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A BSTRACT. This contribution is addressed to an introductive university course on the
correlation existing between radon emission and earthquakes processes held following
a flipped-class approach where students receive didactic materials prior to face-to-face
lessons. This research was initially started to investigate the real correlation between Radon
emission from the Earth and the occurrence of strong earthquakes by using measurements
of hourly Radon flow variation. During quiet seismogenic conditions, we observe an
unvarying level of Radon emission in the air. Before a strong earthquake, substantial
variations of Radon (222 Rn) concentration have been observed in the air, probably because
of the increase of thermodynamic energy inside the Earth. The physical processes affecting
earthquakes are still not fully understood; therefore, we are interested in investigating a
wide variety of signals observed before an earthquake, ranging from chemical, electric, and
magnetic variations. The goal is to be able to estimate the earthquake magnitude, timing also
location in advance with a good approximation. The experimental observation and research
studies were carried out by G. Giuliani Permanent Foundation since 2002 in Abruzzo. The
innovative methodology of observations with Gamma detectors allowed us to reveal a close
correlation between the different physical phenomena during the preparation phase of strong
earthquakes. We master the methodology of measuring the hourly flow of 222 Rn gas decay,
which provides a good correlation with the occurrence of strong earthquakes. To advance
the reliability of our assessment, we added more parameters to our observations, such as
magnetic and RF. The joint analysis advances our understanding of the processes underlying
the earthquake occurrence. The experimental observation of Radon has been tested for
more than a decade in the Abruzzo region. The initial results provided the baseline of
reliable correlation between radon variations and earthquakes that could be used as an alert
mechanism for the forthcoming seismic events. The multiparametric approach of detecting
pre-earthquakes signals provided the robustness in detecting the earthquake preparation
phase. There are no doubts that by expanding the network of gamma sensors, we achieve
much better signal detection, which is critical for the better spatial correlation of Radon
variations with the earthquake processes.
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1. Introduction
There are multiple chemical-physical events before a strong earthquake occurs, one of
which is the increase of 222 Rn in the atmosphere. In situations of seismogenic calm, there
is an almost constant flow of 222 Rn. At the same time, when there is an evident crustal
dynamical activity, such as variations in pressure accumulations of energy, etc., there is a
non-trivial increase in the emission of 222 Rn.
Short, mid, and long-term Radon measurements can give information on the pattern
with which the concentration varied throughout the measurement interval, taking in count
the external influences on 222 Rn variations. (Miles 2001; Groves-Kirkby et al. 2006)
Variations of the Rn concentration in air is caused by changes of the Radon exhalation rate
from surfaces, which in turn can be caused by changes of environmental parameters, e.g.:
atmospheric pressure, temperature, relative humidity, elevation, air drafts, gamma radiation
(Dueñas et al. 1997; Singh et al. 2001; Kitto 2005; Omori et al. 2009; Sorimachi et al. 2009).
Radon concentration may be strongly affected by seasonally effects, and several publications
report long-term measurements on Radon concentration, where the influence of the seasonal
and diurnal effects on the Radon concentration is well studied (Bochicchio et al. 2005;
Gervino et al. 2007; Kullab et al. 2009; Omori et al. 2009; Khan et al. 2010). We focused
our attention on Rn indoor variations, continuously monitored, that involve the automatic
taking of measurements at closely spaced time intervals, over a long period. The most
commonly used instruments for continuous Rn monitoring, since the mid-1970’s till today,
for the characterization of the indoor Rn environment, consist of scintillation cells, pulse and
current ionization chambers, electret ionization chambers, alpha track detectors, and solidstate alpha detectors (Nikolaev and Ilic 1999; Arafa et al. 2005; Gervino et al. 2007). The
most typical disadvantages of the measurement techniques cited above are due to improper
calibration of the system, malfunction of the counting systems, nonlinear response, low
detection limits, high costs of the apparatus. Without using a particular set-up, most of these
techniques detect alpha emitters without energy discrimination. Solid-state detectors can
yield information about the energy of individual particles or photons of radiation (Hosseini
Pooya et al. 2005; Yu et al. 2005). It is possible to determine the Radon concentration by
counting alpha and gamma rays from Rn daughter decay using spectroscopic techniques.
Alpha, beta, and gamma radioactivities are the detectable phenomena, either independently
or simultaneously, and many researchers accomplished more than one technique at the same
time, to have more reliable results (Paul et al. 1999; Plastino et al. 2002; Papp 2006).
It is possible to distinguish Rn itself or the daughter concentrations by discriminating
between the energy of the particles emitted. Alpha spectroscopy is used to detect Rn itself
and one of its daughters, 218 Po. 222 Rn decays by emitting an alpha particle of 5.49MeV to
give 218 Po that, in turn, decays to 214 Pb by emitting an alpha particle of 6.00MeV (see Fig.
1).
Gamma spectroscopy is used for the indirect Rn determination. Radon decay-product
concentrations were determined as the weighted values from 295keV and 352keV for 214 Pb
and 609, 1120 and 1764keV for 214 Bi (see Fig. 1) photopeaks. Plastic scintillators are the
most common systems used for gamma counting (L’Annunziata 2003).
Gamma detectors most often have upper and lower energy discriminator circuits and,
when used correctly as single-channel analyzers, can provide information on the gamma
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F IGURE 1. Decay chain about Radon

energy and identify the radioactive material. Experimental research conducted in Abruzzo
from 2002 to 2009, through gamma-type detectors (PM-4 and PM-2), allowed to acquire
important information on 222 Rn anomalies in correlation with the occurrence of earthquakes.
In recent years, the search for new correlations that would prove the data already obtained,
through gamma-type detectors, has expanded to the field of electromagnetism and radio
frequency, with the help of Radio Direction Finding (RDF)sensors.
2. New Gamma Detectors
2.1. Description. We describe a new Radon sensor, based on gamma detection of Radon
decay products.

F IGURE 2. Block diagram of the instrument

Our device is divided into three sections: a gamma detector, an amplifier system and an
analyzer one. The gamma detector (Fig. 2) is a plastic scintillator, NE110 or NE102 with a
total volume of 800 or 600cm3 . The characteristics of the commercial scintillator used in
the equipment are a time of response of 2.4ns, and light emission at 423nm, which lies at
the lower end of the violet. The response to light is 65%, compared to anthracene. It is an
organic crystal, which has the characteristic of having the highest response among all the
organic scintillators. The plastic scintillator is housed into a container made of solid lead
(i.e., not radioactive), as shown in Fig. 3, of 7 cm thickness. The container is covered with
a thin layer of Mylar (4µm), in order to reduce or eliminate the presence of characteristic
fluorescence X − rays from the lead shield. The plastic scintillator is coupled with four or
two photomultipliers (Photonis XP3462b). They are placed on opposite walls of the lead
box, with a specific gain, given from suppliers of ≈ 2x106 .
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The present paper aims to furnish the contents for a lecture on radon radioactivity in the
perspective of clarifying the correlations existing with seismic effects.

F IGURE 3. PM-4 detector section scheme

The 222 Rn decays emitting an alpha particle of 5.49MeV , and generating the “Radon
progeny” that consists in 218 Po (alpha decay, the half-life of 3.11 min), 214 Pb (beta decay,
the half-life of 26.8 min), 214 Bi (beta decay, the half-life of 19.9 min), and 214 Po that
continues the decay chain. The 214 Pb and 214 Bi beta decays are followed by a typical
gamma emission at 351KeV and 609KeV , respectively (see Fig.1). In our methodology,
we consider the gamma rays activity that follows the decay of 222 Rn progeny, and we
limit our energy window of analysis within the range of 250 − 700KeV , which includes
the response of gamma rays photo peaks for 214 Pb and 214 Bi. The gamma system utilized
in this investigation was calibrated for performing readings, cutting off the signals due to
higher energy particles, which could affect the measurement. The output signals are counts
per second, and the acquisition time of 600 seconds is chosen. Readout units are counts
per 7200 sec (2 hours), or Counting Rate, calculated on the counts average any two hours.
During the first phase of our research we tested the instrument gain adjustment by using a
γ − ray emitting reference source of 58Co with an energy peak of 0.321MeV (from CAEN).
The photomultiplier’s signal was analyzed by an ADC (Analog to Digital Converter) that
gives back the energy spectrum.
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F IGURE 4. Energy spectrum obtained from the device

In Fig.4 it is shown the differential spectrum obtained with the AD Converter, reporting
the gamma flashes (N) per second as a function of the energy. The spectrum evidences the
characteristic peak due to gamma emission of the reference element at 0.321MeV .
The detector has a resolution (FW HM) of 460keV for the 321keV reported on Fig. 4,
by using our experimental set-up, where it is possible to evidence the peaks due to Radon
daughters (214 Pb and 214 Bi) coming from Rn decays, in typical energy of 351 and 609KeV ,
respectively. The muon peak at specific energy of 20MeV may act as a reference for the
energy calibration of the system.
On Fig.?? it is shown the integral spectra simultaneously obtained by PM-2 and PM-4,
reporting the integral counts per second of the shielded detector, in the energy range of
0, 13 − 24MeV ; the difference in counting rate is due to the use of 2 or 4 photomultipliers
coupled to the plastic scintillator. The integral counting rate of the shielded detector, in the
energy range of 0, 13 − 24MeV , is 0, 62c/s, which is a good value for a passive shield.
As we can see, the system shows a linear response of PMs in the range chosen, but
for PM-4 the variations are more pronounced than for PM-2, allowing us to perform our
measurements with better sensitivity on counting rate response.
2.2. Effect of the lead shield. Particular care was paid to our γ − ray apparatus to avoid
external influences on Radon emanation. The device was installed in a closed room 3meters
under the ground level and 10cm above the floor. In indoor Rn measures, concentration
and rate of propagation are affected by changes in atmospheric temperature and pressure.
In order to have better data, it is fundamental to monitor weather conditions, i.e., relative
humidity and temperature of the ambient, that may influence the rate of Radon flux. The
presence of ventilation systems should cause a drastic variation of Radon concentration
(Chao et al. 1997), so the instrument has to be isolated from the outside. Thus, involves ensuring that windows and external doors are kept closed for the duration of the measurements,
external-internal air exchange systems and air conditioning systems, that recycle interior
air, are not operated. Cosmic-rays produce a natural background in the detector, but their
nucleonic component is reduced to a negligible level already with a few m w.e., while the
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much more penetrating cosmic-ray muon part needs much larger overburdens for a substantial reduction. The cosmic ray-induced background was reduced by installing the detector
in an underground laboratory, where the concrete floors should shield as much as possible
from cosmic rays, even if the muons penetrate the lead shield producing background in the
detector (Laubenstein et al. 2004; Hurtado et al. 2006; Dragićaù et al. 2008; Udovičića
et al. 2009). We measured the integral spectrum obtained with a different thickness shield
of lead chosen to verify the shielding effect on our measurements and in order to minimize
the natural radioactivity coming from the environment (Hurtado et al. 2006). The integral
background counting rate from 0, 13 to 24MeV is plotted in Fig. 5.

F IGURE 5. Effect of lead thickness on Rn measurements

We made measurements with different lead box thickness: noPb, 4mm, 40mm and 50mm
thickness. By looking at the Fig.5 we noticed that by putting the lead thickness we register a
pronounced decreasing in counting rate, and enhancing the thickness to 40mm, and over, the
difference is undetectable (the two spectra with 40 and 50 mm of lead are overlapped, the
red line hides the blue one). The integral background is reduced from 3.63c/s to 0.62c/s in
the 0, 13 − 24MeV energy range; this means that the lead shield thickness of about 7cm is
suitable for reducing the gamma background by a factor of about 6, in the interest energy
window. The lead box with 7cm thick walls is the ideal compromise to get inside the gamma
rays with still considerable energy and, at the same time, to shield the entire environmental
radiation (due to other decays) that would make a significant mistake, all without having to
let in air.
3. Data
We started measuring Radon variations, continuously monitored, over a medium-long
period. Continuous sampling was performed by two detectors located in the Abruzzo Region.
The two devices are placed one in Coppito (Lat. + 42◦ 22′ NLong. + 13◦ 20′ E; 650ma.s.l.), a
small village 8km far from L’Aquila city, the second one in Avezzano (Lat. + 42◦ 03′ 24′′ N;
Long. + 13◦ 24′ 12′′ E; 700ma.s.l.) about 42km far from Coppito. The graph in Fig. 6 shows
the raw data from the gamma detectors in the two different stations, collected in a four
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months period (March-June 2004). The maximum instrumental error is 2000 Counting Rate
any 7200sec, due to electronic noise, while the signal collected ranges between a minimum
of 110000
√ and a maximum of 180000 counting rate for PM-4, so the maximum statistical
error is 180000 = 424 counting rate, that is 0, 2%.

F IGURE 6. Raw data from Coppito and Avezzano stations (March-June 2004)

The two stations are located in environments that are different for external factors such
as soil moisture and humidity, while for atmospheric pressure and temperature variations
the influence is quite similar. Despite the different environments that may produce severe
influences, the recorded raw data from the two stations show a decreasing trend from
March to June, as expected when the temperature increase for seasonal variations. There
are differences in the absolute value of the two signals because in Coppito, a PM-4 is
working with four photomultipliers, while in Avezzano, a PM-2 is running with only two
photomultipliers, but we can consider the relative variations from averages (Fig.7).

F IGURE 7. Counting Rate Variation (March-June 2004)

The relative counting rate variations were calculated by the formula (X− < X >)/σ
where < X > is the mobile average calculated on the day, and σ is the standard deviation
calculated over a week. For both plots there are some missing data caused by external supply
interruptions, followed by a recalibration of the system. During our tests, we operated the
measurements by fluxing air into the instrument box, and we observed an increase in the
counting rate. In Fig.8 it is shown the counting rate in the presence of air flux, measured
from PM-4 device located in Coppito, in the period of July-December 2004, where we
observed a counting rate increasing of ∼ 1.5 times when we flux air in (as shown in the
zoom-in section of Fig.8). The external air flux enhances the natural background component
due to all the Radon in the environment (that is the only gaseous radioactive element) a
dirtier signal with higher error. Thus confirms that our experimental set-up is fit to obtain
useful information from the environment, not affected by natural radioactivity background.
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F IGURE 8. Test with air flux (July-December 2004)

We also show the data collected in 2006 from two stations (the second one was placed in
the Gran Sasso National Laboratory,20km east to Coppito, 900 m a.s.l.) for a long period (1
year). The relative counting rate variations were calculated by the formula (X− < X >)/σ
where < X > is the mobile average calculated on the day and σ is the standard deviation
calculated over a week.

F IGURE 9. Data collected in 2006 from Coppito and Gran Sasso stations

Typical seasonal variation of Rn and its variation with ambient temperature and rain
precipitations are reported in Fig. 9; the second plot shows the temperature variations for
2006, the T min, and T max trends in L’Aquila, while the third plot shows the monthly rain
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precipitations (font: http://cetemps.aquila.infn.it). As expected, an increase of temperature
leads to a minimum of Radon emanation, as the counting rate variation is in inverse relation
with ambient temperature. Precipitations do not seem to play an important role (Giuliani
and Fioravanti 2013).
4. Teaching Approach
As far as the transmission of contents related to the correlation between Radon emission
and earthquakes is concerned, we believe that a multi-task approach based on the sequence
watching, reading, hearing and doing constitutes the most effective procedure to transmit
contents to students. In particular we propose at first to promote student’s curiosity and interest through a learning by watching approach; then comprehending and learning properties,
rules and concepts through a flipped classroom approach where didactic material is given
to students before to face-to-face lessons; finally to explain how to perform radiological
analyses with different techniques, i.e., learning by doing/thinking.
5. Conclusions
In conclusion, we present an overview of gamma sensors for indirect Rn measurements,
continuously monitored in closed spaces located underground, without ventilation. The
device is characterized in reliability by comparing it with a commercial instrument (Rad7).
The experimental set-up and local conditions of measurement provide minimization of the
natural background radioactivity. The information obtained from Radon emissions is interesting from the point of view of observing Radon anomalies, not affected by environmental
radioactivity. As shown for long-period measurements, it is fundamental to monitor climate
conditions that have a severe influence on Radon emanation. With reference to the topic
dealing with the correlation between Radon emission and earthquakes, the authors believe
that the proposed approach can be successful in a multitask teaching program addressed to
introduce university students into the applications of radon radioactivity.
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