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Abstract

An active device for radon detection in air has been developed in the frame of a project carried out by the 
Physics Department of the University of Torino with the aim to create a monitoring network of radon con-
centration in the University workplaces.
The device uses a commercial planar photodiode, sensitive to alpha particles, and a dedicated electronic chain inte-
grated in an approx. 30 mm by 50 mm printed circuit board (PCB), designed in order to minimize the power con-
sumption. The device can be used not only as alpha particles counter (using the digital output) but also for alpha 
spectroscopy, connecting the analog signal output from the shaper amplifier to a Multichannel Analyzer (MCA).
In this paper, the first prototype of the detector will be presented with the preliminary experimental results.
The spectroscopic performances of the device were tested, integrating the sensor in a commercial aluminum 
box and acquiring the alpha particle spectrum from a calibration source and from rock samples used as radon 
sources.
The radon sensitivity of the detector, in terms of (Counts per hour)/(Bq m−3), was assessed by the comparison 
with a calibrated commercial radon detector (RAD7 Durridge Inc.).
In conclusion, the final prototype will be presented. It is characterized by a new 3d printed plastic case in black 
PA12 for light shielding, covered by a conductive paint in order to minimize the electromagnetic noise.

Keywords: silicon photodiode; alpha spectroscopy; continuous radon monitor; radon device intercomparison; radon network

Radon is a radioactive natural gas belonging to the 
class of  noble gases. Different isotopes of  radon 
exist, but the most significant one (for human 

exposure), due to its long half-life time (3.82 days), is 
222Rn (1). It derives from alpha decay from the 238U series. 
This nuclide is present in various concentrations in all 
soils and rocks (2), making the soil the primary source of 
atmospheric radon. Radon exhaled outdoors disperses 
quickly (3). On the other hand, in closed environments 
(indoor), the radon tends to accumulate, sometimes 
reaching indoor concentration levels representing a risk 
to human health. More precisely, radon represents one of 
the primary risk factors of  lung cancer, classified from 
the World Health Organization (WHO) through the 
International Agency for Research on Cancer (IARC) in 
the first group of  carcinogens (4). The lung cancer risk is 
proportional to the radon exposure (5); therefore, it is 
crucial to measure radon concentration.

There are several devices for measuring radon concen-
tration in air. However, the device choice varies according 

to the measurement purpose (e.g. workplace monitoring 
(6) or verification of the effectiveness of the remedial 
action).

This paper presents a continuous radon monitor 
based on a Si PIN photodiode. The instrument has been 
developed at the Physics Department of  the University 
of  Torino with the aim to create a monitoring network.

The alpha particles detection works on counting the 
electric signals produced by the interaction between the 
particles themselves and the sensitive region of a photodi-
ode. Therefore, the device is able to detect alpha particles 
coming directly from the 222Rn and from its decay prod-
ucts (218Po and 214Po).

This document presents the device characterization 
and the preliminary measurements of  radon concentra-
tion. These were performed at Physics Department of 
the University of  Torino using natural rock samples 
as radon sources. Measurements were carried out simul-
taneously with a calibrated commercial device (RAD7 
Durridge Inc.) (7).
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Material and methods
The system consists of several parts (Fig. 1): the photodi-
ode detector, a voltage multiplier for detector polariza-
tion, a preamplifier, a shaping amplifier, a second 
amplification – buffer stage, and, finally, a signal 
discriminator.

The sensitive element is a windowless Si PIN photodi-
ode S3590-09 with a photosensitive area of 10 × 10 mm2 

by Hamamatsu (8–10). The following features make such 
photodiode particularly suitable for our application:

• maximum reverse voltage of 100 V;
• a terminal capacitance of 40 pF;
• high stability and good energy resolution.

The photodiode according to the characteristics men-
tioned above is polarized with 30 V using a Cockcroft-
Walton voltage multiplier. Both the voltage multiplier and 
the electronic circuit use SMD CMOS low-power compo-
nents. In this way, the device can be powered with only 
three 1.5 V AA batteries allowing to operate it without a 
bench power supply.

During the interaction between a charged particle and 
the photodiode sensitive area, a current proportional to 
the deposited energy is generated. Then, the current signal 
is transformed into a voltage signal by means of a charge 
to voltage preamplifier. Consequently, the shaping ampli-
fier converts the voltage signal into a Gaussian pulse. This 

Fig. 1. Diagram of the detection system and acquired signals using the oscilloscope.

Fig. 2. Electronic chain linearity. Fig. 3. Multichannel linearity.
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signal is internally processed by a discriminator, which 
generates a digital output for an external counter, and, 
once buffered, it can be sent to an Multichannel Analyzer 
(MCA) for alpha spectrum acquisition. The presence of a 
test-in input allows to test the device using a pulse 
generator.

Results

Linearity of the electronic chain

The electronic chain linearity was assessed using test-in 
signals from a pulse generator. Data are shown in Fig. 2 
together with linear regression result. The analogue signal 
(V out) can be digitalized using an MCA in order to mea-
sure the particle energy spectrum. Figure 3 displays the 
results of the linearity of the digitalization process using 
Amptek MCA 8000A (11).

Test with a calibrated alpha source
In order to verify the spectroscopic performances of the 
system, preliminary tests were carried out acquiring the 

Fig. 4. Calibration setup using alpha source.

Fig. 5. Alpha spectrum of the calibration source acquired with the first prototype.

Table 1. Correspondence between incoming particles’ energy and 
MCA channels

Alpha 
emitter

Energy 
[MeV]

Energy after  
(0.93 ± 0.03) cm air  

[MeV]

Peak centroid 
[Channel]

σ 
[Channel]

239Pu 5.16 4.31 ± 0.03 169 6
241Am 5.49 4.68 ± 0.03 187 5
244Cm 5.81 5.03 ± 0.03 202 5
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alpha spectrum coming from a composite alpha source 
(241Am-244Cm-239Pu). The source, unsealed radioactive 
source type VZ-1679, shows a first maximum energy peak 
at 5.16 MeV (239Pu), a second energy peak at 5.49 MeV 
(241Am), and a third peak at 5.81 MeV (244Cm) (12). The 
activities calculated at measurement data are, respectively, 
1 kBq for 241Am, 0.5 kBq for 244Cm, and 1 kBq for 239Pu.

The detector was assembled into an 8 × 5 × 2.5 cm3 

aluminum box. As it is shown in Fig. 4, the calibration 
source was placed on a plastic holder located directly on 
the aluminum cover; both the holder and the cover were 
specifically drilled in correspondence of the photodiode 
sensitive area. The air gap between the source and the 
photodiode has been measured using a callipers with a 

Fig. 6. Channels versus alpha energy.

Fig. 7. Radon spectrum acquired from rock samples with first prototype.

Fig. 8. Experimental setup with the prototype, the rock sam-
ples, and the tube of RAD7 inside the light-tight metal box.
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sensitivity of 0.05 mm. Taking into account the distance 
between the photodiode and the box surface of 7.10 mm, 
the source plate thickness of 2.20 mm, the uncertainty in 
the callipers positioning, and the uncertainty due to the 
source thickness, the air gap has been assessed 9.3 ± 0.3 mm. 
Both the aluminum box and the source were placed into a 
25 × 22 × 8 cm3 light-tight metal box to reduce the light 
noise. Figure 5 shows the spectrum acquired for 300 s, and 
the data are summarized in Table 1. The energy values 
after the air gap have been computed considering the 
mean energy loss in the dry air extrapolated from NIST 
data (13). The associated uncertainties are calculated  
considering the uncertainty on air thickness. As it can be 

noticed, the resolution in air (calculated as 2.35 ·σ/Peak 
centroid) is below 10%. Figure 6 displays the correspon-
dence between the MCA channels and the incoming  
particles’ energy, along with the linear regression.

Radon measurements
In order to acquire a radon spectrum, natural rock sam-
ples and the first prototype were placed inside the light-
tight box. The spectrum was acquired operating the 
detector for 172,800 s. As is shown in Fig. 7, the alpha 
peaks from the decay of  218Po and 214Po can be clearly 
distinguished. At lower energies, it is evident the contri-
bution of  222Rn: a continuous spectrum with an end 
point of  approximately 5.75 MeV. This measurement 
allowed to set the discrimination threshold at a corre-
sponding energy of  about 5.75 MeV in order to reject 

Table 2. Measurements obtained with the first prototype and the 
RAD7 in three different experimental conditions (cph vs. Bq m−3)

Radon 
concentration

Time  
[s]

Count rates 
above the 
threshold 

[cph]

σ  
[cph]

RAD7  
[Bq m−3]

σ  
[Bq m−3]

Conc 1 86,400 1.46 0.25 122 13

Conc 2 341,873 5.28 0.25 550 11

Conc 3 234,000 27.92 0.66 3,019 63

Fig. 9. Radon sensitivity of the first prototype.

Fig. 10. Plastic case components. (a) PCB support; (b) diffusion passive chamber; (c) battery holder and bottom cap.

Fig. 11. Plastic case prototype.
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light and electronic noise and signals coming from alpha 
particles not belonging to 222Rn and 220Rn short life 
daughters.

Radon sensitivity assessment
The system was tested in laboratory conditions exposing 
both the first prototype and a calibrated commercial 
radon detector (RAD7 Durridge Inc.) to rock samples 
(Fig. 8). Three different configurations were tested, chang-
ing the number of rocks inside the metal box and the clos-
ing system. The count rates from the prototype, acquired 
using a digital panel counter (Trumeter HED 261-T) (14), 
are normalized and summarized in Table 2 and compared 
with the radon concentration (Bq m−3) measured by 
RAD7. The prototype sensitivity of 107 ± 3 Bq/cph was 
obtained from the linear regression through the origin of 
the experimental data as displayed in Fig. 9. In terms of 
accuracy, this means about 20% after 1-day exposure and 
less than 10% for 1-week exposure at 100 Bq m−3. These 
characteristics, sensitivity, and accuracy imply that the 
monitor is mainly suited for long-term (e.g. days) indoor 
measurements.

Final prototype
A 3d-print plastic case prototype was designed and realized 
using black PA12 (polyamide 12) for light shielding in order 
to host the whole system. The plastic case, as is shown in 
Fig. 10, is made up of four parts: the diffusion passive 
chamber (45 mm), the PCB support (26 mm), the battery 
holder (74 mm), and the bottom cap (30 mm). The device 
assembly has a diameter of 80 mm and a total height of 154 
mm as shown in Fig. 11. Both the inside of the expansion 
chamber and the board support were painted with conduc-
tive paint for the electromagnetic shielding. The top por-
tion of the case is provided with ventilation holes that allow 
the air to flow inside the diffusion passive chamber, but dust 
and debris particles are kept out by the presence of paper 
filters. Below that, there is the detector support, the related 
PCB and holes for lemo connections. One of the main fea-
tures of the detector case is the possibility to operate the 
prototype with batteries or with a power supply using a 
specific hole on the bottom cap.

Conclusions
A continuous radon monitor based on Si PIN photodiode 
and a dedicated low power consumption electronic chain 
was designed and realized. The device allows both to 
acquire the spectrum of the incoming alpha particles 
using an external MCA or to count the digital signals 
using an external counter.

In order to verify the linearity and the performance of 
the spectroscopic chain, a mixed alpha calibration  
source was used. A first radon spectrum was acquired 

using rocks as radon sources. The detector sensitivity  
(in terms of  counts per hour/Bq m−3) was estimated by 
comparing it to a commercial detector. The final config-
uration including a new detector housing has been 
already designed and 3d printed. In the future, the pro-
totype will be equipped with environmental sensors 
(temperature, pressure and relative humidity (RH)), an 
internal clock, a data storage, and transfer features (SD 
card slot and USB port) using an Arduino board or inte-
grating a microcontroller (PIC 16LF19155).

The radon sensitivity of the final detector configuration 
will be assessed in a radon chamber. Furthermore, the 
device will be tested to define the sensitivity to 220Rn.

Finally, a network of  continuous radon monitor 
will be realized in order to monitor the radon concen-
tration simultaneously in several Torino University 
workplaces.
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