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Abstract: The long-term measurements of radon and thoron equilibrium equivalent
concentrations (EERC and EETC) were carried out the first time in Republic of Srpska in 25
schools of its capital Banja Luka and in its wider surroundings. After this successful survey,
the measurements continued using the same type of the LR 115 nuclear track detectors, i.e.,
Direct Radon Progeny Sensors/Direct Thoron Progeny Sensors (DRPS/DTPS), and they were
deployed in the 36 dwellings nearby the investigated schools. The detectors were exposed
for one year period at 15-20 cm distance from the walls. The EERC and EETC were found
to vary in the range from 6.3 to 14.4 Bg/m3and from 0.10 to 1.1 Bg/m?, with geometric mean
9.3 and 0.36, respectively. The same variance of EER and EET concentrations, measured in
living and bedrooms of buildings built with different construction materials as well at
different floors have been obtained. The insignificant correlations between EERC and EETC,
show that these concentrations appeared to be independent in investigated dwellings. The
calculated ratio of EETC to EERC ranged from 0.01 to 0.16 with the geometric mean of 0.04.
The aim of this study is to give possible scientific contribution considering the explanation
of EERC and EETC behavior in an indoor environment.
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1. INTRODUCTION depend on a large number of geogenic and

anthropogenic factors. Based on a large number of

Radon (**?Rn) and thoron (??°Rn) are naturally
occurring radioactive gases with half-lives of 3.82d
and 55.3 s, respectively. There are direct decay
products of the respective isotopes of radium (?*Ra
and ??*Ra) in 28U and #2Th chains. Radon and
Thoron gases are generated in terrestrial materials,
emanated from their surfaces, and then accumulated
in the indoors. These processes are complex and
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researches and results compounded in UNSCEAR
reports, radon and thoron have been proven to be the
major sources of public exposure [1].

Chronic exposure to high concentrations of
radon and thoron can cause negative health effects
[2]. Practically, the health risk due to radon and
thoron is associated with inhalation of their short-
lived decay products, which activities are reported as
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equilibrium equivalent concentration (EEC). The
equilibrium equivalent concentration for radon EERC
and for thoron EETC are the quantities relevant to the
Potential Alpha Energy, concentration in air and
therefore to the inhalation dose. EERC is a
combination of radon short-lived decay products:
218po, 214ph and 2*Bi activity concentrations, denoted
C1, Cz and Cs respectively, through the relation [1]:

EERC = 0.105(C1) + 0.516(C,) + 0.380 (C3), (1)

and, EETC is compounded by the thoron short-lived
decay products 2?2Pb and #2Bi activity
concentrations, denoted Cy and Czrespectively, which
is expressed by the relation:
EETC=0.913(Cy) + 0.087(C>). (2
For more precise dose estimation, accurate
techniques to measure the concentration of radon and
thoron decay products are important. As in the cases
of radon and thoron gases, there are active and
passive techniques. To measure radon and thoron
progeny concentration in an indoor environment, time
integrating passive technique is more appropriate in
the assessment of human exposure than active
techniques. For this purpose, a few years ago, low-
cost time integrating passive detector for EERC and

CROATIA

CROATIA

Adriatic
Sea

Figure 1. The geographical positioﬁ of Banja Luka

2. MATERIALS AND METHODS

The direct progeny sensing detector system is
based on the registration of alpha tracks originating
from the deposited progeny activity on LR-115
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EETC measurements have been [3,4], named
DTPS/DRPS detector.

As a result of international collaboration
between scientists from the former Yugoslav
Republics, during the past few years, several studies
of the long-term  equilibrium  equivalent
concentration for radon EERC and for thoron EETCs
have been performed. The EERC and EETC were
measured on 388 different locations [5], using the
DTPS/DRPS detectors. The surveys were performed
in 122 dwellings in the region of Sokobanja, Serbia
[6,7], 48 dwellings in Kosovo and Metohija [8], 44
schools in Republic of North Macedonia [9], 112
dwellings in Slovenia [10], as well as in the Republic
of Srpska.

In the period 2011-2012, the first long—term
measurements of EERC and EETC were carried out
in 25 schools in Banja Luka city (the capital of
Republic of Srpska) and in its wider surroundings
[11]. Later these measurements of EERC and EETC
were carried out in 37 individual dwellings in its the
most frequently occupied room, nearby the
investigated schools in Banja Luka, using the same
type of direct progeny sensing detectors. This paper
presents these results.

Bosnia and

Republika
Srpska

MONTENEGRO

detectors [4]. The energies of an alpha particle are
selected by mounting absorbers of suitable
thicknesses on the LR-115 detectors. The direct
thoron progeny sensor (DTPS) is made up of an LR-
115 track detector mounted with an aluminized mylar
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absorber of 50 mm thickness to selectively detect
only the 8.78 MeV alpha particles emitted from #2Po
atoms (Mishra R.et al 2009). Similarly, the direct
radon progeny sensor (DRPS) has an absorber
thickness of 37 mm to detect mainly the alpha
particles emitted from 24Po (7.69 MeV). In a mixed
radon and thoron progeny environment, this can have
some interference from the alpha particles from 2'2Pg,
which needs to be subtracted using the thoron sensor
data. The LR-115 films were then removed and
processed in the laboratory for measurements of

Figure 2a. Direct Radon Progeny Sensor

3. RESULTS AND DISCUSION

Descriptive statistic and frequency distribution
of indoor EERC and EETC are given in Table 2 and
Figure 3. Both data sets were approximated with a
log-normal function, the null hypothesis was
confirmed at 5% error probability.

The EERC and EETC were found to vary in the
range from 6.3 to 14.4Bg/m®and from 0.10 to 1.1
Bg/m® with geometric mean 9.3 and 0.36
respectively. The same variance of EER and EET
concentrations measured: in living rooms and
bedrooms, buildings built with different construction
materials as well at different floors were obtained.

In Figure 4 Geometric mean values of EERC
and EETC, obtained in this study are compared with

Table 1. Descriptive statistic of measured EERC and EETC

radon and thoron progeny concentrations. The
measurements were made by DRPS/DTPS (Direct
Radon Progeny Sensors/Direct Thoron Progeny
Sensors) which were left exposed inside the house in
the period of 12 months, from December 2011 to
December 2012, in 37 houses inside rooms at 15-20
cm distance from walls or any available room
surfaces. The houses were randomly chosen with an
idea of surrounding a greater geographical part of
Banja Luka city (Republic of Srpska-Balkan Region).
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Figure 2b. Detector LR-115 structure

values reported from some former Yugoslav
Republics.

The geometric mean value GM and related
(GSD) of 9.3Bg/m? (1.23) for EERC in this study is
lower than the 11.2 Bg/m? (1.26) previously reported
for the schools in the Republic of Srpska [11]. It is
also lower than those found in Serbian dwellings, 11
Bg/m? (1.5) [6], and also in comparison with those in
dwellings of Kosovo and Metohija 30 Bg/m® (2.1)
[8], in schools of North Macedonia 27 Bg/m?® (1.4)
[9]. The value of 0.36 Bg/m® (2.00) for EETC
obtained for dwellings in this study is similar to 0.40
Bg/m? (2.20) obtained for schools in Banja Luka but
lower than those reported for dwellings in Serbia,
0.86 Bg/m?® (2.1) [6]; and Kosovo and Metohija, 1.9
Bg/m? (1.9) [8]; as well as those reported in schools
of North Macedonia, 0.75 Bg/m?® (2.5) [9].

Statistic EERC(Bg/m®) EETC(Bg/m°®)
No. of observations 37 37
Minimum 6.3 0.10
Maximum 14.4 1.10
Median 9.5 0.38
Arithmetic mean 9.5 0.44
Standard deviation 2.0 0.28
Skewness 0.3 0.84
Kurtosis -0.4 -0.03
Coefficient of variation 21% 64%
Geometric mean 9.3 0.36

Geometric standard deviation

1.23 2.00
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Figure 3. Histograms of EERC and EETC fitted by log- normal function
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The range of EETC/EERC ratio in dwellings
considered in the present study was between 0.01 and
0.16, and GM of 0.039 (2.02). The results agree with
Banja Luka schools [11-14] which were in a range
from 0.01 to 0.12 and the same geometric mean as in
the dwellings.

The correlation between EERC and EETC was
tested. For this purpose, a model of parametric linear
regression (LR) was applied on In-transformed data
in order to reduce the influence of extremes on the
tests. The test results showed that the correlation
between EERC and EETC was insignificant (Figure

5). It means that these concentrations appeared to be
independent in investigated dwellings.

In the literature, different results from the
correlations analysis between EERC and EETC have
appeared. For example, the correlation in Banja Luka
schools was not significant [11] as in the homes,
neither it was significant in the schools of Northern
Macedonia [9], while in the homes of Kosovo and
Metohija the correlation was significant with a
relatively high coefficient of determination (R? =
0.56) [8].
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Figure 5. Scatter plot of EETC and EERC.

4. CONCLUSION

This work presents simultaneous long-term
measurements of EERC and EETC in dwellings of
Banja Luka with nuclear track detectors. EERC
values were in the range from 6.3 to 0.1 Bg/m?, and
EETC were in the range from 0.10 to 1.10 Bg/m3
while as the interval of the ratio EETC/EERC was
between 0.01 and 0.16. The geometric mean and
(geometric standard deviation) values of 9.3 Bg/m®
(1.23) for EERC and 0.36 Bg/m?® (2.00) for EETC
obtained in this study are lower in comparison with
GM values reported from the countries in that region.

Further investigation of the equilibrium factors
in the dwellings of Banja Luka is planned.
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FOXR

JAYTOPOUHA MJEPEBA EKBUBAJIEHTHINX PABHOTEXHMX KOHIIEHTPALIMJA
PAZIOHA 11 TOPOHA VYV KY'RAMA PEITYBJIMKE CPIICKE

Caxerak: Jlyropoyna Mjepema EKBUBAJCHTHHX DaBHOTEKHHMX KOHLEHTpaIlHja
panona u topona (EERC and EETC) npeu cy myt usspiieHa y Pemy6munu Cprickoj y 25
mikona rpajaa bamanyke u mupe okosiHe. HakoH OBOT YCIIjEITHOT HCTPAXUBaka, Mjeperha
Cy HACTaBJbeHA KOpHUIINeHEM HCTOT THITa HyKIleapHUX Tpar aerektopa LR 115, 1j. ceHzopa
JMPEeKTHUX moToMaka pajgona u topoHa (DRPS / DTPS) u pacnopehenux y 36 momosa y
Onmu3uHM 1Koa. [leTekTopy ¢y OFITH U3JI0KEHU TOKOM jeTHE TOIMHE Ha yaasbeHocTH 15-20
cm o1 3unoBa. Otkpuseno je na ce EERC u EETC pasnukyjy y oncery ox 6,3 no 14,4 Bg/m®
u oz 0,10 no 1,1 Bg/m?, ca reomerpujckom cpeausom 9,3 u 0,36, pecnektusHo. Jlobujena je
ucra pasnuka y konuentpauuju EEP u EET, usMmjepena y aueBHuM u crnaBahum cobama
3rpaja u3rpaheHux o pa3In4uTHX rpajeBUHCKHUX MaTepHjaia U Ha pa3IMuuTHM [OJJIoraMa.
Hesnarna mosesanoct usmeljyy EERC-a u EETC-a mokasyje aa ¢y oBe KOHIIEHTpaluje owie
HE3aBHCHE Y MCIIUTUBAHUM craHoBuMa. [Ipopauynatu onHoc EETC-a u EERC-a kperao ce
y pacnony o7 0,01 g0 0,16 ca reomerpujckom cpeaunom 0,04. Ilusb oBe cTyauje je aHaamusa
moryhux objamrmerma nonamama EERC u EETC y 3aTBOpeHOM pOCTOpY.

Kibyune pujeun: EERC, EETC, 3atBopen npoctop, kyhe.

(C22:0)

Paper received: 23 December 2019
Paper accepted: 20 February 2020



