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Measurements of Thoron Concentration by Passive Cup
Method and Its Application to Dose Assessment
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A new type of passive integrating cup monitors was developed by using a 50 mm radius
stainless steel hemisphere to measured indoor radon (*Rn) and thoron (*2°Rn) concentrations.
By placing a pair of cup monitors with an air exchange opening of diameter 5 mm and four
openings of diameter 20 mm at a 20 cm distance from wall during about three months, the con-
centrations of both gases could be assessed from the « track densities on the cellulose nitrate
(CN) films. The 2°Rn and ***Rn concentrations were surveyed with the cup monitors in the
different types of dwellings around Nagoya in Japan over three vears. The 22’Rn concentrations
were rather high in the dwellings with soil wall, and the mean ?*°Rn concentration was 160+ 12
Bq-m~% The °Rn exhalation rate from wall and the ?°Rn diffusion were evaluated from the
distribution of 2*°Rn concentrations in the dwellings. The results of the surveys have also
clarified the relationship between the #'Rn concentrations at a 20 cm distance from wall and
the %*Rn progeny concentrations measured in the same dwellings. Then, the annual mean
effective dose equivalent due to *»Rn progeny was expected to be 0.67 mSv-yr-! in the dwellings
with soil wall.

KEYWORDS: radon 222, radon 220, radon 220 progeny, radioactivity, passive
cup monitor, cellulose nitrate film, calibration, exhalation rate, diffusion coefficients,

effective dose equivalents

I. INTRODUCTION

The passive cup method with solid state
nuclear track detectors (SSNTD) has been the
main method of indoor radon (2?Rn) measure-
ments®~®, In indoor #*?Rn surveys in Japan,
quite high ***Rn concentrations were some-
times observed by passive methods®® in
Japanese traditional dwellings made of timber
frame and soil wall. However, the 22Rn
progeny concentrations measured by active
methods in the same dwellings were not so
high but thoron (***Rn) progeny concentrations
were rather high®. Moreover, some studies
(M~a0 have made it clear that high *°Rn
concentrations were observed near the soil
walls in the traditional Japanese dwellings.

Since there are the dwellings with soil walls
in all over the world, it is important to evalu-
ate the annual effective dose equivalent dose
due to **°Rn and its progeny.

Passive **°Rn integrating monitors that are
handy, low-priced, and useful for long-term
measurements, are suitable for large scale
survey of the dwellings with high *Rn con-
centration. On the basis of passive **2Rn cup
monitor'? with cellulose nitrate (CN) film
(Kodak-Pathé, LR115 type2), we have studied
and developed a new type of passive integrat-
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ing #?Rn and ?*Rn cup monitors. Indoor ***Rn
and ?°Rn concentrations can be measured at
the same time with the monitors. Another
type of passive **°Rn monitor has been de-
veloped and reported by Doi et al.(¢0e®Ha
recently. The monitor has a structure of two
37.5mm and 60 mm radius hemispheric cham-
bers with polycarbonate films. The separation
of ?*2Rn and %*°Rn concentrations is performed
by using two step diffusion method and elec-
trochemical etching.

The present paper describes the construc-
tion and the characteristics of the new type
of passive cup monitors and some small surveys
of mean **Rn and **Rn concentrations in-
doors around Nagoya in Japan over three
years. Moreover, we propose a simple assess-
ment method of dose due to exposure of ***Rn
progeny indoors.

. CONSTRUCTION OF 2Rn AND
2Rn CuP MONITORS

We have developed several types of cup
monitors for measuring indoor ?**Rn concentra-
tions""?. On the basis of the study, a pair of
passive integrating ***Rn and **°Rn cup moni-
tors was developed newly. The cross sections
of the monitors are shown in Fig. 1. Both
222Rn and *2°Rn cup monitors have been con-
structed by mounting a stainless steel hemis-
phere with radius 50 mm on an aluminum plate
bottom, that has a 16 mm inner diameter cir-
cular window with a CN film in the center.
The ***Rn and ?*Rn monitors have different
opening diameters on the bottom. A membrane
filker (ADVANTEC TOYO, CN, pore size 0.8
p#m) was positioned on each of the openings,
through it #*2Rn or **Rn gases in the monitor
can be exchanged by diffusion naturally. For
the 222Rn cup monitor, the exchange rate must
be high enough to measure ?**Rn concentration
and on the other hand must be as small as
possible to minimize the influence of 2**Rn.
For **°Rn measurements, the opening area of
220Rn cup monitor should be as large as pos-
sible to make the exchange rate high. By
considering the exchange rate and the con-
centration ratios of **?Rn and ***Rn inside to
outside the monitors (see Sec. l-1.), the ***Rn
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Fig. 1 Passive integrating **Rn and %°Rn cup
monitors (a) for Rn measurement and
(b) for 2°Rn measurement

and **Rn monitors were determined to have
a 5mm exchange opening and four exchange
openings of diameter 20 mm, respectively.

To avoid the influence of various environ-
mental factors’? on CN film and to take into
account the etchable tracks energy, a 6 pm
thick Mylar was fixed inside the CN film. The
CN film is etched for 165 min at 60°C in 2.5 N
NaOH solution after exposure. The etched
tracks are counted using image processing
method®, and the counting area of CN film
is 1.0 cm?.

Both **?Rn and ***Rn concentrations can be
measured by putting a pair of the monitors at
the same place during a sufficient period of
time. Then, the obtained etched-track densi-
ties, Nrn and Ny, [tracks-cm~%?], on the CN
films of ?*?Rn and ***Rn monitors are repre-
sented by the following equations,

Nra=QraCFraaT +Q1aCFraaT+B, (1)
IVTn:QRnCFRnBT+QTnCFTnBT+B » (2)

where Qrn and Qr, are the mean concentra-
tions of **2Rn and **Rn in Bq-m™3, CFgraa and
CFraa are the *?Rn and ?*Rn calibration
factors of the *22Rn cup monitor in tracks.cm™?
(Bg-m~*-h)™', CFrap and CFryp are the **?Rn
and *2°Rn calibration factors of the %*°Rn cup
monitor in tracks-cm™?(Bq-m=*-h)~!, T is ex-
posure time in h, and B is the background
track density of CN film in tracks-cm~2,
Since the *Rn monitor has the ?*?Rn or
*0Rn gas exchange rate that is small enough
to ignore the influence of **Rn and high
enough to measure 2?Rn concentration, we
could assume that CFraa® CFraa and CFraa
=CFgrns. Moreover, CFg, and CFy, are used
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for CFgna and CFr.s hereafter. Consequen-
tly, the following equations can be obtained
from Eqgs. (1) and (2):

_ Nra— B

QRn— CFRnT » (3)
. NTn_NEn

QTn'_ C}""[‘:T . (4)

Therefore, %2Rn and *°Rn concentrations can
be obtained from the etched-track densities on
the CN films if the calibration factors CFgq
and CFy, are known.

M. CHARACTERISTICS OF 2Rn
AND ®Rn MONITORS

1. Concentration Ratios of 22Rn and
220Rn Inside to Outside Monitor

Radon-222 or **°Rn gas in the monitor is
exchanged naturally by diffusion through the
membrane filter. The variation of the con-
centration of ??Rn or ?**Rn inside the monitor
can be described by the following differential
Equation“® :

gAnin
dt

=—ANin—7(Min—Mout), (5)

where n;, and 7., are the number concentra-
tions of ?**Rn or **°Rn gas inside and outside
the monitor in m=%, A is the decay rate of
22Rp or **Rn in h™' and y is the exchange
rate in h™'. The decay rates of ***Rn and
220Rn are 0.00755 and 45 h~!, respectively. The
exchange rate of **Rn or ***Rn in Eq. (5) is
represented by

_DIA

7’_‘5‘/ » (6)

where D, is the diffusion coefficient of ***Rn
or 2°Rn in the filter in m?-h™!, A and d are
its area in m? and thickness in m, and V is
the interior volume of the monitor in m®, The

J. Nucl. Sci. Technol.,

D,/ value of the membrane filter had been
estimated to be 2.09m-h~! by lida et al.®'®.
It is considered that the diffusion coefficient
of *°Rn is the same as that of **’Rn.

The mean °22Rn or %Rn concentration
inside the monitor could be calculated by in-
tegrating the solution of Eq.(5). If exposure
time is very long, ***Rn or ?*Rn concentra-
tion ratio inside to outside monitor can be
expressed by the following equation,

Qin T
K= Qoue = r (7
where Q;, and Q... are the mean ??Rn or
22°Rn concentrations inside and outside the
monitors in Bq-m™3.

Table 1 shows the **?Rn or ***Rn exchange
rates of both monitors and ratios of ***Rn and
220Rn concentrations inside to outside the moni-
tors. These values were calculated from Egs.
(6)and (7). For the **Rn monitor, **Rn
concentration ratio of 0.0035 is very low
enough to neglect the influence of **°Rn, and
*22Rn concentration ratio decreases only by
approximately 4.6%. Then, the ?%2Rn con-
centration obtained with the **2Rn monitor is
nearly the same of that with the *Rn moni-
tor. On the other hand, the **°Rn concentra-
tion ratio inside to outside the **Rn monitor
is only 0.1822, although the opening area of
*20Rn cup monitor was made as large as pos-
sible.

2. Calibration of 22Rn Cup Monitors

Radon-222 and ?*Rn exposures measured
with the monitors are evaluated from the
track densities on CN films as expressed in
Egs. (3) and (4). Therefore, it is necessary
to investigate the relationship between track
densities and 2*?Rn and 2*Rn exposures in
order to determine the calibration factors of
the two monitors.

Table 1 Exchange rates and ratios of ?*Rn and ***Rn
concentrations inside to outside the monitors

Type of Opening Exchange rate Concentration ratio

monitor Diameter(mm) Number (h™h 222Rp 220Rn
222Rp 5.0 1 0. 1566 0. 954 0. 0035
220Rn 20.0 4 10. 024 0.999 0. 1822
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Calibrations of the 2Rn monitors were
performed by setting ten cup monitors into a
9L. stainless steel chamber that was connected
with a 1.5L cylindrical ionization chamber
containing high ***Rn concentration and a pump
to a circle. The ??Rn was introduced from
the ionization chamber into the 9L chamber
by circulation with the pump. The ***Rn cup
monitors were exposed in the 9L chamber for
3d. The ?**Rn concentration at the beginning
of exposure was estimated from the current
measured with the ionization chamber after
circulating. The ***Rn calibration experiments
were carried out four times. The mean CFg,
was derived to be (2.15+0.19) X 1072 tracks-cm™?
(Bq-m~*-h)~!. Calibration factor of the ***Rn
monitor has also been calculated by random
walk method*“”, The result was 2.08x10°?
tracks-cm~? (Bq-m~%-h)"! and agrees well with
the experimental value.

3. Calibration of 20Rn Cup Monitors

Calibration of the 2*Rn monitors was quite
difficult because of the short half-life (55.6s)
of *Rn. Five pairs of ?Rn and 2**Rn moni-
tors were set in a closed vessel that has a
diameter of 30 cm and a height of 80cm. A
220Rn source of thorium powder was put on
the bottom of the 601 cylindrical vessel. In
order to make the ***Rn concentration in the
vessel as uniform as possible, a small mixing
fan has been run weakly during the exposure.
The uniformity of the ***Rn concentration in
the vessel was confirmed experimentally by
using a scintillation cell.

The 222Rn and *°Rn cup monitors were
hung along the inner wall at the positions of
45 and 30cm from the bottom of the 60L
vessel for 7 to 15d. The aluminum bottom
plates of the monitors faced inside. The *°Rn
concentrations in the vessel were measured
two or three times every day by taking the
air at the same height as **°Rn monitors into
evacuated scintillation cell. The results of five
calibration experiments are shown in Fig. 2.
The mean CFy, was (5.06+0.89)x107* tracks-
cm~¥Bg-m™2-h)"', The relatively large uncer-
tainty is mainly due to the difficulty of the
220Rp concentration measurements. Calibra-
tion factor of the **Rn monitor has also been
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Fig. 2 Experimental results for calibration

factor of 2?°Rn cup monitor

calculated by random walk method“”, con-
sidering the *°Rn concentration ratio inside
to outside the **°Rn monitor of 0.1822. Then,
we assumed that ?**Rn is distributed uniformly
in the cup monitor. The theoretical value of
491x10™* tracks-cm~?(Bq-m~3-h)"' was in
agreement with the experimental results.

4, Detection Limits

The background track densities were evalu-
ated by placing both ten cup monitors with
CN films and ten CN films in a **’Rn-free
vessel'?. From the experiments, the back-
ground track density was found to be

B=(B,+4By)+(0.0037-+0.0009)T , (8)

where the first term is the inherent back-
ground track density, the second term may
be the increasing rate of background track
density due to a particles from the inner
stainless steel wall of the cup monitor, and
T is the exposure time in h.

Using the values of the uncertainty in
background track density, the counting area,
and the calibration factor, the lower detection
limit defined by Currie®® is found to be 6.4
Bq-m™ for an exposure time of 90 d.

* The calibration factor was evaluated as follows.
First, the suspension rate of 2®Po in the cup
monitor and the deposition distributions of %'%Pg
and %“Po on the internal surface of the cup
monitor were calculated by molecular diffusion
model. Next, the probability of etched-tracks
formation of a-particles emitted from 2*2Rn, 2P
and 2“Po atoms were estimated by Monte Carlo
simulation. Then, *2Rn is distributed uniformly
in cup monitor.
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As seen from Eq.(4), the detection limit
of the *°Rn cup monitor depends on the un-
certainty of the %*?Rn concentration instead
of the background track density. When we
assume that the 2?Rn concentration is 10
Bq-m™?, the lower detection limit of the ***Rn
monitor is calculated to be 31 Bq-m™ for 90d
exposure.

IV. PRACTICAL MEASUREMENTS
WITH THE PASSIVE METHOD

1. Indoor 22Rn and 22°Rn Concentrations

Small scale surveys of **2Rn and **Rn con-
centrations indoors were performed with the
passive integrating cup monitors. Walls of
dwellings were considered to be the main
source of ***Rn indoors. Therefore, according
to the building material walls, dwellings were
classified into three types: soil, concrete and
new building material (NBM), such as gypsum
board and heat insulating material. Most of
traditional Japanese dwellings were made of
timber frame and soil wall. The concentra-
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Fig. 3 Results of surveys (a) from 29 Oct.

1991 to 30 Jan. 1992 and (b) 8 Jun.
to 2 Sep. 1992: (@) ?°Rn concentra-
tion. (O) ?*’Rn concentration

J. Nucl. Sci. Technol.,

tions of **?Rn and **°Rn at a distance of 20 cm
from wall in differént types of dwellings were
measured 10 times from Feb. 1991 to Jan. 1994
at intervals of 3 months. During the period,
27 dwellings were surveyed around Nagoya
in Japan: 12 of them were made of soil, 7 of
them were concrete and the other 7 were
NBM.

Two examples of the surveys of indoor
**Rn and *°Rn concentrations from 29 Oct.
1991 to 30 Jan. 1992 and 8 Jun. to 2 Sep. 1992
are shown in Fig. 3. The code numbers of
cup monitors are written down in order of
#0Rn concentration - according to dwelling
types. Moreover, the results of mean %2Rn
and **°Rn concentrations classified by building
materials are represented in Fig. 4. As shown
in Figs. 3 and 4, mean ®*Rn concentrations
of the dwellings with soil walls were the
highest compared with dwellings made of
other building materials. On the other hand,
mean ***Rn concentrations of NBM dwellings

;_.;50 ‘ e
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S e
2 ~
g 40 ,
e
w 30r ]
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g 201 1
g
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Fig. 4 Mean concentrations of (a) *2Rn and (b)
220Rn classified by building materials
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were the lowest, and in some dwellings the
*Rn concentration were below the lower
detection limit. On the contrary, no signifi-
cant difference was found in **’Rn concentra-
tions in different types of building materials.
The results indicate that mean 2**Rn con-
centrations in all types of dwellings and mean
#*Rn concentrations in the dwellings with soil
wall show a clear seasonal variation of a
summer minimum and a winter maximum.
This trend might depent upon the influence of
ventilation indoors.

Indoor ?**Rn and **°Rn concentrations are
generally dependent on many factors, such
as exhalation from wall, the ventilation condi-
tion of dwelling and the contents of ***Ra and
*2Ra in the building materials. As the half-
life time of **Rn is rather short, exhalation
may become the most important factor. The
porosity of a soil wall can be assumed to be
higher than other building materials and it
facilitates ***Rn diffusion. This may be the
reason for the high ?*°Rn concentration in soil
wall dwellings.

2. Distribution of 2Rn Concentrations

As the shortage of the half-life of ?*°Rn,
it is assumed that the distribution of ?*°Rn
may be quite different to that of ***Rn. We
investigated the dependence of #*°Rn concentra-
tion on the distance from the wall in a dwell-
ing with soil wall. Six pairs of #2Rn and
*Rn monitors were set at distances of 10, 20,
40, 60, 80, and 100 cm from soil wall for 3
months. The result of the measurements from
31 Oct. 1991 to 28 Jan. 1992 is shown in Fig. 5.

99

This figure shows that the ***Rn concentra-
tion was independent of the distance from soil
wall, but the ***Rn concentration reduced ex-
ponentially with as a function of the distance
from the wall. This suggests that it is neces-
sary to keep the distance from the soil wall
constant when we measure indoor ***Rn con-
centration.

During the period of **?Rn and **’Rn meas-
urements with cup monitors, the distribution
of ?»°Rn progeny concentration was also meas-
ured at the different distance from soil wall
by an active filter method‘®. As shown in
Fig. 5, ***Rn progeny concentration was nearly
independent of the distance from soil wall.
The uniformity of **Rn progeny concentration
in dwelling was also confirmed by a model
calculation“®,

3. Diffusion and Exhalation of 2°Rn

In the same dwelling with soil wall, the
measurements of 2*°Rn concentrations by using
six pairs of cup monitors have been continued
at intervals of 3 months. The results are
shown in Fig. 6. The Rn concentrations
in all seasons decreased exponentially with
the distance from wall.

In order to evaluate the distribution of
indoor ?*Rn concentrations quantitatively,
effective diffusion coefficient of ?2°Rn in dwell-
ing and exhalation rate of *°Rn from wall
were evaluated as follows. If the wail was
considered to be a infinite plane, **Rn con-
centration at a distance of X m from wall
could be expressed by the following equa-
tion " :

~ , X)=-—== —~/Ara/ D)X, 9
oy B R
& ] b g %‘ T progeny | % 10" 1 - ‘ '

< ¥ = b e - 31.0ct. 1981-28. Jan. 1992
510°t $ 4 < | Lar 14 ey 1992

a 3 7 = s i I -ase 18, Jun. -31. Aug. 1992

g " &y = = 5 T g 10° g | o 8. Sep. ~10. Dec. 1992

9 e oo Fooeeeo B 2 e

Sl IR S St S,

0 20 40 60 80 100 120 - R
Distance from wall (cm) Z 10"

Fig. 5 Indoor **°Rn, *?Rn and *?°Rn progeny con- Ecrz 0 20 40 60 80 100 120

centrations as a function of distance from
soil wall (29 Oct. 1991 to 30 Jan. 1992)

Distance from wall (cm)
Fig. 6 Distributions of 2?’Rn concentrations indoors
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where Q(X) is the *Rn concentration at a
distance of X m from wall in Bq-m™, Er,
the **Rn exhalation rate from wall in Bq-m™*
s™!, Arn the ?Rn decay rate in h™!, D the
effective diffusion coefficient of **°Rn in air
in m?-s7!, and X the distance from wall in m.

Using the least squares method, the values
of Er, and D have been determined in order
to fit the observed distribution of ®*Rn con-
centrations shown in Fig. 6 into Eq. (9). The
calculated values of Er, and D with standard
deviations are shown in Table 2 as the results
of dwelling A. In Table 2, the results obtained
in dwellings B and C with soil wall and dwell-
ing D made of NBM are also listed. The
effective **°Rn diffusion coefficient is generally
higher in summer and lower in winter. The
change in season may be explained by the
change of ventilation indoors. The higher
ventilation rate in summer may make *2°Rn
gas diffusion faster, but in winter **°Rn can
not diffuse far from wall before decaying
because of lower ventilation rate. As seen
from Figs. 4 and 6, the ***Rn concentration in
room air is not insensitive to usually used
ventilation rate even though the half-life of
#20Rn is short.

For the exhalation rate of **Rn in dwelling
A with soil wall, Et, is higher in winter and
lower in summer. The result in dwelling B
shows no seasonal variation. As ?*'Rn gas is
exhaled from the top few cm of wall*V, it is
expected that the nature of the surface layer
has a great influence on the ?**Rn exhalation

J. Nuel. Sci, Technol.,

rate. The water content in building materials
in the main factor having effects upon *°Rn
exhalation from wall. In winter, the reason
of the high **Rn exhalation rate in dwelling
A may be due to the low water content of
soil wall.

Exhalation rate of **°Rn from soil wall in
Table 2 shows more than ten times as much
as that from brick and heavy concrete®®, 0.01
to 0.11 Bq-m~2-s”!. Therefore, it can be con-
cluded that high ?*°Rn concentration in the
dwelling with soil wall arises from the high
*2Rn exhalation rate from wall.

V. DOSE ASSESSMENT METHOD

In this Chapter, we will estimate indoor
220Rn progeny concentration from the ***Rn
concentration measured with passive cup moni-
tors at a distance of 20cm from wall, and
evaluate annual effective dose equivalent due
to exposure of **°Rn and **Rn progeny indoors.

1. Estimation of 220Rn Exhalation Rate

from 220Rn Concentrations

Distribution of ?*°Rn concentrations in
dwellings is affected by effective diffusion
coefficient of ?*°Rn and exhalation rate of ***Rn
from wall. Equation (9) can be rewritten as
follows:

Eta=QX)VitaDexp(Vir/D)X.  (10)
As shown in Table 2, effective diffusion coef-
ficient ranges from 1.2 to 7.4X107*m?.s7". If
we measured **°Rn concentrations at a distance

Table 2 Effective ?*°Rn diffusion coefficient in dwelling and ?2°Rn exhalation rate
from wall estimated from distributions of ***Rn concentrations indoors

Dwelling Measurement period D(103* m?.s~") E(Bgq-m~2-s7)

A 31 Oct. 91-28 Jan. 92 2.5+0.8 6.4+1.7
1 Mar. 92-14 May 92 3.4x+1.5 5.8+1.7
18 Jun. 92-31 Aug. 92 6.3+3.9 1.6+0.6
8 Sep. 92-10 Dec. 92 3.3+0.8 3.0+0.5

B 8 Jun. 92- 7 Sep. 92 7.4+4.5 2.5+0.9
8 Sep. 92- 7 Dec. 92 3.6+0.9 2.2+0.4
29 Jun. 93-23 Sep. 93 2.7+0.9 2.8+0.7
7 Oct. 93- 5 Jan. 94 1.2+0.5 2.7+0.9

C 11 Oct. 93- 1 Jan. 94 3.5+2.3 1.1+0.5

D 8 Oct. 93-10 Jan. 94 1.5+0.8 0.840.4
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of 20cm* from wall, Q(0.2), exhalation rate
of ***Rn from wall can be calculated to be in
ranging from 0.0074 ©Q(0.2) to 0.0124 Q(0.2)
from Eq. (10). Thus, when effective diffusion
coefficient varies by a factor 7, ***Rn exhala-
tion rate could be estimated by uncertainty of
only +25%,. Therefore, Eq. (10) can approxi-
mate with a following equation,

E1,=0.0099 Q(0.2). (11

As described above, it is possible to estimate
°Rn exhalation rate from wall by using the
*2Rn concentration measured with passive cup
monitors at a distance of 20 cm from wall,

2. Relationship between 20Rn and

20Rn Progeny Concentrations

Since **Pb (ThB) has relatively long half-
life of 10.6h in **Rn progeny, *?Pb is the
most important isotope controlling the radia-
tion exposure due to 2*°Rn progeny. The *'*Pb

concentration in dwelling is expressed as
follows!'® :
Cy= AaAsNS/V +4C o (12)

Ap+Ay+2a ’
where Njp is defined by

Np=Era[Ara(Ap+20+VAn(A+2.))1, (13)

C s is the indoor **Pb concentration in Bq-m™3,
A, the attached coefficient of free nuclei to
aerosol particles in s™', 1 the decay rate of
*2Ph in s7!, S the surface area of wall in m?
from which **°Rn exhales, V the volume of
the room in m? 2, the ventilation rate of the
room air in s™', Cg, outdoor ?'*Pb concentra-
tion in Bq-m™, and 4, the deposition rate of
attached ?*Pb atoms in s™!. As seen from
Eq. (12), **Pb concentration varies mainly in
dependence on 4, and A,9%.

Here, we assume that the ratio of surface
area exhaling ***Rn to volume of the room is
about 1/3 and does not vary on dwellings.
The values of the another parameters are
assumed to be; 2,=0.0139s7!®» 2,=1.39%
107* 71 and 2,=5.6X10"*s71*»  Moreover,
*Rn progeny concentration is equal to about
1.1 times *?Pb, if **Pb and *'?Bi are in equili-
brium. Consequently, indoor *°Rn progeny
concentration could be expressed approxima-
tely to be proportional to ***°Rn exhalation rate
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as follows:
CTp:l.B Ian » (14)

where Crp is the ?**Rn progeny concentration
in Bq-m~. By substituting Et, of Eq. (11),
Eq. (14) can be written as follows:

Equation (15) indicates that it is possible to
estimate indoor ?*°Rn progeny concentration
from the **°Rn concentration measured with
passive cup monitors at a distance of 20cm
from wall.

3. Comparison of Measured *2Rn and

20Rn Progeny Concentrations

The measurement of **°Rn progeny con-
centrations was also one of the subjects in
our survey. In some dwellings, ***Rn progeny
concentrations were measured by an active
filter method® and with an integrating **Rn
progeny monitor® during the surveys of ***Rn
concentrations with passive cup monitors.
Figure 7 shows the relationship between
measured 2°Rn and ***Rn progeny concentra-
tions. In Fig. 7, the broken line is the lower
detection limit of ?*°Rn concentration measured
with a pair of cup monitors. The correlation
coefficient between **°Rn and **°Rn progeny
concentrations was 0.79. This result was ex-
pected as described in Sec. IV-2. From the
value of the regression coefficient in Fig. 7,
relationship between #*°Rn progeny and **°Rn
concentrations is given by

Ctpm=0.015 Q(0.2)n, (16)

where Crpm and Q(0.2), are the measured
concentrations of *Rn progeny and ?*°Rn,
respectively. The relation of Eq. (16) gives
fairly good agreement with the theoretical
relation in Eq. (15).

* If 220Rn concentration could be measured with
same accuracy at every distance, the most sui-
table distance is 50 cm from wall. The range of
220Rn exhalation rate deduced from Eq. (10) de-
creases with increasing distance below 50 cm. On
the other hand, the accuracy of the measured
220Rn concentration becomes better with decreas-
ing distance. Then, we selected the distance
of 20 cm, considering the range, the accuracy and
the ease of setting the monitors.
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Fig. 7 Relationship between measured **°Rn
and 2°Rn progeny concentrations

4. Estimation of Annual Effective
Dose Equivalent

Annual effective dose equivalents due to
*2Rn and **°Rn and their progeny were esti-
mated by using the measured values of ten
times small scale surveys. The results clas-
sified by building materials are shown in
Table 3. The effective dose equivalent factors
of *22Rn and ?*°Rn gases are given to be 1.8 and
0.96 pSv-yr~(Bq-m~*)"'¢*®  respectively. The
dose factors of **2Rn and *°Rn progeny are
also estimated to be 70 and 280 uSv-yr~' per
Bq-m *EEC : equilibrium equivalent concentra-
tion) using a mean breathing rate of 0.8 m®.
h™! indoors and an average occupancy factor

J. Nucl. Sci. Technol.,

of 0.8 indoors**®. For calculating ®*?Rn progeny
concentrations, an equilibrium factor between
*’Rn and its progeny was assumed to be 0.4
indoors. On the other hand, ?*Rn progeny
concentration were calculated by using the
relationship between 2*Rn and its progeny
concentrations shown in Fig. 7. For reference,
annual outdoor dose equivalents are also shown
in Table 3.

UNSCEAR 1988 Report‘*® gives the typical
annual effective dose equivalents of 1,10 mSv-
yr~! for ***Rn and its progeny and 0.16 mSv-
yr~' for **°Rn and its progeny. As shown in
Table 3, the estimated dose equivalents for
*2Rn and its progeny were similar in all
dwellings built with different building ma-
terials, and a little lower than the value of
UNSCEAR. The annual effective dose equiv-
alents due to »°Rn in Table 3 were estimated
by using the concentrations measured at a 20
cm distance from wall. Since the **Rn con-
centration decreases exponentially with the
distance, the dose equivalent can be ignored
at a distance of more than 100 cm from wall.
The annual effective dose equivalents due to
20Rn progeny in the dwellings of concrete
and NBM were very low, and nearly the same
level as 0.16 mSv-yr!'. However, in the

Table 3 Estimation of annual effective dose equivalents due to ??Rn and ?*°Rn and their progeny

222Rn 222Rn progeny
Building S S
materials Concentration Heg Concentration Heg
(Bq-m™) (pSv-yrh) (Bq-m-%) (pSv-yr-h)
Soil 19.1+ 0.9 34.4+ 1.6 7.64+0.36 530+30
Concrete 23.3+ 1.5 41.9+ 2.7 9.32+0.60 65040
NBM 17.5+ 1.2 31.5+ 2.1 7.00+0.48 490+ 30
Outdoor 4.1t 70
N 220
Building #Ratt - Rn progeny
Materials Concentration Heg Concentration Heg
Soil 159.7+12.4 153.3+11.9 2.40+0.19 670+50
Concrete 41,9+ 3.3 40.2+ 3.2 0.63+0.05 180+10
NBM 22.9+ 3.0 22.0+ 2.9 0.34+0.05 100+10
Outdoor 0.1t 9

+ Typical outdoor concentrations in Nagoya(??,

tt The Heg values due to 220Rn are estimated by using the concentrations
measured at a 20 cm distance from wall. The Hegf at a distance of more
than 100cm from wall can be ignored, since 220Rn concentration decreases

exponentially with the distance.
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dwellings with soil wall, the estimation shows
that the average dose equivalent due to **°Rn
progeny was calculated to be 0.67 mSv-yr~!
and may be equal to that due to **Rn and
its progeny. It may sometimes leads to doses
high enough to cause concern for human
health,

VI. CONCLUSIONS

A pair of passive cup monitors with a
different air exchange openings was developed
for measuring simultaneously *22Rn and **°Rn
concentrations. Experimental calibration fac-
tors of the ??Rn and ?*Rn monitors were
(2.15+0.19)x 107 and (5.06-0.89)x 10~* tracks
-cm™?(Bq-m~*-h)"! and agree well with the
calculated values. The three years surveys
proved that the handy, low-priced passive cup
monitors are useful for long-term measure-
ments and suitable for measuring ***Rn and
»'Rn concentrations in various living environ-
ments.

Indoor **Rn concentrations were very high
in traditional Japanese dwellings with soil
wall. The **Rn concentration decreases ex-
ponentially with the distance from wall. The
effective diffusion coefficient of **°Rn in dwell-
ing and the exhalation rate of ?°Rn from wall
were evaluated from the distribution of the
?2Rn concentrations. Then, indoor ?**Rn prog-
eny concentration could be estimated from
the **Rn concentration at a 20 cm distance
from wall. From the results of the surveys,
the average annual effective dose equivalent
due to **°Rn progeny was expected to be 0.67
mSv-yr~'in the traditional Japanese dwellings.

For the affection by relatively high back-
ground track density of CN film, the lower
detection limit was not low enough in some
cases. At the present, the authors have been
studying the characteristics of passive cup
monitors with CR-39 detectors and surveying
indoor ***Rn and **Rn concentrations by using
the monitors.
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