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ARTICLE INFO ABSTRACT

Keywords: The availability of affordable continuous radon monitors opens new opportunities for studying the temporal
Continuous radon monitors variations of indoor radon and for more precise exposure estimates based on the actual hours spent in
Radon variations homes and workplaces. These new applications require tests of the monitors characteristics, including their

Response time
RadonEye Plus2 monitor
Indoor radon

response time. A study of a promising electronic radon monitor with high sensitivity, the RadonEye Plus2,
was conducted. It was found that it has excellent linearity up to 3500 Bq/m?. A slight deviation from linearity
within 12% was observed in the range 3500-7000 Bq/m?. The reproducibility of measurements with 36
different RadonEye monitors was within 7%, estimated in the range of linearity.

A dedicated procedure for time response characterization was developed based on exposure to rectangular
activity concentration pulses (spikes). It was applied to the RadonEye and three other commercial monitors.
The determined characteristic response times of the RadonEye monitor are about 40 min for reaching 50%
of the plateau of a rectangular pulse and 90 min for reaching 90%. They are somewhat higher than the
corresponding response times of the AlphaE monitor, which are 20 and 60 min, respectively. The response
times of the RAD7 monitor in sniff mode are about 3 min for reaching 50% of the plateau and 10 min for
reaching 90%. The AlphaGUARD monitor in flow-through mode has the fastest response — it reaches 95%
of the plateau in less than 2 min. The monitor AlphaGUARD PQ2000 Pro Rn/Tn is therefore recommended
for follow-up of the activity concentration in time response studies of other monitors. It is demonstrated that
by exposure to spikes the response function of a monitor can be obtained and used to model its response to
variable concentrations.

Overall, the RadonEye’s response is sufficiently fast to follow radon variations even in buildings with active
ventilation. This sensitive monitor is suitable for homes and workplaces and can be helpful in the installation
and investigation of radon mitigation systems and in studies of the indoor radon dynamics.

1. Introduction concentration to drop rapidly when the ventilation is switched on and
to grow fast when the ventilation is switched off [2,3] and the changes

Since indoor radon exposure is the leading cause for lung cancer could be 2-3 orders of magnitude. The time needed for such changes is

in non-smokers [1], radon concentration is among the most important of the order of tens of minutes [2-4]. There are also cases in which the
indoor air quality factors. In the last years, various affordable radon radon concentration during working hours is higher than the average

monitors were developed, which makes possible the continuous follow radon concentration [5]. Therefore, the long-term measurements by
up of radon in homes and workplaces. This opens new opportunities for

studying the dynamics of indoor radon and for more precise estimates
of the radon exposure based on the actual hours spent in a building.
A serious challenge is the estimation of the exposure in workplaces
with part-time operation. These workplaces might have passive or
active ventilation systems that often reduce the concentration of radon
while the building is in use [2]. In such buildings it is typical for radon

passive detectors in workplaces could bias the estimate of the work-
ers radon exposure. The problem could be addressed by continuous
measurements by active monitors as long as their time-response is fast
enough to follow the changes in the concentration.

In addition, continuous radon monitors could advance studies on
the temporal variations of indoor radon. They could offer more insight
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on the applicability of seasonal correction factors to estimates of the
annual average radon concentration based on measurements with a
shorter duration. This is an important question, since the typical du-
ration of radon measurements is three to six months [4,6]. It rarely
reaches an year, which is considered a long waiting time for the
occupants to discover whether they are at high risk. Continuous radon
monitors could further facilitate studies on the correlation between
indoor radon concentration and environmental factors. Such studies
have up to now been conducted by passive radon detectors [7,8] that
average the concentration over several months or in a limited number
of buildings [9] due to the high cost of continuous radon monitors.

Furthermore, sensitive continuous monitors could be useful in build-
ings that have undergone or are in the process of undergoing radon
mitigation. They can assess the effect of passive measures or follow
the performance of active anti-radon installations. The potential for
widespread use of electronic radon monitors is also enhanced by their
ability to communicate with smart devices. In the future, this could
be used to actually improve the indoor air quality by controlling
ventilation or radon mitigation systems.

The above applications of the continuous radon monitors require
dedicated studies of their characteristics. In addition to the tests com-
mon for radon detectors, studies on the time response of the monitors
should be included. The time response is crucial for deriving informa-
tion from the signal dynamics and for estimation of the exposure in
given intervals. The current work is a study of the RadonEye Plus2
electronic radon monitor [10]. Along with the monitor’s linearity and
measurement reproducibility, its time response was studied by a newly
developed methodology. The methodology is presented and the time
response characteristics of RadonEye Plus2 are compared to these of
three other commonly used commercial monitors.

2. Materials and methods

The RadonEye Plus2 [10] is a small radon detector based on a
pulsed ionization chamber. It can connect to smart phones via WiFi and
report radon measurements every 10 min. The reported value is a run-
ning average of the last 60 min [10] and does not include uncertainty.
Its measurement range is from 7 to 9435 Bq/m? and its sensitivity is 0.5
cpm/pCi/L (0.014cpm/Bq/m?) as provided by the producer [10]. The
detector is sensitive to all the alpha particles emitted by radon and its
progeny [11]. The high sensitivity and affordable price of the RadonEye
Plus2 makes it very appropriate for indoor measurement campaigns.
The declared accuracy and reproducibility of RadonEye Plus2 are both
<10%. A study of the influence of thoron (*2°Rn with half-life of
55.8(3) s [12]) on radon monitors has shown that RadonEye Plus2 is
sensitive to thoron [13,14]. Although, this may be a drawback in rare
cases in which thoron is present in the environment, it indicates that

(b)

Fig. 1. (a) Scheme of the exposure system used for the study of the linearity and reproducibility of the RadonEyes. (b) A picture of the monitors arranged in the 200 L vessel.

the diffusion of radon gas inside the detector’s chamber is relatively
fast. The fast diffusion is a prerequisite for a fast response time of the
monitor.

Thirty six RadonEye Plus2 monitors (or in short RadonEye(s))
were exposed to different activity concentrations of radon. During the
exposures the commercial radon monitor AlphaGUARD PQ2000 Pro
Rn/Tn [15] was used as a reference monitor. For the time response
studies a dedicated detector system with a very fast response, the
PIPS system presented in Section 2.3, was used to follow the radon
concentration. The time response of RadonEye is compared to that of
the AlphaGUARD, RAD7 [16] and AlphaE [17] monitors.

2.1. Study of the linearity and reproducibility

The RadonEyes were exposed in several sessions to different radon
concentrations in the range from 150 Bq/m? to 7000 Bq/m?>. The expo-
sures were carried out in a 200 L radon chamber with the setup shown
in Fig. 1. This setup allows control of the activity concentration inside
the chamber by connecting the system in open-loop and adjusting the
flow-rate of air through the source by the pump flow-rate [18].

The AlphaGUARD and the RAD7 monitors were exposed together
with the RadonEyes. They were set to report values every 10 min like
the RadonEyes. The exposure at each activity continued for at least 12 h
(up to 2-3 days for the lower values). The series of measurements at a
given activity concentration were used to estimate the average and the
standard deviation for each monitor.

The average values for each RadonEye were plotted verses the
values estimated by the AlphaGUARD and the RAD7 monitors. The
plots were used to study the linearity of the RadonEyes’ response in
the range 150-7000 Bq/m?>. The AlphaGUARD and RAD7 have a much
higher upper limit [15,16] and are known to be linear in this range.
In Section 3 it is demonstrated that the RadonEye monitors have some
non-linearity in the studied range, but linearity can be assumed up to
3500 Bq/m?>.

For the range in which linearity of the RadonEyes can be assumed
a correction factor to the reference monitor was estimated for each
RadonEye. The correction factor R was defined as:

Ri = CA,ref/CA,i’ (1)

where C, , , is the activity concentration by the reference monitor and
C,, is the one by the ith studied RadonEye. The standard deviation
of the values of R for the 36 RadonEyes was used to estimate the
reproducibility.
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Fig. 2. (a) Scheme of the exposure system used for the time-response study. The photos show the arrangement of the detectors during the exposure at (b) high and (c) low activity

concentration.
2.2. Study of the time-response

The studies of the time response of radon monitors require an expo-
sure system in which rapid changes of the radon activity concentration
with a characteristic time of a minute or less can be created. It is
also necessary to follow the activity inside the system with a reference
measurement system with a fast response. In order to satisfy the first
condition, we used a smaller exposure chamber with a volume of 50 1
(the standard exposure chamber of the AlphaGUARD set). The activity
needed for the exposure was prepared in a small volume drexel (about
180 ml). The exposure setup used in this study is shown in Fig. 2. It
was a closed-loop system with a pump that provides 2 I/min airflow in
the system. At the end of the exposure, the system is opened to quickly
flush radon.

To follow the activity concentration a system with a very fast
response — the “PIPS-system” developed at Laboratoire National Henri
Becquerel (CEA/LNHB) was used. However, it is not sensitive enough to
make fast measurements of concentrations of a few kBq/m?, i.e. in the
range in which RadonEyes operate. That is why, the PIPs-system was
used to test whether the activity in the exposure system can be changed
quickly and to study the response of the monitors AlphaGUARD, RAD7
and AlphaE. Since the AlphaGUARD proved to have a fast response,
it was further used to follow the activity changes in the system at
activity concentrations in the range for which RadonEye response is
linear (below 3500 Bq/m?).

The study involved two different exposure sessions at two different
ranges of activity concentrations:

+ First session with activity concentrations reaching 300-400
kBq/m? followed by the PIPs-system. The monitors AlphaGuard,
RAD7 and AlphaE were exposed and their time response was
studied (Fig. 2(b)). The monitors were placed in the exposure
chamber and the PIPS-system was connected to the outlet of the
exposure chamber. In this range one short spike (16 min duration)
and three long spikes (1 h duration) were created. The single-
measurement durations of each detector in these four experiments
are presented in Table 1.

Second session with activity concentrations reaching 2.5-3
kBq/m? followed by the AlphaGUARD monitor (Fig. 2(c)). The
time response of the RadonEyes was studied. In this range one
short spike (20 min duration), two long spikes (1 h and 3 h
duration) and one step-like changing concentration (3 steps, 1.5 h
each) were created.

The response of the monitors that allow active sampling (the PIPs-
system, AlphaGUARD and RAD7) was studied in flow-through mode
and the response of the rest (AlphaE and RadonEye) in diffusion mode.
The RAD7 was used in sniff mode, in which it analyzes only the

Table 1
Duration of the consecutive single measurements of the continuous monitors in the
study of their response time at high radon concentration. Flow-through sampling
by pump was used for all except the AlphaE, for which only diffusion sampling is
possible.

Short spike Long spike, 1 h duration

15 min duration No 1 No 2 No 3
PIPS-system 1 min 2 min 2 min 2 min
AlphaGUARD 1 min 1 min 1 min 10 min
RAD7 (sniff mode) 2 min 5 min 5 min 5 min
AlphaE 5 min 5 min 5 min 5 min

peak of 218Po and has a faster response time. The in-built fan of the
chamber was switched-on in all exposures. This fan faces directly the
exposure volume and could speed up radon entry in the volume of the
passive-sampling monitors. Therefore, it was screened by a cardboard
which redirected the initial airflow of the fan towards the walls of the
exposure chamber. Because of the small volume of the chamber, only
3 RadonEyes were used in this study.

2.3. The PIPS-system

For the time response studies the “PIPS-system” was used [19-
21]. It is a modified version of the French reference thoron detector,
developed at Laboratoire National Henri Becquerel (CEA/LNHB) and
has a very fast response, which makes it suitable for observing rapid
activity changes.

The PIPS-system is schematically shown in Fig. 3(a). An external
pump ensures the flow of the measured air through the lower chamber
of the PIPS-system. The lower and the upper chamber are separated by
a metallic mesh and two mixed cellulose ester membrane filters with
pore size of 0.3 pm and total thickness of about 300 pm. The filters
stop the radon and thoron progeny and let both radon and thoron
diffuse freely from the lower in the upper chamber [22]. When radon
and/or thoron decay their progenies are collected at the surface of the
PIPS detector by the electrostatic field between the detector’s surface
and the metalized walls of the upper chamber and the metallic mesh.
The PIPS-detector registers the alpha-particles and its signal is further
processed by a nanoMCA (a combined real-time digital pulse processor
and a digital multichannel analyzer by [23]). An example of the alpha-
particles energy spectrum of radon and its progeny obtained with this
system is shown in Fig. 3(b). The radon progeny, deposited on the PIPS-
detector surface form discrete peaks, while the alpha-particles of radon
(homogeneously spread in the upper chamber) form a continuum.

Up to now the PIPS-system was calibrated for radon measurements
by the alpha-particles of the radon progeny [21], which limits the time-
response of the system to a typical time of 10-15 min determined by
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(b)

Fig. 3. (a) Scheme of the PIPS-system. (b) An alpha-spectrum of 22Rn (the marked continuum) and its short-lived progeny 2'#Po (the left peak) and 2!“Po (the right peak) acquired

with the PIPS-system. The regions of interest (ROIs) are marked in blue.

the build-up of 218Po (half-life of 3.094(6) min [24]). For the purposes
of the present study, the PIPS-system was calibrated for radon mea-
surements by the alpha-particles of radon - i.e. the radon continuum
in the alpha-particle spectrum Fig. 3(b). To estimate the efficiency
of the PIPS-system data from a previous study [21] was used. The
estimated efficiency for the alpha-particles of radon was ¢ = 0.329(17).
This efficiency is in very good agreement with the radon measurement
efficiency ¢ = 0.320(2) of the French reference thoron detector, as it
is also calibrated for radon measurements, performed in the same way
by [20].

3. Results and discussion
3.1. Linearity and reproducibility of the RadonEyes

The values measured by the AlphaGUARD/RAD7 were plotted
verses the values measured by each of the RadonEyes (see the example
in Fig. 4). Linear fitting of the data was carried out and the r-squared
and chi-squared values of the fits were estimated. In the estimate of
the chi-squared value only the uncertainties of the AlphaGUARD or
RAD7 measurements were included. They were estimated by propa-
gation of the uncertainties of the series of 10-min measurements. The
uncertainties of the RadonEyes values were much smaller, since they
only included the standard deviation of the series of measurements.

For all RadonEyes excellent correlations with r-squared values
above 0.98 were observed with the values estimated by the Alpha-
GUARD and RAD7 for the range below 3500 Bq/m’® (as measured
by the reference monitor). The fits passed through the origin within
the uncertainty. The correlation was still very good when the whole
range of activities (150-7000 Bq/m?) was included, but a trend of
the RadonEyes to underestimate the higher values became visible and
all linear fits passed below the origin (see Fig. 5). The linear fits in
the whole range were characterized with much higher chi-squared
values and lower p-values (the probability not to reject the fit) than
those for the range below 3500 Bq/m?>. This tendency for non-linearity
was observed for all studied RadonEyes with respect to both the
AlphaGUARD and the RAD7. Non-linearity in the signal of RadonEye
Plus2 monitors has already been noted by [5]. A possible reason for
the non-linearity is deadtime in the signal processing of the RadonEye
monitors, although no data on it is provided by the producer.

For each RadonEye monitor the correction factor R, to the refer-
ence monitor AlphaGUARD, defined by Eq. (1) in the region below
3500 Bq/m?®, was estimated by the angular coefficient of the linear
fit (see Fig. 4). The values of R, for each of the 36 studied Radon-
Eye monitors are shown in Fig. 6. It can be seen that most of the
studied RadonEyes overestimate the radon activity concentration, since
a higher R corresponds to a lower reported value C,. For 23 of
the 36 studied RadonEyes the value of R, differs from 1 by more

3500 T T T T T T T

3000

2500

2000

1500

1000

500 | B

Activity concentration by AlphaGUARD (Bg/m®)

0 500 1000 1500 2000 2500 3000 3500 4000
Activity concentration by RadonEye (Bg/m®)

Fig. 4. Radon activity concentration measured by the AlphaGUARD and one of the
RadonEye monitors in the exposures below 3500 Bq/m’. The line marks linear fit of
the data with angular coefficient a = 0.8841(51) and free parameter b = —5.7(56). The
r-squared value of the fit is 0.9998 and the p-value of the chi-squared test is 0.9615.

m®)

37000 F
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Fig. 5. Radon activity concentration measured by the AlphaGUARD and one of the
RadonEye monitors in all conducted exposures. The solid line marks linear fit of the
data with angular coefficient a = 0.933(14) and free parameter b = —50(27). The r-
squared value of the fit is 0.9963 and the p-value of the chi-squared test is 5.92.1078.
The dashed line marks the fit for the data below 3500 Bq/m?, shown in Fig. 4.
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than 10% (the accuracy declared by the producer). Therefore, when
radon measurements with uncertainty less than 20% are required, the
RadonEye should be individually calibrated. The average value of the
correction factor R, with respect to the AlphaGUARD monitor is 0.873
with a standard deviation of 0.060 (6.9%). The standard deviation was
used as an estimate of the reproducibility of RadonEye measurements.

In order to describe the non-linearity, the ratio R was estimated
for each RadonEye at each different exposure activity. The value of
R was plotted verses the activity concentration C,,,, estimated by
the reference monitor (see Fig. 7). Fits with two empirical functions
were attempted: quadratic function f1(Cy,.s) = awa, ;0 and ex-
ponential function f,(Cy,.;) = bexp(dCy ), where a, b and d are
free parameters and b should be close to R,. For almost all monitors
the fits with the quadratic function had lower chi-squared value than
the fits with the exponential function. The fits of R(Cy,.,) allow to
estimate the referent value based on the value reported by the detector
in the range of non-linearity. Using the fits for all RadonEyes the ratio
% at 7000 Bq/m> was estimated at 0.88(16), where the uncertainty
accounts for the standard deviation in the batch of studied detectors.
It follows that after the individual correction factors R, are applied
to the values reported by the RadonEyes at 7000 Bq/m?, the activity
concentration would on average be underestimated by 12%. However,
for a non-calibrated RadonEye the value of R, is unknown and the bias
for a reported value of 7000 Bq/m? could be higher.

Overall, the RadonEye monitors proved excellent linearity in the
range below 3500 Bq/m? in which radon concentrations in the major-
ity of buildings lie. For a RadonEye monitor that is not individually
calibrated it is recommended to expand the calibration uncertainty
(10% declared by the producer) by additional 7% to account for the
reproducibility.

3.2. Response time

The radon activity concentrations measured by the detectors in two
of the four exposures at high activity concentrations are shown in
Fig. 8. Results, similar to these in Fig. 8(b) were obtained from the
other two one-hour spikes at high activity concentration (not shown).

The results from the direct radon measurements of the PIPS-system
(by the continuum of 222Rn) show that rectangular activity pulses
(spikes) are successfully created in the exposure chamber. The transient
time to reach 100% of the activity concentration at the beginning and
to lower the activity concentration down to “zero” at the end of the
exposure is about 1-2 min. This is fast enough to study the monitors’

Measurement 207 (2023) 112409
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Fig. 7. Correction factor R for one of the RadonEye monitors as a function of the
referent activity concentration measured by the AlphaGUARD. The solid line marks fit
of the data with the function f| = ax? + b with a = 2.42(15).10~° and b = 0.8673(38).
The p-value of the chi-squared test is 0.989.

Table 2

Response times of the studied monitors. Ty, Ty, and Tys are the characteristic times
in which the signal reaches respectively 50%, 90% and 95%, of the equilibrium value
after a step-like increase from zero. The same times apply to a step-like decrease to
zero. Where applicable the monitor’s settings are given in brackets.

Monitor Tsy, [min] Tyy, [min] Tys, [min]
PIPS-system (??2Rn-continuum) Reference, Tys < 1 min

AlphaGUARD (1 min. flow-through) - - 1-2
PIPS-system (?'8Po-peak) 3 10 15

RAD7 (sniff mode) 3 10 15
AlphaE (5 min.) 20 60 80
RadonEye 40 90 120

response. Additionally, this allows to create very short spikes that are
suitable to study the response-function of the monitors (see the next
section). The response time of the studied monitors is quantified in
terms of the characteristic times Ty,, Ty, and Tys for the monitor’s
signal to reach respectively 50%, 90% and 95% of its equilibrium
activity after a step-like increase from zero. The results show that
the characteristic times for decrease of the signal to zero are similar.
The characteristic response times of the studied detectors are given
in Table 2. In the case of the AlphaGUARD the response time is
obtained empirically due to its fast response. For all other monitors the
characteristic times are obtained both empirically and by exponential
fitting of the detectors’ data and the two approaches give similar values.
The experimental results show that the response time of the Alph-
aGUARD is about 1-2 min — its readings seem to be coherent after
the first 1 or 2 one-minute measurements (see Fig. 8). This proves that
the AlphaGUARD is suitable for the follow up of such fast changes, in-
cluding rectangular activity pulses. It should be noted that for monitors
with active sampling, their response time is influenced by the “refresh”
time 7, of the active volume of the monitor. This is the characteristic
time for reaching equilibrium between the activity concentration C;,
in the monitor’s active volume and the ambient activity concentration
Cout Ciy = Cyrexp (—t/7,). The refresh time could be estimated as:

7,.=V/0, (2)

where Q is the air flow-rate through the active volume V. For the
AlphaGUARD (V' = 0.56 1 and Q = 1 I/min) this time is 7, = 0.56 min.

It was also observed that when the AlphaGUARD makes 1-min
measurements it overestimates the activity concentration in the first
few measurements (see Fig. 8(b)). This was also observed in the second
one-hour spike when it was running in 1-min mode, but not in the
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Fig. 8. Monitors’ measurements during (a) the 16-min exposure and (b) the first 1-h exposure at high radon concentration. The vertical dashed lines mark the beginning and the

end of the exposure (the spike).

third one-hour spike when the AlphaGUARD was running in 10-min
mode. Thus, one should analyze the immediate 1-min AlphaGUARD
measurements with care.

To measure radon, the RAD7 monitor performs alpha-spectrometric
measurements of the short-lived progeny of radon. For faster response
it analyzes only the signal from 2'8Po (sniff mode). Therefore, the
response time of RAD7 is limited by the build-up of 2!8Po in its
active volume, when the activity concentration rises and by the de-
cay of 218Po, when the activity goes down. The half-life of 218Po is
3.094(6) min [24] and the refresh time of the RAD7 chamber is 7z, =
0.75 min (VV = 0.751 and Q = 1 I/min), so the typical response time
of RAD7 is expected to be 10-15 min. This expectation is confirmed
by the analysis of the results shown in Fig. 8. It is also seen in Fig. 8
that the measurements made by the PIPS-system have similar behavior
when the 218Po peak is used for analysis.

The AlphaE monitor is sensitive to all alpha-particles of radon
and its progeny, which determines its complex and relatively slow
(compared to the AlphaGUARD and RAD7) response. In Fig. 8(b) it is
seen that in both cases (activity grow-up and drop-down) there are two
components in the response of AlphaE: a fast component, which is due
to the alpha-particles of 222Rn and 218Po, and a slow component —
due to 21*Po. This causes bias in the AlphaE initial measurements that
fades with time. It fades fully for about 3 h — the time needed for radon
and its short-lived progeny to reach equilibrium. However, due to the
fast component, the signal reaches 50% of the equilibrium concentra-
tion in 20 min and 90% - in 60 min. Practically the same response
times are observed when the activity concentration goes down. This
time-response is sufficient for monitoring the radon variations even
in buildings with part-time operation and active ventilation. However,
due to its low sensitivity of 3 cph at 100 Bq/m?> [17], the AlphaE is not
very suitable for follow-up of the dynamics of indoor radon.

The results from the low activity concentration spikes are shown
in Fig. 9. In these exposures the AlphaGUARD is used as a reference
monitor. The 1-min measurements of the AlphaGUARD (Figs. 9(a) and
9(b)) confirm that the rectangular spikes are successfully created. Due
to the poor counting statistics of the AlphaE, its measurements are only
demonstrated in Fig. 9(c) and are not included in the further analysis.

According to its producer, the RadonEye is sensitive to all the alpha-
particles of radon and its short-lived progeny [11]. Therefore, similarly
to the AlphaE, the RadonEye has a response with a fast and a slow com-
ponent, clearly seen in Fig. 9(c). The observed timing of the RadonEye
response is also similar to that of the AlphaE: when the activity rises, it
takes about 3 h to reach equilibrium between radon and its short-lived
progeny and to measure radon correctly. It takes 40 min to reach 50%

of the equilibrium activity concentration and about 90 min to reach
90%. Very close response times were observed at decreasing activity
concentration. These values are in agreement with the values reported
by [5], who observed that an hour after injection of radon activity, the
RadonEye recorded (79 + 3)% of the true radon concentration and after
two hours (96 + 4) %. The results show that RadonEye monitors could
be successfully used for monitoring of the diurnal radon variations
even in workplaces with part-time operation. The time response is
also sufficiently fast to follow the variations of radon associated with
changes in the environmental conditions. Notably, the RadonEyes have
a slightly longer response time compared to AlphaE, which could be
explained by the in-built smoothing algorithms of the RadonEye: it
is stated that the values reported by the device are a 1-h moving
average [11]. This online measurement processing could explain two
more things that are seen in Fig. 9: 1. The measurements are smoothed
near the points of rapid drop of activity and 2. The reaction of the
RadonEyes is shifted (delayed) by 10 min.

3.3. Study of the response function

For detectors with relatively slow response time, it is worth to study
their response function Fg. The activity concentration measured by the
monitors C,, is, in fact, a convolution of the response function Fp and
the real activity concentration C,:

C,=Fg+C,= / Fr(@)C.(t — 7)d7, 3)

(o]
where ¢t and 7 are time variables. The knowledge of the response
function could facilitate the analysis of the measurements and the
assessment of the time-limits of the monitor. Moreover, the response
function could be used to deconvolute the signal C,,(r) and restore the
real activity concentration C,(¢).

The response function of a radon monitor could be obtained by
exposing it to a short pulse of radon concentration. The pulse duration
should be: 1. Shorter than the typical time of the radon variations to
be studied and 2. Comparable to the single measurement duration of
the detector. In this sense, the short spikes (with duration 15-20 min)
described in the previous section are very suitable for such study. On
the other hand, the RadonEye and the AlphaE monitors could perform
consecutive measurements with a single measurement duration much
shorter than their response time, which ensures a detailed follow up of
their response. This makes these two monitors very suitable to study
the feasibility of such an approach: 1. To obtain the response function
of the detector by a short spike and 2. Use it to model the response of
the detector. To study this approach, the experiments described above
were used:
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Fig. 9. RadonEyes and AlphaGUARD measurements during (a) the 20-min exposure, (b) the 1-h exposure, (c) the 3-h exposure and (d) the 3 x 1.5 h exposure at lower radon
concentration. The vertical dashed lines mark the beginning and the end of the exposure and the changes in the activity concentration in the 3 x 1.5 h exposure.

1. The response functions Fi of the RadonEyes (see
Fig. 9(a)) and the AlphaE (see Fig. 8(a)) are obtained from
the exposures with the short spikes. An example is shown in
Fig. 10(a).

2. The activity concentration C, during the longer exposures was
modeled by a rectangular or a step-like function. For that pur-
pose, the average activity concentrations measured by the refer-
ence monitor AlphaGUARD were used as shown in Fig. 10(b).

3. Eq. (3) in the form of a sum is used to convolute Fy and C, in
order to obtain the response C,, of the monitors and to compare
it with the real measurements of the monitors (see Figs. 10(c)
and 10(d)).

The good agreement between the modeled response and the detec-
tors measurements proves the feasibility of the approach. Thus, short
spikes could be used to obtain the response function of the monitors
and to model and predict their response.

4. Conclusions

The monitor RadonEye Plus2 was studied in respect to its applica-
tion for continuous indoor radon monitoring with accent on follow-up
of sharp variations. The linearity of the response and the reproducibility
were studied by exposure of 36 RadonEye monitors to radon activity
concentrations in the range 150-7000 Bq/m?>. All RadonEyes showed

excellent linearity up to 3500 Bq/m?. A slight deviation from linear-
ity within 12% was observed in the range 3500-7000 Bq/m>. The
reproducibility of measurements by different RadonEyes in the range
of linearity was within 7%.

In order to assess the applicability of the RadonEyes for follow-up
of fast activity changes, their time response was studied and compared
to that of other radon monitors. A dedicated procedure was developed
based on exposure of the monitors to rectangular activity concentration
pulses (spikes). It was demonstrated that an exposure system with a
50 1 chamber and a small volume radon source connected in closed
loop is suitable for creating such spikes. It was also shown that the
monitor AlphaGUARD PQ2000 Pro Rn/Tn has a very fast response
which makes it suitable for follow-up of the activity concentration in
time response studies of other monitors. Additionally, an approach to
obtain the response function of a monitor by exposing it to short radon
spikes was developed. It is demonstrated that the response function
could be used to model and predict the response of monitors with
response times of the order of tens of minutes.

The determined characteristic response times of the RadonEye mon-
itor are about 40 min for reaching 50% of the plateau of a rectangular
pulse and 90 min for reaching 90%. They are somewhat higher than
the corresponding response times of the AlphaE monitor, which are
20 and 60 min respectively. However, the sensitivity of the AlphaE
is insufficient to follow changes in the radon activity concentration
even at the level of a few kBg/m?. The response times of the RAD7
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Fig. 10. (a) The response function Fy (blue) of a RadonEye yielded by the short activity spike (red). (b) The activity concentration measured by the AlphaGUARD (red) during
the long exposures is modeled with the averaged activity concentration C, (blue). The convolution of F; and C, gives the expected response of the monitor (Eq. (3)) — the blue
solid line in (c) is the convolution of Fy and C, shown in (a) and (b). The expected response (solid lines) of a RadonEye (c) and an AlphaE monitor (d) are compared with their

readings (the points) during the exposures.

monitor in sniff mode are much shorter — about 3 min for reaching
50% of the plateau of a rectangular pulse and 10 min for reaching
90%. The response of the AlphaGUARD monitor in flow-through mode
is even faster — it reaches 95% of the plateau in less than 2 min.
The differences of the response times of the monitors are attributed
to the different isotopes (among radon and its progeny) used for signal
formation and the different signal processing algorithms.

Overall, the RadonEye monitor seems useful for studies of indoor
radon dynamics and estimation of the radon exposure based on the
actual hours spent in a building. Its time response is sufficiently fast
to follow radon variations even in buildings with active ventilation.
It is linear in the range below 3500 Bq/m’ in which radon concen-
trations in the great majority of buildings are found. It demonstrates
reasonable accuracy and reproducibility. Its affordable price makes it
appropriate for measurement campaigns in dwellings and workplaces.
Due to its high sensitivity, RadonEye can be useful in the process of
radon mitigation or in the assessment of anti-radon systems.

The presented methodology can be applied to study other active
monitors for continuous radon measurements. The developed proce-
dure for characterization of the time response is applicable to a great
variety of monitors. Such characterization allows to uncover the full
potential of continuous monitors for new and evolving applications like
estimation of the radon exposure in buildings with part-time operation,
active radon mitigation through smart solutions and investigation of the
nature and causes for indoor radon variations.
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