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Accurate measurement of individual short-lived radon progeny concentrations is very important for dose eval-
uation and related researches taking radon progeny as radioactive tracers. Different methods have been devel-
oped, but higher methodological sensitivity is needed for field measurement under the limitation of size, weight
and power consumption of the instrument. For the purpose of developing new measurement method with higher
sensitivity, an optimized method based on alpha spectrometry following the Wicke method (Wicke, 1979) is
demonstrated, which shortens the measurement cycle to 60 min and make it more suitable for field measure-
ment. For comparison, a series of verification experiments were carried out, and the methodological sensitivity
and uncertainty were analyzed in detail in this paper. Results show that the optimized Wicke method can give
accurate individual radon progeny concentrations and equilibrium equivalent concentration (EEC) in different
environments. The deviation between EEC measured by the optimized Wicke method and the original Wicke
method is less than +2.9%, and the deviation between the optimized Wicke method and the Kerr method is less
than +£3.9% in different environment. The methodological sensitivity of the optimized Wicke method is nearly
the same as the original method with a much shorter measurement cycle, and 4.3 times higher than that of the

Kerr method, which lowers the measurement uncertainty especially in the actual environment.

1. Introduction

Radon and its progeny are not only the greatest contributor of the
natural radiation background to human exposure (UNSCEAR, 2000), but
also important radioactive tracers for environmental, geophysical as
well as atmospheric studies (Baskaran, 2016). For radon exposure dose
assessment through dosimetry approach, serval characteristic parame-
ters of radon progeny are required, and the ratio of activity concentra-
tions of individual short-lived radon progeny 2'®po, 21*Pb and 2!“Bi is
one of them (ICRP, 2017). So accurate measurement on individual radon
progeny not only leads to equilibrium equivalent concentration (EEC) or
potential alpha energy concentration (PAEC), but also can provide basic
parameters for dose evaluation. On the other hand, taking individual
radon progeny as effective tracers for atmospheric study, continuous
measurement on radon progeny is a necessary tool, and 1-h measure-
ment cycle is usually demanded with the parallel to other meteorolog-
ical factors (Crova et al., 2021).

Compared with the direct measurement of EEC or PAEC, the
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measurement of individual radon progeny is more difficult and requires
higher sensitivity (NCRP, 1988). For this purpose, numerous measure-
ment methods have been developed in the past few decades, including
both alpha-counting methods (Tsivoglou et al., 1953; Thomas, 1970,
1972; Cliff, 1978a/1978b; Busigin and Phillips, 1980; Scott, 1981;
Nazaroff, 1984), alpha-spectrometry methods (Martz et al., 1969; Jon-
assen and Hayes, 1974; Kerr, 1975; Hill, 1975; Nazaroff et al., 1981;
Nazaroff, 1983) and alpha-beta spectrometry methods (Rolle and Lett-
ner, 1996; Katona et al., 2007). Most of them use three alpha count
periods or three alpha-beta count periods to analytical solve the activity
concentrations of 2'8Po, 21*Pb and 2!*Bi.

With the increasing demand for accurate field survey, radon progeny
monitor has been continuously improved in sensitivity and lower limit
of detection. Due to the limitation of size, weight and power consump-
tion of portable instruments, it is very important to achieve higher
sensitivity of radon progeny measurement by the optimization of mea-
surement procedure, with the same sampling flowrate and detection
efficiency. In the past, the Kerr method (Kerr, 1975) based on 0-10 min
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sampling process and two alpha spectrum measurement intervals of
12-22 min and 25-40 min, was pointed out by Kadir (Kadir et al., 2013)
to be more efficient than other methods based on alpha counts and
analytical solutions, and it is used in a step-advanced filter radon
progeny monitors (Zhang et al., 2017) and also used as a reference in the
national radon chamber at National Institute of Metrology (NIM) of
China (Liang et al., 2015). However, a method with higher methodo-
logical sensitivity still needs to be developed for field measurement.
Longer sampling and optimized counting time can bring higher sensi-
tivity and lower uncertainty. To achieve the purpose, Duggan and
Howell (1968) formerly developed a method which simultaneously re-
cords alpha spectrum while sampling for 30 min, and measures the
second spectrum after 30 min’ waiting. After that, Wicke (1979) realized
the method with cycle of 90 min, which samples and measures for the
first 30 min at the same time, and measures for another 30 min after 30
min’ waiting. Due to its longer sampling and measuring time, the Wicke
method has a much higher sensitivity than the Kerr method. However,
measurement cycle of 90 min is not quite suitable for continuous field
measurement. The 1-h cycle has unparalleled advantage in continuous
measurement for long-term observation, not only in the field of radio-
logical protection but also in related studies that taking radon progeny
as tracers. Taking atmospheric study as an example, 1-h cycle mea-
surement of radon progeny can be synchronous with other common
meteorological monitoring, which is expected for better analysis.

For the purpose of developing a new measurement method with
higher sensitivity and 1-h cycle, an optimized method following the
original Wicke method was demonstrated in this paper, and a series of
comparison experiments among the optimized Wicke method, the
original Wicke method and the Kerr method were carried out in different
environments, and the methodological sensitivity and measurement
uncertainty were also analyzed in this paper.

2. Materials and methods
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not suitable for field measurement and hourly monitoring. In order to
achieve hourly measurement of radon progeny, some modification to
the original Wicke method is needed. Considering the great advantage of
sampling and measuring at the same time, the optimized Wicke method
retains the same sampling time and first measurement interval of 0-30
min, but shortens the waiting time from 30 min to 10 min in order to
shorten the total cycle to 1 h. So the second measurement interval was
adjusted to 40-60 min, just as shown in Fig. 1. For comparison, the
sampling and measuring processes of the Kerr method are also shown in
Fig. 1.

All the three methods have one sampling interval and two mea-
surement intervals, and typical alpha spectra of two measurement in-
tervals are shown in Fig. 2. The half-life of 2'®Po is only 3.09 min, while
the half-lives of 21*Pb and 2!*Bi are 26.8 and 19.9 min, respectively. This
difference makes alpha particles from 2'®Po (6.00 MeV) only appear in
the first measurement interval. And due to relatively longer half-lives of
2l4ph and 214Bi, alpha particles from 214pg (7.69 MeV) can be seen in
both two intervals. Using this property, reasonably arranging two
measurement intervals, the relationship between 218pg, 214pp and 21Bi
concentrations and alpha counts of different regions of interest (ROI) in
two spectra can be established.

The following assumptions are made for simplicity. (1) Concentra-
tions of 2'8po, 21*Pb and 2'Bi remain constant during the sampling
process; (2) The filter has the same collection efficiency for 218P0, 2l4py,
and 214Bi; (3) Ignore the difference between the detection efficiency for
6.0 MeV and 7.69 MeV alpha particles; (4) The flowrate remains stable
and constant during the sampling process.

Take Ni, N2 and N3 as alpha counts of ROI-I in the first interval, ROI-
ILin the first interval, and ROI-II in the second interval, separately. Using
Bateman equations (Bateman, 1910) and recurrence formulas discussed
by Jenkins (2002), the relationship between individual radon progeny
concentrations Ci, Ca, C3, and N7, N2, N3 are shown in Eq. (1) and Eq.

(2).
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Fig. 1. Schematic diagram of sampling process and measurement intervals of three methods (left), and the decay scheme of radon (right).
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Fig. 2. Typical alpha spectra of two measurement intervals with ROI-I (5.0-6.2 MeV) and ROI-II (6.2-7.8 MeV) for the optimized Wicke method.

Where C;, C5, C3 are the activity concentrations of 218pq, 214ph and 214Bi
(Bq/ms). & is the alpha detection efficiency, F is the sampling flowrate
(L/min), & is the collection efficiency of the filter, and corresponding
uncertainties are c¢y, o and ogr. M is the matrix related to specific
measurement methods (see the Appendix for the detailed derivation).
For the optimized Wicke method, the sampling process and the first
measurement interval are both from O to 30 min, and the second mea-
surement interval is from 40 to 60 min, so the corresponding matrix M
should be as following Eq. (3).

. 0.14709 0 0
M opiimized wicke = | —0.018402  —0.022921 0.062012 3
0.0021013  0.058218 —0.019385

EEC and its uncertainty (Bq/mB) can be obtained from Eq. (4) and Eq.
(5) as follow.

EEC=0.105-C; +0.516-C, + 0.379-C3 4

Opgc = \/0.0l 1-6¢1% + 0.266-0¢,% + 0.144-6¢32 5)

2.2. Comparison experiments

For the verification, comparison experiments were carried out
separately in the radon chamber at NIM, in a basement, and in an office
room from November to December in 2019. Three step-advanced filter
radon progeny monitors RPM-SF01 (Sairatec, China) (Zhang et al.,
2017) were used in the comparison experiment, which were
made-in-order and corresponding measurement procedures and calcu-
lation programs of the three methods were written into the instruments.
The sampling flowrate was calibrated to be 2.50 4+ 0.10 L/min, which is
traced to national standard by Gilian Gilibrator-2 Calibrator (Sensidyne,
USA). The alpha detection efficiencies of three instruments were cali-
brated to be (22.9 + 1.1)%, (20.7 + 1.0)% and (21.3 + 1.1)% using
electroplated 2 Am source, and the collection efficiency of the 0.45 um
PTFE filter (Haichengshijie, China) is 100% (SD: 3%).

For comparison, the aerosol concentration was adjusted in the radon
chamber in order to cover a wide range of EEC and C(218P0):C(214Pb):C
(®'*Bi). In the basement and the office room, air purifiers were used for a
change in the aerosol concentration.

The radon chamber at NIM has a total volume of nearly 20 m®
including an exposure volume of 12.44 m> with devices to stably control
radon concentration and aerosol concentration (Liang et al., 2015). The
comparison experiment in the radon chamber lasted for 48 h. In the first
24 h, radon concentration in the chamber was set to 2500 Bq/m® with
aerosol concentration of 1000 particles/cm®. Then in the second 24 h,
radon concentration was set to 5000 Bq/m3 with aerosol concentration
of 10000 particles/cms.

The basement for comparison experiment has a size of 5m x 3m x 3
m with an AC5655 air purifier (Phillips, Netherlands). The experiment

in the basement lasted for 100 h and radon concentration was measured
by an RTM 2200 radon monitor (SARAD, Germany). In the first 55 h, the
air purifier was turned off. After 55 h, the air purifier was turned on and
switched to minimum speed to reduce the aerosol concentration. The
door of the basement was closed during the experiment but opened once
at about 30th hour to check the status of the instruments.

The office room has a size of 5 m x 4.4 m x 3.2 m with door and
windows closed, and a 270E Slim air purifier (Blueair, Sweden) was
placed in. The experiment in the office room lasted for 100 h. In the first
50 h, the air purifier was off. After 50 h, the air purifier was turned on.
Radon concentration in the room was continuously measured by a RAD7
radon monitor (Durridge, USA).

3. Results and discussion
3.1. Comparison results in three different environments

Comparison results of three measurement methods in the radon
chamber, basement and office room are shown in Fig. 3. EEC and 218pg,
214pp and 2!*Bi concentrations given by the optimized Wicke method,
the original Wicke method and the Kerr method are separately listed in
each figure with different marks and colors. Radon concentrations in
different environments are also shown in the figures along with EEC as a
reference.

In the radon chamber at NIM (Fig. 3(a)), average radon concentra-
tion increased from 2650 Bq/m® to 5180 Bq/m® with EEC accordingly
increasing from 705 Bg/m® to 3120 Bq/m°, and 2!8po, 214pb, 214Bj
concentrations are also increased after adjusting the aerosol concen-
tration. In the basement (Fig. 3(b)), average radon concentration
changed from 1710 Bq/m® to 1760 Bq/m°>, and average EEC decreased
significantly from 680 Bq/m® to 52 Bq/m? before and after the air pu-
rifier was turned on. 2'8Po, 21“Pb, 21Bj concentrations also went down
significantly. It is worth noting that the 2'®Po concentration increased
stably after the air purifier was on, mainly due to the increase of radon
concentration. In the office room (Fig. 3(c)), average radon concentra-
tion changed from 199 Bg/m® to 102 Bq/m? before and after the air
purifier was on, while average EEC dropped significantly from 85 Bq/m>
to 3.6 Bq/mg, and 2'8po, 214pb, 21*Bi concentrations had similar trends.
The phenomenon that air purifiers significantly decreased the propor-
tion of 21Pb and 2'*Bi both in the basement and office room, was also
observed in former researches (Wang et al., 2011; Iwaoka et al., 2013).

By changing aerosol concentration, different radon progeny envi-
ronments had been realized with different EECs and activity concen-
tration ratios. The average results of three methods in each experiment
phases are listed in Table 1, in which phase 1 and phase 2 stand for
before and after aerosol adjustment in the radon chamber, phase 3/4
stands for air purifier off/on in the basement, and phase 5/6 is for air
purifier off/on in the office room. The average EEC ranges from 3.5 Bq/
m® to 3120 Bq/m?, spanning three orders of magnitude, and individual
radon progeny concentrations are also with a large variety due to
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Fig. 3. Comparison results of three measurement methods in radon chamber, basement and office room.
Table 1
Average radon progeny concentrations of the three measurement methods in different experimental phases.
Measurement Method Measurement Sites Radon Chamber at NIM Basement Office Room
Experiment Phases Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6
Rn Concentration (Bq/m3) 2650 + 170 5180 + 300 1710 + 300 1760 + 820 199 + 25 102 + 39
Optimized Wicke Method EEC (Bq/ma) 709 + 34 3110 + 150 671 + 34 53+4 86 +6 3.5+0.8
C(**®Po) (Bq/m®) 979 + 71 3680 + 360 569 + 42 171 + 14 105+ 9 1342
C(*'*Pb) (Bq/m>) 758 + 57 3420 + 250 712 + 54 43+ 6 90 + 10 23+1.2
C(*'*Bi) (Bq/m>) 571 + 42 2540 + 180 645 + 48 33+4 76 +7 2.4+0.8
Original Wicke Method EEC (Bq/m3) 704 + 33 3120 + 140 688 + 33 52+3 86 +5 3.4+0.6
C(**®Po) (Bq/m%) 998 + 72 3800 + 270 628 + 46 176 + 14 110 + 10 16 + 2
C(***Pb) (Bq/m%) 745 + 54 3280 + 230 715 + 52 49+ 5 89 + 8 22+09
C(*'*Bi) (Bq/m>) 569 + 42 2710 + 190 699 + 49 23+ 3 75+7 1.8+ 0.6
Kerr Method EEC (Bq/m®) 701 + 46 3120 + 160 680 + 46 51+9 84 +12 3.8+22
C(*'®po) (Bq/m®) 1050 + 90 4020 + 310 695 + 68 183 + 27 112 + 20 18+7
C(*'*Pb) (Bq/m>) 712 + 75 3280 + 260 687 + 74 47 + 14 85 + 20 2.3+ 2.2
C(***Bi) (Bq/m®) 593 + 58 2670 + 210 669 + 62 21+9 75 + 15 1.8+ 1.6

different aerosol and radon concentration. The lowest concentrations
appeared in the office room when the air purifier was on, and the highest
appeared in the radon chamber with 5000 Bq/m® radon concentration
and 10000 particles/cm?® aerosol concentration.

In such a variety of radon progeny concentration, comparison results
show that all the three methods can quickly respond to the change of
individual radon progeny concentrations consistently in all the three
environments, and the difference between three measurement methods
are within the uncertainty of EEC and 218Po, 214Pb, 214Bj concentrations.
For the measurement of EEC, the results given by the two Wicke
methods are less than +2.9% in all the six phases. For the results of
218pg, 214ph and 21Bi, the deviations of the two Wicke methods are
basically less than 4+9.4%, +4.4% and +6.3%, respectively. Comparing
the optimized Wicke method with the Kerr method, the difference of
EEC is less than +3.9% at different concentration levels except for the
lowest concentration in phase 6, and the deviations of 2!*Pb and 2!*Bi
concentrations are basically less than +6.5% and +4.9%. But for 2'8po
concentration, the results given by the Kerr method are a little higher
than the two Wicke methods at all the six phases with an average value

of 18%, which needs further analysis, but its variety is quite larger than
those of the two Wicke methods, especially in the basement and in the
office room. Higher 2!8Po concentration of the Kerr method make its
avarage CCCMPD):C(**®Po) and C(*'Bi):C(*'®Po) ratios in phase 3 are
smaller than one, while the C(214Pb):C(218P0) and C(ZHBi):C(mPO)
ratios given by the two Wicke methods in phase 3 are larger than one.
This phenomenon that C(214Pb) and C(214Bi) are greater than C(218P0)
seems not physically correct. The possible reason is that the recoil en-
ergy produced in the decay process of deposited 2'8Po, will make part of

214pb return to the air, which leads to higher concentration of 214Pb and
214p;
Bi.

3.2. Sensitivity and uncertainty analysis

Different sampling and measuring processes will give different
counts under the same sampling flowrate, detection efficiency and radon
progeny concentration. Methodologically, sensitivity refers to the
counting rate measured at unit radon progeny concentration, under
normalized flowrate and detection efficiency. The higher is the
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sensitivity of a method, the smaller is the counting statistical
uncertainty.

For comparison, Table 2 lists the average normalized counting
numbers of three methods in three EEC levels. Results show that
normalized counting numbers under unit flowrate and detection effi-
ciency Nj/eq/F increase with radon progeny concentration. Comparing
the normalized N; of the optimized Wicke method in 28Po measure-
ment, it is 10.5 times higher than the Kerr method, which is mainly due
to triple synchronized sampling and measurement time than the Kerr
method. Normalized N, and N3 counts of the optimized Wicke method
are also 4.3 and 3.7 times higher than those of the Kerr method. So the
overall sensitivity of the optimized Wicke method is at least 4.3 times
higher than that of the Kerr method.

For the two Wicke methods, the optimized Wicke method shortens
the second measurement interval from 60-90 min to 40-60 min, but also
shortens the waiting time from 30 min to 10 min, so its normalized
counting numbers are comparable with original method and the dif-
ference is only less than 4.3%, which has little effect on total sensitivity.

The lower limit of detection (LLD) depends partly on the perfor-
mance of instruments and partly on the sensitivity of the method used.
According to the theory of ISO 11929 (2019), the LLDs of the three
methods can be calculated by Eq. (6), using the instrumental back-
ground, collection and detection efficiency, sampling flowrate, and the
methodological sensitivity based on the specific measurement
procedure.

~ M-(2.71 +4.65-V/BG)
a o€ F

LLD (6)

In Eq. (6), M is the sensitivity coefficient related to the matrix M in
Eq. (1), and BG is the background counts during the measurement. The
background counting rates of RPM-SF01 radon progeny monitors used
in this study are 3.6 cph in ROI-I and 2.7 cph in ROI-II (Zhang et al.,
2017). The measurement of 2!8Po is only related to Ny, so the LLD for
218pg js easy to calculate. However, the calculation of 2l4pp, 214Bj and
EEC involves the real-time ratio of radon progeny, so only the equilib-
rium LLD is given for comparison. For the optimized Wicke method,
LLDs for 2'8Po, 214pb, 2'Bi and EEC measurement are 2.5 Bq/mg, 0.20
Bq/m?, 0.15 Bq/m® and 0.39 Bq/m?, respectively. For the original Wicke
method, the LLDs are 2.3 Bg/m5, 0.19 Bq/m®, 0.14 Bg/m® and 0.36
Bq/m?3. For the Kerr method, four LLDs are 20 Bq/m?, 0.61 Bg/m°, 0.45
Bq/m® and 1.2 Bq/m>. Obviously, the LLDs of two Wicke methods are
much better than those of the Kerr method. Little difference between
two Wicke methods mainly caused by different detection efficiency of
two instruments.

The optimized Wicke method promotes the methodological sensi-
tivity and lowers the uncertainty. But for one measurement system,
measurement uncertainty is composed of not only counting statistical
uncertainty related to sensitivity, but also the inherent systematic un-

Table 2
Average normalized counting numbers given by the three methods at three EEC
levels.
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certainty related to calibration issues, just as shown in Eq. (2). For
comparison, Table 3 lists the counting statistical uncertainty eats_po,
€stats_Pb> ©stats_Bi and inherent systematic uncertainty egs of RPM-SFO1
monitors at three EEC levels. The systematic uncertainty esys is the
inherent quality of the measurement system, which is related to cali-
bration issues such as flowrate, detection efficiency and collection effi-
2 2

ciency, and is expressed as e?Ys = (%e:) + <a?€rf) 4 <%>2

The comparison results show that the statistical uncertainty goes
down with the growing EEC, while the systematic uncertainty remains
constant for all the three methods. Increasing the sensitivity of a method
can minimize the contribution of counting statistical uncertainty to the
overall uncertainty. At EEC level of 3120 Bq/m°, the inherent systematic
uncertainty is the main source of overall uncertainty for all the three
methods. At EEC level of 705 Bq/m?, the statistical uncertainty of the
two Wicke methods is still the main contribution to total uncertainty.
But for the Kerr method, its statistical uncertainty has increased to a
level comparable to the systematic uncertainty. At EEC level of 85 Bq/
m3, fewer counts further increase the statistical uncertainties of the
Wicke methods to be comparable to systematic uncertainty, while for
the Kerr method, the statistical uncertainty increases significantly to be
the main contribution to overall uncertainty. The optimized Wicke
method has much smaller counting statistical uncertainty than the Kerr
method, making it more suitable for field measurement.

Actually, for different arrangements of sampling and measuring
processes with 1-h cycle, the methodological uncertainty was also
theoretically analyzed. The result shows that the optimized Wicke
method has relatively low uncertainty, and it is significant especially at
low concentration levels. Since the experimental comparison results
have proved that the optimized Wicke method can meet the demands of
high sensitivity and 1-h cycle, the result of theoretical uncertainty
analysis will not be discussed in this paper.

4. Conclusions

For hourly measurement of radon progeny concentration with high
sensitivity, an optimized Wicke method was developed from the original
Wicke method, and comparison experiments were carried out in three
different environments. Results show that the optimized Wicke method
can give accurate individual radon progeny concentrations and EEC in
different environments. The deviation between EEC measured by the
optimized Wicke method and the original Wicke method is less than
+2.9%, and the deviation between the optimized Wicke method and the
Kerr method is less than +3.9%. The methodological sensitivity of the
optimized Wicke method is nearly the same as the original method, and
at least 4.3 times higher than that of the Kerr method.

The optimized Wicke method retains the advantage of high meth-
odological sensitivity of the original Wicke method, while meets the
needs of hourly measurement of individual radon progeny

Table 3
Compositions of uncertainties given by the three methods at three EEC levels.

Measurement Methods EEC 3120 Bq/ 705 Bq/ 85 Bq/ Measurement Methods EEC 3120 Bg/ 705 Bq/ 85 Bq/
Levels m® m® m® Levels m® m® m®
Optimized Wicke N1/eo/F 24900 6700 720 Optimized Wicke €stats_Po 0.9% 1.7% 5.2%
Method No/eo/F 73300 16300 2090 Method €stats pb 1.2% 2.6% 7.7%
Ns/eo/F 85100 19100 2350 €stats_Bi 1.1% 2.3% 6.2%
Total 183300 42100 5160 €sys 7.1% 7.1% 7.1%
Original Wicke Method N1/eo/F 25700 6759 750 Original Wicke Method €stats Po 0.8% 1.6% 5.0%
Ny/eo/F 74800 16128 2060 €stats pb 0.8% 1.7% 5.0%
Ns/eo/F 88000 19935 2410 €stats_Bi 0.8% 1.9% 5.1%
Total 188500 42822 5220 €sys 7.1% 7.1% 7.1%
Kerr Method Ny/eo/F 2400 620 70 Kerr Method €stats Po 2.8% 5.5% 16.9%
Nao/eo/F 16800 3710 460 €stats_Pb 3.6% 7.8% 22.8%
Ns/eo/F 23100 5110 620 €stats_Bi 3.1% 6.7% 18.5%
Total 42300 9440 1150 €sys 7.1% 7.1% 7.1%
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concentration. At EEC of 85 Bq/m?, the uncertainty of EEC measurement
by the two Wicke methods mainly comes from the systematic uncer-
tainty, while for the Kerr method it mainly comes from the statistical
uncertainty.

Actually, radon progeny concentration in most environment is not so
high, especially in indoor environment and atmosphere. Higher meth-
odological sensitivity usually means lower uncertainty and higher ac-
curacy, under the limited conditions such as size, weight, noise and
power consumption, which is very important for field survey and
continuous measurement. So the optimization of sampling and detecting
processes, and the promotion of methodological sensitivity will be quite
important. It is believed that the requirement of accurate measurement
on individual radon progeny in indoor environments will increase when
taking dosimetric modeling approach for dose evaluation from exposure

Appendix

Radiation Measurements 142 (2021) 106558
to radon progeny as suggested in ICRP Publication 115 (2010). And in
the future, the interference of thoron (220Rn) will also be considered.
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To use the recurrence formulas, the following h factors and f factors need to be defined.

hy o= (1—e™%) /4

hzz — (1 —/lm)/iz

hyy = (1 —e %) /1

hiy = (hyy — hy) /(A2 — A1)
hys = (hy — h33) /(A3 — 42)
hiz = (hiy — ho3) /(A3 — A1)
fir = e

foo = e

fiz = e

S = (fu —f2)/ (2 — A1)
fo3 = (fo = f33)/ (A5 — 42)
fiz = (fiz —fo3)/ (A3 — A1)

(A1)

(A.2)

Where t; and t4 are time variables in sampling and decay processes, and 4;, 12, A3 are the decay constants of 218p, 2l4pp 214p; respectively. h factors
are used in the sampling process and f factors are used in the decay process after sampling.

For a specific sampling process, assume that the concentrations of 218pq, 2l4pp 214B; in the air are Cy, Ca, Cs, the sampling flowrate is F, and the
collection efficiency of the filter is ¢;. Take the beginning of sampling as zero for &, the individual radon progeny activities on the filter A;, A, A3 at
any time during sampling process can be described as following equations with h factors.

Al(ta) = F~8f~h11~C1
As(ty) = F-&r-(Aa-hin-Cy + hap-Cy)
A}([s) = F'é'f'(ﬁz'/l_}'h[_g‘C] + /‘[3'1’!23'C2 + hggC})

(A.3)

After the sampling process, there is no more collection of radon progeny. Take the end of sampling as zero for t4, the radon progeny activities on the
filter at any time during decay process can be as following equations with f factors.

Ai(ta) = Arefir = F&r-hypsefir-C

Ax(ta) = Aa-Argefia + Asefr

= Fe&p-[Ao-(Misefio + Minsef22)-C1 + hogse 2+ Co)
A3(tg) = Aad3-Arefis + A3-Ange oz + Az f33

~ Fe- /12'/13'(hnse'f13 + hisetfos + hizef33)-C
+A3-(hoase fo3 + Mozse f33)-Co + hssse f33-Cs

(A4

Where Ajse, Agge, Asse are the individual radon progeny activities on the filter, and hy. are h factors at the end of sampling process ts., which can be

derived by substituting t; = t;. into Eq.(A.1) and Eq.(A.3).

For any specific measurement interval from t;to,t, if the measurement efficiency for alpha particles is,e, counts of ROI-I and ROI-II can be in-

tegrated as follows.

(A.5)

If the measurement interval is in the sampling process, A;(t;) in Eq.(A.3) should be integrated in Eq.(A.5). Otherwise, if the measurement interval is

in the decay process after sampling, iA

i(ta)n Eq.(A.4) should be substituted into Eq.(A.5).

As shown in Fig. 2, for two-interval measurement, ROI-I counts of first interval, ROI-II counts of first interval, and ROI-II counts of second interval
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are usually used as N7, N2 and N3 to analytical solve radon progeny concentrations C;, C, and Cs. If interval A (ta; ~ta2) is in sampling process and
interval B (tg; ~tp2) is during decay process (like the Wicke methods), the relationship between radon progeny concentrations and ROI counts is
expressed by following Eq.(A.6).

a2

N, :ea~F~ef-/h“dts~C1
N
r A2 A2
N, = €y F-¢+ ﬂz'l}'/h];d[s'CH +ﬂ3'/h23d[5'C2 + /h}gdl,'C}
L t 1 !
- y B2 : B2 M B2 (A6)
PPVEN WOTHS /flzdtd + hioser /fZBdtd + hizser /f33dtd -G
N3 = gy Frg ”:fl ’B‘fl " 12
+43+ | hazse /fzzdfd + hazse: /fs_zdfd Ca + h3sse /f.%.%dfd'cs
- 81 81 B1

If interval A and interval B are both in decay process after sampling (such as the Kerr method), the relationship can be described as Eq.(A.7).

A2
Ny = g Fr&r-hypse /flldtd‘cl

Al

_ A2 a2 A2 -
Ao Az | Pirger /flsdtd + higge /fzsdtd + hizeer /f33dfd -Cy
N2 = 8(1'F~8(" [;?' 1,\’;\' A1 .
+3+ | hoose /f23dld + hazer /fzsdld Ca + h3sge /f}zdfd'C} (A7)
- A1 1Al 2N -
_ B2 B2 B2 -
Aads+ | hitger /fl}dtd + Mg /fZSdtd + Mz /f33dtd -Cy
N3 = etx'F'ef' q:fl lBtfl " 182
+230 | hoose /f23dtd + hosses /f33dtd Cy + hszge: /f33dfd'cs
- 81 81 81 -

So far, the linear relationship between 218Po, 214 Pb, 214Bi concentrations C;, C,, Czand counts of interested regions,N; ,N, hNjas been
established, which can simply be expressed in matrix form as follow.

N Ki K Kis C
Ny | =exFe| Koy Ky Ky (&) (A.8)
N3 K3 Ky Ks C3

Where matrix elements Kj; are the corresponding linear coefficients in Eq.(A.6) and Eq.(A.7). Inverse Eq.(A.8) and we have Eq.(A.9) and Eq.(A.10).

G My M, M N

(& :EQI-F’I-e{I- My My My N, (A.9)

(& Ms Mz M N;

My Mo Mg\ [Ki Ko K\

M=| My My My )|=K =|Ky Kn Ky (A.10)
M Mz M K K3y K

In this paper, the specific forms of matrix M for the three methods are derived by substituting specific sampling time and measurement intervals.
For the optimized Wicke method, the sampling process and the first measurement interval are both from 0 to 30 min, and the second measurement
interval is from 40 to 60 min. For the original Wicke method, the sampling process and the first measurement interval are both from 0 to 30 min, and
the second measurement interval is from 60 to 90 min. For the Kerr method, the sampling process is from 0 to 10 min, and the first measurement
interval is from 12 to 22 min, and the second measurement interval is from 25 to 40 min. So the corresponding matrixes of these three methods are
shown as Eq.(A.11-13) respectively. The units of radon progeny concentrations and flowrate should be Bq/m® and L/min in the calculation.

N 0.1471 0 0

Mopinizea wise = | —0.01775  —0.05213  0.09043 (A11)
0.001897 0.06735  —0.02827

N 01471 0 0

Morigina wike = | —0.01840  —0.02292  0.06201 (A12)
0.002101  0.05822  —0.01939

- 1686 0 0

Myen= | —02078 —0.3939 0.4502 (A13)

0.03003  0.4197 —0.1921
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