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Abstract

The activity concentration of 222Rn/220Rn progeny is the critical parameter
for precise estimation of internal radiation dose to lung tissues. To investi-
gate the behavior of 222Rn/220Rn progeny and to improve the calibration of
222Rn/220Rn progeny activity concentration monitors, a 220Rn chamber that
could generate stable and adjustable activity concentrations of both 222Rn and
220Rn progeny was established. This study developed a theoretical model for
222Rn/220Rn progeny activity concentrations in the 220Rn chamber and es-
tablished a simultaneous regulation method for these concentrations. Based
on a tunable carrier aerosol generation system, comprehensive tests were con-
ducted to evaluate the stability and spatial uniformity of aerosol concentra-
tions, 222Rn/220Rn gas concentrations, and progeny activity concentrations
within the chamber. The results show that the 220Rn chamber can realize the
stable regulation of aerosol particle number concentration in the range of 101
particles/cm3-105 particles/cm3, and realize the activity concentration range of
222Rn progeny (218Po, 214, 214Bi) in the range of 268 Bq/m3-12351 Bq/m3, 18
Bq/m3-5573 Bq/m3, 8 Bq/m3-3868 Bq/m3, and the activity concentrations of
220Rn progeny (212Pb, 212Bi) range from 53 Bq/m3-1217 Bq/m3, 10 Bq/m3-
794 Bq/m3. Except for the poor stability of activity concentration of 214Bi and
214Bi at low aerosol concentration, the stability of activity concentration of all
other subsomes is better than 10% in other cases. And the results demonstrate
that the spatial uniformity of 222Rn/220Rn progeny activity concentrations
is better than 10% throughout the chamber, ensuring homogeneous distribu-
tion of progeny species. In conclusion, the simultaneous regulation method for
222Rn/220Rn progeny concentrations developed in this study provides a reliable
platform for instrument calibration and performance verification.
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The activity concentration of 222Rn/220Rn progeny is a critical parameter
for precise estimation of internal radiation dose to lung tissues. To investi-
gate the behavior of 222Rn/220Rn progeny and to improve the calibration of
222Rn/220Rn progeny activity concentration monitors, a 220Rn chamber that
could generate stable and adjustable activity concentrations of both 222Rn and
220Rn progeny was established. This study developed a theoretical model for
222Rn/220Rn progeny activity concentrations in the 220Rn chamber and es-
tablished a simultaneous regulation method for these concentrations. Based
on a tunable carrier aerosol generation system, comprehensive tests were con-
ducted to evaluate the stability and spatial uniformity of aerosol concentrations,
222Rn/220Rn gas concentrations, and progeny activity concentrations within
the chamber.

The results show that the 220Rn chamber can achieve stable regulation of aerosol
particle number concentration in the range of 10'-10° particles/cm?, and real-
ize the activity concentration range of 222Rn progeny (?!¥Po, 214Pb, 21Bi) as
268-12,351 Bq/m?, 18-5,573 Bq/m?, and 8-3,868 Bq/m?, respectively, and the
activity concentrations of 220Rn progeny (*'2Pb, 2!?Bi) in the range of 53-1,217
Bq/m? and 10-794 Bq/m?. Except for the poor stability of activity concentra-
tion of 2“Bi and 2!2Bi at low aerosol concentration, the stability of activity
concentration of all other species is better than 10% in other cases. The results
demonstrate that the spatial uniformity of 222Rn/220Rn progeny activity con-
centrations is better than 10% throughout the chamber, ensuring homogeneous
distribution of progeny species.

In conclusion, the simultaneous regulation method for 222Rn/220Rn progeny
concentrations developed in this study provides a reliable platform for instru-
ment calibration and performance verification.

Keywords: 220Rn progeny; 222Rn progeny; activity concentration; simultane-
ous regulation

These authors contributed equally to this work.

chinarxiv.org/items/chinaxiv-202505.00071 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00071

ChinaRxiv [$X]

INTRODUCTION

Radon (?22Rn), thoron (?2°Rn), and their decay progeny constitute significant
sources of ionizing radiation. During radioactive decay, these nuclides emit « or
B particles. When these particles traverse cellular structures, they interact with
biological tissues in the lungs, potentially causing DNA damage and increasing
cancer risks. According to the report of the United Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR), 22?Rn is the second largest
contributor to lung cancer [1, 2]. When inhaled by the human body, ???Rn,
220Rn, and their radioactive progeny attach to aerosol particles that deposit in
distinct regions of the respiratory tract according to particle size distribution,
thereby creating internal radiation exposure. The activity concentrations of
222Rn, 220Rn, and their decay products constitute critical parameters for inter-
nal radiation dose assessment, and therefore, 222Rn, 22°Rn, and their progeny
activity concentrations in a typical environment need to be determined. To
ensure the measurement reliability and accuracy of instruments and meet their
calibration requirements, it is essential to establish a ?2°Rn chamber that can
stably regulate various activity concentrations of 222Rn/?2°Rn progeny.

The 222Rn/??°Rn chamber serves as an important part of the 222Rn/?2°Rn
metrology system and can provide a reference for testing and calibrating
222Rn/?2%Rn detectors. Extensive research on 222Rn/?2°Rn has been conducted
both domestically and internationally [3-7], and the variation of 222Rn/??°Rn
concentration and their progeny concentration is mainly studied by modulating
the aerosol particle number concentration, air exchange rate, and 222Rn/??°Rn
production rate. At present, a number of countries have established 22?Rn
or 22%Rn chambers to study the behavioral characteristics of 222Rn/??°Rn
and their progeny. Canada was the first to build ??°Rn chambers in 1984 [8],
followed by the German PTB in 1999 to establish a national radon and its
progeny activity concentration standards, with an internal volume of 21.035
m? and external dimensions yielding a total volume of 26.28 m? for the radon
calibration chamber [9, 10]. The University of South China also conducted
earlier research on 2*?Rn/??°Rn and established a small ??°Rn accumulation
tank in 2002 to achieve uniform distribution of ??°Rn as well as a stable
concentration level by charging the source and recirculating the airflow loop
[11]. Later, in 2003, the German PTB built a set of simple **°Rn chambers
with a volume of 0.1 m? in order to study the relationship between aerosol
concentration and the share of unbound states of 22°Rn progeny [12]. The
Korea Research Institute of Standards and Science established a 50.05 m3
radon calibration room in 2004 to study the behavioral characteristics of
radon decay products, which can achieve stable regulation of temperature and
humidity [13]. In 2005, Japan established a ??’Rn chamber with a volume of
150 L based on NIR spectroscopy, and the ??°Rn concentration can be adjusted
in the range of 0.9-45 kBq/m?, which can realize stable 22°Rn progeny [14, 15].
Italy also established a simple 22°Rn chamber with a volume of 1 m? in 2005,
which can stabilize the radon concentration from about 200 Bq/m? to about
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10 kBq/m? by using the accumulation of a solid source of 22°Ra supplied by
the Pylon company [16].

In order to meet the needs of the development of national standards for radon
and its progeny in China, the National Institute of Metrology developed a set
of radon chambers with a volume of about 20 m? in 2015 to realize the stable
regulation of radon progeny concentration and equilibrium factor in a wide
range [17]. In 2017, Poland, in order to solve the problem of radon hazards
during underground mining, established a radon chamber with a volume of 17
m? and capable of remotely adjusting the temperature and humidity range,
which can achieve stable regulation of indoor radon concentration [18]. In 2018,
Hirosaki University, Japan, established an exposure chamber with a volume of
0.00676 m? for calibration of radioactive gas monitoring instruments, which can
be adjusted to maintain the concentration level of ?22Rn at 0.2-10 kBq/m? and
220Rn at 3.5-29 kBq/m? [19]. In 2021, Jian Lin from the University of South
China, in order to study the behavioral characteristics of unattached fraction
220Rn progeny, established ?2°Rn chambers that can stably regulate the share
of different unattached fractions of 22°Rn progeny [20]. In the following year,
Lidan Lv from the University of South China constructed a thorium chamber
capable of realizing 22°Rn regulation in the range of 3.2-37 kBq/m? in order
to investigate the response of diffusion-type detectors to the concentration of
220Rn under different wind speeds. The stability and uniformity of the 22°Rn
concentration in the chamber were within 5% [21]. At present, these ?*?Rn
chambers and 2?°Rn chambers mainly regulate the concentrations of 22?Rn,
220Rn, and their progeny individually by controlling environmental factors such
as aerosol concentration, temperature, and humidity, and a few 22?Rn chambers
and 2?2°Rn chambers also regulate the share of unattached fraction of the 222Rn
progeny and 2?°Rn progeny. However, most studies only examined ?2?2Rn or
220Rn alone and did not combine the two. Moreover, the simultaneous presence
of 222Rn/??"Rn both cross-interfered with the measuring instrument [29], with
the presence of 220Rn interfering most significantly with the measurement of
222Rn in the low-energy region [22].

Based on the behavioral characteristics of 222Rn/?2°Rn progeny aerosols, this
study establishes a control scheme and theoretical model for the simultaneous
regulation of indoor 222Rn and ?2°Rn progeny activity concentrations. Through
performance testing, the feasibility of the control scheme was confirmed to meet
the calibration requirements of instruments measuring characteristic parameters
of 222Rn/?2°Rn and their progeny. Furthermore, it can provide an experimental
setting to evaluate the cross-talk signal between 22?Rn and 22°Rn, leading to a
more accurate estimation of the individual dose due to 22?Rn, ??°Rn, and their

progeny.
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II. MATERIALS AND METHODS
A. Setting up Experimental Environment

1. Setting up 220Rn Injection Chamber Environment This experiment
mainly relies on the 22°Rn chamber of the University of South China. Figure 1
[Figure 1: see original paper] shows the structural layout of the 22°Rn jet gas
chamber, which is mainly composed of the calibration chamber and progeny
source chamber. The calibration chamber is a rectangular solid with a volume
of 1539 L; the progeny source chamber is mainly composed of a cylinder in the
middle (Diameter: 600 mm, Length: 1200 mm) and a round table at both ends
(the diameter of the lower base is 60 cm and the diameter of the upper base is
25 cm), with a volume of 443 L. The calibration chamber contains a fan-type
220Rn source with an activity of 3000 Bq, and the progeny source chamber
contains a solid flow-gas 222Rn source and a solid flow-gas 22°Rn source made
by the Radon Laboratory at the University of South China, with a flow-gas
222Rn source activity of 6700 Bq and a flow-gas 22°Rn source activity of 32000
Bq [23]. This streaming gas ??°Rn source has been measured over 5 years of
periodic testing and the injection coefficient has stabilized at 96.5% + 3% with
a measurement uncertainty of less than 2.5%.

Driven by micro vacuum pump A (Lab LP02-D12, Kamoer, Inc., China), the gas
flowed through the 222Rn source, 22°Rn source, and then into the progeny source
chamber. Given the short half-life of 55.6 s for 22°Rn, the 2?°Rn decays into its
progeny within the progeny chamber prior to entering the calibration chamber,
thereby significantly reducing the equilibration time. The progeny chamber is
connected to the calibration chamber via a source-charging circuit that requires
continuous operation to maintain stable 222Rn/??Rn concentrations.

The measurement of 222Rn/?2°Rn and their progeny activity concentrations is
primarily conducted in the calibration chamber. A set of analog sampling loop
was connected externally to the calibration chamber. The gas inside was contin-
uously drawn by a micro vacuum pump (Lab LP02-D12, Kamoer, Inc., China),
filtered through a high-efficiency filter (filtration efficiency greater than 99%),
and then injected back into the progeny source chamber. The analog sampling
loop simulates the loss of progeny due to sampling and avoids fluctuations in
progeny activity concentration caused by sampling. Two fans were installed to
ensure homogeneous aerosol distribution throughout the calibration chamber
by maintaining airflow. The aerosol regulation system was positioned at the ex-
treme left end of the progeny source chamber. An exhaust port was installed in
the calibration chamber to connect with the external environment, maintaining
pressure balance in the 22°Rn chamber. A thermohygrometer (Model 608-H2,
Testo AG, Germany) was installed in the calibration chamber to observe tem-
perature and humidity changes during the experiment through a glass window.

2. Setting up Aerosol Environment The aerosol source used in this study
was solid particulate matter produced by the combustion of smokeless sandal-
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wood, which has the advantage of continuous aerosol production over a long
period of time. A scanning mobility particle sizer (SMPS, Model 3190, TSI
Inc., USA) was used to measure the particle size of the aerosol source, which
had a median diameter of about 150 nm. This source demonstrates superior
performance in sustained aerosol generation over prolonged durations. In order
to continuously feed a stable aerosol into the 22YRn chamber, an aerosol dilu-
tion device was built in this study, as shown in Figure 2 [Figure 2: see original
paper]. The aerosol dilution device mainly consists of an aerosol dilution cham-
ber (with a volume of 128 L), a sandalwood combustion hood, two constant flow
vacuum pumps with adjustable flow rates, and a filter. After lighting the sandal-
wood, driven by micro vacuum pump D (Lab LP02-D12, Kamoer, Inc., China),
the solid particles generated by the sandalwood combustion enter the aerosol
dilution chamber through three-way valve switch K1, and air enters the aerosol
dilution chamber through three-way valve switch K2. The aerosol enters the
progeny source chamber driven by vacuum pump D. The analog sampling loop
is composed of a micro vacuum pump C (Lab LP02-D12, Kamoer, Inc., China)
and a filter. By regulating the flow rate of micro vacuum pump C, the aerosol
concentration within the dilution chamber can be controlled. In this study,
aerosol concentration measurements were performed using a portable particle
counter (Model 3007, TSI Inc., USA), which operates as a condensation nucleus
counter (CPC). It is worth noting that the sandalwood needs to be replaced
every 4 hours.

B. Measurement of the Activity Concentration of 222Rn/220Rn and
Its Progeny

222Rn/220Rn Concentration Measurement A RAD7 (RAD7, DUR-
RIDGE Inc., USA) was used as the instrument for continuous measurement of
222Rn/?2%Rn concentrations in the ?2°Rn chamber. The detector sensitivity
was 0.4 cpm/(pCi-L) in conventional measurement mode. The RAD7 was
initially connected to a large drying tube to establish a closed-loop circulation
system. When the displayed humidity decreased below 10%, the large drying
tube was replaced with a small one while maintaining airtight connections
at all joints. This measurement procedure was repeated until the humidity
stabilized below 10%. Corrections to the measurements are required as the flow
rate, drying tube volume, and pipe volume can affect the measurements [24].
Firstly, a decay correction is applied to the 22°Rn source activity:

CTn = CTnO eV

The activity Cyp,,o of ?2°Rn is 1600 Bq/m3; the decay constant A\ of 22°Rn is
0.0125 s~!; the total volume V of the pipe and the small drying tube is 0.045 L;
and the sampling flow rate v is 0.74 L/min. Based on the average indications
of Cp,, and RAD7 obtained from the above equation, the correction factor can
be calculated:
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K RADTY average number of indications
CTn

The correction factor K = 1.79 was obtained in this study.

222Rn/220Rn Progeny Activity Concentration Measurement In this
study, 222Rn/?2°Rn progeny were sampled using a hybrid cellulose filter mem-
brane (AAWP02500, 0.8 m MCE Membrane, Ireland). The ?22Rn progeny was
measured at the end of sampling in time periods (2-12 min and 12-30 min) and
the 229Rn progeny was measured in time periods (2-43 min and 43-120 min)
using an Ortec Alpha ensemble spectrometer (Ortec Plus, Ortec Inc., USA)
[25]. The detector detection efficiency was calibrated using a 24! Am standard
surface source with a relative standard uncertainty of 2%. The sample flow rate
was calibrated using a soap film flow meter (Model Gilibrator2, Sensidyne Inc.,
USA) with a relative standard uncertainty of 1%.

C. Theoretical Model

1. Theoretical Model for Calculating Aerosol Concentrations in the
220Rn Injection Chamber It is assumed that: (1) the aerosol input flow
rate and input concentration remain constant; and (2) the self-loss coefficient
due to aerosol attachment, condensation, and deposition in the 22°Rn chamber
is constant. The change in aerosol concentration with time can be expressed:

ac,
dt

= C,, Qi — (A +1,)C;

When equilibrium is reached, the aerosol concentration in the aerosol dilution
chamber can be obtained:

O — _Zin¥in_
VA )

The aerosol concentration in the progeny source chamber can be obtained in
the same way:

OinQin

Cy=——n=m _
2T V(A +vy)

And the aerosol concentration within the calibration chamber:

_ OinQin
T Va(A+vy)
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C; denotes the aerosol concentration in the dilution chamber, particles/cm?;
C,,, is the concentration of aerosol before entering the aerosol dilution chamber,
i.e., the concentration of aerosol in the sandalwood hood, particles/cm?; Q,,
is the flow rate of 2 L/min inputted into the dilution chamber; V;, V5, and V;
are the volumes of the aerosol dilution chamber, progeny source chamber, and
calibration chamber, m?; v, v,, and v; are the air exchange rates, h™!, for the
aerosol dilution chamber, progeny source chamber, and calibration chamber,
respectively. A is the natural attenuation rate of aerosol concentration in static
condition, 0.0029 h~!.

2. Theoretical Calculation Model for 222Rn/220Rn Progeny Activity
Concentration Given the short half-life of 22°Rn (55.6 seconds), 22°Rn in
the progeny source chamber completely decays before reaching the calibration
chamber. Consequently, all 22°Rn present in the chamber originates exclusively
from the solid-flow 22°Rn source. Based on the decay of 22°Rn concentration
due to the generation, decay, and gas exchange of the solid flow gas type 22°Rn
source, the following equation is obtained:

dt V,

CVTnl Q2
Va

- )‘Tn C’Tnl -

Where, Cr,,, is the 22°Rn concentration in the progeny source chamber, Bq/m?;
Ap, is the solid stream gas 2?°Rn source activity, Bq; Ap,, is the decay constant
of 229Rn; € is the 229Rn source jet coefficient. @, is the progeny source chamber
gas exchange flow rate. & represents the fraction of 22°Rn emitted by the source
that enters the progeny source chamber, which is related to the 22°Rn jet flow
through the pipe. It is related to the volume Vi of the 22°Rn jet flow through
the duct, and the air exchange rate v, of the substrate source box:

Then the 22°Rn concentration in the progeny source chamber at stabilization is:

AR e0Ap,

C p—
ot Arn Vo + Qs

Similarly, the concentration of ?2Rn in the calibration chamber at the stabiliza-
tion time is as follows (the fan-type 22°Rn source can be considered as 100%):

C _ ARaE)\Tn
T Ap Vs + Qy

Q5 is the air exchange flow rate of the calibration chamber.
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The growth of unattached 22°Rn progeny in the calibration chamber originates
from the decay of their precursor unattached states, while the attenuation results
from radioactive decay, aerosol binding, air exchange, and attachment to the
wall; the growth of the attached ??°Rn progeny comes from the decay of the
attached state of the previous progeny, the binding of the unattached progeny
to the aerosol, and the compensation of the progeny source chamber. Thus the
variation in the activity concentration of 22°Rn progeny in the unattached and
attached states satisfies:

dC; j—1 J
dc;
dt

= XC+ Njpad ™t — (A +v+q,)C)

C'JJ; and CJ represent the activity concentration of the jth unattached and
attached progeny, respectively, Bq/m?; A; is the decay constant of the jth
progeny, h™'; C}'*l and €1 represent the activity concentration of the (j-1)th
unattached and attached progeny, respectively, Bq/m?; qy and ¢, represent the
attachment rate of the unattached and attached progeny, respectively, h™1; N,
is the activity per unit of bound progeny of the jth progeny source chamber,
Bq/h; X is the binding rate of the unattached progeny to the aerosol, h—!:

X=8-N

Where 8 is the adsorption coefficient, Bq/h, which usually takes the value of
0.0085; N is the aerosol concentration, particles/cm?.

The 22°Rn progeny in the progeny source chamber was transported to the 22°Rn
chamber under the drive of the pump, and the activity concentration of the
unattached state 2'°Po in the calibration chamber was nearly equal to that of
the 22°Rn concentration because the 216Po (ThA) half-life was only 0.15 s, and
the deposition of 2'Po and the loss of air exchange could be neglected. The
vast majority of the unattached 22°Rn progeny will adhere to the pipe wall when
passing through a pipe of 1.8 cm diameter within a length of 60 cm, resulting
in an increase in the loss of unattached 22°Rn progeny.

The activity concentration of the attached states 2?Pb(ThB) and ?12Bi(ThC)
in the calibration chamber and the activity concentration of the unattached and
attached states 212Pb(ThB) and 2'?Bi(ThC) are calculated as follows:

)\1+X+U3+Qf
X

C:]/c“h,B = x Crpy,
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X-Cf"P + X+ +4,
RaB

a —
CThB -

oa _ X)\lcTn < V2
ThE (A 4+ vy + ) (A + X + vy + q¢)  Rup

AL CTH
)\2 + X + v3 + ay

-
C(ThC -
Chpo =X - CFPP 4+ 007" + 05 + w3 + ¢, + A07"C

oo Ay + 0314,
ThC =
Nin
For the ??2Rn concentration and 2??Rn progeny activity concentration, the
derivation process is similar to that for the 22°Rn concentration and 2?°Rn
progeny activity concentration.

It is worth noting that for 2!4Pb in the unattached state, the source also includes
the item that recoil causes the 2!4Pb in the attached state to detach from the
aerosol particles to revert back to the unattached state, and thus it can be
obtained that the change in 22?Rn progeny concentration in the unattached and
attached states satisfies the following equation:

40} =ACT NG (N X o
o =NCH NG = g+ X o +g)C
dci j j J
o = XCr NG =Ry y) = (A +v+ap)Ca

where R is the recoil coefficient. The activity concentrations of the attached
states 218Po (RaA), 2'*Po (RaB), 21“Bi (RaC) in the calibration chamber as
well as the activity concentrations of the unattached and attached states 2'8Po
(RaA), 2“Po (RaB), 2!Bi (RaC) can be obtained by calculating the formulas
below:

/\1+X+’03+Qf

o
CRaA - X

x Cpry,

X-CRoA 4 M\ +v3+ 4,
R

a J—
CRCLA -
a

chinarxiv.org/items/chinaxiv-202505.00071 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00071

Ca _ X)‘lcRn % &
RaA ™ (N 4o+ ¢) M+ X +v,+¢q;) R,

o R,C{ + \,Cfat
RaB A2+X+U3+qf

Cj‘%aB:X~Cf“A+)\2(1—Rl)Cf“A—i—)\z—i—vS—f—qa

o _ Mtuytyg,
CRaB - N.
m
by CRaB
Fo_ 3%y
CRaC -

)\3+X+'U3+qf

Chac = X'C]}f%aCJF)‘SCfaBJF/\:; +v3+4q,

Az + vy +q,
N.

m

a —_
CRaC’ -

The formula for calculating EEC given by the definition of equilibrium equiva-
lent radon concentration (EEC) is as follows:

EEC = 0.105CFeA +0.516CHB 1 0.379C FaC

EEC = 0.1050}*“ +0.516CF*P + 0.379CF¢

Calculation of the binding rate X, the concentration of 222Rn/??°Rn progeny of
the aerosol using the theoretical equations requires the values of the parameters
Vg, Vs, 0, Gf, G, €, and the values used in this study are shown in Table 1
[26-28].

I1I. RESULTS AND DISCUSSIONS
A. Stability of Aerosol Concentration

Without connecting to the 222Rn/?2°Rn source, the aerosol conditioning system
was directly linked to the calibration chamber (with valves K1 and K2 open).
Sandalwood was burned inside the sandalwood hood while pump D maintained
a flow rate of 2 L/min. The aerosol concentration in the calibration chamber sta-
bilized after 3 h, after which measurements were taken at 30 min intervals. This
study primarily adjusted the aerosol concentration by controlling the three-way
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valve switching and regulating the flow rate of pump C. The aerosol concentra-
tion of pump C was also varied in the study. At different pump C flow rates,
the aerosol concentration in the calibration chamber varied as follows: when K2
was turned on and the pump C flow rate was adjusted to 10 L/min, the aerosol
concentration was 545 + 25 particles/cm?® (Figure 3 Figure 3: see original pa-
per), with an RSD of 4.7%. With K2 closed and pump C flow rate set at 9
L/min, the aerosol concentration increased to 2070 + 81 particles/cm?® (Figure
3(b)), exhibiting an RSD of 4.0%. Maintaining K2 in the closed position while
reducing the pump C flow rate to 4 L/min resulted in a further concentration
increase to 5236 + 125 particles/cm? (Figure 3(c)), with an RSD of 5.0%. Ulti-
mately, at the minimal pump C flow rate of 2 L/min, the aerosol concentration
increased to 9365 + 186 particles/cm? (Figure 3(d)), demonstrating an RSD of
2.1%.

During the experiment, the temperature was 12.2 + 3 °C and the humidity
was 57 4+ 4%. Overall, the relative standard deviations (RSDs) of the four
aerosol concentrations were less than 10%, and the aerosol concentrations in
the calibration chamber were relatively stable. The stabilization of aerosol con-
centration in the calibration chamber mainly depends on key parameters such as
the coagulation rate, wall attachment rate, and deposition rate, and the aerosol
concentration decreases continuously due to the presence of wall attachment,
deposition, and air exchange rate. Higher airflow rates enhance aerosol particle
coagulation and wall deposition. The combined effects of Brownian diffusion and
gravitational sedimentation govern aerosol particle deposition. Consequently,
increased airflow intensifies both particle diffusion and sedimentation processes
[29, 30].

B. Stability and Homogeneity of the Activity Concentration of
222Rn/220Rn and Their Progeny

The ?*?Rn/??Rn concentration in the calibration chamber over time for three
different combinations of ?22Rn and 2?°Rn sources with different activities is
shown in Figure 4 [Figure 4: see original paper]. The charge source loop (pump
A flow rate of 2 L/min) and the analog sampling loop (pump B flow rate of 10
L/min) were opened, the fan source was placed into the calibration chamber,
the fan source was turned on, and the 222Rn/?2Rn reached equilibrium in the
calibration chamber after about 3 days. After that, the aerosol dilution chamber
was connected to the progeny source chamber, and the pump C flow rate and
pump D flow rate were adjusted to 2 L/min, and the aerosol concentration
inside the calibration chamber was stabilized at about 10,000 particles/cm3
after about 3 h. RAD7 and 3007 were used for continuous monitoring of the
calibration chamber.

Figure 4(a) shows the stability of the 222Rn/??°Rn concentrations with 32,000
Bq of 229Rn source, 6700 Bq of 2?2Rn source, and the fan source turned on,
at which time the ?22Rn concentration was 1557 + 47 Bq/m? and the ??°Rn
concentration was 17149 + 387 Bq/m?3. Replacing the 3702 kBq source of 222Rn
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with a 6700 Bq source of 2?2Rn, with the valves of the source open 1/3, Figure
4(b) shows the stability of the ??2Rn/??°Rn concentration with 32,000 Bq of
220Rn, the 3702 kBq source of 222Rn, and the fan source open, at which time
the concentration of 222Rn is 14388 + 332 Bq/m?, the ?2°Rn concentration is
17455 + 498 Bq/m®. With the valve of the 3702 kBq source of 2?2Rn open 2/3
of the way, the 32,000 Bq source of ?2°Rn left connected, and the fan source
turned off, Figure 4(c) shows the stability of the 222Rn/??°Rn concentrations
with the 32,000 Bq source of 22°Rn, the 3702 kBq source of 222Rn, and the
fan source turned off, at which time the ?22Rn concentration was 21154 + 256
Bq/m?® and the 2?°Rn concentration is 884 + 57 Bq/m3. The 222Rn/??°Rn
concentrations in the calibration chamber are more stable in these three cases,
the RSD is less than 10%, and the stability of 2?2Rn concentration is higher
than that of 22°Rn concentration, because the half-life of 22°Rn is short, and
the 220Rn jet gas is easily perturbed by the airflow in the calibration chamber.
It was demonstrated that this regulation scheme ensured the stabilization of
222Rn/?2%Rn concentration in the calibration chamber after source replacement.

In order to study the stability and homogeneity of 222Rn/??°Rn progeny activity
concentration under different aerosol concentrations, 32,000 Bq of 22°Rn source
and 6700 Bq of 222Rn source were connected to the progeny source chamber,
the charge source loop and the analog sampling loop flow rates remained un-
changed without connecting to the aerosol regulating system, and 222Rn/??°Rn
progeny activity concentration inside the calibration chamber was sampled and
measured. The aerosol concentration in the calibration chamber at this time
was 92 + 10 particles/cm?, the 222Rn concentration was 1565 + 47 Bq/m?, and
the 22°Rn concentration was 17145 + 339 Bq/m®. The aerosol conditioning
system was connected to the progeny source chamber (K1 and K2 on), pump
C flow rate was adjusted to 9 L/min and pump D flow rate was adjusted to 2
L/min to raise the aerosol concentration in the calibration chamber to 2188 4
129 particles/cm3. After turning off K2 and adjusting the pump C flow rate to 4
L/min, the aerosol concentration in the calibration chamber increased to 5537 +
250 particles/cm?. Eventually, the aerosol concentration was further elevated to
10259 + 671 particles/cm® by adjusting the pump C flow rate to 2 L/min only.
Under these conditions, Figure 5 [Figure 5: see original paper| demonstrates
the stability of ?22Rn/??°Rn progeny activity concentrations in the calibration
chamber across four test scenarios. Notably, while the RSD of RaC and ThC
activity concentrations exceeded 10% at aerosol levels of 92 + 10 particles/cm?,
all progeny maintained RSD values below 10% at other tested aerosol concen-
trations. These results fully comply with the 10% requirement specified in the
IEC 61577-2 standard [31]. The results show that the regulation scheme can
achieve stable regulation of 222Rn/??°Rn progeny activity concentration in dif-
ferent aerosol environments. The ?2?2Rn/?2°Rn progeny activity concentration
increases as the aerosol concentration increases, as shown in Figure 6 [Figure 6:
see original paper|. Furthermore, the stability of 222Rn/?2°Rn progeny activity
concentrations demonstrates a positive dependence on aerosol concentration lev-
els. The mechanism primarily originates from enhanced progeny-aerosol binding
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rate in high-concentration aerosol environments, which concurrently suppresses
progeny deposition rate and wall attachment rate. This ultimately leads to
an overall elevated activity concentration of the 222Rn/?2Rn progeny, and the
222Rn/?2°Rn progeny activity concentration at high levels of aerosol concentra-
tion is less affected by statistical rise and fall errors.

In this study, 22Rn/?2Rn progeny were sampled at different locations to test
the uniformity of 222Rn/?2°Rn progeny distribution in the calibration chamber.
The sampling depths were 30 cm and 60 cm, and the sampling position was uni-
formly in the center of the calibration chamber, at which time the 222Rn/??°Rn
progeny activity concentration is shown in Figure 7 [Figure 7: see original pa-
per]. The sampling depth was uniformly 60 cm, and the two sampling positions
were 40 cm to the left and 40 cm to the right of the center of the calibration cham-
ber, at which time the 2?Rn/??°Rn progeny activity concentration was shown
in Figure 8 [Figure 8: see original paper|. Overall, the RSD of ?*Rn/??°Rn
progeny activity concentration is less than 10% for different locations sampled.
It is shown that the proposed regulation method can ensure the uniform distri-
bution of ??2Rn/?2°Rn progeny concentration under multiple airflow circuits as
well as fans. Owing to the constraints of limited sampling ports and available
samplers, uniformity tests were currently conducted using only two samplers
simultaneously. Subsequent implementation of additional sampling ports in the
220Rn chamber will enable multi-point measurements, thereby enhancing the
reliability of experimental data.

C. Regulatory Range of 222Rn/220Rn Progeny Activity Concentra-
tions

The aerosol serves as a carrier for the 222Rn/?2°Rn progeny aerosol, and the
aerosol concentration in the 2?2°Rn chamber is a direct influence on the con-
centration of the 222Rn/?2Rn progeny, provided that the concentration of
222Rn/??9Rn remains constant. The aerosol was regulated following the proce-
dure described in Section III B. During the experiment, the calibration chamber
maintained the ??2Rn concentration of 1570 + 48 Bq/m?® and the ??°Rn concen-
tration of 17248 + 478 Bq/m?, along with the temperature of 12.2 4+ 3 °C and
the relative humidity of 57 + 4%. When the aerosol concentration grew from 92
+ 10 particles/cm? to 10529 + 671 particles/cm?, 218Po activity concentration
grew from 268 Bq/m? to 935 Bq/m?; 214Pb activity concentration grew from 18
Bq/m? to 413 Bq/m?; 214Bi activity concentration grew from 8 Bq/m® to 322
Bq/m3; EEC activity concentration grew from 42 Bq/m? to 431 Bq/m?; 212Pb
activity concentration grew from 53 Bq/m? to 1116 Bq/m?; and 2'?Bi activity
concentration grew from 10 Bq/m? to 785 Bq/m?®. The relationships of 222Rn
progeny activity concentration, equilibrium equivalent radon concentration, and
220Rn progeny activity concentration with aerosol variation are given in Figure
9 [Figure 9: see original paper] and Figure 10 [Figure 10: see original paper],
respectively. The range of equilibrium factor for 222Rn is 0.032-0.340, and the
range of equilibrium factor for 22°Rn is 0.0064-0.413 obtained by calculation.
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High levels of equilibrium factors can be stabilized by increasing the aerosol
concentration or increasing the concentration of the 222Rn/?2°Rn progeny, and
vice versa for low levels of equilibrium factors, as has been similarly reported
in the literature [32-36]. The results show that the activity concentrations of
222Rn /?29Rn progeny all increase with the aerosol concentration, but the higher
the aerosol concentration, the slower the growth of progeny activity concentra-
tion. At very low aerosol concentration (92 4 10 particles/cm?), the activity
concentrations of 2'*Pb and 2'4Bi are very low, much lower than that of 2'8Po.
This is because most of the progeny at this time are in the unattached state, and
the rate of attachment of the unattached 2'4Pb and 2'Bi to the wall is much
higher than the rate of their production. The RSD between the theoretical and
experimental values of the activity concentration of 222Rn/?2°Rn progeny is less
than 20%, which may be due to the following reasons: the air exchange rate is
not constant in the real situation, the change of environmental factors will lead
to a change in the rate of progeny attachment to the wall and the rate of deposi-
tion, and due to the use of a fan source in the calibration chamber as well as the
use of two small fans to maintain the flow of the airflow, they will exacerbate
the 222Rn/??°Rn progeny attachment, the theoretical case underestimates the
attachment rate of walled ??2Rn/??*°Rn progeny.

In addition to regulating the 222Rn/22°Rn progeny activity concentration by
regulating the aerosol concentration, the 222Rn/?2°Rn progeny activity concen-
tration can also be regulated by replacing the 222Rn/??°Rn source in the man-
ner shown in Section IIT B. Figure 11 [Figure 11: see original paper]| shows the
222Rn/??°Rn progeny activity concentrations for three different combinations
of 222Rn/?*°Rn sources with different activities under conditions of constant
aerosol concentration. Due to the short half-life of the ?22Rn progeny and the
long half-life of the 22Rn progeny, and the 22°Rn progeny concentration is more
affected by the gas exchange and cannot accumulate to a high level, therefore,
when the 222Rn concentration is much less than the 2?2°Rn concentration, the
activity concentrations of 222Rn and 2?2°Rn progeny are similar, and when the
222Rn concentration is similar to the 22°Rn concentration, the 2?2Rn progeny
activity concentration will be higher than the activity concentration of ?2°Rn
progeny.

In summary, the range of progeny activity concentrations of ??2Rn/??°Rn can
be obtained as follows: the activity concentration of RaA is regulated in the
range of 268-12,351 Bq/m?; the activity concentration of RaB is regulated in
the range of 18-5,573 Bq/m3; the activity concentration of RaC is regulated in
the range of 8-3,868 Bq/m?; the activity concentration of ThB is regulated in
the range of 53-1,217 Bq/m?; the activity concentration of ThC is regulated in
the range of 10-794 Bq/m3.

IV. CONCLUSIONS

In this study, a ??°Rn chamber that can stabilize and simultaneously regulate
different 222Rn/?2Rn progeny activity concentrations was constructed. By ana-
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lyzing the behavioral mechanisms of aerosol particles and 22Rn/??°Rn progeny
in the 22°Rn chamber, a theoretical model and regulatory scheme for the simul-
taneous regulation of the activity concentration of 222Rn/?2°Rn progeny in the
220Rn chamber was established.

The experimental results show that the aerosol concentration in the calibration
chamber and the activity concentration of ?22Rn/?2°Rn and its progeny can be
stabilized for a long period of time under the operation of each chamber and
circuit, and a uniform distribution of aerosol particles and 222Rn/?2°Rn progeny
within the calibration chamber is achieved. The practical regulation guided
by the theoretical model is proved to be feasible through experiments. This
study provides an experimental setup to evaluate the cross-interference between
222Rn and ??°Rn, establishing a basis for the calibration of 222Rn/?2°Rn progeny
activity concentration monitors.
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