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Abstract: The measurement performance and characteristics of electronic radon monitors with
respect to radiological and environmental parameters are investigated. The study includes a sample
of 14 different types of devices from nine manufacturers. The devices are currently available on the
market with acquisition costs in the low or medium range. For comparison purposes, a high-end
AlphaGUARD device is included in the study as a benchmark for measurement performance of radon
monitors. Significant differences in the measurement performance are found between the tested
instrument types. Overall, however, it can be concluded that most radon monitors perform acceptably
and provide reliable information on radon activity concentrations in homes or workplaces, allowing
residents and employers to make decisions about the need for radon protection measures. But it
turns out that many radon monitors are supplied by the manufacturer with inadequate calibration,
so that the instruments must be additionally calibrated in a reference atmosphere before they can
be used. Among the tested radon monitors, there are also types with sufficiently good measuring
performance, which represent an inexpensive alternative to high-end devices for radon professionals.

Keywords: measurement performance; radon; electronic instruments

1. Introduction

Measurement of radon in homes and workplaces is a necessary prerequisite to demon-
strate that health protection requirements are satisfied. Moreover, they also show the need
for remediation measures and allow proof of their subsequent success. Measurements are
of particular importance if they are carried out for legal reasons to protect workers from
elevated radon exposure, as required by Directive 2013/59/EURATOM [1]. Achieving
these goals requires accurate and traceable radon measurements that create confidence
in the results and acceptance of the decisions made. Providing high-quality instruments
that are verifiably suitable for measuring purposes also strengthens the credibility of the
instrument manufacturer on the market.

Radon monitors are subject to permanently changing ambient conditions, as well as
to different mechanical and electro-magnetic stresses. In order to ensure the quality of
the measurements, the instruments must demonstrate sufficient stability in different expo-
sure conditions. To this end, technical standards establish mutually agreed performance
requirements that reflect current technical and scientific knowledge. The performance
requirements consist of a set of quantities that may be encountered in standard applications
of the class of instruments concerned, without claiming to cover all possible situations
to which the instrument may be exposed. The selection of quantities will also take into
account the availability of test equipment and procedures to perform a conformity assess-
ment. If it is intended to use the instrument under conditions not covered by the specified
requirements for standard applications, further performance tests adapted to the expected
conditions should be carried out to prove measurement capability.

Specific requirements for electronic instruments measuring radon activity concentra-
tion are laid down in the standard series IEC 61577 Part 2 [2]. The conformity of radon
instruments with the requirements shall be assessed by testing one or more instruments of
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the same type. This is referred to as a type or performance test and shall be conducted in
appropriate testing facilities.

Due to technological progress, new classes of electronic radon monitors are entering
the market. They enable autonomous long-term monitoring of radon activity concentra-
tion. The measurement results are stored electronically for later reading and evaluation.
Increasingly, modern devices also have the ability to transfer measurement data to a mobile
phone. The devices are featured by a handy design and lower cost, facilitating their wide
use not only among radon professionals. Low cost, easy handling and attractive design
should also be convincing arguments for the general public to monitor the radon situation
in their living environment.

When measurements are performed for legal reasons, regular calibration and metrolog-
ical control of the instrument by an approved laboratory is usually required. The accredited
radon laboratory of the Federal Office for Radiation Protection (BfS) offers calibration of
radon measuring instruments for customers on request. The applied calibration proce-
dure includes checks and verifications, which also serve the metrological control of the
instrument. Instruments with low acquisition costs, such as those used by the general
public, often escape metrological control because the need is not known, and manufac-
turer’s specifications are trusted. It should also not be concealed that, with budget-priced
instruments, there is a perceived disproportion between the cost of acquisition and the cost
of an approved calibration, as these are often in the same order of magnitude.

The aim of the presented study is to investigate the measurement performance and
characteristics of electronic radon monitors under different exposure conditions. Devices
which acquisition costs tend to be in the lower or medium range and are offered on the
European market by well-known and less well-known manufacturers are selected for the
tests. For comparison purposes, a high-end instrument from type AlphaGUARD is included.
The study shows the performance of the tested devices and thus supports the user in the
selection of suitable devices for the determination of radon activity concentration under
the conditions at the intended measurement site. It complements the ongoing activities to
assess and improve the quality of radon monitors [3-12].

2. Materials and Methods
2.1. Electronic Radon Instruments Selected for the Performance Test

The criterion for selecting a device type is the cost of acquisition, which is between
180 EUR and 1700 EUR per single device. This fulfills the main purpose of the study, which
is to include only instruments in lower or medium cost range. An exception to this is the Al-
phaGUARD device, which is a high-end radon monitor representing the state of technology
in the measurement of radon activity concentration. The AlphaGUARD undergoes the same
exposure and analysis processes as the other instruments, thus providing a benchmark for
the measurement performance of radon monitors.

The devices were purchased on the European market und used for the first time. The
Corentium Pro and Corentium Plus devices from the manufacturer Airthings are an exception,
as they were purchased in autumn 2021 and provided by a cooperating institute. Care was
taken to select devices with different measurement principles and from manufacturers in
different countries. Not only market-dominant manufacturers were considered but also
devices from niche manufacturers. The selection of the instruments took into account their
representativeness in order to reflect the current market situation.

Table 1 compiles the selected types with the serial numbers of the tested devices.
Further technical information is taken from the manuals of the devices or the websites of
the manufacturers.
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Table 1. Electronic radon monitors selected for the performance test and their technical specifications given by the manufacturer.

Type of Instrument, . Test Principle of Sensitivity Meas. Data Reading 1
Trade Name Manufacturer Serial No. Cycle Measurement (cpm at 100 Bq/m3)  Interval Software Webpage
. 201-129 . .
AER?+ Algade, Bessines-sur- 201-137 5 Diffusion chamber 0.08-0.1 60min  ZARsoft2 software https:/ /www.algade.com
Gartempe, France 201-139 with silicon detector
Airthi 2700012310 4 silicon detectors in CRA450, Corentium
. irthings, Oslo, 2700012978 .. . . -
Corentium Pro 2 4 distinct radon 0.17 60 min Report & Analysis https:/ /www.airthings.com
Norway 2700013051 diffusion chamb
2700013137 iffusion chambers v.4.5.0/2020-09-03
s 2201005514 o CRAA450, Corentium
Corentium Plus Alri‘;;%; Oslo, 2201005522 2 Vg;g‘;fﬁzgrfzaeﬁi’f; 0.042 60min  Report & Analysis  https://www.airthings.com
y 2201005543 v.4.5.0/2020-09-03
s 2403040716 I
Corentium Home Airthings, Oslo, 2403040730 2 Diffusion chamber 0.042 60 min Read out by https:/ /www.airthings.com
Norway 2403040768 with silicon detector manufacturer
Airthi Osl 2930067676 5 « - Abrthines A
irthings, Oslo, 2930076140 Diffusion chamber . irthings App https: irthi
Wave Plus Norway 5930079548 4 with silicon detector 0.042 60 min Version 3.10.5(370) ps:/ /www.airthings.com
Bertin Te.chnologles, AE001356 Diffusion chamber . Data View v.15.02.00, https:/ /www.bertin-
Alpha E Montigny-le- AEQ01364 ! with silicon detector 0.05 10 min CCM_MT v.15.02.00 technologies.com
Bretonneux, France AE001365 - T 81es:
34417 Radona Data
RadonaExpert+ Radontec, 5610105 3 Pulse ionization 1.35 10 min Download Tool, https:/ /www.radontec.d
p Wittislingen, Germany 5610107 chamber ’ MTTTY Version ps: ‘radontec.de
1.0.0.0
. 22111040150 L
RadonEye+2 FILAB Co, Ansan-si, 55111040151 4 Pulse ionization 135 60min  RadonEyes2App. e/ /www.radonftlab.com
South Korea chamber Version 1.2.5
22111040152
4 Sarad. Dresd RSP-00758 L with
Radon Scout arad, Dresden, RSP-00759 Lucas cell wit . - httos: / /sarad.d
Professional Germany ROP-00760 » silicon detector 0.33 10 min Radon Vision 7.1.1 ps:/ /sarad.de
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Table 1. Cont.

Type of Instrument, . Test Principle of Sensitivity Meas. Data Reading 1
Trade Name Manufacturer Serial No. Cycle Measurement (cpm at 100 Bq/m3)  Interval Software Webpage
RSCH-01237 e
Radon Scout Home Sa”gd'r Eferfde“' RSCH-01238 1 “]?igfuisllionrf}éart“bterr 0.0092 4h Radon Vision 7.1.1 https:/ /sarad.de
ermany RSCH-01239 silicon detecto
DNE 098/9748 Pulse ionization Radonsystem A
Radonsystem Elektronik-Systeme, 099/7144 5 Not provided 10 min y PP https:/ /radonsystem.de
. chamber Version 1.4
Schoningen, Germany 100/1164
Meine Radon
.. Radonova, Uppsala, 202C-00¢C Diffusion chamber . 10 to. 120 Seiten/ API, Version
Spirit 202C-00CD 5 o Not provided min, https:/ /www.radonova.de
Sweden 202C-00D4 with silicon detector varvin 1.0, accessed on 13
yms September 2023
Tesla, Pr Czech 20002 Diffusion chamber bRADONview Web is no longer
TSR4DM esia, Praghie, Lzec 20003 3 L uston chatibe 0.42 60min  ° € cbpage Is o fonge
Republic with silicon detector 2.6.4 accessible.
20004
Genitron Instruments.,
Frankfurt, Germany
AlphaGUARD (successor: Bertin EF 0734 4 Pulse ionization 5 10 min DataView 15.03.00 https:/ /www.bertin-
PQ2000 PRO TTL Technologies, chamber CCM_AGT 16.03.00 technologies.com

Montigny-le-
Bretonneux, France)

! Each of the URL was accessed on 26 August 2024.
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2.2. Test Facility

The performance tests are carried out in a facility providing stable and traceable at-
mospheres in the low activity concentration range of airborne radon [13]. The facility is
shown in Figure 1 and consists of a reference chamber with a volume of approx. 168 L
traced back to the national reference volume. A secondary test chamber with a volume of
approx. 125 L and equipment for circulating radon-laden air between the chambers, as
well as instruments for monitoring the radon activity concentration and climatic parame-
ters, complete the facility. The instruments used for monitoring climatic parameters are
calibrated at approved calibration laboratories for the measurement quantities.

Figure 1. Test facility with identification of the main components.

The entire system is pressure-tight to 1200 mbar and vacuum-tight to 1 mbar. The
standard operating ranges in which the parameters can usually be kept constant over time
are between 800 mbar and 1100 mbar for the air pressure and between 0 °C and 50 °C for
the temperature. A professional air conditioning unit is used to set the temperature in
the secondary test chamber. Humidity is adjusted by controlled flow through a gas wash
cylinder filled with water.

A radon emanation source provided by the Czech Metrological Institute (CMI) with
anominal Radium-226 activity of about 10 kBq is used for the production of Radon-222 [14].
The emanation source can be operated in flow-through or batch mode. In batch mode,
radon released over time and accumulated in the gas phase of the source is immediately
transferred to the chamber volume. For example, an accumulation of radon in the source
over 10 h and subsequent transfer results in an initial radon activity concentration of about
2400 Bq/m? in the entire chamber system.

In the flow-through mode, a continuous air flow through the source takes up the
emanated radon and adds it to the chamber volume. The final radon activity concentration
generated in the chamber system depends on the air flow rate. For operation in the flow-
through mode, the system is equipped with a calibrated mass flow controller installed
upstream of the source to ensure a constant and accurate airflow through the source
into the calibration chamber. The value of the flow rate displayed by the controller for
standard air conditions is subsequently corrected in relation to the current conditions of
the temperature, air pressure and humidity. The excess air is discharged from the chamber
system via an outlet. As a result of the flow-through mode, the chamber system is open to
the environment so that the air pressure inside the chambers correlates with the pressure
outside. This mode of operation allows long constant exposures in the target range between
100 Bq/m? and 1000 Bq/m?.
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To flush the source and chamber system, the air flow is supplied from compressed gas
bottles. This ensures a constant quality in the air transfer system with low humidity and
a negligible radon background, which does not affect the emanation properties of the
source and allows the generation of traceable radon atmospheres.

The radon activity concentrations occurring in the two-chamber system are mathe-
matically described by a system of two linear differential equations, which can be solved
exactly [13]. Taking into account the parameters of the source, the air flow rate and the
chamber volumes, the time course of the radon activity concentration is thus determined
for each operating condition using the finite element method with a standard uncertainty
of 1.0% [13]. The calculated radon activity concentrations replace the measurements.

2.3. Standard Test Procedures
2.3.1. Standard Test Procedures with Variation of Temperature, Relative Humidity and
Radon Activity Concentration

The instruments are arranged in the secondary test chamber, as shown in Figure 2.
Care is taken to ensure sufficient space between the instruments, as well as to the inner
walls of the chamber. Most instruments are placed on a metal stand to also provide distance
to the lower inner wall. Low-intensity active ventilation circulates the radon-laden air in
the chamber and between the instruments, thus distributing it uniformly throughout the
chamber. To process the number of devices, a total of five identical test cycles are executed,
each with different device types (up to nine single devices per test cycle).

Test cycle 4

Test cycle 5

Figure 2. Arrangement of the devices to be tested in the various test cycles.
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A test cycle is performed by cycling through various stationary exposures in the
chamber atmosphere. Starting from a stationary exposure with standard test conditions,
the values of temperature, humidity and radon concentration are changed sequentially and
kept stable for a longer exposure time in each case. The duration of the exposure period
is sufficiently long to achieve stationary state and acquire a number of measurements for
statistically significant analyses. After the end of the exposure period, either the next value
of the same parameter is set or the value is reset to the default standard test conditions and
the next parameter is changed. During a test cycle, the standard test conditions are run
three times. The exposure duration and values of the temperature, air pressure, relative
humidity and radon activity concentration averaged over the decisive exposure periods are
given in Table 2 for the standard test conditions and in Table 3 for tests with the changed
individual parameters of the exposure conditions. The data are provided for each stationary
exposure period of the respective test cycle.

Table 2. Standard test conditions for the different test cycles; average values of temperature, air
pressure, relative humidity and radon activity concentration during the exposure time.

Test Radon Activity Conc.
Cvel Run Duration Temperature  Ajr Pressure Rel. Humidity 1
ycle Value Max Dev.
(h) Je) (hPa) (%) (Bg/m®) (%)

1 48 20.2 1007 <10 992 +0.5

1 2 56 20.3 998 <8 982 +1.0

3 99 20.4 1018 <5 1001 +0.9

1 50 20.2 1006 12 989 +0.9

2 2 63 20.9 1007 <6 990 +0.6

3 72 19.7 1004 12 989 +0.9

1 75 20.7 1002 18 984 +0.5

3 2 72 20.0 1011 <6 995 +0.7

3 137 20.0 1007 <5 992 +0.6

1 32 20.1 1014 <6 995 +0.9

4 2 68 20.0 1010 <3 994 +0.6

3 71 19.8 996 <5 981 +0.4

1 48 20.2 1002 <1.3 987 +0.8

5 2 49 20.2 1003 <1.0 988 +1.7

3 117 20.4 998 <1.0 983 +0.9

! The sensor used for humidity measurement has an offset below a relative humidity of 10%. Since the measure-
ments are therefore subject to increased uncertainty, only the maximum value is given for low humidity. The
sensor was replaced before test cycle 5.

The stationary exposure periods are followed by a period of alternating exposures
during which short-term fluctuations in radon activity concentrations affect the devices.
For this purpose, the radon activity accumulated in the source over 10 h is injected directly
into the secondary test chamber all at once. Thereafter, the radon concentration decreases to
near zero within 10 h due to decay and purging. The air flow is automatically controlled by
electromagnetic valves that run through a predefined time regime. Under constant standard
test conditions, the procedure is repeated 16 times for test cycle 1 and approximately the
same number of times for the other test cycles.

The time course of the changing conditions in the test chamber is exemplarily shown in
Figure 3 for the first test cycle. The time duration needed to complete a test cycle is 6 weeks
at least. The upper graph represents the radon activity concentration in the secondary test
chamber, the middle the radon exposure and the lower the climatic conditions inside the
chamber. The radon exposure is the radon activity concentration accumulated over the
exposure time. The corresponding values for temperature and humidity can be taken from
the lower graph.
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Figure 3. Scheme of test cycle 1 (exemplarily for the other test cycles; changes in the sequence of the test cycle may occur).
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Table 3. Test conditions with changes of individual parameters: mean values of temperature,
air pressure, relative humidity and radon activity concentration (RnC) during the corresponding
exposure period; the initial value of RnC is the radon activity concentration at the start of the test.

Temperature Air Pressure Rel. Humidity Radon Activity Conc.
Test Test Duration Value Duration Value Initial RnC Duration Value Duration Value Max Dev.
Cycle level (h) QO (h) (hPa) (Bq/m?3) (h) (%) (h) (Bq/m?3) (%)
1 1 64 5.1 55 957 3650 45 65 67 104 +0.3
2 68 35.1 68 1041 39 90 78 300 +0.6
5 1 86 5.1 52 951 4190 50 61 90 104 +0.4
2 58 355 87 1041 81 93 24 300 +0.2
3 1 45 5.0 68 949 5620 46 54 93 104 +0.8
2 80 355 94 1037 88 78 150 299 +0.9
4 1 88 49 50 950 4820 45 48 67 103 +0.7
2 59 349 89 1032 61 71 76 299 +0.6
5 1 83 5.0 27 951 10.870 65 58 89 103 +0.1
2 79 355 95 1052 ! 103 87 61 299 +0.2

2.3.2. Standard Test Procedure with Variations in the Air Pressure

The test procedure with two specified air pressure levels is performed in batch mode of
the source and follows the completion of the previous test procedures. The devices remain
in the test chamber. Before the test, the chamber system is sealed off from the environment
and the residual radon in the source is flushed out by a short air stream. The source is then
closed, allowing the radon to build up over several hours.

At the beginning of the test, the chamber system is evacuated to a pressure of about
850 hPa using a vacuum pump. Then, air from the pressurized gas cylinders is fed into the
chamber via the radon source until the lower test value of the air pressure is reached. After
the air supply is stopped, all the radon accumulated in the source has been transferred
to the chamber. The initial value of radon activity concentration results from the time of
radon accumulation in the source and the chamber volume.

Once the chamber system is hermetically sealed from the environment, the radon
activity concentration in the chamber volume decreases according to the natural decay of
radon. Upon completion of exposure to low atmospheric pressure, the chamber system is
filled with air from the pressurized gas cylinders (bypassing the radon source) until the
upper atmospheric pressure level is reached and then hermetically sealed again. The test is
terminated after a further extended exposure time. As an example of the air pressure test,
Figure 4 shows the schematic of the procedure for test cycle 1. The upper graph represents
the decrease in radon activity concentration after injection, the lower the time course of
temperature, relative humidity and air pressure. The test periods with the constant air
pressures are obvious. The exposure duration, air pressure and initial activity concentration
of radon are given for the respective test periods in Table 3.

2.4. Analysis of Measurements
2.4.1. Measurement Background of the Device

The measurement background is the indication of the device in a radon-free atmo-
sphere. In order to establish a radon-free atmosphere, the air contained in the chamber
system is completely replaced by the air supplied from the compressed gas cylinders. Due
to the preceding storage of several weeks, the gas cylinders supply air with a negligible
low radon content. The air exchange is completed after at least 10 h of purging with an
air flow rate of 3 L/min. Then, the indications of the devices are not affected by the radon
activity concentration and display the measurement background.
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Figure 4. Scheme of the air pressure test carried out in test cycle 1 (exemplarily for the other test cycles).

For each device to be tested, the measurement background is determined either before
or after the respective test exposure over a period of more than 150 h and, in individual
cases, up to more than 1000 h. The long time periods ensure a high statistical significance
in the background determination.

2.4.2. Test Value and Test Reference Value

The performance of a device is evaluated by comparing a test value against a test
reference value. The analysis makes use of the fact that each test parameter influences the
test results independently of the other parameters, so that covariances between different
parameters are excluded.

To establish test and test reference values, the mean value of the net indication of the
instrument, Ipeyice net, and the mean reference radon activity concentration, CRn,ref, €aCh
obtained for the same exposure period, are related to each other:

T .
R — D:evme,net ) (1)
CRn,ref

The net indication is the indication of the instrument reduced by its average back-
ground. The mean reference radon activity concentration is the average of the actual
concentrations values calculated from the solution of the system of two linear differential
equations, taking into account the parameters of the source, the air flow rate and the
chamber volumes [13]. Since the devices directly output measured values of the radon
activity concentration, the value R is unitless.

The test reference value, R.f, is determined according to Equation (1) when the device
is exposed to standard test conditions. The test value, R, is the quotient according to
Equation (1) for exposure times in which the device is exposed to conditions that varied
from the standard conditions. The method used here, in which both the test value and the
test reference value are related to the radon activity concentration, has the advantage that
the test result is independent of the current calibration status of the instrument.

Since the test reference value is the critical comparison value for determining instru-
ment performance, it must satisfy a higher degree of confidence. To achieve this, exposures
under standard test conditions are thus performed three times (1. = 3) during each course
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of the test. The final test reference value, R, is the sum of the weighted ratios Ref;
determined for each exposure under standard test conditions:

Ryef = ZwiRref,i . 2)
i

The weights, w;, are calculated from the number, n;, of individual measurements taken
by the instrument during the exposure period in question in relation to the total number of
measurements taken during all exposures under standard test conditions:

i

w; = ——. 3)
oYin
The relative standard deviation of the test reference value is
1 wiR% — R2
Spef = —— M 4)
Ryef ne —1

The relative standard deviation is also referred to as the coefficient of variation [2].
Unless otherwise specified, the performance of the device with respect to the tested
quantity is determined by the relative deviation, ppevice, between the test value and the test

reference value: R_R
PDevice = TM- (5)
ref

The value for ppevice is given as a percentage deviation of the indication at the condi-
tion under testing from the indication at the standard test condition. It is only reported if
the difference between R and R, is statistically significant. For specific analyses, R ¢f can
also be replaced by another reference value. This is used, for example, when comparing
measurements taken at high and medium humidity. In this case, the measured value at
medium humidity is considered as the reference.

The measurements taken for the air pressure test must be corrected for the radioactive
decay of radon during the test period. By means of the corrected measurements, the test
values at low and at high air pressure, Rjowap and Rhighap, are determined. Performance
for the varying air pressure, ppevice, is evaluated using the difference between the test
values at low and high air pressure, referred to the common mean and the difference
between the air pressures phigh and plow:

Rhighar — Riowap

Rhighar + RlowAP) (phigh - Plow)

PDevice = 200( (6)

The values for Rjowap Or Rpighap are determined according to Equation (1) and indicate
the sensitivities for the respective air pressures. Values for ppigh and pjoy given in the unit
hPa are used. The result of Equation (6) is the change in sensitivity per 100 hPa increase in
air pressure. Such a high difference in air pressure is not to be expected under practical
measuring conditions and is only used here for comparison.

2.4.3. Statistical Analysis

The independent samples t-test is used to compare the mean responses of the instrument
to two different exposure conditions. The null hypothesis states that both means are equivalent.
If the null hypothesis is rejected, the two means differ significantly from each other.
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To decide on the equivalence of two means, X; and X, obtained from normal dis-
tributed samples of sizes 11 and n; with standard deviations S; and S5, respectively, the
test parameter, t,, is generally provided by the statistical function [15]:

X —-X [nin
tr _ 1 2 1712 ] (7)
\/(”11)5%“”21)5% 2

ny+npy—2

Its application presumes that both X; and X; are determined from multiple realiza-
tions of the respective variables. However, during the period of stationary exposures,
only the standard test conditions are realized several times, while the tests with modified
exposure conditions are performed only once each. The relative standard deviation, sy,
of the test reference value is assumed to be equal to that of the test value for the exposure
conditions under investigation. When X is replaced by R and X; by Ry, it follows from
the application of the aforementioned assumption that 1 = ny; = ne, S1 = sf R and
S2 = Sref Rye. From Equation (7), it yields

t, = R Reet Vle. (8)
Sref R% + Rzef

In the case of the measurement performance for the change in air pressure, the respec-
tive mean values and standard deviations of the two different air pressures are determined.
The test parameter ¢, is then directly calculated from Equation (7).

The null hypothesis is verified by the two-sided t-test t,,1_, /> with m = 2(ne — 1)
degrees of freedom. This study uses an error probability of # = 5%. The null hypoth-
esis is rejected, and it is concluded that the instrument response to the modified expo-
sure condition is significantly different from the response to the standard test conditions
(Rret # R), if | tr| 2 ti—a/2-

The relative standard deviation affects the decision whether the measurement devia-
tion for another characteristic is significant or not. A low value favors that even a small
measurement deviation in the characteristics to be tested is classified as significant. With
a high relative standard deviation, a non-significant evaluation becomes more likely for the
same deviation.

2.5. Investigation of Advanced Metrological Characteristics
2.5.1. Sensitivity

In the context of this performance test, the collected data are analyzed to verify the
sensitivity specified by the manufacturer for the device type. The term sensitivity represents
the quotient of the change in an indication of the radon monitor and the corresponding
change in a value of the radon activity concentration [16]. This quotient conforms to
Equation (1) and is expressed by the number of counts recorded during the specified
measurement interval for a given radon activity concentration. However, the instruments
generally report the measurements directly in units of radon activity concentration rather
than the number of counts in the measurement interval. Therefore, the values of radon
activity concentration must be traced back to the primary registered number of counts.

The determination of sensitivity is performed at sufficiently low radon activity con-
centrations, at which the statistical fluctuations of radon activity lead to changes in the
measured values, which smallest differences can each be assigned to a single registered
count. The analyses are carried out for the readings taken at a radon activity concentration
of about 100 Bq/ mS.

It should be noted that this method of determining sensitivity is only applicable to
instruments where the observed changes in the measured values correlate with the same
changes in the radon activity concentration. The method fails if the instrument does not
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use the pulse counting method or if the readings have been pre-processed by applying
a statistical filter (e.g., the moving average method).

2.5.2. Measurement Precision of Radon Activity Concentration

The term measurement precision is defined as being the closeness of agreement between
indications or measured quantity values obtained by replicate measurements. .. [16]. Repeated
testing at stationary exposures with standard test conditions provides measurements under
identical conditions. It is assumed that the remaining minor deviations observed for
temperature, air pressure and relative humidity during each run will not significantly affect
the readings of the devices under testing.

The relative standard deviation of the test reference value according to Equation (4) is
used as a measure for the measurement precision and is expressed as a percentage. The
lower the standard deviation, the higher the measurement precision.

In addition to the relative standard deviation of the test reference value, the maximum
deviation from the mean is determined.

2.5.3. Measurement Accuracy in Terms of the Reference Radon Activity Concentration

Measurement accuracy is the closeness of agreement between the measured value
and the value of the reference radon activity concentration, which is considered to be the
true value of the measurand for the particular test [16]. It is quantified in this study by the
systematic measurement error, €, resulting from the difference between the net measured
value, Ipevice net, and the reference radon activity concentration, CRn ref:

€= IDevice,net - ERn,ref- (9)

The systematic measurement error is a component of measurement error that, in replicate
measurements, remains constant or varies in a predictable manner [16]. It provides information
about the calibration status of the instrument. The smaller the systematic measurement
error, the better the measurement accuracy.

The test is performed for the exposure time corresponding to standard indoor con-
ditions with a relative humidity between 50% and 65%. The reference radon activity
concentration is the average over the same period. By referring to this quantity, the system-
atic measurement error is expressed as a percentage.

2.5.4. Linearity of Indication

The linearity test checks the proportionality of the device’s display to the change
in radon activity concentration. It expresses the degree of constancy of the instrument
sensitivity over an extended measurement range. The test is performed for the range from
100 Bq/m? to 1000 Bq/m? and for the restricted range from 300 Bq/m? to 1000 Bq/m?.

The mean deviation of the test values determined at the lower and upper limits of
the measurement range serves as a measure for the change in sensitivities and thus for the
assessment of the linearity [2]. The linearity error q results from the ratio between the mean
deviation and the average test value:

Rmax - Rmin

10
Rmax + Rmin ( )

-

Rmax is the test value at the upper limit of the investigated measurement range. In
this study, Rmax is identical to Ry, the test value at standard test conditions with a radon
activity concentration of about 1000 Bq/m3. The parameter R, is the test value at the
standard test conditions but with a radon activity concentration of 100 Bq/m? or 300 Bq/m?3.
As the linearity error only compares the sensitivities at the lower and upper limits of the
measuring range, it is not an indicator of a trend and is given as an absolute value.
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2.5.5. Exposure to Radon in Stationary and Alternating Atmospheres

The exposure test assesses the consistency of accumulated measurements under chang-
ing exposure conditions with the accumulation under constant conditions. When the
measured values are recorded at equidistant time intervals, the exposure to radon, Epevice,
determined by the device is the sum of the measured values Ipeyice; Of radon activity
concentration multiplied by the time interval At:

EDevice = Z IDevice,i At = Atz IDeVice,i . (11)
i i

Accordingly, the reference exposure E,.¢ results from the reference radon activity
concentration summed up over the same determination period. The test value, R, is the
ratio of both exposure values:

R = Epevice ) (12)
Eref

The test value is determined separately for the period of stationary and alternating
exposure. The test for stationary exposures also includes transition phases from one
stationary state to the next. Attention is paid to exposing the instruments to a radon-free
atmosphere before the determination period to establish a verifiable starting point.

The test reference value is the weighted average of the ratio according to Equation (12)
calculated over the periods of stationary exposures under standard test conditions only. The
weights are equal to those used in Equation (3). The instrument performance is determined
from the difference between test value and test reference value according to Equation (5). It
should be noted that, even with alternating exposures, the performance of the instrument
is compared with the test reference value derived from the stationary exposure under
standard test conditions. This is to point out the measurement error that occurs when the
instrument is used in atmospheres with fluctuating radon activity concentrations rather
than in constant radon atmospheres where the instrument is usually calibrated.

The results of the exposure test only show the performance in relation to the specific
exposure profiles used in this study and are not transferable to other radon atmospheres.

2.5.6. Autocorrelation of the Measured Values

Due to the statistical effects of radioactivity and other influencing factors, the indi-
vidual measurement value randomly deviates from the current true value. If the radon
activity concentration is constant over time, the measurement values should be evenly
distributed around the long-term mean value. This indicates that the individual measure-
ments are independent of each other. In cases, where the measured value obtained at
a given time is also influenced by measurements taken at other times, the measurements
are not independent. This may lead to periodicities in the measurement series.

Periodicities are analyzed using autocorrelation, which specifies the linear relation-
ship between time-shifted values of a time series. Given measurements, xj, x2--- x, at
equidistant time points, the lag T autocorrelation coefficient, ¢+, is defined as being

=0 Z% (x; = %) (Xipr —X). (13)

The autocorrelation function is the sequence of values c; for successive lags 7. The
autocorrelation is positive if a deviation from the mean value is followed with a high
probability by a measurement deviation in the same direction from the mean value.
With negative autocorrelation, successive measurements tend to deviate inversely from
the mean.
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Autocorrelation is identified by the Durbin—Watson test with the test parameter d:

i— Yo (x; — xifl)z' (14)

Yy (x; — %)

The test parameter is in the range 0 < d < 4. If d is close to 2, no autocorrelation is
assumed. The closer d is to zero, a positive autocorrelation is assumed, and the closer d is to
4, a negative autocorrelation is assumed. The test is carried out for an error probability of
5%. It should be noted that, for certain ranges of the test parameter d, the Durbin-Watson
test does not deliver a decision. In these cases, it is evaluated in favor of the instrument,
and no autocorrelation of the measured data is assumed.

Figure 5 illustrates the effects of data modification through moving averages on
the autocorrelation function. The upper graph shows 200 randomly selected numbers
uniformly distributed between —1 and 1. Below are shown the autocorrelation functions
calculated for the original data and for the first-order (current value and the first prior),
third-order (current value and the last three priors) and ninth-order (current value and the
last nine prior) moving averages.

Sampling number
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Figure 5. Illustration of the effects of the moving average. Upper graph: 200 random numbers
uniformly distributed between —1 and 1; Random: autocorrelation of the random numbers (original
data without modification); MA1: autocorrelation of the moving average from the current random
value and its previous value; MA3: autocorrelation of the moving average from the current random
value and the three previous values; MA9: autocorrelation of the moving average from the current
random value and the nine previous values.

The effect of the order of the moving average on the autocorrelation is obvious. For
the autocorrelation function of the original random numbers, the Durbin-Watson test
parameter is 1.95, indicating no autocorrelation. However, as the order of the moving
average increases, the test parameter decreases, indicating a stronger autocorrelation. Even
a moving average with the immediately preceding interval (first-order moving average)
already results in a Durbin-Watson test parameter of less than 1. A statistical filter based
on the moving average method is often used in radon monitors to pre-process the data in
order to reduce statistical fluctuations. The moving average method smooths out sudden
changes in radon concentration, so that these are not reliably detected.
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2.5.7. Statistical Fluctuation

The statistical fluctuation of the measured values corresponds to the type A measure-
ment uncertainty and evaluates the random dispersion of successive instrument readings
under the same exposure conditions. The fluctuations result from both the statistical nature
of the radiation generation and random variations in radionuclide sampling, radiation
registration and signal processing.

The statistical fluctuation is quantified by the total variance, V2,, of the readings taken
at a constant radon activity concentration of about 1000 Bq/m3. The relative standard
deviation is the square root of the total variance divided by the average of the readings.

Depending on the type of device, the statistical fluctuations of the measured value are
given for the standard measurement intervals of 10 min and/or 60 min, which are either
already preset in the configuration of the respective device under testing or can be set by
the operator. In addition, the measured values are gathered over a virtual measurement
interval of 180 min. An exception is a type of device that operates with a measuring interval
of 240 min.

2.5.8. Instrument Statistical Fluctuation

The instrument statistical fluctuation is instrument-specific and includes the portion of
the statistical fluctuation caused by random variations in radionuclide sampling, radiation
detection and signal processing. It is assumed that the instrument-specific statistical

fluctuation, V2, is independent of the fluctuation of the incident radiation, V2 ,. Both

inst’
portions result in the total variance of the measured values:

2 2 2

Viot = Vrad + Vinst- (15)

The relative standard deviation, s;,5;, caused by instrument statistical fluctuation is
expressed as part of the total standard deviation and given in percentage:

V2 V2
sinst—\/ oot = \/1— s (16)
Vtot Vtot

The variance intrinsic to radiation generation cannot be controlled by technical mea-
sures. It is evoked by the statistics of the disintegration of collected radon and its progeny,
as well as by random events registered by the device when no radiation is present (back-
ground). The disintegration of collected radionuclides and background events are each
assumed to be Poisson distributed. The variance V2, is therefore calculated from the
number of counts, N, registered during the measurement interval and the variance of
background events, Ny, randomly included in the registered counts:

N+ N,
V2, = % (17)

The parameter R is the sensitivity that indicates at which radon activity concentration
one counting event is triggered. For stationary long-term exposures with a constant radon
activity concentration, cr,, the number of counts registered during the measurement
interval is N = R crp and Ny = R ¢ for the background events. This allows the variance
attributed to radiation to be estimated by

1
Vg = 7 (CRa + Co)- (18)

The instrumental statistical fluctuation is determined using the method given here
only if the measured values are subject to a negative binominal distribution. This is the
case when the total variance of the measured values is larger than the average reading.
Therefore, the instrumental statistical fluctuation cannot be determined for devices with
autocorrelated readings.
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2.5.9. Impulse Response Function

The response, g(t), of a device to an arbitrary change of radon concentration, f(t), has
a time delay:

—+00
() = /f(r)h(t—r) dr . (19)

The function % (t) is the impulse response function specific to the signal and data pro-
cessing of the device under testing. The integral in Equation (19) represents the convolution
of the input f(t) with the impulse response h(t), from which the device response follows.
This procedure has already been applied to radon monitors elsewhere [4].

The impulse response function is determined from the time series of radon activity
concentrations recorded during the time of alternating exposures. For this purpose, the
time series is further processed: After checking the device time and adjusting it with the
time of the alternating reference radon concentration, the mean response function, g(t), of
the device and the mean input function, f(t), over all the acquired alternating periods are
calculated. The mean response function is obtained from the time series of radon activity
concentrations taken by the device under testing; the mean input function is derived from
the time series of reference radon activity concentrations. The device-specific impulse
response function is derived from both functions after Fourier analysis.

2.5.10. Response Time to Changes in the Radon Activity Concentration

According to IEC 61577-2, the response time of a radon device is defined as being the
time required after a step change in radon activity concentration for the device indication
to reach 90% of its final value for the first time [2].

The response time can be determined experimentally by measurements in atmospheres
with sudden changes in the radon concentration or mathematically by using the impulse
response function. In the experiment, the device is immediately placed in an atmosphere
with a constant radon activity concentration. The radon activity concentrations used for the
test are in the range of 5000 Bq/m?3. The increase in the readings is observed and recorded
until a stable final state with only statistical fluctuations is reached. The recorded values are
fitted to a parametric exponential function approaching a maximum value. The response
time is the time from inserting the device in the atmosphere to achieving the level of 90%
of the maximum value. In this study, the response time is also experimentally determined
for a sudden drop in radon activity concentration to zero. After fitting the measured values
using an exponential function decreasing to zero, the response time is the time when the
measured values reach 10% of the previous maximum value for the first time.

When using the impulse response function, the response time results from its convolu-
tion with a step input function. Similar to the experimental method, the response time is
the time from the simulated sudden increase in radon activity concentration to reaching
90% of the maximum value.

The study covers only electronic radon monitors that continuously measure the radon
activity concentration and have internal data storage for later reading. The capacity of the
data storage should be sufficient for measurements over a period of 3 months at least. The
radon monitors have in common that radon enters the sensitive measurement volume by
diffusion. Electrical power for the instruments is provided by batteries or a low-voltage
power supply. The selected devices are transportable and can generally be considered
handy in terms of design, size and weight. The software listed in Table 1 is used to read
out the measurement data from the devices. It is either supplied with the purchase of the
devices or provided directly by the manufacturer.

At least three single devices of each type are included in the test. This should make it
possible to show and examine the manufacturing tolerance between the devices.

Most of the selected devices are also equipped with sensors measuring quantities
other than radon (temperature, humidity, air pressure, carbon dioxide, etc.). The evaluation
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of the measurement performance in respect to these quantities is outside the scope of the
present study.

3. Results

Tables 4 and 5 compile the test results indicating the measurement performance
of each device with respect to the studied characteristics. Deviations between test and
reference values are considered non-significant (NS) if the statistical test does not reject
the null hypothesis about the equivalence of the test and reference values. In these cases,
the deviation shall be considered to be random, taking into account the specified error
probability of & = 5%. The complete test cycle for one device of each of the types under
testing is shown in Part S1 of the Supplementary Materials.

The sensitivity (Table 4) could only be determined for instrument types that provide
measured values without, or only weak, autocorrelation. The values obtained for the
sensitivity agree well with the values specified by the manufacturer in Table 1. However,
variations between individual devices of the same type may occur.

The measurement precision (Table 4) evaluated by the standard deviation of repli-
cate measurements is excellent for most device types, and only some types have slightly
higher values.

The tests show that temperature and humidity can strongly influence the measure-
ment performance of the devices. The devices tend to overestimate the radon activity
concentration when the temperature drops and underestimate it when the temperature
rises (Table 4). It should be noted that both the test value and the test reference value
are determined for the actual temperature and are therefore not influenced by different
air densities.

The influence of humidity is particularly relevant for devices that use the effect of
electrostatic deposition of the charged radon progeny for measurement. The presence of
water vapor increases the neutralization rate of the charged particles, thereby reducing the
effect of electrostatic deposition [17]. Since it is assumed that the various test parameters
do not influence each other and thus covariances are excluded, low humidity should only
affect the humidity tests themselves. The test results show that low humidity is only
important for some device types, while other types perform acceptably even at very low
humidity. The effects of low humidity are addressed in more detail later for the relevant
device types. The influence of humidity or temperature is not the same for all device types
and can vary considerably. While, for some, the sensitivity decreases with the increasing
humidity or temperature, for others, it is the reverse.

In interpreting the effects of air pressure fluctuations, it should be noted that the
values in Table 4 are given for an increase in air pressure of 100 hPa. Since a change of
this magnitude is not to be expected under typical operating conditions, the test results
indicate that the air pressure has a rather small influence on the measurement results of
most devices under typical operating conditions.

The measurement accuracy of the tested devices expressed by the systematic mea-
surement error is satisfactory only for some devices (Table 5). A high absolute value of
the systematic measurement error points to insufficient calibration at the time of the test.
Since most instruments on the market are purchased and used directly for testing, the
errors show that many instruments are supplied by the manufacturer with inadequate
primary calibration.

The statistical fluctuations provided in Table 5 show a significant decrease with the
increasing measurement interval for devices without, or only weak, autocorrelation. For
instruments with autocorrelation of the measured values, the statistical fluctuation de-
creases only slightly with the increasing measurement interval. The analysis indicates that
instrument statistical fluctuation contributes significantly to the statistical fluctuation and
accounts more than half for the majority of the devices tested.
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Table 4. Test results.

Background &

Tvoe Serial St. dev Sensitivity Measurement Precision Temperature Relative Humidity Air Pressure
yp No. T3 (cpm/100 Bq/m®) (%) (%) (%) (%)
(Bg/m>)
Last 8 Dieits Related to Meas. Experimental Rel. St. dev of 11\34::;3;’::: 5°Cvs. 35°Cvs.  (50-65)% >70% vs. >70% vs. per 100 hPa
& Interval at Test Determined Replicate Meas. 20 °C. 20°C vs. Dry Air Dry Air (50-65)% Increase
from Mean
J 201-129 Device error 0.089 2.5 NS 11 —25 —52 -53 NS -12
M 201-137 59 +£10.3 0.098 2.2 5.5 10 -22 —52 —55 —54 -9.3
< 201-139 - -- -- -- - - - - - -
g 00012310 03+07 0.264 4.8 NS NS NS -23 —18 NS —-10
o 00012978 0.6+14 0.253 6.4 NS NS NS -39 —42 NS -84
O P 00013051 02405 0.283 4.2 NS NS NS —35 -36 NS —8.7
S 00013137 03+07 0.275 6.0 NS 16 NS —34 =31 NS -1
g
2 2 01005514 02420 0.072 7.4 NS NS NS —47 —54 NS NS
o
% A~ 01005522 03+27 0.067 6.8 NS NS NS —44 —60 —29 NS
O 01005543 0.6 +4.0 0.073 6.0 NS NS NS —49 -53 NS —6.0
g
2 g 03040716 0.0+0.0 - -- -- -- - - - - 54
=
% E 03040730 0.0+0.0 - - - - - - - - NS
0 03040768 0.0+0.0 - - - - - - - - —4.3
o, 30067676 0.3+0.8 Calgilf:;o“ 46 NS NS NS ~34 -23 17 ~7.9
-
§ [ 30076140 024038 43 NS NS NS -33 —21 19 —-15

30079548 0.0+ 0.0 29 7.0 NS NS —14 —26 —14 -10
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Table 4. Cont.

Background &

Tvoe Serial St. dev Sensitivity Measurement Precision Temperature Relative Humidity Air Pressure
yp No. S (cpm/100 Bg/m?) (%) (%) (%) (%)
(Bg/m>)
Last 8 Dieits Related to Meas. Experimental Rel. St. dev of 11\34::;3;’::: 5°Cvs. 35°Cuvs. (50-65)% >70% vs. >70% vs. per 100 hPa
& Interval at Test Determined Replicate Meas. 20 °C. 20°C vs. Dry Air Dry Air (50-65)% Increase
from Mean
2y ¥
= 33  AE0013%6 56 + 103 0.048 0.9 NS NS 6.5 8.4 NS -89 NS
=l
;% 7 S AE001364 53 4+ 111 0.047 0.6 NS NS 1.8 15 23 NS NS
& AE001365 41495 0.047 0.3 NS 1.7 1.0 6.2 NS —5.4 NS
Moog AE001356 56 + 103 Caleulat 1.1 NS NS 6.4 8.3 NS -9.0 -3.5
<25 AE001364 53 + 111 a fC‘,llaélon 0.6 NS NS 17 17 34 17 —4.6
< £%  AE001365 41 +95 are 0.2 NS 1.9 NS 6.6 NS —5.7 NS
&£ 34417 44427 Caleulati 0.0 NS 2.8 -19 —6.4 -94 -3.3 3.9
g8 5610105 3.843.0 a fC‘,llaélon 0.3 0.7 1.8 -83 —6.8 -83 -1.6 6.8
S 3 5610107 4.7 + 3.4 arle 0.4 NS 3.8 22 -7.0 -10 -32 3.0
£ 11040150 55439 0.836 0.8 2.1 4.0 —28 —5.7 -8.1 -2.6 6.1
= 11040151 44430 0.836 0.8 NS 2.2 —27 —6.9 82 NS 4.8
7 M 11040152 41432 0.837 0.7 1.8 3.4 —28 -75 -82 NS 5.4
£ 00758 23.7 +31.1 0.330 03 0.7 1.5 -1.1 —4.6 —4.2 NS NS
s 00759 11.3 £ 21.1 0.330 1.0 2.4 NS NS NS NS NS NS
S 00760 6.4 +16.6 0.330 0.6 NS NS NS —4.3 —4.1 NS NS
Ex o 01237 4.6+ 174 0.0092 0.3 NS ~8.8 12 38 37 NS NS
S5 g 01238 0.0 £ 0.0 0.0092 1.0 NS 82 NS 40 30 —7.4 NS
PO T 01239 0.0 £ 0.0 0.0092 2.4 5.8 7.2 NS 48 45 NS NS
L g 098/9748 52423 1.67 0.6 14 13 ~16 5.7 NS —48 15
<8 099 /7144 70429 1.67 0.7 NS 6.1 -10 3.2 NS -3.7 21
c 100/1164 6.2+ 2.6 1.67 0.9 NS 7.8 -79 2.3 25 —4.7 15
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Table 4. Cont.

Background &

Type Serial St. dev Sensitivity Measurement Precision Temperature Relative Humidity Air Pressure
. 3 o, o, o, o,
No. (Bq/m®) (cpm/100 Bq/m®) (%) (%) (%) (%)
Last 8 Dieits Related to Meas. Experimental Rel. St. dev of 11\34::;3;’:;1 5°Cvs. 35°Cuvs. (50-65)% >70% vs. >70% vs. per 100 hPa
& Interval at Test Determined Replicate Meas. 20 °C. 20°C vs. Dry Air Dry Air (50-65)% Increase
from Mean
- 202C-00CC 41455 0.167 1.9 4.6 NS NS —6.0 15 22 —11
= 202C-00CD 41+£52 0.167 0.5 1.7 NS -13 —-11 12 25 —4.6
n 202C-00D4 44+54 0.167 1.0 3.8 -2.3 NS -17 4.3 26 -85
% 5 20002 01+£0.7 0.528 3.0 NS -11 22 78 102 13 —4.0
& < 20003 0.0£0.4 0.392 1.1 NS —-10 18 64 100 22 NS
£ 20004 01+£0.7 0.465 1.7 NS —10 21 76 100 13 NS
E 5 20002 01£03 1.009 3.1 NS -11 21 81 106 14 -3.1
> &C) 20003 01+£03 0.797 1.3 2.9 —9.6 17 68 104 22 NS
& 20004 01+£0.5 0.951 1.8 NS —11 20 80 105 14 NS
&8
=" g EF 0734 48+52 Not determined 0.3 NS 2.5 -3.1 -39 —4.2 NS 5.0
<0

Statistical tests are based on an error probability & = 5%. Values are rounded. NS: Deviation is statistically not significant. RnC: radon activity concentration.
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Table 5. Test results of the advanced metrological characteristics.

T Serial Meas. Accuracy ! Linearity Dev. Radon Exposure Autocorrelation Statistical Fllguc/t;e;tlon at1000  Instr. S?t' Fluct. Response Time
ype No. (%) (%) (%) at 1000 Bq/m® 9 N (min)
(%) (%)
Coeff. of Variation .
.. (50-65)% rH, g-Value 100/300 Stationary Alternat. Proportion of From Impulse . ‘
Last 8 Digits 20°C, to 1000 Bg/m® RnC RnC Type for Interval Statistical Response Experimental
1000 Bg/m® 10 min 60 min 180 min Fluctuation
+ 201-129 9.1 48/3.0 -2 12 positive (weak) 1 7.6 % 217 )
& 201-137 NS 5.8/4.3 —21 —18 positive (weak) 2 10 7.1 174 det not 4
2 201-139 B o = _ -~ — - _ N eter-mine
§ 00012310 —-21 36/34 NS NS none 8.8 6.3 196
‘E’ 2 00012978 —24 10/10 NS NS positive (weak) 2 12 9.6 55 198 140
% A 00013051 —26 7.7/4.8 NS NS none - 10 75 196
V] 00013137 —26 10/8.6 NS NS none 9.3 6.6 198
=
g e 01005514 —41 NS/NS NS NS none 17 9.3 147
c s 2
o 01005522 -35 NS/8.38 NS NS none - 17 11 8 153 138
V] 01005543 —40 NS/9.2 —-13 NS none 17 13 152
g
3 03040716 - - -~ -~ - - -~ -~ 140
53 - not
% T 03040730 - - - - - - - - 148 deter-mined
v} 03040768 -- - - - - - - - 187
v, 30067676 —14 21/6.4 39 17 positive 6.2 6.2 Calculation failed >420 t
55 30076140 —-21 18/NS 46 26 positive -2 7.9 8.1 due to >420 det not d
=" 30079548 NS NS/NS —8 NS positive 6.6 6.5 autocorrelation >420 eter-mine
&0
E; 3 % AE001356 9.8 12/NS 2.8 NS none 48 21 12 114
<
ST Z ARO01364 8.9 3.8/4.1 NS —42 none 46 21 9.6 47 146 163
a AE001365 8.2 7.5/2.0 14 —-5.9 none 47 21 10 128
T 2% AE001356 9.0 35/2.1 NS ~7.4 positive 16 14 1 Calculation failed 247 ot
fg_( 2 E;; AE001364 7.8 71/19 NS —-9.2 positive 15 12 5.7 due to 277 deter-mined
< E% AE001365 7.2 1.8/NS 1.0 =11 positive 15 12 7.6 autocorrelation 279
é JE 34417 -1.1 0.6/NS 1.3 53 positive 49 4.2 35 Calculation failed 383
<2 5610105 11 NS/NS 34 54 positive 3.9 32 19 due to 393 157
é 53] 5610107 18 1.2/NS NS 54 positive 4.3 3.8 2.8 autocorrelation 375
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Table 5. Cont.

Statistical Fluctuation at 1000

Type Serial Meas. Accuracy ! Linearity Dev. Radon Exposure Autocorrelation Ba/m® Instr. S?t' Fluct. Response Time
yp No. (%) (%) at 1000 Bq/m® a . (min)
(%) (%)
Coeff. of Variation .
.. (50-65)% rH, g-Value 100/300 Stationary Alternat. Proportion of From Impulse . 4
Last 8 Digits 20°C, to 1000 Bg/m® RnC RnC Type for Interval Statistical Response Experimental
1000 Bq/m? 10 min 60 min 180 min Fluctuation
g 111040150 42 NS/NS —67 -89 none 43 2.7 115
- 111040151 14 3.0/NS -73 -89 none 2 4.8 2.3 62 116 107
& | 111040152 11 2.0/1.1 -73 -99 none 43 22 112
g5 00758 NS 2.0/1.1 -12 -12 positive (weak) 20 9.7 7.7 129
TSE 00759 NS 12/2.7 NS -12 none 20 7.8 3.1 56 123 107
54 00760 -2.1 NS/1.5 NS -12 none 21 8.8 5.8 127
£w g 01237 43 6.1/5.3 3.0 24 none 245 ;
g g 01238 33 37/NS NS 5.0 none 2 2 245 Calculation failed 4 not. 330
Nz 5 eter-mined
~ 01239 7.5 NS/6.8 NS 8.9 none 17
Lg 098/9748 —-28 NS/NS NS -15 positive (weak) 48 3.8 113 .
fop 099/7144 —27 1.9/NS —2.0 —16 positive (weak) 2 46 3.2 41 117 det not. 4
A 100/1164 19 2.0/1.1 NS -16 positive (weak) 48 3.7 115 eler-mine
= 202C-00CC 5.0 NS/2.8 NS NS positive 8.0 6.8 Calculation failed 204 ¢
g 202C-00CD NS 29/1.2 NS NS positive 2 7.6 6.4 due to 207 det not. 4
) 202C-00D4 —6.4 1.2/NS -19 41 positive 8.3 7.1 autocorrelation 165 eter-mine
% 5 20002 17 4.9/NS 44 59 none 6.6 46 338
§ = 20003 24 NS/1.9 40 60 none -2 7.7 4.8 Calculation failed indifferent 125/27
2 20004 16 24/27 43 61 none 8.5 43 340
E s 20002 14 5.3/NS 45 59 indifferent 5.6 3.8 355
=dJ 20003 23 NS/2.2 42 60 positive (weak) -2 6.4 46 Calculation failed 357 234/120
g 20004 12 3.0/2.6 44 60 positive (weak) 6.4 43 355
B
= § EF 0734 40 0.7/1.1 —-16 —82 none 9.7 3.1 15 9% 44 35
<
@)

Statistical tests are based on an error probability & = 5%. Values are rounded. ! In terms of the systematic measurement error. 2 Not applicable, the operation condition is not provided
by the device. ® Type-specific averages. * If the experimentally determined response times for the increase and drop in radon exposure do not differ significantly, the mean of the two
values is given; otherwise, both values are given. > Measurement interval 240 min.
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The radon exposure test for prolonged stationary or short-term alternating radon
activity concentrations indicates the performance of the tested devices with regard to the
accumulation of successive radiation events. The test results (Table 5) are inconclusive
and show both an underestimation and an overestimation of radon exposure. The results
obtained for stationary exposures are determined by the measurement deviations observed
for the individual test parameters. Despite this, the deviations for stationary exposures are
generally smaller than for alternating exposures.

When measuring radon, the measurement effect is caused not only by the decay of
radon (Rn-222) itself but also by its short-lived progeny, especially the alpha-emitting
radionuclides Po-218 and Po-214. The progeny contributes to the measurement effect with
a time delay after the decay of radon. Thus, alpha particles emitted by the radon progeny
also contribute to the measurement effect in subsequent time intervals. The overlaps may
result in a weak positive autocorrelation of the measured values, indicated by a Durbin-
Watson test parameter greater than 1 but less than 2. The two modes of the TSR4DM-type
instrument illustrate the influence of the radon progeny on the autocorrelation. In the “ARn’
mode, the alpha particles emitted by the first progeny of radon (Po-218) determine the
measured values. The measured values do not show any autocorrelation. In the “ACRn’
mode, alpha particles of Po-214 are additionally included in the analysis. Considering the
measurement interval of 60 min and the fact that Po-214 is formed with a delay of more
than 45 min after Po-218, most of the alpha particles emitted by Po-214 are registered in
subsequent time intervals. This could be the reason for the weak positive autocorrelation
of the values measured in the "ACRn” mode. The tests show that weak autocorrelation due
to overlapping of registered alpha particles in subsequent measurement intervals is not
characteristic for each instrument. There are also instruments where no autocorrelation
is detected.

The measured values are considered to be strongly positively autocorrelated if the
Durbin-Watson test parameter is less than 1. In this case, it is assumed that the primary
measured values are pre-processed by a statistical filter. The moving average method is
often used as such a statistical filter. Its application is based on the assumption that sudden
changes in the radon activity concentration in the real atmosphere are unlikely. This is
particularly the case for radon in homes. Short-term changes in the measured values are
therefore considered to be random and smoothed out. Figure 6 shows exemplarily the raw
and pre-processed measured values of the Alpha E-type instrument. Applying the moving
average to the measured data results in the reduction of the Durbin—-Watson test parameter.
The time course of the radon activity concentration shown in the lower graph of Figure 6 is
mainly due to the pre-processing with the moving average. The graph does not represent
actual fluctuations of the quantity.
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Figure 6. Type Alpha E Ser. No. AE001356: Comparison of indicated values with and without application
of the moving average, measurements taken at a radon activity concentration of 1000 Bq/m?3.
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The impulse response function is determined from the analysis of the measurement
with alternating radon activity concentrations. Figure 7 shows the impulse response
functions for the Radon Scout Professional and RadonEye instrument types in compari-
son with the function determined for the AlphaGUARD. Due to the shorter measure-
ment interval of Radon Scout Professional and AlphaGUARD, the time-delayed response to
a change in the current radon activity concentration is evident. The long measurement
interval of 60 min for the RadonEye type conceals the time-delayed response. According to
the impulse response function, the AlphaGUARD completely registers a short radon change
after 60 min. After the same time, Radon Scout Professional and RadonEye types only register
about 70% of the total radon change.
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Figure 7. Impulse response functions determined for the Radon Scout Professional and the RadonEye-
type devices compared to the impulse response function determined for AlphaGUARD; the impulse
response functions for Radon Scout Professional and RadonEye devices are averaged over the tested
devices of the corresponding type.

Generally, after a step change in the radon activity concentration, the tested budget-
priced devices require a response time of at least 2 h to follow the change and reach the
90% value. Most instruments need much longer times, particularly if they use internal
data processing such as the moving average or similar. In this feature, the budget-priced
devices distinctly differ from the AlphaGUARD device, which has a considerably shorter
response time. It should be noted that the response times determined from the impulse
response function and the experimental determination agree well, taking into account the
uncertainties in determination. Exceptions to this are the RadonaExpert+ type, TSR4DM
type and the Corentium Pro type, where the respective response times differ significantly.
Furthermore, the experimental investigations show that the response times for the TSR4DM
type also depend on whether the radon activity concentration is increased or decreased.

4. Discussion
4.1. General Observations during the Tests

For devices with long-term use, it has been observed that continuous operation with
an external power supply can lead to defects in the internal batteries and/or connectors.
Data may be lost in the event of a battery failure.

Even in the case of long-term measurements, the instruments should be regularly
checked for their correct functioning, and interim readings of the measurement data should
be arranged.
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Individual data may occasionally be lost during data transmission via Bluetooth or
cloud-based data evaluation. In this context, it should also be pointed out that the data
protection requirements must be satisfied.

In general, a valid calibration status of the device by an approved calibration center
must be available at the time of use. In addition, the background of the device must be
checked regularly.

4.2. Measurement Performance of the AlphaGUARD

The AlphaGUARD device allows operation in flow or diffusion mode. For the mea-
surements performed in the test, the diffusion mode was selected.

The device provides non-autocorrelated measured values for an interval of 10 min.
The non-detectable autocorrelation suggests that the measured values are raw data without
pre-processing. However, autocorrelated measurement data have been obtained in mea-
surements carried out outside of this test, where a device of the same type was exposed to
a radon activity concentration that decreased according to radioactive decay. The results
obtained for autocorrelation of the measurements data are therefore considered ambiguous
for the AlphaGUARD type.

The high sensitivity causes a low statistical fluctuation of the measured data, which is
reflected in the low standard deviation at 1000 Bq/m3.

The device has a high measurement precision. Due to the associated low standard
deviation at replicate measurements, even small measurement deviations for various test
parameters remain significant. The device shows a slight dependence on temperature and
a slightly lower sensitivity when measuring in humid air compared to dry air. The other
test parameters are unremarkable.

Remarkable is that the instrument statistical fluctuation contributes almost entirely
to statistical fluctuations. However, the interpretation of this value is limited, because the
device uses an advanced pulse counting method, in which the pulse shape is analyzed with
different algorithms to extract those events caused by alpha particles [18]. For this reason,
sensitivity could not be unambiguously determined using the method of this study.

The impulse response function in Figure 7 shows that the AlphaGUARD reacts with
a time delay of approx. 40 min to a short change in the radon activity concentration. The
subsequent response is comparatively short and subsides within 60 min only.

The radon exposure measured for short-term alternating radon activity concentrations
is about 9% lower than the reference value. Even if the response time is short compared to
other devices tested, the repeated short-term changes in the radon concentration are not
detected without loss.

4.3. Type-Specific Explanatory Notes for the Budget-Priced Devices Tested
4.3.1. AER2+, Algade

The measurement data recorded by the device with serial number 201-139 could not
be read out. The reasons for this were not found during the test period. Therefore, only
the two remaining devices are included in the analysis. One of these has no background
data recorded.

Important to note is the high temperature dependence. Over the examined tem-
perature range, the sensitivity of the device decreases by up to 35% with the increasing
temperature. Although the dependence on humidity is high when comparing sensitivities
in humid and dry air, variations in humidity in the range of typical indoor conditions have
little effect on measurements. The manufacturer points out in the manual that measurement
errors of up to 15% occur in places with very high or low humidity [19].

The high measurement deviations with varying test parameters are reflected in the
high deviation for radon exposure in the stationary exposure scenario. Radon exposure is
also considerably underestimated in alternating atmospheres.

The instruments show a weak pronounced autocorrelation of the measured values at
a value of 1000 Bq/ m3. No autocorrelation is detected at lower radon values. It is assumed
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that the autocorrelation is related to the delayed detection of radon progeny and not to
the pre-processing of data. The impulse response is the longest of all the instrument types
without autocorrelated measurements.

4.3.2. Corentium Types, Airthings

Corentium Home devices have a ring buffer, which is found to be insufficient to store
the measurement data over the entire test cycle. Due to the loss of data, no test reference
could be determined, and thus, a large part of the measured values of the devices could not
be evaluated.

The measurements of the Corentium-type devices could be affected by the low humidity
used in various tests, as this significantly influences the electrostatic collection of radon
progeny. According to the manufacturer’s information, the algorithm implemented in the
devices compensates for the changes in humidity. However, this compensation usually
works well only at relative humidity in the range of 10% to about 80%. At humidity levels
outside this range, the radon monitor cannot be expected to maintain good accuracy of the
displayed radon activity concentration. The manufacturer’s response to the test results can
be found in Part S2 of the Supplementary Materials.

Replicate measurements under the same standard conditions show increased devia-
tions, indicating a lower measurement precision. Whether these deviations are attributable
to the low humidity during the standard exposure conditions cannot be conclusively clar-
ified. The humidity compensation algorithm apparently works correctly in its nominal
range, since measurement deviations between the humidity range from (50-65)% to >70%
are not found. A dependence on temperature could not be significantly demonstrated for
the majority of the devices.

The Corentium Pro-type exhibits considerable non-linearity in the radon activity con-
centration range investigated, whereas the Corentium Plus devices are characterized by
improved linearity. However, there may be variances between the individual devices.

With the exception of one device, both device types show no significant deviations
in the measurement of radon exposure for the test procedure of this study. It should
be noted that the higher standard deviation of the replicate measurements could mask
existing measurement deviations and lead to a non-significant evaluation for the tested
measurement characteristics.

The instruments do not show any autocorrelation. The weak positive autocorrelation
of one instrument is not considered characteristic of this type of instrument and could be
due to other effects.

Unlike Corentium Plus, Corentium Pro is equipped with four passive radon diffusion
chambers. Therefore, it can be expected that the higher pulse rate registered per radon
activity concentration will result in a lower statistical fluctuation. The values of the standard
deviation for the measured value at about 1000 Bq/m3 confirm that the extensions of the
Corentium Pro are associated with a reduction of the statistical variation by a factor of
about two.

The considerable systematic measurement error should be taken as an indication of
a low calibration status of the tested devices. However, the systematic measurement error
is fairly equal for the devices of the same type. This could allow devices to be calibrated
together (batch calibration) and output an average calibration factor for a batch of devices,
which would save calibration effort and costs.

4.3.3. Wave Plus, Airthings

One device of the original three submitted was defective. The manufacturer replaced it
with the device of serial number 2930079548. Some performance parameters of the replaced
device differ from those of the other two devices. In particular, its systematic measurement
error is not significant, indicating a valid calibration status. The linearity is likewise better
over the tested range of radon activity concentration.
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The standard deviation of replicate measurements for Wave Plus devices is lower than
for the Corentium device types, indicating a slightly higher measurement precision. The
temperature dependence is not significant. In terms of humidity, the dependence of wet
to dry air is similar to that of the Corentium devices. However, significant deviations also
occur between the humidity range from (50-65)% to >70%. In contrast to the Corentium
devices, significant deviations are obtained for the radon exposures in both the stationary
and alternating radon atmospheres.

The special feature of the devices is the long response time estimated with more than 7 h
and the strong positive autocorrelation. This means that a statistical filter is applied, which
takes into account values from the past for the evaluation of the current measurement.

4.3.4. Alpha E, Bertin Technologies

The devices of this type provide values of radon activity concentration with and without
application of the moving average method. Figure 6 shows the original values compared
to those results pre-processed by the moving average method. The Durbin-Watson test
parameter indicates a strong positive autocorrelation of the pre-processed data.

The measured values in the upper graph of Figure 6 change from one discrete state to
another. The step size expresses the sensitivity resulting in a resolution of a radon activity
concentration of 206 Bq/m? per count within the measurement interval. Thus, the device
type has one of the lowest sensitivities found in this study.

Regardless of the application of the moving average method, the Alpha E-type instru-
ments have good measurement precision. The changes in sensitivity due to varying climatic
conditions are within the range also observed for the other types tested. An increased
nonlinearity of the readings is observed for radon activity concentrations below 300 Bq/m?.

The low sensitivity correlates with the low pulse rates. This leads to statistical fluctua-
tions, which increase considerably at low radon activity concentrations. Data pre-processing
with the moving average method shows a reduction in fluctuation. However, this is at the
price of longer response times and a strong positive autocorrelation. Noteworthy are the
high background values, which are unusual for virgin devices.

It should be noted that the short response time of 60 min found in [4] for this type of
device could not be verified in this study.

4.3.5. RadonaExpert+, Radontec

RadonaExpert+ devices show a good measurement precision and linearity. With regard
to the climatic conditions, a significant dependency of the measurements for changes in
temperature and humidity is observed. In the tested temperature range from 5 °C to
35 °C, the sensitivity of the device decreases by up to 20% with the increasing temperature.
The sensitivity also decreases for increased humidity. This is particularly observed in
relation to dry air. For changes in relative humidity from about (50-65)% to >70%, the effect
is moderate.

The instruments show a strong positive autocorrelation, indicating the application of
a statistical filter to the measured data. This also explains the overestimation of the radon
exposure observed in atmospheres with short-term alternating radon concentrations as
well as the small statistical fluctuations at short measurement intervals.

An interesting aspect is the experimentally determined response time, which is sig-
nificantly lower than the response time calculated from the impulse response function.
Obviously, the instruments track a sudden change from one stationary state to another
more closely than a sudden change in radon concentration, which is constantly repeated at
short intervals. The implemented statistical filter appears to act like a low-pass filter that
attenuates frequent changes in radon activity concentrations.
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4.3.6. RadonEye+?, RadonFTlab

RadonEye+? devices are characterized by a low standard deviation of replicate measure-
ments. As a result, even relatively small deviations in other test parameters
become significant.

The temperature dependence of this type of device is also among the highest of
all tested device types, with a decrease in sensitivity of about 30% with the increasing
temperature over the tested range. The measurement deviations of the other climate
parameters are comparable to those of the RadonaExpert type.

The instruments have good linearity over the range of radon activity concentration.
The measured values for radon exposure are below the reference values. In the event of
alternating exposure, the instrument may not completely capture high radon concentrations
for short periods.

As the impulse response function in Figure 7 shows, the long measurement interval of
60 min masks short-term changes in radon activity concentration. Only about 70% of the input
radon pulse is recorded within the first 60-min interval. Thus, the short-term changes in the
response of the device are still visible at measurement times after 60 min. It should be noted
that the response time is slightly less than 2 h. This coincides approximately with the response
time of 90 min determined for this type of device in [4] using the experimental method.

The measured values do not show any autocorrelation. The statistical fluctuation of
the measured values is among the lowest of all tested devices and only moderately higher
than that of the AlphaGUARD type.

4.3.7. Radon Scout Professional, Sarad

Radon Scout Professional devices are the only ones of the tested instrument types that
use Lucas scintillation cells for radiation detection. The measurement performance of this
type is characterized by a high measurement accuracy, good linearity over the examined
range of radon activity concentration and low dependence on climatic conditions.

While the value of radon exposure is consistent with the test reference for stationary
radon activity concentrations, short-term alternating radon concentrations are not fully
captured by this type of instrument, resulting in an underestimation of radon exposure.

The impulse response function in Figure 7 shows that the Radon Scout Professional
responds to a short, changing radon difference in a similar way to AlphaGUARD. However,
the impulse responses do not subside within 60 min and continue to influence the measure-
ment results at later times. After 60 min, only about 70% of the original pulse is recorded.
This ultimately increases the response time value. Despite this, the response time is one of
the lowest of the device types tested.

The measured values recorded in an interval of 10 min are characterized by an in-
creased statistical fluctuation. With a measurement interval of 60 min, the statistical
fluctuation is about three times as high as with the AlphaGUARD type and is within the
range of the other devices tested. The increased fluctuation can be attributed to the lower
sensitivity. Autocorrelation is not observed. Occasionally, a weak positive autocorrelation
occurs that is not considered characteristic of the device type and could be due to delayed
detection of radon progeny.

4.3.8. Radon Scout Home, Sarad

Radon Scout Home devices operate with a standard measurement interval of 240 min.
This is the longest interval among the tested devices and is required due to the low
sensitivity. The measured values are not autocorrelated, which indicates that the device
provides raw measured values without internal pre-processing. The response time is
determined experimentally for more than 5 h.

The devices have acceptable linearity. One device significantly overestimates low
radon concentrations. The measurement precision is not uniform and varies among the
tested devices.
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The sensitivity is significantly lower in dry air than in humid air. Changes in relative
humidity from about (50-65)% to >70% have little effect on the measurement sensitivity. In
contrast to most other device types, the sensitivity increases as the temperature rises from
5°C to 20 °C. As the temperature rises further, the results are ambiguous. The manufac-
turer’s response to the test results can be found in Part 52 of the Supplementary Materials.

Radon exposures determined for prolonged stationary and for short-term alternat-
ing radon activity concentrations are in good agreement with the corresponding refer-
ence values. The long measurement interval masks short-term changes in radon activ-
ity concentration, but their effects are obviously accumulated in the integral values of
radon exposure.

4.3.9. Radonsystem, DNE Elektronik-Systeme

The device is the largest that was tested in this study. Because of its considerable
size, it cannot be called handy. The device only provides measurements of radon activity
concentration but does not provide additional information such as climatic conditions
during the measurements.

It turned out that early measurement data was overwritten by data that were recorded
later in the course of the test procedure. By reading out the data intermediate, it was
possible to reconstruct the complete series of measurements. Due to the malfunction in
data recording, the device must be technically revised to make it suitable for practical use.

If one disregards the shortcomings in data management, the devices have prominent
metrological features. This is evidenced by the high sensitivity, which is the highest of
all tested device types, the good measurement precision and the low dependence on air
humidity. In the tested temperature range from 5 °C to 35 °C, the sensitivity of the device
decreases on average by 20% with the increasing temperature. Fluctuations in air pressure
have the greatest effect of all the devices tested. Therefore, the devices should be addi-
tionally equipped with sensors for temperature and air pressure so that the measurement
results can be corrected accordingly.

The instruments show a weak pronounced autocorrelation of the measured values at
a value of 1000 Bq/ m3. No autocorrelation is detected at lower radon values. It is assumed
that the autocorrelation is related to the delayed detection of radon progeny and not to the
pre-processing of data. The short impulse response time, which is one of the shortest of all
tested instrument types, should be emphasized.

The low measurement accuracy, inferred by the high systematic measurement er-
ror, indicates that the devices are supplied by the manufacturer with an inadequate
factory calibration.

4.3.10. Spirit, Radonova

The Spirit type is the only one included in the test that works with varying measure-
ment intervals. While radon monitors usually measure in fixed equidistant time intervals,
Spirit type devices obviously adjust the measuring interval to the fluctuation of the radon
activity concentration. During the stationary exposure periods, measurements are taken
every 60 min or even every 120 min. In the case of alternating exposure periods, the
instrument takes measurements every 60 min. Measurement intervals are also registered,
which are shortened to about 10 min.

The measurement performance of the instruments ranks in the upper performance range
of the instruments tested in this study for most of the characteristics examined. However,
humidity is an exception. Especially in the range of typical indoor conditions, the dependence
of sensitivity on humidity is the highest of all the devices tested. The manufacturer’s response
to the test results can be found in Part S2 of the Supplementary Materials.

The readings from the instruments show a pronounced positive autocorrelation for
each radon value examined. This indicates the application of a statistical filter to pre-process
the acquired measurement data.
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Compared to other devices with pre-processing of the measurement data, the impulse
response time is the lowest and is in the upper range of the response times for devices
without data pre-processing.

4.3.11. TSR4DM, Tesla

TSR4DM devices offer two measurement alternatives. Following the information
of the manufacturer, the measured values of radon activity concentrations indicated by
‘ARn’ are calculated only from the decay of Po-218. With this method, the measurement
result is obtained fast. It is therefore supposed to be preferably suitable for measurements
in atmospheres changing over short times. In the mode labeled ‘ACRn’, the measured
values of radon activity concentration are determined by including the decays of Po-218
and Po-214. This method is expected to provide higher sensitivity but at the expense of
a delayed response.

The devices have acceptable measurement precision and linearity in the display.
The dependence of the measurement sensitivity on the climatic conditions is particularly
striking. The humidity has a pronounced influence on the measurement result. In high
humidity, the sensitivity is twice as high as in dry air. In contrast to most other device types,
the sensitivity of this device type increases as the temperature rises from 5 °C to 35 °C. The
increase is more than 30% over the tested temperature range.

The effects of climatic conditions are responsible for the determined deviations of
radon exposure at prolonged stationary radon activity concentrations. Large measurement
deviations of radon exposure are also observed in atmospheres with short-term alternating
radon activity concentrations. The fast ‘ARn’ mode shows no improvements compared to
the slow “ACRn’” mode.

A positive autocorrelation of the measured values is revealed for the slow “ACRn’
mode. However, this autocorrelation is only weakly pronounced and could be mainly due
to the time-delayed registration of effects by the radon progeny.

The experimentally determined response times are significantly lower than the re-
sponse time calculated from the impulse response function. Furthermore, the experimen-
tally determined response times depend on whether the radon concentration increases
or decreases.

4.4. Conformity of the Performance of the Tested Instruments with the Requirements of the IEC
61577-2 Standard

The IEC 61577-2 standard sets out specific requirements for instruments used to
measure the activity concentration of airborne Rn-222 and applies to all types of electronic
measuring equipment, regardless of the sampling method.

Since the device types tested in this study have in common that the collected air enters
the sensitive measurement volume by diffusion, not all requirements of the standard are
applicable. In addition, tests of electrical and mechanical requirements are not in the scope
of this study.

The standard test conditions used are essentially the same as those specified in the
IEC standard. Only the standard conditions for relative humidity differ, since aged dry air
is used to create the test atmosphere for technical reasons. The environmental performance
tests cover a somewhat narrower range than the specified ranges of the IEC standard. The
reasons for this are, on the one hand, the limitation by the technical capabilities of the
test facility. On the other hand, the test ranges should be limited so that the technical
functionality of the measuring instruments is not impaired to keep them available for
further measurement tasks.

Table 6 compares the results for the measurement characteristics of the tested devices
with the respective requirements of the IEC 61577-2 standard. It can be seen that this study
also addresses features that are not included in the IEC standard. The last columns of
Table 6 summarize the test results. The median value and the spread for the respective
metrological characteristic indicated by the minimum and maximum values of individual
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devices are given. If appropriate, a distinction is made between instruments with strong
autocorrelation and those for which the measured values are not or only weakly autocorre-
lated. The sign of the deviation is not uniform for the different device types: While one type
underestimates the test reference, the other type can show an overestimation. However, it
can be concluded that the maximum permissible measurement deviations specified in IEC
61577-2 are satisfied by the majority of instrument types.

Assuming a standard temperature of 20 °C, most devices meet the performance criteria
when the temperature drops to 5 °C. Increasing the temperature poses a greater challenge
for compliance with the specified measurement performance.

The results of the tests confirmed the expectation that humidity can have a striking
effect on the measurement result. The highest variations in the sensitivity of the devices
are observed in measurements for humid air compared to measurements for dry air. The
significant deviations observed in measurements in wet to dry air have little practical
relevance, as dry air is not a common ambient condition in real atmospheres.

For most device types, the indication is linear over the tested range of radon activity
concentration. The deviation from linearity is far below the limit value of 15% accepted by
IEC 61577-2. A review and improved definition of the IEC requirement is recommended.

Statistical fluctuation of the measurement results is largely determined by the con-
tribution of the instrument statistical fluctuation. Total statistical variation satisfies the
requirement of the IEC standard. It includes the instrument statistical fluctuation, which
rather reveals optimization potentials in the design, sampling and detection methods but is
only of limited use for evaluating the measurement capability of a radon monitor.

The test results for radon exposure are not uniform and vary over a wide range for
devices with strong autocorrelation. In alternating atmospheres with short-term fluctuating
radon activity concentrations, instruments with strong autocorrelation tend to overestimate
radon exposure, while instruments without or only weak autocorrelation show the opposite
behavior and tend to underestimate radon exposure. Obviously, a short-term change in
radon activity concentration is tracked more closely when the measurement data are not
pre-processed with a statistical data filter. Consideration should be given to including
a performance requirement for the measurement of radon exposure in the IEC standard.

The response time for devices with autocorrelated measurements is doubled, com-
pared to an average of about 2.5 h for devices without.
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Table 6. Comparison of the test results obtained in this study with the requirements of the IEC 61577-2 standard (without results from AlphaGUARD).
Requirements of IEC 61577-2 This Study
Metrological Characteristic
Procedure/Test Range Accuracy Test Specification Median 2 Min to Max 2
ege 3
Sensitivity Not specified 1 at 100 Bq/m 0.26 cpm (0.009 to 1.67) cpm
Measurement precision Relative standard dev. 1% (0to7)%
£ o 5°Cuvs.20°C +2% (—11 to +16)%
= ° Ambient temperature —5°C to +45 °C +10% '
@ S 35°Cvs. 20°C —3% (—28 to +21)%
) -
c g (50-65)% vs. <10% —7% (=52 to +81)%
DO Relative humidity 90% at 30 °C +10% >70% vs. <10% —6% (—60 to +106)%
%D g >70% vs. (50-65)% —2% (—29 to +26)%
6 Air pressure (900 to 1060) hPa 1 per 100 hPa increase +0% (=15 to +21)%
Measurement accuracy Systematic meas. error 1 rel. Humidity (50-65)% +1% (—41 to +42)%
. . s Tests at 10% and 90% of o (100 to 1000) Bq/ m3 3% (0 to 37)%
Linearity of indication rated range <15% (300 to 1000) Bq/m3 2% (0to 34)%
Exposure to radon in stationary o strong autocorrelation +1% (—19 to +46)%
1
atmospheres Not specified others 3 —2% (=22 to +3)%
Exposure to radon in e strong autocorrelation +17% (—4 to +54)%
1
alternating atmospheres Not specified others 3 —5% (=18 to +9)%
Statistical fluctuation . . <10% Interval 60 min 8% (3to 21)%
Coefficient of variation
Instrument statistical fluctuation <10% Proportion of stat. fluct. 60% (30 to 90)%
Response time to step changes in radon Time to reach 90% of 1 strong autocorrelation * 280 min (165 to 390) min
activity concentration maximum others 3 140 min (110 to 220) min

! Not specified. According to the manufacturer’s specifications, if applicable. 2 A sign is only specified for a trend-specific test. The sign is omitted if the test does not specify a trend or
only provides statistical parameters. > No or only weak autocorrelation is detected. No pre-processing of the data is assumed. Excluding TSR4DM, Tesla. * Excluding Airthings Wave Plus.
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5. Conclusions

The measurement performance and characteristics of electronic radon monitors with
respect to radiological and environmental parameters were investigated. The study com-
prised a selection of electronic radon monitors currently available on the market with
acquisition costs in the low or medium range. A high-end AlphaGUARD device was in-
cluded in the study and examined using the same exposures and analytical procedures
as the other devices. It thus provided a benchmark for comparing the measurement
performance of budget-priced radon monitors with the state-of-the-art technology.

The investigations show that the metrological characteristics of the different device
types vary considerably. The observed measurement deviations are not uniform in size and
sign. In particular, air humidity can have a strong effect on the sensitivity of radon monitors.
This is especially true for devices that use electrostatic deposition of radon progeny to
improve the measurement sensitivity.

In general, however, the metrological requirements of IEC 61577-2 are met by the
majority of devices. Taking additionally into account the limited variations in typical
ambient conditions in indoor air, the resulting measurement deviations of most instruments
are acceptable for this measurement purpose.

It turns out that radon monitors currently on the market require additional calibration
in a reference atmosphere before they can be used. In order to relieve the normal purchaser
from this obligation, the manufacturer should be obliged to additionally provide the devices
with a recognized calibration. For this purpose, the calibration should be performed close to
the established national radon reference value and under ambient conditions adequate for
the intended use. Calibration in conjunction with functional testing also helps to identify
devices with reduced measurement capability.

It has been found that instrument manuals tend to be generous with nominal operating
conditions and underestimate the associated measurement variations. In order to create
confidence in the measurement results and in decisions on measures to mitigate radon
exposure, reliable information is required about the nominal operating conditions of devices
and the measurement deviations that occur due to external influences.

The primary purpose of the devices considered in this study is to provide residents
with the ability to monitor radon activity concentrations in their living environment. How-
ever, some of these devices have sufficiently good measurement performance to make
them also attractive to radon professionals as a budget-priced alternative to high-end
devices. This applies in particular to devices that supply raw measured values without pre-
processing. Limitations in use may exist as a result of the longer response time compared
to AlphaGUARD and the increased statistical fluctuations due to the lower sensitivity.

The results of the performance test will contribute to the further development of
standardization in this area. Metrological tests of radon monitors to confirm compliance
with the agreed on technical requirements are a decisive prerequisite for assuring the
quality of the measurements.

At a meeting held in Dublin on 13 October 2023, the results of the performance test
were presented to the manufacturers, and an opportunity for discussion was given. The
authors received responses from a number of manufacturers, which are summarized in
Part S2 of the Supplementary Materials.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/atmos15101180/s1, Part S1: Test cycles for selected devices of each tested
type. Part S2: Responses from the manufacturers.
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