences Vd through the unattached fraction. A de-
creasing tendency is shown in Figure 3 because the
increase in aerosol concentration would shrink the
unattached fraction of thoron progeny, which has a
greater deposition velocity.

According to the model, ventilation rate influences
Vd directly through turbulent intensity and through
the unattached fraction. It is shown in Figure 4 that
the deposition velocity increases with the increase in
ventilation rate, because of the increasing of turbu-
lent intensity of indoor air and the increase in un-
attached fraction.

Obviously, the values given by Mishra and Zhuo
are generally covered in the ranges. Despite the dis-
crepancy of the two values that might be due to the
difference in aerosol and ventilation rates, both the
values are in a reasonable range.

According to calculations with the parameters
given in Table 1, the typical value of Vd is
1.26�1025m s21, with a range between 7.6�1027

and 3.2�1024 m s21. It is found from the results
that the deposition velocity of thoron progeny could
vary in a large range in different environments, so
care should be taken to adopt one particular value
for all thoron surveys in different environments.

To assure the accuracy of the calculations, some
calculated results are compared with experimental
ones. Using the environmental parameters measured
by the aforementioned methods, the theoretical
values of Vd in the four environments are calculated.
The experimental value V exp

d and the theoretical
value V the

d in the four different environments, as well
as environmental parameters, are shown in Table 2.
Accumulating times for the house with lantern
mantles are 8 d and 11 d, for closed windows and
opened windows, respectively; 114 d and 94 d for
basement 1 and basement 2, respectively.

The theoretical results are approximately consist-
ent with experimental results in acceptable ranges,
suggesting that the calculated results discussed in
this article are convincible. Compared with the
house with closed windows, the house with opened

Figure 3. Deposition velocity of thoron progeny at
different aerosol concentrations.

Figure 4. Deposition velocity of thoron progeny at
different ventilation rates.

Table 2. Comparisons of experimental and theoretical values of deposition velocity.

House (closed) House (opened) Basement 1 Basement 2

lv (h21) 0.34 1.17 0.56 0.27
CMD (nm) 120+62 126+56 52.3+22.3 56.5+14.9
GSD 4.3+1.6 6.4+1.7 3.1+2.1 3.3+0.4
N (cm23) 15 800+5900 20 700+4000 11 600 +4 900 2420+120
EECTn (Bq m23) 227 95 0.97 2.4
V the

d (m s21) 4.17�1025 1.58�1024 1.37�1024 1.38�1024

V exp
d (m s21) (3.12+1.21)�1025 (1.30+0.50)�1024 (1.26+0.46)�1024 (1.22+0.63)�1024
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windows has a remarkable higher ventilation rate,
similar aerosol concentration and similar aerosol
diameter, so the different ventilation rate is respon-
sible for its higher deposition velocity. The depos-
ition velocity in basement 2 is very close to that in
basement 1, probably because the effects of a lower
ventilation rate and a lower aerosol concentration of
basement 2 counteract each other.

CONCLUSION

To improve the accuracy of passive measurements
for thoron progeny, the influence of environmental
factors on the deposition velocity of thoron progeny
is studied. The typical value of Vd is 1.26�1025m
s21, with a range between 7.6�1027 and 3.2�1024

m s21. According to the calculations, deposition vel-
ocity varies in a large range and is sensitively influ-
enced by aerosol diameter, aerosol concentration
and ventilation rate, demonstrating that deposition
velocity is environment-dependent. However, for
practical applications, the influence may be relevant
in extreme conditions. In extreme conditions, care
should be taken to choose one measured value in
different environments in thoron surveys; otherwise,
the deviation would be unacceptable. In real environ-
ments, with sufficient aerosols and not too large ven-
tilation rates, the deposition velocity may vary in a
limited range. This may be reasonable, considering
the non-availability of alternative passive techniques
for passive integrating measurements in indoor
environments. It is also suggested that more site
measurements of Vd in different environments
should be done in the future.
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