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HIGHLIGHTS

e The study evaluates low-cost active detectors for Radon gas monitoring.
e Three different detectors are studied.

e The three detectors exhibit either an increasing or decreasing response as the concentration of Radon gas changes.

ABSTRACT

Radon gas is a significant source of natural radiation exposure in humans. In this
research, the responses of three different radiation detectors are compared by preliminary
test results for Radon gas detection. First detector is a pulse-mode counter developed by
using a BPW34 photodiode. To amplify and read out the output signal of the photodiode,
a charge-sensitive preamplifier, based on a two-stage TLC272 operational amplifier is
designed. In the following, a pulse counting circuit is implemented by using an ATmega32
microcontroller. The second developed detector is a current-mode air ionization chamber
working at low applied voltages, with output signal enhanced by a current amplifier
BC517 Darlington transistor, read out by an Arduino UNO module. Additionally, an
alpha-sensitive Geiger-Mueller counter (model NT-960, Novin Teyf) with a mica entrance
window is employed as the third detector. Soil samples containing natural Uranium,
in companion with all three detectors were sealed in a chamber to study the detector
responses to different concentrations of Radon gas. Findings indicate that all three
detectors exhibit an increasing response as the concentration of Radon gas is increased.
In the viewpoint of measurement accuracy, the Geiger-Mueller counter provides more
accurate results due to a higher count rate and lower statistical fluctuations, with a
concentration curve giving the half-life of Radon acceptably. The ionization chamber is
shown to suffer from low sensitivity due to its current-mode operation.
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1 Introduction mans.

Its invisibility, lack of odor, taste, and color

Radon-222 is a noble gas originating from the radioac-
tive decay chain of Uranium or Thorium, both of which
found in minimal quantities in rocks and soils. The con-
centration of Radon gas varies by geographical region and
environmental conditions. Radon-222 undergoes alpha de-
cay with a half-life of 3.82 days, leading to the formation
of Polonium-218, which subsequently decays to Lead-214
through alpha decay with a half-life of 3.10 minutes. Al-
pha particles, having a high linear energy transfer, can
inflict serious damage to cells along their path within tis-
sue.

The World Nuclear Association currently identifies
Radon as the main reason for radiation exposure in hu-
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make it difficult to identify without specific tools. Al-
though Radon detectors are commercially available, their
affordability may restrict their access. Passive detectors
and electret systems are commonly used for long-term
measurements of Radon, while systems with continuous
function are most often used for online short-term mea-
surements (Sukanya and Joseph, 2023; Ishimori et al.,
2013; Cujié et al., 2021; Organization, 2009; United, 1982;
Blanco-Novoa et al., 2018; Mishra et al., 2009).

Radon and its decay products may emit alpha parti-
cles, beta particles or gamma rays. Hence, a variety of
alpha, beta, and gamma detectors can be applied: solid
and liquid scintillation detectors, nuclear track detectors,
electrometers, ionization chambers, semiconductor detec-
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Figure 1: The photodiode detector. Top: schematic view of the detector designed in Altium Designer software. Down: assembled
detector, including (1) the charge-sensitive preamplifier with the BPW34 photodiode, and (2) the counter system.

tors, and thermo-luminescence detectors (Budnitz, 1974).

Elisio and Peralta utilized a SLCD-61N5 low-cost pla-
nar photodiode and a charge-sensitive preamplifier, along
with an Arduino-based counter system, as an active Radon
gas detector (Elisio and Peralta, 2020). Blanco-Novoa et
al. tested an IoT remote Radon monitoring system for
accurate measurement of Radon concentration in various
locations including buildings in Galicia, Spain, where high
levels of Radon gas are expected (Blanco-Novoa et al.,
2018). Kim et al. studied a PIN photodiode Radon sen-
sor by which the measured rate for Radon-emitting soil
was 4.38 counts per hour (Kim et al., 2016). Bayrak et al.
utilized a low-cost Radon detection system for predicting
earthquakes, made of a windowless PS100-7-CER-2 photo-
diode, in companion with an amplifier and shaper (Bayrak
et al., 2013).

Brizova et al. studied an ionization chamber in
current-mode to detect alpha particles, equipped with an
Arduino module (Biizova et al., 2020). Studnicka et al.
tested a low-cost current-mode ion chamber developed for
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monitoring Radon gas, operating at a low voltage. Their
study reported a minimum measurable activity of approx-
imately 50 Bq.m~3 for Radon gas (Studnicka et al., 2019).

In the current study, we mainly aim to assess the per-
formance of two detectors: a pulse-mode detector based
on a photodiode, and a current-mode ionization chamber.
Results by an alpha-sensitive Geiger-Mueller counter are
also reported for comparison.

2 Experimental set up

In this research, two detectors similar to (Studnicka
et al., 2019) and https://stoppi-homemade-physics.
de/alphaspektroskopie/ were developed: a photodi-
ode detector and a free air ionization chamber (Figs. 1
and 2, respectively). Additionally, a Novin Teyf NT-
960 Geiger-Mueller counter (https://www.novinteyf.
ir/nt-960) was used. This detector, with a thin mica
entrance window, is sensitive to alpha particles. A com-
mercial Geiger-Muller detector incurs much higher costs
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Figure 2: The current-mode ionization chamber: Left: the detector sensor circuit. Right: the fabricated detector.

Figure 3: The experimental setup. (1) An insulated container of Uranium ore and soil which produce Radon gas. (2) An
insulated chamber where detectors are placed inside. (3) Lead blocks to protect the detectors from direct exposure by gamma
rays from chamber 1. (4) Power supply and readout system of the Geiger-Mueller detector. (5) InstruStar-ISDS205A oscilloscope
card. (6) Laptop for reading the output of the oscilloscope card.

than the proposed detection systems, needing a well- de-
signed, aligned and sealed cylindrical geometry, multipli-
cation and quenching mechanisms, and high-voltage sys-
tem. The photodiode detector, on the other hand, re-
quires some generic electronic components, working under
the bias of a 9 V battery. The ionization chamber is also
a low-cost device due to working by free air and no need
for a high-voltage system. All these three detectors were
placed in a well-insulated chamber.

The output signals of the photodiode were amplified
and processed using a charge-sensitive preamplifier. To
achieve this, a two-stage TLC272 operational amplifier
was utilized. A discriminator unit was also implemented
to produce logic pulses that correspond to the particles de-
tected by the photodiode. Finally, an Atmega32 microcon-
troller was programmed to calculate the rate of logic pulses
and display the result on a LCD screen (Parsazadeh et al.,
2023) (Fig. 1). To enhance the detection of beta particles,
the protective plastic layer on the photodiode was sanded
down to a much lower thickness. The BPW34 photodiode
(https://www.vishay.com/docs/81521/bpw34.pdf), in
companion with the preamplifier were enclosed in a metal
casing to protect from interfering light or electromagnetic
waves. A tiny hole on the metal box permitted the passage
of Radon gas, while blocking the environmental light.

In the ion chamber, a guard ring is employed to
minimize the leakage current. A BC517 NPN Darling-
ton transistor (https://static.chipdip.ru/1ib/958/
DOC003958404 . pdf) is used to amplify the chamber cur-
rent signal (Fig. 2). A DC voltage booster module is
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employed to enhance the applied voltage. To measure
the output signal, the analog-to-digital converter of an
Arduino UNO board is utilized. The recorded values are
then transmitted to an smartphone via a HC-05 Bluetooth
module. To prevent from electromagnetic wave interfer-
ences, a metal cap envelopes the readout circuit on the
top, and a metal grid covers the bottom side of the cham-
ber, where the radiations are allowed to enter via.

The experimental setup is shown in Fig. 3, in which
there exist two separate chambers: one containing Ura-
nium soil (1) and the other, the detectors (2). The total
volume of these chambers is roughly 40 liters. During the
measurements, the room temperature was held at 25 °C.
An InstruStar-ISDS205A oscilloscope card was utilized to
monitor the outputs of the detectors.

3 Results and discussion

Figure 4 indicates the settings and output data of the
Geiger-Mueller detector, with counting results arbitrarily
for day 10 of the experiment. The applied voltage is 450
V, measurement time 100 s and the recorded count 187.
Measurements were repeated multiple time each day and
the results averaged and the corresponding standard de-
viation calculated.

Figure 5 illustrates three output pulses captured by the
oscilloscope card from the photodiode detector on day 15
of the experiment. To reject the background noise signals,
a threshold level of 20 mV was set for the discriminator
circuit.
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Figure 4: Setup and measured count with the Geiger-Muller
detector on day 10 of the experiment.
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Figure 5: Some photodiode detector output pulses recorded
on day 15.

Figures 6-a, 6-b and 6-c respectively illustrated the
output currents of the ion chamber, recorded by the
InstruStar-ISDS205A oscilloscope card, arbitrarily on day
0 (before the introduction of Radon gas, representing the
detector leakage current) day 11 and day 15. As the Radon
concentration increases, the absolute value of the recorded
average current is also increased: 25.36+9.89, 57.33+£7.84,
and 87.89 £+ 6.29 mV as in Figs. 6-a, 6-b and 6-c, respec-
tively.

Curves of the measured concentrations of Radon by the
three detectors are presented in Fig. 7. First to measure
the background/leakage values, the Geiger-Mueller detec-
tor, the ion chamber, and the photodiode detector were set
up in the absence of Radon gas, and their corresponding
values recorded (shown as the data points of day 0 in Fig.
7). The count rates of the Geiger-Mueller and the pho-
todiode detectors were obtained by averaging the counts
recorded over 100-second intervals of data acquisition.

Subsequently, the Radon gas was introduced, allowed
to enter the chamber for 15 days, which corresponds to
roughly four half-lives of Radon. During this period, the
Radon concentration built up. In the next phase, the en-
trance valve was closed so as to evaluate the decrease in
Radon concentration. Measured values of each detector
were normalized to their corresponding maximum value
(reached on day 15), and the concentration curves plotted
altogether in Fig. 7.
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Figure 6: Examples of the ionization chamber detector out-
put currents recorded on days 0 (a), 11 (b) and 15 (c¢). Neg-
ative values for the currents is associated with the polarity of
the probe connection.

12

1.0+

0.8 4

0.6

Output Value

0.4 4

0.2 4

0.0 4

ll() 1I2 1I4 1I6 1I8 2I0 2I2 2I4 26
Day

Figure 7:  Normalized concentration curves of the three

detectors: the Geiger-Mueller (GM) detector, ion chamber

(IC) and the semiconductor photodiode detector (Sem.). The

Radon entrance valve was closed on day 15.
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An exponential fitting of the decaying part of the GM
curve in Fig. 7 gives the half-life (¢;/2) of Radon gas ac-
ceptably. To this goal, a single exponential function as
Eq. (1) was fitted to the data points of days 15-25 of the
GM curve.

y(t) = yo + Ae 0-698—T0)/haya (1)
where yg is a bias term, A amplitude, ¢ time in days and
to = 15 the start time. The fitting result gives a calcu-
lated t; /o of 4.2 days, in acceptable accordance with the
true half-life of Radon, 3.82 days. The discrepancy may be
attributed to the absence of information on days without
measurement, as well as the measurement errors.

While the Geiger-Mueller counter acceptably follows
the expected behavior, the photodiode detector fails due
to its quite lower number of counts (due to its lower de-
tection efficiency) and increased statistical fluctuations of
the recorded counts. A lower sensitivity for the photodi-
ode detector is also observed with outputs tending to zero
when the activity is low (after day 18 and before day 8).
For the case of ion chamber, a relatively large background
leakage current (the normalized output level of nearly 0.5
in Fig. 7) is observed from which the curve rises and to
which it returns back. This high level of leakage current
limits the sensitivity of the ion chamber. Despite the fact
that the results by the ion chamber and the photodiode
detector deviate from expectations, in general, it can be
observed that when the concentration of Radon gas inside
the chamber was increased, all three detectors exhibited
an increasing trend of their outputs. Conversely, when
the gas valve was closed and the concentration of Radon
decreased, all three detectors recorded a decreasing trend
of data.

4 Conclusions

In this study, the design and preliminary test results of
two low-cost detectors, a photodiode detector and an ion
chamber, were reported. These detectors benefit from
several advantages including portability, compactness, on-
line response (in comparison with the passive Radon de-
tectors), low energy consumption and low manufacturing
costs. Generally based on experimental tests, it was shown
that both detectors, along with a standard Geiger-Mueller
counter, could follow the increasing and decreasing trends
in Radon gas concentration. Our group aims to work fur-
ther on the limitations of the proposed detectors, which
include their sensitivity and probable response stability
issues.
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